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Abstract
Size and shape distributions of gold nanorod samples are critical to their physico-chemical
properties, especially their longitudinal surface plasmon resonance. This interlaboratory
comparison study developed methods for measuring and evaluating size and shape
distributions for gold nanorod samples using transmission electron microscopy (TEM)
images. The objective was to determine whether two different samples, which had different
performance attributes in their application, were different with respect to their size and/
or shape descriptor distributions. Touching particles in the captured images were identified
using a ruggedness shape descriptor. Nanorods could be distinguished from nanocubes using
an elongational shape descriptor. A non-parametric statistical test showed that cumulative
distributions of an elongational shape descriptor, that is, the aspect ratio, were statistically
different between the two samples for all laboratories. While the scale parameters of size
and shape distributions were similar for both samples, the width parameters of size and
shape distributions were statistically different. This protocol fulfills an important need for a
standardized approach to measure gold nanorod size and shape distributions for applications in
which quantitative measurements and comparisons are important. Furthermore, the validated
protocol workflow can be automated, thus providing consistent and rapid measurements of
nanorod size and shape distributions for researchers, regulatory agencies, and industry.

Keywords: gold nanorod, transmission electron microscopy, size distribution, shape
distribution
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1. Introduction

Anisotropic metal nanoparticles, with different size, shape,
and aspect ratios, have a variety of useful properties (Murphy
et al 2005). Metal nanorods have shape-dependent optoelec-
tric properties, such as surface-enhanced Raman scattering
(Nikoobakht et al 2002), fluorescence (Mohamed et al 2000),
and anisotropic chemical reactivity (Jana et al 2002). Apart
from their high chemical stability, gold nanorods are of special
interest due to their well-developed synthesis methods. These
can produce nanorod samples with a wide range of tunable,
longitudinal surface plasmon resonances (LSPRs), which cor-
relate with their aspect ratios (Schmucker ez al 2010, Hu et al
2014a, 2014b). Optical applications of gold nanorods include
sensing and imaging based on light absorption (Murphy et al
2005), laser-induced heating (Perez-Juste et al 2005), photo-
thermal cancer therapy (Huang et al 2007, Wang et al 2011,
Alkilany et al 2012, Zhang et al 2012, 2014, Dembereldor;j
et al 2014), surface plasmon resonance-enhanced properties
plus Raman scattering (Huang et al 2007), plasmon-induced
charge separation (Du et al 2009, Kou et al 2016), drug
delivery (Alkilany et al 2012, Chen et al 2016), and sensing
the deformational mechanics fields of living cells (Murphy
et al 2008), to name a few. Biological applications of gold
nanorods are expected to increase due to their excellent bio-
compatibility (Huang et al 2009). Applications leading to
quantitative results would benefit from size and shape dis-
tribution data with known repeatability, reproducibility, and
uncertainty. Examples would be the prediction of maximum
longitudinal plasmon resonance (Brioude et al 2005, Prescott
and Mulvaney 2006) and the elucidation of gold nanorod
growth kinetics (Henkel et al 2009) and mechanisms (Hubert
et al 2010, 2012). Transmission electron microscopy (TEM)
can provide high-quality data of particle size and shape dis-
tributions that can be used for process monitoring, product
characterization, and other commercial applications. Despite
accurate determination of gold nanorod size and shapes using
TEM, the absence of a TEM measurement protocol for gold
nanorod size and shape distributions hinders its technological
advancement and commercial development. In this article, we
report the development of a validated standardized protocol
for gold nanorod size and shape distributions to meet this
industrial need.

1.1. Gold nanorod sample morphologies

Gold nanorod synthesis methods can generate a variety of
shapes, including rods, stars, tetrapods, blocks, and cubes
(Murphy et al 2005). These morphologies are influenced
by reactant concentrations, synthesis temperature and pH,
and stabilizers for the seed particles (Sharma et al 2009a,
Khlebtsov et al 2014). Batch, seed-mediated methods often
start with 2—4nm seed particles, and use structure-directing
additives to control the nanorod morphology during synthesis
(Henkel er al 2009). The change in linear dimensions with
time can be modeled as a first-order process (Henkel e al
2009).

Most seed-mediated synthesis processes also produce
small number-fractions of different shaped nanoparticles
(Morita et al 2009). For example, Morita and coworkers
(2009) simulated the small angle x-ray scattering signal for
a mixture of nanorods with an aspect ratio (defined as width
divided by length, see section 1.3) of 0.33 (96.5% portion),
and fat cylindrical particles with an aspect ratio of 1 (3.5%
portion). The theoretical scattering profile of the mixture
diverged measurably from that of the nanorod component
across a range of scattering intensities. Therefore, it is likely
that some commercial applications will require determina-
tion of particle size and shape distributions, and subsequent
separation and removal of non-nanorods shapes from the as-
synthesized product (Sharma et al 2009a, 2009b, Nguyen et al
2015, 2016).

Concentrated liquid dispersions of nanorods can form
liquid crystalline phases (Sharma et al 2009a). For example,
phase diagrams of isotropic, nematic, smectic, and solid liquid
crystallites have been computed by Bolhuis and Frenkel
(1997). The phase behaviors depend on aspect ratio, the frac-
tion of non-nanorods, the drying rates, and the polydispersi-
ties of the samples (Sharma et al 2009a). Self-association of
nanorods while mounting them on TEM grids and supports
can lead to touching particles that can affect automated image
analysis methods. Protocols for mounting gold nanorod sam-
ples can be optimized for specific samples, depending on
these and other factors.

Based on commercial synthesis techniques and applica-
tions, stakeholders for size and shape distribution measure-
ments of gold nanorod samples may have the following needs:
(1) identification of nanorod and ‘non-nanorod’ particles, (2)
identification of ‘touching’ particles (linked with the forma-
tion of associating nanoparticles during the mounting protocol
for TEM grids), (3) measurement of nanorod dimensions,
length and width, plus their relative size distributions, and
(4) the determination of nanorod aspect ratios. In addition, it
would be useful to find ways to differentiate between sam-
ples having different distributions, which could directly lead
to changes in their performance in applications. For instance,
gold nanorod samples intended for photothermal treatments
would generally have narrow size distributions that would
reduce the needed laser power. For solar energy harvesting,
gold nanorod samples would generally have broad size distri-
butions for wide spectral absorbance.

1.2. Project objectives

The overall objective of the project was to determine whether
two different nanorod samples, which had different perfor-
mance attributes in their application, could be differentiated
using size or shape descriptor distributions. The workflow to
accomplish this objective included raw data triage, identifi-
cation and removal of touching particles, identification and
removal of non-nanorod particles, determining the repeat-
ability and reproducibility of descriptors, non-parametric
comparison of descriptors and their cumulative distributions,
fitting distribution parameters to datasets and determining

255



Metrologia 55 (2018) 254

E A Grulke et al

Figure 1. TEM image of colloidal gold nanorods. Courtesy of
AIST; MAG*IxCAL calibration, 0.1543 nm/pixel, Carl Zeiss EM-
922, 200kV. X 63k magnification.

their uncertainties, determining whether there were fitted
distribution parameters that could be used to differentiate the
two samples, and visualizing the results. Touching particles
were identified using solidity, a ruggedness shape descriptor.
Non-nanorod particles were identified using the aspect ratio,
an elongational shape descriptor. The key size and shape
descriptors used to differentiate between the two samples
were Feret diameter (Feret), minimum Feret diameter (min-
Feret), and aspect ratio. Other descriptor choices are possible.
Quantitative size and shape distributions could be linked to
applications such as estimating LSPR (Brioude er al 2005,
Juve et al 2013), centrifugation to separate nanorods by shape
(Sharma et al 2009a, 2009b), or asymmetric flow field flow
fractionation (Nguyen et al 2015, 2016) to separate nanorods
by shape.

This study on gold nanorods is intended as a foundational
work for a potential ISO standard on the measurement of par-
ticle size and shape distributions by TEM. It is one of five case
studies undertaken as an interlaboratory comparison (ILC)
project of ISO/TC229 Nanotechnologies; co-authors are mem-
bers of the Joint Working Group 2 Committee, Measurement
and Methods. The team includes national metrology institutes,
a national center for nanoscience and technology that manu-
factured the samples, a US research agency, and a university.

Figure 1 shows an image of a gold nanorod sample taken
by scanning electron microscopy in transmission mode. Each
sample had mixtures of particle shape populations. The image
shows complex touching particles, nanorods, and ‘nanocubes’,
a generic term intended to include cubes, spheroidal, and other
shapes with high aspect ratios (width to length ratios). The
nanocubes are thought to be artefacts of the synthesis process.
Notice that there are many small ‘nematic’ regions in which
the nanorods are self-aligned.

1.8. Descriptor selection

We have adopted descriptor definitions as provided by ISO
(2008), including those derived as ratios of size descriptors.

For example, the aspect ratio is defined so that its values range
from zero to one, rather than following the common conven-
tion that aspect ratios are defined as greater than or equal to
one. Evaluating nanorod morphology by TEM will require at
least two descriptors: for example, a size descriptor and a elon-
gational shape descriptor (Becker et al 2010). Size descriptors
used in this study were area, Feret diameter (Feret), minimum
Feret diameter (minFeret), and perimeter. Elongational and
ruggedness shape descriptors can be derived from combi-
nations of size descriptors. A common set of elongational
and ruggedness descriptors are shown in table SI-8 in sec-
tion 7 of the supplementary information (SI) (stacks.iop.org/
MET/55/254/mmedia). The aspect ratio, defined as the ratio
of minFeret/Feret (ISO 2008), is often used to characterize the
elongational shape of nanorods:

. minFeret
aspectratio = ———

ey

Feret

In this form, low aspect ratio values correspond to long
objects, while aspect ratio values near 1 correspond to sphe-
roidal or cubical shapes. The Feret diameter and aspect ratio
are often used as the two descriptors for reporting nanorod
morphology. The discrete, non-touching particles in figure 1
should not have much surface ruggedness or boundary irreg-
ularities. However, ruggedness shape descriptors might be
useful in identifying touching particles, which should have
significant surface ruggedness. An example of a ruggedness
descriptor is solidity:

- A
solidity = Ac 2)
where A is the area of the particle, and Ac is the particle’s
convex hull. The area of the convex hull can be thought of as
the area enclosed by a rubber band around the 2D image. For
a perfect, smooth circle, the solidity should approach 1. For
a highly branched image, the solidity may be much smaller
than 1.

While there are predictions on how many particles must
be analyzed to reliably determine the particle size and shape
(Souza and Menegalli 2011) of a sample, practitioners can
adjust the number of particles measured to provide parameters
with the needed uncertainty (JCBM/WG1 2008). One guide-
line is the simple heuristic that the relative standard error of
the descriptors should scale with 1/1/n (Masuda and linoya
1970, Masuda and Gotoh 1999), where n is the number of
nanoparticles measured.

1.4. Non-parametric and quantitative comparisons
of descriptor datasets

Three non-parametric statistical methods were used to assess
data repeatability, reproducibility, and dataset similarity:
analysis of variance (ANOVA), bivariate analysis, and the
two-sample Kolmogorov—Smirnov (K—S) analysis. This suite
of non-parametric tests provides alternatives for comparing
datasets. The ANOVA hypothesis is that there is no difference
between the mean value of a descriptor for a specific dataset
and the grand mean value of the descriptor for all datasets.
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The bivariate analysis hypothesis is that there are no differ-
ences between the mean values of two variable descriptions
of a dataset, for example, a two-variable correlation or an
empirical cumulative distribution. When the p-value is greater
than 0.05, the null hypothesis is not rejected, and the datasets
are considered similar. The K-S statistic quantifies distances
between empirical cumulative distributions of two samples.
The null hypothesis is that the samples are from the same dis-
tribution, testing whether the two cumulative distributions are
different. The two empirical distributions are compared to find
the supremum of the difference between them, D, ,;:

Dy = sup |[F1(x) = Fam(x)]] 3

where F;,(x) is the value of the cumulative distribution of the
ith sample at x, and n and m are the number of data points in
each sample. Setting 1 — « at the 95% probability level, the
null hypothesis would be rejected when

n+m

Dy > c(a) - 4)

n-m
and the two empirical cumulative distributions would be con-
sidered different. At the 95% probability level, c(a) = 1.36.
The K-S test should be particularly useful for determining
whether cumulative descriptor distributions of two samples
are different, without reference to any particular reference
model.

Quantitative comparisons of descriptor distributions are
done using parameters determined by fitting reference dis-
tributions (normal, lognormal, and Weibull, for example) to
empirical cumulative distributions. These models require two
parameters: a distribution scale and a distribution width. Scale
and width parameters can be compared across multiple data-
sets to generate a grand mean and a standard deviation for a
specific descriptor. Uncertainties have been reported for nano-
particle size (Takahashi et al 2008, Song et al 2009, Klein et al
2011, Bell et al 2012, Nontapot et al 2013), size distributions
(Braun et al 2011), surface area (Bau et al 2010), and surface
topology (De Temmerman et al 2014), and are migrating from
their use in characterizing reference materials (Kestens and
Roebben 2014) to more routine characterizations of commer-
cial nanoparticles.

2. Experimental details

2.1. Materials

Gold nanorod test samples were prepared using a method sim-
ilar to that used to make a certified reference material (CRM
Au 720, GSB 02-2994-2013 (GSB 2013)) developed by the
National Center for Nanoscience and Technology (NCNST),
Beijing, China. Four samples of gold nanoparticles coated
with cetyltrimethylammonium bromide (CTAB), a surfac-
tant used to stabilize water dispersion, were received from
NCNST. Two particle sample types were distributed in two
different states. The sample states were aqueous suspensions
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Table 1. Instrument conditions for image acquisition, Lab L3.

Operating factor Protocol detail

TEM instrument model JEOL 1220
Operating mode (TEM, TEM
STEM)

Accelerating voltage 80 kV
Magnification 80k

Beam current 66 mA

Dates of analysis 2014 05 28; 2014 06 27; 2014 07 29

of gold nanoparticles and 3mm TEM grids that were pre-
loaded with nanoparticles. Sample 1 was purported to have
a broader size distribution than Sample 2. Upon receipt, all
samples were stored at 4 °C until use. The pre-loaded grids
were used as-received.

For TEM instruments, the calibration protocols, preferred
mounting methods, instrument settings, operating condi-
tions, and image analysis methods and software can vary.
An integrated protocol example, reported by one lab (L3), of
the mounting method, operating conditions, and analysis of
dispersion samples is provided here. Additional information
about the protocol, including instrument settings, image cap-
ture, and particle analysis, is given in sections 1-5 of the SI.

2.1.1. Sample mounting. A suspension of CTAB-coated gold
nanoparticles was placed in a 30 °C water bath for 30 min to
dissolve any CTAB crystals that formed during refrigeration.
Next, 5 pl of the suspension was deposited onto a 300 mesh
copper grid with formvar coating (Cat. No. 01701-F, Ted Pella
Inc., California, USA) that was dried at ambient temperature.
This sample was referred to as user-mounted. The pre-loaded
grids provided by NCNST were referred to as lab-mounted.

2.1.2. Image acquisition. Representative details of the image
acquisition parameters for one laboratory are summarized in
table 1. Briefly, the TEM was operated at an accelerating volt-
age of 80kV and nominal magnification of 80 k. The actual
magnification used for TEM image acquisition was previously
calibrated using a calibration grating, although the exact date
was not reported. The TEM calibration should be known and
reported. Bright field images are preferred, and each image
should contain a reference scale.

2.1.3. Particle capture. Digitized images were analyzed
using ImagelJ version 1.49a (Schindelin et al 2015). In lab
L3, the pixel size was 0.926 nm pixel ™' (or 1.08 pixel nm~1).
The brightness and contrast of each 16 bit *.tif format image
was adjusted using the automatic settings optimized by
ImageJ. An example of a thresholding sequence is provided
in section 3 of the SI (figures SI-1-SI-4). After threshold-
ing the images, some particles were observed to be touch-
ing. The width (minimum Feret diameter) and length (Feret
diameter) were measured using the Analyze Particle function
in Imagel. The aspect ratio was computed as the ratio of the
minimum Feret diameter divided by the Feret diameter. Auto-
mated algorithms for separating touching particles were not
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used as they can artificially reduce size and area measure-
ments (Rice et al 2013).

2.2. Analysis workflow

2.2.1. Raw data triage and patrticle differentiation. Each data-
set was evaluated to determine whether touching particles and
non-nanorod particles were present or had been previously
removed. Nanorods were arbitrarily defined as particles with
aspect ratios <0.5. Differentiation criteria for touching par-
ticles and nanoparticle types were developed by one labora-
tory. One image was selected, and ImagelJ was used to acquire
and analyze each particle. Each particle was catalogued with
respect to its category, i.e. nanorod, nanocube, or complex
(adjacent touching particles). ANOVA was used to determine
criteria for size or shape descriptors that would differentiate
the three particle types (complex, nanocube, and nanorod).
These criteria were translated to an automated workflow
applied to all raw datasets. Touching particles were removed
first, followed by nanocube data. Only nanorod data was ana-
lyzed for the remainder of the workflow (see figure SI-5).

2.2.2. Non-parametric comparisons of empirical distributions.
Two non-parametric comparison tools, ANOVA and bivariate
analysis, were implemented in R Shiny App® web-based inter-
faces developed by the Applied Statistic Lab at the University
of Kentucky. Intralaboratory repeatability can be assessed by
ANOVA of descriptor means across all images for one lab.
Interlaboratory reproducibility can be assessed by ANOVA of
descriptor means across all datasets. Bivariate analysis com-
pares two-variable correlations, such as size versus shape or
empirical cumulative distributions, without reference to spe-
cific distribution models. These tools have been previously
used for analyzing size and shape distributions of nanopar-
ticles (Grulke et al 2017a, 2017b).

2.2.3. Quantitative comparison of fitted distribution parameters.
A tool for fitting normal, lognormal, and Weibull distributions
to descriptor datasets was implemented in R, and linked to
Shiny App web-based interfaces by the Applied Statistics Lab
at the University of Kentucky. Two fitting techniques, maxi-
mum likelihood estimates and non-linear regression estimates,
were used for each descriptor distribution. Scale and width
parameter estimates plus their standard errors were computed
for both techniques. The parameter estimates and standard
errors can be used to estimate coefficients of variation and
uncertainties of distribution scales and widths. The grand
mean, X, and its standard deviation, s, of descriptor scales and
widths were computed across all datasets. The relative coef-
ficient of variation, Cy, is the ratio of the standard deviation of
the parameter values for all datasets (s) divided by the grand
average of the parameter (X):

C = i 5)
Coefficients of variation are converted to uncertainty values
for the fitted parameters (Linsinger et al 2012):

x.

S 4 % }—| o * ¥
ol O
£
s
| e :
s .
T T T T T T T T
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

aspectR

Figure 2. Intralaboratory ANOVA (lab L2) of aspect ratio, six
TEM images (images), Sample 2. Black vertical line = grand mean
of aspect ratio descriptor; black diamonds = image means, gray
box = +£1.5 standard deviation from the image mean, and extreme
points () are greater than several standard deviations from the
image mean.

UILC=k~CV~\/1+1/n (6)

where Uy c is the uncertainty of the parameter for the ILC,
k is taken as 2, and n is the number of observations. As the
number of datasets, n, increases, the uncertainty decreases.
Equation (6) is often used to estimate uncertainty of certified
reference materials (Linsinger et al 2012). Other elements can
be included in the uncertainty estimate, but only this simpli-
fied form was used for this study. Visualization tools, such
as quantile plots and residual deviation plots, were used to
evaluate the ranges over which models best fit the data.

3. Results

3.1 Raw data triage and image differentiation

This section addresses the triage of raw data to identify
and differentiate between particle types, data repeatability,
data reproducibility, and selection of descriptors for the rest
of the analysis. A workflow for raw data triage is shown in
figure SI-5 of the SI. Data repeatability is an important issue
for analyzing particle size and shape distributions, and labora-
tories were encouraged to use ANOVA analysis of their data to
identify whether any image-to-image bias existed. For the par-
ticles in figure 1, the aspect ratios of discrete nanorods would
typically be 0.50 or less. Discrete nanorods would also have
convex hull measurements, such as the convex hull of the area
or the convex perimeter, similar to their total area or perim-
eter. This would result in ruggedness descriptors linked to
their convex hulls, such as solidity or convexity, having values
close to one (see table SI-8 for shape descriptor definitions).
Figure 2 shows the ANOVA analysis of six images of aspect
ratio data for Sample 2 reported by lab L2. The grand mean
aspect ratio across all images is ~0.37 (vertical line across
all boxplots). All six of these images have means (indicated
by the black diamonds for each image) similar to the grand
mean (p = 0.76), thus showing that the intralaboratory repeat-
ability of the aspect ratio descriptor is good. However, there
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Figure 3. ANOVA analysis of solidity data, Sample 2, lab L2, six
TEM images. Black vertical line = grand mean of all images; black
diamonds = image means, gray box = £1.5 standard deviations
from the image mean, and extreme points () are greater than
several standard deviations from the image mean.

are a number of points, shown as asterisks, with aspect ratios
greater than 0.5; these are likely to be nanocubes that should
be removed from the nanorod analysis.

Figure 3 shows the ANOVA analysis of six images of
solidity data for Sample 2 reported by lab L2. The grand mean
solidity across all images is ~0.94 with p = 0.076, showing
that the intralaboratory repeatability of this descriptor is good.
However, there are some particles with solidities less than
0.85, which is more than two standard deviations lower than
their image means. These are likely to be touching particles
because the actual particle area is less than 85% of the area
of its convex hull. ANOVA of image-wise data helps demon-
strate intralaboratory repeatability, but can also identify the
possibilities of different particle shapes and touching particles
in TEM images.

3.1.1. Identification of touching particles, non-nanorods. We
have developed a heuristic method to differentiate between
nanorods, nanocubes, and complex, touching particles. Using
an image from one laboratory, all ImageJ-inventoried particles
were cataloged with respect to being nanocubes, nanorods, or
touching complexes. Figure 4 is an example of the particle
outlines recovered with ImagelJ: arrows point to a complex
particle (1), a discrete nanorod (2), and a discrete nanocube
(3). Of the 142 particles reported, 21 are complex particles
that should be rejected, 11 are nanocubes that should be
removed by sorting, and the remainder are nanorods. Each
particle was catalogued as one of these types, and the raw data
were analyzed using one-way ANOVA to determine which,
if any, elongational or ruggedness shape descriptors could be
used to differentiate between these image morphologies.

An ANOVA comparison of descriptor data showed that
solidity, a ruggedness/boundary irregularity descriptor, pro-
vides the best differentiation between touching complexes
and discrete nanoparticles such as nanocubes and nanorods.
Particles with solidities less than 0.9 are characterized as
touching, and particles with solidities greater than 0.9 are dis-
crete nanorods or nanocubes. Particles with solidities less than
0.9 were removed from further analysis as their reported sizes
would be much larger than discrete nanorods. Nanocubes

Figure 4. ImageJ outline drawing of gold nanoparticles on a TEM
support. Arrow 1 = touching particles; Arrow 2 = discrete nanorod;
Arrow 3 = discrete nanocube.

10

w 0 @bp
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o @ ©
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o ©
06 o
o N o
05 L L . ) )
0.0 0.2 0.4 0.6 0.8 1.0

aspect ratio

Figure 5. Solidity versus aspect ratio for touching particles,
nanocubes, and nanorods (arrows 1, 2, and 3, respectively of
figure 4).

could be separated from nanorods using the aspect ratio or
ellipse ratio elongational descriptors. Based on this test case,
particles with aspect ratios greater than 0.75 were character-
ized as nanocubes. Figure 5 is an aspect ratio versus solidity
plot of the figure 4 particles. Touching particles have a broad
range of the elongational descriptor, the aspect ratio, but can
easily be differentiated from discrete particles using solidity.
Nanorods and nanocubes have high solidities, but dissimilar
ranges for aspect ratio.

This specific workflow may not generalize to a protocol
that would always differentiate well between touching par-
ticles and non-touching particles for an arbitrary sample.
Rather, raw data triage should probably be done on new
materials tested by a laboratory in order to determine how the
imaging software captures, thresholds, and reports particles;
this should be followed by any appropriate revisions for the
example workflow (figure SI-5). For example, particle areal
density across the TEM field of view has an impact on the
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Table 2. P-values of ANOVA comparison of descriptor means of
Samples 1 and 2, labs L1-L5.

P-values
Descriptor Scale Width
Feret 0.786 <0.001
minFeret 0.384 0.0188
Aspect ratio 0.096 <0.001
Compactness 0.776 <0.001

number of touching particles. This can be controlled via the
protocol developed for the sample.

3.1.2. Selection of descriptors for nanorod morphology.
Hentschel and Paige (2003) developed a reduced set of descrip-
tors to characterize particle shape, using both elongational and
ruggedness shape descriptors. In this case, a ruggedness shape
descriptor, solidity, can differentiate between complex and
discrete particles; meanwhile, an elongational shape descrip-
tor, the aspect ratio, can differentiate between nanorods and
nanocubes. Because not all laboratories reported ruggedness
descriptors, ranges of compactness and the aspect ratio that
would correspond to solidities greater than 0.90 were used to
identify touching, complex particles. Then, the aspect ratio
was used to differentiate between nanocubes (0.75 < aspect
ratio < 0.9) and nanorods (0.20 < aspect ratio < 0.50). The
removal of nanocubes from the datasets was essential toward
achieving high-quality descriptor distributions that could be
fitted by unimodal models. The application of this heuristic to
all datasets resulted in the removal of ~3.4% of the reported
particles. About 0.4% of the reported particles appeared to be
complex (touching particles), and 3% of the reported particles
were nanocubes.

Commercial nanoparticle samples often contain artefacts,
contaminants, and/or byproduct particles. ANOVA analysis
and distribution plots can help identify the presence of signifi-
cant fractions of particles with different and/or unwanted mor-
phologies. Another common challenge for imaging samples is
their self-association on TEM supports. ANOVA analysis and
data visualization of different descriptors of cataloged images
can help identify which descriptor ranges appear to be unique
for touching particles. For gold nanorods, touching particles
need to be removed from the discrete particles for consistent
results.

3.2. Data repeatability and reproducibility

Many standards stakeholders, i.e. industry, regulatory,
metrology, and academic, will need analysis workflows
that evaluate temporal reproducibility of size and shape
distributions for nanomaterials. ANOVA analysis can be
used to determine whether descriptor means of datasets are
similar. Bivariate analyses (Szekely and Rizzo 2004, Rizzo
and Szekely 2016) can determine whether distribution data
are similar; these represent more rigorous statistical tests.
However, neither of these methods provide parameter esti-
mates of reference models, which can be used to estimate
coefficients of variation or uncertainties. Additional analysis
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Figure 6. Empirical cumulative distribution differences, lab L6.

of data repeatability and reproducibility is provided in sec-
tions 5 and 6 of the SI.

3.3. Non-parametric comparison of two samples

3.3.1. ANOVA comparison. Table 2 shows ANOVA p-values
for the pair-wise comparison of the two samples for labs
L1-L5. Lab L6 was not included because its data dominates
the grand average due to its large number of points. Labs 1-5
reported between 482 to 840 particles that could be evaluated,
while lab 6 reported 6406 particles that could be evaluated.
For two size and two shape descriptors, the scale parameters
are shown to be similar but the width parameters are shown to
not be similar. These results suggest that descriptor distribu-
tion widths may be different. The bivariate analysis tests can
also be used to demonstrate whether datasets are similar; addi-
tional information is provided in section 6 of the SI.

3.3.2. K-S two-sample test. The K-S two-sample test can
compare two empirical distributions, returning a statistic that
indicates whether they are different. Applying this test to the
Sample 1 and 2 aspect ratio distributions for each lab can
determine whether the data are different without referring to
any specific model. Intralaboratory comparisons of the two
samples avoid issues of instrument calibration and imaging
thresholding, assuming that similar operators and instrumen-
tation were used for both samples. An example of the applica-
tion of the K-S two-sample method to one dataset is given in
the SI. Figure 6 shows the differences between the two cumu-
lative aspect ratio distributions for lab L6, plotting the value
of Fy,(x) — F2,m(x) (equation (3)) over the aspect ratio range
of the data. The positive and negative values of the supremum
are shown as dashed lines. The supremum is exceeded over
two ranges of the aspect ratio, demonstrating that the cumula-
tive distributions of Sample 1 and 2 are statistically different.
The K-S two-sample test shows that all labs reported aspect
ratio distributions for the two samples that are statistically dif-
ferent from each other.

This non-parametric test establishes that the aspect ratio
distributions of Samples 1 and 2 are different, but does not
quantify the difference. The next section shows how the dis-
tributions can be modeled to give parameters that can be com-
pared quantitatively.
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3.4. Uncertainty of parameters fitted to reference models

3.4.1. Reference models fitted to size and shape descriptor
cumulative distributions. Figures 7 and 8 show some out-
put from the curve-fitting Shiny App® for Feret diameter and
aspect ratio descriptors, respectively, for the Sample 2 data of
lab L1. Figure 7(a) shows the Feret diameter density distri-
butions while figure 7(b) shows the Feret diameter cumula-
tive distributions. The data is represented as the black curve,
the non-linear least squares regression fit is represented by
the blue curve (NLS, blue), and the maximum likelihood fit
is represented by the red curve (MLE). Figure 8(a) shows
the aspect ratio density distributions, and figure 8(b) shows
the aspect ratio cumulative distributions. Both the Feret
and aspect ratio descriptor distributions appear to be multi-
modal for all reported datasets. For the data from lab L1, the
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normal distribution appeared to fit both the Feret and aspect
ratio descriptor distributions. It is possible to deconvolute the
descriptor distributions into subpeaks; however, the standard
error of the fitted parameters would increase significantly, and
much more data would be required to adequately resolve the
peaks. Therefore, the nanorod distributions were fitted using
unimodal reference models.

3.4.2. Uncertainty of fitted parameters. Table 3 compares
uncertainties (Uy¢) of scale and width parameters for the size
descriptors, Feret and minFeret. The grand averages of both
the Feret and minFeret scale parameters are not statistically
different from each other. However, the grand averages of the
Feret and minFeret width parameters are statistically different
between the two samples, e.g. the two averages are different by
more than two standard deviations of their values. Of the two
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Table 3. Coefficients of variation and uncertainties for Feret, minFeret, and aspect ratio scale and width parameters.

Feret diameter (nm)

minFeret diameter (nm)

Aspect ratio (nm)

Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2

Lab Scale Width Scale Width Scale Width Scale Width Scale Width Scale Width
L1 58.2 6.88 58.0 5.08 20.9 2.1 20.0 1.67 0.362 0.0611 0.343 0.0391
L2 535 6.56 53.6 4.79 19.1 22 17.7 2.01 0.356 0.0622 0.330 0.0392
L3L 53.1 6.90 54.5 5.36 20.5 2.3 19.4 2.07 0.388 0.0647 0.355 0.0398
L3U 53.1 7.14 54.6 5.15 21.1 24 20.7 2.24 0.402 0.0644 0.384 0.0414
L4 51.7 7.32 53.8 5.28 17.9 2.5 17.7 2.29 0.347 0.0655 0.330 0.0424
L5 64.4 7.91 63.6 5.71 232 2.9 22.1 2.16 0.361 0.0622 0.343 0.0412
L6 56.0 8.05 56.1 5.47 20.8 33 20.4 1.90 0.371 0.0649 0.367 0.0406
Grand average 55.7 7.25 56.3 5.26 20 2.53 19.7 2.05 0.369 0.0636 0.350 0.0405
Grand standard 4.40 0.552 3.56 0.294 1.67 0412 1.60 0.213 0.0191 0.0017 0.020 0.0012
deviation

Cy, % 7.91% 7.61% 6.32% 5.6% 8.14% 16.3% 8.11% 10.4% 5.17% 2.67% 5.70% 3.03%
Ui, % 16.9% 16.3% 13.5% 12.0% 17.4% 34.9% 17.3% 22.3% 11.1% 5.71% 12.2% 6.48%

¥52 (81.02) g efojoleN

[e 30 &N v 3
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Table 4. Comparison of measurement uncertainties for descriptor
scale and width grand means: gold nanospheres (Rice et al 2013)
and gold nanorods. S1 = Sample 1; S2 = Sample 2.

Width/
Sample and descriptor Scale Width scale
Gold nanospheres
ECD, nm 27.6 2.44 8.84%
Uic 5.54% 31.4%
Gold nanorods
S1 Feret, nm 55.7 7.25 13.0%
UiLc 16.9% 16.3%
S1 aspect ratio 0.369 0.0636 17.2%
Unc 5.17% 2.67%
S2 Feret, nm 56.3 5.26 9.34%
Unc 13.5% 12.0%
S2 aspect ratio 0.350 0.0405 11.6%
Unc 5.70% 3.03%

size descriptors, the Feret diameter might be preferred because
it has smaller uncertainties than those of the minFeret diameter.
However, within each laboratory, the coefficients of variation
for scale parameters are less than 0.1%, and the coefficients
of variation for width parameters are less than 0.5%. All labs
reported significant differences between the width parameters
for the Feret and minFeret descriptors of both samples.

3.4.3. Elongational shape descriptor: the aspect ratio. As
shown in table 3, the grand average aspect ratio scales for
Samples 1 and 2 are within two standard deviations of each
other, and are statistically similar. However, the grand aver-
age aspect ratio widths are distinctly different. The differences
between the widths of these distributions show that the two
samples are statistically different. This information could be
used to distinguish between the two samples, which, in turn,
could be used to modify synthesis processes to accentuate or
reduce the difference. This information could also be used to
address regulatory issues.

4. Discussion

This section provides additional evaluations of descriptor
interlaboratory reproducibility, identifies univariate and bivar-
iate descriptor visualizations that aid analysis, and provides
estimates of LSPR based on nanorod dimensions.

4.1. Interlaboratory reproducibility of nanorod descriptors

Table 3 shows the coefficients of variation and uncertainties
for the scale and width parameters of three nanorod descrip-
tors: the Feret diameter, minFeret diameter, and aspect ratio.
Here, we provide a summary of causes for the uncertainty
values; additional material and discussion of causes for inter-
laboratory reproducibility are provided in section 5 of the SI.
Gold nanorods undergo capillary flow-driven self-assembly
when deposited on TEM grids (Sharma et al 2009a). The
transitions between smectic and nematic morphologies
depend on the areal density of the sample on the grid and
the average aspect ratio of the nanorods (see table SI-1). The
potential effects of the calibration method, pixel resolution,

—Sample 1 model

> 0 ; i ) Sample 1 data
20 100 —Sample 2 model
1. | O Sample 2 data
2 F
3t
4 L

Feret diameter, nm

Figure 9. Quantile plot of Feret diameter and its model, Samples 1
and 2, lab L1.
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Figure 10. Quantile plot of aspect ratio, Samples 1 and 2, lab L1.

number of particles analyzed, and number of images ana-
lyzed were evaluated using ANOVA methods; however, none
of these factors appear to describe differences between the
interlaboratory reproducibility of descriptor datasets. Raw
data triage resulted in removal of 1-5% of the measured
nanorods in various laboratories. A comparison of interlabo-
ratory reproducibility between this study and one for gold
nanospheres is shown in table 4. The grand means of scale
and width parameters for the equivalent circular diameter of a
gold nanosphere reference material are shown in the third row
of this table. RM8012 is certified for its equivalent circular
diameter, a scale parameter that has a measurement uncer-
tainty of 5.74%, but not its width parameter, which has a mea-
surement uncertainty of 31.4%. The two nanorod samples of
this study (Sample 1 = S1; Sample 2 = S2) have higher mea-
surement uncertainties of their scale parameters (16.9% and
13.5%, respectively), but not their width parameters (16.3%
and 12.0%, respectively). Interestingly, the measurement
uncertainties of the scale and width parameters of the aspect
ratio descriptors are about 5% and 3%, respectively, for both
Sample 1 and Sample 2. We are able to discriminate between
these two samples by using their aspect ratio data, which has
the lowest measurement uncertainties for any of the descrip-
tors reported. Table 4 also reports the relative spread of the
length and aspect ratio distributions between the two studies.
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Figure 11. Nanocube and nanorod populations, lab L6, Sample 1.

Sample 2 has smaller relative spreads of each descriptor than
Sample 1, which is additional evidence that the samples are
different.

4.2. Distribution visualizations

4.2.1. Univariable distributions. Quantile plots can be used to
illustrate the quality of the model fit for a distribution over
the full range of descriptor data. Figures 9 and 10 are quantile
plots comparing the Sample 1 and 2 distributions for the Feret
diameters and aspect ratios reported by lab L1. The X-axis
shows the values for the descriptor, and the Y-axis transforms
the cumulative distribution data into quantiles using the nor-
mal distribution model. Each integer value of Y corresponds
to a standard deviation from the mean. The mean values of the
Feret diameters of Sample 1 and 2 were 58.6nm and 57.9 nm,
respectively. However, the widths of these distributions were
different, e.g. 7.62nm for Sample 1 and 5.49nm for Sample
2. The normal models for both samples fit the data well over
the range —2 < Y < 2, or £2 standard deviations. As shown
in figure 9, the slope of the Sample 2 distribution is steeper
because standard deviation was smaller than that of Sample 1.
The mean values of the aspect ratio scale parameters of Sam-
ples 1 and 2 were 0.362 and 0.343, respectively (figure 10).
The widths of the aspect ratio width parameters of Samples
1 and 2 were distinctly different, with values of 0.0611 and
0.0391, respectively.

Hubert and coworkers (2010) analyzed a bifurcation
mechanism for seed-mediated syntheses of gold nanorods.
For this particular recipe, the growth processes of nanorods
and nanocubes appeared to differentiate above a critical size
of Snm. The ratios of the length-to-width growth rates were
determined by the slope of the nanorod line on a plot of the
minFeret diameter versus the Feret diameter. In addition to
relating to the bifurcation growth mechanism, this bivariate
plot provides another method for visualizing the distribu-
tion of nanorod aspect ratios. Their method uses a coordinate
transformation based on the centroid and nanorod line of this
plot, generating two independent, normal distributions for
the axial and transverse directions. This approach links the
growth rate mechanisms to the final size distribution of the
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Figure 12. Feret/minFeret bivariate plots; top = Sample 1,
bottom = Sample 2, lab L6.

product. Figure 11 shows a plot for the Sample 1 data of lab
L6. The nanocubes are shown as open red squares. The red
line shows an aspect ratio of one, corresponding to a perfect
nanocube or nanosphere. The nanorods are shown as black
open bars. The fitted black line represents an average location
of the nanorods in the Feret—-minFeret plane. The intersection
of the red and black lines is considered the bifurcation point
(Hubert et al 2010), which is (13.7nm, 13.7 nm) for Sample 1.

For this analysis of the lab L6 dataset (Hubert et al 2010),
the widths of the axial and transverse distributions for Sample
1 are statistically larger than those of Sample 2. Each labora-
tory dataset in this study showed analogous results. Similar
quantitative trends are shown in the Feret and minFeret width
distribution data shown in table 3. However, the uncertainties
of the Hubert analysis parameters are higher, possibly due to
the uncertainty associated with low R? values associated with
the nanorod line coefficients. Bivariate Feret—-minFeret histo-
grams provide another way of visualizing the differences in
aspect ratios between Samples 1 and 2. Figure 12 shows such
histograms for Samples 1 and 2 of the lab L6 datasets. The
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Figure 13. ECL versus aspect ratio, lab L6. Sample 1 on the left, Sample 2 on the right.

Sample 1 dataset has a broader base and is less than one-half
the height of the Sample 2 dataset.

4.3. Prediction of LSPR using distribution data

Predictions of shape (or size)-based physical properties could
be an outcome of measuring and modeling size and shape dis-
tributions of nanorods. An incentive for generating size and
shape distributions for nanorod dispersions is to predict their
anisotropic properties. Brioude et al (2005) developed a linear
correlation between the longitudinal resonance maximum
for gold nanorods as a function of their aspect ratios. The
prediction is based on classical electrostatic predictions, the
absorption cross-sections of the particles, and the assumption
that gold nanorods behave as ellipsoidal particles. The equa-
tion was as follows:

Amax = 96 nm - shape factor + 418 nm 7

where Apax is the maximum in the longitudinal resonance, and
the shape factor is the inverse of the aspect ratio. An alterna-
tive approach was proposed by Juve et al (2013). Their study
showed that the measured LSPR broadened with reductions in
both nanorod diameter and nanorod length, which is thought
to be linked to a surface broadening contribution. They pro-
posed using an effective confinement length (ECL) to model
this effect:

ECL= vW.L (8)

where W and L are the minFeret and Feret diameters,
respectively.

Of course, nanorod size and shape distributions measured
by TEM can be used to estimate the key variable in either
model for any sample. Figure 13 shows the plot of the ECL
as a function of nanorod aspect ratio for the data of lab L6.
Bivariate analysis of these plots shows that the distributions
are not similar (p < 0.001), confirming that the ECL distribu-
tion would be different for the two samples. As demonstrated
in this contour plot, Sample 1 has a broader distribution in
both the Feret and minFeret ranges, and the maximum distri-
bution height is about half that of Sample 2.

5. Conclusions

The key objective was to determine whether two different
samples, which had different performance attributes in their
application, were different with respect to their descriptor dis-
tributions. The raw triage workflow included the following:
identifying whether non-nanorod particles were present,
developing descriptor criteria for detecting touching particles
in images, developing descriptor criteria for differentiation
between nanorods and nanocubes, and identifying size and
shape descriptors with high repeatability (intralaboratory) and
reproducibility (interlaboratory). Some as-received datasets
reported touching particles and non-rod shapes that were not
to be evaluated. The solidity descriptor, a ruggedness shape
factor, was particularly applicable to identifying touching par-
ticles, for which the area of the agglomerate convex hull is
usually much larger than the measured agglomerate area. In
these nanorod samples, discrete nanoparticles had solidities
greater than 0.90. This condition was used to automate the
sorting and removal process for touching particles. Similarly,
the aspect ratio descriptor had a narrow range of values for
non-nanorod (nanocube) particles and was used to automate
the process of removing nanocubes. Figure SI-5 of SI illus-
trates the decision tree for the automation of selecting nanorod
particles from complex images. Samples were differentiated
by computing the K-S statistic for their empirical cumula-
tive distributions. Reference model parameters were fitted to
size and shape descriptor distributions. Uncertainties were
estimated for the fitted parameters from three descriptor dis-
tributions: the Feret diameter, minimum Feret diameter, and
aspect ratio. The normal distribution provided the best overall
fit to the Feret diameter and aspect ratio descriptors. The Feret
diameter is the preferred size descriptor since the uncertainties
of its scale and width parameters were generally better that
those of the minimum Feret diameter. The two samples were
differentiated using the width parameter values of the Feret
diameter, minFeret diameter, or aspect ratio distributions.
Sample 1 had larger width parameter values, i.e. these distri-
butions were broader than those of Sample 2. Visualizations of
the distributions over their descriptor ranges helped confirm
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the findings. Quantitative size and shape distributions might
be used to estimate LSPR results or the performance of sepa-
ration technologies. For example, the nanorod length scale
histograms showed that the sample with smaller width param-
eters had a much narrower bivariate distribution. Estimates
of the LSPR distribution suggest that this sample would have
a more confined response. These methods can be fully auto-
mated, which could make critical analysis of nanoparticle size
and shape distributions a practical reality.
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