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a b s t r a c t

The particle size distribution (PSD) of a polydisperse or multimodal system can often be difficult to obtain
due to the inherent limitations in established measurement techniques. For this reason, the resolution,
accuracy and precision of three new and one established, commercially available and fundamentally dif-
ferent particle size analysis platforms were compared by measuring both individual and a mixed sample
of monodisperse, sub-micron (220, 330, and 410 nm – nominal modal size) polystyrene particles. The
platforms compared were the qNano Tunable Resistive Pulse Sensor, Nanosight LM10 Particle Tracking
Analysis System, the CPS Instruments’s UHR24000 Disc Centrifuge, and the routinely used Malvern Zeta-
sizer Nano ZS Dynamic Light Scattering system. All measurements were subjected to a peak detection
algorithm so that the detected particle populations could be compared to ‘reference’ Transmission Elec-
tron Microscope measurements of the individual particle samples. Only the Tunable Resistive Pulse Sen-
sor and Disc Centrifuge platforms provided the resolution required to resolve all three particle
populations present in the mixed ‘multimodal’ particle sample. In contrast, the light scattering based Par-
ticle Tracking Analysis and Dynamic Light Scattering platforms were only able to detect a single popula-
tion of particles corresponding to either the largest (410 nm) or smallest (220 nm) particles in the
multimodal sample, respectively. When the particle sets were measured separately (monomodal) each
platform was able to resolve and accurately obtain a mean particle size within 10% of the Transmission
Electron Microscope reference values. However, the broadness of the PSD measured in the monomodal
samples deviated greatly, with coefficients of variation being �2–6-fold larger than the TEM measure-
ments across all four platforms. The large variation in the PSDs obtained from these four, fundamentally
different platforms, indicates that great care must still be taken in the analysis of samples known to have
complex PSDs. All of the platforms were found to have high precision, i.e. they gave rise to less than 5%
variance in PSD shape descriptors over the replicate measurements.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Many submicron particle suspensions have complex particle
size distributions (PSDs) [1], in that the size distribution is broad

(polydisperse), or they consist of several distinct particle popula-
tions of varying size (multimodal). Currently, most particle sizing
techniques are only able to accurately measure an average particle
size for simple monomodal systems [2–5]. For example, Bell et al.
[6] recently demonstrated that six submicron particle sizing
techniques, being, an Tunable Resistive Pulse Sensor (TRPS),
Particle Tracking Analysis (PTA), Differential Centrifugal Sedimen-
tation (DCS), Dynamic Light Scattering (DLS), Transmission
Electron Microscopy (TEM) and Scanning Mobility Particle Sizing,
generated similar mean values for the PSDs of several monomo-
dal, submicron, Stöber silica particle suspensions. In contrast,
obtaining the ‘true’ PSD of a multimodal or polydisperse sample
is often more challenging due to fundamental limitations in the
detection and analysis methodologies of sizing techniques. For
example, it is well known that techniques such as light scattering,
optical microscopy and electron microscopy are limited because
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they either measure only an averaged sample size distribution, lack
the resolution to observe such particles, or are too time consuming
to be conveniently used to measure polydisperse or multimodal
samples. These factors can result in skewed or misleading repre-
sentations of the true PSD of a sample.

Herein we compare the resolution of three new particle mea-
surement platforms, TRPS, PTA and DCS, for measuring the PSD
of a highly polydisperse, multimodal mixture of 220 nm (PS220),
330 nm (PS330) and 410 nm (PS410) polystyrene particles, mixed
in a weight ratio of 1:1:1. The size resolution of a technique is as-
sessed by its ability to detect the three separate particle sets pres-
ent in the multimodal sample, while technique accuracy is
assessed from the deviation of PSD shape descriptors to those ob-
tained from measurements of the monomodal particle sets by both
TEM and each respective technique. Precision is assessed by
repeatability of the measured PSD descriptors over several repli-
cate measurements. For each technique, analysis of both the theory
and the ways in which the PSD data was processed is presented for
the purpose of explaining how comparisons between the dissimilar
techniques are made.

2. Measurement techniques

2.1. Transmission electron microscopy

TEM is an established technique that is capable of imaging
samples based on the absorption of an electron beam as it
passes through ultrathin (� < 100 nm) samples. The transmitted
beam is typically projected onto a phosphorescent screen or
detector, enabling micro- and nano-meter sized objects to be
visualized. It has been a cornerstone of particle analysis for the
last 50 years [7] and is widely applied for particle sizing. When
applied to PSD analysis, TEM is a single particle technique that
provides the added benefit of information on particle shape
and composition. Particle size is measured in TEM from the
diameter determined from a 2D projected area of a three dimen-
sional particle. There are many possible diameters that can be
reported, however the equivalent spherical diameter or the Feret
diameter are the most common. In the case of spherical parti-
cles, all of the possible diameter measurements should be
equivelent, however, for irregularly shaped particles, the choice
of equivalent diameter can produce values that do not represent
the sample geometry.

Despite the obvious benefits of being able to visually image a
sample, the technique is often considered to be labor intensive as
many hundreds or thousands (depending on the broadness of the
PSD and the desired error) [8] of particles should be measured to
obtain a statistically significant PSD measurement. In order to in-
crease the throughput of PSD measurements, automated image
analysis software is often used [9,10], however the requirement
for user defined measurement parameters in these programs can
often result in bias in PSD measurements. A further limitation of
TEM is that it requires a high vacuum environment, preventing
in situ sample analysis. The high energy electron beam used in
TEM can also cause damage to a sample and must be taken into
consideration, particularly for biological samples (which require
chemical fixing to prevent sample destruction [11]), or polymer
based samples which can shrink or charge under the electron
beam.

Together with the low sample throughput, poor statistics,
sample preparation requirements, harsh measurement conditions
and inability to measure particles in situ, the requirement for
rapid, bench-top PSD determination has lead to the development
of many alternative sizing techniques, which are compared in this
paper.

2.2. Dynamic light scattering

DLS, or photon correlation spectroscopy, is an established and
popular technique for determining PSD and has been used as a par-
ticle characterization work horse since its development in the
1960s due to both its applicability to a wide spectrum of particles
and dispersion media and its ease of use. DLS is an ensemble mea-
surement that determines the average hydrodynamic diameter of a
particle suspension by measuring the changes in the speckle pat-
tern produced by particles scattering light as they undergo Brown-
ian motion. Monodisperse suspensions produce an intensity
autocorrelation function, G2(s), that can be described by [12]

G2 sð Þ ¼ A 1þ B � e �2Dq2sð Þ
j k

ð1Þ

where s is the time delay between intensity measurements, A and B
are the baseline and intercept of the correlation function, D is the
diffusion coefficient and q ¼ 4pn=kð Þ sin h=2ð Þ, where n is the
refractive index of the solvent, k is the wavelength of the laser
and h is the scattering angle. For short time delays in s the intensi-
ties will be highly correlated, while for long delays the correlation
between intensity measurements will decay due to the movement
of the particles undergoing Brownian motion. For a monodisperse
system, the measured diffusion coefficient can then be related to
the hydrodynamic diameter using the Stokes–Einstein equation.

dH ¼
kT

3Dpg
ð2Þ

where dH is the particle’s hydrodynamic diameter, k is the Boltz-
mann constant, T is the temperature and g is the viscosity of the
medium.

For a polydisperse sample, the correlation function is described
by the sum of the exponential decays of the different populations
of particles present in the sample. Unfortunately, inversion of this
function to obtain the distribution of decay rates suffers from low
resolution due to the ill-posed nature of the Laplace inversion [12].
To overcome this limitation a range of algorithms have been devel-
oped, such as Cumulants analysis, Non-negative least squares
(NNLS) and CONTIN, that can be used to more reliably obtain infor-
mation about the PSD of a polydisperse system. A more detailed
analysis of DLS and the various algorithms can be found in the fol-
lowing articles [12,13]. To determine the volume or number-based
PSD of a sample, these algorithms additionally require a priori
knowledge of the optical properties of both the particle and its sus-
pending medium.

A major limitation of DLS is that it is inherently sensitive to the
presence of larger particles in a sample. This is because scattered
light intensity is dependent on particle size. Using the Rayleigh
approximation, the intensity, I, of scattered light is proportional
to the sixth power of the particle diameter d : I / d6 [12]. Thus even
a few large particles in a sample will dominate the signal, resulting
in an over-estimate in the mean diameter [4,14,15]. For this reason,
DLS is not suitable for PSD analysis of highly polydisperse samples.
However, the ease of use, high throughput nature, and the ability
to analyze a large range of particulate sizes, materials and disper-
sion media has made DLS one of the most common and simplest
measurement techniques for PSD determination.

2.3. Tunable resistive pulse sensor

TRPSs offer a new method for PSD analysis based on a size-tun-
able pore that measure objects via resistive pulse sensing. Resistive
Pulse Sensors, or Coulter counters, were first pioneered in the
1950s by Coulter for high throughput, automated blood cell count-
ing and sizing [16]. Historically, Resistive Pulse Sensors have been
limited to characterizing micro-particles, however recent advances
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