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ABSTRACT: This paper presents a new experiment with which we are
. . . . halogen lamp
able to measure the 3D translational motion of a single particle at 10 ps —_—
time resolution and with ~10 nm spatial resolution while at the same
time determining the 3D orientation of the same single particle with
. . s . q . condenser
250 ps time resolution. These high time resolutions are ~40 times ~
greater than previous simultaneous measurements of 3D position and é
3D orientation. Detailed numerical simulations and experiments are
used to demonstrate that the technique can measure 3D orientation at
the shot-noise limit. The microscope is also able to simultaneously Objective
measure the length or width (with the other assumed) of the plasmonic
nanorods used here in situ and nondestructively, which should yield a
greater understanding of the underlying dynamics. This technique
should be applicable to a broad range of problems where environments which change in space and time may perturb physical and
chemical dynamics.

Sub-ms tracking of 3D orientation and 3D translation

B INTRODUCTION Multiple techniques have previously been used to determine
the 3D orientation, encoded in a polar angle 6 and azimuthal
angle ¢, of single particles. Imaging a chromophore' " or a
plasmonic nanoparticle’s'* point spread function (PSF) has
been shown to encode the orientational information, as has
detecting luminescence or scattering induced by multiple
different light polarizations. Detection of signals induced by
different polarizations has been accomplished for chromo-
phores by cycling excitation polarizations'>™'® and for
plasmonic nanoparticles by photothermal'” or differential
interference contrast’’ microscopy. A proposal of a division-
of-amplitude polarimeter that required no excitation cycling”'
has also been used in determination of the 3D orientation of
chromophores®”* and plasmonic nanoparticles.” Methods
using plasmonic nanoparticles and a specialized camera can
reach very high time resolutions, with the highest time
resolution we could find being 3.3 us.”* None of the above-
mentioned techniques determined the 3D position at the same
time as the 3D orientation, making them unsuitable for
interrogating the spatiotemporal dynamics discussed earlier.

Observing 3D translational and orientational motion of single
particles in the condensed phase at high time resolution is an
outstanding problem in physical chemistry. Orientation is a
quantity that can have an intimate impact on reactivity.l To
give but one example, the electronic coupling parameter which
modulates an electron transfer reaction is orientation depend-
ent.”~* Orientation can also function as a sensitive reporter on
the nanoscale environment, with previous work in bulk® and at
the single-particle level® probing such a quantity. This is
relevant in complex systems such as cells, where the local
environment can vary strongly with time” and position®—also
potentially affecting chemical dynamics. This can complicate
understanding of what are already phenomena that occur on
diverse time scales: in the case of proteins the dynamics of
protein—ligand interactions, chemical transformations, pro-
tein—protein interactions,” and protein conformational fluctua-
tions'” can occur at rates from sub-milliseconds to seconds to
minutes.'’ Thus, given orientation’s relevance to these diverse
spatiotemporal dynamics, a technique that is capable of
monitoring both 3D orientation and 3D position at a high

time (ideally sub-ms) and spatial resolution would be of Received: October 13, 2021
significant utility. Such a technique should also, ideally, be Revised: ~ November 18, 2021
capable of measuring the 3D position over a large range of Published: December 1, 2021

particle depths, such as to better understand chemical
dynamics in, for example, tissues that can have approximately
millimeter size structure.
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Recent PSF engineering experiments™> >’ have determined the
3D orientation and also determined the 3D position to a depth
within the Rayleigh range, though combined theoretical and
experimental work has improved on such a depth more
recently.”**” However, these methods both require at the very
least tens of milliseconds per frame, with multiple frames
needed for accurate determination of the axial position. What
is entirely lacking is a method that can determine the 3D
position, at a large depth range, and measure the 3D
orientation of a probe at sub-millisecond time resolutions
simultaneously.

Here, we describe and characterize a new technique that
achieves this. The technique measures the full 3D positional
information at high (10 yus) time resolution as well as the
orientational information of a single particle, also at high (250
us) time resolution. This is accomplished by a new instrument
that combines division-of-amplitude polarimetry”' and real-
time 3D single-particle tracking (RT-3DSPT).*” We further
use the division-of-amplitude polarimeter to, at the same time
as the position and orientation are determined, perform single-
particle dynamic light scattering (SP-DLS)”" for determination
of the shape of gold nanorods (AuNRs). The setup and
experimental geometry at the particle are shown in Figure 1.
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Figure 1. Illustration of the experimental setup. X1, X2, Y1, Y2 ,and Z
represent the APDs used for RT-3DSPT. A nonpolarizing
beamsplitter, a Wollaston prism, and a polarizing beamsplitter are
combined to measure the light polarization of the scattered light at
four azimuthal angles: 0°, 45°, 90°, and 135°. I, I s, Iy, and I3
represent the APDs used to measure light at these angles. The zoom-
in shows experimental geometry at the particle. Annular light with
wavelength 4 impinges at an angle ©(4), and collected scattered light
is bounded by the angle A(4). a;(4,5), a,(4,S), and a5(4,S) are the
components of the diagonalized polarizability tensor, and their
orientation relative to the axes of the laboratory frame—X, Y, and Z—
is described by the angles @ and ¢. S refers to the particle’s shape and
volume. The dashed lines indicate the projection of @; onto the X—Y
plane.

The use of an AuNR scatterer is what here confers high time
resolution to the 3D orientation measurement due to
plasmonic nanoparticles’ established®” ability to significantly
outperform single fluorophores in terms of photon flux and
photostability. Due to the implementation of RT-3DSPT, the
technique can also determine the position of single particles
over a large range of depths—here 15 ym, but with minor

changes to the experimental implementation larger ranges are
possible.”® The technique described here should also be easily
implementable for the measurement of the 3D orientation of
single emitters as well. This expands the range of experiments
that may characterize the dynamics of 3D translation, 3D
orientation, and the coupling between these two coordinates in
complex systems.

B METHODS

A schematic of the experimental setup used and the
experimental geometry at the particle are shown in Figure 1.
The particle, illuminated with unpolarized light in a dark-field
configuration, is freely diffusing but “locked” in the focal
volume of the microscope by the RT-3DSPT, such that it is
translationally static from the illumination’s perspective. We
assume that our particles are rod-shaped, and their properties
are described by a length | and an width w. These shape
parameters, which describe the shape and volume, are
indicated by the parameter S. These assumptions allow for a
diagonalized polarizability tensor a with S-dependent
components a;(4,S), @,(4,S), and a;(4,S). Because of the
assumed symmetry of the rod, these are related by a; = a, #
ay; ie., a;, describe the transverse plasmon mode and a; the
longitudinal. The orientation of these polarizability axes
(assumed aligned with the long and short axes of the rod)
relative to the laboratory frame is given at time ¢ by the polar
angle 0 and azimuthal angle ¢ (shown in Figure 1).

It is important to note that there are three frames of
reference that are most relevant here: the laboratory frame
(shown by X, Y, and Z in Figure 1), the center-of-mass frame
of the particle, and the particle body axis frame (shown by «;,
@, and a; in Figure 1). A fourth frame relevant to the
experiment is that associated with the electric field of the
incident or scattered radiation, but a more comprehensive
discussion regarding this frame and the transformation
between these coordinate systems has been made before.*
The key point is this: the center-of-mass frame and the lab
frame are made coincidental by the use of RT-3DSPT, which
in effect performs a real-time hardware-based mechanical
coordinate transform to do this. As such, this simplifies how
we may think about the analysis of the spectroscopic signals
arising from this experiment and the dynamics we may uncover
with them.

Unlike prolate and oblate spheroids, a simple analytical
formula for the jth polarizability tensor element does not exist
for rods. Anisotropic nanoparticles are sometimes described by
using Gans’ theory for the electrostatic response of ellipsoids,”
but here we use the more accurate analytical theory of Yu et
al,*® which uses fits to boundary element method calculations
to provide shape-dependent polarizability tensor elements. The
relation between these tensor elements to the intensity of the
scattered light as a function of 3D orientation has been derived
previously;®'** we here recapitulate only the essential
information for clarity. We detect scattered light at four
polarizations, specifically at 0° (s-polarized), 45°, 90° (p-
polarized), and 135° relative to the lab frame. We assume that
we illuminate the particle with a series of N discrete
wavelengths {1} = {4,, 4, .., 4y} that have corresponding
relative intensity weights {w} = {w,, wy .., wy}. This
represents an experimentally measured illumination spectrum
and enables us to calculate the expected intensities by using
lamp illumination, but it can also be used to represent a single-
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wavelength source such as a laser by the simplification of one
wavelength and a weight of 1.

Then, the intensities of photons detected at 0°, 45°, 90°, and
135° polarizations are given by

N
15,0,45,90,135°(tJ {2}, {w}, §) = Io{z [W101’45'90’1350W|0‘1|2]

1

N
0,45,90,135° _ _
+ Z [(wi3™™ w(alaw + a@a,)]
i

N

+ Z [W§é45’90’135°wla3lz]} o
i 1
1

with the wavelength-specific W functions, which relate ©, A, 6,
and ¢ to specific intensities of particles of shape and volume §
described in the Supporting Information (section S1.1). As has
been shown by Guerra et al, the initial amplitude of the
autocorrelation function A of the polarization contrast
fluctuation function

Io — Igno To — Ioro
Sy(t, {4}, {w}, §) = L—2¢ _ (& %0
Tge + Igoe Ioo + Igge

is sufficient to fully describe the shape parameter of
ellipsoids.”" Thus, we also analyze Ag, to determine the length
or the width of the AuNR under investigation, though not both
(this will be discussed further in the results, section S4.2).
The implementation of the real-time 3D single particle
tracking used in conjunction with the polarization detection
has been described before.”” For completeness, we briefly
discuss it here. The technique relies on an active feedback
system that uses a 3D piezoelectric stage to compensate for the
motion of the tracked particle, locking the particle in the focus
of the stationary microscope objective. This is achieved as
follows: the scattering from an unpolarized, halogen lamp,
dark-field illumination is split in a 1:1 ratio, with 50% projected
by using an optical cantilever of 2 m in length®” onto two
orthogonal prism mirrors. Each prism mirror, one for the X
direction particle motion and the other for the Y particle
direction, splits the signal onto two single photon counting
avalanche photodiodes (APDs). When a particle is centered in
X or Y, the reading on the two corresponding APDs is equal.
However, when approximately single nanometer deviations in
the particle position occur, the detectors will have an
imbalance in their signal that is used for feedback control,
with the stage counteracting this motion to return the
detectors to balance by moving the particle back to the center
of the microscope focus. In this way, the X and Y motion is
compensated for “locking” the particle in the center of the
focus in X and Y. To compensate for any motion in the Z
(optical axis) direction, S0% of the light sent to the tracking
optics was projected through a slightly axially offset pinhole
which, when imaged onto an APD, provided a quasi-linear
index into the deviation in Z when such an APD intensity is
normalized against the four X—Y APDs. The signals from the
APDs were used to generate the feedback signals for the
piezoelectric stage to keep the particle at the center of the focal
volume. This modality of the microscope is shown as the RT-
3DSPT box in Figure 1. The range of the stage used here is 45
pum X 45 ym X 15 pm, which determines the position range
over which particles may be tracked. To ensure that there is no
interference on the orientational or translational diffusion due

to the presence of interfaces,”” particles were tracked starting

from the center of the sample chamber, 60 ym from the upper
and lower chamber surface. More instrumentation details are
discussed in the Supporting Information, section S2.

When the particle is “locked” in the focal volume of the
objective, four APDs were used in the division-of-amplitude
polarimeter to measure the intensities at the polarization angles
of 0° 45° 90° and 135°. This was accomplished by the
combination of a nonpolarizing beamsplitter, a Wollaston
prism, and a polarizing beamsplitter. The division-of-amplitude
polarimeter was characterized by using a linear polarizer and a
half-wave plate to determine detector balances and polarization
extinction ratios; this procedure and these data are shown in
section S3. Further experimental information about sample
preparation is found in the Supporting Information, section S4.
Full details of the simulator used to describe the experiment
are provided in section SS. A fully detailed data analysis for
orientation data is provided in section S6 and tracking data in
section S8.

B RESULTS AND DISCUSSION

In Situ Nanorod Length Determination. Transmission
electron microscopy (TEM) data (N = 135) on our AuNR
sample are shown in Figure 2a. Analysis of these data shows
that our AuNRs are relatively homogeneous, with an average
length of 73.48 nm and an average width of 32.79 nm,
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Figure 2. Sizing of AuNRs. (a) Length and widths of AuNRs under
investigation from TEM, with mean length and width shown.
Contours are from kernel density estimation. (b) A, for a range of
lengths and widths, showing that for multiple length—width pairs the
A, will be the same. From blue to red is increasing width, and the
black curve shows the A;, for a range of lengths at the mean width of
the AuNRs from TEM. (c) Length data extracted from SP-DLS data
assuming the mean width found from TEM.
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corresponding to an average aspect ratio of 2.24. As the SP-
DLS monitors only one observable, we cannot simultaneously
use the technique to deduce the length and width of a single
particle, as multiple length—width pairs give the same initial
autocorrelation amplitude (shown in Figure 2b). Thus, we use
an assumed width from the TEM to get the lengths of our
tracked AuNRs from our sample (N = 399) in a nominally ¢, =
60% v/v glycerol/water mixture. We note that under these
conditions, unlike for prolate ellipsoids,”" the autocorrelation
amplitude does not strictly increase with increasing AuNR
length. Thus, it is possible that we assign a shorter rod to being
a longer one, or vice versa. This could be corrected by
constraining the solutions by using the translational diffusion
coefficient from the RT-3DSPT, but we do not do so here.
Sizing the AuNRs in situ as they freely diffuse in the 60% v/v
glycerol/water mixture gives a length distribution with a similar
mean to that found in the TEM, with both means being within
one standard deviation of the SP-DLS lengths (Figure 2c). It
not surprising that the means differ, as the SP-DLS technique
will “select” AuNRs that have higher scattering coefficients as
these provide more tracking signal. Nevertheless, there is
remarkable agreement given the inaccurate assumption of a
single width in the SP-DLS.

In addition to giving us better input parameters for the
orientational analysis, this enables us to have an estimate as to
what diffusion coeflicients we anticipate from a freely diffusing
AuNR, and thus compare measured dynamics more accurately
to a physical model. Importantly we note this is done
nondestructively and in situ, meaning spectroscopy can
continue to be performed on the same particle after and/or
during the sizing. We note that we do have to make an
assumption about the width but the effect of a +10% change
on the width is anticipated, based on spherocylinder rotational
diffusion equations,”’™** to have less effect on the observed
diffusion coefficients than such a length change. For fully
determining the length and width in situ, analysis of the single
particle scattering spectrum could be related back to the length
and width,”’~* but this goes beyond the scope of this work.

Shot-Noise Limited Measurement Uncertainty. To
examine the measurement uncertainties in determining 3D
orientation by using our division-of-amplitude polarimetry
technique, we have computed the standard deviation in these
aforementioned angle measurements as a function of number
of photons used in their determination. In order to do this, we
embed AuNRs in a polyacrylamide gel such that they are
translationally and rotationally static. As a control to see that
the AuNRs are indeed static, we take the autocorrelation
functions of each polarization channel and compare to the case
of the freely diffusing rods, discussed in the Supporting
Information, section S7. We also used numerical simulations to
benchmark data analysis methods (Supporting Information
section S6). Shown in Figure 3 we compare the standard
deviation of the determined € and ¢, our measurement
uncertainty, with that from the analytical Cramér—Rao lower
bounds for this experiment.*® As we can see, our experimental
and analytical technique approaches the shot noise limit. That
we approach the shot noise limit is excellent, as it means that
our time resolution is simply a function of our specified
measurement uncertainty. To put it another way, the only
thing necessary for higher time resolution in orientational
dynamics by using this experimental modality is more photons.
In addition, at a time resolution of 100 photons/time unit, we
(for the rod orientation shown here) achieve an uncertainty of

4 )
e0=61°¢=28576°

Nsignal

Figure 3. Measurement uncertainty vs Cramér—Rao lower bound.
Shown as for (a) 8 and (b) ¢. Dots are from measurements of a single
static rod (orientation annotated) and analytical Cramér—Rao lower
bound.*® Insets show the ensemble average (for 6, orientations of 90°
are excluded from the analysis) with error bars showing standard error
of the mean.

~11° in @ and ~7° in ¢, likely sufficient for many practical
applications. It is also of relevance that we have here used a
halogen lamp to accomplish this—laser-based dark-field
microscopes have been shown to improve photon flux by at
least 12 times with respect to lamp illumination,*’ implying a
similar improvement in time resolution could be accomplished
by using a laser. Further improvements in time resolution
would likely be possible by optimizing the scatterer used in
orientation experiments, though this is also dependent on the
illumination source.

Sub-millisecond Translational and Orientational
Dynamics. With a numerically tested analysis method in
hand to determine 3D orientation, and the knowledge that our
technique is able to get close to the shot noise limit in
analyzing static rods, we analyzed data taken on the freely
diffusing AuNRs to observe the 3D orientation and 3D
position simultaneously as a function of time. Shown in Figure
4 are results of this analysis for a single AuNR. 100 ms of the
translational coordinates of the AuNR is shown in Figure 4a,
showing the rod’s diffusion over this time with a D, of 0.326 +
0.003 ym?/s. At the same time, we collect photons at the four
polarizations discussed earlier, and Figure 4b shows these
photon counts binned to a time resolution of 250 us. This
should give us an approximately 10° measurement uncertainty
in @ and 5° measurement uncertainty in ¢. These photon
counts are then, by using our analysis algorithm described in
the Supporting Information, converted into a @ and ¢ at each
time point in Figure 4c. These data are shown as motion on a
quarter unit-sphere in Figure 4d, with the AuNR appearing to
explore most of its orientation space within 100 ms. Note well
that dipoles exhibit D, rotational symmetry, meaning that we
may only uniquely determine their 3D orientation in the range
of 0 < 0 < 90° for @ and 0 < ¢ < 180° for ¢ by using this
technique. This is in fact the origin of what appear to be large
¢ displacements in the trajectory shown in Figure 4d (see
section S11 of the Supporting Information).

Analyzing the entire 34 s track leads to the histograms
shown in Figure S10. These histograms agree reasonably well
with what would be expected in the case of free diffusion,
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Figure 4. Analysis and visualization of translational and orientational data. (a) 100 ms excerpt of a 34 s track of a single AuNR by using the RT-
3DSPT module, D, = 0.326 + 0.003 um?/s, data downsampled to 100 ys time resolution. (b) Polarization intensities (photon counts binned to 250
us) simultaneously recorded for this track. (c) ¢ and 6 angles deduced for this 100 ms from the intensities in (b). In (d) this 100 ms excerpt of
orientation is shown mapped to a quarter of a unit sphere, and (e) shows the body axis (black arrows) and center-of-mass position in the lab frame
for the 100 ms track excerpt. The inset to (e) shows the entire 34 s track, with the full 6.36 um Z range translation range highlighted.

though we do see deviations from our expected distributions
(marked by dashed lines). Nevertheless, given the number of
photons used in each angular determination and the time
resolution this affords us, these histograms give further
evidence that this technique can determine both the 3D
position and 3D orientation as a function of time. Further,
these histograms imply that we do not observe significant
motional narrowing and/or bias in the angular determination
that could arise due to a mismatch between time resolution
and the underlying rotational diffusion. Such a phenomenon
was discussed recently in experiments mapping the 2D
rotational motion of AuNRs on lipid bilayers, where the
authors observed significant changes to rotational dynamics by
changing time resolution.*®

The origin of the minor differences between theory and
experiment in the ¢ histogram is speculated to be due to
temporally and spatially varying background noise that is not
fully accounted for in our data analysis. For 6, the difference
between experiment and theory is likely due™ to the
oversampling of & = 90° as @ — 90°. It is thus possible that
this lamp-based implementation may be somewhat less
accurate than laser-based approaches, as Molaei et al. did not
appear to observe this problem;® however, the approach here
gives us information that previously published experiments
were not able to access. Most powerfully, we may
simultaneously observe 3D orientation and 3D translation at

high time resolution. This is shown in Figure 4e, with the
orientation vectors at certain time points shown as the AuNR
diffuses in 3D space (not all of the sampled orientations are
shown, for clarity of viewing). Thus, we have a spectroscopic
tool which, for the first time, enables us to simultaneously
observe 3D translational and orientational motion at high
spatial and sub-millisecond time resolution. We again reiterate
that this high time resolution is for the 3D orientation, simply
dependent on the desired measurement uncertainty and
photon flux. Thus, further improvements in time resolution
can be anticipated by changing illumination source and/or
scatterer. In addition, the new method we present here is able
to determine the 3D position over a large axial range of
positions, which has presented difficulty for PSF engineering
techniques. Indeed, the 15 ym depth-of-field we have here is 3
times the S um depth-of-field that was given by PSF
engineering experiments where the explicit goal was to
determine 3D position over a wide depth of field.”® Recent
experiments have gone beyond this,* giving depths-of-fields
comparable to this work, with the additional advantage of
being able to track multiple particles in parallel. The
advantages of the RT-3DSPT are 3-fold: there is no need for
sophisticated phase masks to be applied to our PSF, the time
resolution for 3D tracking is 10 ys, which goes far beyond PSF
engineering methods, and the tracking range is only stage-
limited. As with any experiment, the choice of implementation
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is dependent upon the problem of interest. The inset to Figure
4e shows the full 34 s track and the 6.36 pm it explores across
this time. Using a piezoelectric stage with a larger travel
range,33 one may explore even larger axial ranges of particle
translation.

Thus, we can simultaneously track, at a time resolution of 10
us and at a spatial resolution of ~10 nm in 3D,*” the 3D
position information. Simultaneously, we may determine our
3D orientation at a 250 us time resolution. This gives us a
spectroscopic tool to access the position, orientation, in situ
length, translational diffusion coefficients, and rotational
diffusion coeficients. Thus, this should in the future enable
us to perform analyses of the coupling of these parameters to
one another. This therefore has implications for future
experiments in complex environments, where local 3D volumes
may provide different viscosities which may modulate
translational, rotational, and possibly chemical dynamics.

B CONCLUSIONS

We have demonstrated a new instrument that combines RT-
3DSPT and a division-of-amplitude polarimeter. With this
instrument, we may determine 3D position and 3D orientation
at a sub-millisecond time scale, which previously had not been
accomplished experimentally. We have shown that it is possible
to simultaneously track the 3D position at a rate of 100 kHz,
determine 3D orientation at a rate of 4 kHz, and determine the
length of a nanoprobe in situ. This instrument is shown to
operate close to the shot noise limit, which means determining
the 3D orientation of a nanoparticle at a specified uncertainty
is simply a function of photon flux—with further optimization
of excitation source and nanoprobe, improvements in time
resolution can be expected. A drawback of this instrumentation
is that it lacks the high-throughput nature of wide-field
techniques that can measure the 3D position and orientation of
many particles at once,”” though wide-field techniques show
order-of-magnitudes lower time resolutions than this work. In
this light, this work contributes a new tool that experimen-
talists may use to explore as-yet-unobserved dynamical
processes involving orientation. The instrument design
described here can also be used, with minor changes, to
track luminescent probes (e.g, quantum rods,”>***° which
emit at a similar flux to quantum dots and could thus be
tracked by the RT-3DSPT technique we show here’"). It is
thus hoped that such an instrument, which provides 3D
position and orientation information with unprecedented
temporal and spatial resolution, will be of assistance to
communities looking into reactions and problems where
coupling between 3D space and 3D orientation are relevant.
To give a few examples, we may think of virus—membrane
interactions®” in real biological environments,” the motion of
molecular motors on microtubules'”**** in the cytoskeleton,
or imaging heterogeneous polymer matrices, to name but a
few. All of these problems are in their native environments and
three-dimensional in nature and thus would benefit from the
application of the technique described here. In addition, this
technique’s unprecedented coupling of 3D spatial and
orientational information at high time resolution points to
future experiments to probe intramolecular dynamics, such as
electron transfer reactions,” " in heterogeneous systems. This
may, in the future, give unprecedented insight into orientation-
dependent chemical dynamics in systems that may themselves
be spatially and dynamically complex.
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