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Abstract: Micrometer scale colloidal particles experiencing ~KT scale interactions and

suspended in a fluid are relevant to a broad spectrum of applications. Often colloidal particles are
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anisotropic, either by design or by nature. Yet, there are few techniques by which ~kT scale
interactions of anisotropic particles can be measured. Herein, we present the initial development
of Scattering Morphology Resolved Total Internal Reflection Microscopy (SMR-TIRM). The
hypothesis of this work is the morphology of light scattered by an anisotropic particle from an
evanescent wave is a sensitive function of particle orientation. This hypothesis was tested with
experiments and simulations mapping the scattered light from colloidal ellipsoids at systemically
varied orientations. Scattering morphologies were first fitted with a 2D Gaussian surface. The
fitted morphology was parametrized by the morphology’s orientation angle M, and aspect ratio
Mar. Data from both experiments and simulations show M, to be a function of particle azimuthal
angle, while Mar was a sensitive function of the polar angle. This analysis shows that both
azimuthal and polar angles of a colloidal ellipsoid could be resolved from scattering morphology
as well or better than using bright field microscopy. The integrated scattering intensity, which
will be used for determining the separation distance, was also found to be a sensitive function of
particle orientation. A procedure for interpreting these confounding effects was developed that in
principle would uniquely determine the separation distance, the azimuthal angle, and the polar
angle. Tracking these three quantities is necessary for calculating the potential energy landscape
sampled by a colloidal ellipsoid.

Introduction.

Colloidal particles near a boundary sample a potential energy landscape that depends
upon the local physicochemical properties, such as salinity, pH, suspended or adsorbed solutes,
and bound surface charge. These ~kT scale surface interactions play a key role in nearly every
application in which suspended particles are found, in particular when particles deposit onto a

substrate or interact with neighbors'™®. The design, processing, and application of fluids



containing suspended colloidal particles critically depends upon characterizing these ~kT scale
surface interactions. Further, observing the interaction and the deposition of colloids on a
substrate has been used to screen anti-fouling coatings’ and evaluate the disease state of red
blood cells®. A variety of techniques, including the Atomic Force Microscope (AFM), Surface
Force Apparatus (SFA), and Total Internal Reflection Microscopy (TIRM), were developed and
widely adopted to measure surface interactions®'®. TIRM is particularly well-suited for
measuring weak ~kT scale interactions because of the technique’s sensitivity™.

TIRM works by tracking the Brownian fluctuations of a particle with the intensity of light
scattered from an evanescent wave'?. Fluctuations normal to the boundary are tracked. Assuming
the particle samples a Boltzmann distribution of height allows one to assemble the potential
energy profile from many independent observations. In addition to conservative interactions***’,
TIRM has also been used to measure non-conservative hydrodynamic interactions™® and the
response of a particle to an electric field™®®. A TIRM apparatus nominally includes an upright
microscope with a laser beam incident to the fluid cell*2. Although the region of interest (ROI) is
initially identified in bright field, a TIRM measurement is conducted in the absence of backlight,
with the only light in the ROI scattered by the particle itself from the evanescent field, becoming
a propagating wave that can reach the detector. One significant advance in conducting TIRM
was in the implementation of a camera as a sensor for collecting scattered light, rather than a
photomultiplier tube (PMT)?'. Using a camera as the sensor, paired with appropriate image
processing, facilitates measurement of multiple particles at the same time in a single ROI*
Parallelizing the measurement allows for ensembles of particles to be observed and certain multi-
body effects to be probed®’. TIRM is capable of measuring ~kT scale interactions because of the

exquisite sensitivity of light scattered from the particle as a function of separation distance. A



typical TIRM experiment will nominally collect 100,000 observations of a single particle with
intervals of ~10 ms and achieve a vertical spatial resolution of ~1 nm. Such spatial and temporal
sensitivity gives TIRM advantages in certain situations over other techniques that require three-
dimensional stacking of confocal images to track particles”. Recent advances in optical
microscopy have demonstrated measurements of the orientation of anisotropic particles in three-
dimensions using wide-field images. For instance, differential interference contrast (DIC)
microscopy®® and total internal reflection scattering microscopy (TIRS)®% have shown
orientation sensing of nanometer-sized gold nanorods with sub-degree angular precision. In
addition, surface plasmon resonance microscopy has been used to track the 3D rotation of
unlabeled rod-like particles during photocatalysis®’. While there is no question of the remarkable
success of these techniques for orientation sensing of anisotropic particles, these fall short at
providing information on the particle-surface separation distance, which is ultimately extracted
from TIRM experiments to construct potential energy landscapes.

Novel anisotropic particles, spurred by new fabrication routes developed over the past
two decades®®, now present a fresh challenge for tracking interactions and dynamics, but also
specifically for TIRM. The essential feature of classic TIRM is that an integrated scattering
signal is obtained to track fluctuations in height. However, one would expect that anisotropic
particles about the size or larger than the wavelength of light would scatter as a function of not
only position, but also orientation?®. Collecting a single intensity value for a given observation in
time, as is done in classic TIRM, convolutes the signal in a way that both position and
orientation information cannot be obtained. Moreover, this orientation information would be
critical to tracking dynamics and calculating the potential energy landscape sampled by an

anisotropic particle. Previous work has shown that observations of both position and orientation



can be analyzed to assemble potential energy landscapes®, thereby providing a framework for
assembling such a landscape for an anisotropic particle. One particular example in which an
interaction landscape for an anisotropic particle would be useful is for the design of diagnostic
tools for determining the disease state of a red blood cell, which is anisotropic, as it interacts
with a boundary.

Herein, we summarize the initial development of Scattering Morphology Resolved Total
Internal Reflection Microscopy (SMR-TIRM). The essence of SMR-TIRM is in analyzing the
morphology, rather than the integrated intensity, of light scattered from a particle interacting
with an evanescent wave. We systematically mapped scattered light from particles of known
aspect ratio, orientation, and position. This strategy was carried out with both experiments and
simulation®, allowing us to determine the dependence of morphology at these various
conditions. We found that both the intensity and morphology of light scattered by an ellipsoid
were dependent upon particle orientation in both the azimuthal and polar angles. Results
presented herein are the first step towards the direct measurement of energy landscapes of
anisotropic particles.

Materials and Methods.

Preparation of ellipsoidal particles by uniaxial stretching. Ellipsoidal particles of
different aspect ratios (A.R. = 1.7 £ 0.1 and 3.0 + 0.3) were fabricated by uniaxial stretching of
polystyrene spherical beads (PS, Molecular Probes, lot# 1964358, 4 wt% suspension, initial
diameter = 4.9 + 0.3 um), following a mechanical deformation method developed by Ho et al.*.
After stretching, the resulting ellipsoidal particles had major axes (2a) = 7.1 £ 0.5 um and 11.3 £
0.9 pm, and minor axes (2b) = 4.2 + 0.2 um and 3.8 £ 0.5 um, respectively. Similar spheroidal

latex beads have been used by Doicu et al. in light scattering experiments. In brief, 2 g of the



polystyrene beads suspension was dispersed into an aqueous polyvinyl alcohol (PVA, POVAL
40-88 Kuraray polyvinyl alcohol) solution, containing 7.5 g of PVA and 300 g of ultra-pure
water. After homogenization for 24 hours, the mixture was slowly poured on a square
polyvinylidene difluoride (PVDF) tray (25 cm x 25 cm) and further settled to dry into a thin film
at room temperature for approximately 2 days. The film was carefully recovered from the PVDF
surface and cut into squares of 10 cm x 10 cm, where 1 cm x 1 cm grids were drawn to track the
uniformity of the film stretching procedure. A single square was held between the two clamps of
a custom-made automatic uniaxial stretching machine. The stretching was done at 130 °C after
an equilibration time of 5 minutes. Because this temperature is above the glass transition
temperature of polystyrene, the beads plastically deform and stretch. This procedure is performed
at two different draw ratios, in order to produce ellipsoids with two different aspect ratios.
Following the stretching process, sections of the square films were dissolved by stirring in a
mixture of isopropyl alcohol (IPA) and ultra-pure water (3:7 v/v) for 12 hours. The suspension
was then centrifuged and redispersed in the same IPA-water solution three times to remove PVA.
Afterward, several cycles of centrifugation and re-dispersion were repeated in ultrapure water to
further purify the sample. Finally, the washed ellipsoids were dispersed in a KCI solution at a
concentration of 10° M and stored in a refrigerator at (~ 4 °C). A picture of the uniaxial
stretching machine, and results of size measurements of the two samples of ellipsoids by
scanning electron microscopy (SEM) are shown in Figure S1.

Total internal reflection microscopy (TIRM) of ellipsoidal particles. The Total Internal
Reflection Microscopy (TIRM) setup is based on an upright microscope system (Olympus
BX51WI). The output of a 633 nm laser (PLM-633.0-PMF, NECSEL Co.) is passed through a

single mode 1 m optical fiber (NECSEL), which is coupled to an aspherical collimator (CFC-8X-



A, f=7.5 mm, Thorlabs). The collimator is directly attached to a custom-built aluminum mount
that holds a linear polarizer (set to p-polarization, FBR-LPVIS 500 - 720 nm, Thorlabs) and a
custom-made trapezoidal prism (BK7 glass, width: 25 mm, length: 50 mm at the larger facet)
with diagonal sides of 68° and 75°. For experiments and simulations described herein, the angle
of incidence was 75°. This is larger than the critical angle required to achieve total internal
reflection in a glass-water (n;=1.515, n,=1.33) interface (6. = 61°), resulting in an evanescent
wave that travels parallel to the glass surface and which intensity decays exponentially in the
water medium. The laser power was set to 20 mW using an automated computer control (Raman
Boxx, NECSEL). The sample was placed inside a microfluidic cell made of a 2 mm thick
microscope slide at the bottom and a thin cover slide (Fisher Scientific) at the top. Vacuum
grease (Dow Corning) was used between the slides and the gasket to prevent leaks. The
microfluidic cell was placed on top of the prism using refractive index matching oil (Resolve™,
Thermo Scientific, n = 1.515).

Before assembly, the microscope slides were previously washed in acetone (HPLC grade,
AlfaAecer), ethanol (200 proof anhydrous, Decon Laboratories) and water, followed by drying
with tetrafluoroethane (MS-222N, Miller Stephenson). The purified polystyrene ellipsoids were
dispersed in a 10 mM NaCl solution (n = 1.33, T = 23 °C), sonicated for 30 minutes and injected
inside the microfluidic cell, which has a volume of ~20 microliters. This electrolyte
concentration ensured charge screening of the negatively-charged particles, allowing them to
deposit onto the negatively-charged glass surface in about 30 minutes. The particle concentration
was kept low enough to prevent scattering interference from neighboring particles within the

region of interest used for individual particle measurements (101 x 101 pixels?).



The scattered light of isolated ellipsoids attached to the glass surface was collected with a
40X microscope objective directly above the sample (LUCPLFLN40X, NA = 0.6, Olympus).
The light was then passed through a de-magnifying adapter (0.63X) and collected by a digital
air-cooled CCD camera (Hamamatsu ORCA-R?). The camera was operated with a control unit
and a computer software provided by the manufacturer (cellSens, Olympus). The images were
acquired at full resolution (1344 x 1024 pixels?) with an acquisition time of 10 ms and an 8-hit
depth, unless indicated otherwise. The images were saved as uncompressed JPEG format. A
mechanical stage was used to find the region illuminated by the evanescent wave to align the
sample with the camera. In addition to TIRM illumination, the ellipsoids were also separately
imaged with white light from a halogen lamp (12V, 100 W maximum power, Phillips) from the
back of the sample (i.e. bright field imaging). To minimize the effects of sample heating, the
power was reduced using a controller to ~25 W. In addition, the lamp was used without a
condenser and only turned-on to locate the ellipsoids on the sample (< 30 seconds). These back-
illuminated images were used to measure the particle azimuthal angle (¢), using an automated
routine in ImageJ.

T-Matrix simulations of scattering images of ellipsoidal particles under evanescent wave
scattering. A light scattering model for TIRM was used to simulate the scattering of an
ellipsoidal particle of arbitrary orientation placed in an evanescent field near a plane surface, as
described in detail elsewhere®. The light scattering model especially includes the scattering
interactions between the particle and the plane surface. In brief, the scattering problem is solved
by relating the incident and scattered field coefficients in the framework of the T-Matrix

d35,36

metho , Where the matrix elements are calculated by matching the boundary conditions for

solutions of Maxwell equations®. Then, the reflection matrix containing the elements of the



scattered field by the surface is computed by using the integral representation of the spherical
vector wave functions, which are then rotated using the rotation addition theorem in order to
handle an arbitrary particle orientation. Finally, the imaging of the scattered field is obtained by
simulating the microscope optics of a 4-f imaging system, which is achieved by computing the
focus field distribution using the Debye diffraction integral®’.

The simulation program is written in a modular form based on the original FORTRAN
code® | and requires user input in a set of physical parameters related to the particle-substrate
geometry and materials, the optical excitation and incidence angle, numerical convergence of the
T-Matrix method and the scattering imaging geometry. These parameters were chosen to match
the TIRM experiment and are summarized in Table S1. The code produces several output files,
which include the results of the convergence analysis of the T-Matrix method, the elements of
the T-Matrix itself, the differential scattering cross sections, the integrated intensity and the
values and coordinates of the focus field distribution that are used to build a scattering image. In
average, each scattering image took 18 minutes of computation time using an Intel i7-9700
processor (3.0 GHz). Note that the particle-surface separation distance d was set to 0.1 pum, well
inside the range of the evanescence field. While we expect the deposited particles in the
experiment to be in contact with the surface, the separation distance only affected the scattering
intensity but not the scattering morphology of the images produced. The routine to compute the
light scattering by an arbitrarily shaped dielectric particle near a surface is available in the
Scattport.org website*®. While this manuscript only shows two examples of prolate spheroids
with low and high aspect ratio, the routine can be also applied to compute the scattering

morphology of oblate spheroids.



Analysis of the scattering morphology by using a 2D Gaussian function. Experimental
and simulated scattering images of ellipsoidal particles were analyzed by fitting a 2D Gaussian
function to the centroid of the image, by customizing an automated fitting routine in
MATLAB®. The scattering morphology is then extracted from two key parameters: First, the
morphology angle My, which is the angle of rotation of the major axis of the 2D Gaussian fit,
measured counter-clockwise from a horizontal reference. Second, the morphology aspect ratio
Mar, Which is the ratio of the major o, and minor oy axis of the 2D Gaussian fit and which
measures the ellipticity of the scattering morphology. Hence, a Magr = 1 represents a radial
symmetrical scattering morphology, while Mag > 1 an elliptical morphology. For calibration
purposes, the scattering morphology of experimental and simulated images is analyzed as a
function of the particle azimuthal angle ¢ for a given aspect ratio, at a polar angle 8 = 0° (i.e. an
ellipsoid parallel to the surface rotating in the azimuthal plane). Constructing this calibration
curve allows My to be used as a reporter of the azimuthal angle ¢ in experimental TIRM images,
which is then compared with the azimuthal particle orientation observed by bright field
illumination, in order to assess the viability of this orientation-sensing method. Likewise, Mag is
also measured as a function of ¢ for & = 0° in simulation images. However, this analysis is
further used to explore the effect of small variations in 4 in simulated images, as this can occur
during particle deposition of ellipsoids (i.e. ellipsoids that are not perfectly horizontal with

respect to the surface). This is explained in further detail in the results section of this paper.

Results and Discussion.
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Under evanescent wave illumination, the scattering of an ellipsoidal particle does not
only depend on the particle-substrate separation distance, but also on its orientation with respect
to the light source (i.e. the k-vector of the evanescent wave). The use of anisotropic particles in a
typical TIRM experiment, in which the integrated intensity is collected, has been unfeasible due
to anisotropic scattering. In the conventional TIRM experiment, the Brownian fluctuations of a
spherical particle diffusing near a surface are observed through the light the particle scatters in an
evanescent wave. The geometry of the illumination is such that the exponential decay of the
evanescent wave intensity is perpendicular to the surface, with a penetration depth (8) that
depends on the laser wavelength /o, its incidence angle (finc) and the refractive indices of the

surface (n;) and diffusive medium (ny):

B = [(usin(@ne))’ 12 &
The intensity of the scattered light by the particle (I.) also follows the exponential decay of the
evanescence wave:

Isc(h) = Iyexp(—Bh) 2)
where |y is the particle intensity at h = 0. Because typically =1~ 100 nm, the height (h)
fluctuations of the particle can be tracked with sub-diffraction resolution, as variations of ~1%
in I, can be measured with modern photodetectors. However, it should be noted that Equation 2
can only be used with spherical particles, as fluctuations in their isotropic scattering must
exclusively arise due to changes in h.

Figure 1 summarizes the operating principle of Scattering Morphology Resolved TIRM,

which aims to extract the particle orientation from the scattering image (i.e. scattering
‘morphology’) of a particle near a boundary under evanescent wave illumination. For a spherical

particle, the scattering morphology is symmetrical. Integration of the signal contains the
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information required to interpret intensity fluctuations as changes in height using equations 1 and
2. On the other hand, the scattering morphology of ellipsoidal particles has an elliptical pattern,
and hence can be characterized by implementing a 2D Gaussian fit on the scattering images. As
explained in section 2.4, we then extract the morphology angle (M ¢) and morphology aspect ratio
(Mag) from the Gaussian fit.

We applied this SMR-TIRM methodology to ellipsoidal particles randomly oriented in
azimuthal angle and deposited (separation distance, h = 0) on a substrate. The following three
sections summarize our results and discussion: (A) Measuring the particle azimuthal orientation

(in-plane, ¢) using the morphology angle A, (B) Simulating the effect of variations in the

particle polar angle (out of plane, #) using the using the morphology aspect ratio (Magr), and (C)
Evaluating the effect of the particle orientation in the scattering intensity, thus paving the way

towards the use of ellipsoidal particles as TIRM probes for surface interactions.
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Figure 1. Scattering Morphology Resolved Total Internal Reflection Microscopy (SMR-TIRM).
(A) Simplified diagram of the TIRM setup. The integrated scattering intensity is obtained from
the sum of the intensity of the individual camera pixels at a given frame. (B) The scattering
morphology is extracted by fitting a 2D Gaussian function to the scattering image. (C) A
spherical particle produces a symmetrical scattering morphology, with no measurable

morphology angle M¢ because the morphology aspect ratio (Mar) is equal to 1. (D) An

ellipsoidal particle produces an elliptical scattering morphology, from which the morphology

angle M ‘ and morphology aspect ratio (Mar) can be measured. (E) Diagrams showing the

azimuthal ¢ and polar 4 angles of an ellipsoidal particle deposited on a substrate.
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(A) Measuring the particle azimuthal orientation (in-plane, ¢) using the morphology angle M,

The azimuthal orientation of an ellipsoidal particle in a plane (#) was obtained with

SMR-TIRM, by measuring M, from the light scattered by the particle under evanescent wave

excitation. In order to establish a relation between ¢ and M, we first analyzed the scattering
morphology of 108 individual ellipsoids deposited on a glass surface at random orientations.
Figure 2A shows a representative set of these images, in which each pair corresponds to the
same particle illuminated with bright field and TIRM excitation, as indicated in the top of each
column. Approximately half of the collected images corresponded to ellipsoids of A.R = 1.7 and
the other half to A.R. = 3.0. Figure 2B shows the measured values of M; as a function of
¢ obtained from the scattering morphology of 63 ellipsoids of A.R = 1.7. Similarly, Figure 2C
shows the measured values of M, as a function of ¢ obtained from the scattering morphology of
45 ellipsoids of A.R = 3.0. However, for these high aspect ratio ellipsoids, only angles between
61° and 115° were observed by TIRM with enough contrast with the current setup, as the
scattering intensity decreased substantially outside this range of angles. Additional experimental
bright field and TIRM images are shown in Figure S2. Presumably, some particle orientations
are more efficient at scattering light than others, an effect that seems to be enhanced for particles
with higher aspect ratio. The relationship between M; and ¢ will be explored next by simulations
of the scattering morphology, with the goal of finding an expression that can be used to link the
morphology angle M; (i.e. the observable) with the azimuthal orientation ¢ (i.e the unknown

parameter) of the ellipsoid.
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Figure 2. Azimuthal orientation sensing of SMR-TIRM images. (A) Experimental scattering images of

ellipsoidal particles (A.R. = 1.7 and 3.0) parallel to a substrate, for bright field (6, . = 0°) and TIRM

(6. = 75°). The uncertainty in ¢ in the bright field images is £5° and £4° for A.R. = 1.7 and 3.0,

inc
respectively. The direction of propagation of the evanescent wave is indicated with the k-vector. Scale
bars = 5 um for all images. (B) Measurements of the scattering morphology angle M p obtained from

TIRM images as a function of the azimuthal particle orientation ¢, for A.R. = 1.7. (C) Same plot as in

panel (B) for ellipsoids with A.R. = 3.0.
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Figure 3. Azimuthal orientation sensing of simulated SMR-TIRM images. (A) Simulated
scattering images of ellipsoidal particles (A.R. = 1.7 and 3.0) parallel to a substrate, for bright

field (6, = 0°) and TIRM (6, . =75°). The direction of propagation of the evanescent wave is

indicated by the k-vector. The halos observed in the bright field images for A.R. = 1.7 are likely

due to a diffraction pattern. (B) Measurements of the scattering morphology angle M , a5 a

function of azimuthal particle orientation ¢, for A.R. = 1.7 (top panel) and 3.0 (bottom panel). The
simulated data is fit to an empirical sinusoidal equation. The experimental data is overlaid for
comparison. (C) Root-mean-squared (RMS) error of ¢ obtained by this model, broken down in

10° steps.

Simulated bright field and TIRM images were produced by the T-Matrix method
described in the methods section, for a range of ¢ between 0° and 180° with 10° steps. Figure
3A shows the simulated scattering images for 8 different angles, for ellipsoids of A.R. = 1.7 and

3.0, as indicated in the top of the columns. Each pair of images corresponds to the same ellipsoid
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illuminated under bright field (6i,. = 0°) and TIRM (6, = 75°) excitation, as was done in the
experiment. M, was then obtained from the TIRM images using the 2D Gaussian method. One
important thing to note is that the simulations predict a symmetrical scattering morphology when
¢=0°and 180°. Thus, M, is not defined at these angles.

We confirmed that My is dependent of ¢ by constructing a curve between the two values.
Figure 3B shows the relation between My and ¢ for the scattering morphology of the simulated
TIRM images shown in Figure 3A. The experimental data from Figure 2A is overlaid as
comparison. While the observed agreement between simulations and experiments is promising,
we also note that the simulated data predicts a non-linear relation between My and ¢. Thus, we
fitted the simulated data with an empirical sinusoidal fit of the form My = P - cos(w - ¢) + P> -
sin(w - ¢) + P3. This would imply a periodicity for the relation between M, and ¢ that can be

described by a fundamental angular frequency w. ldentical values for @ were found for the low

and high aspect ratio ellipsoids (v = 0.026 + 0.001, or a period T = 2= 240° + 10° ). We

w

suspect that this sinusoidal feature was not readily observed in Figs. 2B and 2C because of noise
in the experimental images. In the future, more sensitive imaging would aid in the elucidation of
the underlying relation between these two parameters. What is important for our purpose is that
this sinusoidal fit can be used to determine the azimuthal orientation of the particle from the
observable M in the absence of backlight. Note that the uncertainty in the measurement of ¢
expected due to the ‘blurring’ of diffraction in our bright field images was estimated to be ~5°
(Figure S3), which will be compared next to the angular error in ¢ obtained from applying the
sinusoidal fit to the simulated data.

The angular errors obtained by applying this empirical sinusoidal relation on the

simulated data are equal or smaller than the estimated uncertainty in ¢ in our bright field images.
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Figure 3C shows the RMS error of applying the sinusoidal fit to obtain ¢ from the simulated
TIRM images. Because the real ¢ was an input in the simulations, the RMS errors are calculated
to these values, and can be broken down for every 10° step. The average RMS error across all
orientations tested was found to be 2°, which is lower than the £5° estimate from bright field
images. Interestingly, this implies that the upper limit (i.e. best case scenario) of the angular
resolution of this SMR-TIRM approach is better than orientation sensing by bright field imaging.
(B) Simulating the effect of variations of the particle polar angle.

Detecting small variations in the particle polar angle through bright-field images
collected from the top (or bottom) of the sample is particularly challenging. The angular
resolution for detecting changes in polar angle is more limited than for those that occur in the
azimuthal plane. An estimate of the angular polar resolution can be calculated by considering the
length of the projection of the major axis of the ellipsoid when it is tilted out of plane. For this
tilt to be perceived in a bright field image, the change in projected length has to be at least equal

to the lateral resolution of the microscope system used. In our case, for A = 0.633 um and
numerical aperture N.A4. = 0.6, we calculate our lateral resolution to be 0.61% = 0.643 pm.

Thus, the minimum change in the projection of the major axis (2a) of the particle when tilting
out of plane has to be at least equal to this value. For ellipsoids with 2a = 7.1 pm and 11.3 pm
(as the ones used in the experiment), the minimum projections that can be measured are (2a —
0.643 pum), hence equal to 6.5 um and 10.7 pm, respectively. The minimum changes in polar

(2a - 0.643 pm)

” ), equal to ~25°

angle that can be detected with bright field imaging are then cos ™! (

and 20° for the low and high aspect ratio particles imaged in the experiment (Figure S4). It
should be noted that these values do not consider the effect of defocusing, which would decrease
the angular resolution even further. Then, we proceeded to test how the parameters of SMR-
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TIRM are affected by small variations in polar angle that would be otherwise undetectable with
bright field imaging.

We simulated a small out of plane tilt of 10° to investigate the effect in SMR-TIRM of a
small change in the polar angle. First, this served to evaluate the robustness of the detection
method to measuring azimuthal angle. Second, these calculations were used to assess whether
the morphology aspect ratio could be used to detect variations in polar angle. Figure 4A shows
simulated TIRM scattering images of ellipsoids of A.R. = 3.0, at four different azimuthal
orientations ¢. The diagram above the images shows a side view of the ellipsoid at § = 0° (i.e.
major axis parallel to the substrate) and 10°. Each image was then analyzed by the 2D Gaussian
method, from which M and M . were extracted as a function of ¢ for different 6.

The ability to detect the azimuthal orientation ¢ of an ellipsoid using SMR-TIRM is not
affected by small changes in polar angle 6. Figure 4B shows the relation between M, and ¢. for 6
=0° and 10°, in ellipsoids of 4.R. = 1.7 and 3.0. It can be readily noticed that a small change of
6 = 10° does not affect the underlying relation between ¢ and M If a sinusoidal calibration were
to be used to later extract the particle orientation by only measuring My, the results would be
identical as the fits overlay each other. Therefore, the noise observed in the experimental data
shown in Figure 3B is not a result of small variations in 6 that could have occurred when these
were deposited on the surface.

In contrast, the aspect ratio of the scattering morphology M,z is strongly affected by the
particle polar angle. Figures 4C & 4D show the values of Mz for a full rotation of ¢ between 0°
and 180°, for ellipsoids A.R. = 1.7 and 3.0 respectively. For the ellipsoid with lower aspect ratio,
the highest values of M4y (i.e. the most elliptical scattering morphologies) are observed at ¢=

60° and 120°, and the lowest at ¢ = 0° and 180° (i.e. the most symmetrical morphology). For the
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ellipsoid with a higher aspect ratio, the highest value of M,y is at ¢ = 90°, when the k-vector and
the major semi-axis are orthogonal. Similar to the ellipsoid of low aspect ratio, the values of M4z
decrease to 1 as ¢ approaches 0° and 180°. For both type of ellipsoids, the trends are symmetric
at 90° when 6 = 0°, as each value of M is identical for every 2-(¢ — 90°), when ¢ # 90°. Hence,
unlike My, M x cannot be used by itself to unambiguously identify ¢@.

However, these data show the morphology aspect ratio Mg to be exquisitely sensitive to
changes in polar angle 0 for a wide range of @. Figures 4C & 4D also show the values of M4z for
6 =10° and -10° for the same simulated ellipsoids. The relative change in M varies with ¢, and
with the particle A.R. For instance, the largest relative change in My is -45% for the high aspect
ratio ellipsoid at ¢ = 20°, and -11% for the low aspect ratio ellipsoid at ¢ = 140°. A summary
with the relative changes in M as a function of ¢ can be found in Tables S2 & S3. These results
suggest that only in small regions near polar orientations of 0°, 90°, and 180° would M,z be
unable to detect the polar orientation. Recall that such small changes in 6 would be undetectable
by analyzing the projection of bright field images, as the out of plane angular resolution is
between 20°-25°. This is promising for the development of SMR-TIRM to potentially achieve
3D orientation tracking of ellipsoidal particles, by using a combination of M; and M4z in a (¢, 0)

space.
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Figure 4. Effect of a small tilt in polar angle in simulated SMR-TIRM images. (A) Representative
simulated TIRM images of ellipsoids with A.R. = 3.0 at # = 0° and 10°. The Morphology Aspect Ratio

(Mag) is indicated in each TIRM image. (B) Measurements of the scattering morphology angle M¢ asa

function of the azimuthal particle orientation ¢ for A.R. = 1.7 (top panel) and 3.0 (bottom panel), where
6 = 0° and 10° are overlaid with different colors. The sinusoidal fit is shown with a solid red line. (C)
Effect of Mag With particle azimuthal orientation ¢, where 6 = 0°, 10° and -10° are shown with different

colors, for an ellipsoid of A.R. = 1.7. (D) Same plot as in C. for an ellipsoid of A.R. = 3.0.

In addition to the measurement of angular position, measurement of fluctuations in height
are also an essential part of a TIRM experiment. One would expect the morphology intensity to
be the main reporter of separation distance for SMR-TIRM, in particular at a fixed orientation®'.
Herein, we now proceed to evaluate how orientation affects the scattered light intensity by the
ellipsoids in an evanescent field.

(C)Evaluating the effect of the particle orientation in the scattering intensity.
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In a classic TIRM experiment with a spherical particle probe, intensity fluctuations arise
solely from changes in separation distance. These fluctuations are tracked to construct a potential
energy landscape of the particle-surface interaction. However, for anisotropic particles,
orientational changes also affect the integrated intensity. Deconvoluting these quantities, namely
separation distance and orientation, is required for conducting SMR-TIRM, and obtain the
potential energy landscape of an anisotropic particle interacting with a surface.

Along with the simulated scattering images of ellipsoids under evanescent wave
illumination, the integrated scattering intensity was computed by modeling a similar imaging
system as in the experimental setup (N.4. = 0.6; other relevant parameters can be found in Table
S1). Note that these simulations assume that all particles are illuminated with the same
evanescent wave intensity in the x,y plane, which would not be the case for an experimental
evanescent field due to the laser spatial distribution in Xx,y. However, regardless of the particle
lateral position within the evanescent wave, the integrated scattering intensity is expected to
decay exponentially as in equation 2. This is shown in Figure 5A, where the integrated
scattering intensity by a particle at a fixed orientation decays exponentially with separation
distance. Here, the integrated intensity is calculated relative to the intensity lo at the minimum

height as is typically done in TIRM measurements.
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Figure 5. Effect of the particle position and orientation in the scattering intensity under TIRM
illumination. (A) Scattering intensity under evanescent wave illumination as a function of

particle-substrate separation distance. (B) Scattering intensity as a function of the particle

azimuthal orientation ¢, for ellipsoids of A.R. = 1.7 and 3.0 at fixed height. The scattering

intensity is normalized for ¢ = 0°, at which the scattering morphology has the most symmetry.

In addition to changes in the particle-surface separation distance, the azimuthal
orientation ¢ also affects the scattering intensity of ellipsoidal particles. Figure 5B shows the
simulated integrated intensity for ellipsoids 4.R. = 1.7 and 3.0, for a range of ¢ between 0° and
180° at a fixed height (0.1 um). Here the intensity is shown relative to the value at ¢ = 0°, which

is where the scattering morphology has the largest symmetry. These results show the extent to
which intensity changes as a function of the azimuthal orientation of the particle. Figure S6
shows the simulated scattering images for an ellipsoid of 4.R. = 3.0 with the same intensity scale,

to further highlight the differences in scattering intensity as a function of ¢. In an experiment
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with a diffusing ellipsoid, this relationship can used to decouple the scattering intensity due to
changes in the particle azimuthal orientation ¢ from those due to changes in particle height 4. For
instance, for the ellipsoid with A.R. = 1.7, the integrated scattering intensity decreases almost by
a factor of ~1.8 at ¢ = 40° and 140°, which would be otherwise interpreted as a height change of
~60 nm from the minimum distance. Moreover, for the ellipsoid with 4.R. = 3.0 the changes in
intensity as a result of ¢ are more pronounced. For these high aspect ratio particles, the intensity
decreases 16 fold for ¢ = 30° and 150°, which would be wrongly interpreted as a height change
of ~300 nm from the minimum distance. This partly explains why only a limited range of ¢
between 60° and 120° was observed in the experiment for these high aspect ratio ellipsoids
(Figure 2), as the decrease in intensity (inside this range of ¢) is only expected to be a factor of
~2, but dimmer particles (outside this range of @) were likely below the detection limit under the
experimental conditions used. These observations confirm the sensitivity of the integrated
scattered light to changes in @, and further points out that ellipsoids with higher A.R. scatter with
a more sensitive dependence on orientation.

Finally, we evaluated the impact of a small variation in the polar angle 6 on the integrated
scattering intensity of an ellipsoidal particle. These variations could happen during particle
deposition and as explained previously, would be hard to detect using the trigonometric
projection of a bright-field image from the top of the sample. Figure 6A shows a side view
schematic of an ellipsoid aligned with the substrate plane (6 = 0°) and with exaggerated tilts of &
0. Similarly to Figure 5B, the scattering intensity was simulated at a constant height of 0.1 um,

measured from the top of the substrate to the lower edge of the particle.
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Figure 6. Effect of a small tilt the particle polar angle 4 in the scattering intensity under TIRM

illumination. A. Schematic showing a side view of an ellipsoidal particle and the substrate, for
6 = 0°, and for variations of +6. B. Plots of the scattering intensity as a function of ¢ for 6 =
0°, 10° and -10°, at a fixed height, for ellipsoids of A.R. = 1.7 (top panel) and 3.0 (bottom
panel). For both panels, the intensities are normalized to the scattering intensity at [¢, 6] =

[0°,0°].

Small changes in the polar angle 6 of ellipsoidal particles cause large variations in the
scattering intensity under an evanescent field. Figure 6B shows the integrated intensity as a
function of ¢ for 8 = 0°, 10° and -10°, for ellipsoids of A.R. = 1.7 (top panel) and 3.0 (bottom
panel). Similarly to Figure 5B, the intensity here is shown relative to the value at ¢ = 0°, § = 0°,
which is when the scattering morphology shows the largest symmetry. For § = 10° and -10°, the

intensity as a function of ¢ is no longer mirror symmetric at 90° (i.e. I(¢ =45)° # (¢ = 135)°),

25



as is the case when 0 = 0°. Interestingly, the low A4.R. particles show their larger sensitivity to €
between 0° < ¢ < 30° and 150° < ¢ < 180°, where the intensity increases (or decreases) almost by
a factor of ~2, depending on 6. For the case of the high A.R. particles, the integrated intensity
increases by a factor of ~1.5 around ¢ = 0°, and decreases by a similar amount around ¢ = 90°,
without losing much of the pronounced sensitivity shown in Figure 5 around ¢ = 30° and 150°.
These simulations thus show that unlike to what was observed for rotations in ¢, where high A.R
particles showed higher sensitivity, the low A4.R. ellipsoids scatter more sensitively in response to
small variations in 6. Overall, these results also confirm the importance of knowing the particle
orientation to deconvolute its effect in the scattering intensity in an evanescent field. In the
future, we aim to explore the effect of small variations in particle size in the scattering intensity
of ellipsoidal particles, as size dependent resonances have been reported for spherical particles in
the Mie regime*'.

These data, taken together with the data summarized above, provide a pathway by which
each of the orientation angles and separation distance of an ellipsoidal particle can be uniquely
obtained, thereby decoupling contributions to the scattering intensity to be used for a SMR-
TIRM experiment. The morphology angle My, as it is sensitive to azimuthal angle but not polar
angle, should first be used to determine the azimuthal orientation of the particle (see Figs. 2 and
3). Subsequently, the morphology aspect ratio M, should be used at a given azimuthal angle to
determine variations in the polar angle of the particle (see Figure 4). Once both the azimuthal
and polar angles are known, these values can be used to correct for variations in integrated
intensity via the known relationships between relative integrated intensity and angle (see Figs. S

& 6). Finally, the corrected integrated intensity would be used for a unique determination of
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separation distance. We propose this path for conducting SMR-TIRM to obtain potential energy
landscapes based on the data presented herein, with ongoing work to test this protocol.
Conclusions.

The initial development of Scattering Morphology Resolved Total Internal Reflection
(SMR — TIRM) was described herein. Central to the development of this technique is the
hypothesis that the morphology of light scattered from a colloidal ellipsoid is a sensitive function
of orientation. The hypothesis was tested via combined experimental and computational mapping
of scattered light morphology from colloidal ellipsoids at fixed separation distance and
orientation. Morphologies were parameterized with the orientation My and aspect ratio Mar of
the fitted 2D Gaussian surface. The azimuthal orientation was predicted from a simulated
relation between M, and ¢. When conducted with experimental data and simulated data, this
exercise yielded results that were comparable or better in accuracy than the angular resolution in
¢ expected from bright field microscopy. Further, simulated mapping results revealed the
exquisite sensitivity of Mar to the polar angle. Such sensitivity to variations in polar angle is
beyond the angular resolution in @ of a bright-field image also acquired from the top of the
sample, taking into account the diffraction limit of light. In conclusion, the morphology of
scattered light was found to be a sensitive function of particle orientation, which causes
variations in the scattered light intensity comparable in magnitude to those resulting from
fluctuations in separation distance in a conventional TIRM experiment.
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