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Nanoparticles are being used increasingly in new fields for new applications. Thorough
characterization of particle properties such as size, aggregation, and mass are key to understanding
particle behavior. In this dissertation I discuss a variety of new measurement approaches using the
aerosol-based technique: differential mobility analysis (DMAS). This technique consists of the
combination (hyphenation) of several components, the primary being an ion mobility chamber for
the spatial separation of nanoparticles. The specific aerosol source and detector used is flexible
and allows for wide applicability of the technique.

The applications discussed here relate to a variety of everyday scenarios. Medicinal protein
particles are studied to improve the health outcomes associated with this growing class of
medicine. Nanoparticle catalysts are studied to improve the activity and repeatability, analogous
to how a catalytic converter is used in cars to reduce combustion emissions. Detailed size

measurements are made for gold nanoparticles, a class of particles that have been used for cancer



treatments and as carrier particles, for example to transport medicine to a particular location within
the body. Finally, determination of nanoparticle size is studied by comparing results from different
instruments, as determining size in the nanometer scale is more complicated than an analogous
measurement of a macroscopic sphere (for example, measuring the length with a ruler and
comparing the result to the length derived from the mass of a sphere with a known density).

In the second chapter, | demonstrate protein aggregation kinetics measurements by DMAS
and asymmetrical flow field flow fractionation. Thermal aggregation was conducted in traditional
formulation buffers and good agreement was determined between the two techniques. These are
potential alternative instruments to the gold standard, size exclusion chromatography, used by the
biopharmaceutical industry.

In the third chapter, I demonstrate a calibration technique for mass distribution
measurements by DMAS using inductively coupled plasma mass spectrometry for detection.
Determination of the total mass of a sprayed ionic standard was sufficient to calibrate
measurements of monodisperse gold nanoparticles of various shapes. A disagreement was
determined between the ionic standard and a polydisperse distribution of titania coated with small
gold nanoparticles. A multiple charge correction was applied that significantly improved the
agreement, though the issue remained.

In the fourth chapter, comparison measurements are presented for monodisperse gold
nanoparticles made in two operational modes of DMAS: step voltage mode and scan voltage mode.
The step voltage mode remains at each voltage for a certain dwell time (on the order of 30 s), while
the scan voltage mode continuously changes voltages. Good agreement was determined for the
two approaches when calibrated using a nanoparticle size standard. Additionally, the scan voltage

mode data were analyzed with an alternative calibration method: a direct measurement of the



sheath volumetric flow rate. The data from the two scan voltage mode calibrations bracket the
measurement made in step voltage mode. This agreement suggests that scan voltage mode
measurements for certification of nanoparticle size standards could be used in the future if a few
additional uncertainty terms are explored.

In the fifth chapter, traceable measurements with quantitative uncertainty analyses are
compared for a size standard. The measurement by DMAS is compared to atomic force
microscopy, scanning electron microscopy, and electro-gravitational aerosol balance. The
measurement by DMAS was bracketed by the other techniques, with microscopy measuring a
slightly smaller size and electro-gravitational aerosol balance measuring a slightly larger size. The
measurements all agreed within 3%, but some of the differences exceeded the 95% confidence
intervals of the measurements. These differences may be significant if these techniques are used

to develop future size standards.
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Chapter 1: Introduction

1.1 Determining Nanoparticle Size

Nanotechnology is an important component of modern society. It is in our electronics,
cosmetics, transportation, medicine, imaging, and industrial processes. A timely example is the
MRNA-based COVID-19 vaccines which are contained in nanoparticle liposomal carriers on the
order of 100 nm.! The liposomes are key components in the formulation, as they significantly
improve the delivery of mRNA to cells.? Nanoparticles are in the air we breathe and the water we
drink, and they can have negative health impacts. | use the definition that a nanoparticle is any
particle between 1 nm and 100 nm in size (though some agencies alternatively call this the
mesoscale). This definition is a bit vague and leads to another immediate question: what does
particle size mean? For spheroidal particles we consider particles in terms of a sphere-equivalence,
or, in other words, the diameter of a sphere with the same value of the property of interest (such
as electrical mobility) as the actual particle. There are many ways to measure particle diameter,
and these will be discussed presently. Many instruments measure a particle diameter, but the
specific type of diameter being measured is not always the same. For example, the hydrodynamic
diameter which refers to the nanoparticle dispersed in liquid and the surrounding layer of fluid that
travels with it. This stands in contrast to the core diameter, which refers only to the nanoparticle.
There are area-, mass-, and volume-equivalent-diameters, which refer to diameters derived from
alternative properties. These different forms of diameter are important for different applications.
The hydrodynamic diameter is an important feature to determine the fate of nanoparticles in the
human body. Particles below 10 nm tend to be rapidly cleared by the kidneys®, while larger
particles are cleared by the reticuloendothelial system. Also, particles within the human body are

rapidly coated with protein, and the composition of this protein coating (often called a corona) is



dependent on the size of the nanoparticle.* This is likely one mechanism by which the fate of
nanoparticle in the body is determined, as the corona determines interactions between the
nanoparticle and the body. Other properties are also important to the functionality of particles. One
example is surface chemistry. In the case of particles in the human body, nanoparticles coated in
polyethylene glycol tend to be ignored by macrophages and are cleared more slowly from the
body. Other features include shape, homogeneity, density, aggregation state, surface charge, and
concentration. Some of these features tie back to the primary feature, size. For example, the
aggregation of a population of particles can be quantified by temporal size measurements.
Nanotechnology is a growing industry because nanoparticles tend to have different properties from
bulk material. The same can be said for microscale particles, though the differences in behavior
tend to increase as the particle size decreases. This is because the surface-to-volume ratio is much
larger for nanoparticles than for larger particles, and these strained surface atoms behave
differently from the bulk. Also, quantum confinement effects are important for electro-optics, and
exclusion of extended defects are important for mechanical properties. Size measurements are the

focus of this dissertation, as particle size is a key parameter for many characteristics of interest.

1.2 Potential Instrumentation

There are many approaches to measuring the size of nanoparticles. There are light
scattering techniques, such as multi-angle light scattering (MALS) and dynamic light scattering
(DLYS), which determine the particle size based on interactions with light. Particles of different
sizes tend to scatter light in different directions, for example small particles scatter light in all
directions while larger particles tend to scatter primarily in the forward direction (away from the

light source). The Rayleigh-Gans approximation can characterize particles smaller than the



wavelength of light, while the Lorenz-Mie electromagnetic theory is used for larger particles.®
Small angle light scattering measurements can be used to determine the radius of gyration that
reflects the average radial distance to the center of mass. Small angle x-ray scattering (SAXS) is a
similar technique that uses x-rays as the light source. The scattered light intensity is measured at
various angles, and the angular information is presented as a scattering modulus, g, based on the
wavelength of the light source. Models applied to this raw data can determined a volume-weighted
diameter distribution.® An alternative measurand from electromagnetic theory is light absorption,
where the energy from light is taken up by a sample. For nanoparticles, the surface electrons of
the particle collectively oscillate when they interact with light of specific energies. The ultraviolet-
visible light absorbance (UV-Vis) band of nanoparticles shifts to longer wavelength as the size
increases. Absorbance measurements are additionally dependent on particle shape, distance
between particles, and the dielectric function of the medium, so these measurements alone are not
sufficient to convey size information.” Dynamic light scattering (DLS) measures temporal changes
to scattered light intensity at a particular angle and relates this value to the diffusion coefficient for
particles. This value can then be related to the hydrodynamic diameter of the particle. Multiple
scattering, in which the scattered light from one particle is then scattered by a second particle
before reaching the detector, is an issue for this class of measurement methods and sets the
maximum concentration that can be measured. These examples illustrate how interactions with

light can be used to determine particle size information.

There are microscopic techniques such as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) that measure cross sections of particles based on
interactions with an electron beam. These techniques measure an area-equivalent diameter and

tend to measure the core particle because the image contrast is related to atomic mass (metal



particles have high contrast compared to the surrounding carbon grid). A key advantage is that
microscopy also collects shape information. However, these measurements are made under high
vacuum, which can influence some particles, and beam damage is a persistent issue.® Tomographic
methods and imaging at various tilt angles can be used to compile three dimensional
representations of particles. Atomic force microscopy (AFM) measures particle height or length
by displacement of a probe tip scanning across a surface. Significant corrections and experience
are required to use the probe tips properly.® All microscopy techniques tend to be limited in terms
of sample size (field of view and number of images), as it is difficult to measure sufficient number
of particles to properly represent the entire population. Advances in measurement and data analysis

automation are improving, however.

Nanoparticle tracking analysis (NTA) measures the trajectories of particles diffusing in
solution and determines a hydrodynamic diameter. A laser is used to illuminate the nanoparticle
suspension and a microscope focuses the light onto a camera. Both NTA and DLS determine a
hydrodynamic diameter, but a number distribution is gathered by NTA, while DLS is an ensemble

measurement.

There are chromatographic techniques, such as size exclusion chromatography (SEC), that
separate particles based on the ability to enter small pore spaces. Asymmetrical flow field flow
fractionation (AF4) separates particles by differential flow in a parabolic flow profile. These are
commonly used to study bionanoparticles and measure the hydrodynamic diameter, but they are
limited by column or channel health (the ability to separate particles as expected by theory), as
these tend to clog and fail over time and need to be cleaned regularly. Also, particles are separated

by size, but determining the size of an unknown particle based only on elution time is nontrivial.



Generally, AF4 is used as a separation technique and coupled with online detectors such as MALS

and DLS to determine particle size.

Analytical ultracentrifugation (AUC) separates particles based on their mass by the
centrifugal force. More massive particles reach the bottom of the container faster and are detected
by optical techniques such as UV-Vis absorption spectrometry or interferometry. The
hydrodynamic diameter is determined from the sedimentation coefficient, a proportionality
constant that relates the mass transport of a sample to the surface area and the magnitude of the
centrifugal field. A key advantage is that this technique does not rely on chromatographic
separation, though the calculations do require some knowledge of system parameter such as
particle density.'° Finally, single particle inductively coupled plasma mass spectrometry (sp-1CP-
MS) can be used to determine a number-weighted mass distribution. A dilute aerosol is broken
apart into component atoms by a plasma and the mass concentration of different elements can be
determined. The key distinction from more common ICP-MS measurements is that rapid
measurements, on the order of ms, are made of individual nanoparticles entering the plasma.
Calibrating with a nanoparticle of known mass allows for mass measurements one nanoparticles

at a time.

There are many approaches to measuring particle size, and different techniques measure
different sizes in different ways. Each technique has inherent advantages and disadvantages. Some
of the measurements are in situ, measuring the particles in their native environment, such as
MALS, DLS, SAXS, AF4, and AUC. Other measurements require a transition to a different phase
and therefore incur some uncertainty as to the relationship between the measured particle and the
native particle. Also, some measurements detect individual particles, such as microscopy and sp-

ICP-MS, and on the other hand, there are measurements such as MALS and DLS that only



determine an average particle size. Between these two extremes, there are techniques such as AF4
and SEC that make bulk measurements after size separation and thereby reduce the uncertainty
associated with measuring an entire size distribution simultaneously. Each type has advantages
and disadvantages, though generally the measurement of individual particles is ideal if sufficient
particles are measured. In this case, | chose to work with another technique not yet described:

differential mobility analysis.

1.3 Differential Mobility Analyzer
Differential mobility analysis (DMAS) is a technique consisting of several parts. The
primary component is the differential mobility analyzer (DMA), a column used to separate

aerosols by mobility. The mobility (Z,,) of a particle is the speed at which it travels within an

applied field, in this case, an electric field.

v

Z, =" (1.1)

The balance of the electrostatic force and drag force determines the velocity of charged

particles.

__ neCc(Dp)

p 3muDy (1.2)

n is the number of charges, e is the elementary charge, C, is the Cunningham slip correction
(described below), u is the viscosity of the gas, and D,, is the mobility diameter. The mobility
diameter is the diameter of a sphere with the same mobility as the actual particle. As the drag force
has a diameter dependence (D; in the continuum regime and Dg in the free molecular regime), it

is possible to determine a particle diameter from a measured mobility.



Based on the cylindrical geometry of the DMA (with a cross section shown in Figure 1.1),
an explicit expression for the mobility of a particle that exits the DMA at the centroid of the DMA

transfer function can be determined.!?

_ qspln (r2/11)
Zp = 2LV (1.3)

qsn 1S the sheath flow rate, r, is the outer electrode radius, r; is the inner electrode radius,
L is the length of the DMA from entrance slit to exit slit, and V' is the voltage of the inner electrode
(relative to the grounded outer electrode). The sheath flow is the carrier flow that moves the
particles from the top of the chamber to the bottom. Combining Equations 1.2 and 1.3 gives the

key equation for determining diameter by this instrument.

Dp _ 2nelLV
Cc(Dp) 3uqspln (r2/711)

(1.4)

Many of these terms are fixed, so for a given geometry and volumetric flow rate, a series
of voltages are applied to determine a size distribution. Figure 1.1 illustrates how particle size

affects the particle trajectory through the DMA.
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Figure 1.1: Schematic of a vertical cross section of the coaxial separation zone of the DMA. A
polydisperse aerosol enters the DMA inlet and experiences electrostatic attraction toward the inner
electrode and drag towards the outer electrode. Only particles within a narrow mobility diameter
range will reach the DMA outlet and continue to the detector.

The Cunningham slip correction, C., is an empirical correction for the changing

relationship between diameter and the drag force.
CC(Dp) =1+ Ky[a+p EXp(—)//Kn)] (1.5)

a, 5, and y are empirical constants. The first order approximation of the drag force assumes
no slip at the surface of the particle (the relative velocity of the gas at the surface of the sphere is
zero), which is true when the particle is much larger than the gas molecules, because the gas acts

as a uniform, viscous fluid. However, as the particle size decreases to approach the size of the gas



molecules, the drag force is determined by collisions with individual gas particles and the “no slip”
approximation does not hold.*? The slip correction is dependent on the Knudsen number, K,,, which

is a relationship between the mean free path of the gas (1) and the diameter of the particle.

A
K, = 127,, (1.6)

The mean free path of the gas is the average distance a gas molecule travels before it
collides with another gas molecule. This value is not directly measured but is calculated from the
kinetic theory relationship for viscosity. Temperature and pressure measurements are needed to

accurately determine the gas viscosity and mean free path.

p= o (2) (T (a7
=10 (1) (3) (Ggears) (L8)

u is the gas viscosity at a given temperature, u, is the gas viscosity, 1.832 x 10° kg m? s
1 at standard temperature, T is the temperature in Kelvin, T, is the standard temperature: 296.15
K, 4, is the mean free path (67.3 nm) at standard temperature and pressure, P is the pressure, and

P, is the standard pressure: 101.33 kPa.1314

Initial electrical mobility measurements were made for atmospheric studies in the early
1900s.2> Along a similar vein, the first particle size distribution measurements were made in 1923.
The first DMA was developed in 1957 for climate studies of sub-micrometer particles.*® The DMA
was then used with a bipolar charger to produce monodisperse aerosols of known size. This work
led to the first commercial DMA in the 1970s. The initial design was modified and optimized and

the relationship between the classifier parameters and the mobility and transfer function was



derived. A data inversion method for determining aerosol size distributions based on the measured
particle mobility distribution was then developed.'* In 1989, a scanning electrical mobility
spectrometer was developed, in which the mobility selecting voltage is changed continuously.’
This allowed for much faster measurements of particle size distributions. In 1997 the nano DMA
was developed, which has a shorter column optimized for particles in the 3 nm — 50 nm size
range.’® Advances with electrospray allowed for the measurement of smaller particles, and
measurements of proteins were demonstrated.'® This was followed by a burst of studies on

bionanoparticles and engineered nanoparticles such as transition metal nanoparticles.0:2122

1.4 Aerosol Sources

Another component of DMAS is an aerosol source. Since DMAS is an aerosol technique
and the particles of interest in this dissertation are colloids (nanoparticles dispersed in liquid), a
spray technique is needed to transition from solid particles in a liquid to solid particles in a gas.
Two of the most common techniques are electrospray and nebulization. Electrospray applies an
electric field to the tip of a capillary transmitting a conductive fluid. The droplets that exit the spray
chamber are monodisperse with diameters on the order of hundreds of nanometers, which is ideal
for aerosol size measurements of nanoparticles. Alternatively, nebulization relies on a jet of air to
disrupt the fluid and produces polydisperse droplets on the order of a few micrometers.

Nebulization tends to be more stable and has fewer sample requirements.

1.4.1 Electrospray
The foundation of electrospray was discovered by Taylor in 1964.2° Studies of droplet
disintegration were previously of interest due to relevance to thunderstorms and early studies led

to some understanding of the behavior of conductive fluids in strong electric fields. Droplets
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tended to deform when exiting a capillary with a strong electric field applied to the tip. Taylor
demonstrated that the balance of surface tension and the electrostatic force can result in a
characteristic conical shape, known as a Taylor cone. This stable spray zone emits a meniscus, a
narrow stream of fluid on the order of a micrometer in diameter, that can disintegrate into a steady
stream of small droplets depending on the spray mode. Based on this significant finding,
electrospray units were designed. They consist of a capillary to transmit fluid, where either the
capillary or the fluid must be conductive, and a voltage applied to the tip. A grounded metal plate,
often with a ring geometry, is used to direct the produced droplets as shown in Figure 1.2. The
spray mode is determined by a variety of factors, such as the applied voltage, the liquid flow rate,
and the capillary tip geometry. Some mechanism is required to force the fluid through the capillary,

generally this involves either a syringe pump or a pressurized chamber at one end of the capillary.

F
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Figure 1.2: A capillary with an applied voltage carries liquid to a tip where the balance of surface
tension and the electrostatic force result in the formation of a Taylor cone and the generation of
small droplets directed to a grounded exit ring.

Electrospray is a techniqgue commonly used for mobility measurements, though it is also
used for a variety of other techniques such as mass spectrometry. The nano electrospray (nES), an
electrospray with a liquid flow rate on the order of hundreds of nL min, is an ideal spray source
for the applications described here because the droplets that exit the spray chamber are in the same

size range as the particles of interest, from roughly 100 nm — 500 nm, and the droplet distribution
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is monodisperse, with a coefficient of variation (one standard deviation of the size distribution
divided by the mean size) on the order of 15%. These are important characteristics due to droplet
induced aggregation.?* This is an artifact created by spray procedures. If more than one particle is
contained within a single droplet, after evaporation of the liquid the resulting aerosolized particle
will be a dimer, though the two particles were initially monomers in solution. Droplet aggregation
is related to the particle size, droplet size, and particle concentration. Generally, dilute samples of
large particles that are of similar size to the droplet show minimal droplet aggregation. The nES
can produce negligible droplet aggregation for nanoparticles while nebulizers tend to cause
significant droplet aggregation. Another droplet induced effect is the increase in size of aerosolized
particles compared to their size in liquid if nonvolatile salts are in solution. The droplet that
contains the particle of interest also contains nonvolatile material that dries onto the surface of the
particle as the droplet evaporates. Figure 1.3 illustrates the possible consequences of droplet
evaporation. To minimize nonvolatile material effects, we tend to disperse nanoparticles in
ammonium acetate buffer, because it is volatile and evaporates with the droplet (it does not
increase the size of the aerosolized particle). However, the contribution of nonvolatile salts can be
corrected for if the droplet distribution is known, and the correction works best for a monodisperse
distribution of droplets. Overall, nES is an ideal spray source for mobility measurements of
nanomaterials because it limits droplet induced aggregation and offers a simple correction for

increased size due to salt coating.
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Figure 1.3: Droplets on the left dry to form aerosols on the right. Stars indicate nonvolatile
molecules and small black circles indicate nanoparticles. From the top, a droplet containing only
nonvolatile molecules produces a salt particle. In line two, a droplet containing nonvolatile
molecules and a nanoparticle produces a nanoparticle coated with salt. Next, a droplet containing
only a nanoparticle produces a clean nanoparticle (the aerosol size is representative of the size in
solution). Finally, a droplet containing two nanoparticles produces a droplet induced dimer.

1.4.2 Nebulizer

Nebulizers spray by mechanical means, forcing a flow of liquid against a pressurized flow
of gas that causes a jet and breaks the liquid apart into small droplets. Nebulizers tend to produce
larger droplets than electrospray, on the order of several micrometers, and produce more
polydisperse distributions of droplets. Often impactors are used to remove the largest droplets.
Small particles can follow streamlines of air. They have minimal mass and momentum, so when
carrier air flow changes direction the particles are also able to change direction. Impaction involves
a controlled flow to a surface that blocks the direction of air flow. Small particles are able to
redirect, but large particles tend to collide with the surface due to inertia and are removed from the

gas phase.®

There are several configurations used for nebulization. Concentric nebulizers are
commonly used with inductively coupled plasma mass spectrometry or optical emission
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spectroscopy. They involve two parallel flows separated by a glass wall, an inner liquid flow that
carries the particles of interest, and an outer gas flow that breaks the liquid flow apart at the tip,
where the two flows meet. Alternative configurations, such as the atomizer, involve compressed
air passing through a narrow orifice that results in a jet zone. When liquid enters the jet, it is broken
apart into small droplets. The fast flow of the gas produces a low-pressure zone that pulls liquid
through a capillary into the jet. Due to the larger droplets produced by nebulization, drying is often
necessary before mobility measurements can be made. This is done by passing the aerosol through
a heated tube furnace or a diffusion drying tube filled with desiccant. The primary advantage of
nebulization is that no electrolyte is required. This means that nanoparticles can be sprayed in any
buffer or pure water, though the salt coating mentioned with regards to the electrospray also occurs
during nebulization. Nebulizers tend to have higher liquid flow rates than electrospray and
therefore require more sample. At these higher flow rates, more pump options are available. The
pneumatic pumps used for the inductively coupled plasma techniques are very consistent and result
in more stable flow rates than the nES. Nebulizers are a useful spray technique, but the droplet

distribution produced is less conducive to mobility measurements of nanomaterials than the nEsS.

1.5 Neutralizer

The DMA separates particles based on the balance of their electrostatic and drag force. As
only charged particles experience the electrostatic force, only charged particles are selected for by
the DMA. As aresult, the charge distribution of the aerosol has a direct impact on the measurement
by DMAS. It is important that the charge distribution is known so that a representative size
distribution can be derived from the mobility distribution. A radioactive source charges the

surrounding gas, creating a bipolar charge environment consisting of both positive and negative
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charges that collide with the aerosol particles and stick.?® An equilibrium, diffusion-based charge
distribution results as the aerosol flows through the charge neutralizer. The radioactive source is
either an alpha emitter, Po-210, or a beta emitter, Kr-85. It neutralizes the particles after the droplet
evaporate. For the nES, this charge chamber is placed immediately after the spray chamber to
minimize the loss of the initially highly charged particles. Given a minimum level of radioactivity
and residence time, a known charge distribution will be applied to the particles. This charge
distribution is dependent on the particle size and was determined by Wiedensohler.?” For diffusion
charging, the fraction of charged particles increases with the diameter of the particle. Particles
around 10 nm tend to be mostly uncharged, with about 9% of particles carrying a +1 or -1 charge.
Larger particles carry more charge. Particles around 100 nm are more likely to be charged than
uncharged, with 48% of particles carrying a +1 or -1 charge and 9% carrying a +2 or -2 charge.
The term neutralizer refers to the fact that the overall charge of the environment is roughly neutral.
However, there is a slightly higher proportion of negatively charged particles than positively
charged due to the difference in diffusivity of negatively and positively charged gas ions.?® A
newer charge source is the soft x-ray source that emits light at sufficient energy to create a bipolar
charge environment via photoionization. The soft x-ray source does not require renewable
radioactive material and has a more nearly equal distribution of positive and negative charges.
Regardless of the specific source used, the purpose of the neutralizer is to apply a known charge

distribution to the aerosol.

1.6 Detectors

A variety of detectors can be used to detect the aerosol output from the DMA. The DMA

itself merely acts as a bandpass filter, emitting a monodisperse aerosol. Any detector that is
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compatible with aerosols can be used. The most used is the condensation particle counter (CPC),
an optical detector that grows particles to a size that is easier to count. More recent work has
focused on the use of the inductively coupled plasma mass spectrometer (ICP-MS), a mass
measurement that is very sensitive for high atomic mass elements such as transition metals. These
are the two detectors used in this dissertation, though a few alternative detectors will be mentioned

briefly for context.

1.6.1 Condensation Particle Counter

The CPC consists of three key components: a preparation chamber, a condensation
chamber, and a laser for particle counting. Aerosolized particles enter a preparation chamber where
the surrounding air becomes saturated with a given working fluid. The high vapor concentration
of the working fluid prepares the particle for growth. Next the particles enter a condensation
chamber that results in heterogeneous nucleation on the particle of interest. Given sufficient time
for growth, the steady state size from surface growth is independent of the initial particle size. This
means that all particles that enter the condensation chamber will exit at roughly the same diameter,
on the order of several micrometers. The size and uniformity allow for counting individual
particles based on the light scattered by the particles passing through the laser beam.?® This process
is shown in Figure 1.4. Individual particles are counted by pulses of scattered light up to a
concentration on the order of 100 000 particles per cm?® gas, depending on the instrument model,
at which point a continuous measurement is used to extrapolate a concentration. Butanol and water
are the two most common fluids used for particle growth. For butanol, the condensation chamber
is cooled because the thermal diffusivity of air is greater than the mass diffusivity of butanol. This

means that the sample flow will be cooled before the butanol can diffuse to the walls, so butanol
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condenses on the nanoparticles rather than the walls. For water, the opposite is true, and the
condensation chamber is heated and wetted. This keeps the water vapor in the sample flow instead
of condensing on the cooled walls.*® A limitation of the CPC is that the supersaturation required
for heterogeneous nucleation (Gibbs-Thomson effect) increases significantly as the particle size
decreases. This means that each instrument model has a smallest detectable size, which is

characterized by the Kelvin diameter.

P 4rm
— = exp
Ps PRTDp k

(1.9

Where P is the vapor pressure, P, is the saturation vapor pressure, I' is the surface tension
of the working fluid, M is the molecular weight of the working fluid, p is the density of the working
fluid, R is the gas constant, T is the temperature (K), and D, x is the Kelvin diameter. This size
limit is determined by the supersaturation of the working fluid, which is in turn limited by
homogenous nucleation. When the supersaturation is too high, the butanol or water vapor will
condense into droplets of butanol or water, without a nanoparticle nucleus. This results in
erroneous detection of particles. The lower size limit of detection for CPCs is defined by Dso, the
diameter at which half of the total particles will be detected. This size tends to be around 2.5 nm
for the newest instrument models. The pressure drop across a well-defined orifice is used to
accurately determine the gas flow rate and relate the raw data, particles counted during a period of
time, to a number concentration, particles per cm® gas. A second method allows the direct
measurement of the charged particles by using an electrometer.® The electrometer is a similar
detector that was used more prior to the development of the CPC. The electrometer measures the
current produced by charged aerosols from which the number concentration of the charged

particles can be determined for a known charge distribution. Electrometers can detect a higher
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maximum aerosol concentration than the CPC, but the minimum concentration is also higher.
Electrometers are easier to calibrated directly and are then often used to calibrate CPCs. Overall,
the CPC is a common aerosol detector that grows particles and counts them individually by light

scattering.

Preparation Chamber Condensation Chamber Laser Detector

Figure 1.4: A schematic of a butanol CPC. An aerosol enters a heated preparation chamber
saturated with butanol vapor, travels to a cooled condensation chamber that induces butanol
condensation on the particles, and finally individual particles are counted optically.

v

1.6.2 Inductively Coupled Plasma Mass Spectrometer

The Inductively Coupled Plasma Mass Spectrometer is being used more frequently as a
detector for monodisperse aerosols exiting the DMA.*2* The aerosol enters a high temperature
plasma and is broken apart into individual atoms and charged. The ions are then separated by mass-
to-charge ratio in an octopole and are detected by an electron multiplier. As the instrument detects
atoms, the measurement is proportional to the mass concentration of the specific mass-to-charge
ratio sampled, and calibration curves for generic ICP-MS measurements relate instrument response
to solution concentration of the element of interest. The plasma is generated by passing argon
through a strong electromagnetic field generated by a radio frequency coil with an oscillating
current on the order of 20 MHz as shown in Figure 1.5.34 A spark causes an initial loss of electrons
from some argon atoms. These free electrons propagate the plasma by colliding with other argon

atoms and ionizing them. The region of the plasma that the aerosol enters is generally on the order
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of 6 000 K and is therefore able to evaporate the aerosolized droplets and break apart nanoparticles
into component elements. The ions then flow through two small orifices, the sampling and
skimmer cones, needed to retain the high vacuum of subsequent components of the instrument.
The ions then pass through the ion optics, a series of metal discs with applied voltages that shape
and direct the ion beam. The ion optics physically blocks particulates, photons, and neutral species,
while atomic ions are directed around obstacles to the mass analyzer.3® Within the mass analyzer,
most commonly a quadrupole or octopole, the ions are separated based on their mass-to-charge
ratio. A series of metal rods (four or eight) with a direct current applied to some rods and a radio
frequency applied to others selects for ions with atomic resolution. Alternative mass analyzers
include time of flight and magnetic sector analyzers, but these are not commonly used for ICP-MS
and will not be discussed further. The ions of the selected mass-to-charge ratio then reach the
detector, typically an electron multiplier. When the ions contact the surface of the detector,
electrons are emitted within the detector. These primary electrons then impact new areas of the
detector and result in the emission of secondary electrons. As a result, the arrival of an ion results

in the generation of millions of electrons that are detected as a pulse of current.

Argon Inlet | I
Acrosol A/ * A Kx  k  k Kk
et —— @ © @ & | I

Octopole Electron
Plasma Torch Cones Multiplier

lon Optics

Figure 1.5: A model ICP-MS, where black circle aerosol particles are converted into atomic ions
indicated by stars. The ions pass through narrow cones to the ion optics that shape the ion beam
and direct it to the octopole while removing interferences. The octopole selects for a specific mass-
to-charge ratio and those ions are detected by the electron multiplier.
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With the DMA in mind, one limitation of the ICP-MS is that it requires argon for the plasma
generation. The DMA is mostly commonly run with air, due to availability, but it can use any
nonreactive gas. However, both the DMA and the nES are limited by the electrical breakdown of
the gas. The nES is not able to use as wide of a voltage range as the DMA and generally requires
a stronger electric field, on the order of 10 V m™. Therefore, the nES is used almost exclusively
with air and possibly a stabilizing gas such as carbon dioxide. As a result, some of the gas exiting
the DMA is air, and the argon content of the gas may not be high enough for the plasma to ignite.
Measurements using the nES, DMA, and ICP-MS use a gas exchange device (GED) to increase
the concentration of argon in the gas to the ICP-MS. The GED, shown in Figure 1.6, consists of a
porous glass membrane contained within a glass cylinder. The aerosol flow size-selected by the
DMA travels within the membrane while pure argon is pumped into the outside space. The argon
flows in the opposite direction of the aerosol to promote diffusional exchange of argon and air.
For conditions commonly used in the experiments described here (1 L min " aerosol flow rate, 3

L mintargon GED flow rate), the argon concentration increases 57% within the aerosol flow due

to the GED.%®
Argon Outlet Argon Inlet
A A A A 2 % %
x L A ’ Al L e * * e
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Figure 1.6: A model of the GED, where black circles are aerosolized nanoparticles, red triangles
are air molecules, and blue crosses are argon molecules. The aerosol enters the GED dispersed
primarily in air and exits dispersed primarily in argon. The gas molecules can diffuse across the
porous membrane while the nanoparticles remain in the central flow.
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1.7 Differential Mobility Analysis

A full complement of instruments needed for a measurement of size, consisting of a spray
source, DMA, and detector is called DMAS. The two configurations most used here are nES-
DMA-CPC and nES-DMA-GED-ICP-MS. The first measures the particle number distribution
while the second measures the particle mass distribution of selected mass-to-charge ratios. For
nES-DMA-CPC measurements, the raw data are voltage applied to the DMA and number
concentration (N¢pc) measured by the CPC. The voltage corresponds to a particular mobility (Z,),
so the raw data are mobility distributions. The measured number concentration is equal to an

integral of the product of the transfer function of the DMA (£2(Z,,, V)) and the mobility distribution

of the aerosol prior to separation by the DMA (F(Zp) = dN/dZp).
Nepe(V) = [0(Z,,V)F(Z,)dZ, (1.10)

However, the size distribution (G (Dp (Zp)) = dN/dDp) is the actual quantity of interest.
Using the relationship between the mobility distribution and the diameter distribution one obtains
the corresponding expression in terms of the number distribution. It contains the transfer function
of the DMA, the charging probability of the particle (p(D,(Z,))) and a term to convert the integral

from mobility space to diameter space.

Nepc V) = [ 2(2,,V)G (Dy(2,) ) p(Dy(2,))|dD, /dZ, |dZ, (1.11)

This conversion term can be derived from the relationship between mobility and diameter

selected by the DMA.

-1
1

X

Cé(Dp) 1
Cc(Dp)  Dp

|dD,/dZ,|dz, = dx (1.12)
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The derivation is simplified using a unitless mobility, x.

2mLVZ,

" qsnln (12/71)

(1.13)

L is the length of the DMA from entrance slit to exit slit, IV is the voltage of the inner
electrode, qgy, is the sheath flow rate, r, is the outer radius, and r; is the inner radius. The transfer
function is triangular and ranges from points (1- 6, 0) to (0, 1) to (1+4, 0) in the x coordinate system,

where §'is the ratio of the aerosol flow rate to the sheath flow rate.

sg=a (1.14)

dsh

The charging probability has been solved using tandem DMA measurements, where a first
DMA is used to produce a monodisperse aerosol, and a second separates the different charge states
by mobility. An empirical fit was determined for +1 charged particles from 1 nm to 1 000 nm in

diameter.

i

= D
p(D,(2,)) = 1023 10g50) (1.15)
ao= -2.3484, a,= 0.6044, a,= 0.4800, a;= 0.0013, a,= -0.1544, and a5= 0.0320.7

One way to solve for the diameter number distribution is to assume that the size distribution
changes slowly with diameter compared to the transfer function. With this assumption, most of the
terms in Equation 1.11 can be removed from the integral as constants, leaving the integral of the
transfer function from x =1 —61to x = 1+ 6. As described above, the transfer function is a
triangle with base 25and height 1, so the integral of the transfer function is equal to ¢. The diameter

distribution of the aerosol before the DMA can then be calculated.
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G(Dp) = [NCPC(V)

These equations are traditionally applied to number concentration measurements by the
CPC, though the same logic applies to measurements with alternative detectors. For example, mass

concentration measurements by the ICP-MS, M;qp_pus(V), are analogous to N-pc(V), and can be

used to solve for the mass distribution before the DMA, H (Dp(Zp)), which is analogous to

G (Dy(2,)).

1.8 Coupled Instrumentation

Each instrument described here has standalone strengths that could be used independently.
However, the focus of this work is on the advantages of the combined instruments. For example,
the DMA can be used to select a monodisperse aerosol. However, without a detector this is of
limited value. The CPC counts particles and determines a number concentration. This can be used
independently as a warning system to detect particle generation in industrial settings. With the
combined instruments, DMA-CPC, number concentration measurements can be made at narrow
intervals of the size distribution. For the example given above, detection of particle generation in
industrial settings, the coupled technique can determine the size range in which most of the
particles occur. The size range and the mass concentration are important in understanding the
health risk of the aerosol. The same thought process applies to a variety of other examples. As
nanoparticle products become more complex, the related problems and questions that arise often
require more complicated instrumentation to acquire new information. An alternative hyphenation

of the DMA is to select for particles that are then deposited on to microscopy grids. This can allow
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for simplified microscopic analysis for complex samples with many variables, as fractions can be
collected with a particular size selected for different grids. The DMA has also been combined with
the aerosol particle mass analyzer and ICP-MS to determine mass distributions, and elemental
analysis by ICP-MS. The DMA can theoretically be coupled with any aerosol detector, such as
spectroscopic techniques that could be used to study changes in particle surface coating with size.
The combination of multiple techniques often gives more information than the sum of the

individual components and can be used to make novel measurements.

1.9 Instrument Configurations

Several instrument configurations will be used in this dissertation. The most used
configuration is presented in Figure 1.7, though different DMA flow rates were used in different
chapters. In chapter 2, the sheath (carrier) and excess (waste) flows are 10 L min®, and the
monodisperse and polydisperse flows are 1 L min™. In chapters 4 and 5, the sheath and excess
flows are 20 L min, and the monodisperse and polydisperse flows are 1 L min™t. The same flow
ratio (20:1) was used for the scan voltage measurements in chapter 4, but the recirculation flow
system was incapable of a sheath and excess flow of 20 L min. Figure 1.8 shows the configuration
used in chapter 3, and Figure 1.9 shows the alternative configuration used in chapter 4 for the scan

mode measurements.
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Figure 1.7: The DMAS (step voltage) instrument configuration used in chapters 2, 4, and 5. The
nES converts a colloidal solution to an aerosol. The dried aerosol is size separated by different
voltages applied to the DMA. In chapter 2, the nano DMA is used (4.978 cm length), while in
chapters 4 and 5 the long DMA was used (44.369 cm length). The temperature and pressure of the
excess flow was measured. The size-selected particles travel to the condensation particle counter
and grow to several microns to be counted optically.
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Figure 1.8: The DMAS instrument configuration used in chapter 3. The nES converts a colloidal
solution to an aerosol. The dried aerosol is size separated by different voltages applied to the DMA.
The gas is a mixture of air from the nES and argon from the DMA sheath flow. The aerosol travels
through the GED where the argon content of the gas increases due to diffusion across a porous
membrane. The argon-enriched aerosol travels to the ICP-MS, where the plasma breaks the
nanoparticles into atomic ions. A cloud of produced ions is selected for by the cones and ion optics.

The octopole separates the ions by mass-to-charge ratio, and the selected ions are detected by the
electron multiplier.
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Figure 1.9: The DMAS (scan voltage) instrument configuration used in chapter 4. The nES
converts a colloidal solution to an aerosol. The dried aerosol is size separated by continuously
changing voltages applied to the DMA. The long DMA was used (44.369 cm length), and the
temperature and pressure were measured in the flow recirculation, where the excess flow is
recycled to be used again as the sheath flow. The size-selected particles travel to the condensation
particle counter and grow to several microns to be counted optically.

1.10 Topics

This dissertation focuses on new characterization methods of nanoparticles by DMAS.
Chapter 2 demonstrates protein aggregation measurements by DMAS and AF4. The comparison
with an in-situ method allows for better understanding of the effects of electrospray and
aerosolization on aggregation. As discussed before, droplet induced aggregation from the nES
needs to be minimized so the measured rates reflect aggregation in solution. Similar rates and
activation energies were determined by the two techniques, suggesting alternate techniques can be

used by the pharmaceutical industry beyond the traditional SEC.

Chapter 3 covers calibrated mass distribution measurements by nES-DMA-GED-ICP-MS.
The calibration was made by summing the total mass across the distribution and comparing ionic

standards of known mass concentrations with gold nanoparticles with unknown mass
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concentrations. The method was validated by comparing with other total mass measurements, such
as gravimetric analysis and acid digestions measurements by ICP-MS. Overall, good agreement
was determined between ionic standards and monodisperse gold nanoparticles, but measurements
of polydisperse metal oxide particles resulted in significant overestimation of mass concentration.

A multiple charge correction was applied that reduced overcounting for the metal oxide particles.

Chapter 4 focuses on the accurate measurements of two gold nanoparticle samples with the
DMA operating in step voltage mode. In recent years, the scan voltage mode operation of the DMA
has become much more widely used than the step mode because of the much shorter time for
measuring a size distribution. In step voltage mode the DMA stays at one voltage until the aerosol
travels from the DMA to the detector, so it is simple to pair CPC number concentration
measurements with DMA voltages. In scan voltage mode the DMA rapidly scans through voltages
so the relationship between CPC number concentration measurements and DMA voltages is less
clear. Itis of interest to know the relative performance of the DMA in the scanning mode compared
with the more accurate stepping mode. A series of measurements were carried out in the scan mode
using the same 60 nm calibration particles to calibrate the measurements. Good agreement between
step and scan mode was determined for two potential nanoparticle size standards when using the

traceable calibration standard.

Chapter 5 compares the results for size measurements of a single standard by four different
instruments. Two different traceability pathways including DMAS measurements traceable via the
100 nm SRM 1963a were used to relate the measured diameter to the meter, and there were
significant differences between some of the measurements. Overall, all techniques agreed within
3%, which is impressive due to the different measurands probed by each instrument, and is likely

sufficient for general use, though some of the error bars did not overlap, suggesting additional
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uncertainty components may exist. This has the possibility to create issues for accurate size
measurements in the future, as two of the pathways are being used to independently certify new

standards.

Finally, chapter 6 includes conclusions and potential future work.
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Chapter 2: Quantifying Protein Aggregation Kinetics using Electrospray
Differential Mobility Analysis

2.1 Introduction

Aggregation is an important concern in the protein therapeutics industry. Aggregation can
reduce the dose of active drug, resulting in variable efficacy. More importantly, aggregates can
trigger a severe immune response including anaphylaxis and in some cases death. As a result,
protein products must be thoroughly screened for aggregates throughout the production process.
The most basic regulatory requirement for injections is the United States Pharmacopeia Reference
Standard 788, which sets particle-per-container specifications as detected by light obscuration.
This standard is used by quality control personnel to screen products prior to distribution. Ideally,
aggregate formation is prevented much earlier in the product cycle. Aggregation kinetics are
measured extensively during formulation and in the initial stages of production, and the buffer, pH
and excipients are optimized to produce a stable formulation. Different stress conditions are
applied, including shaking, stirring, heating and changing pH to mimic situations that can be
encountered during the manufacturing process. The challenge, however, is to measure aggregation
verifiably at all potential growth stages, from both a process control standpoint as well as a view
to the science of protein aggregation. Many measurement approaches have been adopted to
evaluate aggregates and aggregation rates, including light scattering, sodium dodecyl sulfate
polyacrylamide gel electrophoresis, analytical ultracentrifugation, fluorescence, optical
absorbance, calorimetry and field-flow fractionation®”. The most commonly used technique in
industry currently is size exclusion chromatography®®, although no single technique has been
established that has satisfied all characterization needs. Absolute aggregation kinetics data are

fraught with a range of interference effects including adsorption®, membrane interaction,
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aggregate disruption*!, dilution effects*?, and convolution®®. Thus, there is a considerable need for

assessing methods in terms of absolute and relative accuracy and precision.

In the present work, a lesser known but rapid, high-resolution aerosol-based technique,
differential mobility analysis (DMAS, see Figure 2.1)," is applied to quantify the thermally induced
aggregation kinetics of two selected proteins in an extensive and systematic study. This work
builds on two previous studies conducted at the National Institute of Standards and Technology
(NIST). Pease et al. showed that DMAS can resolve and accurately size 1gG aggregate oligomers
prepared by pH-induced unfolding and chemical-induced crosslinking.** Subsequently, Guha et
al. compared DMAS with the “gold standard,” SEC, for thermal aggregation of IgG.* The latter
study examined oligomer size and concentration, while also determining and comparing
aggregation rates between the two techniques (where aggregation was carried out in an ammonium
acetate buffer to support the electrospray process). Ammonium acetate is an ideal and commonly
used electrolyte for DMAS due to its volatility; nonvolatile salts will interfere with DMAS and
alter the size of classified aggregates. However, ammonium acetate is not relevant for the
measurement of protein aggregation, and can itself induce unfolding leading to aggregation.*® In
building on these earlier studies, this new method determines protein aggregation rates using the
monomer loss approach combined with DMAS. In the current work, aggregation was conducted
in common protein formulation buffers followed by post-reaction dilution into ammonium acetate.
The aggregation rates are therefore determined by the buffer used during thermal treatment. Using
this method, protein aggregation kinetics are quantified under a range of conditions and

demonstrate the full capacity for application of DMAS as an alternative technique relevant to

*DMA is also referred to in the literature as macro-ion mobility spectrometer (MacrolMS), scanning mobility
particle sizer (SMPS) and gas-phase electrophoretic mobility molecular analyzer (GEMMA).
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protein drug development and manufacturing. To cross-validate this method and determine
whether the measured kinetics are reliable, a direct orthogonal comparison is provided between
DMAS and asymmetrical flow field-flow fractionation (AF4), a liquid-based method that separates
particles according to their diffusivity (hydrodynamic size).*” AF4 was selected in this case over
SEC so that protein samples could be analyzed in the formulation buffers without any change in
buffer composition or ionic strength. A more detailed description of AF4 is provided in the

supplemental information.

|

D

)
H°°+

Figure 2.1: DMAS method for the separation of nano scale particles. The protein solution is placed
in a pressurized chamber and passed through a small capillary (A). The solution is electrosprayed
into a neutralization chamber that yields particles with a -1, 0 or +1 charge (B). The +1 charged
aerosol is separated by size in the differential mobility analyzer (C). The particles are counted
optically by a condensation particle counter (D).

To facilitate this investigation, two well characterized and widely available model proteins
were selected, namely bovine serum albumin (BSA) and a-chymotrypsinogen A (a-chymo). Both

proteins are stable in solution at room temperature for at least one day and have been previously
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studied in kinetic experiments.®” ¢ BSA is a 66.3 kDa globular protein with an isoelectric point
(p1) of 4.8 and a hydrodynamic diameter of 7.0 nm.*® a-chymo is a 25.7 kDa globular protein with
a pl of 9.2 and a hydrodynamic diameter of 4.4 nm.>® Commercial a-chymo contains a small
amount of chymotrypsin that can cleave peptide bonds above pH 5, so experiments were conducted
at pH 3.5.5! Neither protein is used as a therapeutic, but human serum albumin is used as a carrier
for paclitaxel in Abraxane, an approved treatment for metastatic cancer. On the other hand, a-

chymo is the inactive precursor to chymotrypsin, a proteolytic enzyme produced in the pancreas.

2.2 Materials and Methods

BSA (>96%), a-chymo (essentially salt-free, lyophilized powder), sodium phosphate
dibasic (>99%), citric acid (99.5%), ammonium acetate (>99.99%) and sodium citrate dihydrate
(>99.9%) were purchased from Sigma Aldrich (St. Louis, MO, USA).* Sodium phosphate
monobasic (99%) was purchased from Alfa Aesar (Haverhill, MA, USA). Solutions were prepared
using 18.2 MQ-cm deionized water (Model 2121AL, Aqua Solutions, Jasper, GA, USA). BSA
solutions were prepared by dissolving lyophilized BSA in 0.1 mol L phosphate buffer at pH 7.0.
a-chymo solutions were prepared by dissolving lyophilized a-chymo in 0.01 mol L™ citrate buffer
at pH 3.5 and were filtered before use (0.2 um, Whatman, Maidstone, UK). Protein concentration
was determined spectroscopically at 280 nm using published 1% mass extinction coefficients: 6.58
for BSA* and 19.7 for a-chymo.®? Protein solutions were diluted to the working concentration and
volume, then aliquoted to protein lo-bind microcentrifuge tubes (Eppendorf, Hamburg, Germany).

For temperature studies, protein samples were heated in a water bath (Model WD05V11B, VWR,

# The identification of any commercial product or trade name does not imply endorsement or recommendation by
the National Institute of Standards and Technology.
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Radnor, PA, USA) and quenched in an ice bath at the designated time point. Each sample was
analyzed by both AF4 and DMAS. Aliquots for DMAS were diluted to 0.009 mg mL™ in 0.4 mol
L1 ammonium acetate at pH 7.0 or 0.02 mol L' ammonium acetate at pH 3.5, for BSA and a-
chymo, respectively. Ammonium acetate provides sufficient conductivity for the nano electrospray
process and leaves no aerosol residue. Aliquots for AF4 were injected into the instrument without

modification.

The customized DMAS system used in this study (Figure 1.7), similar to those reported by
others,> consists of three principal components: the nano electrospray (nES, Model 3480, TSI,
Shoreview, MN, USA), differential mobility electrode column (DMA) (Model 3085, TSI), and
condensation particle counter (Model 3776, TSI). Protein solutions were placed in the nES
pressure chamber set to 26 kPa (3.7 psi) and sprayed through a 40 um inner diameter fused silica
capillary. 40 um capillaries were used rather than the more common 25 um capillaries to prevent
clogging. Protein was electrosprayed with an air flow rate of 1 L min™ and a CO; flow rate of 0.2
L min?. The sheath flow was 10 L min? air. The sheath flow was selected as an optimal
compromise between resolution and the limit of detection. The nES voltage was set to 2 kV — 3
kV, with a resulting current of 300 nA — 1100 nA, to produce a Taylor cone. The electric field
strength was on the order of 10° VV m™. The resulting aerosol was neutralized by a Po-210 a-source
(Model P-2042, TSI) to produce a bipolar aerosol with some positively charged, negatively
charged, and uncharged particles. The DMA was operated to select positively charged protein
particles. The data were collected with a step size of 0.2 nm and a step time of 5 s using a custom
LabVIEW (National Instruments, Austin, TX, USA) program to control the high voltage power
supply (Model 205B-10R, Spellman, Hauppauge, NY, USA). The BSA monomer yielded a

mobility diameter of 6 nm — 7.6 nm with a peak at 6.8 nm. The a-chymo monomer yielded a
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mobility diameter of 4.2 nm — 5.6 nm with a peak at 5 nm. These sizes are consistent with
previously published work using DMAS* 454 though the sizes measured in this work were
slightly larger than the uncoated monomers due to residual non-volatile buffer (sodium phosphate
or sodium citrate) that coats the protein particles. The unheated protein sample was electrosprayed
for one hour before data collection to minimize capillary adsorption effects. A step-ramping
voltage was applied to the separation column, selecting for a series of sizes based on certain

physical considerations of the instrument outlined in Equation 2.1,

Dp _ 2nelLV
Cc(Dp) 3uqspln (r2/711)

2.1)

D, is the selected mobility diameter, Cc is the Cunningham slip correction, n is the number
of elementary charges on the particle, e is the elementary charge, L is the length of the DMA, V is
the voltage of the DMA, u is the viscosity of the sheath gas, gsh is the flow rate of the sheath gas,
and r2 and r1 are the outer and inner radii of the DMA, respectively. To evaluate the number count,
the raw data were corrected for charging efficiency and the DMA column transfer function.>®
When particles are neutralized by the a-emitter, a size-dependent modified Boltzmann charge
distribution is applied to the population of particles. Based on the size of the particles, a known
percentage will have various charges, primarily -1, 0 and +1. Only particles with a single positive
charge were size selected and counted, so the number concentration was multiplied by a correction
factor to account for the other charge states of the total population. For example, only 1.9% of 5
nm particles will have a single positive charge, so the measured number concentration was
multiplied by 52.6.2" The separation resolution of the instrument is determined by the ratio of the
sheath flow to the sample flow and the size of the particle.!! The conditions of the present work

have a mobility resolution of 12%. For small particles in the free molecular flow regime, the size
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resolution is half the mobility resolution,®® so the window (band pass) of selected particles
increases from 0.18 nm at 3 nm to 0.6 nm at 10 nm. The number concentration at each step was

divided by the corresponding size window.

Each time point of the kinetic plots consists of nine measurements by DMAS. Chauvenet’s
criterion was used to analyze outliers of the DMAS measurements.>” The difference between the
suspected outlier and the mean of the nine measurements was divided by the standard deviation
and compared to a probability percentage table of a Gaussian distribution. Points with less than a
50% probability of falling within the distribution were rejected. A maximum of one measurement
per time point was analyzed for rejection and no more than four total measurements were rejected

from a single experiment.

For AF4 analysis, an Eclipse DualTec separation system (Wyatt Technology Inc., Santa
Barbara, CA, USA) was used connected to a degasser (Gastorr TG-14, Flom Co., Ltd, Tokyo,
Japan), 1260-series isocratic pump (Agilent Technologies, Santa Clara, CA, USA), 1260 ALS
series autosampler (Agilent Technologies) and a 1200 series UV-Vis absorbance diode array
detector (Agilent Technologies). For the separation, a 145 mm short channel was equipped with a
350 um spacer and a regenerated cellulose membrane with a 10 kDa cutoff. The UV signal was
detected at 280 nm. The elution, injection and cross flow rates were fixed at 0.5 mL min, 0.2 mL
min! and 3 mL min respectively. The injection volume was varied, based on the sample
concentration, to inject 50 ug — 60 pg of protein. The focus flow and cross flow rates, during the
relaxation and the elution, were optimized as a function of the size distribution of the sample and
are summarized in Table 2.1. AF4 data were obtained and analyzed using OpenLab (Agilent

Technologies) and Astra 6.1.4.25 software (Wyatt Technology). The monomer peak was manually
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defined and integrated with the absorbance signal between 13 min — 16 min elution time for BSA

and 10.5 min — 14 min for a-chymo.

Table 2.1: AF4 method parameters.

Flow Type | Duration (min) Focus F_Iow Cross F_Iow Elution _Flow
(mL min) | (mL min?) | (mL min?)

Elution 1 - - 0.5
Focus 2 2 - -

Foous & 5 2 : :

Injection

Elution 20 - 3 0.5
Elution 5 - - 0.5

2.3 Results and Discussion

The monomer and the dimer were distinguishable using both techniques, and thus the
temporal, relative monomer decline was used as the primary observation of aggregation. This
separation is important because it indicates that any larger species will not coelute with the
monomer. The decline of the isolated monomer determines the measured rate of aggregation.
Figure 2.2a shows the DMAS measured number-based size distribution of BSA as a function of
heating time, indicating the BSA monomer had a mobility diameter of 6 nm — 7 nm. Figure 2.2b
shows the AF4 measured fractogram of BSA as a function of heating time, indicating the BSA
monomer elutes between 13 min — 16 min. To correct for background signal from residual non-
volatile buffer (artifact particles formed during aerosolization) a baseline correction was applied
for DMAS as shown in the figure. The monomer peak area was then determined by subtracting
the total area under the monomer peak by the area of the background for each time point and
normalized to the unheated sample. The ratio of the dimer diameter to monomer diameter is
indicative of the packing of the monomer during binding (the smaller the ratio, the closer the

monomers are packed together).
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Figure 2.2: (a) DMAS determined number-based size distribution for 1 mg mL? BSA. The
monomer was determined to have a mobility diameter of 6 nm — 7.6 nm. The monomer area
decreased with increasing heating time at 70 °C. The monomer area does not include the area
below the background line caused by non-volatile salt. The data points are connected with a smooth
line. (b) AF4 fractionation of 1 mg mL™* BSA. The monomer eluted between 13 min — 16 min, and
the area under monomer peak decreased with increasing heating time at 70 °C. The data points are

connected with a smooth line.
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Figure 2.3: Normalized protein monomer peak area as a function of time and incubation
temperature or incubation concentration measured by DMAS (solid lines) and AF4 (dashed lines).
Lines are guides only. (a) 1 mg mL* BSA incubated at different temperatures. (b) BSA heated at
70 °C and incubated at different concentrations. (c) 1 mg mL™* a-chymo incubated at different
temperatures. (d) a-chymo heated at 60 °C and incubated at different concentrations.

As expected, the rate of aggregation for both proteins increased at higher concentration and
temperature. These results are summarized in Figure 2.3 as the mean of three independent samples.
For AF4, each sample was analyzed once, while for DMAS each sample was analyzed three times

under repeatability conditions. For AF4, the error bars indicate one standard deviation of the three
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measurements. For DMAS, the three repeatability measurements were averaged for each sample
and the error bars indicate one standard deviation of the three means. The normalized monomer
peak area was multiplied by the concentration of the unheated solution and divided by the molar
mass to convert to molarity. The goodness-of-fit (using R?) for the linear regression of molarity
vs. time, In (molarity) vs. time, and (molarity)™ vs. time was then used to assess if the aggregation

was best represented as zero, first, or second order, respectively.

Results included in the supplemental information show that BSA exhibits second order
behavior and a-chymo is most consistent with a first order monomer decay. The aggregation rate
for BSA is proportional to the molarity, while the rate for a-chymo is proportional to the molarity
squared. This suggests BSA aggregation is limited by monomer-monomer collisions, while a-
chymo is limited by monomer thermal unfolding or monomer addition to aggregates. When
elevated temperature is used as a stress, aggregation is minimal below the melting temperature of
a protein. This indicates that the unfolding of the protein is critical in thermal aggregation. A first
order Kinetic rate suggests a single protein population is the limiting reactant for aggregation to
occur. The aggregation rate for a-chymo varies with initial protein concentration. This suggests
that the monomer interacts with another species (e.g., an aggregate) that is an important co-
determinant of the rate of aggregation. Also, the unfolding rate of a-chymo is much faster than the
aggregation rate.>® This suggests that a-chymo aggregation is limited by monomer addition rather
than unfolding. The driving force of the aggregation is the hydrophobic effect, the collection of
hydrophobic components to reduce interaction with water. The cores of proteins tend to be more
hydrophobic, so unfolding due to heating increases the hydrophobicity of the protein surface. The
hydrophobic effect is based on minimizing the entropy of water, as water molecules form more

rigid structures when interacting with hydrophobic materials. For second order Kinetics, the protein
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molecules are also unfolded, but the collision between two monomers is the limiting step. The In
(molarity) vs. time and (molarity)™* vs. time data were fit with a weighted least squares regression
to account for differences in the standard deviation at various times and to determine the most

representative slope and uncertainty for a linear fit.%’

= A+ Bx (2.2)
y

__Iwiwxy— SwxIwy (2 3)
T IwIwx2—(Zwx)?2 '

op = |——t — (2.4)

IwIwxZ—(Zwx)?

Where A is the intercept, B is the slope, s is the uncertainty of the slope and wi = ¢i. The
rate constants are compiled in Tables 2.2 and 2.3. Note that the BSA rate constant for 70 °C and 1
mg mL* is the mean (with one standard deviation) of three experiments performed on three
separate days: (120 + 20) L mol™ s and (94 + 10) L mol s, by DMAS and AF4, respectively.
This is significantly higher than (62 + 2) L mol™? s reported previously using AF4.3" The
difference might be attributable to BSA batch variations. Also, the rate constant obtained here for
1 mg mL? a-chymo heated at 60 °C was (110 + 10) s by DMAS and AF4. This is close to 93 s
reported previously using size exclusion chromatography.® Li et al. reported a half-life of about
14 min, compared with about 11 min determined in the present study using both DMAS and AF4.
In this work, the rate constants increased with increasing temperature. The rate constant for a-
chymo increased with increasing concentration, while the rate constant for BSA decreased or

remained the same with increasing concentration.
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Table 2.2: Rate constants for the aggregation of BSA measured by DMAS and AF4.

BSA Condition Second Order Rate Constant (L mol? s)
Concentration | Temperature
(mg mL ) ) DMAS AF4
1 75 130 £ 10 130 + 10
1 70 120 £ 20 94 +10
1 65 32x1 23+ 1
1 60 9+1 9.1x£0.1
5 70 110+ 10 751
15 70 94 +3 73+2
1 70 120 £ 20 94 +10

Table 2.3: Rate constants for the aggregation of a-chymo measured by DMAS and AF4.

a-chymo Condition First Order Rate Constant (1E-5 s™)
Concentration | Temperature
(mg mLY) C) DMAS AF4
1 62.5 160 + 10 150 £ 10
1 60 110+ 10 110+ 10
1 57.5 52%1 45+2
1 55 9.7+0.9 8.8+0.5
2 60 300+ 10 340+ 10
15 60 200 £ 10 180 £ 10
1 60 110+ 10 110+ 10

The activation energy was determined using an Arrhenius plot, with (absolute
temperature)™ vs. In (rate constant) as shown in Figure 2.4. The non-linear plots indicate that the
studied proteins are non-Arrhenius in the given temperature range. This indicates a change in the
rate determining step at different temperatures. The change in the aggregation rate decreased at
higher temperatures. The low temperature region for BSA, from 60 °C — 70 °C was linear and was
used to calculate the activation energy. The obtained value contains information regarding the
thermal unfolding of the protein and the collision required to produce a dimer. The energies

reported here for BSA, (240 + 20) kJ mol-and (190 + 10) kJ mol™ by DMAS and AF4 respectively,
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are of similar magnitude to those reported in the literature for other proteins: 350 kJ mol™* — 550

kJ mol1,38 59
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Figure 2.4: Arrhenius plots of BSA and a-chymo determined by DMAS (solid lines) and AF4
(dashed lines) rate measurements. Lines are guides only. (a) Arrhenius plot of BSA from 60 °C —
75 °C. The linear region from 0.00291 K1 —0.003 K™ was used to determine the activation energy.
(b) Arrhenius plot of a-chymo from 55 °C — 62.5 °C. The non-linear behavior indicates different
rate limiting behavior at different temperatures.

The rates measured by DMAS were generally equal to or slightly faster than those by AF4.
Many aspects of the measurement techniques could result in a faster measured rate. For example,
DMAS requires a dilution and buffer exchange, uses a fused silica capillary and can cause droplet-
induced aggregation during the nES process (Figure 1.3). DMAS requires a volatile buffer and
dilute protein solution for the nES, so the protein samples were diluted into ammonium acetate
immediately before analysis. Non-volatile buffer components can lead to peak broadening, an
elevated baseline and a shift in detected diameter values. An undetermined maximum non-volatile
buffer concentration exists (specific to the given protein and conditions) that will prevent protein

detection even with dilution in ammonium acetate. The salt particles produced during
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aerosolization will completely mask the protein signal. BSA was in a higher concentration of non-
volatile buffer (0.1 mol L phosphate buffer) than a-chymo, so a higher ionic strength of
ammonium acetate was required. The higher ionic strength produces smaller droplets in the nES
process.®’ These smaller droplets contain less of the non-volatile salt and therefore mask the
protein to a lesser degree. An alternative buffer exchange method, centrifuge filtration, showed no
significant difference in the rates measured by DMAS (results not shown). The observed difference
between DMAS and AF4 data is similar for both BSA and a-chymo, which suggests that the ionic
strength of the dilution buffer does not have a significant effect on the kinetics. Another possible
contribution to the differences in the observed rates could be due to proteins adhering to the fused
silica capillary.>* Protein loss to the capillary surface would be convoluted with aggregated protein,
as both result in the loss of monomer. This effect was minimized by equilibrating the capillary
with the unheated protein sample for one hour prior to data collection. Future work could
investigate capillary surface modification to reduce protein adsorption and limit the required
equilibration time. Finally, the nES process can cause aggregation if two protein monomers are
contained within a single droplet (i.e., coincidence).?* This artifact would be detected as a protein
dimer, because the two monomers merge as the droplet evaporates. This could cause an apparent
monomer loss if the nES droplet size varied with time. This effect was minimized by spraying a
Taylor cone at the same applied voltage and diluting the protein sufficiently. Overall, there are
many potential sample and instrumental causes of the observed rate differences, though many have
been accounted for in the current work. An extensive cause and effect analysis was beyond the

scope of the present work.

AF4 creates less concern for instrumental influences on the measured aggregation rate.

Only the focus step, the concentrating of injected protein on the surface of the membrane prior to
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separation, is likely to cause artifacts. This process could potentially result in protein adsorption
or aggregation. Since the membrane is negatively charged, positively charged particles tend to
stick to its surface. It was observed that positively charged a-chymo absorbed onto the regenerated
cellulose membrane, and several injections were required to reach a steady state (i.e., membrane
saturation). In addition, a loss in separation efficiency was observed after many injections and
separations. The initial smooth, Gaussian distribution of the monomer devolved into a tailed
elution of protein at longer retention times, likely due to protein-protein attraction at the membrane
surface. A new membrane was used after every two experiments as the monomer peak began to
shift and distort. This will likely be a problem for any aggregation measured below the pl of the
protein. An alternative means to deal with this is to treat the membrane with a cationic surfactant
to electrostatically repel the protein.®® This strategy was not pursued as it adds further uncertainty

due to protein-surfactant interactions.

2.4 Conclusions

This study investigated the application of an aerosol-based technique, differential mobility
analysis (DMAS), as an alternative method to quantify protein aggregation kinetics. Building on
two previous studies, the method described here is more generally applicable, as it can be used to
assess protein aggregation in any buffer. Additionally, DMAS was directly cross-validated with
an orthogonal liquid-based separation technique, asymmetrical-flow field-flow fractionation
(AF4). Consistent rate constants were obtained between the two methods; second order for bovine
serum albumin (BSA) and first order for a-chymotrypsinogen A (a-chymo). The two techniques
have different advantages that lend themselves to specific applications. AF4 yielded more

consistent data, as one standard deviation of the monomer peak area was 1% — 5%, compared to
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5% — 10% for DMAS. However, the DMAS method is much faster in practice; the AF4 method
required 34 min for analysis, while the DMAS analysis was complete in just 4 min after a single,
1 h capillary equilibration, an important advantage for thorough characterization of various
aggregation conditions. As a result, this study accommodated three times as many measurement
results by DMAS compared with AF4. Also, AF4 uses substantial amounts of mobile phase during
separation; roughly three liters of buffer were required per experiment. In contrast, DMAS uses a
gas phase to separate the particles, resulting in minimal waste. Finally, approximately 100 pg of
protein was injected per measurement for AF4, compared with 100 ng for DMAS. In this respect,
AF4 is comparable to SEC, the current gold standard method in industry. DMAS has potential for
screening valuable proteins in limited supply, as an entire Kinetics study requires only 2 mg
(limited primarily by buffer evaporation during heating). However, DMAS has several limitations,
including dilution, buffer exchange, buffer volatility, capillary adsorption and droplet aggregation
that, while controlled to the extent possible in this study, could be improved in future
developments. Future work could also include hyphenation of DMAS with mass spectrometry to
determine concurrent kinetic and structural information, for instance whether there is a specific
aggregation-prone region and how this might change with different applied stresses, and further
optimization of the electrospray process for proteins to reduce protein loss artifacts and further

reduce overall analysis time.

2.5 Supplemental Information
2.5.1 Asymmetrical-flow field-flow fractionation (AF4) Overview

AF4 is an analytical technique for size-fractionation of particles over a wide range, from
roughly 1 nm up to several hundred nanometers.*” This technique separates particles in a mobile
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solution phase with an applied cross flow field based on particle diffusive properties (i.e., diffusion
coefficient), which is in turn related to hydrodynamic size. Separation is performed in a semi-
permeable channel, with an impermeable upper surface and a permeable bottom plate consisting
of a porous frit material covered by an ultrafiltration membrane. Particles are concentrated onto
the membrane at a specific point by a focus flow with opposing flows coming from the inlet and
the outlet of the channel as shown in Figure 2.5. In normal mode, particles simultaneously diffuse
away from the membrane in relation to their diffusion coefficient, which can be related to the size
of the particles. When the focus flow stops, the laminar parabolic flow carries the particles through
the channel, with the smaller particles (highest diffusion coefficient) nearer to the center of flow
and the larger particles closer to the membrane or accumulation wall. As a result, smaller particles
elute first and can be detected in various ways, including absorbance, fluorescence, multi-angle

light scattering and dynamic light scattering.

AF4 has been compared to other analytical techniques for the characterization of protein
aggregation. AF4 was found to have an intermediate resolution between size exclusion
chromatography (SEC) and analytical ultracentrifugation (AUC).%? When compared to SEC, AF4
was found to be less prone to loss of aggregates and incomplete determination of protein oligomer
distributions during aggregation. AF4 also has more flexibility in terms of mobile phase selection
and shows consistent recovery.®® AF4 tends to show more peak asymmetry and peak drift than
SEC.% Overall, AF4 shows consistent data with SEC with less of a propensity to lose larger

aggregates during analysis.
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Figure 2.5: AF4 method for the separation of nano scale particles. Balanced entry and exit flows
form a narrow band of analyte on the membrane during focusing (A). Particles diffuse away from
the membrane, separating based on their size (B). When the exit flow stops, a laminar flow carries
particles through the chamber and the smaller particles are detected first.

2.5.2 Aggregation Rate Order Determination

The molarity vs. time plots for various aggregation conditions were also converted to In
(molarity) vs. time and (molarity)? vs. time. The R? values for each plot were compared to
determine if the aggregation was fit best as zero, first or second order. Figures 2.6, 2.7 and 2.8 are
examples of the three fits for differential mobility analysis measurements of 1 mg mL™* BSA
incubated at 70 °C. The R? values for all experiments are included in Table 2.4. The error bars
indicate one standard deviation of the means of three samples (each sample was measured three

times).
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Figure 2.6: The monomer concentration vs. time plot (zero order) for 1 mg mL™ BSA incubated
at 70 °C. The R?value is 0.87.
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Figure 2.7: The In (monomer concentration) vs. time plot (first order) for 1 mg mL* BSA
incubated at 70 °C. The R?value is 0.94.
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Figure 2.8: The (monomer concentration)™? vs. time plot (second order) for 1 mg mL™? BSA
incubated at 70 °C. The R?value is 0.96.

Table 2.4: R? values for zero, first and second order fits to all experiments. A few cases showed
very similar first and second order fits, but overall BSA showed second order aggregation and a-
chymo showed first order.

Experimental Condition Differential Mobility Asymmetrical Flow Field Flow
Analysis Fractionation

Zero First Second Zero First Second

i Order | Order Order Order Order Order
1 mg mL1BSA, 75°C 0.80 0.96 0.99 0.66 0.85 0.97
1mgmL1BSA, 70°C Day 1 | 0.82 0.95 1.0 0.83 0.94 0.99
1mg mL1BSA, 70°C Day 2 | 0.87 0.94 0.97 0.80 0.92 0.98
1 mg mL1BSA, 70°C Day 3 | 0.82 0.94 0.99 0.85 0.95 0.99
1mg mL* BSA, 65 °C 0.75 0.86 0.91 0.80 0.89 0.95
1mg mL1BSA, 60 °C 0.94 0.96 0.95 0.92 0.96 0.98
5 mg mL? BSA, 70 °C 0.66 0.87 0.99 0.76 0.91 0.99
1.5 mg mL? BSA, 70 °C 0.80 0.92 0.98 0.83 0.99 0.98
1 mg mL " a-chymo, 62.5°C | 0.86 1.0 0.89 0.85 0.99 0.91
1 mg mL* a-chymo, 60°C | 0.96 0.98 0.89 0.93 1.0 0.93
1 mg mL*a-chymo, 57.5°C | 0.78 0.99 0.87 0.78 0.98 0.93
1 mg mL*a-chymo, 55°C | 0.90 0.98 0.98 0.97 0.99 0.94
2 mg mLta-chymo, 60°C | 0.84 0.98 0.93 0.83 0.99 0.87
1.5 mg mL* a-chymo, 60 °C | 0.84 0.99 0.87 0.83 0.99 0.90
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Chapter 3: Calibrated Mass Distribution Measurements of Bimetallic
Nanoparticles

3.1 Introduction

Supported metallic nanoparticles are of broad interest due to their tunable optical®®,
antimicrobial®, and catalytic properties.®’ Because of their promise in various applications, many
demonstrations for their use have been reported, where modifying particle size, interfacial
properties, composition ratios, and surface structure has led to tuning variables for controlled
optical and electronic properties.®® Specifically for spatial and geometrical control over supported
nanoparticles through ligand chemistry, higher sensitivity surface-enhanced Raman scattering,
improved and selective antimicrobial behavior, and improved catalytic performance have been
demonstrated. The catalytic performance has been an accelerant in the research and development
for elucidating structure-function properties for improved design rules.®® Because the enhanced
reactivity is due to active sites on the supported metal structure within the hybrid material,
approaches such as deposition and direct growth onto larger supports are used to preserve the size,
and thus catalytic properties, of the material. However, variation in performance is significant and
reproducibility of particle synthesis, assembly, and activation of their properties has been a

persistent challenge for more than two decades.

Identifying specific material structure-property relationships for better design, higher
performance, and limit in batch-to-batch variability for commercial and industrial applications will
require improved methods for characterizing a more complete particle population, instead of trying
to find “the-needle-in-haystack™ subpopulation that could be responsible for a majority of the
observed enhanced property of interest. Physical characterization has proven difficult and
primarily consists of microtomic and microscopic analyses, such as high-angle annular dark-field
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scanning-transmission electron microscopy and tomography’®’*72  and bright-field transmission
electron microscopy’>’* (TEM). The spatial atomic distribution is often measured by energy
dispersive X-ray spectroscopy and further chemical characterization has also included additional
spectroscopy methods (e.g., using electron energy loss spectroscopy). All these techniques are
limited by the small sample size, which often consists of single particles per image, and statistically
significant sampling of the populations can be intractable. Alternative approaches that can acquire
similar information, provide a more statistical representation of the property of interest, and be
higher throughput are necessary for both research and manufacturing applications. One ensemble
measurement is small-angle X-ray scattering, which was previously used to differentiate
homogeneous and heterogenous spatial loading of small copper catalyst particles in mesoporous
silica supports.” Another option is the differential mobility analyzer combined with inductively
coupled plasma mass spectrometry (DMA-ICP-MS). This developing technique consists of the
differential mobility analyzer (DMA), an aerosol electrical mobility measurement that separates
particles by size, and inductively coupled plasma mass spectrometry (ICP-MS), an elemental
analysis technique that gives elemental mass information. The combined technique can give the
mass concentration of multiple elements across the particle size distribution. Some examples
include measurements of trace semiconductor gas’®, laser ablation products’’, protein particles®,
lead nitrate particles®?, and platinum loading and release from gold nanoparticles’®. The ICP-MS
can also be run in single particle mode (sp-1ICP-MS) in which individual particles are quantified in
dilute samples via a rapid analysis mode. DMA-ICP-MS run in single particle mode (sp-DMA-
ICP-MS) has been used to distinguish aggregates from primary particles’® and to determine the

geometry of nanorods®.
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While DMA-ICP-MS has been used for various applications, the calibration of
measurements has been limited. sp-DMA-ICP-MS measurements are calibrated by standard
methods used for sp-ICP-MS measurements: a particle of known mean diameter is measured and
the sphere equivalent mass is assigned to the mean ICP-MS response.®! Validation of the rotating
disk diluter scanning mobility particle sizer ICP-MS consisted of comparisons between mass
distributions derived from number distributions from the condensation particle counter (CPC)
detector, and mass distributions from the ICP-MS.%? Another approach calibrated the total mass
from the DMA-ICP-MS distribution by relating the response to the total number measured by the
DMA-CPC for a standard of well-known total mass, density, and average particle size.*®
Alternatively, it was suggested to use the known total mass of gold nanoparticle (AuNP) reference
materials. A simple calibration method for DMA-ICP-MS is lacking, specifically for elements that
do not have a relevant nanoparticle reference material. A direct comparison to an ionic standard
should in principle be sufficient to calibrate the measurement. | used this approach to test the
calibration of synthesized Au@TiO particles following a procedure reported to prepare
catalysts.®® | developed a calibration technique for quantifying gold and titanium and compared
the total mass measured across the size distribution with certified values of ionic standards, acid
digestion measurements of particulate gold, and gravimetric measurements of titanium. | also
measured several control particles: gold nanorods (AuNR), gold nanocubes (AuNC), gold
nanoparticles (AuNPs), and platinum coated gold nanoparticles (Pt@AuNPs). DMA-ICP-MS
presents a promising technique for further understanding of bimetallic nanoparticles by measuring

calibrated mass distributions of multiple elements concurrently.
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3.2 Materials and Method

3.2.1 Chemicals

Sodium citrate dihydrate (= 99%), oleylamine (70%), tetralin (97%), gold (III) chloride
hydrate (99.999%), hexane (> 97.0%), and t-butylamine-borane complex (97%) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Optima grade nitric acid, optima grade hydrochloric
acid, and methanol (99.9%) were purchased from Thermo Fisher (Waltham, MA, USA). 2-
propanol (100%) was purchased from J.T. Baker (Phillipsburg, NJ, USA). Sodium 1-
hexadecanesulfonate was purchased from TCI (Portland, OR, USA). Thiourea (99%) was
purchased from Alfa Aesar (Haverhill, MA, USA). Aluminum oxide particles (Cat. # 90-187015)
were purchased from Allied High Tech Products (Compton, CA, USA). Cerium oxide particles
(Cat. # 0300) were purchased from Nanophase (Burr Ridge, Il, USA). Nominally 10 nm gold
nanoparticles were purchased from Ted Pella (Redding, CA, USA). Nominally 30 nm gold
nanoparticles LGCQC5050 were purchased from LGC (Teddington, UK). National Institute of
Standards and Technology (NIST) SRM 1898 titanium dioxide particles (also known as P25) were
used. Samples were prepared using 18.2 MQ-cm deionized water (Model 2121AL, Aqua

Solutions, Jasper, GA, USA).

3.2.2 Standards

3.2.2.1 Gold ionic standard
VWR BDH Aristar (Radnor, PA, USA) 999 ug mL™* + 5 pg mL gold in 2% HNO3 was
used as a stock standard for dilutions to 100 pg Lt — 1 000 ug L in 378 mg L citrate or 378 mg

L1 citrate and 0.1% thiourea in Lo-bind microcentrifuge tubes.
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3.2.2.2 Titanium ionic standard
NIST SRM 3162a Titanium standard solution was used as a stock standard for dilutions to
100 pg L™t — 5000 pg Lt in 378 mg L citrate in lo-bind microcentrifuge tubes. The certified

concentration is 9.879 mg g* + 0.019 mg g*.

3.2.2.3 Quality control gold nanoparticles
QC1 is citrate stabilized, nominally 30 nm AuNPs obtained from Ted Pella. Total mass of
dilutions was determined gravimetrically based on sp-ICP-MS measurements of the nanoparticle

stock mass concentration: 47.4 ug g+ 5.6 ug gt.

QC2 is citrate stabilized, nominally 60 nm AuNPs obtained from Ted Pella. Total mass of
dilutions was determined gravimetrically based on sp-ICP-MS measurements of the nanoparticle

stock mass concentration: 52.5 pg gt + 5.7 ug g™.

3.2.3 Nanomaterials

3.2.3.1 Gold nanorods (AuNR)

Citrate stabilized AuNR of three different geometries (peak absorbance 660 nm: 20 nm
width and 55 nm length. Peak absorbance 800 nm: 10 nm width and 50 nm length. Peak absorbance
980 nm: 10 nm width and 60 nm length) were purchased from nanoComposix (San Diego, CA,

USA).

3.2.3.2 Gold nanocubes (AuNC)
Citrate stabilized AuNC with 60 nm edge length were purchased from Nanopartz

(Loveland, CO, USA).
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3.2.3.3 Platinum coated gold nanoparticles (Pt@AuUNPS)
lonic platinum was loaded onto 30 nm AuNPs (Pt@AuNPs) from Ted Pella by applying

cisplatin solution to suspensions of polyethylene glycol-containing-dendron stabilized AuNPs.

3.2.4 Titania particles coated with small gold particles (Au@TiO3)
Gold nanoparticles (4 nm) were synthesized and adsorbed to larger titania particles.®® The
Au@TiO; particle solution was then dried and heated before sonication to redisperse the particles

in water.

3.2.4.1 Gold nanoparticle (AuNP, 4 nm) synthesis

Tetralin (10 mL), oleylamine (10 mL), and HAuCIs-3H>O (50 mg) were mixed in a 100
mL round bottom flask heated at 40 °C while stirring. The solution turned orange. t-butylamine-
borane complex (45 mg), tetralin (1 mL), and oleylamine (1 mL) were mixed in a small vial and
bath sonicated. The reducing agent mixture was injected into the 100 mL round bottom flask
solution and left for 1 h. The contents of the round bottom flask were transferred slowly to 200
mL isopropanol while stirring. Stirring was stopped after 10 min and the particles were left for 12
h. 200 mL supernatant was removed, and the remaining dispersion was transferred to centrifuge
tubes. The AuNPs were redispersed by bath sonication and then centrifuged at 6 000 rcf for 5 min.
The supernatant was removed, replaced with isopropanol, and repeated for three total cleaning
cycles. After the final centrifugation, the supernatant was removed, and the final product was

dispersed in 10 mL hexane (final concentration was approximately 2.5 mg mL™).

3.2.4.2 AuNP Adsorption to TiO>
Sodium 1-hexadecanesulfonate (NaHDS, 5 mg) was bath sonicated in methanol (1 mL).

Calcined P25 (50 mg) was bath sonicated in hexane (12 mL) and NaHDS (625 pL). 4 nm AuNPs
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1 uL — 1 000 puL was added and the dispersion was shaken vigorously. The dispersion was then
centrifuged at 6 000 rcf for 5 min. The supernatant was removed (AuNP concentration in
supernatant was tested with UV-Vis), hexane was replaced, and the process repeated for three total
cleaning cycles. After the final centrifugation the supernatant was removed, and the dispersion was

air dried.

3.2.4.3 UV-Vis

UV-Vis absorbance measurements were made from 200 nm — 800 nm to test the
concentration of AuNPs left in the supernatant after adsorption relative to the stock concentration
of AuNPs (Model Lambda 750, Perkin Elmer, Waltham, MA, USA). A slight peak was detectable
around 530 nm. The AuNPs in solution were undetectable for samples with gold loading equal to

or below 5E-3 mg AuNPs per 1 mg P25.

3.2.4.4 Heat treatment
Dried Au@TiO2 powder was smoothed with wax paper and transferred to a crucible for

heating. The powder was heated at 500 °C for 1 min to remove adsorbed oleylamine.?*

3.2.4.5 Storage
After heating, any powder not used immediately was transferred to a parafilm sealed
container and stored in a desiccator. Initial experiments found significant changes in AuNP size

over 6 months when not stored properly.

3.2.4.6 Sonication:
After sufficient heating, the Au@TiO2 powder was dispersible in water. Au@TiO (10 mg)
powder was dispersed in 10 mL 378 mg L citrate in water and probe sonicated with the standard

tip at 3 amp for 15 min (0.8 on/off) in an ice bath. Laser scattering measurements (Model: LA-

57



950V2, Horiba, Kyoto, Japan) indicate that most of the particle volume distribution reduced to the

sub 200 nm size range.®

3.2.4.7 Au acid digestion

Sample powder (2 mg) was added to 7% aqua regia (10 g) and left for 48 h. The digestion
sample was then diluted to approximately 10 ug L™ gold in 1% aqua regia with 0.1% thiourea. The
gold concentration was then determined by traditional ICP-MS measurements with comparison to

an ionic standard calibration curve from 1 pg L™t — 50 ug L,

3.2.5 DMA-ICP-MS instrumentation

The customized nano electrospray-DMA system used in this study (Figure 1.8) has been
described previously.®® Briefly, the nano electrospray (nES, Model 3480, TSI, Shoreview, MN,
USA\) used an aerosol flow rate of 1 L min air. The nES voltage was set to 3 kV with a resulting
current of 200 nA — 400 nA. The pressurized sample chamber was set to 26 kPa (3.7 psi). The
samples were sprayed through a 40 pm inner diameter fused silica capillary. The aerosol was
charged to a bipolar distribution by a Po-210 alpha-emitter (Model P-2042, TSI). The DMA
(Model 3081, TSI) selected positively charged particles with a narrow mobility distribution. A
custom LabVIEW (National Instruments, Austin, TX, USA) program was used to control the high
voltage power supply (Model 205B-10R, Spellman, Hauppauge, NY, USA). The sheath flow was
set to 10 L min™ argon. The particles selected by the DMA then passed through a custom gas
exchange device (GED) described previously (Figure 1.6).® The size selected aerosol travels
through a region surrounded by a porous Al203+SiO2 membrane contained in a glass tube. Argon

and air traverse the membrane by diffusion with minimal loss of particles. A 3 L min argon flow
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outside the membrane travels in the opposite direction compared to the aerosol for improved

exchange.

The glass capillary of the nES can be a severe limitation to consistent measurements. Both
nanoparticles and ions tend to adsorb to the capillary to some extent, but more importantly,
nanoparticle adsorption leads to reductions in capillary flow rate and eventually clogs the capillary.
For this reason, | cleaned the capillary with ethanol and buffer between nanoparticle measurements

and used different capillaries for nanoparticles and ionic solutions.

An Agilent (Santa Clara, CA, USA) 7900 ICP-MS was used as a detector. Time resolved
analysis measurements of 1’ Au and *'Ti were made with a 1 s integration time. The most abundant
Ti isotope, *8Ti, was not used, as the purpose of this study was to simultaneously detect low
concentration gold and high concentration titanium without saturating the detector. The ICP-MS
was calibrated and tuned in batch mode before hyphenation with DMA occurred. The instrument
was tuned daily to optimize the 1’ Au intensity. Because of the presence of known polyatomic and
isobaric interferences for the most abundant titanium isotopes, the responses for 4'Ti, “8Ti, and *°Ti
were examined by comparing the linearity of the calibration curve for each isotope. The design for
introduction of argon through the electrospray at the appropriate rates for ICP-MS is referenced
above. Additional ports to control make up and dilution argon flows at the ICP-MS inlet were
examined to evaluate ®’Au intensity repeatability for both ionic standards and particles. The
repeatability of signal intensities for calibration standards were checked daily to ensure data

comparability for all measurements.

Measurements were made of titanium and gold mass distributions for various particles. The
ICP-MS operated continuously while the DMA stepped through a series of voltages corresponding

to specific mobility diameters. The DMA remained at each voltage for 30 s, allowing for multiple
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measurements by the ICP-MS per selected mobility diameter. The average ICP-MS response was
determined for each diameter and the data were converted from a time distribution to a diameter
distribution. The data were corrected for background noise, and the mass distribution post-DMA
was related to the mass distribution pre-DMA by the DMA transfer function, and the charging
probability at each diameter (because only charged particles can transverse the DMA). Finally, the
peak area of the mass distribution was integrated and plotted against the known total mass
concentration from the certified values of ionic standards, acid digestion measurements of

particulate gold, and gravimetric measurements of titanium.

3.2.6 Calculations
The peak mobility (Z,) of a charged particle exiting the DMA is obtained using the

following equation:

_ qsnin(rz/11)
Zp = 2mLV (3.1)

qsn, 1S the sheath flow, r,, and r; are the outer and inner electrode radii respectively, L is

the length, and V is the electrical potential.

A key advantage of the DMA is that it has a quantified transfer function. This is essential
for determining the size distribution of the aerosol entering the DMA from measurements of the
aerosol exiting the DMA. Another advantage is that one can obtain high resolution mobility

measurements by using a low aerosol flow and a high sheath flow (4Z,,/Z,, = 0.05 for a flow ratio

of 20).
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The sphere equivalent mobility diameter distribution is of interest rather than the mobility
distribution. For singly charged particles, the diameter is related to the mobility via the following

implicit equation:

Dy,  ne
Cc(Dp) 3nuUZy

3.2)

n is the particle charge, eis the elementary charge, « the viscosity, and C, the Cunningham

slip correction.

Cc=1+ Kn(a + ﬁ(exp(—y/Kn))) (3-3)

Kn is the Knudsen number, 21/D,, where 4 is the mean free path, and a, 8, and y are

empirical constants. In this case | use the values a = 1.165, 8 = 0.483, and y = 0.997.%" The slip

correction applies to both solid and liquid particles.®

Knutson and Whitby derived an equation relating the particle concentration at the DMA
exit to an integral involving the DMA transfer function and the number size distribution.!! For the
common condition that the aerosol distribution is broad compared to the transfer function, the

following relationship is obtained:

dN(Dp) _ Ncpc(Dp)B(Dp) (3.4)
b, ~ P(Dp) |

Where dN(Dp) is the number concentration of particles with diameters between Dy and Dy
+ dDp. The proportionality constants are the singly charged fraction, P(Dp)?’, which accounts for
the difference between the bipolar charge distribution at the inlet and the singly charged particles

at the outlet, the aerosol to sheath flow ratio, 8, which relates to the DMA sizing resolution, and
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the function B(Dp), which arises from the transformation from a mobility distribution to a diameter

distribution.®®

The mass distribution is the quantity of interest, which is related to the number distribution

via the following formula for spherical particles:

dM(Dp) _ 1 3 dN(Dp)
b, enDpp dp, (35)

Where p is the particle density. Multiplying both sides of Equation 3.4 by %nDSp, one
obtains:

dM(Dp) _ Mget(Dp)B(Dp)
dp, ~ &P(Dp)

(3.6)

Where Mget IS the mass concentration of the outlet aerosol measured by a mass detector
such as a filter/gravimetric weighing, a tapered element microbalance, or ICP-MS. ICP-MS, the
method of interest here, has the advantage of having a much higher sensitivity to small masses
compared to other methods. One of the major interests is in computing the total mass

concentration. This was obtained by summing the size bins:

AM;
My = Z?=1A_DiADi = Xi=1 AM; (3.7)

One case of interest is a bimetallic catalyst particle such as a titanium particle with small
gold nanoparticles adsorbed on the surface. In this case | am interested in the mass distribution of
gold, dM,,, /dD,,, where the detector response is only for the gold. In this case the gold mass is
only a small fraction of the total mass of the particle. The corresponding equation for the

relationship between the mass distribution and the ICP-MS measurements for gold is:
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dM gy (Dp) _ [Mdet,Au (Dp ) _Mbackground,Au]B (Dp)

dDp 5P(Dp) (3'8)

The ICP-MS signal intensity in counts per second (cps) is averaged for each period
corresponding to different mobility diameters. The ICP-MS signal intensity at no applied voltage

is subtracted from each point to correct for the background signal.

3.3 Results

Determination of gold concentration on TiO2 provides the baseline for observed responses
for supported metal systems in reactivity, optical response, and other applied performance metrics.
To determine the relationship between metal loading of uniform particles and performance,
accurate quantification of metal amounts or elemental ratios of metal and scaffold (i.e., gold and
titanium) is necessary. Here, the elemental response for different metal states, primary particles,
ions, and supported metal particles are examined with hyphenated nES-DMA-GED-ICP-MS to
develop improved methods for characterizing multi-component metal nanoparticles. Although
previous work has suggested accurate quantification was straightforward for all metal matter
forms, no in-depth study has investigated possible sources of error that could be present for

accurate metallic ratios or absolute quantification.

Calibration curves for gold and titanium are shown in Figures 3.1 and 3.2, respectively.
The curves plot the mass concentration (from the certified concentration of the ionic standard, acid
digestion measurements for AUNP samples, or gravimetric analysis for TiO2 samples) compared
to the integrated peak area of the nES-DMA-GED-ICP-MS response. Figure 3.1 indicates two
response regimes: one for the gold ionic standard and monodisperse AuNPs, and a second for

polydisperse Au@TiO; particles. Figure 3.2 indicates the difference between the titanium ionic
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standard and the pristine TiO. particles (no gold). The nES-DMA-GED-ICP-MS response is
significantly higher for Au@TiO- particles than the ionic standards or monodisperse nanomaterials
(beyond the error bars: one standard deviation of measurements from three replicate measurements
from different days). This difference is consistent for gold and titanium. Figure 3.1 demonstrates
the agreement between the nES-DMA-GED-ICP-MS calculated M+ and the mass concentration
for the gold ionic standard and AuNPs QC1 and QC2, which indicates that the ionic and AuNP
behavior through the nES is consistent. The agreement demonstrates the method is applicable to
metallic nanoparticles of different sizes and over a broad concentration range. The data indicate
that accurate measurements of Au@TiO. are more difficult than ionic samples or monodisperse

particles.
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Figure 3.1: Gold calibration curve plotting known mass concentration against the summed nES-
DMA-GED-ICP-MS response. The axes are scaled logarithmically due to the wide range of
concentrations measured. The blue circles are the gold ionic standard, black squares are Au@TiOz,
red diamonds are QC1, green triangles are QC2, purple X are AuNR, yellow stars are AUNC, and
gray inverted triangles are Pt@AUNP. Y-axis error bars represent one standard deviation of
measurements from several days (number of measurements n = 3). The x-axis error bars indicate
one standard deviation and propagated uncertainty of the concentration of the ionic standard stock.
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Figure 3.2: Titanium calibration curve plotting known mass concentration against the summed
nES-DMA-GED-ICP-MS response. The axes are scaled logarithmically due to the wide range of
concentrations measured. The blue circles are the titanium ionic standard, and the black squares
are particulate TiO2 samples (no gold). Y-axis error bars represent one standard deviation of
measurements from several days (number of measurements n = 3). The x-axis error bars indicate
one standard deviation and propagated uncertainty of the concentration.

The difference between the gold ionic standard and Au@TiO> particles when the DMA is
not used (the nES is connected directly to the GED and then the ICP-MS) is shown in Figure 3.3.
The data show a higher ' Au response for the Au@TiO, sample (black square) compared to ionic
Au (blue circle). The comparison of Figures 3.1 and 3.3 suggests a significant portion of this bias
does not derive from the DMA. This difference was not detected when the same measurements
were made with a nebulizer instead of the nES and GED, as shown in Figure 3.4. The ideal
behavior, if the nebulizer works as intended, is that the ionic standard and the Au@TiO> will fall

on a single line. In Figure 3.4, the observed behavior is closer to this expectation than previous
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figures. There is a minor difference, with higher response for the ionic standard relative to the
Au@TiOz, consistent with nanoparticle loss prior to measurement (plastic tubing used for
pneumatic pump). This contrast between Figures 3.3 and 3.4 suggests the nES and/or the GED are
contributing to the higher response for Au@TiO: particles. Some investigations of the nES are
included in the supplemental information. Figure 3.14 (supplemental information) indicates some
relationship between particle size and nES transport efficiency, but other undetermined variables
also play a significant role and further research is required. In the remainder of this chapter, I focus

on other factors related to the DMA.
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Figure 3.3: nES-GED-ICP-MS (no DMA) measurements of gold ionic standards diluted in citrate
thiourea buffer (blue circles) and Au@TiO2 samples (black squares). The axes are scaled
logarithmically for convenient comparison to other figures. Y-axis error bars represent one
standard deviation of triplicate measurements. The x-axis error bars indicate one standard
deviation and propagated uncertainty of the concentration.
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Figure 3.4: Nebulizer-ICP-MS (no GED or DMA) measurements of gold ionic standard diluted
in 1% aqua regia, 0.1% thiourea (blue circles) and Au@TiO2 samples diluted in 378 mg L citrate
buffer (black squares). The axes are scaled logarithmically for convenient comparison to other
figures.

The relationship between nES-DMA-GED-ICP-MS measurements of total gold mass of
QC1 and QC2 and independent acid digestion measurements (data not shown) agreed with the
relationship between nES-DMA-GED-ICP-MS measurements of the ionic standard and the
certified mass concentration of the ionic standard (linear fit to blue, green, and red points in Figure
3.1). As aresult, the nES-DMA-GED-ICP-MS measurement was able to determine representative
mass distributions of QC1 and QC2 in Figure 3.5. nES-DMA-GED-ICP-MS measurements of
QC1 and QC2 were acquired at a ten-fold dilution, but the values of Mt were scaled proportional

to the dilution such that the figure represents the original stock concentration.
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Figure 3.5: Average calibrated mass distribution of QC1 (red diamonds: 32 nm mode) and QC2
(green triangles: 66 nm mode).

Possible sources of the differences between the ionic standard and Au@TiO; particles
derived from the DMA were investigated, such as the effect of particle shape and multiple
charging. In Figure 3.1, monodisperse gold particles of various shapes (rods and cubes) were
compared to the results for the ionic standard and the Au@TiO2 particles. The rods and cubes
tended to agree with the ionic standard better than the Au@TiO: particles, suggesting the particle

shape is not the source of the error.

My analysis of the DMA above assumed that there are only singly charged particles.
However, it is possible that there are doubly and triply charged particles. This can impact accurate
quantification, because a triply charged 310 nm particle has roughly the same mobility as a 190

nm doubly charged particle and a 150 nm singly charged particle. | have considered the effect of
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multiple charging for the largest possible size range, 10 nm — 230 nm, for the current instrument
setup was measured. Results for the measured size distribution for Au@TiO; particles is given in
Figure 3.6. To estimate the size distribution for larger particles, | made a linear fit of the data from
160 nm — 230 nm. Then | extended the line to the x-axis, resulting in an intercept near 310 nm,
which was used as the largest particle size (all singly charged) for the charge correction calculation.
| followed the approach of ISO 15900 for the charge correction and give the key steps of the

analysis in the supplemental information (Equations 3.11 and 3.16).8°

1000
900 r
800
700
600 r
500 r
400 r
300 r
200 r
100

0 1 1 1 1 1 1 )
0 50 100 150 200 250 300 350

Diameter (nm)

4Ti cps

Figure 3.6: A modified NnES-DMA-GED-ICP-MS full scan of *’Ti for an Au@TiO> solution. The
measurement was made from 10 nm — 230 nm and a linear fit from 160 nm — 230 nm was extended
to 240 nm — 310 nm.

Figure 3.7 illustrates the decrease in calculated mass from 50 nm — 190 nm due to the

multiple charge correction. The total mass from 10 nm — 150 nm was reduced by 34% with the
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correction for doubly charged particles and was reduced by 37% with the correction for doubly

and triply charged particles.
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Figure 3.7: Titanium uncalibrated mass distribution of Au@TiO2 assuming all particles are singly

charged (black squares), correcting for doubly charged particles (orange triangles), and correcting
for doubly and triply charged particles (gray diamonds).

The same correction was applied to calculate the calibrated mass distributions of gold and
titanium for Au@TiO2 in Figure 3.8. This is a sample with low gold loading, near the limit of

detection for the nES-DMA-GED-ICP-MS measurement, at 4.2E-4 mass fraction.
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Figure 3.8: Calibrated mass distribution of an Au@TiO2 sample with Au mass fraction 4.2E-4
corrected for +2 and +3 charges. The black circles indicate the gold concentration, and the orange
squares indicate the titanium concentration.

The percent error for the agreement with the ionic standard calibration curve is presented
in Table 3.1. The charge correction reduces the error for the polydisperse Au@TiO2 particles while

minimally impacting the monodisperse AuNPs.
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Table 3.1: Gold and titanium nES-DMA-GED-ICP-MS total mass values from 10 nm — 150 nm
with and without the correction for multiple charges. The percent error indicates the difference

between the expected Mt from the ionic standard calibration linear fit and the measured M.

No +2 Charge +2 and +3 Charge
Sample Measurement Correction Correction Correction
. Gold Mt 3.8E7 2.8E7 2.7E7
AE%E-_IZOZ Gold % Error 67 25 21
Au‘ Mass Titanium M+ 5.9E7 4.3E7 4.1E7
Eracti Titanium %
raction Error 139 64 57
. Gold Mt 3.4E6 2.7E6 2.6E6
Ag(‘fg '392 Gold % Error 64 30 26
Au‘ Mass Titanium M+ 6.7E7 5.0E7 4 9E7
Fracti Titanium %
raction Error 153 91 85
. Gold Mt 3.1E5 2.3E5 2.3E5
AZ%DET_ 'fz Gold % Error 83 39 34
Au’ Mass Titanium Mt 6.0E7 4 4E7 4.3E7
Fraction T'taEnr'rlf)T % 129 69 63
Qc1 Gold M+ 1.1E7 1.1E7 1.1E7
Gold % Error -47 -47 -47
Qc2 Gold Mt 2.3E7 2.3E7 2.3E7
Gold % Error -1 -2 -2

3.4 Discussion

nES-DMA-GED-ICP-MS is a sensitive technique for the determination of particle size and
mass concentration for aerosolized particles. To aerosolize particles, generally nES or nebulization
are used. In this case I chose to use nES due to the low sample volume requirements and the
monodisperse droplet distribution. Hybrid nanoparticle catalysts are currently produced in small
quantities and the catalytically active metal mass fraction tends to be very low. Additionally, the
calibration with an ionic standard is easier with monodisperse droplets. The droplet sizes produced
by the spray source determine the resulting particle size of dried ionic standard. Spraying ionic

standard with monodisperse droplets concentrates most of the mass within a narrow size range that

73



can be measured rapidly and allows for easy identification of spray issues. However, a limitation
of nES is that the solution must be conductive. If a non-volatile salt is used, the mobility diameter
of nanoparticles can increase during drying of the droplets (Figure 1.3). Measurement accuracy
also requires a stable Taylor cone to produce uniform droplets that contain ideally single particles.
The nES requirements are why the measured concentration range of the ionic standard and
Au@TIiO; particles was different (x-axes of Figures 3.1 and 3.2). Increasing the concentration of
gold or titanium ions increases the conductivity above the range that can be stabilized by this model

nES.

After aerosolization, particles are charged and pass through the DMA. The primary
parameters for the DMA are the aerosol-to-sheath flow ratio and the voltage. | found a large
reduction in signal when the sheath flow was reduced below 10 L min likely due to insufficient
argon to the plasma. This is also why the response is lower for the ionic standard in Figure 3.3
than Figure 3.1. Without the DMA, less air is exchanged for argon and the ionization efficiency of
the plasma is reduced. The voltage range for the DMA is limited by the sheath gas, in this case
argon, due to electrical breakdown around 4 kV. This corresponds to a measurable size range from
10 nm — 150 nm. The particles selected by the DMA then pass through the GED which is which
is necessary to keep a stable plasma in the ICP-MS. Finally, the particles reach the plasma, are
atomized and ionized, and are differentiated by their mass-to-charge, m/z, ratio. The detector
voltage corresponds to individual ions of a m/z and is therefore proportional to the mass
concentration from solution. This is a primary advantage of the coupled instrumentation. In general
use, the DMA is primarily used with a CPC detector that counts all particles regardless of elemental
composition. This means that the DMA-CPC is prone to artifacts from salt particles produced from

non-volatile salts in solution. nES-DMA-GED-ICP-MS only quantifies the element of interest,
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which broadens the range of salts available to stabilize the nanoparticle solution of interest.
Additionally, this saves time on sample cleaning and method development to distinguish peaks of
interest from salt artifacts. Conversely, nES-DMA-GED-ICP-MS can be limited by interferences
for lighter elements in MS. Optical emission detectors for ICP have less interferences for metals
of interest, but the linear concentration ranges are orders of magnitude higher than MS detectors;

thus, for applications of bimetallic particles, ICP-MS is the instrument of choice for quantification.

The agreement between the nES-DMA-GED-ICP-MS calculated Mt and the mass
concentration for the ionic and nanoparticle standards serve as the primary validation of the
method. lons converted into nanoparticles by the nES behave the same as sprayed nanoparticle
solutions. This is the primary evidence | use to suggest the measurement issue is with the Au@TiO:
particles rather than the ionic standard. The low yield for QC1 is likely due to the dimer population,
while the current measurement only included the monomer. Efforts were made to determine the
cause of the observed discrepancy in response between the Au@TiO; particles and the ionic
standard. One hypothesis was the presence of large Au@TiO2 aggregates that would be undetected
by the DMA due to the voltage limitations with argon. Larger particles have a higher probability
to have multiple charges than smaller particles, and multiply charged large particles will exit the
DMA at the same voltage as singly charged smaller particles. The excess mass may be due to the
assumption that | am only detecting singly charged smaller particles. To test this hypothesis,
samples were run with and without an impactor that removes aggregates above 250 nm, however
no significant difference was detected (data not shown). Next, | noted the agreement between the
ionic standard and the AuNPs. Both species traverse the DMA in the form of monodisperse, semi-
spherical particles. The Au@TiO: particles, in contrast, are polydisperse and fractal. It is possible

that charging properties are influenced by the particle shape. To test this, | made measurements of
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various shaped particles as shown in Figure 3.1. With some variability, the AuNR, AuNC, and
Pt@AUNP tended to agree with the ionic standard, so the particle shape does not seem to be the
significant variable. The measurements of the ionic standard were generally done in a narrow size
range due to the monodisperse droplet generation of the nES. This decision was based on
experience with conventional DMA-CPC number concentration measurements. Though no
detectable secondary population exists in the number distribution, the same may not be true for the
mass distribution measured by nES-DMA-GED-ICP-MS. It is possible that a small number of
large diameter particles contain a measurable portion of the total mass of the ionic standard. To
test this, | measured the ionic standard over the entire measurable size range (Figure 3.10,
supplemental information), from 10 nm — 150 nm, but detected no significant difference from the
narrower measurements 16 nm — 40 nm. This suggests the measurement of the peak is sufficient
and any larger particles do not represent a significant portion of the total mass. As Figure 3.2
demonstrates, the issue remains when comparing ionic titanium and particle titanium (no gold).
This suggests that a feature of TiO: is the source of the discrepancy. To test whether this is an issue
specific to TiO2, measurements of Au were made using CeO2 and Al;Os as alternative scaffolds.
The Au@CeO, and Au@AIl203 also showed higher nES-DMA-GED-ICP-MS response than the
ionic standard (Figure 3.11, supplemental information), indicating that the effect derives from a
general characteristic of metal oxide particles. All the metal oxides had broad distributions, but the
modes differed, as shown in Figure 3.12 (supplemental information). Another way to test that the
issue does not derive from the gold particles was to load larger gold nanoparticles onto titania.
Changing the size of the gold did not change the discrepancy between the ionic standard and the
Au@TiO; particles as shown in Figure 3.13 (supplemental information). Finally, instead of

focusing on the y-axis of Figure 3.1, it is possible the issue is with the x-axis. If the acid digestion
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of Au for the Au@TiO, particles was incomplete, then the total Au mass (x-axis) would be
underestimated, and the black points would shift left from the true value. To test the efficacy of
the acid digestion, measurements were repeated at different acid concentrations, for different
digestion periods, and the method was validated with QC1 and QC2. The acid concentration and
digestion time had no effect on the measurement and the results agreed with in-house
characterization by sp-ICP-MS. Despite all these efforts, the nES-DMA-GED-ICP-MS response
for the hybrid particles remained several times larger than that measured by the ionic standards

and monodisperse nanoparticles.

Some obvious distinctions between the Au@TiO2 and ionic standard are the particle shapes
and the size distributions. Both the dried ionic standard particles and the AuNPs are nearly
spherical and have a narrow distribution with a half width at half max on the order of 5 nm. The
metal oxides used as scaffolds have an agglomerate morphology with primary spherules on the
order of 20 nm — 40 nm and have a broad range of mobility sizes with a half width at half max on
the order of 60 nm for a 150 nm mass mode diameter. A possible explanation is that the charging
efficiency of the metal oxides is higher than the corresponding efficiency for the pure metal but no

evidence of this has been previously reported.

The most likely DMA related source of the overcounting of metal oxide particles is
multiple charging, as broad distributions have a lot of overlap between various charge states, while
monodisperse solutions have more defined separations between charge states. Equation 3.2
demonstrates the inverse relationship between mobility (Z,) and diameter (Dp) that is complicated
by different charge states (n). A large diameter particle with a +2 charge can have the same
mobility as a smaller diameter particle with a +1 charge. To investigate this effect, | measured the

widest size range possible with the current configuration: 10 nm — 230 nm and used the data to
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extrapolate a full NES-DMA-GED-ICP-MS measurement from baseline to baseline (Figure 3.6).
This distribution is assumed to be representative of other measurements made at different flow
ratios that allow for more sensitive detection by the ICP-MS. The charge correction assumes the
largest particles are 310 nm, meaning the mass detected at 310 nm corresponds only to singly
charged 310 nm particles. From this starting point, the proportion of doubly and triply charged
particles are calculated for each step and are corrected at the smaller diameter that corresponds to
a singly charged particle with the same mobility. The correction shown in Figure 3.7 was applied
to all other Au@TiO2 measurements. Figure 3.8 shows the mass distribution of an Au@TiO:
sample with this correction, which can be used to determine the relative mass concentration of
gold and titanium across the size distribution. The charge correction improved the agreement
between the ionic standard and the Au@TiO, particles but did not completely bridge the
difference. Table 3.1 demonstrates the improved agreement between the ionic standards and the
Au@TiO particles when multiple charging is accounted for. However, the method is still
overcounting these particles, as the results in Table 3.1 only include the mass between 10 nm —
150 nm and a significant portion of the total mass is expected at larger sizes. As a result, a percent
error of approximately -60% is expected for proper agreement between the ionic standard and
Au@TiO2. The measurement is still overcounting by about a factor of 3 — 5, as the measured

percent errors range from 21% — 34% for gold and 57% — 85% for titanium.

Solving this analytical challenge provides a tool for more accurate determination of the
active nanoparticle distribution across the entire population. This method can detect preferential
gold adsorption at different titania sizes, which could be caused by different preparation methods.
In Figure 3.8, the mass ratio of gold to titanium is constant across the distribution with small

variations likely due to the low concentration of gold. The method still has issues with
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overcounting polydisperse metal oxide distributions, but with this known caveat that requires
further research, I have developed a universal method for the calibration of NES-DMA-GED-ICP-
MS mass distribution measurements. Calibrated mass distributions of monodisperse bimetallic
particles between 10 nm — 150 nm can be determined with ionic standards, rather than limiting the
method to elements with nanoparticle standards. These measurements may help to explain
differences of key particle features, such as catalytic activity, between batches that were intended
to be nominally equivalent. Further development can be made on similar systems with
experimental designs that incorporate different DMA geometries or a more efficient GED such
that the DMA sheath flow could use air instead of argon to sample agglomerates larger than 150
nm. The current development of appropriate calibration procedures allows immediate
implementation for examining a broad class of metal supported nanoparticles being used in optical,

catalytic, and other applications.

3.5 Conclusions

| developed a simple, universal calibration method for nES-DMA-GED-ICP-MS
measurements. The calibration only requires an ionic standard of the element of interest. Linear
calibration curves of gold and titanium were determined over a concentration range of an order of
magnitude. The measurement can detect multiple elements simultaneously which is advantageous
for hybrid particles like those used for catalyst applications. The method had issues with
overcounting for specific particles. Several negative results suggest the issue is derived from the
DMA and nES and only occurred for metal oxide particles. Multiple charging was hypothesized
as one likely source of the overcounting, and the correction for +2 and +3 charged particles

improved the agreement between the ionic standard and metal oxide particles. The total mass of
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TiO2 was reduced by 34% with the +2 charge correction and 37% with the +2 and +3 charge
correction. Replacing the nES with a nebulizer may further improve the agreement, though the
additional droplet aggregation from the nebulizer will alter the measured mass distribution.
Monodisperse AuNPs agreed with the ionic standard calibration curve and a calibrated mass
distribution was determined. Calibrated mass distributions can be a powerful tool for the
development of bimetallic nanoparticles. Identifying differences between mass distributions of
different particle batches could explain differences in primary characteristics, such as catalytic
activity for hybrid catalyst particles. The adsorption method employed here showed a constant
gold to titanium ratio, indicating no preferential gold binding by particle size. Alternative
methodologies primarily consist of microscopy and are inherently limited in terms of sampling.

nES-DMA-GED-ICP-MS is a powerful tool that can rapidly average thousands of particles.

3.6 Supplemental Information

3.6.1 The DMA Multiple Charge Correction

The nES-DMA-GED-ICP-MS data can be corrected for overlapping charge states if a full
size distribution is measured and a largest particle is detected.*® This largest size can be considered
all singly charged particles and the charge correction can work iteratively down to smaller sizes.
The subscript format Dy j refers to the mobility diameter of a particle selected by the DMA with
mobility i, charge j, and iteration k. For a smaller diameter, the data from the ICP-MS correspond

to singly and doubly charged particles exiting the DMA.

Micpms(Zp1) = 5P(Dp,1,1,1)B_1(Dp,1,1,1)H(Dp,1,1,1) +

6P(Dp,1,21)B " (Dp,1,21)H(Dp121) (3.9)
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dM(Dyp i j k)
de,i,j,k

Where H(Dp,; j k) = . For the largest diameter, | assume that all of the ICP-MS

response corresponds to singly charged particles exiting the DMA.
MICPMS(Zp,Z) = 5P(Dp,2,1,1)3_1(Dp,2,1,1)H(Dp,2,1,1) (3.10)

The two mobilities are selected such that 2Z,,, = Z,,; and therefore D,,, ;11 =Dy 1,1: @
doubly charged particle at the smaller mobility has the same diameter as a singly charged particle
at the larger mobility, and B(D,1,2,1) = B(D, 4141 )- Equation 3.10 can be solved for H(D, ;1)
which can be substituted into Equation 3.9, because H(Dp,Z,l,l) = H(Dyp,1,,1). The resulting

solution is:

H(Dp,11) = [Mepe(Zp,1) = Mepe(Zp2)P(Dp1,21)/P(Dp2,1.1)][B(Pp1,1,1)/ P(Dp111)]

(3.11)

An additional step is required after the first iteration if Dp 1,2 reaches a size that has been
corrected as Dp,1,1,1 in a previous iteration. For example, if iteration one consists of Dp 111 = 150
nm and Dp1,21= 240 nm and iteration two consists of Dp 1,12 =100 nm and Dp 122 = 150 nm, a
correction will need to be made for Micpms(Zp,2). Equation 3.9 remains nominally the same, though
now it is iteration 2 (k = 2). Equation 3.10 is incorrect for iteration 2 because the ICP-MS response

for the larger diameter consists of singly and doubly charged particles.

M cpms(Zp 2 new) = §P(Dp,2,1,2)B_1(Dp,Z,l,Z)H(Dp,Z,I,Z) +

SP(Dyp,1,2,1)B ™ (Dp1,21)H(Dp1,2,1) (3.12)

Where 6P (D, 121)B " (Dp121)H(Dp121) has been indirectly solved in a previous

iteration.
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Micoms(Zp2 pix) = Micpms(Zpanew) — OP(Dp1.21)B ™ (Dp121)H(Dp121)

Which can be solved using Equation 3.9.

Mcpc(zp,z,new) - éP(Dp,l,Z,l)B_l(Dp,l,z,l)H(Dp,l,Z,l) =

oP (Dp,l,l,l)B_l (Dp,l,l,l)H(Dp,l,l,l)

This leaves an equation analogous to Equation 3.10:

Mcpc(Zp,Z,fix) = 6P(Dp21,2)B ™ (Dp212)H(Dp212)

And Equations 3.9 (iteration 2) and 3.15 can be used to solve for H(D, 1 1,2):

H(Dp,l,l,z) = [Mcpc(Zp,l) -

Mepc(Zp,2,rix)P(Dp122)/P(Dp2,12)][B(Dp1,12)/6P(Dp,11.2)]

3.6.2 Matrix effects on ionic standards

(3.13)

(3.14)

(3.15)

(3.16)

nES-DMA-GED-ICP-MS measurements of gold ionic standards were used to calibrate the

mass distributions of various particles. The ionic standard was demonstrated to have higher

response when dispersed in 378 mg L citrate and 0.1% thiourea rather than 378 mg L™ citrate

alone (Figure 3.9). This is likely due to ion stabilization with the addition of the chelating agent.

Care should be taken to choose a suitable matrix for a given element of interest.
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Figure 3.9: nES-DMA-GED-ICP-MS measurements of gold ionic standard in 378 mg L™ citrate
(dark blue circles) and 378 mg L™ citrate and 0.1% thiourea (light blue squares).

3.6.3 lonic standard measurement range

The measurements of the ionic standards were made of narrow size ranges, generally from
16 nm — 40 nm. This is because the distribution of the ionic standard is determined by the droplet
distribution of the spray source, and the droplets that exit the nES spray chamber are
monodisperse. It is possible that a few larger droplets contain a significant portion of the total
mass, however, and that not counting these larger sizes results in an undercount of the ionic
standard. As a result, test measurements were made for the ionic standard from 10 nm — 150 nm.
Figure 3.10 shows that no larger diameter mass peak was detected. This suggests that the narrow

size measurement is sufficient to quantify the majority of the ionic standard total mass.
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Figure 3.10: nES-DMA-GED-ICP-MS measurements of the nominally 1 000 ug L™ titanium ionic
standard only at the peak are blue circles, and the full measurable size range are orange squares.

3.6.4 Metal oxide scaffolds

To investigate whether the overcounting phenomena is specific to TiO», the same sample
preparation method for Au@TiO2 was used to prepare Au@CeO2 and Au@Al>O3 samples. Figure
3.11 demonstrates that the overcounting was independent of the specific metal oxide used as a
scaffold for the gold. Also, the metal oxides had different mass mode diameters and distributions

widths as shown in Figure 3.12.
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Figure 3.11: Gold calibration curve plotting known mass concentration against the summed nES-
DMA-GED-ICP-MS response. The axes are scaled logarithmically for convenient comparison to
Figure 3.1. The blue circles are the gold ionic standard, and purple squares are Au@CeO> and

Au@AI20s.
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Figure 3.12: nES-DMA-GED-ICP-MS measurements of the gold distributions of Au@TiO:
(black squares), Au@CeO: (blue circles), and Au@AIl>Os (orange triangles).

3.6.5 Adsorbed gold nanoparticle size

The generic method presented in this chapter involves adsorbing 4 nm gold nanoparticles
onto the surface of TiO> particles. To test whether the gold particles were a major contribution to
the overcounting problem, measurements were made of Au@TiO: particles with larger gold
particles adsorbed to the TiO> surface. The overcounting of Au@TiO2 was not corrected by this

change (Figure 3.13).
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Figure 3.13: Gold calibration curve plotting known mass concentration against the summed nES-
DMA-GED-ICP-MS response. The axes are scaled logarithmically for convenient comparison to
Figure 3.1. The blue circles are the gold ionic standard, and the orange square is Au@TiO2 with
10 nm AuNPs adsorbed.

3.6.6 Electrospray efficiency

nES-GED-ICP-MS measurements (no DMA) showed a similar trend to nES-DMA-GED-
ICP-MS measurements, with higher ICP-MS response for Au@TiO> than ionic Au at the same
mass concentration. The same was not observed for traditional nebulizer-ICP-MS measurements,
which suggests the difference in behavior is derived from the nES or GED. Prior characterization
of the GED showed minimal particle loss at 30 nm though some loss is expected for smaller
particles.3® The nES is a likely source of the discrepancy, as other work has shown size dependent
transport efficiency associated with nES.'® % nES-GED-ICP-MS measurements were made of
gold particles with various mobility diameters at the same mass concentration. Some correlation

was observed, where increased diameter was related to increased response from the ICP-MS,
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though there were several outliers (AuNC, LGCQC5050, AuNR 20 nm width and 55 nm length).
The measurements were made at a flow rate of 0.5 L min™* at a nominal gold concentration of

1 000 pg L1
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Figure 3.14: nES-GED-ICP-MS response for various gold nanoparticles at 1 000 ug L. The blue
circle is the ionic standard, the red diamond is QC1, the light green triangle is QC2, the black
square is Au@TiO», the purple X are AuNR, the yellow star is AUNC, the dark green hexagon is
10 nm AuNPs, and the brown pentagon is LGCQC5050. The flow rate to the ICP-MS was 0.5 L
min’?,
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Chapter 4: Accurate Nanoparticle Size Determination using Mobility
Measurements in the Step and Scan Voltage Modes

4.1 Introduction

Nanoparticle size is an important characteristic that determines optical properties and
transport properties, such as mobility, diffusion, friction, coagulation, and charging. It is important
to be able to accurately measure the size of particles, which is why nanoparticle size standards are
relied on heavily in industry and research. Many instruments are available for certification of new
nanoparticle size standards, but the most common tend to be microscopy-based due to the intuitive,
visual representation of the data. Generally, the easiest calibration procedure is to compare a size
standard with a particle of unknown size on a single grid. This approach assumes that the
uncertainty of the standard and the unknown are same and sometimes ignores key measurement
uncertainties associated with the instrument. Often a few measurements of a primary standard
serve as calibration and then the mean and standard deviation of the unknown serve as the certified
value and uncertainty. Well-characterized methods, such as light scattering®?, the National Institute
of Standards and Technology (NIST) calibrated Atomic Force Microscope®®, and Electro-
Gravitational Aerosol Balance®, where the key uncertainty terms have been calculated, can be
used for primary certification. It is also ideal for a method to be traceable, where a direct

connection is made to an Sl unit: in this case the meter.

Several nanoparticle size standards are available for use. There are monodisperse
polystyrene spheres traceable to Sl units for nominal sizes of 60 nm and 100 nm. Within the size
range from 10 nm to 100 nm, there are nanoparticle calibration particles available from vendors
made of materials including polystyrene, silica, gold, and silver. Gold nanoparticles (AuNPs) are
of special interest because of their use in biomedical applications due to their biocompatibility and
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optical properties.® Reference (citrate stabilized) AuNPs calibrants with nominal sizes of 10 nm
(RM 8011), 30 nm (RM 8012), and 60 nm (RM 8013) and with coefficients of variance (CV, one
standard deviation divided by the mean) of 3% — 4% were issued by NIST in 2007. The mean
particle diameter was determined by differential mobility analysis (DMAS), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM),
dynamic light scattering (DLS), and small angle X-ray scattering (SAXS), and the values obtained
by each method were reported on the certificate. These values were not traceable to Sl units, nor
was a quantitative uncertainty statement included. Even with these limitations, the 30 nm and 60
nm particles were in high demand and the supply was exhausted. New candidate reference
materials produced by citrate reduction of a gold chloride solution are being characterized by a
variety of measurements including DMAS. In this chapter, | examine mobility measurements
conducted on these candidate reference material particles in step voltage mode, the calibration of

DMAS via 60 nm SRM 1964, and a quantitative uncertainty analysis.

DMAS is an aerosol sizing technique that has been used extensively for particle
measurements related to combustion®, climate®”, and particle engineering. DMAS has also been
employed in particle size standards measurements. It has been used to certify NIST standard
reference material (SRM) 1963%, NIST SRM 1963a, and NIST SRM 1964.°6 DMAS is not
generally used as a primary calibration technique because of the uncertainty in the flow dynamics
where the aerosol inlet flow meets the sheath flow. Additionally, there may be minor fringe effects
on the electric field used for separation. DMAS is more commonly used as a secondary calibration
technique, where the known size of a primary standard is used for calibration and an unknown
particle is measured traceable to the primary standard. DMAS is suited for these measurements

because of the following characteristics: it is very reproducible, it measures a number distribution,
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it measures the size of many particles rapidly, the size resolution is easily controllable, and it has

a well-defined transfer function.

The differential mobility analyzer (DMA) is often run in one of two modes: step voltage
or scan voltage mode. The step voltage mode steps through the voltage range, spending a specified
amount of time at each voltage. Each voltage corresponds to a specific mobility (which is related
to the particle diameter) and the particles exiting the DMA are counted by a condensation particle
counter (CPC). Historically the DMA has been used in the step voltage mode because it is
straightforward to determine the particle diameter from measurements of number concentration
vs. voltage. This is the method that has been used in the previous certification of NIST SRMs for
particle size. However, the step voltage mode is not suited to all aerosols. Some aerosol size
distributions change rapidly, on the order of the amount of time needed to make a step mode
measurement. Due to this limitation, the scan voltage mode was developed to allow for rapid
measurements.!” The scan voltage mode of the instrumentation is generally referred to as the
scanning mobility particle sizer (SMPS) and continuously changes the voltage during a
measurement. The SMPS takes advantage of the inherent dead time in DMAS: the time it takes
the aerosol to travel from the entrance of the DMA to the detector is wasted for each step of a step
voltage mode measurement. Instead, if this dead time is well known, the voltage can be changed
before the first aerosol cluster reaches the detector. This is the basis of the SMPS. For the SMPS
model used here, the voltage is varied with an exponential ramp from an initial, non-zero voltage
to a final voltage (the voltage scan rate increases with time), a well-known time-constant defines
the transport from the entrance of the DMA to the detector, and each detector signal is thereby
related to a particular diameter. This significantly reduces the measurement time for broad size

distributions, such as the full range of the long DMA: 10 nm — 1 000 nm. Using the step voltage
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mode, a measurement would generally take 30 min — 45 min, while with the SMPS it can be
completed in 30 s. Over time the SMPS became ubiquitous due to its commercial availability and
ease of use. However, the step voltage mode is still the operational mode of choice for size

certification measurements.

The accuracy of the SMPS mobility diameter measurements is of interest. Initial
investigations with the SMPS indicated that the size distributions of 23.2 nm dried ammonium
sulfate aerosol with a CV of 1% measured with an 80 s scan time were nominally the same as the
measurement in step voltage mode, but no data have been presented for measurements of size
standards.'” Here I investigate a simple application of the SMPS: the measurement of the number
average diameter of a narrow size distribution. In this case, the effects of multiple charging and
size dependent losses are minor. | compare the mean diameter obtained by both methods when |
use 60 nm SRM 1964 to calibrate both configurations. Additionally, | independently calibrated the
SMPS measurements using a direct measurement of the sheath flow. I investigate the effects of
scan time and the delay time on the SMPS measurement. | compare the step mode and SMPS using
uncalibrated measurements with identical hardware, making alternate measurements within a
single day. One objective is to assess whether the SMPS can be used for future certifications.

Additionally, | can assess the accuracy of using DMAS as a primary size measurement.

4.2 Materials and Method

4.2.1 Chemicals
Nominally 30 nm AuNPs NIST candidate reference material QC1, nominally 60 nm

AuNPs NIST candidate QC2, nominally 100 nm polystyrene latex (PSL) NIST SRM 1963a,
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nominally 60 nm PSL NIST SRM 1964, and 18.2 MQ-cm deionized water (Model 2121AL, Aqua
Solutions, Jasper, GA, USA) were used. Ammonium acetate (>99.99%) was purchased from
Sigma-Aldrich (St. Louis, MO, USA), and nominally 60 nm AuNPs were purchased from Ted

Pella (Redding, CA, USA).

Both AuNP candidate reference materials (QC1 and QC2) are currently in production at
NIST, and therefore any value assignments provided in this work are to be considered preliminary
in nature. The source materials were prepared to NIST specifications by BBI Solutions (Crumlin,

UK).

4.2.2 Sample Preparation

AUNP solutions were prepared by centrifuging the stock (1 mL) in a lo-bind
microcentrifuge tube (Eppendorf, Hamburg, Germany) at 3 900 rcf for 12 min. The supernatant
(950 pL) was removed and 300 uL of 0.15 g L™t ammonium acetate was added. PSL solutions were
prepared by adding the stock (100 pL) to H2O (1 mL) after bath sonication for 5 min and filtering
the diluted sample (0.2 pm, Whatman, Maidstone, UK). The filtered solution (50 pL) was added

to 450 uL of 0.15 g L™ ammonium acetate.

4.2.3 Step Voltage

The system used here has been described previously (Figure 1.7).8 Briefly, DMAS consists
of a spray source, a DMA, and a particle counter. In this case a nano electrospray source (nES,
Model 3480, TSI, Shoreview, MN, USA) was used. The long DMA (Model 3081, TSI) was used

for measurements of QC1, QC2, and SRM 1964. The nano DMA (Model 3085, TSI) was used for
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measurements of salt particles produced by the nES. The electrospray was set to 2.5 kV — 3.5 kV
with a resulting current of 150 nA — 250 nA. The pressurized sample cell was set to 26 kPa (3.7
psi). Particles were sprayed through a 40 um inner diameter fused silica capillary. The aerosol flow
rate was 1 L min! air and charged with a Po-210 alpha-emitter (model P-2042, TSI). The voltage
for the DMA was set by a Bertan power supply (Model 205B-10R, Spellman, Hauppauge, NY,
USA) controlled by a custom LabVIEW code (National Instruments, Austin, TX, USA). The 20 L
mint sheath flow was set by an independent mass flow controller (not the SMPS mass flow
controller). The temperature and pressure were measured by a TSI flow meter (Model 4043, TSI)
in-line with the excess flow. The particles were detected by a condensation particle counter (Model

3776, TSI).

4.2 .4 Differential Mobility Analysis

The mobility, Z,, is determined by the balance of the drag force and the electrostatic force.

7 = neCc(Dp)

p 3muDy (4.1)

n is the number of charges, e is the elementary charge, C. is the Cunningham slip correction
(described below), u is the viscosity of the gas, and D, is the mobility diameter. The expression

for the peak mobility of a particle exiting the DMA used here has been determined previously.!

_ Qshln (r2/11)
Zy = BT (4.2)

qsn 1S the sheath flow rate, r, is the outer radius, r; is the inner radius, L is the length of
the DMA from entrance slit to exit slit, and V' is the voltage of the inner electrode. Equations 4.1

and 4.2 are combined to determine the mobility diameter from DMAS measurements.
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Dp 2neLv
Cc(Dp) 3uqspln (r2/7m1)

(4.3)

DMAS measures the number concentration of an aerosol at the detector (CPC) post

transport through the DMA. In the step mode, this measurement, N, is a convolution of the size

pe:

distribution of the aerosol before the DMA, F(Z,), and the transfer function through the DMA,
2(z,).

Ncpc(V) = IQ(ZP’V)F(Zp)de (4-4)

Where F(Z,,) = and dN is the number concentration of singly charged with particles
with diameters between Z,, and Z,, + dZ,,. Expressing Equation 4.4 in terms of the size distribution
for all the particles entering the DMA, G(Dp) = dN/de, one obtains the following equation
including a term for particle charging, P(D,).

de

dz, (4.5)

Nepe = [ 2(Z,V)G(D,(Z,))P(D, Z)) |3

Making a standard approximation that all the quantities except the transfer function change

slowly with diameter one obtains the following expression for the diameter size distribution.

6(0y) = [Nere ) |28 - L]/ (0(0,))] (@6)
Ce(Dy) £l and § is equal to the aerosol flow divided by
Cc(Dp)  Dp P

the sheath flow. C, is the Cunningham slip correction.

C.=1+ Kn(a + ,B(exp(_V/Kn))) 4.7)
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a, B, and y are empirical constants for the slip correction. | used the values 1.165, 0.483,
and 0.997%, but the SMPS software uses 1.142, 0.558, and 0.999. K,, is the Knudsen number,

2)/D,, and A is the mean free path of the gas.

An alternative form for the size distribution is in terms of the logarithmic derivative
61(Dy(2,)):

dN(Dp) _ dN(Dp)
dlogDy - dDy

G1(D,) = (D,)(In(10)) (4.8)

The number average diameter was calculated using the following equation:

. dN;
Z l[(Dp’i)<legDLp‘i>(dlo-gDp.i)

» iKidl:;gm)(dlo gDp_i)]

D, (4.9)

Nonvolatile salts needed for colloidal stability will coat the analyte nanoparticles during
droplet evaporation post electrospray (Figure 1.3). This increase in size was corrected to determine
the size of the analyte particles in solution by measuring the size of salt particles produced by

droplets that do not contain gold nanoparticles.

D,.=|D} D} (4.10)

p ~ Ysalt

Dgqe Was 11.94 nm for QC1 and 12.44 nm for QC2 based on these dilution conditions.

4.2 .5 Particle Standard Calibration

The mode of the number distribution of SRM 1964, PSL particles with a certified diameter

of 60.39 nm and a combined standard uncertainty of 0.31 nm, was used to calibrate the DMA for
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step mode and SMPS. The calibration was based on the direct proportionality between mobility

and flow as given in Equation 4.2:

qcal Zp,theoretical (411)

= {qsn Z -
p.experimental

qdcqr 1S the calibrated sheath flow, gy, is the experimental sheath flow, Z, theoreticar 1S the
expected mobility of the calibrant, and Z, ¢xperimentar 1S the measured mobility of the calibrant.

The quantity q.,; is the value of the sheath flow that gives the correct mobility. Measurements of
the mobility distribution (voltage vs. number concentration) were sufficient to determine the mode
and calibrate the sheath flow in previous studies with alternative size standards (for example, SRM
1964 and SRM 1963a certified by SRM 1963). However, in this case it was found that the mode
of the mobility distribution of SRM 1964 corresponded to a size about 0.2 nm smaller than the
certified mode in the diameter distribution. As a result, a correction was applied to shift the mode
of the diameter distribution to the certified value. Two values of q.,; were used to calculate two

mode diameters Dy, ; and D,, ,, and then the correct sheath flow, 4 correce Was calculated using

D2

Equation 4.12.

Acal,correct = qcal,1 + (M) (60-39 - Dp,l) (4-12)

Dp,2=Dpa

4.2.6 Experimental Design

The approach was to measure the full size distribution of four samples from a combined
source on a single day. Calibration measurements (SRM 1964) were made on four samples to

allow the determination of the peak voltage. This did not require a full size distribution
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measurement. The measurement sequence is shown in Table 4.1. The repeat calibrant

measurements were made to correct for drift over the 15 min measurement time. The same

measurement sequence was repeated on two other days to assess the effect of day-to-day variability

on the average particle size. This process was used for both QC1 (nominal 30 nm AuNPs) and

QC2 (nominal 60 nm). This method was followed for step measurements and independently for

SMPS measurements on a difference series of three days.

Table 4.1: The experimental design of the step voltage and SMPS measurements of the AuNPs
(Samples A —L).

Test Day Test ID Calibrant Used
SRM 1964 1 -
Sample A SRM 1964 1
Sample B SRM 1964 2
Day 1 SRM 1964 2 -
SRM 1964 3 -
Sample C SRM 1964 3
Sample D SRM 1964 4
SRM 1964 4 -
SRM 1964 5 -
Sample E SRM 1964 5
Sample F SRM 1964 6
Day 2 SRM 1964 6 -
SRM 1964 7 -
Sample G SRM 1964 7
Sample H SRM 1964 8
SRM 1964 8 -
SRM 1964 9 -
Sample | SRM 1964 9
Sample J SRM 1964 10
Day 3 SRM 1964 10 -
SRM 1964 11 -
Sample K SRM 1964 11
Sample L SRM 1964 12
SRM 1964 12 -
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4.2.7 Uncertainty Analysis

An uncertainty analysis includes a component that can be calculated by statistical means
such as one standard deviation of a set of measurements and a second component that is calculated
by other means such as uncertainties assigned to reference data. The first is considered type A and
the second type B. Only the type A uncertainty is presented for the SMPS measurements as a

quantitative uncertainty analysis has not been determined.

The type A uncertainty was determined by analyzing the means and standard errors of three
days’ replicate measurements using the DerSimonian-Laird approach.®® This is a random effects

model that expresses each measured value D,, ; as an additive superposition of three elements:
D,;=w+ 06 +¢g (4.13)

where y is the measurand (true value of D,), ;, refers to the measurement error and 6, to
the day-to-day error. The variance of the day-to-day effect is 7. The quantity &; is assumed to be

an independent random variable with variance ajz, which is estimated as the variance of the four

=~

diameter measurements on day |, ujz. The estimated value of the mean diameter, D, 4,4, is given
by the following expression:
Dp,avg = Lj=1W;Dy,j/Ej=1Wj (4.14)

D,, ; is the average of the four diameter measurements on the j" day and with weights given

by:

wj = 1/(# + o?) (4.15)
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Since the value of 7 is not known, it is replaced with a method of moments estimate

provided Equation 4.16 gives a non-negative result:

2 _ (@Q—n+1)

?zlujfz_ ?:1 u]f4/2?=1u;2 (4.16)
(= =~ 2
Q =X}-1%7*(Dp,j — Dpavg) 4.17)
If this results in a negative value of %%, one sets % = 0. The initial estimate of LA)p,m,g was

taken to be the average of all twelve diameter measurements. Successive iterations of this

calculation were made if the value of ﬁp,m,g computed via Equation 4.14 differed from the initial

estimate. The standard uncertainty in the value of D, 4,4 is given by:'%

uﬁp,avg = 1/ 1/Zf=1 Wj (418)

The number of degrees of freedom is 2. The results are summarized in Table 4.2.

Table 4.2: The type A uncertainties for the step voltage mode and SMPS measurements.

Dp,avg: "M | Up,, 4g: "M | uy, %

Step Voltage Particle Calibration gg; 2235 8182 8%3
SMPS Particle Calibration gg; 2222 8222 8;22
SMPS DryCal Calibration 82; gggg 841182 82;2

Type B uncertainties are generally systematic and are characterized by analyzing

components of the measurement system. The major contributors to the type B uncertainty are given
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in Table 4.3. The type B uncertainty for the particle standard calibration method is derived from

Equation 4.19.%
Cc Vv
Dp = aZDP'S (419)

D, is the particle diameter, C_ is the slip correction, V is the voltage, and the additional *“s”
subscript refers to the size standard, SRM 1964. The final form of the uncertainty expression is
given in Equation 4.20. This expression is derived by first computing the differential dDp as a
function of the differentials of the variables Dps, dC, dCs V, and Vs,. Then the slip correction is
expressed as a function of T, P, Dy, and the slip correction factor A.>® The variance of the sum of
the differentials is the sum of the individual variances except for the terms A and As, which are
correlated. For example, if the calibration diameter and the unknown diameter are the same, then
the measurement of the unknown would have no error. | estimate the effect of the entire
Cunningham slip correction, C, = 1 + K,,(A) by computing an unknown diameter based on a fixed

calibration diameter (a fixed voltage ratio) but with two different choices of the slip correction.

2 2 2
2 _ fl(Cc,s) 1 1
u?(D,) = <f1(Cc) ur(Dp,S)> + (f—l(cc) ur(V)> + <f_1(Cc) ur(VS)> +

£,(Co) © T+1104K f,(Co)

2 2
(ur(A, AS))Z + <.f2(Cc)—.f2(Cc,s) (2 T )ur(T)> + (fz(cc)—fz(cc,s) ur(P)> (420)

2C.—1
c. '

u, refers to the relative standard uncertainty (percent) of the various terms, f, (C,) =
fo(CL) = E, T is the temperature in Kelvin, and A is a portion of the slip correction as defined

Ce

in Equation 4.21.
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_yd

A= a+ Bexp ( le

) (4.21)

a, , and y are empirical constants for the slip correction and A is the mean free path of the
gas. The two sets of coefficients for «, 8, and y listed above were used to calibrate and solve for
the mean diameter of a data set. The difference between the two means was used to approximate
u,-(A). Then the type A and type B uncertainty were combined in quadrature and a coverage factor
of 2.2 was applied to obtain the 95% confidence interval as seen in Table 4.5. This is the final

uncertainty for the aerosol particle.

The uncertainty for the particle in solution included the additional terms for the salt

particles.

1/2
uT(DPnC)_ = D_I%)z uT(DP) 2 + Dszalt 2 (ur(Dsalt)>2 (4 22)
Dp,c D;%,c Dz%,c Dz%,c Dp,c .

4.2.7.1 Voltage

Two power supplies were used to apply the voltage to the DMA inner rod, one for the step
voltage measurements and one for the SMPS. The power supplies were independently calibrated
by connecting the power supply to a Spellman HUD-100-1 precision resistor ladder and an Agilent
34401A 6.5 digit digital multimeter. The calibration of the step voltage power supply corrected
the voltage to within 0.14%, combining in quadrature the uncertainty of the multimeter, the resistor
ladder, and the calibration. The calibration of the SMPS power supply was conducted using

Firmware commands within the AIM software and corrected the voltage to within 0.05%.
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4.2.7.2 Pressure

The barometric pressure was measured using a TSI Model 4043 mass flow meter. The
stated pressure uncertainty was 1 kPa with traceability to NIST. Additional calibration
measurements were made at NIST in the Ultrasonic Interferometer Manometer Lab by comparing
the mass flow meter pressure reading to a calibrated Ruska model 6200 pressure gauge at ambient
pressure. The accuracy of the pressure gauge is better than 0.05% of the reading or 0.05 kPa at
atmospheric pressure. The flow meter read between 100.2 kPa — 100.3 kPa while the pressure
gauge read 100.33 kPa. | estimate that TSI flow meter measures within + 0.2 kPa of the true
pressure. During the step voltage experiments, the pressure was measured in the excess aerosol
tube after the DMA. The pressure within the characterization region of the DMA was determined
to be 1.8 + 0.1 kPa higher than the TSI meter reading due to internal pressure drops. This pressure
was added to the pressure measured during the experiment. The pressure has a relative combined
standard uncertainty of 0.22% near ambient pressure. The measurements were made before and
after a size distribution measurement was made, and the average of the two values was used in
later calculations. For the SMPS measurements, a single measurement of the pressure is made at

the start of the size distribution scan.

4.2.7.3 Temperature

The temperature was measured with TSI Model 4043 mass flow meter. The stated
temperature uncertainty was 1 °C with traceability to NIST. Additional calibration measurements
were made at the NIST Primary Flow Calibration Facility. The temperature was measured to a
standard uncertainty of £ 0.02 K both before the flow meter and after. The temperature increased

from 297.1 K — 298.0 K as the 160 cm?® s flow passed through the flow meter, which recorded a
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reading of 297.4 K. | estimate that the true value of the gas temperature is within + 1.0 K of the
value measured with the TSI instrument. Assuming a uniform rectangular distribution for the

probability distribution of the temperature, | obtained a standard uncertainty in T equal to

1/+/3 = 0.58 K or a relative standard uncertainty of 0.20% based on a gas temperature of 296.15
K. The drift in temperature during a voltage scan, less than 0.1 K, was small compared to the
uncertainty from the calibration and was neglected. For step voltage measurements, the
temperature was measured at the excess flow outlet of the DMA. The measurements were made
before and after a size distribution measurement was made, and the average of the two values was
used in later calculations. For the SMPS measurements, a single measurement of the temperature

is made at the start of the size distribution scan.

Table 4.3: Percent uncertainty values for significant contributions to particle diameter type B
uncertainty for step mode measurements.

Quantity Value Percent Uncertainty
Voltage
SRM 1964 1400 V 0.04
60 nm AuNPs 1500 V 0.03
30 nm AuNPs 450 V 0.11
Salt particles 250 V 0.08
Slip correction
SRM 1964 0
60 nm AuNPs 0.06
30 nm AuNPs 0.20
60 nm AuNP salt 0.69
30 nm AuUNP salt 0.75
Pressure 101.33 kPa 0.20
Temperature 296.15 K 0.20
SRM 1964 diameter 60.39 nm 0.51
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Table 4.4: The uncertainty propagation of the gold nanoparticle diameter determination. The terms

refer to the quantities within parenthesis in Equation 4.20.

Dy, c Term1Dp | Term | Term 3,V | Term | Term 5, | Term 6, w.(D,), %

nm ¢ | for SRM 2,V | for SRM 4, A T P reph
33.44 | 7.207 0.487 0.075 0.075 0.093 0.013 0.011 0.508
64.46 | 4.058 0.517 0.080 0.080 0.064 | 1.9E-3 | 1.6E-3 0.533

4.2.7.4 Combined Uncertainty

The type A and type B uncertainties calculated above were combined by adding the

standard uncertainties in quadrature as shown in Equation 4.23.

— 2 2
Uy, combined = \/ur,TypeA + ur,Type B (4-23)

| express the final uncertainty results in terms of the expanded relative uncertainty (95%
confidence interval), Uy, which is computed from a coverage factor, k, times the combined standard

uncertainty. In the limit of an infinite number of degrees of freedom, k = 2. In our case, k = 2.2.

Table 4.5: The combined standard and expanded uncertainty values for the step voltage
measurements.

Particl Dp.c, Type B Type A Combined | Coverage | Combined Expanded
Al | | w4 (D,0), % | up (D), % | u, (D), % | Factor | Uncertainty U,(D,), %
QCl |3292| 0.508 0.314 0.615 2.2 1.35
QC2 |6431] 0533 0.159 0.559 2.2 1.23

4.2.8 SMPS

The same system of nES, DMA, and CPC was used for the SMPS measurements (Figure
1.9). The same TSI flow meter was used to measure the temperature and pressure. AIM software
version 9.0.0.0 was used. The primary differences were the recirculated sheath flow controlled by
the SMPS (Model 3080, TSI) and the resulting “underpressure mode” measurement in which the

105



CPC pulls air through the DMA with a valve between the nES and DMA. The CPC was set to 0.3
L min"* low flow mode and the sheath flow was set to 6 L min™ resulting in the same flow ratio as
the step voltage mode. A 0.0508 cm nozzle size impactor was installed in-line between the nES
and DMA. The measurement time was set to 300 s scan up and 30 s scan down. The delay time
(tq) is the time required for the aerosol to flow through the DMA and the tubing connecting to the
CPC, and was set to the default value for the given measurement conditions: 3.43 s. The software
presents the data as diameter vs. dN /dlogD,,, where dN /dlogD,, is the number size distribution
which is related to the CPC number concentration by Equation 4.6. In order to calibrate the voltage
and the sheath flow, | reverse this process to derive the raw data in terms of voltage (Equation 4.3)
vs. number concentration (Equation 4.6) that is comparable to the step voltage measurements. QC1
was measured from 24.1 nm — 46.1 nm with 19 measurement points. QC2 was measured from 51.4
nm — 85.1 nm with 15 measurement points. The mode of SRM 1964 was measured from 47.8 nm

— 71 nm with 12 measurement points.

4.3 Results

Forty-eight total measurements were made of QC1 and QC2. Of these, twelve of QC1 were
made in the step voltage mode, twelve of QC1 were made with the SMPS, twelve of QC2 were
made in the step voltage mode, and twelve of QC2 were made with the SMPS. Each set of twelve
measurements was made over three days, i.e., four per day. The SMPS data ware calibrated by two
methods: using the known size of a certified size standard to calibrate the sheath flow or using the
DryCal to calibrate the sheath flow. Each method additionally required accurate knowledge of the

voltage, temperature, and pressure.
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Test measurements were made using an alternative batch of 60 nm AuNPs. The results in
Table 4.6 demonstrate the well documented scan speed issue, though in this case increasing the
scan speed resulted in a decrease in the mean diameter.'* Minimal change was observed above
150 s scan up time at the given measurement conditions (6 L min™* sheath flow, 50 nm — 85 nm
scan, 16 data points). This effect was reduced by the particle calibration method, as both the size
standard and the unknown particle changed size in the same direction. This effect is a shift in
voltage (mobility); therefore, the correction works best for a size standard and unknown particle

that are nominally the same size.

Table 4.6: The effect of scan time on mean particle size of 60 nm AuNPs by SMPS.

Mean diameter (nm) and one standard
deviation (STD) at given scan time
30s 150 s 300s
Particle calibration Mean 63.78 63.82 63.87
STD 0.28 0.05 0.05
— Mean 62.37 63.56 63.67
DryCal calibration STD 0.24 0.06 0.04

Additionally, the delay time (t;) was studied for the same test particles with results
presented in Table 4.7. Even large changes in the delay time show minimal effect on the measured
mean diameter for the given measurement settings (6 L min* sheath flow, 50 nm — 85 nm scan,
16 data points, 300 s scan up, 30 s scan down). Minimizing the scan range reduced the error

associated with an incorrect delay time.

Table 4.7: The effect of delay time (ts) on mean particle size of 60 nm AuNPs by SMPS.

Delay time (s) | Mean diameter (nm)
3.33 64.06
3.43 64.11
3.53 64.01
4.00 63.97
6.00 63.90
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The average size distributions for QC1 and QC2 by each calibration technique are
presented in Figures 4.1 and 4.2, and the compiled mean diameter measurements are shown in
Figures 4.3 and 4.4. The distributions measured by the SMPS and step voltage overlapped well for
QC1 (Figure 4.1) with slight differences in the mean. However, some minor differences were seen
for the measurements of QC2 (Figure 4.2). For the step voltage method, the background is slightly

higher, and a minor secondary peak was reproducibly detected at 72 nm.
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Figure 4.1: Average normalized size distributions of QC1. The blue circles are step voltage
measurements, the orange squares are SMPS measurements with size standard calibration, and the
gray diamonds are SMPS measurements with DryCal calibration.
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Figure 4.2: Average normalized size distributions of QC2. The blue circles are step voltage
measurements, the orange squares are SMPS measurements with size standard calibration, and the
gray diamonds are SMPS measurements with DryCal calibration. The orange and gray lines use
the same raw data with different calibrations.
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Figure 4.3: Repeat measurements of QC1 over six days. The blue circles are step voltage
measurements, the orange squares are SMPS measurements with size standard calibration, and the
gray diamonds are SMPS measurements with DryCal calibration. The orange and gray points use
the same raw data with different calibrations. The size was corrected for the aerosol salt coating.

110



65.00

[ J
[ J

64.50 ° °
—~ [ J
£ ° o o
= a o
5 64.00 o ¢
[<5]
S
8
a)
2 6350
S
=

63.00

6250 1 1 1 1 1 1 )

0 2 4 6 8 10 12 14

Measurement Number

@ Step Voltage SMPS with particle standard calibration SMPS with DryCal calibration

Figure 4.4: Repeat measurements of QC2 over six days. The blue circles indicate step voltage
measurements, the orange squares indicate SMPS measurements with size standard calibration,
and the gray diamonds indicate SMPS measurements with DryCal calibration. The orange and
gray points use the same raw data with different calibrations. The size was corrected for the aerosol
salt coating.

The mean of means for step voltage and SMPS measurements calibrated by SRM 1964 in
Table 4.8 agree within the expanded uncertainty of the step voltage measurement. The size
determined by the DryCal calibration of the SMPS is smaller than the other two measurements,
but it also agrees within the expanded uncertainty of the step voltage measurement. The trend in
terms of decreasing diameter is particle calibration of SMPS, step voltage, and DryCal calibration
of SMPS. The data are presented with and without the salt correction (“aerosol” indicates the size
of the aerosolized particle with a salt coating). The salt correction is the same for the three

measurement approaches to limit variables. The measurement of the salt is simpler when using the
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SMPS as a rapid test measurement can be made over the entire size distribution to identify the salt

region and particle of interest region.

Table 4.8: The mean diameter of QC1 and QC2 for various measurement and calibration
techniques with and without salt correction for aerosolized particles. The uncertainty for the step
voltage particle calibration data is the combined type A and type B uncertainty with a coverage
factor of 2.2. The uncertainty for the SMPS particle calibration and SMPS DryCal calibration is
only the type A uncertainty.

Mean diameter (nm)

QC1 QC2
Step Voltage Particle Calibration 'SA:)eILC,)[isng] gggg i 822 gjgi i 8;8
SMPS Partile Calibration | ey 5370 005 | 6433 2 023
o Dnyca Caltrain | 21081150220, 83602040

One limitation of the SMPS is that the x-axis spacing is preset in the software, meaning
that extra data points cannot be added over a given size range if the particle distribution is very
narrow. This issue is illustrated in Figure 4.5, where the x-axis spacing is set much narrower in the
step voltage mode which allows for improved peak definition (specifically for determining the

mode) of the narrow size distribution of nominal 100 nm SRM 1963a.
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Figure 4.5: Size distribution of SRM 1963a measured by step voltage mode (blue circles) and
SMPS with DryCal calibration (orange squares).

Table 4.9 illustrates differences between size measurements with all variables kept constant
except for the method used to change the voltage. These measurements were made within a single
day, alternating between step voltage and SMPS, thus day-to-day variability was eliminated and
any change with time should affect both measurements. | found a ~0.5 nm bias between the step
voltage and SMPS measurements of the mean diameters of QC1 and QC2, and a ~0.3 nm bias for

the mode diameter of SRM 1964.
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Table 4.9: The mean diameter of QC1 and QC2 by uncalibrated measurements using the same
sheath flow alternating between scan voltage and step voltage mode. The uncertainty is one
standard deviation of 8 (QC2) or 9 measurements (QC1).

Mean diameter (nm) Mode diameter (nm)

QC1 QC2 SRM 1964

Step Voltage | Aerosol | 34.55 £ 0.09 | 65.80 £ 0.20 63.09 £ 0.24
SMPS Aerosol | 34.13+0.14 | 65.20 £ 0.27 62.83 + 0.35

Measurement Method

4.4 Discussion

No significant difference was detected between the three measurement approaches: step
voltage mode, SMPS calibrated by SRM 1964, and SMPS calibrated by the DryCal. The two
SMPS calibration modes agreed within the error bars (the expanded combined uncertainty) of the
step voltage measurement. The step voltage mode has been used most often for previous
nanoparticle size standard certifications but there are a variety of advantages to using the SMPS
for future measurements if a few lingering uncertainty terms are assessed. The recirculated sheath
flow allows for running the system in “underpressure mode” where the CPC sets the aerosol flow
rate. Under the conditions set for the step voltage measurements made here with an external mass
flow controller, | found the pressure within the DMA to be 1.8 kPa higher than what was measured
for the excess flow that has exited the DMA. In contrast, the data in Table 4.8 includes step voltage
and scan voltage data using the recirculated sheath flow with no pressure build-up in the DMA.
Even when this variable was accounted for, reproducible differences were detected between the
step voltage mode and the SMPS. Another important difference is the sample run time. A complete
step voltage measurement was made in 500 s while a SMPS measurement took 330 s. This was a
conservative approach for the SMPS which can likely be dropped to 210 s without significant
change to the measured mean diameter. Additionally, calibration with the DryCal can save a

significant amount of time compared to the particle calibration method. Electrospray issues due to
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incompatibility between the gold particles and SRM 1964 necessitated the use of unique capillaries
for different particles. With the time saved from not changing and cleaning the capillaries as often,
it would be possible to collect roughly twice as many measurements per day. Additionally, the
shortened measurement time by SMPS reduces the effect of long-term sample source variability
(drift on the order of minutes). Conversely, the step voltage measurements can average data over
a longer period per data point to reduce short-term sample source variability (drift on the order of
seconds). The long-term sample source variability tends to be the more relevant concern,

particularly for distribution that are changing with time or particles that are colloidally unstable.

However, the SMPS is not applicable to all distributions. Specifically, when it is desirable
to determine the mode of the distribution, generally five or more points are required where the y-
axis signal is greater than or equal to half of the maximum y-axis signal (Ni> 0.5 Nmax). This
criterion was narrowly missed for QC1 and QC2 with a CV of 5.1% and 6.8%, respectively. The
distributions had enough points for the calculation of a mean, but a mode would be less well
defined. In the case of SRM 1963a, with a coefficient of variation of 2.6%, the distribution is
poorly defined for both a mean and a mode. | recommend a minimum coefficient of variation of

4% to determine a mean and 8% to determine a mode by SMPS.

| also recommend a direct comparison between step voltage mode and SMPS for the
particles of interest. As demonstrated in Table 4.9, the SMPS measured a smaller size for the three
particles studied here, but the size difference was not a constant mobility bias. In this case,
calibration was able to correct most of the difference; however, that may not be true for all
combinations of particles. For example, the difference for the mode of SRM 1964 was smaller than

the bias for the mean of QC2 though the particles are nearly the same size.
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An advantage to the particle calibration method is that it can simultaneously correct for the
sheath flow, the dimensions of the DMA, and any non-ideal conditions regarding the particle
transport. Also, the uncertainty in the slip correction term is reduced because the diameter of the
standard is known. For example, if the unknown particle had the same mobility as the standard,
the uncertainty in the slip correction would be zero. DMAS is not generally used as a primary
standard, as persistent issues have been identified regarding the flow profiles at the entrance and
exit slits, and non-ideal electric field behavior.192193104 |n this case, the SMPS measurements
calibrated with the DryCal were just within the error bars of the step mode measurements, though

the difference from the SMPS measurements calibrated by a size standard was larger.

An additional step was required for the calibration with a particle size standard. Generally,
using the mode of the mobility distribution has been sufficient for calibration as it corresponds
closely with the mode of the diameter distribution. However, in this case the mode of the mobility
(voltage) distribution of SRM 1964 corresponded to a mode of the diameter distribution about 0.2
nm smaller than the certified diameter. This is likely due to the width of the distribution for SRM
1964. The diameter distribution corrects for the charging probability at different diameters. Due to
the low charging probability for small particles, this correction increased the number of smaller
particles more than that of larger particles and resulted in a slightly different mode. A correction
was applied to set the sheath flow calibration based on the mode of the diameter distribution rather

than the mobility distribution.

The mean diameter was determined using the lognormal distribution as this is the way the

data are presented in the SMPS software. However, the same calculation can be made using :TN
14

2 _ and the mode for - was found to be consistently 0.1 nm larger than the an

instead of .
dlogDyp dDy dlogDyp
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This can be important for the calibration procedure described here. It is important to verify how

the calibration standard used was certified. In this case, SRM 1964 has a certified mode diameter

that was determined using ;TN.
p

4.5 Conclusions

Comparison measurements of 30 nm and 60 nm AuNPs were presented for DMAS run in
step voltage mode and scan voltage mode (SMPS). The step mode measurements were calibrated
with a nanoparticle size standard, and the SMPS measurements were calibrated by two methods:
a nanoparticle size standard and the DryCal direct measurement of the volumetric sheath flow rate.
No significant difference was determined between the three different measurements: the step mode
data (32.92 nm £ 0.45 nm and 64.31 nm £ 0.79 nm) were smaller than the sizes determined by the
SMPS calibrated by a particle standard (33.19 nm and 64.33 nm). The SMPS measurements
calibrated by the DryCal (32.48 nm and 63.52 nm) were smaller than the measurements calibrated
by a particle standard, though they still agreed within the error bars of the step voltage
measurements. Some important variables that influence the SMPS measurements are the
measurement time, delay time, and measurement range. The effect of the scan rate was minimized
by calibration with a nanoparticle size standard. Additionally, limitations to the SMPS
measurements of monodisperse particles due to the predetermined diameter step spacing were
characterized and minimum distribution widths were recommended for mean and modal
measurements: 4% and 8% respectively. Finally, uncalibrated measurements made alternatively
between step mode and SMPS on the same day for the same particles indicated a 0.5 nm smaller

size measured by SMPS, though most of this bias was accounted for with a nanoparticle size
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standard calibration (the calibration particle demonstrated a similar, though smaller, difference).
Future work could investigate the source of this discrepancy, as it does not appear to be a bias in
mobility as would be expected. Following a few guidelines included here and further investigation
of the uncertainty analysis, future size certification measurements made with DMAS can be
completed with the SMPS. This should result in more total measurements and therefore less

concern about the statistical significance of the body of data.
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Chapter 5: Comparison of Traceable Nanoparticle Size Measurements

5.1 Introduction

Nanoparticle size standards are an important tool for instrument calibration and validation.
The use of the same standards can help promote coherence between difference techniques and
increase reproducibility of experimental results.!®1%197 Accurate standards are critical to
fundamental studies in aerosol science where the particle diameter is present. These include the
measurement of the Cunningham slip correction, diffusion coefficient, coagulation rate, and
optical properties. An important aspect of standard certification is traceability, where the parameter
of interest is linked to the relevant Sl unit. For a nanoparticle size standard this involves relating
the measured size to the meter. It is also critical that the measurement uncertainty be small. The
smaller the combined uncertainty (random and systematic uncertainties), the more accurate the

measurement.

A common approach for establishing traceability for nanoparticles has been the connection
of a size measurement to the wavelength of light of various laser sources, as the wavelength of
light is well known, and the uncertainty is very small. Ideally, the specific traceability pathway
should not matter and various measurement techniques using a variety of traceability sources
should result in the same solution. Good agreement has been demonstrated between nanoscale
traceability methods based on the wavelength of light and crystal lattice length.X%® | further
investigate this idea by comparing measurements of the same nanoparticles by four instruments

with two difference traceability approaches.

Differential mobility analysis (DMAS), atomic force microscopy (AFM), and scanning
electron microscopy (SEM) were all used to measure the size of the nominally 100 nm polystyrene

latex (PSL) particles: JSR SC-010-S. These are nearly spherical particles with a monodisperse,
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symmetrical size distribution. The measurements listed above were compared to reported
measurements by electro-gravitational aerosol balance (EAB) of the same particles.®* The DMAS
measurements were calibrated with a size standard traceable to the wavelength of light through
previous light scattering measurements. The AFM and SEM measurements were calibrated with
size artifacts traceable to the wavelength of light through interferometry. The EAB is considered
a primary measurement technique with a quantitative uncertainty budget, but it does not include
traceability. The low uncertainty is a result of the direct connection between particle size and
accurately known fundamental constants, material properties, and electrode spacing. The
uncertainty for each technique is described, and possible reasons for the difference between results
are discussed. For each measurement there are multiple factors affecting the uncertainty. For
example, the SEM measurement has an uncertainty term associated with the repeatability of the
measurements and a second term related to the determination of the particle boundary. These
component uncertainties are combined into a combined uncertainty, uc, by the law of propagation
of uncertainty, often referred to as the “root-sum-of-squares” (RSS).1% Ultimately the results are
presented as the expanded uncertainty, which is an interval over which there is a 95% probability
that the measurand (size) is in the interval. This uncertainty is computed with a coverage factor, k,

multiplied by the combined uncertainty.

5.2 Materials

Nominally 100 nm PSL particles JSR SC-010-S, nominally 100 nm PSL particles
National Institute of Standards and Technology (NIST) SRM 1963a, and 18.2 MQ-cm deionized
water (Model 2121AL, Aqua Solutions, Jasper, GA, USA) were used. Ammonium acetate

(>99.99%) was purchased from Sigma Aldrich (St. Louis, MO, USA).
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5.3 Methods and Results

5.3.1 Differential mobility analysis

The DMAS measurements were made using a nano electrospray (nES) - differential
mobility analyzer (DMA) - condensation particle counter (CPC) system (Figure 1.7). The long
DMA (Model 3081, TSI, Shoreview, MN, USA) was used with a sheath flow of 20 L min™ and
an aerosol flow rate of 1 L mint air. Prior to measurement by DMAS, the particles were bath
sonicated for five minutes, diluted by a factor of 10 using 18.2 MQ-cm deionized water, passed
through a 0.2 um filter (Whatman, Maidstone, UK), and diluted again by a factor of 10 in 154 mg
LT ammonium acetate pH 8 (Sigma Aldrich, St. Louis, MO, USA). Particles were electrosprayed
and then counted by a butanol CPC (Model 3776, TSI) operating at 1.5 L min. The DMA was
used in step voltage mode with a LabVIEW code (0.5 nm step and 30 s dwell time). The
temperature and pressure of the sheath flow were measured immediately after exiting the DMA by
a flow meter (Model 4043, TSI) with an accuracy of 1.0 K and 0.2 kPa. The power supply was
calibrated with a voltage divider (Model HUD-100-1, Spellman, Hauppauge, NY, USA) and an
accurate voltage meter (Model 34401A, Agilent Technologies, Santa Clara, CA, USA), within

0.03%. The slip correction values used are o = 1.165, = 0.483, and /. = 0.997.%"

The primary uncertainties are the diameter of the calibration standard (standard uncertainty
(u) = 0.54 nm), repeatability of measurements (u = 0.20 nm), mode voltage of the unknown particle
(u=0.04 nm), mode voltage of the calibration particle (u = 0.03 nm), and negligible contributions
from the slip correction, temperature, and pressure. The combined standard uncertainty computed

via RSS is 0.58 nm and the expanded uncertainty with a coverage factor of 2 is 1.2 nm.
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Three measurements were made of nominally 100 nm PSL SRM 1963a and three were
made of JSR SC-010-S. The six total distributions are shown in Figure 5.1, and each measured
mean diameter of JSR SC-010-S is included in Table 5.1. The measurements of SRM 1963a were
used as calibrations for the measurements of JSR SC-010-S. The mode of each SRM 1963a
measurement was assigned to the certified value: 101.8 nm + 1.1 nm. The sheath flow was adjusted
so that the mobility diameter was equal to the certified value. This flow rate was then used in the
subsequent measurement of JSR SC-010-S. Therefore, the DMAS measurement of JSR-SC-010-
S is traceable to SRM 1963a. The number average diameter determined for JSR SC-010-S by this

method was 100.1 nm £+ 1.2 nm.
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Figure 5.1: Comparison of DMAS size distribution measurements of JSR SC-010-S (circles) and
calibrant SRM 1963a (triangles).

122



Table 5.1: Repeat DMAS measurements of JSR SC-010-S with the average and one standard
deviation.

Measurement | JSR SC-010-S number average diameter (nm)
1 99.9
2 100.1
3 100.1
Average 100.1 =0.1

5.3.2 Atomic force microscopy

Well-dispersed individual JSR SC-010-S nanoparticles were attached to a poly-L-lysine-
coated mica substrate by leaving a 50-puL droplet of the sample on the substrate for several minutes.
To remove unattached particles, the substrate was immersed in water followed by drying with air.
AFM images of the samples were acquired under ambient conditions with a Veeco MultiMode
AFM and Nanoscope IV controller. Nanoscope version 6 software was used for data acquisition.
Imaging was performed in a tapping mode using Veeco OTESP cantilevers. Particle size by AFM
is reported as height. The AFM was calibrated using a set of step height standards, which had been
previously calibrated with the NIST Calibrated Atomic Force Microscope.®® Their height values
and uncertainties (k = 2) are 6.6 nm = 0.1 nm, 20.1 nm £ 0.3 nm, 67.7 nm = 0.4 nm, 290.4 nm *
0.9 nm, and 779.7 nm + 2.7 nm.

The major components contributing to the measurement uncertainty of the particle height
arise from repeatability of replicate measurements (u = 0.7 nm), particle-substrate deformation (u
= 0.7 nm), background flatness (u = 0.3 nm), and calibration (u = 0.3 nm). The combined standard
uncertainty is estimated via RSS. The expanded uncertainty calculated at the 95% confidence
interval (k = 2) for the AFM modal height measurements of JSR SC-010-S is 2.3 nm.

The height distribution obtained from individual particle measurements by AFM is shown

in Figure 5.2 along with the modal value, coefficient of variation (one standard deviation of height
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divided by mean value of height), and a representative AFM topography image. The AFM height
data are corrected for calibration and for the estimated 3.2 nm particle-substrate deformation.® The
number average height of JSR SC-010-S by AFM is 99.0 nm £ 2.3 nm.

The distributional quality of the JSR SC-010-S particles was also qualitatively assessed by
AFM raft measurements. A 5-uL, dilute droplet of the sample was allowed to dry on a freshly-
cleaved mica substrate. The particles raft well, forming close-packed arrays as shown in Figure 5.3
and exhibit high distributional uniformity, i.e. only a small percent of the particles are significantly

smaller or larger than the mean.

4 Mode: (99.3+2.3) nm
Coefficient of
| wvariation: 1.7 %

# of particles
analyzed: 3257

85 90 95 100 105 110
Height (nm)

Figure 5.2: (a) Representative AFM topography image and (b) height distribution of JSR SC-010-
S. The AFM height data are corrected for particle-substrate deformation. The mode and coefficient
of variation is obtained from the lognormal fit (pink line) to the distribution.
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Figure 5.3: AFM raft images of JSR SC-010-S.

5.3.3 Scanning electron microscopy

Well-dispersed individual nanoparticles were attached to a poly-L-lysine-coated silicon
substrate in the same manner as the samples prepared for AFM. The images were collected with
an FEI Helios Dual-Beam SEM as deposited, without a conductive coating. Image analysis was
conducted with ImageJ software. Particle size by SEM is reported as the area-equivalent diameter.
The magnification of the SEM was calibrated using a 100 nm VLSI grating pitch standard, which
had been previously calibrated with the NIST Calibrated Atomic Force Microscope. Its pitch value
is 99.94 nm with an uncertainty of 0.06 nm (k = 2).

The major components contributing to the measurement uncertainty of the mean area-
equivalent diameter arise from the repeatability of replicate measurements (u = 0.5 nm),
determination of the particle boundary by thresholding (u = 0.5 nm), non-uniformity of the

background (u = 0.5 nm), digitization of the particle projection area (u = 0.4 nm), signal intensity

125



(u = 0.3 nm), beam alignment (u = 0.3 nm), and instrument stage instabilities (u = 0.3 nm). The
combined standard uncertainty is estimated via RSS. The expanded uncertainty calculated at the
95% confidence interval (k = 2) for the SEM mean size measurements of JSR SC-010-S is 2.2 nm.

The area-equivalent diameter distribution obtained from individual particle measurements
by SEM is shown in Figure 5.4 along with the modal value, coefficient of variation, and a
representative SEM image. The number average area-equivalent diameter of JSR SC-010-S by

SEM is 98.8 nm £ 2.2 nm.

Mode: (98.9 + 2.2) nm
Coefficient of
variation: 1.6 %

# of particles
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Figure 5.4: (a) Representative SEM image and (b) area-equivalent diameter distribution of JSR
SC-010-S. The mode and coefficient of variation is obtained from the lognormal fit (pink line) to
the distribution.

5.3.4 Electro-Gravitational Aerosol Balance

The EAB is a unique, large scale Millikan-cell type instrument that measures the loss of
particles between parallel electrodes with various applied voltages to determine the mass of
aerosolized particles.*'® With a known density and nearly spherical shape, this can be used to
determine a number average diameter. A thorough uncertainty analysis investigated a variety of
influences, such as thermophoresis, density measurements, space charge, thermal expansion of
particles, and surface coating during drying, which were all found to be negligible. During the

initial instrument validation, where measurements by EAB were compared to certified values for

126



seven PSL standards, the primary uncertainty terms were the voltage, distance between electrodes,
gravity, and the least squares fitting of the survival function (derived from the loss of particles for
a given holding time measured at several voltages).!'! Further analysis found that the work
function of the electrodes contributed significantly to the measurement of 100 nm PSL particles.
Measurements were made with a starting concentration between 760 particle cm= — 950 particles
cm3. Four combinations of electrode orientation (top vs. bottom) and polarity were used. A
holding time of 7 h and a voltage range of 25 mV — 750 mV was used. 1.0632 g cm was used for
the density of the PSL particles. Based on this recent analysis including the work function
correction, a size of 101.71 nm + 0.39 nm was determined for JSR SC-010-S.%* The uncertainty is

the combined uncertainty with a coverage factor of 2.

5.3.5 Comparisons

Figure 5.5 compares the AFM, SEM, and DMAS measurements of the JSR SC-010-S. The
agreement between AFM and SEM is good with respect to the shape as well as the mean of the
distributions. The distribution obtained by DMAS is slightly broader and shifted by about a
nanometer to larger sizes. Table 5.2 and Figure 5.6 illustrate the different mean diameters
determined by the four techniques with their associated uncertainties. An advantage of measuring
JSR SC-010-S is that the measurands from the different techniques are expected to be nearly
identical. DMAS measures mobility, AFM measures height, SEM measures area, and EAB
measures mass, but all of the diameters derived from these different properties are expected to be

nearly the same, as the particles are monodisperse and very spherical.
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Comparison of the AFM, SEM, and DMAS distributions.

Table 5.2: Number average diameters of SRM 1963a and JSR SC-010-S determined by DMAS,

AFM, SEM, and EAB.
Instrument | Number average diameter (nm) | Expanded uncertainty (k = 2) (nm)
- SRM 1963a | JSR SC-010-S
DMAS 101.0 100.1 1.2
SEM 99.0 98.8 2.2
AFM 99.1 99.0 2.3
EAB% - 101.7 0.4
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Figure 5.6: Comparison of the number average diameters of JSR SC-010-S determined by DMAS,
AFM, SEM, and EAB. The error bars indicate the expanded uncertainties with a coverage factor
of 2.

5.4 Discussion

Different traceable standards were used for some of the measurements in this comparison.
The DMAS measurements are traceable to the wavelength of light for a He-Ne laser (633 nm) used
to determine the mean size of SRM 1690 by light scattering measurements of the particle
suspension.®? Nominally 1 um PSL particles, SRM 1690 was validated by measuring the light
scattering of the suspension using a different polarity of incident light, measuring the light
scattering of individual aerosolized particles by two lasers independently, and measuring the row
length of close-packed arrays with optical microscopy.!*? Each measurement included a detailed
uncertainty analysis and all the results agreed within the uncertainty of the measurements, though
the final certificate was tied specifically to the light scattering measurements of the suspension.

SRM 1690 was used as a calibration particle for DMAS measurements of SRM 1963, nominally
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100 nm PSL. Due to the large size of SRM 1690, the certification was completed using the +3 and
+4 charge states, and good agreement was determined for the size of SRM 1963 calibrated by the
two states.?® Finally, due to aggregation, SRM 1963 was eventually replaced with SRM 1963a,
also nominally 100 nm PSL. SRM 1963 was used as a calibration particle for DMAS
measurements of SRM 1963a and SRM 1964 (nominally 60 nm PSL).>® SRM 1963a also
eventually aggregated, though techniques capable of differentiating monomers from larger
aggregates, such as DMAS, can still use the particles as calibration particles traceable to the

wavelength of light from the initial light scattering measurements of SRM 1690.

The AFM and SEM measurements are traceable to an lodine-stabilized He-Ne laser (633
nm wavelength) used by the displacement interferometer in the calibrated AFM at NIST. The
calibrated AFM is a carefully designed metrology grade instrument that is used to certify size
standards such as the height and pitch standards used to calibrate the AFM and SEM measurements

presented here.®

The EAB is used as a primary measurement of average particle mass, and it does not have
any direct traceability. This may not be a large issue for particle size measurements, since the
uncertainty in the particle diameter obtained by the other techniques is more than a decade larger
than the uncertainty in the wavelength standard. On the other hand, the EAB theory relating the
size of the particle to the electric field is rigorous and simple in comparison with the two traceable
approaches. A thorough uncertainty analysis for the EAB was presented, and comparison
measurements were made of several size standards certified by different measurements. Good
agreement was determined for seven PSL particles ranging from 100 nm — 1000 nm, including a
variety of traceable standards such as SRM 1963, SRM 1691, and SRM 1690. However, repeat

measurements by the EAB over several years showed some drift in the measured size of JSR SC-

130



010-S and led to further uncertainty analysis. It was shown that the work function of the electrode
had a significant and potentially temporally changing influence on the measurement due to
electrode degradation. For the 100 nm PSL particles, the work function and the linear regression
for the survival function were the largest contribution to the uncertainty and led to a new certified
value for JSR SC-010-S: 101.71 nm + 0.39 nm. The uncertainty analysis is complex because of
the inclusion of correlation effects related to the work function of the electrodes. The presence of
this previously unknown contribution to the measurement and uncertainty could alter the previous
agreement between the EAB and other measurement techniques for the 100 nm PSL standards.
The theory relating the size of the particle to the electric potential for the EAB measurements is
rigorous and simple in comparison to the other instruments if there is not an issue with the work
function, as is the case for larger particles. For a 300 nm particle, the nominal voltage would be 30
V, which is about 30 times larger than the value for the 100 nm particles. For the 300 nm particles

the work function correction is minimal.

There are also some lingering uncertainty issues with the other techniques. For the case of
the SEM, there is an issue determining where the physical edge of the particle is compared with
the SEM image, or even what the edge of a particle means. In AFM, the sphericity of the particles
is affected by surface forces when depositing the particles on a substrate during sample
preparation, and by tip-particle deformation during imaging.® For DMAS, it is possible that the
uncertainty associated with the slip correction, the relation between mobility and diameter for
nanoscale aerosols, of the particle is larger than the current estimate. Many values have been
reported for the empirical fits to the slip correction as knowledge of particle size and the mean free
path of air improved, but only the values used here include a quantitative uncertainty analysis.

Also, the effect of age on the size of the monomer calibration particles has not been studied. Over
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the years, the PSL standards have been found to agglomerate. The particle size standards continue
to be used, since the size of the primary particles appear to remain unchanged. However, there has
been little effort to study the effect of a decade (or more) of aging on the primary sphere size. The
SEM and AFM measurements involve particles on a surface, while DMAS and EAB measure the
aerosolized particles after droplet evaporation. Perhaps the different environments affect the
thickness of some unknown coating on the surface of the spheres. Ehara et al. estimated that the
effect of nonvolatile impurities is negligible for the 100 nm PSL spheres.t*! However, it is possible
that there is a surfactant coating that is not removed by centrifuging and resuspending the spheres.
Also, it is possible that a coating of water (one or more layers) remains after drying and influences

the microscopy differently than the aerosol measurements.*®

The listed potential measurement biases have all been considered and corrected to the best
of my current understanding, and the uncertainties in the corrections or the remaining uncorrected
uncertainties are all included in the reported overall uncertainty estimates for the respective
measurements. However, these are possible explanations for the discrepancy between the
instruments. Regardless of the source of the difference in the measured size, the difference is
significant and will likely lead to future disagreement. The EAB is being used to certify size
standards by the National Metrology Institute of Japan (NMIJ), while the AFM and SEM methods
described here may be used to certify the next generation size standards at NIST. The difference
illustrated here is expected to also be true for these future standards, with the NIST values being
slightly smaller and the NMIJ values being slightly larger and the error bars nearly overlapping.
This may complicate future international comparisons as the results may vary depending on the

source of calibration standard.
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5.5 Conclusions

The results represent a careful study of a nearly monodisperse nano-size spherical particle
distribution using a variety of measurement methods. The total range in the number average
diameters for the six measurements of the JSR SC-010-S is slightly less than 3% of the mean of
the values. For many applications, the use of these standards would enhance the quality of size
distribution measurements for aerosols and colloids. However, the 95% confidence intervals for
some of the measurements barely overlap, raising the concern that some uncertainty components
may have been underestimated or some measurement biases may have been overlooked. This
difference may become significant as AFM, SEM, and EAB are intended to be used in the manner
described here for the certification of future nanoparticle size standards. Improvements in these
measurements or the use of other techniques such as small angle x-ray and neutron scattering are

important for progress in fundamental aerosol and colloidal research.
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Chapter 6: Conclusion and Future Work

In this dissertation | have demonstrated some new uses for differential mobility analysis
(DMAS). | have shown DMAS measurements of protein aggregation kinetics validated by
asymmetrical flow field flow fractionation. This clarifies that DMAS can be used to measure
aggregation in common protein formulations without significant changes to the measured rate due
to the necessary buffer exchange into ammonium acetate. DMAS s a relatively fast measurement
technique that requires minimal sample and therefore is ideal for expensive protein therapeutics
such as monoclonal antibodies. I demonstrated a method for calibrated mass distribution
measurements by DMAS with an inductively coupled plasma mass spectrometer (ICP-MS) for a
detector. An ionic standard of certified mass concentration was sufficient to calibrate
measurements of various gold nanoparticles. For polydisperse titania carrier particles coated with
gold (Au@TiO-), a multiple charge correction was necessary to improve the agreement with the
ionic standard. The agreement may improve further with a thorough analysis of the spray source.
| demonstrated good agreement between step voltage mode and scan voltage mode (SMPS)
measurements of monodisperse gold nanoparticle samples by DMAS. Both measurements were
calibrated with a traceable nanoparticle size standard, and a thorough uncertainty analysis was
presented for the step voltage mode measurements. The same SMPS data calibrated by an
alternative technique differed from the size standard calibration, though it was within the error
bars of the step voltage mode measurement. Key parameters for the SMPS were analyzed, such as
scan time, delay time, distribution width, and measurement range. The SMPS has the potential to
improve future certifications of nanoparticle size standards due to the short measurement time.
Finally, I demonstrated measurements of a 100 nm PSL size standard by four independent

techniques: DMAS, scanning electron microscopy (SEM), atomic force microscopy (AFM), and
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electro-gravitational aerosol balance (EAB). Two independent traceability pathways were used:
one for DMAS, and one for SEM and AFM. EAB is considered a primary measurement due to its
thorough uncertainty analysis, rigorous theory, and low uncertainty. The measurements agreed
within 3%, though the error bars of EAB and the microscopy techniques did not overlap. This
difference may prove to be significant if these techniques are used to certify future 100 nm size

standards.

Several other projects showed promise but were not investigated thoroughly due to time
limitations. A collaboration with Scott Brown at Chemours found that a specific batch of pegylated
titania particles (R746) were undetectable by the condensation particle counter (CPC) when
electrosprayed. The particles were detectable by the CPC when atomized and they were detectable
by ICP-MS when electrosprayed. The CPC is generally considered a universal detector, except for
a lower size limit, so it would be of interest to understand if and why a certain class of particles is
not detectable. Also, as mentioned previously, some disagreement between the ionic standard and
Au@TiO2was unresolved in chapter 3. Preliminary measurements indicate good agreement when
a nebulizer was used instead of the nano electrospray (nES). The method presented in chapter 3
could be modified to use the nebulizer in place of the nES, or further work could be done to study
the influence of the nES on the measurement. Measurements with the nebulizer would result in
more droplet aggregation for particles around 100 nm and smaller, so determining representative
mass distributions would be more complicated. Also, size certification measurements with DMAS
were made with a variety of size standards for calibration. Significant differences were determined
between values calibrated by SRM 1964, SRM 19634, and JSR SC-010-S. Specifically of concern
is the difference between SRM 1964 and SRM 1963a, as both particles were certified at the same

time by DMAS. Perhaps there is has been some effect of aging on the primary sphere size over the
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decade since their release. Comparison measurements of several standards by several measurement
techniques may help to identify trends between standards. However, determining which standard
is accurate may require repeating the initial traceable measurement, starting with the light
scattering measurements of SRM 1690. Finally, efforts were made to negatively stain microscopy
grids that were coated with particles post nES and DMA. Generally, particles such as proteins or
nanocellulose were deposited for several hours at a concentration expected to apply good coverage,
and then the grid was stained by pipetting a small volume of uranyl acetate onto the surface.
Several minor variations of this approach failed to properly stain the particles, and a simpler
solution may be to electrospray bionanoparticles dispersed in uranyl acetate or other heavy metal

to dye the particles during aerosolization.
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