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Dynamics of Particles Suspended in Field-Enhanced
Microscale Flows

Debmalya Halder?, Andrew YeeP, Minami YodaPt, and Shaurya Prakash?t

Understanding the dynamics of particles suspended in a flowing liquid is a fundamental fluid mechanics problem.
Over the last several decades, significant advances in our theoretical and experimental understanding of these
particle-laden flows have been used to manipulate particles in a variety of applications. In particular, recent
developments in micro- and nanoscale fabrication and nanotechnology have increased the range of applications,
as well as requirements, for manipulating suspended particles with radii less than a few micrometers. We focus
here on the surprising and largely unexplained dynamics of neutrally buoyant particles suspended in two common
microscale flows, namely Poiseuille and electroosmotic flows, where the particles are subject to both surface forces
(e.g., due to pressure gradients) and body forces (e.g., due to electric fields). This perspectives review summarizes
current developments and identifies opportunities for future advances. Particles suspended in flows can
demonstrate both individual and collective behaviors that lead to unusual and unexpected physicochemical
hydrodynamics. These dynamics are a long-standing subject of interest, and there has been significant research
on the fundamentals of particle-fluid interactions and suspension dynamics because of their relevance to nano-
and microscale robotics, drug delivery, biosensing, nanomaterials, optical systems, and biotechnology. The critical
review focuses on the dynamics of nanoscale colloidal particles within confined microscale flows, discussing past

discoveries and current state-of-art research, and concluding with suggestions for future research directions.

1. Introduction

The behaviour and dynamics of nano- and microparticles
suspended in a liquid, with radii ranging from tens of
nanometres (nm) to a few micrometres (um), and their
interactions with solid surfaces have been studied in colloid
science for over two centuries. The origins of colloidal
dynamics can be attributed to Ingenhousz in 1785, who
described the “confused” motion of coal dust on the
surface of an alcohol layer, an early example of what was
later called Brownian motion. Subsequently, the dynamics
of particles suspended in a fluid has been a research topic
since the early descriptions by Brown (1827)1,
understanding, manipulating, and controlling particles
suspended in a fluid remains an active field of research
particularly when both the particle and the surrounding
surface are charged. In the context of charge-driven
interactions, early models of the electrical double layer
(EDL), which was assumed to be entirely static, were
reported by Helmholtz in 18532 and Quincke in 186183,
More recently, controlling the dynamics of dilute particle
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suspensions in flowing, as opposed to quiescent liquids
has gained interest due to emerging applications including
reconfigurable photonic materials®, functional catalytic
substrates®, tissue engineering®, colloidal robotics?, and
DNA-mediated colloidal crystals®. Many of these new
applications exploit advanced fabrication methods and
material templates, as well as the flow of colloidal particle
suspensions in confined microscale geometries to enable
precise particle manipulation®''. Consequently, there is
growing interest in understanding and controlling the
behaviour of flowing particle suspensions in microfluidic
environments'2 13,

Given the breadth of research on these topics and related
applications, making substantive advances in this field
involves several disciplines’. Therefore, this perspective
review begins with a brief primer on the history and
background while discussing key underlying principles.
The review then describes both individual and collective
behaviours of nanometer-scale colloidal particles
suspended in flowing liquids that lead to unexpected
observations suggesting new mechanisms for the
observed dynamics. In particular, adding an external force
beyond the commonly studied fluid-inertial forces is a new
topic of investigation, ie., “flow+”. Among the
combinatorial flows with various additional external forces
and stimuli (e.g., acoustic, magnetic, thermal), those due
to external dc (vs. ac) electric fields are perhaps the least
studied. Consequently, our understanding of the dynamics
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of colloidal particles suspended in a flow and subject to
electric fields is incomplete compared to other flow+
methods that are used to manipulate suspended
nanomaterials. The review closes with a discussion of the
current applications, open questions, and author
perspectives for future directions.

2. Colloidal Assembly Mediated by Flow +
External Stimuli

2.1 Colloids,
Microfluidics

Colloidal Assembly, and Role of

A colloid is a mixture in which one substance, consisting of
microscopically dispersed insoluble particles with
hydrodynamic diameters of around O(10'nm) to
O(103 nm), is suspended throughout another substance. In
this size range, particles are broadly defined to include
macromolecules, micelles, and droplets. While particle
dynamics at larger scales are usually dominated by volume
(vs. surface) forces, the increase in surface area (SA) to
volume (V) ratio at these scales means that surface forces
play a major role in colloidal particle dynamics. One way to
estimate the relative importance of surface (vs. volume)
forces is to note that SA/V o« 1/ I where I is the
characteristic length scale of the particle. This ratio
becomes very large for ym- and nm-sized particles,
highlighting the importance of surface forces over body
forces at such length scales's. Colloids are also subject to
phenomena that are negligible at larger scales, such as
Brownian motion6.

Moreover, inter-particle dynamics may yield structures that
have remarkable properties such that the collective particle
structures are “greater than the sum of the parts”, while
being distinct from those of the individual constituent
particles. These particle structures find applications in drug
delivery'?, biosensing’é, nanomaterials’®, optical
systems20, soft?’ and active materials?2 for colloidal
robotics and biotechnology.

The collective particle dynamics, therefore, entail the
aggregation of colloidal particles on functional or non-
functional substrates, which is a simple way to define the
process of colloidal assembly. The suspended particles
interact with the substrate, as well as each other. Formally,
the definitions for colloidal self-assembly describes a
process in which particles organize into ordered structures
under the influence of inter-particle interactions. Previously
reported strategies for constructing structures from
colloidal particles acting as building blocks include
evaporation-induced and interface-driven self-assembly,
spin-coating techniques, templating with physical moulds,
and methods leveraging non-covalent interactions such as
hydrophobic effects, hydrogen bonding, electrostatic
forces, and m-mr stacking?3. A key limitation of current

This journal is © The Royal Society of Chemistry 20xx

methods for colloidal self-assembly is their rgliance, on
equilibrium thermodynamics, which Prakesoassembizsoa
relatively slow process which is difficult to scale and
therefore, impractical for many engineering applications.
Moreover, colloidal self-assembly can also include random
aggregation of particles, which may prevent formation of
ordered structures?*.

A significant body of past work has developed and used
additional stimuli for directed, more controlled, self-
assembly. Furthermore, advances in microfabrication
technologies have also made it possible to exploit the
breadth of understanding gained over the past two
centuries to engineer new particle-assembly structures25.
Due to the variety of materials and driving forces along with
the multi-scale and multi-physics phenomena involved in
controlling the colloidal particles in suspension,
microfluidics has emerged as a key enabling technology
for understanding and realizing colloidal assemblies by
providing notable advantages over conventional batch
processing systems'®. The main advantages of using
microfluidics include reduced sample and reagent usage,
faster processing times, increased sensitivity, lower costs
for biological samples, enhanced portability, and potential
for continuous and automated operation®: 26,

Additionally, before going further, it is perhaps important to
draw a distinction between two frequently used, apparently
interchangeable terms: “particle assembly”; and “particle
assembly structures” or “assembled structures”. “Particle
assembly” is a general term that refers to the (controlled or
uncontrolled) agglomeration of particles on a surface, often
governed by thermodynamic rather than Kkinetic
constraints, unless external means are used to enhance
control over the aggregation. On the other hand, “particle
assembly structures” or “assembled structures” refer to the
kinetics-dominated, controlled accumulation of particles,
with or without a template, on a surface to create functional
end-pieces. As these particle assemblies are often
achieved using external (e.g., electromagnetic, optical)
fields, the process is kinetically controlled, as opposed to
relying purely on thermodynamic phenomena that may be
dominated by diffusion.

Diffusive and kinetic processes in flow-driven assembly
occur at different rates due to their distinct scaling. While
the diffusion timescale is proportional to the square of
particle size or /2, the kinetic timescale for first-order
chemical reactions is proportional to the size itself, or /.. So
kinetic processes become faster than diffusive processes
for particles at micro- and nanometre lengthscales 7.

The advantage of adding a flow to the quiescent system
can be examined, following the approach reported by
Kavokine et al.?8, by comparing the Peclet number (Pe),
which charac-
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terizes the relative importance of convection and diffusion,
and the Reynolds number (Re), which characterizes the
relative importance of inertial and viscous forces. As an
illustration, using results from recent experiments on
assembly of particles suspended in Poiseuille +
electroosmotic flow experiments29-32: for a particle of radius
a ~ 102 nm as the characteristic length suspended in water
with characteristic velocity ya, Brownian diffusion
coefficient D = 10° m2s, fluid kinematic viscosity v =
10-6 m2/s, and characteristic microchannel dimension h of
~10" ym:

. 2/

Hence, particle-fluid inertia is negligible. The analysis in
equation (1) also highlights the advantage of particle
assembly using microfluidics where usually viscous effects
dominate the fluid mechanics due to relatively small Re.

2.2 Emergence of Flow+ Methods

The migration of suspended colloidal particles has been an
active research topic for decades. As such, colloidal
transport and dynamics have been summarized over the last
two decades in a number of papers, including reviews of
diffusiophoretic migration, ie., movement due to local
chemical gradients of colloids33 34, dynamics of active
colloids®s 36, self-assembly of colloidal crystals®”- 38, and
colloidal particle transport in porous media 3 40, Most of

This journal is © The Royal Society of Chemistry 20xx

these publications are tutorial reviews that summarize
previous experimental studies and observations.

The earliest observation of anomalous behaviour of
suspended particles in flows, however, dates to reports from
the early 1960s of particle migration away from the flow
centreline, and hence low flow shear, regions. These
observations in laminar pipe flow of dilute suspensions by
Segre and Silberberg noted that neutrally buoyant spheres
in Poiseuille flow tended to migrate and equilibrate at a
radial position approximately 0.6 times the pipe radius from
the centre*!.

Subsequently, the migration force was found to scale with
the particle volume, suggesting that this was a body
force*2.43, Saffman theoretically established that the lateral
or cross-stream force (i.e., inertial lift) acts on a rigid,
neutrally buoyant, purely translating sphere in a viscous
flow via the slip-shear mechanism*. Ho and Leal
developed a general theory for inertial lift forces in
bounded, pressure-driven flows, accounting for flow
curvature*® and wall effects and calculated the position of
lateral equilibrium for translating spheres*6, which agreed
with the previous observations. Asmolov*” showed that the
distance of the equilibrium position from the centreline
increases with channel Reynolds number and that there
was more than one equilibrium position for higher particle-
fluid slip velocities.

J. Name., 2013, 00, 1-3 | 3
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Precisely manipulating colloidal particles using inertial lift,
which is a body force and hence depends on the particle
volume, becomes more challenging when assembling sub-
micron particles. External fields, therefore, often provide
the additional stimuli to assemble sub-micron particles.
These external—namely, acoustic, electric, magnetic,
optical and chemical—fields were used not only by
themselves, but also in combination with a background
shear flow. Fig. 1 shows illustrations of the modulation
mechanisms with combinatorial forces.

There are few reviews that provide context and background
on the physicochemical hydrodynamics of colloidal particles
suspended in a flow, then summarize and link analysis,
modelling and experiments*®-%0. There are even fewer
reviews of manipulation of suspended polymeric or other
dielectric particles in flowing liquids that are also subject to
external stimuli—in other words, going beyond convective
effects®1-%3, This is surprising given a number of recent
studies on migration of particles suspended in Newtonian,
and viscoelastic or non-Newtonian, fluids due to (acousto-,
magneto-, electro-)phoretic lift?* 55, and migration driven by

externally applied (electric, acoustic, and magnetic) fields56-
58

Given the lack of reviews for dielectric particles subject to
“flow+” phenomena, the next subsections provide a brief
overview of the effects of optical, chemical concentration,
magnetic, and acoustic fields combined with fluid flow for
manipulation and assembly of colloidal particles. These
external fields add modifiable parameters, for example,
acoustic frequency and pressure for acoustic fields,
magnetic field intensity or particle magnetization for
magnetic fields, light polarizability and intensity, for optical
fields. These parameters can be varied to create and
control acoustic pressure levels, magnetic forces, optical
forces, temperature gradients due to absorption, or
concentration gradients, all of which can drive
diffusiophoresis. All of these methods improve control over
particle positioning within the fluid and movement beyond
that possible by fluid flow alone, as detailed in a recent
review5!. They have also been discussed symbolically in
Fig. 1.

2.2.1 Optophoresis and Light-Induced Self-Assembly:
Optophoresis refers to the manipulation of colloidal
particles using focused light, which acts via photo-thermal,
photo-chemical, or optical forces to modulate particle
activity, interparticle interactions, or local fluid
environment. Optophoresis (optical trapping or tweezing)
uses focused and relatively high power (O(1 W)) laser light
to change the trajectory of the particles with forces of the
order 102 pN in microchannels via electromagnetic
gradients and scattering forces, enabling separation based
on particle size, shape, refractive index, and
polarizability5%-6'. As light is a programmable, non-contact
electromagnetic waveform, using light-based forces can

This journal is © The Royal Society of Chemistry 20xx

also enable reversible and programmable copirol. over
colloidal  behaviour, enabling PpPrecisE®39/ESSEMEY
processes®? 3. However, this type of manipulation
requires an optically transparent fluid.

The capability for light-induced assembly has been
demonstrated in various systems, including rotating
microgears assembled from hematite-based Janus
particles via light-induced diffusiophoresis®, traveling
wave patterns in silver colloids through photo-chemical
reactions®®, UV-triggered reversible clustering of TiO,-Pt
Janus particles®®, and microfluidic-assisted silica
monolayer deposition for light-based gas sensing®’.
Photonic crystals are an emerging technological element
for optics and optoelectronics, and colloidal self-assembly
provides a bottom-up route for cost-effective and energy-
efficient  fabrication®®. These periodic structures,
composed of colloids, polymers, or oxides with contrasting
refractive indices, have demonstrated broad utility in
display technologies®®, anti-counterfeiting’®, sensing38,
photocatalysis”!, photovoltaics’?, and structural colour
generation”s.

Despite these advances, optophoresis in most cases
requires complex (e.g., precise and stable optical
alignment, tuneable power and wavelength) and costly
laser systems, associated optics, and is highly sensitive to
environmental fluctuations, posing a challenge for
widespread adoption. In addition, adoption of
optophoresis is limited by its lower structural precision for
colloidal assemblies compared with top-down methods.
Moreover, there is usually also a need for templating
processes, and material limitations, such as size, shape,
and refractive index contrast, as well as thermal effects
and surface properties®. Nevertheless, optophoresis is a
method with a wide range of applications, beyond photonic
crystals in optical devices, as also summarized in Borah et
al’s 2023 review paper®s.

2.2.2 Diffusiophoresis: Chemical concentration gradients
also enable autonomous self-assembly through particle-
generated, vs. externally imposed, fields. There are two
major types of diffusiophoresis, first is the electrolyte
diffusiophoresis which drives particle motion via
spontaneous electric fields (electrophoresis) and pressure
gradients within the Debye layer (chemiphoresis); and
second is the non-electrolyte diffusiophoresis, which arises
from pressure gradients generated by particle—solute
interactions such as steric exclusion or van der Waals
forces33. Both types of diffusiophoresis have been used to
manipulate a = O(10'-10% um) particles via forces of O(1
pN) due to electrochemical imbalances33. These forces are
created by generating controlled solute concentration
gradients of O(10-5 cm2s-1) through reactions, evaporation,
or localized dissolution, for example”4. By tuning electrolyte
composition, gradient strength, or particle surface charge,
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directed colloidal transport, focusing, and separation can
be achieved without applying external mechanical forces.

Examples of diffusiophoresis include Duan et al., which
reported that Ag;PO, particles switched between
clustering and dispersal behaviours in response to
chemical cues like NH; solution or UV light, driven by
diffusiophoresis®3. Wu et al. developed a ZnO-SPS ion-
exchange system where colloids formed clusters and
exhibited directional motion driven by the pH gradient
arising from the production and consumption of H* ions”5.
Sridhar et al. employed catalytic reactions to create
feedback-controlled assembly patterns in chemically
active colloidal systems”6. Bartolo’s group described
confined ZnO-based colloidal assemblies displayed
collective behaviours in response to spatial variations in
ion concentrations’”. Roman and Rembert showed that
diffusiophoresis drives colloidal particles towards a piece
of calcite affixed in the middle of a microfluidic channel;

their aggregation on the surface of this mineral forms a

passivation layer that slows dissolution, which could have

applications in environmental remediation’8,

Diffusiophoresis is limited, however, because it is:

e a relatively weak effect compared with other colloidal
assembly methods,

e short-ranged and short-lived because it relies on
transient concentration gradients that often dissipate
more rapidly in the presence of flows, and

e complicated by multi-physics and coupled phenomena
such as diffusioosmosis’.

2.2.3 Magnetophoresis: Magnetic fields can also be used
to apply body forces in fluid flows and assemble
suspended magnetic colloids via dipolar interactions or
induced torques with the force scaling as (§-V)§, where B
is the externally applied magnetic field vector. While the
self-assembly of magnetic nanoparticles can be exploited
for a variety of applications as highlighted in a review article
on self-assembly®8, a greater degree of control and thereby
enhanced applicability is achieved by magnetophoresis,
which entails manipulation of colloidal particles by applying
a magnetic field gradient that exerts forces on particles
with  magnetic susceptibility—where the particles
themselves are inherently magnetic or embedded in a
magnetic medium. Colloids are driven towards, or away
from, regions of higher field strength, depending on particle
magnetism and that of the surrounding environment,
enabling spatial separation based on magnetic contrast®0.

There are a number of studies that utilize
magnetophoresis. Dreyfus et al. used rotating magnetic
fields to drive colloidal chains that mimicked biological
flagella®'. Yan et al. demonstrated that paramagnetic
patchy particles could be directed into linear, zigzag, or
spiral chains by external magnetic fields82. Ray and
Fischer engineered colloidal mixtures of paramagnetic and
diamagnetic particles in a ferrofluid to form customizable,

This journal is © The Royal Society of Chemistry 20xx
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magnetically ordered phases, transitioning, between
staggered and uniform bonding patterf®bip Adcelkstitgetae
precession angle and eccentricity of a time-varying
magnetic field83. Wittman et al.84 developed a novel high-
throughput, non-invasive millifluidic platform using
magnetophoresis and a pinch-shaped channel design for
age-specific fractionation of S. pastorianus yeast cells,
revealing  age-related metabolic  shifts  through
metabolomic and gene expression analyses. More
recently, Wu et al. used alternating magnetic fields to form
aster-shaped clusters of hematite particles85. In these
studies, magnetic fields of O(10-3-10-'" T) were used to
apply forces in orders of 102 pN on a = O(10'-10% um)
magnetic materials such as small neodymium iron boron
magnets. Magnetophoresis is limited, however, to
magnetic particles, and most weakly magnetic particles
have almost indistinguishable magnetic susceptibilities,
which may limit the efficiency of magnetic particle
separations.

2.2.4 Acoustophoresis: Acoustophoresis leverages
pressure gradients generated by acoustic waves to
manipulate particles. Particles or cells can be manipulated
by acoustic radiation forces or pressure nodes by transfer
of momentum to particles from the sound waves travelling
in the liquid®: 87 with bulk acoustic waves (BAW)& and
surface acoustic waves (SAW)® being the two common
wave types used. Although the forces manipulating these
particles arise from pressure gradients due to acoustic
stresses acting on the surface of the particle, acoustic
waves act on particle volume when the particles are much
smaller than the wavelength of sound waves and are
hence in the Rayleigh scattering regime®- °1. Ahmed et al.
utilized surface acoustic waves to organize colloids into
chains and lattices aligned with pressure nodes®2. Owens
et al. showed that two-dimensional bulk acoustic standing
waves can rapidly and programmably assemble thousands
of microscopic particles into size-limited, isotropic and
anisotropic  architectures—including 3D  clusters®.
Tahamasebipour et al. found that introducing geometric
asymmetry in micro-acousto-fluidic devices significantly
amplifies acoustic forces and improves microparticle
trapping efficiency®t. Recently, Zhong et al. introduced an
acoustofluidic platform enabling rapid, contactless,
frequency-controlled injection and disassembly of
microparticles across oil-water interfaces®. In these
studies, O(10-10% MHz) frequency acoustic waves were
used to manipulate a = 0O(10°-102 pm) particles
suspended in a fluid via forces as large as 102 pN over a
piezoelectric solid surface. Acoustophoresis has
demonstrated extremely high recovery of target cells at
high purities, as great as 99%%. However, achieving such
high separation efficiencies requires high-frequency signal
generators  and precisely  aligned piezoelectric
transducers, making the technique both costly and difficult
to implement.

J. Name., 2013, 00, 1-3 | 5
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Given some of the drawbacks of using a single field or
effect for particle manipulations, there is also a significant
body of work that has exploited the addition of flow, or
“flow+”. Flow-based manipulation of particles with adjuvant
forces specifically for separations have led to a new type
of flow-based separations called field-flow-fractionation
(FFF), usually attributed to Giddings®”. As the name
suggests, FFF has been used to separate particles
including cancer cells and extracellular vesicles®, micro-
and nanoplastics??, and plant polysaccharides'®of
different sizes. Broadly speaking, FFF is a subset of flow+
which concerns “fractionation” or segregation of particles
in the flow into two groups, in presence of some field,
based on previously chosen thresholding criteria0'. 102,

In summary, the broader concept of flow+ encompasses
manipulation and arrangement of suspended particles over

Dielectrophoresis |
Magnetophoresis B |
Optophoresis
Diffusiophoresis D |
Acoustophoresis |
0.1 1 10 100
Range of Force Magnitudes in Literature (pN)
Dielectrophoresis |
Magnetophoresis B |
Optophoresis
Diffusiophoresis |
Acoustophoresis B |
0.1 1 10 100

Range of Particle Sizes in Literature (um)

Fig. 2 Order of magnitude comparison. Summary of
applied forces over various particle sizes for different
particle separation methods using external fields. The
figure  highlights dielectrophoresis04,124-125,155-169
magnetophoresis®4.76-81,99,103,105 optophoresig55-61.101,

diffusiophoresis29:59.70-75.98  and acoustophoresis82-90.100.102,
104

a range of spatiotemporal scales. Therefore, the term “non-
linear” refers to the dependence of forces on the external
fields, or fielirpagnitudes. For example, optical forces of
the form a'V|E| depend on the gradient of the magnitude
of electric field associated with the incident wave squared
of where a' is the real component of polarizability05.
Diffusiophoretic forces are of the form V(1/y/c) in vicinity of
the particle (local force), where c is the electrolyte
concentration gradient, although the global force depends
on Vc- where c- is the bulk concentration of the solution98,
Magnetic forces'%7, on the other hand, are of the form (§-V)
E: and acoustic forces’0® scale with the square of the
acoustic pressure (Po)?. Fig. 2 lists the commonly reported
magnitudes of the various forces'06. 108113  gnd

This journal is © The Royal Society of Chemistry 20xx

corresponding sizes of particles used in preyigus work.
Narrowing the focus of this perspectivesosreviemyl2ise
following sections focus on the manipulations of colloidal
particles by electric fields.

3. Fundamentals of Electrokinetics:
Electroosmosis, Dielectrophoresis, and
Electrophoresis

Electrokinetics is defined as the use of electric fields to
manipulate flows of electrically responsive fluids. In effect,
this approach extends the functionalities outlined in the
self-assembly review?®8 for charged particles by introducing
two additional classes of tuneable parameters—flow and
electric field.

3.1 Definitions

Electrophoresis refers to the migration of charged particles
under an electric field''4. Electroosmosis, on the other
hand, denotes the movement liquids relative to a charged
surface''5. Dielectrophoresis governs the motion of
dielectric particles in non-uniform electric fields, including
neutrally charged particles, through field-induced
polarization'6. Electrokinetic phenomena are present in
myriad applications in microscale and nanoscale flows due
to the impractical scaling of pressure forces to drive flows
for reasonable flow rates (pressure scales inversely with
fourth power of the characteristic length for the flow) with
reducing flow length scales’®.

Dielectrophoresis (DEP) scales with the gradient of the
electric field, and therefore requires a non-uniform electric
field'”. The non-uniformity of the electric field can be used
to separate particles of similar physical features such as
size even when the particles themselves may be inherently
dielectric, since DEP also has a strong (cubic) dependency
on size''®. For colloidal particle manipulations, the
dynamics of a spherical particle are usually modelled by
coupling quasi-electrostatic fields with transient fluid
dynamics of an incompressible Newtonian fluid governed
by Maxwell's equations and the unsteady Navier-Stokes
equations. The dielectrophoretic force I_fDEp on a spherical
particle is calculated via the Maxwell stress tensor:

Fopp= j{(T-ﬁ) dA (2)
where the Maxwell stress tensor:

T=¢EE-- & (e‘ﬁ . E) 3

N|

For an equivalent dipole approximation, the force is given
by119:
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Foep = 211¢; @ Re{foy}V(E-E)(4)

Here, E is the applied electric field, a is the radius of the
spherical particle, Re(fcwm) is the real component of fcm, the
Clausius-Mossotti factor:

* *
Ep-&f
* X

Ept2¢&y

)

fom =

where €, and &*; are the complex permittivities of the
particle and fluid, respectively. The dielectrophoretic force
can therefore be adjusted by tuning the strength of electric
field or the radii of the particles (non-linear dependence),
and the fluid type and material of the particles, to change
the permittivity (fractional linear dependence).

A key feature of electroosmosis, which describes fluid (vs.
particle) transport, is the electrical double layer (EDL),
which presents a model describing the thin layer of
counterions formed in the fluid adjacent to a charged
interface and includes the diffuse layer arising from
diffusion of the counterions into the bulk solution52. A
common model of this diffuse EDL, the Gouy-Chapman
(GC) model'20.121 couples the Poisson and Boltzmann
equations to describe the spatial distribution of charged
species in solution and the resultant electric potential field.
The GC EDL model defines the Debye screening
parameter K as:

2e2 Y. z2 &
NE=up

& & kB T

where z and c? are the valence and bulk ionic
concentration of the ™ species in solution, respectively,
and ks is the Boltzmann constant. The inverse of the Debye
screening parameter is called the Debye length Ap = 1/k.
Apb characterizes the thickness of the EDL and hence the
range of electrostatic interactions. So shorter Debye
lengths indicate stronger screening and more localized
fields. Notably, the Gouy-Chapman model for the diffuse
EDL assumes ions as point charges in a continuum solvent
while neglecting ion-ion interactions and size effects. The
model also assumes Boltzmann distributions for the ion
concentrations. Finally, the model is based on single-
particle mean-field theory, that is, each ion is treated as if
it moves independently in an average (mean) electrostatic
potential created by all other charges, rather than explicitly
interacting with other ions. The linearization of Poisson-
Boltzmann  equations using the Debye-Huckel
approximations are valuable computationally, but come at
the cost of implying small deviations from equilibrium
states'22. Such an approximation may lead to inaccuracies
in flow+ configurations where the particle dynamics may
deviate significantly from equilibrium conditions. In
electrokinetics, the relations between the three primary
length scales, namely Ap, channel diameter and particle
size determines the models used to predict the dynamics

This journal is © The Royal Society of Chemistry 20xx
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of particles in confined flows'23 124, |n fact, the EDL_ plays
an important role in determining the liftonopafticlesinzftie
flow'25-127 which is discussed in the following sections. For
a particle of radius, a = 245 nm for the experimental
parameters listed in Figure 2, a/Ap ~ O(10'-102). Thus,
the thin Debye layer assumption is valid thereby allowing
the extent of the Debye layer to be neglected.

Dielectrophoresis can demonstrate non-linear
electrokinetics as shown in equation (4) due to the
dependence on V(E-E). While electrophoresis is often
regarded as a linear process, with the force scaling
proportionally to the applied electric field's, it can also
manifest non-linear behaviour'?®. Both experimental29-131
and numerical'32. 133 studies have demonstrated non-linear
electrophoresis, wherein the mobility is no longer
independent of the field strength, and the electrophoretic
velocity scales non-linearly with the electric field.

A recent review'3* highlighted several applications of
electrokinetics for colloidal assembly. Some examples of
manipulating particle suspensions include positioning and
concentrating colloidal quantum dots using a combination
of dielectrophoresis (DEP) and ac electroosmosis
(ACEOQ)'35. For example, Juarez et al. showed assembly of
2D colloidal crystals through dc electrophoresis and ac
dielectrophoresis’36. In biological systems, electric fields
have been used to assemble cellulose-producing bacteria
into aligned nanofibril networks'” and to suppress
bacterial adhesion by applying dc-induced electroosmotic
flow, generating shear forces that counter surface
attachment'38,

Integrating electrokinetics into microfluidic devices
provides additional advantages. Precise low-power electric
fields with minimal heating can be applied via well-
established fabrication techniques. With their high surface-
to-volume ratios, microfluidic devices can exploit enhanced
surface-driven effects and incorporate multiplexed on-chip
multi-stage  processes including real-time optical
analysis'39-143, For example, microscale flows coupled with
electrokinetics have been used for dynamic single-cell
antimicrobial susceptibility testing (AST) incorporating ac
dielectrophoresis in high-conductivity buffers'#4, bolus
transport and interface shaping in layered viscosities
through electrokinetic peristalsis'*®, and label-free DMF-
DEP (digital microfluidic dielectrophoresis) for low-voltage
droplet handling and high-efficiency yeast cell collection46,
In most microfluidic applications, the typical dc
electrophoretic forces on microparticles in the thin Debye
layer limit have magnitudes of O(10-'-10' pN), while
dielectrophoretic force magnitudes can be as large as
O(101=102 pN)147-149,

3.2 Lift Forces in Shear and/or Electroosmotic Flows
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The concept of inertial lift was introduced in section 2.2.
Earlier models of lift in shearing flows were subsequently
expanded to capture the influence of flow parameters such
as Reynolds number and slip velocity on particle
migration*”. These models of lift forces driving inertial
migration of particles assumed that particle radius, a is
much smaller than the critical channel dimension, h, i.e.,
alh << 1. However, as microchannel dimensions decrease
or different particle types are used, especially while
manipulating colloidal particles with a/h ~ O(1) also arise.
To evaluate this assumption, Cherukat'59, Asmolov'%!, and
Su'®? derived correlations relating the inertial lift to non-
dimensional flow parameters and particle size. They
discovered that lift forces in shear flow have non-linear
dependence on a: near the wall, the shear-gradient
induced viscous lift depends on particle volume, or a3,
while near the channel centreline, the shear-gradient
induced pressure lift depends on a*. Therefore, the same
particle will experience different forces depending on its
location within the flow field. Since the origin of the flow-
shear lift force is attributed to the slip between the particle
and the fluid velocities for colloidal particles and
nanomaterials in microscale flows, the role of wall
interactions and velocity in determining lift behaviour were
also evaluated'®3-1%5. These studies found that the scaling
laws differ from those in classical inertial regime, where
dimensionless compliance (how easily a boundary
deforms in response to fluid-induced stresses), given as
pValGs? (where u is the dynamic viscosity, V the particle
velocity, G the shear modulus of the substrate, and is the
particle-wall separation) is much larger at the nanoscale
(length scales < 800 nm) 156,

Over the past two decades, a few experimental studies
have also observed a repulsive lift force on particles near
a wall suspended in uniform EO flow, and hence in the
absence of shear'®, and used this force to separate and
manipulate a = 1.5-20 ym particles'58-160, Modelling studies
of this force which is attributed to an electric field gradient
arising from the distortion of electric field lines in the
relatively narrow gap between the particle and the wall,
have found that the force is “dielectrophoretic-like”—in
other words, scales as E?>—in the thin EDL limit where
alAp << 1 and E denotes the applied electric field’®1. A
recent study considered the case of a “thicker” EDL, where
surface conduction effects can lead to particle
polarization'®2. Interestingly, there remain significant
differences between the modelling work and experimental
results, though both types of work agree that the lift force
is proportional to E2. The main difference is that the
experimental estimates of the magnitude of
dielectrophoretic-like lift force are much (by at least an
order of magnitude) greater than the current model
predictions?® 158,

Surprisingly, the effects of simultaneous pressure-gradient
driven flow and electric field do not superpose for

This journal is © The Royal Society of Chemistry 20xx

suspended particle dynamics. The eayliest,. . wells
documented observations are perhap8&hds&ood/Atexarder
and Prieve, who reported shear-induced electrokinetic lift f
or particles of radius 8-18 pym suspended in shear flow,
attributing the lift to polarization of the particle’s EDL in the
presence of a wall'®5, Sousa et al. renewed interest in
using

Table 1. Summary of experimental parameters for
observations of cross-stream lift forces in combined
Poiseduille and EO co- and counter flow12. 31. 163, 164,

Particle/Flow/Fluid Property | Value
Radius a [um] 0.1-0.5
Volume fraction ¢ [-] 3.3x1075-3.3x103
C -potentials [mV] —77 to —42
Pressure gradient Ap/L [Bar/m] | 0.13-1.35
Electric field magnitude E | 20-200
[V/iem]
Kinematic viscosity v [cSt] 0.9-2

combined pressure-gradient and electric field-driven flows
for particle manipulation’®®. Models of shear-induced
electrokinetic lift, which is always repulsive, i.e., drives
particles away from the charged wall, have considered
both Maxwell stress and hydrodynamic effects, and
concluded that the force is proportional to the electric field
magnitude E.

3.3 Flow+: Lift Forces in Combined Poiseuille and
Electroosmotic Flows

Over a decade ago, Cevheri & Yoda discovered a new
electrophoretic lift force in combined Poiseuille and
electroosmotic (EO) flows at Re = 0O(0.1-1) within
microchannels containing sub-micron polystyrene (PS)
particles'63. The experimental parameters from their work
are tabulated in Table 1 and present an overview of
experimental conditions compared to most other published
work of the time. For the co-flow configuration, the particles
migrated to the centre of the microchannel. Past theoretical
work successfully predicted the direction of the lift force
causing the particle migration, but the experimentally
estimated force and the theoretically predicted force
magnitude differed by nearly three orders of magnitude.
The discrepancy in lift force magnitudes in the co-flow
configuration (pressure gradient and electric field in the
same direction) may be attributed to the fact that the flows
may not be weakly inertial, as assumed by the current
models'®7. Additionally, the analysis of Saffman length /s
(distance between particle centre and point where inertial
forces balance viscous forces) by Lochab and Prakash3?
shows that:

Is ~ al\/Re, ~ HI\/Re. (7)

where Rep and Re. are the particle and channel Reynolds
numbers, respectively, and H is the characteristic height of

J. Name., 2013, 00, 1-3 | 8

Page 8 of 21


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01239b

Page 9 of 21

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:21:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

the channel. For the range of channel Reynolds numbers
considered, /s ~ H for Rec = 1.1 and Is ~ 3H for Rec = 0.1.
Moreover, other past theoretical work used regular
perturbation analysis'67. 168, \When the channel dimensions
are comparable to or greater than /s, the flow around the
particle should be split into a domain near the particle
(inner flow region) and the far field (outer flow region) to
solve the ensuing perturbation problem. Hogg'®® solved
such a problem for the migration of non-neutrally buoyant
particles in shear flow for Rec ~ 1. However, no such
models exist for combined (shear + electrokinetic) flows
with neutrally buoyant particles.

The particles, intended as near-wall flow tracers, exhibited
unexpected strong cross-stream migration under counter-
flow conditions, i.e., the direction of the applied electric field
and pressure gradient were opposite to one another,
resulting in the formation of band-like structures. The band
formation occurs in three stages: (i) accumulation, where
particles are attracted to and concentrate, or “accumulate”,
near the wall of the microchannel; this leads to (i/) band
formation, where the particles arrange themselves into a
number of unstable “bands” that merge and split until they
attain a (iii) steady state, when band characteristics, like
average fluorescence intensity become fairly consistent or
“stabilized”?®. Summarizing, band formation starts with
particle migration towards, and normal to, the wall. The
particles, once concentrated near the wall, interact and
form band-like structures. These structures were found to
be reversible: in other words, they disassemble when the
electric field is turned off3'. The initial migration depends
on the kinematic viscosity of the fluid, and is not observed
at higher fluid viscosity32.

Perhaps the most surprising observation was that of an
attractive force between negatively charged PS particles
and the negatively charged silica microchannel wall, with
PS particles in dilute suspensions migrating towards the
silica walls in weakly inertial flows. The estimated lift forces
driving the particles from the microchannel centreline to the
walls was ~20 fN, substantially exceeding the additive
contributions from EO (~1.6 fN) and Poiseuille (~4.6 fN)
flow components'”®. The force scaled approximately as
y°405 where y indicates the shear rate, and linearly with
E, in contrast to previously reported E? dependence of
dielectrophoretic-like forces in EO flow. Interestingly, the
electrophoretic lift force could be either repulsive or
attractive depending on the polarity of the applied electric
field with respect to the direction of the applied pressure
gradient'2,

These observations suggest analogies between this new
electrophoretic lift and the previously discussed inertial lift
force, wherein the direction of the force depends on
whether the particle leads or lags the local flow. The
observed lift also depended on factors such as particle size
a, zeta potential ¢, fluid viscosity uy, and electrolyte

This journal is © The Royal Society of Chemistry 20xx
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concentration ¢; and the relative magnitudes of shear and
electric fields. Khair and Balu (2019) uiged- @ péertartvaticn
analysis in the limit of small Pe and zero Re (i.e., a
quiescent fluid) to find the lift on an uniformly charged,
dielectric, rigid sphere'”!. The analysis gave a wall-normal
lift force of O(10-5 fN), around six orders of magnitude
smaller than the experimentally calculated value'®. The
addition of a particle and an external field breaks the
symmetry, i.e., reversibility, following the Scallop theorem
of Stokes flow'72,
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In subsequent work by Khair and Kabarowski'®” for weakly effects in the experiments, with flow Re ~ 0.1;], for these

inertial flows, the prediction gives the same direction for the flows. DOI: 10.1039/D55M012398
force as the experimental observations (cf. equation (8)),
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but the magnitudes were about three orders of magnitude

less than the experimentally calculated values32. These

underestimates may be due to non-negligible inertial

Fig. 3: Observations of particle banding over time. (a)1 After the discovery of particle banding, research was conducted
to determine the fundamental forces governing the phenomenon which was found to occur under many combinations of
particle solution and flow conditions3. 173, (b) The particle migration to the channel wall was governed by a wall-normal
lift force which differed in scaling from previous literature. Once near the wall, these particles formed into bands near the
channel walls'2. (c) During the initial stage of band formation, band formation times and spatial frequencies were
determined for multiple particle solution and flow parameters process'”® (d,e), during this process, the particles in the
bulk were found to be depleted3' 164 (f,g) Initial theoretical analytics estimated the magnitude of the lift force'67- 168, (h)
Near-wall particle counts during the initial stage of banding showed a ~100 fold increase over band formation2®. (i) While
particles flow generally downstream within the bands, they are hindered due to electrophoresis suppression30. Reprinted
with permission from: a - Ref. 163. Copyright 2014, The Royal Society of Chemistry, b - Ref. 12. Copyright 2014,
American Chemical Society, ¢ - Ref. 173. Copyright 2018, Springer Nature, d - Ref. 31. Copyright 2019, Springer Nature,
e - Ref. 164. Copyright 2019, Springer Nature, f - Ref. 168. Copyright 2019, Cambridge University Press, g - Ref. 167.
Copyright 2020, American Physical Society, h - Ref. 29. Copyright 2021, Wiley-VCH, i - Ref. 30. Copyright 2022, Wiley-
VCH.

In  another unexpected observation, counterflow suggesting that inertial lift increases, as flow shear rate y
experiments revealed elevated streamwise particle increases, E increases, {p increases (that is, becomes less
velocities compared to estimates from existing negative), a increases, and ¢. increases?®. Confocal

hydrodynamic and electrophoretic models, suggesting the
presence of an uncharacterized drag component. It is
noteworthy  that under steady-state conditions
hydrodynamic  drag is expected to balance
electrophoresis-induced [ift3" 32, The experimental
observations suggest that the time scale for the initial stage
of near-wall particle accumulation To decreases,

microscopy studies report that cross-stream particle
migration decreases, which suggests that Ilift also
decreases, in co-flow as the fluid kinematic viscosity v
increases, and that the minimum E for band formation
increases with electrolyte concentration3?. Fig. 3
summarizes the progressive developments over the years
on these anomalous phenomena.
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Furthermore, two modelling advances for weakly inertial
flows were reported by Choudhary et al.'%® and Khair and
Kabarowski'®”. These papers calculated the force on a
uniformly charged, spherical particle undergoing
electrophoresis in either Poiseuille or shear flow.
Specifically, Khair and Kabarowski considered a particle in
an unbounded steady simple shear flow. Such a shear flow
could approximate flow conditions near a channel wall if
wall effects are negligible. Under this flow condition, the lift
on a particle of radius a, and defined { potential, immersed
in a fluid of density p, permittivity &, and viscosity u, and
exposed to a streamwise electric field E predicts a force
with a magnitude:

. & {apyE
Fglr?ertial =~ —5.50 f(—,‘W

®

The direction of the lift force depends on the direction of E,
or, alternatively, the particle electrophoretic velocity Up,
compared with that of the fluid velocity u. If Up and u are
in the same direction (co-flow), the particle is repelled from
the wall and migrates towards the channel centre or region
of lower shear. In counterflow where Up and u are in
opposite directions, the particle is attracted towards the
wall or higher shear region. Therefore, the particle can be
attracted to, or repelled from, the wall, consistent with
experimental observations.

The density mismatch between a particle and the
suspending fluid leads to particle slip in Newtonian shear
flows, which in turn causes lateral migration: particles
move toward the channel walls when they lead the flow
(i.e., their velocity exceeds that of the fluid) and away from
the walls when they lag the flow'8%. 174 Analogously, in the
past work, the electrophoretic number Be, first suggested
by Lochab et al.3' as a new non-dimensional parameter,

Be= (Up—t)/ Upn(9)

is negative when the particle lags the fluid, and positive
when the particle leads the fluid. In equation (9) U, is the
electrophoretic particle velocity magnitude, u is the flow
speed, and Un is the (maximum) flow speed at the channel
centreline.

While most published work is on Newtonian fluid flows, it is
worth mentioning the “anti-symmetric’ tendencies of
particles in non-Newtonian flows, especially as an
emerging area for colloidal particle manipulations. Li and
Xuan'7® 176 and Serhatlioglu et al.'”” investigated the
dynamics of particles suspended in viscoelastic (vs.'77
investigated the dynamics of particles suspended in
viscoelastic (vs. Newtonian) fluids and observed that
particles migrate toward the channel centre-line when they
lead the flow (positive electrophoresis) and towards the
channel corners/walls when they lag the flow (negative
electrophoresis). Li and Xuan'’> showed mode switching

This journal is © The Royal Society of Chemistry 20xx
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(change in elastic property of fluid) from visggelastic to
Newtonian at low polymer condentriatioprsLswiieréin
increasing the PEO concentration causes the migration of
leading (or lagging) particles to shift from the centre(or
wall)-directed viscoelastic mode to wall-directed (or centre-
directed Newtonian mode)—marked by an increased
dependency on the electric field strength.

Similar theoretical investigations of these phenomena
have been carried out by Li and Xuan'7®, Vishwanathan
and Juarez'78, and Borthakur and Ghosh'7. 180, However,
at present there remain significant discrepancies between
existing theory and experimental estimates for the extent
of particle migration and magnitude of forces driving the
particle migration.

4. Current Applications of Colloidal
Assembly

Imagine an engineering toolbox that enables printing
cellular structures in a gelatinous matrix to develop new
bone implants or artificial tissues and organs. Alternately,
imagine the ability to create organized structures that bend
light to enable faster communication or make objects
invisible, or focus and direct heat transfer. These examples
are not science fiction: they could all become reality in the
next one to two decades based on advances in particle-
liquid suspension dynamics, micro- and nanoscale
technologies, new materials, and emerging theories and
analysis” 181-183,

There are a broad variety of methods for manipulating and
assembling particles on a surface suitable for different
colloidal materials and emerging nanomaterials, including
one- and two-dimensional (1D and 2D) materials. One
common approach is to guide particles into organized
structures using substrate templating84-18° for directed
self-assembly of colloidal particles. The advantages of self-
assembly methods include the low external energies
required for particle manipulation, and their specificity
based on exploiting particle-particle and specific particle-
surroundings (e.g., suspending fluid or substrate)
interactions. A few of the tremendous range of
demonstrated applications and successes of the colloidal
science and technology community are highlighted next,
followed by a summary of potential areas of future
opportunities and critical knowledge gaps.

4.1 Flow-Mediated Colloidal Assembly

Colloidal particles of radii a = 0.05-0.5 ym have been
extensively characterized and studied for more than a
century in a variety of applications, including as building
blocks for engineering structures. The over-arching goal of
colloidal assembly is to design and generate functional
material assemblies where the “whole is greater than the
sum of the parts"—in other words, the assembly
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outperforms its constituents, with macroscopic properties
distinct from those of the individual constituent particles23:
190, Such assemblies have myriad applications in both
biotic and abiotic systems, such as light and energy
harvesting 191 192 and biological detection93: 194,

As self-assembly processes are inherently subject to
thermodynamic equilibrium-dominated kinetics, these
assembly methods tend to be slow and limited in both yield
and the realizable size of the assembled structures.
Therefore, rapid and scalable fabrication of engineered-
structures at the mm- or cm-scale from nm-scale building
blocks, involving assembly over more than four orders of
magnitude in length scale, remain a significant technical
challenge. These challenges have inspired innovative new
tools and approaches’3, as also reviewed by Li et al.50 195
and Cai et al.’%. Most of the previous examples of colloidal
particle assembly using light, sound, magnetic, or electric
fields to enhance fluid inertial effects are limited to
manipulating micron-scale particles, cells, and other
dielectric materials within microchannels'®!. 197-200 or
microfluidic devices within quiescent suspensions—i.e., in
the absence of a background flow.

However, it is difficult without background flow to control
the dynamics and size of the particle aggregates once
formed, or to scale (up) particle aggregation. Moreover, the
aggregates assembled in quiescent solutions are rarely
ordered structures that can provide the dynamic
functionality that would be required for either
programmable materials or functional assembly units. On
the other hand, continued development of alternative
emerging techniques, such as “flow+” methods that allow
systematic control over particle migration and the
demonstrated capability to create long (mm-scale) but
narrow (few particle diameters) particle structures from
sub-micron particles could enable a new-class of particle
assemblies yielding structures that act as “functional
legos”. We envision functional legos to form a new class of
ordered structures built from colloidal particles with
assembly length scales extending to millimetres to even
centimetres. Additionally, these structures are envisioned
to be assembled from 1D-to-3D structures with
heterogeneous integration of materials.

Interestingly, we note, after reviewing the large body of
available literature available, there is far less discussion of
flow-mediated assembly of colloidal particles. Most of the
past work on flow-mediated assembly has focused on 1D
structures a single particle in width, referred to as strings,
chains, or bands20'. For example, a number of groups
have studied the formation of 1D structures aligned with
the streamwise direction in high-shear (y ~ O(10" s')) flows
of dilute colloidal suspensions202-204  |nterestingly, the
approach to flow+ developed by our team has the potential
for high-throughput fabrication of 1D and 2D structures’s
with initial demonstrations of heterogeneous assembly3'.

This journal is © The Royal Society of Chemistry 20xx

More broadly, flow-mediated methods haye, hLeen
successfully employed for a variéty: 1ofozapphications
involving both living and non-living systems.

On the other hand, laser illumination of an otherwise
quiescent suspension has been used in optofluidics to
generate local flows that convect particles away from
fouled surfaces?%. Light-driven diffusio-osmosis has been
used to assemble suspended porous colloidal silica
microspheres (a ~ 2.5um with ~6 nm pores) with
photosensitive surfactants (“photo-soap”) on a solid glass
surface and organize the particles into patterns using a
spatially modulated light source2. A similar approach has
been used to manipulate active biological materials, such
as Pseudomonas putida?°7.

A recent review?208 discussed using bulk acoustic waves—
those propagating normal to the surface of the material
generating the acoustic wave, and surface acoustic waves
(SAW) propagating parallel to the surface of interest—to
manipulate colloidal particles. Piezoelectric materials are
often used in microfluidics to generate acoustic waves in
the fluid medium, and such acoustic-wave colloidal
manipulations have been used in materials assembly and
synthesis?0%-212 microreactors?'3, and cell sorting?'4-216,

As noted previously in this perspective, one often-
overlooked flow+ method uses electric fields as external
stimuli, particularly in a flowing particle suspension. One of
the earlier demonstrations of particle aggregation was
attributed to flow-induced by distortions in the electric field
due to inhomogeneities in the EDL on the electrode
surfaces caused by colloidal particles on these
electrodes?'?. In these early experiments, a = 0.5-1 um PS
beads suspended in an aqueous sodium azide solution
were placed in a 50 ym gap between oxide-capped silicon
and indium tin oxide surfaces. Both dc and ac electric fields
applied across the gap led to particle aggregates with
possible hexatic states in the assembled structures?'”. The
electric field in the combined flow may be exploited to
influence particle movements. Inhomogeneities in the
applied electric field and/or or surface charge are known to
generate micro-vortices or locally reversed flows in
microchannels and near electrode interfaces?'8-220. Such
flows with local micro-vortices due to engineered surface
charge or electric field discontinuities have been used to
manipulate colloidal particles as well as microbeads?21-223,
2D materials??4, and biomolecules such as proteins225.

4.2 Limitations in Colloidal Assembly, Converging
Research Pathways and Emerging Directions

As defined in section 2.2.4, flow+ mobilizes external fields
for deposition of particles with similar physical or chemical
properties on a substrate. One of the critical challenges in
assembly of colloidal materials, therefore, lies in
heterogeneous assembly where materials with distinct
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properties can be integrated to a mm- or cm-scale
structure. For example, in the context of building large
scale photonic crystals, materials with distinct optical
properties need to be integrated into an organized
structure with assembly defects that are at or below the
wavelength of the light that interrogates the crystals. Given

ARTICLE

View Article Online

A potential solution may arise from ap@metgind field thet
has very recently been exploited for templating colloidal

superstructures: using nucleic acids; specifically,
deoxyribonucleic acid (DNA), for DNA-assisted self-
assem-

the physical scale for such devices, non-equilibrium

assembly methods that will enable successful scalable

fabrication of fully programmable colloidal architectures

are required.

Fig. 4: Schematic suggesting use of multiple technologies towards next-generation colloidal assemblies: (a) Sensing:

An ultra-flexible colloidal quantum dot (QD) photodetector that demonstrated rapid response and efficient carrier

extraction?26 (Reprinted with permission from ref. 226. Copyright 2025, American Chemical Society); (b) Computation:

A novel self-anchoring process, which uses a yttrium oxide sacrificial layer and source—drain electrode anchoring,

effectively suppressing carbon nanotube (CNT) stacking during fabrication of aligned CNT field-effect transistors22”

(Reprinted with permission from ref. 227. Copyright 2025, American Chemical Society); (c) Locomotion: Cilia-mimic
(f) Communication
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locomotion of magnetic colloidal particles using magnetic field and ultrasound facilitates better infiltration of thrombolytic
drugs and enhances imaging quality8® (Reprinted with permission from ref. 85. Copyright 2025, Wiley-VCH); (d)
Actuation: lonic fuel-powered soft robotics constructed by programmable salt-responsive actuators exhibit tunable
bending orientations, amplitudes, and durations, with consistent cyclic actuation enabled by fuel replenishment228
(Reprinted with permission from ref. 228. Copyright 2025, Elsevier); (e) Energy Harvesting: Lead-free indium-arsenide
QD infrared photovoltaics used for harvesting solar energy??° (Reprinted with permission from ref. 229. Copyright 2025,
Wiley-VCH); (f) Communication: Two-dimensional Brownian dynamics simulations of catalytically active, non-motile
hydrogel colloids revealed a wide range of nonequilibrium structures and active phases 23 (Reprinted with permission
from ref. 230. Copyright 2025, Nature Portfolio).

bly231. 232 At the nanoscale, it is now feasible to generate
colloidal crystals with advanced metamaterial pro-

perties such as tuneable structure, size or morphology?2
233 as well as functional nanodevices like micromirrors and
3D arrays of Josephson junctions234 235 At the microscale

This journal is © The Royal Society of Chemistry 20xx
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these mixed assembles of colloidal particles with DNA
assemblies exhibit optical metamaterial characteristics like
structural coloration in the visible range and complete
photonic bandgaps in the near-infrared spectrum?22°. 230,
These technology demonstrations suggest possibilities in
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the near- to medium term to develop programmable
nanophotonic devices that can enable configurable optical
properties and functionality®2.

In the longer term, building on the progress made in
colloidal crystal engineering with DNAZ236 and the spatial
organization that can be realized using nucleic acid
frameworks?®” could lead to “nucleic acid-colloid
frameworks” where DNA-functionalized particles of various
materials and functionalities are integrated into a nucleic
acid lattice. With appropriate design and optimization,
these frameworks could provide a scalable high-yield
pathway to 3D heterogeneous assembled structures that
overcome the entropic limitations of self-assembly.

Extending nucleic acid assembly, another emerging
technology is in RNA-mediated self-assembly, which offers
distinct advantages over DNA-based approaches by acting
not only as a structural scaffold but also as a chemically
active template, enabling dynamic and multifunctional
assembly processes, with increased specificity. For
instance, RNA has been used to direct the nucleation and
growth of CdS nanoparticles into tuneable nanostructures
with enhanced and size-dependent optical properties,
facilitating bottom-up fabrication of optoelectronic
materials238. In another approach, enzymatic cycles of
RNA synthesis and degradation were coupled to colloidal
aggregation, enabling autonomous and reversible
assembly behaviour controlled by local biochemical energy
inputs and spatiotemporal gradients23°. Additionally, RNA
has served as a scaffold for “nanojacketed” hybrid
nanobiocomposites, where Ag nanoparticles stabilized on
POMA fibrils enhanced electrical conductivity and enabled
diode-like functionality through p-n-type interfacial
interactions240.

Showcasing the breadth of colloidal assembly applications,
these assemblies have also benefited regenerative
medicine by generating both scaffold-based and scaffold-
free structured templates for guiding tissue regeneration in
injured or atrophic regions24!. 242, These assemblies can
mimic the extracellular matrix by arranging biocompatible
colloidal particles, including cell-laden microgels or
hydrogel-coated nanoparticles, into hierarchical
frameworks with tailored mechanical and biochemical
properties to help regenerate damaged tissues, for
example, in wound healing243- 244, Colloids have also been
used in fluid resuscitation?#®, drug delivery?*6 and wound
healing%6.

As demonstrated throughout this article, colloids span
multiple spatial scales—for instance clouds, where
microscopic water droplets or ice crystals are dispersed in
air. These droplets, though individually on the order of
micrometres, collectively form large, visible cloud
structures that extend across meters, even kilometres247.
Therefore, what starts off at the nano- and micrometre

This journal is © The Royal Society of Chemistry 20xx

length scales can ultimately manifest at magcroscopic
scales of metres, thus spanning neadrly: SeNievY COFHEES3Tf
magnitude! Even for artificial structures like photonic
crystals, nanoscale building blocks can organize into highly
ordered lattices extending over tens of micrometres to
several millimetres248. Within these systems, the functional
length scale emerges from the coupling between
nanoscale particle arrangement and macroscale optical
behaviour, where the periodic spacing—comparable to the
wavelength of visible light—produces iridescent colours
through Bragg diffraction?4°. Therefore, starting at the nm
scale gives access to a much wider range of actuation,
harnessing physics across a broad range of length scales.

Colloidal megastructures of the future can be expected to
harvest, exploit and selectively radiate energy within a
single integrated unit, thereby enabling energy
conservation while simultaneously providing directional
heating and lighting. Developments in this direction may be
enabled by plasmonic nanoparticles—metallic
nanoparticles that exhibit unique optical properties due to
the collective oscillation of their free electrons when
interacting with light?50-252.  Plasmonic nanoparticle
assemblies have already shown enhanced light absorption
and heat generation?%3. Similarly, self-assembled films
have shown promise for heterogeneous catalysis254,
electrochemical sensing?%®, and anti-reflective coatings for
improved photovoltaic efficiency. Magnetic nanoparticle
chains have even been used as nano-stirrers inside
microdroplets, overcoming mass transfer limitations at the
microscale?%¢, However, realizing larger structures for
smart windows to heat or cool buildings, for example,
requires overcoming another challenge in heterogeneous
assembly: the lack of intermediate-scale methods to
manipulate the surface chemistry of colloidal
nanostructures (vs. the bulk chemistry of the constituent
particles) without adversely affecting either the assembly
methods or the engineered properties of the final larger
structure.

Thus far we highlight applications based on assembly of
inanimate particles using field forces; however, a futuristic
implementation—a “smart’-er extension of active
colloids?5”—are colloidal robots (CRs), envisaged as
swarms of mobile units each having length scales of the
order of colloidal particles. CRs have been proposed as
another emerging domain for multifunctional micro-
machines, bridging the realms of materials science,
robotics, and nanotechnology with capabilities spanning
logic, sensing, actuation, energy harvesting, and
autonomous control”.  Fig. 4 depicts how research
advancing in distinct domains, often making parallel
progress, could be leveraged to mitigate the of the
challenges in colloidal robotics. As scientific
demonstrations and technological advances continue, one
of the main impediments is the lack of a physicochemically-
based and multi-physics theory describing kinematics and
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dynamics of the assembly processes, including emerging
topics such as colloidal robotics. Much of the current
theoretical understanding of colloidal dynamics relies on
applying single-particle force models to systems that, in
reality, involve dense particle swarms where inter-particle
hydrodynamic, electrostatic, and possibly collective effects
are probably non-negligible. This discrepancy may partially
explain why experimentally measured lift forces are often
found to be 3-4 orders of magnitude greater than
theoretical predictions2®. Therefore, if the motion of these
particles to yield functional structures can be precisely
predicted and controlled—or  ideally  rendered
autonomous—they hold significant potential for
orchestrating the formation of complex mesoscale
architectures from colloidal building blocks and thereby
realize the potential of modular building blocks—functional
legos.

Current “state of the art” approaches for colloidal
assembly, whether driven by light, electrical, magnetic and
acoustic fields, or chemical gradients, are founded, for the
most part, on serendipitous ad hoc observations®2. 258-261,
They are also limited in terms of the particle materials that
can be assembled despite subsequent development—to
photochemically or chemically active®* 262, magnetically
susceptible?83, or dielectric particles?%4, for example.
Improved fundamental physics- and chemistry-based
theories and models, especially those that focus on more
“materials-agnostic” assembly approaches (based, for
example, on differential particle-fluid inertia?®> and acoustic
fields?66) could provide the understanding required to
optimize assembled structures, functionalities, and yield
for a broader range of materials.

5. Summary and Future Outlook

Colloids—suspensions of nano- and microscale particles
in liguids—are not only ubiquitous in nature267, but can also
be harnessed to engineer functional structures from the
bottom up. The engineered structures, so-called colloidal

assemblies, span multiple length scales, from the
nanometre range (Debye length, chemical?®®, and
magnetic2®® interactions), to the submicron regime

(wavelength of light and thereby electromagnetics?79), and
further to the sub-millimetre and centimetre scales
governed by acoustic wavelengths?’!, making colloids
inherently multiscale and multi-physics . Just as living and
non-living entities may be constructed out of colloidal units,
the functional surfaces used to mediate colloidal particle
aggregation may be abiotic or biotic and spanning broad
length scales, as evident in the discussions of depositions
of colloidal particles on surfaces as simple as glass or
PDMS, the surface of the mineral, or something elusive as
DNA and even RNA facilitated colloidal assembly.
Furthermore, the inherent strength of colloidal assembly
lies in the fact that it can be tapped in various ways to
create not just homogeneous but also heterogeneous

This journal is © The Royal Society of Chemistry 20xx
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assemblies of particles—be it different charagierjstics, of
same material particles, or assefBligsl036fDdiffererit
materials, much like functional legos—by leveraging the
use of flows and external fields to introduce additional
control variables, giving rise to the emerging domain of
flow+.

Throughout this perspectives review, we have identified
challenges and opportunities for continued advances in
colloidal assembly, primarily placing the existing
knowledge within the context of flow+ approaches for
particle manipulation. Starting with a brief history and
subsequent development of this field, as well as the current
state-of-art for particle manipulation, with applications in
separation, focusing, trapping, assembly, and sensing of
particles and their responses in microfluidics. Several
critical knowledge gaps have been identified, including (/)
the need for physicochemically-based and multi-physics
theoretical and computational model development; (ii)
possibilities for discovering and exploiting novel microscale
flow phenomena; and (iii) the need for improved integration
of models with experimental data and observations.

Among the various challenges, fundamental
understanding of the experimental observations is limited
by significant gaps in theoretical models. One of the
potential reasons for the lack of appropriate theoretical
models arises due to the complexity and difficulty in
modelling the nonlinear coupling between hydrodynamic
interactions, electrokinetic slip, and inertial effects—all for
multi-particle suspensions. It is highly likely that addressing
the multi-physics scale of this problem requires integration
of a suite of techniques including kinetic theory, nonlinear
stability analysis, asymptotic and matched expansions,
phase-field models, and bifurcation theory to capture
multiscale interactions. It is also likely that as experimental
data sets and observations continue to grow, artificial
intelligence-based modelling may be required.

The key goal of colloidal particle manipulation research is
therefore to design, then build (assemble) functional
materials with colloids as building blocks so that the
properties of the aggregate structures or assemblies are
distinct from individual colloidal particles. The admittedly
limited set of flow+ particle manipulation approaches
reviewed here are, with minimal modification, relevant to
functional building blocks for sensing, locomotion and
energy management, and could, with further development,
be used to assemble building blocks for computation and
communication functions. By assembling O(0.01-1 pm)
particles into engineered microstructures, such functional
legos would bridge the technology gap between bottom-up
assembly methods and top-down manufacturing
methods—and continue the rich legacy of advances in
colloidal particle dynamics and assembly.
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