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Control over nanorod dimensions is critical to their application, requiring fast, robust characterisation of
their volume and aspect ratio whilst in their working medium. Here, we present an extension of
Nanoparticle Tracking Analysis which determines the aspect ratio of nanoparticles from the polarisation
state of scattered light in addition to a hydrodynamic diameter from Brownian motion. These data, in
principle, permit the determination of nanorod dimensions of any composition using Nanoparticle
Tracking Analysis. The results are compared with transmission electron microscopy and show that this
technique can additionally determine the aggregation state of the nanorod dispersion if single nanorod
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dimensions are determined with a complementary technique. We also show it is possible to differentiate
nanoparticles of similar hydrodynamic diameter by their depolarised scattering. Finally, we assess the ability of
the technique to output nanorod dimensions and suggest ways to further improve the approach. This
technique will enable rapid characterisation of nanorods in suspension, which are important tools for
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1 Introduction

Nanoparticle shape plays a key role in the control of their
behaviour in a diversity of disciplines, including nano-
medicine,' nanocatalysis,” and nanocomposites.” Nanorods,
in particular, are utilised for a variety of applications including
labelling for biological imaging, plasmonic sensing,’ and display
technology.® The ability to use nanorod dimensions to tune their
optical properties and diffusion is integral to their use in these
applications. As such, control over the dimensions for this class of
nanomaterial is critical. Simple, robust characterisation of nano-
rods is key to realising consistent syntheses.

A multitude of techniques have been employed to charac-
terise nanorods. Gold nanorod characterisation, for example, is
usually performed with transmission electron microscopy
(TEM) and UV-visible spectroscopy (UV-vis), which are comple-
mentary techniques.” Whilst TEM can determine dimensions
directly on the single nanoparticle level, it is inefficient for
characterising large populations, potentially resulting in a size
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distribution which misrepresents the sample. TEM also requires
high vacuum and therefore a dry sample, which prevents charac-
terisation of nanorods in dispersion. UV-vis characterises gold
nanorods in dispersion, developing a population representation
of the optical behaviour, but this method loses single nanoparticle
resolution and typically requires a plasmon resonance peak.

Specialised techniques have been used to extract size para-
meters from nanorods in dispersion. Optical extinction spectro-
scopy, similar to UV-vis, has been shown to extract the aspect
ratio distribution and mean width of a nanorod sample.?
Dynamic light scattering (DLS), which measures the transla-
tional and rotational diffusion coefficients of nanoparticles via
relaxation time constants, has been used to relate nanorod
dimensions to their diffusive behaviour.”™*® Flow dichroism,
which measures the linear dichroism of nanoparticles oriented
in flow, can determine the aspect ratio of nanorod samples.**
These techniques, like UV-vis, all report sample-averaged pro-
perties, which is potentially problematic where the knowledge
of single nanoparticle dimensions is important, like in the case
of nanoprobing studies.">™"”

Single nanoparticle sizing techniques collect data from
individual nanoparticles to develop an understanding of the
whole sample. Wide-field optical imaging of nanorods has been
performed which can characterise asphericity,'® and monitor
gold nanorod growth,"?° but these techniques required con-
finement of the nanorods to a glass surface. Electrochemical
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sizing has been performed which determines the dimensions of
individual nanoparticles, but it is destructive.*" In situ optical
characterisation using a polarimetric analysis permitted the
extraction of aspect ratio®* and shape® on the single nano-
particle level, but these devices analyse nanoparticles one-by-
one and are therefore slower than an imaging configuration.
A technique which is in situ, non-destructive, and able to
rapidly characterise the dimensions of a statistically significant
number of nanoparticles on the single nanoparticle level is still
required.

Nanoparticle Tracking Analysis (NTA) is an established
technique for the size characterisation of nanoparticles which
satisfies these requirements.> However, NTA outputs a hydro-
dynamic diameter distribution, which contains no information
on nanoparticle aspect ratio. Brownian motion from rods is
indistinguishable from that of spheres on long time scales,*
making an assessment of nanoparticle shape with NTA difficult
if not impossible. NTA has been employed previously to charac-
terise nanorods,*® but only hydrodynamic diameters were
reported and compared with expected values.

In this work, we have developed an NTA technique with the
ability to resolve the polarisation state of scattering from single
nanoparticles, allowing for the interrogation of aspect ratio
whilst simultaneously determining hydrodynamic diameter
from Brownian motion. These two parameters in principle
uniquely describe nanoparticle dimensions in the case of a
nanorod. We term this technique Size Anisotropy Nanoparticle
Tracking Analysis (SANTA). Here we show that SANTA is able to
distinguish nanoparticle samples based on both size and aspect
ratio, allowing nanorods to be distinguished from nanospheres
and other nanorods using an NTA technique. In principle, this
technique can be applied to nanorods of any composition,
provided sufficient depolarisation signal is collected.

2 Theory

2.1 Nanoparticle tracking analysis

NTA is an optical technique which outputs individual nano-
particle hydrodynamic diameter by tracking nanoparticle diffu-
sion in a video.>* Using a tracking algorithm, scattering centres
are localised and then linked between video frames to deter-
mine nanoparticle displacements. The nanoparticle displace-
ments are related to the translational diffusion coefficient of
the nanoparticle by

(Ar®) = 4Dy, (1)

where (Ar?) is the mean-squared displacement, D, is the
translational diffusion coefficient, and ¢ is the lag time. A linear
regression of (Ar?) vs. t can be performed to determine D,. The
translational diffusion coefficient is related to the nanoparticle
hydrodynamic diameter by the Stokes-Einstein relation,

T
" 3mpd’

(2)

t

where kg is Boltzmann’s constant, 7T is the temperature, 7 is the
dynamic viscosity of the solvent, and d is the hydrodynamic
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diameter of the nanoparticle. Thus, NTA outputs individual
nanoparticle hydrodynamic diameter from tracked diffusion.
In the case of non-spherical nanoparticles e.g. nanorods, the
hydrodynamic diameter output is a nominal nanoparticle size
with no information on the nanoparticle anisotropy. The
hydrodynamic diameter is the equivalent sphere which diffuses
with the same translational diffusion coefficient. The transla-
tional diffusion coefficient of a nanorod can be calculated

with'®
kgT / /
Drod | L L
’ 3Tml{ “(w) TG (wﬂ ’ @)

where [ is the length of the nanorod, w is the width, and C; is a
correction factor dependent on the aspect ratio of the nanorod
and its end cap shape. In this work, we assume hemispherical
end caps, which is reasonable considering the curved ends
of nanorods as shown by the TEM results (see the ESIY).
In essence, the hydrodynamic diameter of a nanorod is related
to the volume of the nanoparticle, where a nanorod with a
larger volume has a lower diffusion coefficient. The transla-
tional diffusion of a nanorod only approaches that of a nano-
sphere after it has rotated many times.

The rotational diffusion coefficient of a nanorod about its

short axis is'®
3kgT / /
Drod _ 1 s o 4
o) e e

where C, is a correction factor dependent on the aspect ratio of
the nanorod and its end cap shape. The characteristic rotation
time, defined as 7, = 1/(2D[°), gives the time scale of nanorod
rotation. Whilst the translational diffusion of a nanorod is
anisotropic on short time scales where rotation is insignificant,
isotropy develops on long time scales due to the rotation of
the nanoparticle orientation with respect to the lab frame.?®
Comparing the characteristic rotation time with the collection
time of nanoparticle displacements in NTA reveals that one
typically interrogates angle-averaged nanorod motion. For
example, in the case of a 150 nm x 50 nm nanorod in water,
the characteristic rotation time is 0.6 ms, whereas a typical
camera collection time in NTA is 10 ms. Therefore, information
on nanoparticle anisotropy in its diffusion is lost, and only a
hydrodynamic diameter can be extracted from nanoparticle
tracking. Additional information must be collected to determine
nanorod dimensions.

2.2 Aspect ratio from scattering polarisation

Whilst NTA determines nanoparticle hydrodynamic diameter
from diffusion behaviour, it also records intensity information
from the scattering centre in the video. The polarisation of the
scattering can be interrogated by comparing scattering inten-
sity along orthogonal axes to extract information on the nano-
particle anisotropy.”®*° This is the additional data point that is
collected with SANTA. For each individual nanoparticle, both
diffusion and intensity information are recorded in videos.
Fig. 1A shows this pictorially. In SANTA, incident light is
linearly polarised along the y-axis, and depolarisation signal
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Fig. 1 Schematic representation of the two data points collected from single nanoparticle measurement in SANTA and plots of the scattering and
diffusion behaviour of gold nanorods of aspect ratio 1.1 to 5. (A) In SANTA, the diffusion behaviour is converted into a hydrodynamic diameter, and the
relative scattering intensities along two polarisation axes are converted into a depolarisation ratio. £, ; is the incident light, £, ; is the y-polarised scattering,
and E, is the x-polarised depolarised scattering. (B) Expected depolarisation ratio vs. aspect ratio for a gold nanorod. In the Rayleigh—Gans
approximation, depolarisation ratio is only a function of aspect ratio and not of nanoparticle size, requiring the hydrodynamic diameter from diffusion
data to determine nanoparticle dimensions. (C) A map from theory illustrating the one-to-one correspondence between a paired hydrodynamic
diameter and depolarisation ratio with contour lines of nanorod length. Example widths for the 50 nm length nanorod are plotted with labelled square

points.

on the x-axis indicates non-sphericity. The depolarisation
ratio, p, compares the polarisation components on orthogonal

axes:>1™%3

)

where I, is the depolarised scattering intensity along the x-axis
whilst I, is the scattering intensity component polarised along
the y-axis. The degree of depolarisation is dependent on
nanoparticle polarisability, which is dependent on nanoparticle
aspect ratio.*®

Gold nanorod polarisability can be calculated analytically
using the prolate ellipsoid approximation in Rayleigh-Gans
theory,?>** with additional analytical and numerical model-
ling possible to account for the magnetic dipole and electric
quadrupole contributions to scattering®® as well as phase
retardation.>*® We note that most of the nanoparticles used
in this study are not strictly in the regime where Raleigh-Gans
theory is a completely accurate representation of the scattering
behaviour; however, for the sake of simplicity and noting that
more robust modelling can be performed if required, we
interpret our results with respect to the Raleigh-Gans theory.
Detailed equations are shown in the ESIL.{ This theory shows
that the depolarisation ratio is dependent solely on material
and medium relative permittivities and aspect ratio. From these
calculations, polarisability along the long axis, o, and along the
short axis, o,, can be determined. The depolarisation ratio is

related to the polarisability components by*'=*

3y?
=" 6
P = 4502 72 (©)
1
where y =0 — o, and o = §(a|| + 2a,). Because the polarisability

components depend on nanorod aspect ratio, the depolarisa-
tion ratio determined via scattering intensity can be used to
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determine nanoparticle anisotropy. Fig. 1B shows the relation-
ship between depolarisation ratio and aspect ratio. A given
depolarisation ratio is uniquely matched with an aspect ratio
and is not dependent on nanorod size as long as the nanorod
optical properties are well-described by the Rayleigh-Gans
theory.

It is important to note that eqn (6) only applies in the case
where a nanoparticle has rotated many times during the
collection time as is typically the case for nanoparticles charac-
terised with NTA. In fact, a strength of this technique as
compared to DLS tools is the reduced temporal resolution
requirement; because averaged depolarisation ratios are used,
only sufficient temporal resolution to resolve the lateral motion
of the rods (10 s of ms) is required.

The one-to-one correspondence between depolarisation ratio
and aspect ratio contrasts with hydrodynamic diameter, where
nanorods of many aspect ratios can diffuse with the same
behaviour as a sphere with the same hydrodynamic diameter;
however, the collection of depolarisation ratio permits the
determination of that aspect ratio. SANTA combines the inde-
pendent outputs of hydrodynamic diameter from diffusion and
aspect ratio from depolarisation to, in principle, uniquely
determine nanorod length and width. Fig. 1C shows a map
with axes corresponding to the two data points collected from
each nanoparticle, hydrodynamic diameter and depolarisation
ratio, along with contour lines of nanorod lengths. This map
shows that with these two data points, the nanorod length and
width can be determined.

3 Experimental

The SANTA apparatus is shown in Fig. 2A. A 633 nm Helium-
Neon laser (JDSU 1137P) was coupled into a single-mode fibre
(Thorlabs S405-XP) and collimated (Thorlabs A110TM-A). The
output was linearly polarised (Qioptiq G335718000) along the

This journal is © the Owner Societies 2022
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Fig. 2 SANTA optics diagram and example inverted video stills of a
nanosphere sample and a nanorod sample. (A) Diagram showing the
components of the device. A laser was coupled into a single mode fibre
(SMF), polarised with a linear polariser (LP) along the y-direction, and
shaped into a light sheet with a cylindrical lens (CL) and another lens (L).
The light sheet irradiated the sample in a cuvette (C), inducing scattering
from the nanoparticles, before entering a beam dump (BD). The scattering
was detected with a lens, decomposed into its constituent polarisation
components with polarising beam splitters (PBSs) and focused onto a
camera where scattering centre intensity and motion was recorded.
(B) Inverted video stills showing the sensitivity of the technique to nano-
particle anisotropy. The images are set with the same contrast para-
meters and then inverted with Imaged. Whilst the spheres scattered
minimal depolarised light, the rods had scattering with a significant
polarisation component along the x-axis. The field of view was approxi-
mately 175 pm x 140 pm.

y-axis and then shaped with a cylindrical lens (Thorlabs
LJ1567RM-A) and another lens (Thorlabs AC080-016-A-ML) into
a light sheet with a thickness of approximately 40 um, similar to
our previous work.>” The light sheet propagated through the
sample in a stoppered glass cuvette (International Crystal
Laboratories 0023T-2382) to irradiate nanoparticles. Glass was
used to avoid modification of the incident and detected polar-
isation state. A detection lens (Thorlabs AC064-013-A-ML)
mounted orthogonally to the incident light collected the scat-
tered light. The light was then passed through polarising beam
splitters (Qioptiq G335718000) to decompose the scattered light
into x- and y-polarised light. Three polarising beam splitters
were used to enhance the extinction of the undesired polarisa-
tion in each polarisation channel. The light in each path was
passed through another lens (Thorlabs AC254-500-A-ML) and
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focused onto a camera (Ximea MQ013MG-E2). Fig. 2B shows
example inverted image stills collected with SANTA, highlighting
the differences in the relative depolarised scattering signal
between nanospheres and nanorods. The image pixel size
was calibrated with dispersion of 0.99(2) pum silica micro-
particles (ThermoFisher Scientific 8100) and determined to be
138.4(6) nm per pixel. The cameras were synced with an
external trigger to record videos. Videos were collected in
10 second increments with 1 second spacing at either 25 or
30 frames per second. Camera exposure, gain, and frame rate
were kept the same on both paths for each sample.

Nanoparticle tracking was performed using the Python
package Trackpy (version 0.4.2), which is based on the Crocker-
Grier tracking algorithm.*® Individual nanoparticle hydro-
dynamic diameters were calculated from a linear regression of
mean squared displacement and lag time (eqn (1)) utilising
the first five lag times®® to calculate the diffusion coefficient,
which was converted to a hydrodynamic diameter with eqn (2).
Ensemble nanoparticle hydrodynamic diameters were calculated
using the ensemble mean squared displacement and the first
30 lag times. Sizing is performed with the y-polarised channel
due to higher signal levels.

Scattering centre pairs were determined using an affine
transformation as described previously.”’ Three scattering
centres on each polarisation channel were matched manually
to calculate the affine transformation matrix. Scattering centres
on the y-polarised channel were mapped to those on the
x-polarised channel using the matrix. The intensity of each
scattering centre was determined by integrating the pixel
intensity with a diameter of five pixels around the centre of
the nanoparticle. Background noise was removed from each
pixel by subtracting the video modal value of the pixel from its
intensity. The intensities were summed for each polarisation
along the whole nanoparticle track before determining the
depolarisation ratio. Unless otherwise stated, only nano-
particles present in the field of view for more than 30 frames
were accepted into the data sets.

Nanorods (Nanopartz A12-40-1064-CTAB-DIH-1-1, A12-40-
980-CTAB-DIH-1-1, A12-50-800-CTAB-DIH-1-1 and Nanocompo-
six GRCN660, labelled in this work as 167 nm x 36 nm, 195 nm
x 50 nm, 145 nm x 66 nm, and 42 nm X 18 nm, respectively)
and nanospheres (BBI Solutions EM.GC100, labelled in this
work as 105 nm) were purchased and diluted in Milli-Q water
for analysis.

4 Results and discussion

For each nanoparticle sample, TEM was performed to compare
with the values of hydrodynamic diameter and depolarisation
ratio determined by SANTA. Table 1 summarises the results.
Additional data including representative TEM images, TEM
dimension distributions, expected hydrodynamic diameter
distributions (from TEM), and expected depolarisation ratio
distributions (from TEM) are available in the ESI.{ At least 100
nanoparticles were characterised for each nanoparticle type.
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Nanoparticle dimensions as determined by TEM are used to
label them in this work. The expected hydrodynamic diameters
of the 145 nm x 66 nm, 195 nm x 50 nm, and 167 nm X 36 nm
nanorods are calculated from theory considering the addition
of a bilayer of cetyltrimethylammonium bromide (CTAB),’
which is not visible in TEM. A bilayer of CTAB adds approxi-
mately 8 nm to both the length and width of the nanorod, and
is added to the measurements taken from TEM results. The
capping agent for the nanosphere and 42 nm x 18 nm nanorod
was citrate, which is much smaller than CTAB and was not
added to the dimensions in the calculation of expected hydro-
dynamic diameters. With the exception of the 42 nm x 18 nm
nanorod, the expected hydrodynamic diameters of the nano-
particles are similar, indicating issues with differentiating the
nanoparticle samples by this parameter.

Expected depolarisation ratios are also shown in Table 1.
They were calculated using the dimensions as determined from
TEM assuming the contribution of the CTAB bilayer to the
polarisability of the nanoparticles is negligible. There is overlap
in some of the distributions, but the peaks should be suffi-
ciently resolved to be able to tell the difference between some
nanoparticle samples based on depolarisation ratio.

Fig. 3 shows hydrodynamic diameter distributions for each
nanoparticle sample determined experimentally with SANTA.
The distribution contains individual contributions from all
nanoparticles accepted into the distribution. There is strong
overlap between distributions of all the nanoparticle samples
with the exception of the 42 nm x 18 nm nanorods as expected.
This finding confirmed the relative hydrodynamic diameters
predicted by TEM; these samples have similar hydrodynamic
diameters and thus cannot be easily distinguished based on
these distributions. Clearly, any information about nano-
particle anisotropy is lost. The distributions are broader than
those calculated from TEM (see the ESIt for calculated hydro-
dynamic diameters from TEM measurements), but size distri-
bution broadening is a known artefact of NTA; limited
sampling of displacements increases the uncertainty in indivi-
dual nanoparticle size.”*

For comparison with the TEM results, the ensemble hydro-
dynamic diameter is used, as it incorporates displacement
contributions from all the nanoparticles into a hydrodynamic
diameter representative of the whole sample. Table 1 shows the
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Fig. 3 Hydrodynamic diameter distributions determined by SANTA.
As expected from the TEM results, the distributions for the 105 nm nano-
sphere and the 145 nm x 66 nm, 195 nm x 50 nm, and 167 nm x 36 nm
nanorod samples significantly overlap despite having different nano-
particle anisotropies. The broader distribution of the 167 nm x 36 nm
nanorod sample is likely due to aggregation. Conventional NTA cannot
easily distinguish these samples based on hydrodynamic diameter distri-
bution nor determine if these nanoparticles are nanospheres or nanorods.

ensemble hydrodynamic diameters of each nanoparticle type.
There is excellent agreement between the expected hydro-
dynamic diameters calculated from TEM data and ensemble
hydrodynamic diameters output by SANTA for the 105 nm
and 195 nm x 50 nm nanoparticles. For the 42 nm x 18 nm,
145 nm X 66 nm, and 167 nm x 36 nm nanoparticles, SANTA
outputs an ensemble hydrodynamic diameter larger than that
expected by the TEM data. Aggregated nanorods in the solution
could increase the ensemble average hydrodynamic diameter.
In principle, dispersing in a solution of CTAB could prevent
aggregation, but scatterers in CTAB solution of about 100 nm
hydrodynamic diameter seen previously”” would complicate the

Table 1 Summary of nanoparticle dimensions from TEM, values expected to be output from SANTA based on the TEM results, and the experimental
results from SANTA characterisation. The expected hydrodynamic diameters and depolarisation ratios were calculated from individual nanoparticle
dimensions. The experimental dimensions were calculated from the experimental hydrodynamic diameters and the experimental depolarisation ratios.
The uncertainty in experimental hydrodynamic diameter comes primarily from the uncertainty in the image pixel size. All other uncertainties are the

standard deviation

Nanoparticle type Rod Sphere Rod Rod Rod
Length (nm) 42(7) 105(8) 145(28) 195(28) 167(38)
Width (nm) 18(2) — 66(12) 50(5) 36(5)
Aspect ratio 2.4(5) — 2.3(6) 3.9(5) 4.7 1.1
Expected hydrodynamic diameter (nm) 28(2) 105(8) 106(13) 111(10) 90(13)
Experimental hydrodynamic diameter (nm) 36(1) 109(3) 139(4) 113(3) 145(4)
Expected depolarisation ratio 0.21(7) 0 0.19(9) 0.34(2) 0.36(2)
Experimental depolarisation ratio 0.26(4) 0.03(4) 0.28(12) 0.36(5) 0.39(6)
Experimental dimensions (nm x nm) 58 x 22 126 x 93 226 x 78 220 x 49 334 x 48
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imaging. In TEM, information about nanoparticle behaviour in
dispersion is lost due to drying. If aggregation is the cause of
the increased hydrodynamic diameter, this points to SANTA’s
utility to characterise the dispersion state of nanorods; a nom-
inal size can be determined via TEM, then the hydrodynamic
diameter from SANTA can be compared with that of TEM to
determine the aggregation state of the nanorods. Assessment of
aggregation state is important to acquiring a relevant represen-
tation of a nanoparticle dispersion, as size and shape influence
nanoparticle properties." However, SANTA cannot determine
aggregation state without additional information about the
nanoparticles.

Fig. 4 shows the distribution of nanoparticle depolarisation
ratios determined by SANTA, with averages shown in Table 1.
The distributions all look different with the exception of
the 195 nm x 50 nm and 167 nm X 36 nm nanoparticles.
There is good agreement between the nanorod depolarisation
ratios determined by SANTA and expected values from the TEM
sizing, confirming the ability of SANTA to output expected
depolarisation ratios. The nanospheres have comparatively
low depolarisation ratios as well. For the nanospheres, the
presence of depolarisation implies asphericity, which the TEM
data validates by showing aspherical nanoparticles (see the
ESIt). Even so, the nanospheres are able to be clearly differ-
entiated from the nanorod samples.

The 42 nm x 18 nm sample shows depolarisation ratios
lower than those of the 195 nm x 50 nm and 167 nm x 36 nm

+— 200 1
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Fig. 4 Depolarisation ratio distributions collected by SANTA. The nano-
spheres can easily be distinguished from the nanorods. The 42 nm x
18 nm sample can easily be distinguished from the 195 nm x 50 nm and
167 nm x 36 nm samples, whilst the 195 nm x 50 nm and 167 nm x 36 nm
samples have very similar distributions. The 145 nm x 66 nm sample has a
wide distribution which overlaps with the other nanorod samples, though
it is notably different in shape.
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samples, which means these samples can be differentiated
based on both size and depolarisation ratio. The 195 nm x
50 nm and 167 nm x 36 nm samples have comparable depolari-
sation ratios as expected from the TEM. Interestingly, whilst the
hydrodynamic diameter for the 167 nm X 36 nm sample
implies aggregation, the depolarisation distribution is not
different from the 195 nm x 50 nm sample. Aggregation may
not be detectable in this range of aspect ratios due to the low
relative depolarisation ratio change as a function of aspect ratio
at an aspect ratio of about 5 (Fig. 1B).

This lack of change in the depolarisation ratio contrasts with
the observation of the 145 nm x 66 nm sample depolarisation
ratio distribution. There is a significant spread of depolarisa-
tion ratio values, which matches well with the expected range
based on the TEM. The reason for this spread in comparison to
the 167 nm x 36 nm sample could be that the average aspect
ratio of 2.3 as determined with TEM is on the region of the
curve where there is significant change in the depolarisation
ratio as a function of aspect ratio as shown in Fig. 1B. SANTA is
more sensitive to aspect ratio differences at low aspect ratios.
To determine whether the depolarisation ratio distribution is
affected by aggregation, the data for the 167 nm x 36 nm
sample can be filtered by nanoparticle hydrodynamic diameter
to eliminate contribution from larger nanoparticles. This is a
major advantage of SANTA in that different sub-populations
can be probed based on hydrodynamic diameter or aspect ratio.
Performing this filter, no noticeable change in the depolarisa-
tion ratio distribution is observed, indicating that the observed
depolarisation ratio is not significantly affected by aggregation
(distributions are shown in the ESIt). Interestingly, the spread
of depolarisation ratios is not as pronounced for the 42 nm x
18 nm sample despite having a similar expected depolarisation
ratio. However, there is a smaller spread on expected depolari-
sation ratios based on the TEM, which may contribute to the
observed smaller spread from SANTA.

To highlight the ability of SANTA to resolve nanoparticle
populations based on both hydrodynamic diameter and depo-
larisation ratio, Fig. 5A shows a scatter plot of individual
nanoparticle contributions from each of the 42 nm x 18 nm,
105 nm, and 195 nm X 50 nm samples with reference lines
showing the expected mean values based on TEM. This plot has
the same axes as those of Fig. 1C. The reference lines have good
agreement with the data. We note that the 42 nm x 18 nm
sample has a population of depolarisation ratios higher than
expected from the TEM data, possibly due to the inability to
detect very low depolarisation signals of this comparatively
weakly scattering nanoparticle population. A scatter plot of
expected depolarisation ratio vs. expected hydrodynamic dia-
meter from TEM data is plotted in the ESIt to show these lower
depolarisation ratios as well as good agreement between the
TEM data and the SANTA data considering the limited sample
size from TEM.

Importantly, the three samples are clearly localised in dif-
ferent regions of the graph in Fig. 5A. The 42 nm x 18 nm and
105 nm samples can be differentiated based on both hydro-
dynamic diameter and depolarisation ratio. The 105 nm and
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Fig. 5 Individual nanoparticle depolarisation ratios and hydrodynamic

diameters. (A) Experimental data plotting the depolarisation ratio and
hydrodynamic diameter from individual nanoparticles. Lines are drawn
along the theoretical values based on TEM results. There is good agree-
ment between the theoretical values and the distribution of values
obtained from single nanoparticle characterisation. (B) Gaussian mixture
modelling of clusters with no input into the model except for the number
of clusters. There is excellent agreement between the true samples and
the modelled clusters, showing that it is possible to distinguish these
samples. Nanoparticles shown here were present in the field of view for
more than 60 frames.

195 nm x 50 nm samples overlap significantly in hydro-
dynamic diameter but are distinguishable by depolarisation
ratio. Finally, the 42 nm x 18 nm and the 195 nm X 50 nm
samples are able to be distinguished by both size and depolari-
sation ratio. In Fig. 5B, Gaussian mixture modelling to compu-
tationally determine whether the clusters can be resolved is
shown. The Python package scikit-learn (0.24.2)*' is used to
perform the modelling. The only input into the model was the
number of clusters. The model is able to clearly differentiate
between the samples in the data set, with 98.3% of the
nanoparticles being grouped in the correct cluster.

The sample dimensions as determined by the average hydro-
dynamic diameter and average depolarisation ratio are shown
in Table 1. In general, the calculated dimensions are larger
than those output by TEM analysis, which is in part due to
nanoparticle aggregation. The uncertainties in hydrodynamic
diameter (Fig. 3) for a single nanoparticle make it difficult to
assign dimensions to individual nanoparticles. Furthermore,
most of the depolarisation ratio distributions are larger than
expected from the TEM (Fig. 4); the presence of depolarisation
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ratios greater than 0.4 make it difficult to assign aspect ratios to
individual nanoparticles. The width of the depolarisation ratio
histograms is currently being investigated, but we hypothesise
that the distribution is due to out-of-plane motion changing the
relative polarisation signals on each channel, in combination
with the use of optics not optimised for polarisation-resolved
imaging. Improvements to the microscope could be made by
optimising the light sheet dimensions and the depth of view so
that out-of-focus scattering centres are less prominent, whilst
ensuring that particles are tracked for a long time. This work
also places a low threshold on nanoparticle residence time;
imaging for longer periods of time could increase the number
of nanoparticles present for a long period of time in the field of
view, improving the sampling error on particle displacements.*”**
Furthermore, the sensitivity can be further improved taking
inspiration from Interferometric Cross-Polarisation Micro-
scopy.**** Despite these drawbacks, the Gaussian mixture model-
ling shows that most single nanoparticles from these samples
can be easily categorised into a sample type if the identities of the
nanoparticles were unknown. The ability of SANTA to resolve
different populations indicates the possibility of using this
technique to monitor changes in nanorod dimensions due to
assembly or aggregation.

We have demonstrated measurement of hydrodynamic dia-
meter and depolarisation ratio of nanorods in the tens to low
hundreds of nm in dimension. In principle, this technique
could measure nanorods of other sizes within the range of
conventional NTA: 10-1000 nm.>* A couple of additional con-
siderations need to be made to extend the measurement
capability across this range. The most simple is the require-
ment that a sufficient depolarisation signal is collected so the
aspect ratio can be determined. For gold, relatively large
depolarisation signal is generated, but dielectric materials
would produce a much smaller depolarisation ratio. Additional
laser power may be required to increase the signal, and a
neutral density filter may be needed on the detection arm
along the polarisation channel corresponding to the polarisa-
tion of the input beam to collect the videos at the same
collection parameters on both cameras due to finite well depth.
However, care should be taken to ensure the additional laser
power does not induce convection currents and affect the
measurement.’” The second consideration is the speed of
rotational Brownian motion; for large and high-aspect-ratio
nanorods, the rotation slows, taking longer for the nanorod
to sample all orientations. Eqn (3) and (6) assume rotational
averaging of the nanorod motion. In principle, as long as the
optical properties can be modelled and the rotation is suffi-
ciently quick, nanorods of a diverse selection of materials could
be characterised using this method.

5 Conclusion

In summary, a new development of NTA to interrogate the
hydrodynamic diameter and aspect ratio of nanorod samples
from depolarised scattering has been demonstrated. This is, to
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the best of our knowledge, the first demonstration of using the
combination of diffusion and scattering polarisation to charac-
terise nanorods from single nanoparticle contributions in NTA.
We observe larger nanoparticles in some of the samples via the
ensemble hydrodynamic diameter, but this is not obvious from
the depolarisation ratios collected. SANTA requires only polari-
sation components in addition to the conventional NTA appa-
ratus design, making it simple to incorporate into existing
systems. We can see this technique being useful in the charac-
terisation of nonspherical nanoparticles in their working
medium, where controlled size and shape is paramount for
their application or in cases where size and shape change due
to degradation or assembly.
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