Anisotropic colloidal particles near
boundaries

Cite as: J. Appl. Phys. 131, 150903 (2022); https://doi.org/10.1063/5.0089206
Submitted: 23 February 2022 - Accepted: 30 March 2022 - Published Online: 19 April 2022

ARTICLES YOU MAY BE INTERESTED IN

Nanoemulsion polymerization and templating: Potentials and perspectives
Journal of Applied Physics 131, 150902 (2022); https://doi.org/10.1063/5.0081303

The road ahead for ultrawide bandgap solar-blind UV photodetectors
Journal of Applied Physics 131, 150901 (2022); https://doi.org/10.1063/5.0082348

Lock-in carrierography of semiconductors and optoelectronics


https://doi.org/10.1063/5.0089206
https://aip.scitation.org/doi/10.1063/5.0081303
https://doi.org/10.1063/5.0081303
https://aip.scitation.org/doi/10.1063/5.0082348
https://doi.org/10.1063/5.0082348
https://aip.scitation.org/doi/10.1063/5.0088214

PERSPECTIVE scitation.org/journal/ja

CS

® JiaruiYan and ® ChristopherL.Wirt h

& 6 @

View Online Export Citation CrossMark

(7))
L
(7))
>
(TH -
on
— o
c 0
. S —
s Qa
oQ
RE- ¢

Lock-in Amplifiers
up to 600 MHz

N/ Zurich =
AlP 7\ Instruments (AS _IEm A L

Publishing

Journal of Applied Physics 131, 151101 (2022); https://doi.org/10.1063/5.0088214

3. Appl. Phys. 131,150903 (2022); https://doi.org/10.1063/5.008920 6 131, 150903
0903 (20?5; doi:¥l0.1063/5.00892(06 ) ° ‘ 131, 150903-1

xclusive license by AIP Publishing



https://doi.org/10.1063/5.0088214
https://doi.org/10.1063/5.0089206
https://doi.org/10.1063/5.0089206
https://aip.scitation.org/author/Wirth%2C+Christopher+L

Journal of PERSPECTIVE scitation.org/journal/ja

Applied Physics

© 2022 Author(s).

Anisotropic colloidal particles near boundaries

Cite as: J. Appl. Phys. 131, 150903 (2022); doi: 10.1063/5.0089206

Submitted: 23 February 2022 - Accepted: 30 March 2022 - @ T @
Published Online: 19 April 2022 u

View Online Export Citation CrossMark

Jiarui Yant2 (2 and Christopher L. Wirthz2 (&

AFFILIATIONS
1
Department of Chemical and Biomedical Engineering, Washkewicz College of Engineering, Cleveland State University,

Cleveland, Ohio 44115, USA >
Department of Chemical and Biomolecular Engineering, Case School of Engineering, Case Western Reserve University,
Cleveland, Ohio 44106, USA

?Author to whom correspondence should be addressed: wirth@case.edu

ABSTRACT

Anisotropic colloidal particles are regularly found in applications ranging from health to energy. These particles, typically with non-uniform
shape or surface chemistry, interact with boundaries in unique ways, offering pathways to complex assemblies and active systems. Work in
this field over the past two decades rapidly advanced, with the last five years seeing significant innovation. One common thread joining many
studies and applications is that of the presence of boundaries in the form of a nearby wall or neighboring particle. Asymmetry introduced by
a neighboring boundary often leads to unique and surprising particle dynamics from the resulting anisotropic surface interactions. Herein, we
provide background for the area, some recent distinctive examples, and describe recent work from our group developing a technique to
measure surface interactions of anisotropic particles. Note that we focused on anisotropic “colloidal” particles with the size ranging from 0.1
to 10 pm in the presence of externally or internally generated fields. Within this context, we then motivate and describe recent work from our
group developing an ultra-microscopy technique called Scattering Morphology Resolved Total Internal Reflection Microscopy. Finally, we
finish the perspective article by identifying challenges and providing an outlook for the field.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0089206

I. INTRODUCTION used to drive the motion of individual or assemble ensembles of
isotropic colloidal particles. One classic example is that of
electrophoresis, which will occur when a colloidal particle with
bound charge and associated diffuse layer, forming an electric
double layer, is exposed to an external electric field.* The electric
field acts on the mobile ions in the diffuse part of the electric double
layer of the particle to drive its surrounding flow. The particle itself
is then driven in the opposite direction in response to the “tank
treading” action of the enveloping flow. Other classic examples
include dielectrophoresis, in which a particle moves in response to a
gradient in the electric field, and magnetophoresis, in which a
magnetizable particle moves in response to a gradient in a magnetic
field.*

One well-studied example of assembly is that of an ensemble of
colloidal particles responding to a nearby polarized electrode.'>73
Particles assemble in response to electric field mediated flows driven
along the particle surface and electrode boundary.

Nano- to microscale “colloidal” particles are regularly found as
key components in industrial and biological applications (see Fig.
1).-1° The size domain occupied by these particles, that of 0.1-10
um, results in a large surface area to volume ratio that makes a wide
range of surface and body forces relevant to the dynamics of these
systems. Both surface forces mediated by the physiochemical
properties of the particle and continuous phase and body forces
mediated by the particle’s composition and external fields are
relevant when considering particles in this size range. Dispersal of
solid colloidal particles in a viscous liquid, such as water, further
leads to non-conservative (i.e., path dependent) forces being
relevant. The complex interplay of forces engenders a wide range of
dynamics in colloidal suspensions. Consequently, field mediated
assembly and dynamics of colloids have been a robust field of study
for many decades.'' This perspective aims to first provide historical
context to the area, to describe key advances of current work, to
identify existing challenges and describe new innovations from our
lab in response, and to provide an outlook framed by three important
aspects, namely, the variety and nature of fields, the anisotropy of
particles, and the presence of boundaries.

Electric,12-17  magnetic,is-22  chemical,23-25  thermal,26-23
acoustic,”**! and hydrodynamic fields**—* have been successfully
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FIG. 1. Anisotropic colloidal particles found in applications across health, agriculture, coatings, food, batteries, and bioprocessing. There is a large variety
of anisotropy found among particles with a characteristic size between 0.1 and 10 um. Anisotropies arise in shape, surface chemistry, and contour, leading
to surface forces that depend on not only separation distance but also orientation."*° Reprinted with permission from Qi et al., Prog. Org. Coatings 63,
345-351 (2008). Copyright 2008 Elsevier. Reprinted with permission from Co and Marangoni, Adv. Colloid Interface Sci. 273, 102035 (2019). Copyright
2019 Elsevier. Reprinted with permission from Bosma et al., Prog. Org. Coatings 55, 97-104 (2006). Copyright 2006 Elsevier. Reprinted (adapted) with
permission from Ferraro et al., Energy Fuels 30, 9859 (2016). Copyright 2016 American Chemical Society and Buys et al., Cardiovasc. Diabetol. 12, 25
(2013). Copyright 2013 Author(s), licensed under a Creative Commons Attribution (CC BY) license. Reprinted with permission from Sun, X.-B. Zuo, S. Fang,
H.-N. Xu, J. Chen, Y.-C. Meng, and T. Chen, J. Texture Stud. 48, 241-248 (2017). Copyright 2016 John Wiley and Sons. Reprinted with permission from
Wilson, L. Wilson, and I. Patey, Clay Miner. 49, 147-164 (2014). Copyright 2018 Cambridge University Press. Reprinted (adapted) with permission from
Binks et al., Langmuir 21, 8161-8167 (2005). Copyright 2015 American Chemical Society.

Similar processes can also be driven by electric fields in 3D.%
Application of these processes ranges from fabricating colloidal
crystals for photonic materials to that of electrorheological fluids in
which particles are driven to form chains that will significantly alter
the rheological properties of the continuous phase. Similarly,
magnetic fields have been used to drive the dynamics of individual
particles, as well as assemble ensembles into chains, 2D, and 3D.*#!
Applications of these processes are quite broad because of the
robustness of using a magnetic field, which avoids certain
problematic features, such as electrochemical reactions, often
encountered with electric fields. Note also that although electric field
driven processes occur via both surface mediated and body forces,
magnetic field driven assembly processes are typically driven by
body forces.

Other types of fields have also been widely adopted to control
the dynamics of colloidal particles. As discovered nearly 50 years
ago, gradients in chemical or thermal fields will drive particle
motion. An isotropic colloidal particle will be driven to “swim” in
response to an imposed gradient of solute via diffusiophoresis,”’
while a similar process will occur in a thermal gradient via
thermophoresis.*>** These physiochemical phenomena have found

new appreciation over the past 15 years as anisotropic particles have
been designed and synthesized to generate local gradients that
facilitate transport. Acoustic streaming fields®' or hydrodynamic
fields (i.e., the flow field associated with the continuous fluid) are
yet another set of mechanisms to which colloidal particles will
respond.*

Recently, there has been an increased emphasis on the role
anisotropy may play in the broad set of phenomena described above.
This renewed emphasis arises from both the recognition of the wide
array of anisotropies encountered in applications and the successful
pursuit of new fabrication methods for anisotropic colloidal
particles.”> Anisotropy can generally be thought of as a particle
feature that imparts a difference from that of a sphere of uniform
composition, surface chemistry, and mechanical properties. Figure 1
illustrates the large array of anisotropic particles found in
applications ranging from Health, Agriculture, Food, Pulp & Paper,
Batteries, and Coatings. Note the large variety of anisotropies.
Particles may have aspect ratios differing from one that are either
prolate or oblate, have a cavity or be dimpled, or have a swirling
contour or be faceted. These particles could also have anisotropy in
surface chemistry, composition, mechanical, and electrical
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properties. Anisotropic features will play a significant role in the
particles’ dynamics in response to the various fields noted above. In
some cases, an anisotropic feature will respond to the field (e.g.,
shear alignment of rods*®), whereas in other cases the anisotropy is
necessary to create the field (e.g., catalytic Janus particle*’). While
the former plays a significant role in many industrial applications,
for instance, the pumping of a suspension of fibers,* the latter has
been identified as a model analog system for biological entities.*’

The third element of emphasis in this perspective is that of
boundaries. Particles are regularly found near boundaries or in
crowds. For instance, red blood cells interact with boundaries or
neighbors either in the body or in a diagnostic device.”’ These
interactions play an important role in the proper function and health
of the vasculature. Abnormal surface interactions can be an
indication of a disease and cause significant damage.>'-*> Thus, an
appropriate understanding of these interactions is of significance in
that boundaries introduce both conservative and non-conservative
interactions via the surface chemistry and hydrodynamic
interactions, respectively. Anisotropies will tend to further make
these interactions asymmetrical to the extent that particles will
behave in unique and potentially useful ways.

This perspective is organized as follows. First, relevant classes
of anisotropy are described along with the recent advances in
fabrication methods used to make particles. Next, a selection of
fields will be described relevant to the dynamics of anisotropic
colloidal particles. Those fields are organized into “external” and
“internal” fields, in which the former can be considered imposed
fields, while the latter are fields generated by the particle itself. This
section focuses on the application of these phenomena near
boundaries. We will then explore recent innovations for measuring
the dynamics of anisotropic particles near boundaries, with a
particular emphasis on Scattering Morphology Resolved Total
Internal Reflection Microscopy (SMR-TIRM). Finally, Sec. V
identifies a selection of challenges and opportunities in this area. It
is important to note that there is a substantial amount of related work
that is outside the scope of this perspective. Herein, we focus on solid
colloidal particles with a characteristic size between 0.1 and 10 pm.
There is a large body of literature focused on anisotropic
nanoparticles™ and liquid crystals™ for which many synthetic routes
exist.

Il. ANISOTROPIC PARTICLE DESIGN AND FABRICATION A.

Geometric anisotropy via mechanical methods

PERSPECTIVE scitation.org/journal/jp

A particle is typically considered to be geometrically
anisotropic when its shape differs from a sphere, but this guideline
could be generalized to a particle with a variation in curvature along
its surface as anisotropic. Rough or faceted particles with local
curvature variations are often considered anisotropic and have
recently been explored.” Prolate and oblate ellipsoids,™
dumbbells,’” snowmen,® and bowls™ are all examples of colloidal
particles with anisotropy in shape that have been successfully
fabricated (see Fig. 2). A large selection of fabrication methods can
be organized into categories of mechanical manipulation, controlled
aggregation, printing, and synthetic routes.

Mechanical manipulation techniques typically rely on a
spherical polymer particle being dispersed in a film, heated to above
the glass transition temperature of the polymer, mechanically
manipulated via uniaxial or biaxial stretching, and then thermally
quenched to make permanent the new shape.®” This technique is
particularly well-suited for adjusting the aspect ratio of particles to
make either prolate or oblate ellipsoids. Some key advantages of this
technique include the ease with which the aspect ratio can be
adjusted, the capability to produce large quantities of particles, the
ability to utilize polymer particles with fluorescent tags, and the
relatively wellcontrolled dispersity of product. Although initially
developed nearly three decades ago, progress has been made in
developing precise and scalable methods for fabricating prolate
ellipsoids in recent years. Motivation for these advances resides
primarily in the need for sufficient material to operate at semi- to
concentrated regimes in rheology and colloidal assembly
processes.’'=% These updated fabrication routes are excellent
improvements in precision and scalability of the film stretching
technique.

First, a two-step continuous film stretching process was recently
developed capable of producing up to ~1 g of monodisperse prolate
ellipsoids, more than 20 times the typical production rate of batch
processes.®® The team utilized existing polymer processing steps,
such as draw down (to fabricate the film) and roll-to-roll (to facilitate
fabricating the film), to achieve continuous film production, flash,
and stretching. This advance facilitates long continuous runs of film
to be processed to produce monodisperse samples (see Fig. 3). Even
more recently, another variation of the mechanical manipulation
process was developed in which a film was stretched with a gradient
such that samples of ellipsoids with systematic variation in the aspect
ratio could be reliably generated from a single film.®” The authors
were able to convincingly show that a film stretched in this fashion
would yield a wide selection of aspect ratios. Although this

FIG. 2. Small selection of shape anisotropic colloids that include (a) prolate ellipsoids, (b) oblate ellipsoids, (c) dumbbells, (d) snowmen, and (e)
bowls.>%°7,5%1851% Reprinted (adapted) with permission from Coertjens et al., Langmuir 33, 2689 (2017). Copyright 2017 American Chemical Society.
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Reprinted (adapted) with permission from Voggenreiter et al.,
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Langmuir 36, 13087 (2020). Copyright 2020 American Chemical Society. Reprinted

(adapted) with permission from Forster et al., ACS Nano 5, 6695 (2011). Copyright 2011 American Chemical Society. Reprinted with permission from Ma
et al., Adv. Funct. Mater. 22 Ma, S. Wang, L. Smith, and N. Wu, 4334-4343 (2012). Copyright 2012 John Wiley and Sons. Reprinted with permission from
Meijer and J. J. Crassous, Small 14, 1802049 (2018). Copyright 2018 John Wiley and Sons.
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FIG. 3. Mechanical manipulation for shape anisotropic particle fabrication. The original technique consisted of (1) dispersion of polystyrene spheres into
and batch casting of a polyvinyl alcohol film, (2) batch heating of the film to above the glass transition temperature, (3) uniform stretching along one
(uniaxial) or two (biaxial) directions, and finally (4) dissolution of the film to suspend the ellipsoids. Recent advances include that of dispersion and
continuous casting of the film, continuous uniform uniaxial stretching of the film, and batch uniaxial, but non-uniform stretching of the film. These
advances allow for the fabrication of either large quantities or large distributions of

an aspect ratio of shape anisotropic particles.®®®’

continuous, it is quite useful for the rapid production of many
different aspect ratios of ellipsoids (see Fig. 3).

In general, challenges with mechanical manipulation
techniques mainly center on material choice and hardware. Suitable
material choice for a particle has so far been restricted to those with
a glass transition temperature (i.e., polymeric) and are most often
polystyrene or poly(methylmethacrylate) (PMMA).%* Further, the
particle should be compatible with the continuous film in which
stretching occurs. Another challenge with this technique is that of
hardware. Most apparatus for conducting such stretching processes
are either small custom-built machines or very large, commercial
grade biaxial stretchers. The former takes time to build and typically
is small, thereby limiting throughput, whereas commercial biaxial
stretchers are not common in university settings. There remain few
economical, commercial options for biaxial stretching with
controlled temperature.

B. Geometric anisotropy via chemical routes

In addition to mechanical methods, there are a variety of
chemical routes to produce geometrically anisotropic particles. For
instance, one class of techniques to control shape consists of using
building block “base units” in conjunction with a controlled
aggregation process. Such processes typically consist of spherical

particles of different sizes that are induced to flocculate via rapid
changes in salinity or some specific chemical binding mechanism.
For example, one route for the fabrication of doublets entails mixing
suspensions of like charged particles along with a high concentration
of electrolyte.” Flocculation is allowed to proceed for some period
before the process is quenched by diluting the suspension with ultra-
pure water. Related techniques are those that use the covalent
attachment of particles or droplets with specific or non-specific
interactions.”~’> Both processes, that of flocculation and chemical
bonding, typically result in anisotropic particles that appear as
doublets, snowmen, or bumpy.

One effective technique for fabricating colloidal particles with
anisotropy in both shape and chemistry is that of seeded
polymerization and swelling.”*~"* Initially developed 30 years ago,
this particle fabrication technique has recently been adopted to
fabricate doublets with a systematically different size and
chemistry.”*~"® Anisotropic particles are fabricated by starting with a
crosslinked polymer sphere that is exposed to monomer. The
monomer tends to swell the polymer sphere on a very short time
scale, followed by separation to produce a small bulb on the surface
that is subsequently polymerized at elevated temperature. The
resulting anisotropic particle can then be further modified to have
lobes of different chemistry. Further, there are other synthetic routes
for producing rod-like particles with excellent control over aspect
ratios.””*" Aspect ratios ranging from ~1 to 25 were achieved, with
the width of these silica rods roughly 200 nm.

J. Appl. Phys. 131, 150903 (2022); doi: 10.1063/5.0089206
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Note that these bottom-up techniques to fabricate geometrically
anisotropic particles are complemented by an array of top-down
techniques primarily based on photolithographic printing.*' Recent
studies®**? using similar top-down techniques showed that optically
assisted printing of a colloidal scale particle with a complex
geometry was possible. Exquisite geometry on the nano- to
microscale is possible with this technique, varying aspect ratios,
faceted, or looping structures have all been achieved. Despite being
somewhat limited in particle fabrication throughput, this approach
offers excellent precision in the nanoscale resolution of the shape
and structure of particles.

C. Chemical anisotropy

Another avenue in which anisotropy may be introduced into a
particle system is that of surface chemistry. Many colloidal particles

(A) Vacuum (B) Vacuum

Metal Source

Substrate

PERSPECTIVE scitation.org/journal/jp

deposited layer, one significant benefit of this technique is that there
are very few restrictions on the chemistry of the native particle. The
only requirement for the native colloidal particle is that a relatively
uniform monolayer of that particle must be achievable. One
engineering challenge with this technique is that of scalability. There
remain some limitations on the quantity of material that can be made
with this method, primarily because monolayers are typically
processed on wafers that do not exceed a few ~in?. However, in
principle, there is no limit on such a technique if continuous
monolayers can be fabricated and subsequently modified via
physical vapor deposition.

A second technique well suited to fabricating Janus particles is
that of chemical modification during interfacial pinning.””~> This
fabrication process consists of first pinning native colloidal particles
at a fluid/fluid interface, typically as a Pickering—Ramsden

Substrate

FIG. 4. Glancing Angle Deposition (GLAD) Fabrication Process. (a) A monolayer of particles at angle 6 is exposed to some metal source in vacuum. (b)
Systematic adjustment of © alters the cap coverage. (c) Those particles can then be released into solution. (d) SEM imaging of a Janus particle with gold

cap, revealing the roughened
nature of the cap.

found in real applications, such as filler clays or pigments for
coatings, will display chemical anisotropy in addition to shape
anisotropy. Three avenues by which particles can be made
chemically anisotropic include Glancing Angle Deposition (GLAD),
chemical modification via interfacial pinning, and synthetic routes.
Since its invention in 1997,%-% GLAD has become a technique
of choice for fabricating patchy colloidal particles.*’-"" Briefly,
GLAD consists of using physical vapor deposition or sputtering to
deposit a layer of a material on a monolayer of colloidal particles
(see Fig. 4). Material is deposited on the exposed surface area of a
monolayer of particles situated perpendicular to the source. When
conducted with the substrate perpendicular to the source, GLAD
typically yields particles with one coated hemisphere, i.e., “Janus”
particles. Systematic adjustment of the substrate inclination angle 6
or the angle of crystallinity with respect to the source impacts the
patch coverage as well as shape. Metals, such as platinum, titanium,
and chrome, are often the deposition material of choice in GLAD,
but other materials, such as carbon, have also been employed.’’
Although there is some restriction with respect to chemistry for the

emulsion, and then selectively modifying one side of the particle via
the continuous phase. Another variation on this technique is
solidifying one phase to lock-in the positioning of the cap boundary.
Solidifying the non-modifying phase would also help to eliminate
the possibility of solute diffusion into that phase. Although there are
some material limitations to this technique because of the
requirement to first prepare a Pickering—Ramsden emulsion, this
avenue does offer increased flexibility, in comparison to GLAD, for
material choice of the cap. An additional strong point for this
technique is that of scalability. Processing occurs in a volume,
facilitating the fabrication of many more particles as compared to
most examples of GLAD. However, GLAD at this point offers more
control of specific geometry (i.e., patch size and shape).

As is the case for shape anisotropy, there exist synthetic routes
for preparing colloidal particles with chemical anisotropy. For
instance, there have been multiple examples of molecularly thin, 2D
nanosheets being chemically modified such that each side of the
individual sheets has distinct chemistries. Graphene oxide (GO) has
been modified in this fashion by using a Pickering—Ramsden
templating technique.’>*° In both cases, the GO sheets were first
adsorbed onto an interface of a wax-in-water emulsion such that one
side of the GO was exposed. Subsequent steps utilized aqueous
phase chemistry to chemically modify the exposed GO face. One
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Published under an exclusive license by AIP Publishing

131, 150903-6



Journal of

Applied Physics

such route utilized poly(propylene glycol) bis(2-aminopropyl ether)
as chemical modification, while another polymerized methyl
methacrylate onto the exposed GO face. A mix of chemical analysis
and physical measurement techniques have been employed to verify
the asymmetric chemistry. For instance, both FTIR and XRD were
used to verify via chemical analysis, whereas analysis of surface
pressure isotherms has been used to infer the presence of asymmetric
chemistry.

Some of the fabrication routes described above are amenable to
serial processing, facilitating the combination of geometrical and
chemical anisotropies. One excellent example is that of uniaxial
stretching and GLAD. Previous work has shown that combining
these processing steps in serial will result in fascinating and useful
anisotropic colloidal particles. Moreover, the order in which the
processing steps occurred strongly influenced the final function of
those particles. In one study, polystyrene particles with a florescent
tag were first made Janus, with a gold cap covering roughly 50% of
the native particle, and subsequently uniaxially stretched. Processing
particles in this order resulted in “Janus Kayaks,” essentially
particles that had half an ellipsoid as defined along the long axis,
with a small spherical cap.”’”® Changing the order of these steps,
with stretching occurring before GLAD, resulted in ellipsoid
particles in which one half was coated with gold.

Combining anisotropy of both shape and chemistry in these
particles led to distinctly different assemblies in the absence of
external fields. Assembly structure was sensitive to the concentration
of'the electrolyte in the continuous phase. At low to intermediate salt
concentrations (2.5 mM NaCl), the “Janus kayak” particles were
found to preferentially assemble in structures that maximized gold—
gold contacts. Those structures that maximized these contacts tended
to be more ordered, in comparison to assemblies obtained at large
salt concentrations (100 mM NaCl). Optimal screening of
electrostatic repulsion, such that gold—gold is attractive while gold—
polystyrene remains repulsive, is the origin of these unique
structures. Subsequent work demonstrated the response of the
assembled structures to external fields. Ordered ellipsoid fibers,
assembled from Janus ellipsoids with gold patches facing each other,
were shown to expand and contract in response to an external electric
field being toggled on and off, respectively. The actuation of a fiber
in this fashion has the potential to serve as an analog to muscle fibers.

Very recent work in this area revealed a unique response of
Janus ellipsoids with complex patches in response to AC electric
fields.”” Helical trajectories were achieved by driving Janus
ellipsoids with patches of complex shape. Such patches were
achieved by conducting glancing angle deposition not only on
monolayers of ellipsoids but also on multilayers of ellipsoids in
which parts of the patch were shadowed by other layers. In the
presence of an AC electric field, the asymmetric patches induce
asymmetric induced charge electrophoretic (ICEP) motion that
results in helical trajectories depending on the asymmetry. These
excellent examples reveal the potential to produce complex
trajectories when combining anisotropies in shape and surface
chemistry when the particle responds to an electric field.

IIl. PARTICLES INTERACTING WITH FIELDS NEAR

PERSPECTIVE scitation.org/journal/ja

BOUNDARIES
A. External fields

A variety of external fields have been used for decades to
modulate the dynamics of colloids, including electric, magnetic,
thermal, and hydrodynamic fields. Electric fields are used to drive
motion or assemble ensembles of particles via application normal to
or perpendicular to the boundary. Historically, a significant chunk of
work focused on isotropic particles that formed 2D assemblies, while
more recent work utilizes the same electrode geometry to modulate
the dynamics and assembly of anisotropic particles.'*!7100-19 The
typical experimental setup consists of parallel plate electrodes
spaced ~100 to ~1000 pm apart polarized with either steady (DC)
or oscillatory (AC) potential. This electrode arrangement generates
an electric field nominally normal to the boundary that produces
electric field mediated flow along the electrode and particle surfaces.
The origin of the flows is the action of the electric field on both
induced and equilibrium charges on the relevant electrode and
particle surfaces. The electric field mediated flow will cause
neighboring isotropic particles to assemble into ordered structures.

Both chemically and geometrically anisotropic particles have
been found to generate flow fields with broken symmetry in response
to an electric field when near a boundary.'*-!'! Initial work tended
to focus on induced charge electroosmotic (ICEO) mechanisms, in
which the electric field drove the motion of a Janus particle situated
near a nonconducting boundary.''’-''"> More recent work focused on
propulsion and assembly driven by electrohydrodynamic (EHD) and
electrokinetic (EK) flow fields with broken symmetry introduced by
the anisotropic particle [see Fig. 5(a)]. Note that these mechanisms
were extensively studied in earlier works with either isotropic
particles or planar interfaces, with those contributions showing how
each mechanism scales with the electric field strength and frequency.
The electrode geometry (e.g., parallel vs co-planar) or
physiochemical features of the particle (e.g., conducting vs non-
conductivity) may impact the relative strength of various
mechanisms. Yet in general, equilibrium charge mechanisms, which
typically scale linearly in the electric field ~E (e.g., electroosmosis),
are thought to be important in low-frequency electric fields, whereas
induced charge and dielectrophoretic mechanisms, which scale to the
square of the electric field ~E2, tend to be important at intermediate
or larger electric field frequencies.''*~''5 Flow fields with broken
symmetry about the axis perpendicular to the boundary induce
assembly or propulsion at sufficiently high or low particle
concentrations, respectively. Neither propulsion nor complex
assemblies would be possible with isotropic particles interacting via
isotropic interactions. The key for tailoring these interactions is to
adjust the relative surface charge (in the case of chemically
anisotropic) or the lobes (in the case of geometrically anisotropic)
such that the magnitude and direction of the flow fields can be
tuned.'"

A significant amount of related work has explored the response
of anisotropic colloids to a magnetic field. One useful feature of
magnetic fields is that complex structures can feasibly be fabricated
for both isotropic particles'*->%-*%:11¢-118 and anisotropic particles with
steady or time varying magnetic fields''’ [see Figs. 5(b) and 5(c)].
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Moreover, the variety of mechanisms by which particles assemble
tends to be smaller for magnetic fields in comparison to electric
fields. Efforts in this area have shown, for instance, that Janus
particles with a shifted magnetic dipole can induce unique assembly
structures.””'**-1>! Beyond Janus particles, there are also excellent
examples of patchy magnetic cubes that assemble into controllable
chains.'”>!>* Both examples, chaining of Janus spheres and cubes in
response to a magnetic field, serve as potential building blocks for a
growing field of microrobots.'”*'”> Magnetic field actuation has
significant potential in this area because of both the controllable
nature of the external field and the lack of reaction products that
would typically be associated with electric field mediated processes.
Finally, note that the acoustic field power by ultrasound at a proper
frequency could also be used to drive anisotropic particles, such as
gold microrods. Due to the anisotropy in the geometry of microrods,
the localized acoustic streaming would induce torques and force the
microrods orbiting and spinning.*' Besides, the gold microrods could
further be modified with Fe3O4 nanoparticles to become applicable
in extensive biological environments.”’

B. Internal fields

Work on the related phenomena of particle propulsion and

assembly driven by internal fields has grown rapidly over the last
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10 years.*>'*° Typically, internal fields, or those fields generated by

the particle itself, are associated with diffusiophoretic motion from a
local reaction or demixing. This definition could be broadened to
include some of the work described above on anisotropic particles
that generate asymmetrical flow fields in response to an externally
applied field. Diffusiophoretic motion can be generated by inducing
gradients in solute on the scale of the particle. Gradients in solute are
most often achieved via either a catalytic reaction or local demixing.
The classic catalytic active particle is that of a Janus sphere or rod
with a platinum cap dispersed in a solution of hydrogen peroxide.'?’~
129 Platinum catalyzes a reaction with hydrogen peroxide that results
in solute gradients across the length scale of the particle. For cases
with an insulating native particle, motion is driven up or down this
gradient because of self-diffusiophoresis. In systems with a
conducting native particle, for example, a gold rod coated with a cap
of platinum in the presence of hydrogen peroxide, the mechanism is
thought to be self-electrophoresis. Particle propulsion arises from the
self-generated local electric field. Recent work has shown that
catalytic active particles that are crowded, either near a wall or a
neighbor, experience a chemotactic response that will further
complement this motion. '’

The second example of solute driven propulsion is that of a
chemically anisotropic particle swimming in response to the

c
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FIG. 5. Electric and magnetic field mediated dynamics of anisotropic particles near boundaries. (a) Chiral colloidal clusters were assembled from
asymmetric doublets very near a polarized electrode.’* The authors found that colloidal doublets experienced asymmetric electrohydrodynamic flow in
response to application of an electric field. Neighboring colloidal doublets then assembled into chiral colloidal structures. Reprinted with permission from
Ma et al., Proc. Natl. Acad. Sci. 112, 6307 (2015). (b) Colloidal Janus particles consisting of native polystyrene particles and an iron cap respond to a
magnetic field in the presence of polystyrene nanoparticles. The magnetic field induces assembly to create unique, asymmetric structures with systematic
variation in product stoichiometry depending on the reactant concentration and field frequency.'*® From Al Harraq et al., Sci. Adv. 6, eaba5337 (2020).
Copyright 2020, Author(s) licensed under a Creative Commons Attribution (CC BY) license. (c) Superparamagnetic particles of systematically varied
diameter were assembled in a rotating magnetic field and then subsequently modulated to generate low-Reynolds number swimming via mechanical
means facilitated by the system’s asymmetry. Each of these excellent examples reveals how particles are assembled and manipulated to form complex
structures or dynamics not possible with isotropic particles.'' Reprinted with permission from Du et al., Soft Matter 14, 3463 (2018). Copyright 2018
Royal Society of Chemistry. demixing of a critical solution. These systems work by locally
heating the cap of a Janus particle suspended in a critical solution
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that demixes at a given temperature.’’>'3"-1> Silica particles with a

carbon cap dispersed in water-lutidine were the original example of
such a system, but other examples include spherical silica particles
and geometrically anisotropic SU8 particles with gold caps. A
focused light source with a wavelength at which carbon absorbs was
used to heat the solution on the scale of the particle. Demixing then
creates a solute gradient that drives particle propulsion. Additionally,
there are other examples of light activated particles.'*

Perhaps, the most significant set of innovations over the last 5
years has been in the combination of these strategies to actuate
motion on the microscale.!’%'*~13% In one example, a surfactant
aided dewetting process was used to produce lobed particles that had
both chemical and geometric anisotropy.'*® Interestingly, the authors
were able to synthesize particles with multiple lobes that could be
located at different angles with respect to each other. Further,
although the primary particle and lobes are insulating, the lobes
themselves are then modified with gold. When placed in a low-
frequency AC electric field, the lobes generated induced charge flow
because of the mismatch in electric properties, but also depended on
the orientation of the lobes. For instance, the propulsion velocity
depended upon the bond angle between lobes.

Another recent example of combining multiple anisotropies to
produce controllable motion is that of new responsive
microswimmers that adapt to the local environment,'*> thereby
replicating those systems found in nature. In this work, a polystyrene
(PS) bead is coupled to a temperature response microgel, poly-
isopropylacrylamide-co-methacrylic acid (PNIPAM-co-MAA) via
capillary assisted particle assembly. The resulting doublet structure
then has two components, one of which is a microgel that goes
through a volume and electric property transition with a change in
temperature and the other (PS) does not. Further, the doublet system
propels in response to an externally applied AC field. However, the
mobility of the doublet reverses depending on whether the microgel
is swollen or compacted. Thus, via a simple local heating of the
doublet from a light source, the direction of propulsion can be
altered. These two fine examples reveal the potential for combining
different strategies in the design of anisotropic particles.

IV. COMPLEX PARTICLES INTERACTING WITH
BOUNDARIES

Many studies are motivated by the assembly and propulsion of
anisotropic particles near a boundary. For instance, microorganisms,
or more broadly biological active particles, are regularly found near
a boundary as this is often the first step to some functional process,
such as biofilm formation.'“ The presence of a nearby boundary then
requires careful consideration of the conservative and non-
conservative interactions experienced by individual particles. These
interactions can be mediated by external fields or operate in the
absence of those fields. There is a long history of predicting and
measuring non-conservative particle interactions with a boundary,
especially for spherical and near-spherical particles of uniform
chemistry.'#!-1%> These efforts were primarily focused on the
hydrodynamic interactions that arise as a micrometer scale particle
approaches a boundary at small or zero Reynolds number. Analytical
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expressions for the translation and rotation of these particles have
found broad use in many fields. In addition, conservative interactions
that typically arise from electrostatic, van der Waals, steric, or
depletion interactions have been measured, along with the impact of
these interactions on particle dynamics for some

time. 146,147

More recently, work in this area has broadened to include
particles of more complex shape or surface chemistry. For instance,
there are now significant efforts in biological particle interactions
and adhesion to surfaces because of the importance of these
phenomena to biofilm formation and blood flow.'**-'>* Recent work
has explored the influence of various physiochemical and biological
factors on the attachment of Escherichia coli to solid/liquid and
liquid/liquid interfaces.'>>-'37 Although there are some instances in
which employing DLVO or DLVO like interactions to describe
bacteria adhesion works well, these lack realistic descriptions of the
bacteria’s surface and consequently will frequently fail to capture the
real phenomena.'*® One example in this area is that of measuring the
impact of fimbriation of E. coli on the initial stages of biofilm
growth.'”’ Fimbriae are long tendril like structures emanating from a
bacteria’s surface that are <10 nm in diameter but tend to be ~100 s
nm in length. The authors employed E. coli with differences in the
number density of fimbriae expressed on the bacteria’s surface via a
gene mutation. Interestingly, although changing the number of
fimbriae on the bacteria’s surface did not influence physiochemical
features like zeta potential or surface energy, there was a systematic
change in the adhesion behavior of the bacteria depending on
whether it expressed the fimbriae, thereby demonstrating the
importance of including particle complexity in interaction and
adhesion analysis. Other interesting examples exist in nature. For
instance, recent work found that bacteria could swim upstream as
facilitated by boundaries.'”” E. coli were found to propagate long
distances in a microfluidic channel against a prevailing flow. These
surprising bacterial dynamics are thought to be dictated by the
hydrodynamic interactions introduced from the nearby boundaries.
Understanding the motion of bacteria benefits the prevention of
infections and microbial soil pollution.

Another area in which complex particle interactions with a
boundary are relevant is that of red blood cell (RBC)
adhesion.”%%1¢! [ike bacteria adhesion, most experimental methods
are, to this point, only able to make binary measures of adhesion with
digital video microscopy.'®>'% Yet, the interactions and adhesion of
RBCs are known to be far more complex, especially when
considering the potential variations in the mechanical properties of a
capsule. RBCs are capsules that will deform differently depending
on the disease state. For example, sickled RBCs tend to have a stiff
morphology that contributes to vasculature blockage. The
interactions and adhesion of these cells are not well described by
DLVO-like interactions. Rather, recent work has utilized numerical
solutions to reveal the complex state diagram of healthy and diseased
RBCs near a boundary.!**-'%° In one example, a dissipative particle
dynamics simulation tool has been employed to predict how RBCs
occlude passageways as a function of cell shape and rigidity. These
studies have also been paired with microfluidic assays that quantify
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the deformability of RBCs with the cell aspect ratio at systematically
different shear stresses.

Both examples described above, that of bacteria and red blood
cell adhesion, have made significant progress in our understanding
of how these complex colloidal particles approach and interact with
boundaries. Yet, there remains a dearth of measurement techniques
to track the response of these systems to fields, external or otherwise.
Most often, colloidal particles in response to a field and near a
boundary are tracked with bright-field microscopy, epifluorescence,
or confocal microscopy. Existing algorithms for tracking particles
are now widely available and implemented,'®’~'*’ but those are most
relevant for colloidal particles that are isotropic, tagged, and with
tracking in a single plane. A clear need is a technique capable of
measuring particle motion in not only the xy-plane, but also normal
to a neighboring boundary, in the z-axis. Although confocal
microscopy can track motion in the z-axis, the resolution of those
measurements is typically insufficient for tracking fine details. In
addition, orientation also should be tracked for anisotropic particles.
Such tracking can be accomplished with confocal, but only for cases
in which the particles have multiple fluorescent tags. Note that the
discussion herein is primarily focused on particles very near
boundaries, with a separation distance approximately equal to that of
a particle diameter. Note also that holographic techniques have
advanced now to the point that isotropic and some anisotropic
particles can be tracked.'”’

One potential solution to these challenges is that of an
ultramicroscopy technique called Total Internal Reflection
Microscopy (TIRM).'“%!71.172 TIRM relies on an evanescent wave
propagating along the substrate neighboring a freely diffusing
colloidal particle [see Fig. 6(a)]. The evanescent wave has an
intensity that decays exponentially into solution such that the
intensity of light scattered by an isotropic particle is exponentially
sensitive to changes in the
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morphology of light scattered from particles near a boundary and exposed to an evanescent wave.’* (b) The morphology of scattered light is fit with a
2D Gaussian function to obtain the angle Msand aspect ratio Mar of the morphology. (c) and (d) At most conditions, spherical particles produce
symmetrical scattering morphology, while ellipsoidal particles produce an elliptical scattering morphology. Note, however, that recent work from our
group has shown at what conditions even a spherical particle will have an elliptical scattering morphology.*’> (e) Msand Mag in principle can be used to
independently determine the azimuthal f and polar 8 angles of an ellipsoidal particle. Reprinted (adapted) with permission from Rashidi et al., Langmuir

36, 13041 (2020). Copyright 2020 American Chemical Society.
position normal to the boundary. Developed nearly three decades
ago, TIRM has continued to be used to track the dynamics of
isotropic particles facilitating the measurement of conservative
surface interactions. Yet, such a technique as described would not
work for an anisotropic particle. The primary challenge in utilizing
TIRM for anisotropic particles is that the signal of light scattering is
no longer solely dependent on the separation distance between the
particle and surface. Rather, the morphology of scattered light
depends on not only the separation distance, but also the orientation
and, ultimately, the optical anisotropy of a particle. Recently, our
group has begun working on solutions to this challenge by
developing Scattering Morphology Resolved Total Internal
Reflection Microscopy or SMR-TIRM.!7*-!7> The essence of SMR-
TIRM is that the morphology of scattering, rather than the

integrated intensity, is used to evaluate the orientation and separation
distance of an anisotropic particle. Simulations of the light
scattering, and more recent experiments, have shown the
morphology of scattering from one model anisotropic particle, a
prolate ellipsoid, is an effective reporter of the orientation and
separation distance of the particle itself.'’

The essential concept of SMR-TIRM is in the collection of the
scattering morphology, rather than the integrated intensity associated
with a particle. The morphology is then parameterized to track the
orientation and position of a particle, thereby providing the dynamics
of a particle along with a pathway to calculate the potential energy
landscape. Scattering is parameterized via fitting a twodimensional
(2D) Gaussian to the morphology. The 2D Gaussian yields two
important parameters, namely, the morphology angle Mg and aspect
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ratio Mar. The morphology angle is defined as the angle of rotation
of the long axis of the morphology, measured counterclockwise from
the direction that the evanescent wave propagates. The morphology
aspect ratio is defined as the ratio of the long axis and short axis of
the 2D Gaussian fit. The integrated intensity is also collected during
the image analysis process. Our previous work has shown that Myis
an effective reporter of the particle azimuthal angle, while Mar is an
effective reporter of the polar angle of the particle. Moreover, we
found the later quantity to be only very weakly dependent on the
former; i.e., Mar does not strongly depend on My. Consequently, the
azimuthal and polar angles can, in principle, be tracked
independently. Further, our work has revealed that the integrated
intensity remains exponentially dependent on separation distance at
a fixed orientation. Thus, each of the quantities defining position—
height, azimuthal angle, and polar angle—can in principle be
obtained independently.

Initial work in developing SMR-TIRM focused on collecting
the scattering morphology from multiple prolate ellipsoids at
systematically varied orientation.'”* Although this early
experimental work, along with complementary simulations, revealed
the qualitative dependence of morphology angle on particle angle,
the pathway by which data were collected leads to significant noise
in these data. Initially, systematically varied orientation was
achieved via deposition of many particles at differing orientations.
However, these measurements were quite noisy given that particles
would often have slight differences in the aspect ratio, volume, polar
angle, or have different locations within the evanescent field. In
response to this experimental challenge, we are currently developing
a variable azimuthal angle SMR-TIRM (see Fig. 7).

The variable azimuthal angle SMR-TIRM consists of the same
optical components found in a classic TIRM (microscope and
sensor), with the differences primarily being in the location and
production of the evanescent field. The coherent light source is
generated from a solid-state laser coupled to a polarizing maintaining
fiber that is connected to a mount with a linear filter and beam
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regardless of the azimuthal angle direction. Variation of the
azimuthal angle direction facilitates experimental collection of any
arbitrary angle of morphology for a single particle. Experimental
noise is then significantly reduced because mapping of different
angles can be conducted on a single particle, thereby eliminating any
variations inherent to an ensemble of particles.

Beyond mapping, an ultra-microscopy technique such as
variable azimuthal angle SMR-TIRM expands possibilities beyond
the measurement of interaction energy landscapes. For instance, our
team has begun to measure and interpret morphologies from
deformable particles (i.e., red blood cells) adhered to the boundary
along which the evanescent wave is traveling. These experiments
have revealed indeed that scattering morphology depends on the
deformation state. Obtaining scattering morphologies with incident
beams at a systematically varied azimuthal angle appears to be a
viable avenue for obtaining the local shape of the particle as it
deforms. This information could have wide-ranging implications for
obtaining a detailed view of red blood cell adhesion.

In conjunction with experimental techniques for tracking
particle motion, there has also been significant effort in utilizing
simulations to interpret the motion of an anisotropic particle very
near a boundary. Essentially, these efforts seek to determine what
physiochemical features of the anisotropic particle system play a role
in dictating dynamics. Such efforts have considered particles both in
the absence and in the presence of fields. Our own efforts in this area
initially sought to utilize the position observations as simulated with
Brownian dynamics to calculate the potential energy landscape of
the particle itself.!’®!”” This connection is crucial to the development
of SMR-TIRM because one utilizes independent measurements of
position and orientation to calculate potential energy in TIRM.

First, our work found that particle properties could be obtained
from fitting the potential energy landscape obtained via observation
of a Janus particle’s position and orientation. Yet, even though
particle properties could be determined, we found that approximately
5% to 10x more observations would be required. For instance, 50 000
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FIG. 7. SMR-TIRM with azimuthally adjustable incident beam. (a) and (b) The apparatus consists of the typical optical components found in TIRM (linearly
polarized incident beam, objective), but also a hemispherical prism and rotational stage allowing for scattering morphology mapping at any azimuthal
angle of a fixed particle. (c) Example data from an experiment in which a single ellipsoid was fixed to the boundary and the morphology angle was
measured as a function of incident beam azimuthal angle. (d) Combination SMR-TIRM and bright-field images of an ellipsoid at angles (d.i) 144°, (d.ii) 94°,

(d.iii) 4°, and (d.iv) 294°.
expander (see Fig. 7). The mount itself is coupled to a goniometer
that can rotate 360° around the sample. The beam enters a
semispherical prism such that all angles of incidence are identical

TIRM observations of particle position are typically required to
resolve the potential energy profile for energies
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<6 kT of a single isotropic particle. Our work on a Janus particle,
though, found that approximately 500 000 to 1 000 000 observations
would be required to solve the potential energy landscape with a
similar energy range. This requirement arises from the additional
degree of freedom in the Janus particle’s motion, namely, the polar
angle. Adding an additional degree of freedom requires a similar
number of observations to be spread across the range being
considered. Follow-up work that considered the impact of cap
weight on the dynamics of a Janus particle came to similar
conclusions regarding the relationship between observations and
potential energy landscape. We found the cap to have a profound
impact on dynamics for experimentally relevant conditions for a
Janus particle near a wall.

V. OUTLOOK AND CHALLENGES

Although the field of anisotropic colloids is quite mature, there
remain burgeoning areas for growth. Although there have been some
examples of large-scale production of anisotropic particles,'’® there
continues to be a need for economical and scalable fabrication
techniques. Application of anisotropic particles, for instance Janus
particles in optically responsive materials, has been somewhat
limited because of current production techniques. Very recent work
has demonstrated a path to producing large quantities of Janus
particles.'”” These large quantities allow for the production of
liquids, a precursor to coatings, with field responsive optical
properties. Health is another area that would significantly benefit
from large-scale production of anisotropic particles. For example,
synthetic feedstocks of platelets would benefit the available supply
of synthetic blood, yet there are limited large-scale production
methods for platelets or other biological cell substitutes.

Another opportunity for growth in this area is in the
development of the sensing, control, and feedback mechanisms that
can be designed into particles.'®’ Although, as described above, there
has been significant recent improvement in the ability to control the
dynamics of anisotropic particles, there remain key gaps in
capability. For instance, recent work has shown promise in the
navigation of complex environments by anisotropic colloids, many
of those examples relied on an external field to control the motion, a
chemical that would not be amenable to many applications, have
trajectories that are simple, or the need for the fluid to be simple.
Further, there are excellent recent examples that combine many of
these features into a microdevice.'®! As has been noted previously,
one key motivation for studying the dynamics of anisotropic colloids
when near a boundary is how well they serve as analogs to
microorganisms. This has proven to be true for many instances, such
as phagocytosis, biodistribution, and guiding immune responses,' %~
1% but one major difference that remains between existing active
systems and microorganisms is that of chemical responsiveness.
Microscale objects in nature often control the magnitude or direction
of dynamics with chemical responses. However, there remain very
few robust examples of similar strategies with synthetic particles.

Besides the two areas noted above, other current challenges
include evaluating the potential of significantly improved computing
power and machine learning as applied to particle—particle
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interactions or particle—fluid interactions to establish a better
understanding of bulk behavior in particle systems. Further pushing
the boundary of visualization in concentrated systems is also a
current challenge. In principle, one potential solution could be via
the use of SMR-TIRM with concentrated particles that share the
same refractive index (RI) as the continuous phase. Adding “probe
particles” with a different RI, thereby scattering light, among the RI
matched particles would be one avenue to track and further analyze
the influence of neighboring particles in the vicinity of surface
interactions. Regardless of these challenges, the field of fabrication,
assembly, and application of anisotropic particles near a boundary
remains exciting and valuable.
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