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ABSTRACT

In this review, we cover recent advances in microfluidic colloid separation enabled by diffusiophoresis. Diffusiophoresis describes the motion
of colloidal particles induced by local chemical gradients. Despite its long history, it is only recently that diffusiophoresis has gained a renewed
interest in the scientific community. Such a resurgence is, in part, due to the recognition that diffusiophoresis may enable useful applications
that are otherwise difficult to achieve or can be augmented by it. One example is continuous colloid separation, which requires the control
of particle motion relative to the flow. This review aims to provide a fundamental understanding of diffusiophoretic separation along with a
survey of the recent literature on diffusiophoretic colloid separation in microfluidic flows in both cross-gradient and counter-gradient settings.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023415

I. INTRODUCTION

Colloid separation plays a key role in numerous industrial pro-
cesses and applications that are indispensable to our lives, such as
water treatment, drug production, disease detection and preven-
tion, personal care products, and food processing. In the past few
decades, we have witnessed a surge of separation research enabled
by microfluidics as it offers easy manipulation and visualization of
fluids and particles, allowing for deeper understanding of existing
systems as well as investigation of new separation processes.l‘l

Microfluidic separations require various external forces to
direct the motion of colloidal particles relative to the flow. Available
forces include electrostatic coulomb (electrophoresis),; magnetic
(magnetophoresis),” dielectric (dielectrophoresis),’_’ thermal (ther-
mophoresis),” surface tension (tensiophoresis),’" osmotic (diffu-
siophoresis),H acoustic (acoustophoresis),g optical (optophoresis),'“
and inertial forces (inertial migration)."" While all of these mecha-
nisms have certain pros and cons for separation purposes, diffusio-
phoresis offers distinct advantages, particularly over electrical meth-
ods that are widely used in biological and biomedical applications.
Electrical separation methods such as electrophoresis and dielec-
trophoresis are inevitably associated with electrodes, power supplies,
and bulky peripherals and often have the risk of inducing solvent
electrolysis; diffusiophoresis is free from all of these downsides and

thus potentially suitable for portable, wireless, and point-of-care
diagnostics platforms.

Diffusiophoresis, which refers to the chemotactic migration of
colloids induced by local chemical gradients, was first discovered
by Derjaguin in the 1940s'* and further established by Anderson
and Prieve in the 1980s.'”'* Aside from utilizing diffusiophoresis for
enabling self-propelled microswimmers as a means to study active
matter (self-diffusiophoresis or “active diffusiophoresis”),'”'® there
has been growing interest in the area of “passive diffusiophoresis” in
the past decade in which the motion of passive colloidal particles
(e.g., homogeneous latex particles, liquid drops,'”'® proteins,'”*’
DNAs,” " cells,””* and lipid vesicles””°) is induced by externally
imposed solute gradients. To get a broader sense of passive diffusio-
phoresis, refer to the seminal review article by Anderson,”’ as well as
other excellent review articles published recently.”* " A number of
unique observations have been made lately where diffusiophoresis
was recognized to play an important role in several processes such
as colloid stratification during drying,” colloidal self-assembly,””
membrane fouling,” pattern formation,'” fabric cleaning,}1 detec-
tion and healing of bone fractures,” cellular transport,‘%“r and
possibly the origin of life.”

In terms of applications, there have been a fairly large number
of diffusiophoresis studies dedicated to colloid separation in the past
few years due to its promising aspects in separation processes. In this
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review, we present recent advances in the diffusiophoretic separation
of colloidal particles in microfluidic flows. Flows in colloidal separa-
tion systems commonly exist either parallel or perpendicular to the
force field (e.g., concentration gradients). In general, microfluidic
flows perpendicular to the force field are found mostly in continuous
separation (sorting) systems,””"’ whereas flows parallel to the force
field are used for (pre)concentration purposes.’”** We first provide
a brief introduction to colloid diffusiophoresis with emphasis on
its size dependence for separation. Then, we review theoretical and
experimental aspects of diffusiophoretic separation in flows in both
cross- and counter-gradient settings. This review aims to provide
fundamental understanding and latest utilization of diffusiophoretic
separation and further possible developments.

Il. DIFFUSIOPHORESIS

The physical origin of diffusiophoresis is the non-equilibrium
solute-surface interactions. While electrostatics is the most com-
monly observed interaction, neutral solutes/colloids can also exhibit
diffusiophoresis by other means such as dipole-dipole, van der
Waals, and steric interactions.”” Such interactions at out of equilib-
rium cause a pressure imbalance within the interaction layer, leading
to tangential fluid flow. This interfacial flow simultaneously drives
freely suspended particles to move in the opposite direction, a pro-
cess known as phoretic migration.r As almost every recent paper
on diffusiophoresis concerns electrostatic interactions, this review
focuses mainly on long-range electrostatic interactions.

Concentration gradients of electrolytes can drive particle
migration by two means. Ions with asymmetric diffusivities can
induce spontaneous electric potential upon diffusion (Fig. 1, left
panel). For symmetric electrolytes, the potential drop (often referred
to as diffusion potential or liquid junction potential) is given as"’

A¢:—[3kB—TfVln c-dx, (1)

ze

where kg is the Boltzmann constant, T is the temperature, z is the
valence, and e is the elementary charge. § = (D, — D_)/(Ds + D-)
is the dimensionless diffusivity contrast, where D, is the diffusiv-
ity of cation (+) and anion (—). This spontaneous electric potential
difference can drive particle electrophoresis,

B kaT

u.=f(A)- - Vin g, )

where ¢ is the solution permittivity, # is the solution viscosity, { is the
particle zeta potential, and f(A) is the size-dependent function that
depends on A = (ka)™!, which is the ratio of the Debye layer thick-
ness k' and the particle radius a."’ For an infinitesimally thin Debye
layer where A — 0, f(A) reduces to unity, yielding the Smoluchowski
equation.

In addition to the spontaneous electrophoresis, the electrostatic
solute-surface interactions yield excess osmotic pressure within the
interaction layer due to the attraction of counterions (Fig. 1, right
panel). The local solute gradients can thus induce interfacial fluid
flow by the osmotic pressure gradient that subsequently leads to
particle motion, a process commonly known as chemiphoresis. The
chemiphoretic velocity is given as
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FIG. 1. Diffusiophoresis of a charged particle in a concentration gradient of a
binary electrolyte. An ion pair within the yellow circle implies local electroneutral-
ity, which is associated with a diffusion potential gradient V¢. The electric field
caused by the buildup of diffusion potential induces electroosmotic flow within the
Debye layer. Simultaneously, the osmotic pressure imbalance within the Debye
layer drives (chemi)osmotic flow. As osmosis and phoresis are complementary
phenomena, electroosmosis and chemiosmosis cause the particle to move in the
opposite direction, a process known as diffusiophoresis.

ue = g(1)- %(%)Zln[cosh(é‘;)]vln . 3)

where g(A) is the size-dependent function for chemiphoresis, which
also becomes unity when A — 0. The diffusiophoretic velocity is thus
the linear combination of electrophoresis and chemiphoresis,

ug=u.+u.=My(A)Vine, (4)

where M (1) is the size-dependent diffusiophoretic mobility that
characterizes the tendency of a particle to migrate in response to
local solute gradients by both electrophoresis and chemiphoresis.
Generalized expressions for M, at infinitesimally thin Debye layer
in asymmetric, multi-species electrolytes can be found in Refs. 44
and 45. It should be noted that in the event of solute gradients being
highly non-linear at the scale of a particle size, then such a linear
superposition of the two effects becomes invalid since Egs. (2) and
(3) are obtained by linearizing the solute gradients about a particle
of interest."”’

What makes diffusiophoresis unique compared to conventional
electrophoresis (i.e., electric field imposed by external power sup-
ply) is the extra contribution from chemiphoresis. Chemiphoresis,
which always drives particles up the solute gradients under attractive
solute—particle interactions, is not necessarily in the same direction
as electrophoresis since the direction of electrophoresis depends on
the sign of {3 [see Eq. (2)]. This non-linear feature also makes the
size dependence non-monotonic due to the distinct size-dependent
functions for electrophoresis f(A) and chemiphoresis g(A). For
example, when electrophoresis and chemiphoresis are in the
opposite direction, smaller particles may actually exhibit stronger
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diffusiophoresis contrary to common expectations in phoretic trans-
port where the curvature suppresses the particle motion. Such
unique features in diffusiophoresis enable a wide range of separation
parameters—e.g., size, shape, and surface charge.

Prieve et al. first developed an analytical solution for the size-
dependent diffusiophoresis in the limit of thin Debye layer (A « 1)
using matched asymptotic expansion.'” The expressions for f(1) and
g(A) accurate to O()) are given as

-1

AkBTI:F1+ € (kBT)Z(ﬂF4+F5)]} ®)

-1

- 2ze( 2yDs \ ze
and
, -1
A e (kgT
g(A): 1- '[F0+ (7) (Fz +ﬁF3):| N
SIn[cosh( 47;2)] 2nDs \ ze

(6)
where F, are functions of the particle zeta potential. The full lengthy
expressions are given in the Appendix of Ref. 13. Numerical values
of F, for a range of { are also provided in Table 2 of Ref. 13 for
convenient estimation of Egs. (5) and (6).

Later, Keh and Wei studied size-dependent diffusiophore-
sis for arbitrary A, but at small {, ie., |{| < kgT/(ze) such that
In[cosh(ze¢/(4ksT))] ~ 1/32(ze(/(ksT))>."" Using the regular
perturbation method with { as the perturbation parameter, the
expression for the size-dependent functions f(1) and g(A) accurate
to O({*) are given as

f) =1-¢" [5E(A) - 2Bs(1)] ?)

and

g0y = 1+4" [E3 (\) +3E:(1) - gEg(A) - 5E6(A)]
e [13—0E6(2A) — 40Es(ME; (1)
—40Bs(V)E; (1) + gEg(ZA)], (8)

where E,(1) = /77 te"""*dt. For convenience, Egs. (7) and (8) may
be expressed using the curve fits as f(\) = 1 — 0.33/(1 + 0.0724~"")
andg(A)=1-1/(1+ 0.08517 " +0.0201~°"), which can cover any
positive A value with good accuracy.'*"

As an example, the size-dependent diffusiophoretic mobility
M4(A) of charged colloids immersed in NaCl is given in Fig. 2.
Figure 2(a) is the mobility obtained by Prieve et al. [Egs. (5) and
(6)],"” and Fig. 2(b) is that obtained by Keh and Hsu [Egs. (7) and
(8)]."° As expected, both models show good agreement to each other
only at small { and A values (cf. solid curves at A « 1). In light of
the proper usage of these two models, Prieve’s model would be more
suitable for highly charged, large particles in concentrated solutions
(i.e., large ¢ and small 1), whereas Keh’s model is more suitable for
moderately charged nanoparticles in dilute solutions (i.e., small {
and large 1).

Another peculiar feature that arises due to chemiphoresis is the
non-zero surface force.” A particle undergoing pure electrophore-
sis is known to exhibit zero net force within the Debye layer as the
hydrodynamic stress caused by electroosmosis and the electrostatic
force acting on the particle surface charge are precisely balanced."’
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FIG. 2. Size-dependent particle diffusiophoretic mobility M1 ;(A) for various parti-
cle zeta potentials. The solute is NaCl. (a) Prieve’s model [Egs. (5) and (6)]."° (b)
Keh’s model [Egs. (7) and (8)].*°

In contrast, a particle undergoing diffusiophoresis (chemiphoresis)
does not show such a net zero surface force due to the presence
of the excess osmotic pressure gradient. A full analytical deriva-
tion of the local force balance on a diffusiophoretic particle can be
found in the recent work by Marbach et al.”’ Such a non-vanishing
surface force that varies along the particle surface upon diffusio-
phoresis can lead to appreciable deformation of soft colloids such as
drops, vesicles, and polymers, suggesting particle separation based
on deformability. "

Ill. CROSS-GRADIENT DIFFUSIOPHORESIS
A. Theory

The cross-gradient diffusiophoresis involves particle diffusio-
phoresis acting perpendicular to the flow by the transverse solute
diffusion (Fig. 3). The idea of using transverse diffusion for continu-
ous separation dates back decades ago. One representative example
is the microfluidic H-filter (or T-sensor),”””" which relies on the
Brownian diffusion of particles for enabling size-dependent colloid
separation. Diffusiophoresis differs from the H-filter by the fact that
the diffusiophoresis relies on the diffusion of molecular solutes to
enhance the motion of larger colloidal particles, typically orders of
magnitude faster than their Brownian counterpart.

Transverse gradients in channel flows can be established in a
number of ways such as co-flowing multiple solutions in parallel,”””
imposing reacting walls,” ™ or flowing reactive colloids that can
generate or consume solutes.”” The solute distribution is governed
by the fluid flow, diffusion, and reaction, which determines the par-
ticle diffusiophoresis. Conservation equations for mass, momentum,
solutes (electrolytes), and particles are given as
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FIG. 3. Continuous diffusiophoretic separation in cross-gradient settings. The
solute gradients transverse to the flow can be established by (a) co-flowing multi-
ple solutions or (b) placing reactive walls. [(c) and (d)] Approximated solute profile
evolution along downstream (x direction) in (c) co-flow [Eq. (16)] and (d) reactive
wall settings [Eq. (17)].

where uy is the fluid velocity, p is the fluid pressure, p is the fluid
density, # is the fluid dynamic viscosity, ¢; is the solute concentration
of ith species, D; is the diffusivity of ith solute species, #; is the rate of
homogeneous reaction of ith species, 7 is the particle concentration,
D, is the particle diffusivity, and uy is the particle diffusiophoretic
velocity. Equation (11) is the Nernst-Planck equation that can be
reduced to a single species advection-diffusion-reaction equation
for binary electrolytes satisfying local electroneutrality (c; = c- =¢),

Jc
ot

where Ds = 2D, D_/(D + D_) is the ambipolar solute diffusivity.

For shallow microfluidic channels where the width h is
much larger than the depth d of the channel, ie, h/d > 1,
the flow profile can be approximated as a Hele-Shaw flow as u,
~ ux(2)i = 3U/2 - (1 - 42%/d*)i, where U is the depth-averaged
flow velocity. This approximation is only valid away from the side
walls (|y| < h/2 — d). Neglecting reaction and assuming steady state,
Eq. (13) can be reduced to the following solute boundary layer
equation:

+V- (cuf) =DVic+r, (13)

2 2
O 8(:). (14)

Oc
ux(z)a = D‘;(aiy2 + @

The solute diffusion in the x direction has been neglected as the
advection dominates over diffusion in the streamwise direction in
most microfluidics applications.”” Furthermore, for sufficient dis-
tance downstream over which the solute has diffused across the
channel depth (e.g., x > 0.03Ud2/D557), the solute concentration
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becomes independent of z. Thus, Eq. (14) reduces to the following
equation:

Oc &c

U— =D;—. 15

ox oy (15)
For two streams co-flowing in parallel where the concentration of
one stream is ¢; and that of the other is ¢; [Fig. 3(a)] such that the
inlet condition is c(x = 0, ¥) = ¢1 + (c2 — ¢1)H(y), where H(-) is the
heaviside step function, and the boundary conditions are no-flux
conditions on the walls, then the solution to Eq. (15) can be obtained
using the method of images as

(2-a) & v+ 2kh y—h+2kh
c(xy)=a+-—= erf | Y——— | -erf| ——— ||,
()= 2 k_z_:m[ (\/sz/U) ( \/Dsx/U )]

(16)
which is presented in Fig. 3(c). This solution is also applicable to
symmetric co-flow (flow-focusing) settings in which the concentra-
tion of the outer sheath streams differs from the inner stream by
taking symmetry about y = +h/2.°

Another way of creating chemical gradients is to introduce
chemical reactions. In this case, the transverse solute gradients can
be achieved by having a reactive sidewall [Fig. 3(b)]. Examples
include feeding soluble gases through a permeable wall”*”* or plac-
ing ion exchange media at the wall.”” To obtain the complete solute
profile in the presence of reaction, it is required to solve a set of cou-
pled Nernst-Planck equations for every ionic species. However, if
the dominant species participating in diffusiophoresis is binary (e.g.,
Ref. 53) and implicitly assuming local electroneutrality, then we can
use the regular diffusion-advection-reaction equation for describ-
ing the solute profile [Eq. (13)]. Moreover, a homogeneous reaction
term can be simplified to a heterogeneous surface reaction with a
constant boundary condition if the reaction occurs in the vicinity
of the wall and is fast such that the surface Damkohler number is
high (i.e., Day = ksh/Ds > 1, where k; is the surface reaction rate
constant).

For such cases, the gradients of reacting species are estab-
lished near the wall so that a boundary layer analysis can be per-
formed to approximate the solute profile. For channels where the
parabolic flow profile in the transverse direction (y-direction) within
the boundary layer is valid (e.g., flow near a side wall in shallow
rectangular channels, 2D slit flow, or pipe flow), an approximate
solution for the boundary layer can be obtained. Adapting the work
of Lee et al. for a 2D slit flow [ux(y) = 3U/2-(1 - 4)/2/hz)],55 the
solute profile may be treated as linear within the boundary layer.
This approximation gives the following expression for the solute
profile [Fig. 3(d)]:

2(-a)(y-9)

)= 1= -9 X500 e )

where ¢, is the background ion concentration and ¢ is the
concentration created at the reactive boundary. Here, &(x)
~ (3Dshx/(4U)) 13 is the boundary layer thickness obtained by inte-
grating Eq. (15) across the boundary layer provided § <« h. The
1/3 scaling is in accordance with solute dispersion in flows near
boundaries in rectangular channels.””””

Particles can migrate from the established solute gradi-
ents in the transverse direction (y-direction) by diffusiophoresis.
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The solute profiles obtained by solving Eq. (13) [e.g., Egs. (16) and
(17)] are used to solve for the transverse diffusiophoresis using
Eq. (4), ug = M40, 1n cj, which determines the particle dynamics.
For instance, one can immediately derive the non-Brownian parti-
cle trajectory by integrating the equation of motion dy/dx = u,/U.
The particle density profile can be obtained by solving the par-
ticle advection—diffusion equation [Eq. (12)], which is typically
performed numerically.

The separation performance depends on two characteristic
time scales, the advection (residence) time in the streamwise direc-
tion (tf ~ L/U, where L is the channel length) and the diffusio-
phoresis time in the transverse direction (t; ~ h*/M). Comparing
these two time scales leads to the definition of a particle Péclet num-
ber, Pe, = Uh*/(LM,), which provides the basis for the design of
separation processes in cross-gradient settings.

B. Experiments
1. Cross gradients by co-flowing

A number of recent studies have demonstrated the implemen-
tation of diffusiophoresis for colloid separation in cross-gradient
settings by co-flowing multiple solutions. While there have been sev-
eral reports on diffusiophoresis indicating its utility in separation
dating back to the 1980s,""”” the first study on the use of diffu-
siophoresis in continuous microfluidics separation was reported by
Abécassis et al. decades later in 2008."" They used a symmetric co-
flow device in which the inner colloidal stream is surrounded by the
outer buffer streams [Fig. 4(a)]. This configuration allows the trans-
verse gradient and the subsequent colloid diffusiophoresis to occur
symmetric about the centerline, where the transverse solute profile
can be expressed using Eq. (16) given above.

The colloid dispersion along the downstream is shown in
Fig. 4(b), which depends on the imposed solute gradients. For small
x where the solute profile reduces to a single term from the series
solution in Eq. (16), the colloid dispersion width w(x) is found by
integrating dy/dx = u;/U at the interface of the two solutions [y(x
=0) = wo/2, where wy is the initial colloid width]. The colloid width
along the downstream is given as

=/ L0 22), 2T, [P
wix) = o | My a1 n(1+2c/a) U’
(18)

where the sign depends on the direction of diffusiophoresis {e.g., (+)
for outward spreading [center panel in Fig. 4(b)] and () for inward
focusing [right panel in Fig. 4(b)]}. As expected, the colloid width
shows diffusive dispersion in which w(x) scales as w(x) ~ (x/ U)?
[Fig. 4(c)]. Far downstream where the solutes have fully diffused lat-
erally across the channel [i.e., y ~ U(h/ 2)?/2D;], the terminal colloid
width neglecting particle diffusion is found as

-1
8[ D 2
oo w0\ [ = 142 |, «
v wo\/;[/\/ld( i CZ/C1)+7T(1+2¢:2/C1) (19)

which is determined by the solute contrast (c2/c1) and the particle
and solute pair (M,/Ds). Equation (19) shows a good agreement
with experimental observations from various solutes [Fig. 4(d)],
which could serve as a useful guideline for designing split outlets in
co-flow separation systems.
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FIG. 4. Cross-gradient diffusiophoresis in co-flow settings.®®" (a) Particle stream
is fed through the inner stream and the buffer solutions are fed through the outer
streams. Either stream may contain additional solutes so that the transverse solute
gradients can be established. (b) Fluorescence imaging of particles [polystyrene
latex (PS), particle radius a = 0.1 ym] along downstream for various solute con-
figurations (left panel—no solute contrast, center panel—outer streams contain 10
mM LiCl, and right panel—inner stream contains 10 mM LiCl). w(x) is the width
of the colloid band. (c) Change in colloid width along the downstream direction.
Dashed line is Eq. (18). (d) The terminal colloid width for various solutes. Here,
£ = (ze)’/(4mekgT) = 0.7 nm is the Bjerrum length of water at room tempera-
ture. Dashed line is Eq. (19). Reproduced with permission from Abécassis et al.,
“Osmotic manipulation of particles for microfluidic applications,” New J. Phys. 11,
075022 (2009). Copyright 2009 Author(s), licensed under a Creative Commons
Attribution 3.0 Unported License.

In a similar symmetric co-flow setting, Visan and Lammertink
recently demonstrated that a transverse colloid diffusiophoresis can
be enabled by introducing reactive particles [Fig. 5(a)].”” When pho-
tocatalytic particles (TiO;) are injected through the middle stream,
the particles react with the solution upon UV illumination, creat-
ing (or consuming) chemical species uniformly around the particles.
Having particles only in the inner stream, transverse solute gradi-
ents are subsequently created along which the particles can migrate
via diffusiophoresis. This is seemingly identical to light-activated
self-diffusiophoretic particles (e.g., SiO,-Fe;O3 Janus particles®').
However, the key difference is that unlike the self-diffusiophoretic
particles where an individual particle creates solute gradients local-
ized to the scale of its own body length, thereby moving on its own
(hence commonly referred to as “active matter”), here, the solute
gradients are created by the asymmetric particle distribution, thus
requiring multiple particles to break symmetry.*”
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FIG. 5. Cross-gradient diffusiophoresis enabled by photoreacting particles.”® (a)
Nutrients (methylthioninium chloride) are added to all three streams, while photo-
catalytic particles (TiO,, a = 80 nm) are only present in the inner stream. Such
an uneven particle distribution creates transverse nutrient gradients during pho-
tocatalytic degradation, leading to diffusiophoresis of TiO, particles. (b) Particle
distribution at different positions in the downstream direction. The numbers corre-
spond to the residence time (left panel—without photoreaction and right panel—
with photoreaction). (c) Transverse particle profile obtained from the fluorescence
intensity in the right panel of (b). (d) Numerically modeled transverse particle den-
sity profile. Reproduced with permission from A. Visan and R. G. Lammertink,
“Reaction induced diffusiophoresis of ordinary catalytic particles,” React. Chem.
Eng. 4, 1439-1446 (2019). Copyright 2019 Author(s), licensed under a Creative
Commons Attribution 3.0 Unported License.

In the absence of photoreaction, the particles disperse laterally
only by diffusion [Fig. 5(b), left panel]. Illuminating UV light on the
particle stream triggers photodissociation of the solutes (methylth-
ioninium chloride), which lowers the solute concentration in the
middle stream containing particles. This transverse solute gradient
eventually leads to transverse diffusiophoresis, as shown in Figs. 5(b)
(right panel) and 5(c). By treating the catalytic particles as a homo-
geneous point sink, the coupled solute-particle distribution can be
modeled numerically by solving Eqs. (12) and (13), where the reac-
tion term is a function of both the solute and the particle concentra-
tion. The photoreaction is assumed to be a first-order homogeneous
reaction r = —kc, where k is the reaction rate constant that is pro-
portional to the particle concentration such that r ~ nc. The simula-
tion results well capture the reaction-induced particle migration, as
shown in Figs. 5(c) and 5(d).

lefusmphorems does not necessarily have to operate as a

stand-alone mechanism for particle migration. Combination of

other processes such as external electrophoresis may provide syn-
ergistic separation performance. A recent study by Lee et al. demon-
strated that the simultaneous use of a small external electric field may
allow enhanced, non-linear cross-gradient diffusiophoresis.u The
authors fabricated a co-flow device in which the transverse solute
gradients are established by leaky walls made of self-assembled
latex particles and imposed simultaneous solute and external elec-
tric potential gradients transverse to the flow [Fig. 6(a)]. The leaky
walls serve as a means to allow only diffusion of solutes across the
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FIG. 6. Cross-gradient particle separation enhanced by the combination of diffusio-
phoresis and low-potential electrophoresis [low-electric-potential-diffusiophoresis
(LEPDP)].” (a) Experimental setup. The middle channel is filled with particle
suspension and the two side channels are filled with 100 mM NaCl (upper) and
potassium acetate (KAc) solution (lower). The flow channels are loosely sepa-
rated by porous membranes [self-assembled particle membranes (SAPM)], which
enables transverse gradients. A scanning electron microscope image of SAPM is
shown in the upper panel. Electrodes are immersed in the side channels to drive
LEPDP. Cross section of A-A’ is shown in the lower panel. (b) Trajectories of
particles with varying zeta potential [PS, silica (SiO;), and polylactide (PLA)], but
having same size (a = 0.25 um), either by only diffusiophoresis (left panel) or by
LEPDP (right panel). The maximum transverse separation occurs more upstream
(green boxes) when a small potential drop (0.75 V) is supplemented externally.
(c) Similar to (b) but with particles having the same zeta potential (PS) with dif-
ferent sizes (a = 0.25 ym and 0.1 um). Reproduced with permission from Lee
et al., “Low-electric-potential-assisted diffusiophoresis for continuous separation of
nanoparticles on a chip,” Lab Chip 20, 2735-2747 (2020). Copyright 2020 Royal
Society of Chemistry.

streams while preventing transverse advection, which is analogous
to hydrogel barriers used in linear gradient devices.”"**

While the transverse solute gradients in the particle stream are
developed gradually along downstream, the electric field is estab-
lished immediately across the entire channel. However, this exter-
nal electric field weakens downstream due to the gradual increase
in the electrical conductivity of the middle stream by the addition
of solutes. Consequently, the particle electrophoresis begins imme-
diately upstream and gradually weakens downstream, whereas dif-
fusiophoresis develops gradually downstream. The combination of
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two effects arising in different downstream locations makes the par-
ticle transverse trajectory non-monotonic [Figs. 6(b) and 6(c)]. This
strategy can be used to reduce the separation distance for efficient,
miniaturized separation [Fig. 6(b)] or enable particle separation that
is otherwise unable to achieve by diffusiophoresis alone [Fig. 6(c)].

2. Cross gradients by wall reaction

Alternatively, transverse solute gradients can be created by
introducing heterogeneous surface reactions from channel walls.
Examples include the use of soluble gases™ " or ion exchange
media.”” Shin et al. demonstrated that CO, can be utilized to
induce diffusiophoresis for continuous colloid separation. CO, can
be a favorable diffusiophoresis agent as the dissociated ion pair
(H*/HCO3) has a large B such that it may induce strong elec-
trophoresis. With a microfluidic device made out of polydimethyl-
siloxane (PDMS), which has excellent CO, permeability,““ CO; gas
can be fed through a side channel placed in the vicinity of the par-
ticle stream [Fig. 7(a)]. The permeated CO, gas dissolves and sub-
sequently dissociates into ions in the flow stream, enabling particle
diffusiophoresis transverse to the flow [Fig. 7(b)]. An empty air

—
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Particle
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4 Filtered
CO, (P>1atm) water
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UL water
L Ped
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FIG. 7. Cross-gradient diffusiophoresis by CO, dissolution.” (a) Experimental
setup. The gas-permeable channel [polydimethylsiloxane (PDMS)] allows CO,
gas to permeate and dissolve into the particle stream, inducing transverse dif-
fusiophoresis. The air channel prevents saturation of CO; in the suspension, thus
extending the transverse particle migration. (b) Fluorescence microscopy images
of negatively charged (PS, a = 0.25 um; upper panels) and positively charged par-
ticles [amine-functionalized polystyrene (aPS), a = 0.5 um; lower panels] migrating
transverse to the flow. Images are taken near the entrance (left panels) and exit
(right panels) of the flow channel. (c) Upscaled separation device having ten par-
allel flow channels in a monolithic PDMS block. Right panel is the fluorescence
image of PS particles near the exit. Reproduced with permission from Shin et
al., “Membraneless water filtration using CO,,” Nat. Commun. 8, 15181 (2017).
Copyright 2017 Author(s), licensed under a Creative Commons Attribution 4.0
License.
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channel is placed on the other side of the stream to prevent satu-
ration of CO; in the particle stream, which helps to sustain concen-
tration gradients and enable long-lasting diffusiophoresis.

Due to the scalability of the device design, the authors demon-
strated an upscaled device by placing CO, and air channels alterna-
tively, thus achieving higher throughput [Fig. 7(c)]. Another benefit
of using CO; for separation is its ability to self-equilibrate with the
atmosphere. Any excess CO, can be removed spontaneously with-
out the need for post removal and can be reused for multiple rounds
for improved separation efficacy.

The use of CO, for continuous separation was further applied
to separate hard-to-separate colloids such as nanoparticles and
nanoemulsion.” As the dissociated ion pair gives opposite elec-
trophoresis and chemiphoresis for negatively charged particles, this
offers a non-linear particle control over its size as mentioned earlier
in Sec. II. For instance, the size dependence in CO, diffusiophoresis
shows that the finite size effect enhances diffusiophoresis for nega-
tively charged nanoparticles [Fig. 8(a)], thus adding an extra degree
of freedom to control the nanoparticle position and, ultimately, the
particle composition of the outlet streams [Fig. 8(b)].

Moreover, given that highly charged particles experience sig-
nificant diffusiophoresis, particles with a low surface charge can
also be manipulated with the aid of more highly charged particles
as a “vehicle” provided that the separating colloids can adhere to
the highly charged particles. Using this concept, Shimokusu et al.
recently demonstrated the separation of decane nanoemulsion.”
Once the decane drops are adhered to the highly charged particles
[carboxylate-functionalized polystyrene; Fig. 8(c)], the particles can

outlet
CO, side

/]

N N

Decane w/o PS Decane w/ PS

FIG. 8. Separation of nanoparticles and nanoemulsion by CO,-enabled diffusio-
phoresis.”* [(a) and (b)] Separation of nanoparticles by size-dependent diffu-
siophoresis. (a) Electrophoretic mobility (M., dashed curve) and chemiphoretic
mobility (M., dashed-dotted curve) being opposite for negatively charged par-
ticles in CO, gradients results in the enhancement of diffusiophoretic mobility
(Mg = M. + M., blue curve) by the size effect (i.e., M, increases with
A). (b) This enables nanoparticles (PS, a = 30 nm, red fluorescence) to migrate
stronger than microparticles (cPS, a = 0.5 um, green fluorescence). [(c) and (d)]
Separation of decane nanoemulsion by the use of diffusiophoresis of “vehicle” par-
ticles. (c) Fluorescence image of cPS-decane mixture. Green indicates cPS and
red indicates decane drops. The inset is a close-up image showing aggregated
cPS-decane pairs. (d) Fluorescence images of decane drops with (right panel)
or without (left panel) cPS vehicle particles. Reproduced with permission from
Shimokusu et al., “Colloid separation by CO,-induced diffusiophoresis,” Langmuir
36, 7032-7038 (2020). Copyright 2020 American Chemical Society.
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be used as vehicles to facilitate the transverse migration of oil drops,
which would otherwise not experience significant diffusiophoresis
[Fig. 8(d)]. This approach may be potentially utilized in the sep-
aration of neutrally charged, hydrophobic biocolloids such as pro-
teins or drug nanoparticles’” or post processing in oil extraction or
wastewater treatment where emulsified oil drops are relatively insen-
sitive to conventional separation techniques, such as sedimentation
and centrifugation.”

Heterogeneous chemical reactions can also be achieved in con-
tinuous flow settings using commercially available ion exchange
materials such as Nafion, Fumacep, Neosepta, and Selemion.®’ First
shown by Florea et al. is that colloidal particles around Nafion mem-
brane can experience substantial diffusiophoresis due to the solute
gradients established by the cation exchange,”’ Lee et al. have imple-
mented this material to achieve continuous separation in flow.”
By placing two strips of Nafion in parallel, the authors created a
microfluidic channel consisting of reactive side walls [Fig. 9(a)].

While the ion exchange process is inherently associated with
multiple ionic species, such a process in Nafion can be reduced to

(a) 2cm (b)1.0- R 3
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FIG. 9. Cross-gradient diffusiophoresis enabled by ion-exchanging walls.>® (a)
Experimental setup. A flow channel is created by placing two strips of ion exchange
membranes (Nafion) in parallel. As the particle suspension flows along the chan-
nel, the ion exchange process creates a transverse gradient, thus enabling particle
diffusiophoresis. (b) Approximate transverse solute profile obtained by single-
species boundary layer analysis [blue dashed curves, Eq. (17)]. Red solid curves
indicate numerical solution from the fully coupled, multi-species Nernst-Planck
equation. Here, Sh is the Sherwood number defined as Sh = Uh%/(LDs), anal-
ogous to the particle Péclet number defined in the main text. (c) Particles (PS,
a = 0.5 ym) with (right panel) or without (left panel) Nafion. (d) Bacteria sepa-
ration by cross-gradient separation. E. coli (left panel) shows noticeable trans-
verse migration, while S. typhimurium (right panel) shows no apparent differ-
ence. (e) Reduced bacteria activity at low pH. The bottom panel shows the
pH of effluent, indicating low pH. Reproduced with permission from Lee et
al., “Diffusiophoretic exclusion of colloidal particles for continuous water purifi-
cation,” Lab Chip 18, 1713-1724 (2018). Copyright 2018 Royal Society of
Chemistry.
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a two-species transport problem using local neutrality and water
equilibrium (e.g., NaCl and HCI). This allows a simplified bound-
ary layer analysis, as shown in Eq. (17), that agrees reasonably
well with the solute profile obtained by solving a set of fully cou-
pled Nernst-Planck equations numerically [Fig. 9(b)]. The gradients
established in the solute boundary layer drive the transverse particle
diffusiophoresis [Fig. 9(c)].

The authors used this device to separate suspended bacteria
such as Escherichia coli and Salmonella typhimurium. While E. coli
was able to separate via diffusiophoresis, S. typhimurium did not
show any noticeable transverse migration due to its low surface
charge [Fig. 9(d)]. Nevertheless, the authors confirmed that the
Nafion-based device still managed to remove S. typhimurium due
to the reduced pH enabled by the ion exchange process [Fig. 9(e)].
Such demonstrations show potential utility in portable water treat-
ment for removing waterborne pathogens without the need of excess
chemicals (e.g., chlorination) or energy-intense processes (e.g., UV
treatment).

IV. COUNTER-GRADIENT DIFFUSIOPHORESIS
A. Theory

Counter-gradient diffusiophoresis involves two different
streams merging at a junction in a way that the solute gradients
are established counter to the flow. Such gradients can be created
by merging two flow channels [Fig. 10(a)] or by connecting a flow
channel to a stagnant reservoir [Fig. 10(b)]. The advantage of
counter-flow configuration is that the fluid advection creates steep,
steady-state gradients, leading to stronger diffusiophoresis contrary
to systems governed mainly by diffusion, which are involved in
a number of diffusiophoresis studies.”’’’® While the counter-
gradient diffusiophoresis may naturally arise in flow networks and
porous media, this phenomena can also be exploited for rapid
bioassays due to its ability to locally concentrate biocolloids.

A typical situation is illustrated in Fig. 10(a). Consider a hori-
zontal flow channel connected perpendicular to another flow chan-
nel containing different solution. The solute gradient is established
within the horizontal channel due to the channel flow and solute dif-
fusion. Suspended particles can experience an equilibrium position
somewhere in the horizontal channel, which is when the sum of the
diffusiophoresis force and the viscous drag acting on the particle is
zero. The solute and particle dynamics in such settings are recently
studied by Shin et al.”” and Ault et al.*’ Assuming that the horizon-
tal channel is long and narrow, and the solute concentration at the
merging junction is held constant via the flow from the vertical chan-
nel, then the solute and particle dynamics in the horizontal channel
can be approximated as a 1D problem. The steady-state solute pro-
file can be found by solving a 1D steady-state advection-diffusion
equation with constant boundary conditions, which is given as

Ux

ebs —1
cx)=a+(a-a)—m—, (20)
ebs —1

where ¢; is the concentration at x = 0, ¢, is the concentration at
x =L, and U is the average flow velocity inside the horizontal chan-
nel. The solute profile is set by the solute Péclet number Pe; = UL/D;
[Fig. 10(c)].
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FIG. 10. Counter-gradient diffusiophoretic separation. Solute gradients counter to
the fluid flow can be established by (a) merging two flow streams or (b) exiting a
stream to a large reservoir containing a different solution. (c) Steady-state solute
profile in the horizontal channel established by fluid advection and solute diffusion
[Eq. (20)]. (d) Particle profile in the channel described by distinct dynamics in three
different regions. To the left and right of the peak, particle dynamics is dominated
by fluid advection and diffusiophoresis where the particle diffusion is negligible,
and the particle distribution is well represented by steady-state solutions given in
Eq. (21) (n¢) and Eq. (22) (n/). Near the equilibrium position, the transient particle
distribution is determined by the fluid advection, particle diffusiophoresis, and parti-
cle diffusion, denoted as n. [Eq. (26)]. Numerical results (solid curve) are provided
for comparison. (e) Particle density profiles for different particle mobilities. Solid
curves represent analytical results from the piecewise solutions, whereas symbols
represent numerical results. (f) Steady-state particle equilibrium location x> as a
function of the solute Péclet number Pe; for a variety of particle mobilities. (d)—(f)
are reproduced with permission from J. T. Ault, S. Shin, and H. A. Stone, “Diffusio-
phoresis in narrow channel flows,” J. Fluid Mech. 854, 420-448 (2018). Copyright
2018 Cambridge University Press.

The dynamics of particles experiencing diffusiophoresis in the
horizontal channel can be obtained by solving Eqs. (12) and (13) in
1D. Ault et al. performed matched asymptotic expansion to obtain
piecewise solutions for the particle profile in this system.”’ Neglect-
ing particle diffusion, the solutions for the particle density near the
left (x = 0) and right ends (x = L) of the channel are given as

ng(x):F(x)-no[1+/\1;t‘D((czmc_l)l):| (21)

scitation.org/journal/phf

and
My (c2—c¢ )e%f
ny(x) = F(x) - np| 1+ L2212 ) (22)
Ds y(en 1)
where F(x) is
(e2 - cl)e%f +ore® — o
F(x) = (23)

(1+ %)(cz fcl)eg*: +cle%f -0
s

These piecewise solutions are valid near the ends of the horizon-
tal channel where the particle dynamics are relatively steady com-
pared to the particle accumulation region within the channel. These
solutions both diverge at x = x;,x’ , ie., F(x‘,fc> ) — oo, which is
where the accumulation occurs [Fig. 10(d)]. The steady-state particle
equilibrium location x;° reads

UL

oo D - by

X == In % . (24)
U (1+ 5 (e2-a)

This equation provides the basis for diffusiophoresis separation in
counter-gradient settings, which indicates that the particles with
higher M, will accumulate more upstream so that mobility-based
multiple particle sorting can be achieved [Fig. 10(e)].

Alternatively, Eq. (24) can be expressed as

UL
Cy —C1€Ds
M, =D —=—2__ 1], (25)

Uxg®

(c2—c1)ed

which can be useful for characterizing the colloid mobility by observ-
ing the equilibrium location. For a given particle (M) and solute
(Ds) pair, the particle equilibrium location x;° is determined by the
solute transport, which is characterized by the solute Péclet number
Pe, and the solute contrast c;/c;. This is presented in Fig. 10(f), where
the equilibrium position within the channel is shown as a function
of Pe; for varying M /Ds;.

Near the particle equilibrium location at which the particles
build up over time due to the particle fluxes from both ends, the
transient particle profile near the center peak is given as

Dyt

Dy 2
ne(x,t) = oy~ exp[_(J“MP)U

%02 , 2

L2

where « is given as

F«MP(HM)(UL)Z(Qa)(czcle%f)_ o

2m Dp Ds J\ Ds clcz(e% -1)

Since the fluxes from both ends, dxn¢|o and Oxn,|r, are constant,
the particles are expected to accumulate linearly in time. Practically,
this prediction will become invalid once the particle density reaches
the packing limit. The proportionality constant « sets the particle
accumulation rate, which is determined by the incoming particle
fluxes from both ends and the particle back diffusion. Equation (26)
along with Egs. (21) and (22) describe the complete particle profile,
which shows a good agreement with the full numerical calculation
of Egs. (9), (10), (12),and (13) [Fig. 10(d)].
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B. Experiments

1. Counter gradients by merging flow

Shin et al. demonstrated the counter-gradient diffusiophoresis
using an H-shaped channel where two flow channels are bridged
by a narrow pore [Fig. 11(a)].”” By flowing two solutions having
different solutes and pressures through each channel, solute gradi-
ents are created within the pore, which is determined by the solute
Péclet number across the pore [e.g., Eq. (20)]. Using polystyrene
latex particles and NaCl gradients, the authors were able to visualize
rapid particle accumulation within the pore [Fig. 11(b)]. The initial
growth is shown to be linear in time, as also predicted theoretically in
Eq. (26). The linear accumulation continues until the colloid reaches
near the packing limit [Fig. 11(c)]. This effect is shown to be robust
regardless of the particle or flow conditions provided that the solute
concentrations are held constant at the flow junctions.
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FIG. 11. Counter-gradient diffusiophoresis by merging flows in H-channels.’®
(@) Experimental setup. Two flow channels containing different solutions (c
= 0.1 mM and ¢, = 10 mM NaCl) are connected by a narrow pore. Pressure in
the upper channel (solution 2) is larger than that in the lower channel (solution 1),
so solution 2 advects through the pore and merges with solution 1, thus establish-
ing solute gradients inside the pore. (b) Fluorescence image sequence of particles
(PS, a = 0.25 ym) accumulating near the bottom flow junction. (c) Evolution of
the local maximum fluorescence intensity gain. (d) Repeatable preconcentrator
for rapid bioassay. Upon pore flow, the dilute analytes are rapidly concentrated
near the flow junctions, allowing stable detection in this region (detector 1). The
accumulated analytes can be rapidly transferred to the other side of the chan-
nel by changing the pressure difference for mixing or flow-based detection in the
downstream (detector 2). (e) Image sequence of repeated preconcentration and
transfer of A-DNAs. The plot indicates fluorescence intensity near the flow junc-
tion (detector 1) and downstream in the upper channel (detector 2). Reproduced
with permission from Shin et al., “Accumulation of colloidal particles in flow junc-
tions induced by fluid flow and diffusiophoresis,” Phys. Rev. X 7, 041038 (2017).
Copyright 2017 Author(s), licensed under a Creative Commons Attribution 4.0
License.
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Such a rapid, localized colloid accumulation can be particu-
larly favorable for bioseparation, which involves preconcentration
of analytes from dilute samples to overcome the detection limit
of conventional analyzers."’ The authors utilized this phenomenon
to achieve continuous, stationary bioseparation where they used a
multiple array of pores to capture and deliver \-DNAs on demand
[Figs. 11(d) and 11(e)]. Due to its ability to accumulate at a fixed
location, separation and detection can be made in a steady-state
manner. Moreover, if the concentrated analytes require mixing with
some other solution for subsequent analyses or require flow-based
analysis, then the analytes can be passed onto the other side of the
channel by controlling the channel pressure, allowing the analytes to
be mixed and analyzed further downstream.

Hong et al. also used an H-shaped device to demonstrate sin-
gle particle capturing at pore junction by counter-gradient diffusio-
phoresis (Fig. 12).*” Using a funnel-shaped junction made via hot
embossing, the particles in flow stream (channel A) are brought
closely to the junction, which exhibits strong solute gradients and
relatively less advection [Fig. 12(a)]. Subsequently, nearby particles
are drawn into the tight neck of the funnel by counter-gradient dif-
fusiophoresis. Provided that the neck is narrow enough, the parti-
cles can be sieved and be locked in place. Using this approach, the
authors were able to isolate individual bacterial cells (E. coli), which
may be useful for single cell studies [Fig. 12(b)].

Channel A

#Solute
** gradient

{ Flow from
i channel B

e

E. coli DH10B

.__'J~ -‘;a‘ S sl e DN i

FIG. 12. Single cell capturing via counter-gradient diffusiophoresis.®” (a) Experi-
mental setup. H-shaped channels interfacing horizontal microfluidic channels and
an array of vertical nanofluidic channels are created by hot embossing polymethyl
methacrylate. Funnel-like junctions are formed [green dotted circle in the inset of
(a)], which serve as localized regions to attract particles due to reduced cross-flow
advection from channel A. (b) Captured individual E. coli in the funnel junctions.
Both streams are M9 medium with NaCl concentration being 8.55 mM in the upper
stream and 1.5M NaCl in the lower stream. Reproduced with permission from
J. Hong, B. Kim, and H. Shin, “Mixed-scale poly(methyl methacrylate) channel
network-based single-particle manipulation via diffusiophoresis,” Nanoscale 10,
14421-14431 (2018). Copyright 2018 Royal Society of Chemistry.
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Instead of using H-shaped flow channels, Lee et al. demon-
strated counter-gradient diffusiophoresis enabled by capillary imbi-
bition.”” By placing a porous Nafion membrane in contact with
a microfluidic channel containing colloid suspension [Fig. 13(a)],
bulk fluid flow in the suspension can be created toward the
Nafion interface due to the imbibition, while the solute gradients
are established simultaneously normal to the interface via cation
exchange.

The imbibition dynamics can be controlled by modifying the
shape of the Nafion medium such that the flow speed in the
microfluidic channel changes over time [Fig. 13(b)]. Shaping the
Nafion membrane into two sections of distinct cross-sectional areas
thus results in a two-stage migration process. The initial stage pre-
concentrates the particles due to the counter-gradient diffusiophore-
sis enabled by the ion exchange process. During this stage, the par-
ticle velocity (U,) decays as t~'* due to the fluid flow and solute
gradients generated by the straight Nafion section [Fig. 13(c)].
Once the fluid imbibes past the first straight section (¢ = t.), the
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FIG. 13. Counter-gradient diffusiophoresis enabled by capillary imbibition in ion
exchange membranes.® (a) Experimental setup. A porous ion exchange mem-
brane (Nafion, yellow) is in contact with a straight microfluidic channel containing
colloid suspension (blue). Solute gradients and fluid flow are created normal to the
interface by cation exchange and capillary imbibition, respectively. (b) Nafion with
varying cross-sectional area (A,) enables time-dependent control over fluid flow in
the microfluidic channel. (c) Flow (U,) and particle diffusiophoretic velocity (Upp)
change over time. Yellow curve indicates particles with high mobility (particle 1,
Upp1) and the green curve indicates low mobility (particle 2, Uppy). (d) Experimen-
tal and (e) numerical demonstration of multiple particle separation [cPS, a =20 nm
(green arrows) and 1 um (yellow arrows)]. Reproduced with permission from Lee
et al., “Spontaneous selective preconcentration leveraged by ion exchange and
imbibition through nanoporous medium,” Sci. Rep. 9, 2336 (2019). Copyright 2019
Author(s), licensed under a Creative Commons Attribution 4.0 License.
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1D imbibition transitions to 2D such that the flow velocity decay
deviates from the —1/2 power law, which enables the preconcen-
trated particles to separate depending on the particle mobility. The
length of the straight section thus serves as a “timer” that sets the
transition.

Such a time-dependent flow can be leveraged to allow cer-
tain particles to move in one direction and others in the opposite
direction once the flow speed (U,) exceeds the diffusiophoretic
speed (Upp) of the slower particle (which is when ¢t > f).
As demonstrated experimentally [Fig. 13(d)] and computation-
ally [Fig. 13(e)], the particles with low mobility move toward the
interface (green arrows, Upp,), while the ones with high mobil-
ity move away from the interface (yellow arrows, Upp1), allow-
ing simultaneous separation of multiple colloids. As the flow and
the solute gradients are spontaneously created by porous Nafion,
this approach may be a good candidate for portable, wireless
diagnostics.

Recently, Rasmussen et al. reported the use of H-shaped devices
for separating lipid vesicles.”” Similar to previous studies, two
streams containing different solute concentrations were injected
through the main flow channels that run parallel [Fig. 14(a)]. How-
ever, instead of driving fluid flow across the connecting pores by
pressure difference (e.g., Figs. 11 and 12), pore flow was induced
chemically by diffusioosmotic slip flow. A unique feature is that
tapered pores were introduced to control the pore flow. Contrary
to straight pores in which the particle diffusiophoresis and wall
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FIG. 14. Counter-gradient diffusiophoresis in tapered H-channels enabled by spa-
tially varying diffusioosmosis.* (a) Experimental setup. Flows containing differ-
ent solute concentrations are injected through two large flow channels, and the
tapered nanopores connect the two. Pressure is kept identical between the two
flow channels (p, = p1). Due to the solute contrast (c; > ¢4), fluid advection in
the pores is induced solely by diffusioosmosis. (b) The tapered pores induce dif-
fusioosmotic pore flow (Vs) that exhibits distinct solute dependence compared
to the particle diffusiophoresis (V). This results in a crossover between the
two velocities in the pore, enabling stationary particle accumulation. (c) Sep-
aration of phospholipid vesicles from a mixture. ¢4 = 0.003x and ¢, = 10x
phosphate-buffered saline (PBS). Reproduced with permission from M. K. Ras-
mussen, J. N. Pedersen, and R. Marie, “Size and surface charge characterization
of nanoparticles with a salt gradient,” Nat. Commun. 11, 2337 (2020). Copyright
2020 Author(s), licensed under a Creative Commons Attribution 4.0 License.
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diffusioosmosis both follow the same functional dependence on the
solute concentration, the tapered pores induce diffusioosmotic pore
flow (Vos) that exhibits different solute dependence compared to the
particle diffusiophoresis (V). Consequently, a crossover between
the two velocities is introduced, enabling stationary particle accu-
mulation [Fig. 14(b)]. By exploiting the mobility-dependent colloid
accumulation, the authors were able to separate vesicles from a
mixture of vesicles with different mobilities, analogous to previous
demonstrations in other settings.”"”*""’

2. Counter gradients by radial diffusion

An alternative way of achieving counter-gradient diffusio-
phoresis is by connecting a narrow channel to a large stagnant reser-
voir such that a solution flowing through the channel exits into
the reservoir containing different solution [Fig. 10(b)]. Due to the
radial diffusion taking place in the reservoir near the channel exit, a
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FIG. 15. Counter-gradient diffusiophoresis by exiting a buffer stream to a large
reservoir containing different solution.%® (a) Schematic illustration of DNA pre-
concentration using counter-gradient diffusiophoresis. Pressure-driven flow drives
the running buffer with high ionic strength out of the capillary into the reservoir
buffer with low ionic strength. This creates radial solute gradients surrounding
the capillary orifice, leading to particle diffusiophoresis and accumulation. (b) DNA
preconcentration and subsequent reinjection into the capillary by counter-gradient
diffusiophoresis. (c) Separation and detection of a mixture of A-DNAs with vari-
ous sizes enabled by interfacing diffusiophoretic preconcentration, hydrodynamic
separation, and single-molecule detection platform. Reproduced with permission
from Friedrich et al., “Molecular rheotaxis directs DNA migration and concentration
against a pressure-driven flow,” Nat. Commun. 8, 1213 (2017). Copyright 2017
Author(s), licensed under a Creative Commons Attribution 4.0 License.
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steady-state concentration profile can be expected, allowing local-
ized particle accumulation. Friedrich et al. demonstrated this
concept to achieve preconcentration and separation of A-DNAs
[Fig. 15(2)].” A thin glass capillary was connected to an analyte
reservoir containing DNAs. By flowing buffer solution through
the capillary, the charged DNA molecules present in the reser-
voir migrated toward the capillary and eventually accumulated at
the equilibrium position [Fig. 15(b)]. Similar to H-shaped chan-
nels, the DNA accumulation was also shown to be linear in time.
Through buffer optimization, the authors were able to achieve over
10000-fold increase in the DNA concentration in 45 min. Once
accumulated, the DNA molecules are injected back into the capil-
lary for chromatography [Fig. 15(b); right panel]. By interfacing this
method with hydrodynamic separation and single molecule sensing,
the authors were able to demonstrate simultaneous separation and
detection of multiple DNAs from a single batch [Fig. 15(c)].

Some distinct advantages of this method exist over the merg-
ing flow streams in H-shaped channels: (1) this method is free from
undesired diffusioosmosis since the accumulation takes place out-
side of the capillary, which may otherwise disperse the concentrated
analytes, and (2) preconcentration can be achieved with a single flow
control system, whereas H-shaped channels require flow control of
two separate channels.

Using the similar method, Li et al. recently demonstrated DNA
preconcentration in high ionic strength,’® which is often unfeasible
in electrokinetic assays. Such a demonstration shows its utility in
practical biomedical applications where analytes are typically sus-
pended in physiological solutions containing a mixture of concen-
trated solutes.

V. CONCLUSION AND OUTLOOK

Recent developments in diffusiophoretic colloid separation
have proven its potential for continuous separation, particularly for
applications that require portability and a small sample size. Never-
theless, certain limitations exist in diffusiophoretic separation such
as the mixing of unwanted chemicals or the need for a relatively
large solute contrast and particle surface charge to meet the prac-
tical separation performance. Most of the literature covered in this
review are proof-of-concept studies where further investigations are
needed to achieve separation systems that can compete with existing
methods.

Other new ideas may also stem from the previous studies cov-
ered in this review. For instance, the photocatalytic particles from
the work of Visan and Lammertink can serve as a mobile, localized
solute source that may induce diffusiophoresis of other passive par-
ticles on demand, which is analogous to “mobile solutal beacons”
demonstrated by Banerjee et al. recently [Fig. 16(2)].”” One can also
exploit the logarithmic dependence of diffusiophoresis (i.e., u; ~
V In¢) for enhancing the separation efficacy by imposing alternat-
ing cross gradients. As previously demonstrated by Palacci et al.,”
periodic solute gradients can effectively segregate charged colloidal
particles due to the asymmetric particle motion induced by the log-
arithmic dependence [Fig. 16(b)]. Thus, imposing alternating solute
gradients, either spatially or temporally, along the downstream
may further enhance separation in cross-gradient diffusiophoresis
systems.
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FIG. 16. Some recent works that may inspire new developments in diffusiophoretic
separation. (a) A falling solutal beacon leaves behind a trace of solutes that attracts
passive particles via diffusiophoresis.”” (b) Imposing periodic solute gradients on
the boundaries can enhance particle segregation.”’ (c) Particle trapping in the
merging T-junction with salinity contrast by diffusioosmotic vortices.*® The vortex
occurs due to the interplay between out-of-plane diffusiophoresis and in-plane dif-
fusioosmosis. (a) is reproduced with permission from A. Banerjee, H. Tan, and
T. M. Squires, “Drop-in additives for suspension manipulation: Colloidal motion
induced by sedimenting soluto-inertial beacons,” Phys. Rev. Fluids 5, 073701
(2020). Copyright 2020 American Physical Society. (b) is reproduced with permis-
sion from Palacci et al., “Colloidal motility and pattern formation under rectified
diffusiophoresis,” Phys. Rev. Lett. 104, 138302 (2010). Copyright 2010 Ameri-
can Physical Society. (c) is reproduced with permission from Shin et al., “Particle
trapping in merging flow junctions by fluid—solute—colloid—boundary interactions,”
Phys. Rev. Fluids 5, 024304 (2020). Copyright 2020 Author(s), licensed under a
Creative Commons Attribution 4.0 License.

Also, this review largely neglects diffusioosmosis, which is often
considered as a higher-order effect in flow systems. However, there
are many examples in which diffusioosmosis plays a major role in
colloid dynamics in the presence of background flow such as the
drying of sessile colloidal drops,” the mixing of colloidal suspen-
sions in merging flow junctions,” and particle entry and trapping
in confined spaces.”””" Further examples regarding useful applica-
tions enabled by diffusioosmosis include liquid pumping,” surface
characterization,” ™ enhanced slip,‘)5 nanopore DNA sensing,zz‘%
and oil recovery.”’ As diffusioosmosis occurs only along the sur-
face gradient of the solute concentration [i.e, u ~ (I-nn) - VIn c],
exploiting diffusioosmosis in complex flow geometries where diffu-
sioosmosis and diffusiophoresis are not necessarily parallel to each
other [Fig. 16(c); see Ref. 88] may invoke richer particle dynamics
that may lead to unprecedented separation strategies.
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