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Abstract

Diffusiophoresis is the spontaneous motion of particles under a concentration gra-

dient of solutes. Since the first recognition by Derjaguin and colleagues in 1947 in

the form of capillary osmosis, the phenomenon has been broadly investigated theoret-

ically and experimentally. Early studies were mostly theoretical and were interested

in surface coating applications due to the directional transport of coating particles.

In the past decade, advances in microfluidics enabled controlled demonstrations of

diffusiophoresis of micro- and nano-particles. The electrokinetic nature and the typi-

cal scales of interest of the phenomenon motivated various experimental studies using

simple microfluidic configurations. In this review, I will discuss studies that report

diffusiophoresis in microfluidic systems, with the focus on the fundamental aspects of

the reported results. In particular, parameters and influences of diffusiophoresis and

diffusioosmosis in microfluidic systems and their combinations are highlighted.
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1. Introduction

Diffusiophoresis is the motion of suspended particles (colloids, cells, macromolecules, etc.)

that is driven by the bulk concentration gradient of dissolved solute in the liquid phase. The

phenomenon was first discovered by Derjaguin and colleagues,1,2(English translation) in the form

of capillary osmosis. The recognition and the mathematical validation were first made for

non-electrolytes, then the analysis was further extended for electrolyte solutions. 3,4(English translation)

In these original studies, the authors discuss the capillary osmosis, particle distribution, and

deposition of latex particles on a model surface driven by the non-electrolyte and electrolyte

concentration gradients.

The origin of the diffusiophoretic motion is generation of osmotic flow along the particle

surface (diffusioosmosis). In non-electrolyte solutions, the direction of this surface flow is de-

termined by the surface-solute interaction.5–7 When the solute is an electrolyte, the osmotic

slip has electrophoretic and chemiphoretic contributions, induced by, respectively, the diffu-

sivity difference(s) among the ions and the osmotic pressure gradient along the surface. 8–10

Near a fixed wall, diffusioosmotic flow is generated along the concentration gradient, and for

mobile particles, diffusiophoretic motion is generated.

Early studies were mostly theoretical (with macroscopic experiments)5–20 and had prac-

tical interest in surface coating applications.21,22 For example, near dissolving steel surfaces

in contact with an electrolyte solution, latex particles underwent diffusiophoresis and accu-

mulated at the surface. For particles with a characteristic length (radius) a = O(1) µm,

the diffusiophoretic mobility set by the gradient of common salts (e.g. NaCl) is ∼ 103-104

times higher than the Stokes-Einstein diffusivity (Dp =
kBT

6πµa
; kB and T are, respectively,

the Boltzmann constant and absolute temperature). Therefore, increase in the mobility of

latex particles was considered advantageous for coating systems. Diffusiophoresis and dif-

fusioosmosis discussed in this paper are good examples of physicochemical hydrodynamical

phenomena where the chemical process and flow behaviors occur in the overlapping scales.23
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When typical diffusiophoresis experiments are set up in microfluidic systems, diffusion of

solute, diffusioosmotic flows along the walls, and the particle motion occur simultaneously

within the characteristic length and time scales of the system. This can be contrasted to

situations where the typical scale of either chemistry or flow behavior is much larger or

smaller than the other (e.g. influence of air dissolution on water drop coalescence, influence

of oxygen diffusion on the liquid flow speed in PDMS channels, explosion, etc.).

Diffusiophoresis has been of interest to multiple communities since it requires under-

standing of electrokinetics, species diffusion, fluid mechanics, etc. Diffusiophoresis, as a part

of various gradient-driven phenomena, is discussed in the review article by Anderson;7 as a

description of electrokinetics driven by out-of-equilibrium double layers, is reviewed in the

article by Dukhin;24 as a context of osmotically-induced phenomena, is reviewed by Mar-

bach and Bocquet;25 and multiple origins of concentration gradients for diffusiophoresis are

discussed in the review by Velegol et al.26

After sixty years of development in theoretical explanations of diffusiophoresis and dif-

fusioosmosis, finally, the use of microfluidics27 in confirming the enhanced particle motility,

was reported in 2008 by Abécassis et al.28,29 Since then, along with the development of

microfluidics, a large number of experimental studies were reported for different channel

configurations, and various types of solutes and particles (Table 1). Such experimental stud-

ies contributed to the electrokinetics and soft matter communities by directly visualizing the

collective particle motion under a concentration gradient of solutes. The current state of

understanding is that the main physical concepts and theoretical models of diffusiophoresis

can be confirmed by microfluidic experiments. Also, in some studies, diffusiophoresis is un-

ravelled or identified as a main physical mechanism for complex systems, explaining either

counterintuitive or previously unknown observations. For the proof of concept experiments,

various ways of setting up concentration gradients and corresponding particle motion are

listed in the article by Shin.30

In this review, I will broadly discuss recent results that illustrate microfluidic experiments
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of diffusiophoresis and diffusioosmosis, with particular interests in fundamental aspects of

the observed phenomena, rather than focusing on practical applications. In fact, all stud-

ies report variations of the original physical picture that Derjaguin et al. provided using

theories and experiments.1–4 Therefore, the goal of this review is to convince the readers

that: (i) diffusiophoresis and diffusioosmosis are surface-flow-driven phenomena, (ii) particle

motion is relative to the fluid, and so understanding fluid behavior is necessary, (iii) surfaces

and concentration gradients are ubiquitous, and (iv) an integrated approach for analyzing

diffusiophoresis and diffusioosmosis is required for the next step research.

Typical theoretical models for (electrolyte-driven) diffusiophoresis are obtained within

the length scale of the electrical double layer (EDL),72 and most microfluidic experiments

Table 1: Microfluidic studies peformed for different geometries, particles and solutes.

Systems Types Examples of studies Other references

Geometries No imposed flows e.g. Dead-end pores31–38

Hele-Shaw cell39,40

Reacting walls41–43 Various directions
of particle motion

Imposed flow e.g. Co-flow (or flow focusing)28,29 and concentration
Solute diffusion through gradients30

permeable walls44–49

Reacting walls50–52

Bridge channel53–56

Solutes Salt diffusion e.g. NaCl, KCl, etc.... 37,57... Non-electrolyte
Ion exchange e.g. Nafion41–43,50–52... solutions58

Gas dissolution e.g. CO2
40,48,49,59,60

Particles Non-reacting e.g. Polystyrene, Self-propulsion
colloids Silica, etc.28,29,31–42,44–48,50–54,61... particles are

reviewed in the
Macromolecules e.g. Proteins, DNA, etc.56,62–68 article by

Moran and
Cells e.g. Bacteria, blood cells36,40,43,69,70 Posner71
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consider concentration gradients along the channel length of O(100) µm. Also, even though

the channel walls contribute as the source of liquid flow by diffusioosmosis, most studies only

focused on how the particle distribution is directly related to the imposed solute gradients.

Models and experiments match well within the length and time scales that are intended in

each study, but such proof of concept research cannot fully explain the role of all system

parameters (e.g. varying particle properties, influence of the geometry on fluid flow, etc.) and

their combined influences. When complex particles and solutes are considered, as shown in

the examples of diffusiophoresis of swimming bacteria40 and protein-concentration-dependent

transport of cell cargo,68 it is very important to differentiate diffusiophoresis from overlapping

multiple transport phenomena. Then the focus of the study is not just about reasonable

theoretical prediction of experimental measurements. What is diffusiophoresis in this system

becomes the first main question. That is why even after great development of theoretical and

experimental studies of diffusiophoresis,7,24–26 we must revisit fundamentals of this surface-

flow-driven phenomenon in order to properly apply our understandings to more complex

or naturally existing systems (e.g. biological particles, soft particles, complex geometry, or

coexistence of multiple physical origins).

In Section 2, theoretical models for diffusiophoresis and diffusioosmosis are introduced

with two studies that visualized the influences of the finite double layer thickness and vary-

ing surface potentials.32,35 In Section 3, sources of concentration gradients are discussed.

In Section 4, various particles are discussed with a remark that surface-liquid interactions

determine the diffusiophoretic behaviors. In Section 5, microfluidic systems and their roles

in experimental studies are discussed in terms of solute gradients and fluid flows present

in the channels. Finally, in Section 6, potential directions that can be developed by the

research communities with academic and practical objectives are suggested. In the step by

step review, inclusion of my own work is inevitable, as my recent publications report original

findings of complex systems that are not just proof of concept or validation of a simple model.

Even though diffusiophoresis and diffusioosmosis can be driven by both non-electrolyte5,58
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and electrolytes, most recent studies used electrolyte solutions to demonstrate diffusiophore-

sis of charged particles, so I will discuss electrolyte systems throughout the paper. Also,

diffusiophoresis in this article excludes the self-diffusiophoresis of active particles.

2. Diffusiophoresis and diffusioosmosis

When a colloidal particle is suspended in an electrolyte solution, the surface typically ob-

tains a net charge, and a nonzero surface potential forms in the liquid in contact with the

surface. Under a concentration gradient of surrounding solutes, the particle migrates along

the gradient by diffusiophoresis, relative to the fluid. The main mechanism is that the out-

of-equilibrium structure of the electrical double layer (EDL) induces liquid flow along the

particle surface, and as a result, mobile particles can move in the direction opposite to the

surface flow, due to the viscous stress within the EDL (Figure 1).

2.1. Diffusiophoretic and diffusioosmotic mobility

The physical origin of diffusiophoresis and diffusioosmosis is the same, but in this article I

will use both terms to distinguish, respectively, the particle motion and the flow along a sta-

tionary surface. In typical microfluidic experiments, as the commonly used channel materials

gain nonzero surface charge by contacting electrolyte solutions,73,74 the solute concentration

gradient will generate diffusioosmotic flows along the walls. For a surface with a zeta poten-

tial ζ in contact with a z:z electrolyte (e.g. NaCl, NaOH, etc.), a diffusioosmotic flow can

be generated along the surface due to the concentration gradient ∇c. The diffusioosmotic

velocity is9,26

udo = − ϵ

µ

kBT

ze

[
βζ − 2kBT

ze
ln

(
1− tanh2 zeζ

4kBT

)]
∇ ln c = Γw∇ ln c , (1)
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where ϵ, µ, kB, T , z and e are, respectively, the electrical permittivity, fluid viscosity, Boltz-

mann constant, absolute temperature, valence, and the charge on an electron. Γw is the

diffusioosmotic mobility, and β is the diffusivity difference factor, β =
D+ −D−

D+ +D−
, where D+

and D− are, respectively, the diffusion constants of the positive and negative ions. The

above expression is obtained in the limit of an infinitesimally thin double layer (
λD

ℓc
→ 0;

λD =

√
ϵkBT

2z2e2c
is the Debye screening length and ℓc is the characteristic length scale of

the system). For a particle of the zeta potential ζ, the diffusiophoretic mobility Γp is then

Γp = −Γw, and the term βζ indicates the electrophoretic contribution due to the difference

in ion diffusivities. From the form of Γp, we understand that the local fluid properties (ϵ,

µ, ζ), and salt behaviors (β, z, c) are major factors that determine transport of a single

particle. Details of the derivation can be found in the article by Prieve et al.,9 in Section 2.

Prieve and colleagues9 further analyzed the effect of a finite double layer thickness (0 <

λD ≪ 1) by considering a spherical particle of radius a. The mobility has the form9,32,35

Γp =
ϵ

µ

(
kBT

ze

)2
(

u0(ζ)

1− λD

a
u1(ζ,α∗)
u0(ζ)

)
, (2)

where u0 is the leading-order term u0(ζ) = βζ − 2kBT
ze

ln
(
1− tanh2 zeζ

4kBT

)
, and u1

u0
is the

O
(
λD

a

)
correction, with α∗ defined as α∗ = ϵ(kBT/ze)2

µDa
. Da is the characteristic (ambipolar)

diffusivity of the ions, and for a z:z electrolyte, Da =
2D+D−

D+ +D−
.

Unless the system is set up to have binary salts only, most of the naturally existing

systems have multiple ions present. The diffusioosmotic velocity along a surface driven by a

concentration gradient of multiple electrolytes with arbitrary valences (zi) can be obtained

by considering coupled ion fluxes75
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Figure 1: Diffusiophoresis of a particle and diffusioosmotic flow along a surface. (a) Schematic
of a concentration gradient of NaCl and a negatively charged particle. Diffusioosmotic flow (DO)
is generated along the particle surface, and the resulting diffusiophoretic motion (DP) is toward
high concentration. (b) Schematic of the surface region of the particle, illustrating the non-uniform
double layer due to an ion concentration gradient. (c) Schematic of diffusioosmotic flow generated
along two parallel walls. (d,e) Schematics of (d) chemiosmosis and (e) electroosmosis, respectively.
The dots represent counterions, and the case of negative β (e.g. for NaCl) is described. The same
surface flow is generated along the particle surface in shown in (a), making the particle move in
the opposite direction. See supporting video S1 for animated explanations.

udo = − ϵ

µ

(
kBT

e

)2 [∑
i Dizi∇ci∑
i Diz2i ci

ΨD

−1

2

∑
i

∇ci

∫ ΨD

0

{∫ Ψ0

0
gi(Ψ

′)
[∑

j cjgj(Ψ
′)
]− 1

2
dΨ′
}

[∑
j cjgj(Ψ0)

] 1
2

dΨ0


 ,

(3)

where ΨD is the nondimensional surface potential ΨD =
ζe

kBT
and gi(Ψ0) = exp(−ziΨ0)− 1.

The properties with the subscript i are that of the ith species.
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For small surface potential, ΨD ≪ 1, the flow velocity reduces to the form of76

udo = − ϵ

µ

(
kBT

e

)∑
i Dizi∇ci∑
i Diz2i ci

ζ − ϵ

8µ

∑
i z

2
i∇ci∑

i z
2
i ci

ζ2 . (4)

For a mobile particle with the same surface and electrokinetic properties, the diffusio-

phoretic velocity udp = −udo.

2.2. Surface interaction with electrolytes

As we can deduce from the form of the flow velocity, the surface potential plays an impor-

tant role on diffusioosmosis. The surface zeta potential, which is a theoretical parameter, is

defined as a potential drop across the electrical double layer (between the shear plane and

the bulk; Figure 2). This value is not an absolute material property, and most colloidal

particles and surfaces that we use in microfluidic experiments have varying zeta potentials

depending on the interaction with the contacting liquid.73,74,77–79 For example, polystyrene

(PS) microspheres were commonly used in recent studies, and it has been studied and mea-

sured that the surface potential varies with pH and electrolyte concentrations of the reference

solutions.74,77

Theoretically, as the zeta potential is a characterization of the double layer, there are two

Figure 2: Schematic of a negatively charged particle and counterions. Different electrical poten-
tials in the diffuse double layer are indicated.
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different limits, where ζ is constant or the surface charge density q is constant. Polymeric sur-

faces are usually in between these two limits, and can be described with a charge-regulation

model.80 A constant charge density condition requires q to be constant and is related to the

potential drop across the double layer. Considering the Boltzmann distribution of ions in

the double layer, we obtain

∑
i

ci(exp(−ziΨD)− 1) = constant (5)

for multiple electrolytes.38,75 For a symmetric (z:z) electrolyte, the Gouy-Chapman solution

for the boundary layer yields35

λref
D

λD

sinh

(
ζ

2

)
= sinh

(
ζref
2

)
, (6)

where λref
D and ζref are, respectively, the Debye length and zeta potential at a reference salt

concentration cref.

In systems without significant variation of pH or electrolyte concentrations, it is rea-

sonable to assume a constant surface potential, and so a constant diffusiophoretic mobility.

The Debye length λD is typically much smaller compared to the particle size (O(1) µm) or

the channel wall length (O(10)-O(1000) µm). For example, in a 10 mM NaCl solution, the

double layer thickness is λD =

√
ϵkBT

2z2e2c
≈ 3 nm. Therefore, in diffusiophoresis studies using

micron-sized particles and 1:1 electrolyte, the mobility is often estimated using equation (1).

Two recent experimental studies using a dead-end pore geometry directly confirmed the

effect of finite double layer thickness (equation (2)) by varying the particle size 32 and varying

the electrolyte concentrations in the system.35 In the dead-end pore systems, diffusiophoretic

motion of particles along a one-dimensional gradient of salt concentration can be character-

ized by analyzing the particle distribution inside the pores.31–38 Usually, the concentration

gradients are set up so that the particles move toward the dead-end of the pores, and the

position of maximum particle concentration (peak) along the pore is compared with the
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theory. More details of dead-end pore geometry will be included in Section 5.

In the first set of experiments,32 polystyrene particles with different sizes showed different

distributions in the dead-end pores. Along the same concentration gradient of NaCl set by

the initial pore concentration ci = 2 mM and the boundary concentration co = 0.02 mM, PS

particles with a diameter d = 0.06 µm travelled the least in the pores, whereas particles with

d ≈ 1 µm entrained farthest into the pores. Such trend for the peak location is consistent

with the model prediction including the finite double layer thickness (λD/a ̸= 0) effect with

a constant ζ. If the diffusiophoretic mobility is estimated using equation (1), such variations

in the particle distribution cannot be explained. The authors also used the Stokes-Einstein

diffusivity of a particle Dp = kBT
6πµa

to qualitatively explain the larger dispersion of smaller

particles in the pores.

In the study by Gupta et al.,35 four different conditions for diffusiophoretic mobility calcu-

lation were reported and compared with the dead-end pore experiments. The diffusiophoretic

mobility model for a spherical particle (equation (2)) can be analyzed for different combi-

nations of zero (λD/a → 0) versus finite double layer thickness (λD/a > 0), and constant

potential (CP) versus constant charge density (CC) conditions. The authors wrote λD/a = 0

versus λD/a ̸= 0 for two different conditions for the effects of double layer thickness. When

a finite double layer is considered (λD/a ̸= 0), CP condition yields monotonically increasing

Γp for increasing ion concentration c, and the CC condition makes Γp increase to a peak

value around c = O(1) mM, then decrease. For λD/a = 0, the CP condition gives a constant

Γp, and the CC condition makes Γp increase dramatically for small c, because the surface po-

tential increases to meet the constant charge density (following λ−1
D sinh (ζ/2) = constant).35

This overestimation of the surface potential for small c in the CC limit (with the λD/a = 0

condition) even suggested an unphysical diffusiophoretic mobility, which is larger than the

solute diffusivity. According to the comparison with the dead-end pore experiments, con-

stant charge density (CC) condition including the finite double layer effect (λD/a ̸= 0) well

predicted the behavior of polystyrene particles.
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2.3. Remarks on diffusiophoretic velocity of particles

The studies confirming the influence of finite double layer thickness and varying zeta poten-

tial leave a few important messages about analyses or applications of relevant systems. When

discussing boundary or limiting conditions based on the theoretical model (e.g., zero solute

concentration, systems without walls, sharp initial concentration gradient, etc.), careful con-

sideration of the underlying physics is required. For example, Gupta et al.35 introduces

calculations for diffusiophoretic velocities generated by a one-dimensional diffusion of a so-

lute, which initially has a Gaussian distribution. They compare two solute (NaCl) profiles

in the form of c(X, τ) = c0√
1+4τ

exp
(
− X2

1+4τ

)
+ cb, by setting (i) cb = 0 and (ii) cb = 10−7

M. In this model problem, the solutes freely diffuse in X, and the diffusiophoretic velocity

generated by the solute concentration gradients can be calculated. Typically, when formu-

lating a model study, water without any solute of interest is often considered as a zero ion

concentration medium.

Using the values c0 = 11.8 mM and cref = 5 mM, the authors report that if the background

concentration cb = 0, the zero double layer approximation (equation (1)) gives increasing

diffusiophoretic velocity (both CC and CP) in the regions that the ions have not yet diffused,

which is unphysical. In this case, only by looking at the monotonically increasing velocity

for large X, can one suggest that such spreading of solute induces ballistic motion81 of

particles for large X. However, the definition of λD tells that a small ion concentration

yields large λD, which thus suggests that the finite double layer effect must be included. By

doing so, the diffusiophoretic velocity is calculated to be zero in the regions of no solute.

When the background ion concentration cb is set to be cb = 10−7 M, the diffusiophoretic

velocity is udp(X, τ) = Γp
∂ ln c
∂X

= −2α

(
u0

1−λDu1
au0

)(
c−cb
c

)
X

1+4τ
, and the small c−cb

c
for large

X gives increasing then dicreasing velocity profiles for increasing |X| for all four surface

characterizations.

If we develop theoretical analyses for diffusiophoresis only by considering a constant
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mobility (equation (1); CP and λD = 0), the logarithmic dependence on solute concentration

may predict a huge diffusiophoretic velocity for situations of c → 0. However, such behavior

is unphysical and unlikely to be achieved in the experimental or natural situations. For c → 0,

the length scale of the double layer becomes comparable to a typical microsphere, and for

large c, charge screening near a surface can reduce the surface potential significantly,74 which

decreases the diffusiophoretic mobility.

Consideration of the particle size and zeta potential dependence on the diffusiophoretic

mobility motivated development of the measurement and sorting applications.16,32,56 Diffu-

siophoretic and diffusioosmotic determination of a surface potential is similar to the elec-

trophoretic methods, but since the solute concentration is not constant, one need to admit

the limitation that the estimated surface potential is a representative value of a range that

corresponds to the range of solute concentration used in the measurement system.

3. Solute concentration gradient

Next, I will briefly mention several sources of concentration gradients in microfluidic exper-

iments. More details of the origin of concentration gradients can be found in the review by

Velegol et al.26

3.1. Diffusion of salt

Most experimental studies utilized simple binary salts (NaCl, KCl, LiCl, etc.), and for bio-

logical particles, concentration of either buffer or test salts were varied. The concentration

gradients of acid and base can be set up to create both pH and ion concentration gra-

dients (Figure 3(a)). Such system requires additional analyses of the influence of pH on

diffusiophoresis (or surface properties).46,82,83 It was also demonstrated that ionic surfac-

tants36,39,47,84,85 (Figure 3(b)) can drive diffusiophoretic transport of charged particles, and

thus capable of contributing to detergency efficiency.84 Multi-ion systems and diffusiophoresis
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Figure 3: (a) Diffusiophoretic focusing induced by combined concentration gradients of NaCl, HCl,
and NaOH. Reproduced with permission from ref.46 Copyright 2016 American Physical Society. (b)
Trajectories of polystyrene particles near the source of sodium dodecyl sulfate (SDS). Reproduced
with permission from ref.39 Copyright 2016 National Academy of Sciences. (c) CO2-driven diffusio-
phoresis of amine-modified polystyrene. Reproduced with permission from ref. 40 Copyright 2021
Royal Society of Chemistry. (d) Exclusion zone (EZ) formation near the ion exchange membrane
(Nafion). Reproduced with permission from ref.41 Copyright 2014 National Academy of Sciences.

driven by asymmetric salts were also investigated.37,38,46,50–52,76

3.2. Dissolution of gas

Ion concentration gradients can be generated by dissolution of gas. CO2-driven diffusio-

phoresis of charged particles are reported in various configurations.40,48,49,59,60 CO2 disso-

lution and dissociation creates H+ and HCO –
3 ions and induce electrophoresis-dominated

diffusiophoretic motion of charged particles. Dissolution of CO2 in water can be achieved at

the gas-liquid interface40 (Figure 3(c)), or through gas-permeable membrane.40,48,49,60 It has

been demonstrated that bacterial cells,40 fluorescent protein,59 and oil nanoemulsion-particle

pair60 can migrate by CO2-driven diffusiophoresis.

3.3. Surface reaction and other sources

Early studies reported surface coating of latex particles induced by the dissolution of stain-

less steel21,22 Florea et al.,41 first explained the formation of an exclusion zone near an ion

exchange membrane, Nafion, by diffusiophoresis argument (Figure 3(d)). Since then, Nafion

appeared in several experimental studies42,50–52 for diffusiophoretic particle separation. Der-
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mott et al.86 presented diffusioosmotic flow generated by CaCO3 and BaSO4 micropumps.

As seen in the original study by Ramm et al.,68 a density gradient in proteins can cause

migration of other macromolecules. A concentration gradient of solute can be also set up by

other phoretic effects (e.g. thermophoresis), and then induce diffusiophoresis or diffusioos-

mosis. Such configuration is discussed in the article by Fukuyama and Maeda.87 Note that

concentration gradient of solutes can be created by both addition and depletion of solutes.

4. Particles used in experimental studies

4.1. Microspheres

Theoretically, colloids with a nonzero surface potential under concentration gradients of elec-

trolytes can obtain a diffusiophoretic mobility. Polystyrene (PS) and silica microspheres were

popular and appeared in most experimental studies that aimed for both fundamental un-

derstanding and applications28,29,32,34,35,37–42,46–48,50–52,59,61,84,86,88–90 (Figure 4). Polystyrene

microspheres have a well-defined surface potential (it is still a function of surface charge

density) and sizes. Also, depending on the surface modification (e.g. carboxylate-, sulfate-,

amine-modified polystyrene), a range of surface properties can be obtained. In recent dif-

fusiophoresis studies, fluorescent microparticles were used to visualize relative or absolute

concentrations of particles. These particles are highly resistant to photobleaching, and thus

an appropriate imaging calibration and controlled total particle concentration yields a linear

relation between the number of particles and the measured intensity.37,38

Typical analyses for diffusiophoresis of particles are conducted for their collective be-

haviors and change in the distribution. For a system with a binary salt and dilute particle

suspension, a model for calculating solute (c) and particle concentrations (n) is
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Figure 4: (a) Diffusiophroesis of silica particles in a flow-focusing channel. Adapted with permis-
sion from ref.28 Copyright 2008 Nature Publishing Group. (b) Visualization of diffusioosmotically
transported sulfate-modified polystyrene (s-PS) particles near two interacting CaCO3 micropumps.
Reproduced with permission from ref.86 Copyright 2012 American Chemical Society.

∂c

∂t
+∇ · (ufc) = Da∇2c (7)

∂n

∂t
+∇ · (upn) = Dp∇2n. (8)

Here, uf is the fluid velocity, and the particle velocity is up = uf +udp. Particle distribution

is obtained by solving the advection-diffusion equation where the advective velocity is a

contribution from both the local flow and the diffusiophoretic velocities. When experiments

are designed to maintain a dilute particle limit (to avoid particle-particle interactions), the

(rescaled) fluorescent intensity obtained from image analyses can be directly compared with

the calculated n. Properties of such commercial microspheres are well characterized in most

experimental studies, and thus a few details are discussed in the later sections.

4.2. Proteins and other macromolecules

Advances in microfluidics largely contributed to manipulating and visualizing transport of

biological materials. As biological macromolecules such as protein, DNA, vesicles, etc. have

typical length scales between O(10−2)-O(101) µm and have a net surface charge in aqueous

solutions, various electrophoretic techniques are used for separation.91–93 For diffusiophoresis,
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Figure 5: Diffusiophoresis of (a) DNA, (b) exosomes, (c) fluorescent protein mKO (monomeric
Kusabira Orange), and (d) cellular cargo, driven by MinDE travelling surface waves, which estab-
lished long-range concentration gradients. The figures are reproduced with permission from (a)
ref,62 Copyright 2010 American Physical Society, (b) ref,56 Copyright 2020 Nature Portfolio, (c)
ref,59 Copyright 2020 National Academy of Sciences, and (d) ref.68 Copyright 2021 Nature Re-
search.
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theoretical models for predicting the mobility are derived for a single particle, but the models

are not fully refined for particles with complex configurations (shape, non-uniform surface

properties, etc.). Diffusiophoresis and diffusioosmosis are relative motion of a surface and

adjacent liquid in the low Reynolds number limit (Re ≪ 1), and thus geometrical asymmetry

affects the velocity measurements.

A microfluidic approach for diffusiophoresis of macromolecules is demonstrated by Palacci

et al. for DNA focusing,62,63 and later more groups visualized and studied diffusiophoresis

of lipid vesicles, DNA, proteins and other macromolecules.32,56,59,66–69,94–98 In the studies

by Palacci et al.,62,63 under a concentration gradient of LiCl set up across the flow, col-

loidal particles and λ-DNA showed transient diffusiophoretic focusing. The measurements

and calculations for the peak propagation indicated that fluorescent-tagged λ-DNA behaves

similarly to the polystyrene particles (carboxylate-modified PS; d = 200 nm). The diffusio-

phoretic mobility was the fitting parameter for the study, and their diffusiophoretic focusing

experiments provided a reasonable measure of Γp by data fitting (Figure 5(a)).

Physicochemical hydrodynamical charateristics are not fully known for various biomate-

rials. Thus it is crucial that a systematic experimental design is developed to distinguish

overlapping physical phenomena, and that a reasonable quantification for various system

parameters is achieved. Similar to the method that Palacci et al.62,63 used to fit the peak

propagation using a representative Γp, it is reported by Rasmussen et al.56 that the exosomes

(nanometer-sized extracellular vesicles) can be diffusiophoretically sorted by their size and

surface potentials (Figure 5(b)) in a microfluidic channel. The authors designed a H-shaped

microfluidic channel with a linearly varying width of the bridges (or pores), and were able to

trap the vesicles in the pores along different concentration gradients of solutes. Diffusioos-

motically driven flow velocity (induced along the pore walls) and particle diffusiophoresis

were balanced and it ensured stable focusing of the vesicles. By setting multiple ranges of

solute gradients and analyzing the one-dimensional distribution of trapped vesicles, reliable

values for the size and representative zeta potential were obtained.
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Figure 6: Diffusiophoresis of protein in the dead-end pore geometry and detection of fluorescent
intensity. Images reproduced from ref94 with permission.

Proteins experience a change in surface potential depending on the pH of surrounding

medium. For this reason, isoelectric focusing (or electrofocusing) is used as a means for

extracting proteins with an imposed electric field.91,92 Different proteins have different iso-

electric points (pI) depending on their chemical and physical structures, so a pH gradient

combined with electrophoresis can separate proteins with different charges. This means that

a similar technique can be applied with diffusiophoresis by replacing the electric field with a

solute concentration gradient. This specific setting is not yet reported, but there have been

studies about diffusiophoresis of protein in the context of ternary diffusion system. In the

studies led by Annunziata et al.,97,99 diffusiophoresis of lysozyme using salt gradients (NaCl,

KCl, MgCl2) was reported. The authors provided an estimation of the zeta potential and

mentioned potential microfluidic application using MgCl2. One-dimensional diffusiophoresis

of bovine serum albumin (BSA), β-lactoglobulin, myoglobin, and lysozyme under gradient of

LiCl, KCl, and KIO2 are also demonstrated by Peter et al.94 using a dead-end pore geometry

(Figure 6).

Protein diffusiophoresis has also been observed in unexpected situations. Shim and

Stone59 reported a flow-driven diffusiophoretic focusing driven by the leakage of CO2 through

PDMS walls. In a microfluidic channel, the onset of flow created a nonzero pressure gra-

dient across the PDMS walls and induced leakage of CO2, which then generated an ion

concentration gradient in the aqueous phase. Therefore, polystyrene particles showed charge-
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dependent accumulation in the flow. When fluorescent-protein-tagged bacterial cells flowed

in the channel, the fluorescent proteins (mKO; monomeric Kusabira Orange) that were in the

liquid phase (lysed from cells) behaved like positively charged particles, and were separated

from the cell suspension (Figure 5(c)). Estimation of the isoelectric point suggested that the

mKO molecules are positively charged in the experimental condition (pH = 6-7), and thus

the observation is consistent with the diffusiophoresis idea.

Diffusiophoretic migration of biological particles can be detected not only in the laboratory-

designed experiments, but also in natural systems. Theoretically it has been suggested that,

inside a cell, a gradient of small molecules that are related to metabolism can drive motion

of larger particles.100 Recently, it has been experimentally demonstrated by Ramm et al.,68

that a density (concentration) gradient in MinD and MinE proteins can induce transport

of cargo on membranes. They report both in vitro and in vivo demonstrations of cargo

accumulation in the regions of low protein concentration, with a step by step validation that

the main mechanism is diffusiophoretic transport (Figure 5(d)). The study is meaningful

in the sense that it provides a new insight and potential path for unravelling intracellular

transport of complex biomaterials.

4.3. Cells

Diffusiophoretic transport of living cells is of interest in several studies as the surface of

cells have a nonzero charge. Concentration gradient being the origin of the phenomenon

is analogous to chemotaxis. For this reason, the terms diffusiophoresis and chemotaxis can

sometimes be confused. However, treating diffusiophoresis and chemotaxis as the same

phenomenon may not be helpful for the research of diffusiophoresis of chemotactic bacteria,

because chemotaxis is an active response of the cells to the local chemistry.

Diffusiophoresis of living cells are visualized in several studies, by utilizing a dead-end

pore geometry,36,69 Hele-Shaw cell,40 channel flow configuration with and without grooves.59

For example, Doan et al.36 demonstrated bacterial diffusiophoresis under one-dimensional
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concentration gradients of NaCl and surfactants, reporting enhanced diffusiophoresis in the

presence of ionic surfactants (≤ 1 mM). The authors interpret the consistent results by

presenting an increase in zeta potential measurements in the presence of surfactant. Hartman

et al.69 reported diffusiophoretic transport of blood cells along the concentration gradient

of solutes (Sucrose, NaCl, etc.). In the study by Shim and Stone59 on the CO2-leakage-

driven diffusiophoresis, separation of V. cholerae cells and the fluorescent protein (mKO) is

reported (Figure 5(c)).

As stated above, some motile bacterial cells swim in the liquid phase by sensing the local

concentration of relevant solutes,101–103 and this active response of bacteria to the chemical

concentration gradient is chemotaxis. From early times of diffusiophoresis research 6,7 it had

been speculated that salt-driven phoretic behavior of bacteria could be related to diffusio-

phoresis. Due to the overlapping idea that a concentration gradient of local electrolytes

Figure 7: CO2-driven diffusiophoresis of bacterial cells in a circular Hele-Shaw geometry. (a)
Schematic of the system. (b,c) Fluorescent images and the intensity plot visualizing decrease in cell
density near the CO2 source. (d-f) Particle image velocimetry showing different diffusiophoretic
velocities of bacterial strains. Images reproduced with permission from ref. 40 Copyright 2021 Royal
Society of Chemistry.
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causes the motion, experiments need to be carefully designed to ensure that the observed

motion is diffusiophoresis, not chemotaxis.

Shim et al.40 reported diffusiophoresis of bacteria driven by dissolution of CO2 in a

circular Hele-Shaw geometry. CO2 is not a chemoattractant or repellent (though it may affect

the performance of flagellar motors by perturbing the system pH), and its dissolution in water

can set up high diffusion potential by the large difference in ion diffusivities (DH+ = 9.3×10−9

m2s−1 and DHCO −
3

= 1.2 × 10−9 m2s−1). Therefore, an effective demonstration of bacterial

diffusiophoresis is possible near the CO2 source that has either a moving or a fixed boundary

(Figure 7).

Bacterial cells (V. cholerae, S. aureus, and P. aeruginosa) have a negative surface charge

in the dilute buffer solution (M9 minimal salt), and the cells undergo diffusiophoresis away

from the fixed CO2 source (Figure 7(a-c)). Particle image velocimetry (PIV; Figure 7(d-

f)) first indicates that both the wild-type (WT) and the non-motile mutant (∆flaA) of V.

cholerae show radially-outward motion of the cells away from the CO2 source. This directly

confirms that the measured velocity is that of diffusiophoresis, because if it were chemotaxis,

the non-motile bacteria need to be stationary. The small difference in the velocity between

the WT and ∆flaA mutant may arise due to their motility difference.

When different types of bacteria (V. cholerae (WT), S. aureus, and P. aeruginosa) are

compared, S. Aureus showed the slowest diffusiophoresis under the same ion concentration

gradient. The reported zeta potential values for P. Aeruginosa and S. Aureus are ζ ≈ −30

mV, and the velocity difference cannot be fully explained by the surface potential argument

of diffusiophoresis. The authors state that for S. aureus, surface adhesive proteins make

the cells easily form clusters, which may contribute to the change in the diffusiophoretic

velocity. The difference in diffusiophoretic velocities among different species may also arise

from different aspect ratios of the cell bodies. Therefore, the study validates that bacterial

cells do undergo diffusiophoresis due to the charged nature of the cell surface, but their

diffusiophoretic velocities are not completely described with the zeta potential.
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In such situations where physical (e.g. shape, rigidity, etc.) properties and biological

(e.g. secretion of chemicals) behaviors of the particles affect diffusiophoretic mobility, they

can also influence the electrophoretic mobility under an imposed electric field; and thus

can bias the zeta potential value obtained by the electrophoretic zeta potentiometry. Note

that commercial zetasizers require bulk liquid properties for zeta potential measurements.

Then using only the zeta potentiometry data to explain the diffusiophoresis behavior is

insufficient, and it may lead to a conclusion that neglects important structural and biological

consequences of the system.

4.4. Remarks on particles

Synthetic colloids with well-controlled surface properties are excellent tools for studying

diffusiophoresis. On the other hand, by using diffusiophoresis, surface characteristics of such

materials can be estimated as well. Zeta potential of particles is conveniently used as the main

surface property when measuring or estimating the diffusiophoretic mobility. As mentioned

earlier, zeta potential is not a fixed particle material propery. It is a theoretical quantity

that is defined in the liquid in contact with the particle surface, and thus the value changes

Figure 8: Zeta potential of various particles plotted versus pH. The data are obtained from
various references for PS,46 c-PS,104 Silica,105 BSA,106 and Lysozyme,107 respectively.
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if the liquid condition changes (e.g. pH). In Figure 8, zeta potential of several kinds of

particles are plotted versus pH.46,104–107 Commercial polystyrene particles with and without

functional groups (PS, amine-modified PS; a-PS, and carboxylate-modified PS; c-PS) have

approximately constant potential over a wide range of pH (except for a sharp decrease for

a-PS near pH = 11), and silica particles show negative surface potential for pH>4. Proteins

(BSA and lysozyme) show varying surface potentials and have isoelectric points. Details on

the zeta potential of various materials commonly used in microfluidic experiments can be

found in the review article by Kirby and Hasselbrink Jr.73,74

Experimental studies that validate theoretical models (e.g. equations (1-4)) provide a

good basis for extending the investigations for diffusiophoresis of biological particles. For

such complicated systems, experimental design and analyses must be done carefully, to

distinguish diffusiophoresis from other coexisting biophysical phenomena. When it comes to

studying diffusiophoresis of intracellular materials, accounting for various scales of multiple

transport phenomena can be helpful in the designs for independent (in vitro) experiments.

Bacterial diffusiophoresis has been of interest among researchers due to its salt-taxis

nature. It has been confirmed that both motile and immotile bacteria can move along a con-

centration gradient of CO2,
40 salt, and surfactant.36 The next steps of the research can focus

on detailed investigation of solute-cell interaction. For example, if the solute is a chemoat-

tractant, its electrokinetic contribution to the diffusiophoretic mobility, chemical influence

on the chemotactic motility, and the differences in individual and collective motion need to

be analyzed. In the study by Shim et al.40 the measured diffusiophoretic velocities were

lower than the random swimming velocities of motile bacteria, suggesting that separation

of scales may be helpful for distinguishing the two phenomena. Another example for the

solute-cell interaction can be changes in local fluid properties due to the secretion of cell

material on the surface (e.g. biosurfactants), produced by regular metabolism or cell lysis

procedure. If the electrical permittivity ϵ and the liquid viscosity µ in the small region near

the cell surface are different from the bulk experimental medium, it is likely that both ap-
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Figure 9: Schematics describing changes in the particle conformation and the changes in local
liquid properties induced by solute-particle interactions, which can be present in biological particles
(e.g. cells, vesicles, DNA, etc.).

parent electrophoretic and diffusiophoretic velocities deviate from the values estimated using

the bulk properties. Changes in the cell conformation induced by biological processes and

its influence on diffusiophoresis can be also a theme for the next step research (Figure 9).

Diffusiophoresis of reacting particles71,108,109 and liquid drops110,111 are not included in

the review. Studies of both passive diffusiophoresis and self-diffusiophoresis are of active

interest, and further development is anticipated in terms of theoretical and experimental

aspects, or in combination.

5. Microfluidic systems

In this section, the role of microfluidic systems in experimental studies of diffusiophoresis

and diffusioosmosis is discussed. The primary role of microfluidic experiments is to set up

a desired concentration gradient of solutes and to achieve corresponding particle motion.

However, due to the charged surfaces of the system (e.g. PDMS channel walls) and the

existence of bulk liquid flow, often the observed particle motion is not just a result of diffu-

siophoresis. Therefore, I will point out such influences of various system parameters when

discussing selected flow systems. One common feature is that the typical length scale of the
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Figure 10: Diffusiophoresis experiments in three-channel systems. (a) Switching concentration
gradient is obtained in the agarose gel channel. Reproduced with permission from ref. 62 Copyright
2010 American Physical Society. (b) A semipermeable wall (delivers solute but blocks particles)
was made between channels by projection lithography. Reproduced with permission from ref. 45

Copyright 2015 American Chemical Society. (c) CO2 concentration gradient is formed in the liquid
channel by diffusion of CO2 through the PDMS wall. Reproduced with permission from ref. 48

Copyright 2017 Nature Portfolio.

experiment is O(0.01-1) mm, and the observation windows do not detect the length scale on

which theoretical models (equations (1)-(4)) are established (= λD).

Development of microfluidics boosted experimental research of diffusiophoresis in the

past decade. The first microfluidic demonstration of diffusiophoresis was performed in the

flow-focusing (co-flow) geometry.28,29 In the flow-focusing systems, by varying the flow rates

of different inlet channels, widths of the two liquid phases can be controlled. Abécassis et al.

visualized that the salt concentration gradient across the flow streams can further change

the width of the particle-laden part by diffusiophoresis (Figure 4(a)).

A microfluidic approach for establishing a concentration gradient of solute had been

widely used for studies of bacterial chemotaxis,113 prior to the appearance in diffusiophoresis

studies. Concentration gradients of solutes can be set up similarly in the diffusiophoresis

experiments, and thus many studies used one of the geometries shown in Figures 10-12 (some

representative experimental systems are organized in Table 2).

27



Concentration gradient of solutes in the stream of particle suspension can be set up not

only by directly contacting with the buffer solutions, but also by enabling the diffusion of

solutes through permeable walls. For example, Palacci et al.62,63 used an agarose gel based

microfluidic channel (Figure 10(a)) with three separate channels to create a salt gradient

Table 2: Some common microfluidic systems used in the diffusiophoresis experiments. For detailed
list of concentration gradient and the direction of particle motion (and flow) see the article by
Shin.30

Directions Channel Design∗∗ System features Other features

Solute concen-
tration gradient
and liquid flow
are perpendicu-
lar to each other

Diffusion of salt
occurs within

O(0.1-1) mm.28,
29,44–46,48–50,52

Steady state
concentration can be
obtained for solute

and particles.

Ionic strength:

Salt and buffer
O(1-100) mM.

CO2

O(10-100) µM.

Solute concen-
tration gradient
and particle
motion are
in the same
direction

Typical pore length
O(0.1-1) mm.31,

32,34,35,37,38,54,56,69,94

Steady state (e.g. open
pores) or transient
solute concentration
and particle motion

are obtained.

Diffusioosmosis
along the wall
influences the

particle distribu-
tion by creating
slip-driven flow
in the pores.

Solute diffusion
is in the radial
direction

Radial diffusion of
ions are obtained

by micro-injection,67

installing a circular
reservoir,39,40,85,112

or by introducing
a rapidly dissolving
gas (CO2) bubble.

40

Controlling
the relative
length scales
of the solute
source and the
entire system

is easy.

∗∗Combination of two or more configurations are also reported.85,89,112
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across the center channel, and observed diffusiophoretic focusing of colloids and DNA. Stud-

ies from the Squires’ group44–47 also utilized the three-channel configuration with an on-chip

fabrication of hydrogel windows, which can let solutes diffuse between the channels. This

configuration ensures symmetry in the height-direction. Shin et al.48 used a similar config-

uration with a channel made with PDMS (polydimethylsiloxane), which allowed diffusion

of CO2 through the permeable walls between liquid and gas channels. For this method, if

a PDMS block is bonded directly on a glass slide, the geometrical condition is analogous

to the agarose gel channels. In these three-channel systems, depending on the direction or

magnitudes of concentration gradients, particles showed different diffusiophoretic focusing

or exclusion behaviors.

One-dimensional concentration gradient of solutes allows simpler analysis and visual-

ization of diffusiophoresis. As introduced in the earlier section, a stable (transient) solute

gradient can be generated in the dead-end pore geometry without any imposed liquid flow

along the pores. Dead-end pores will be discussed in more detail in the next section. Another

one-dimensional system is called the bridge or H-channel configuration (Figure 11(a)). In

this system, a steady-state concentration gradient of solutes can be achieved between two

reservoirs. Also, by tuning the pressures of two main channels, pores with either no-flow or

flow condition can be obtained.53,56,114 In the study by Rasmussen et al.56 for measuring the

size and charge of the vesicles, H-channels with linearly varying pore widths were used. De-

pending on the direction of the solute concentration gradient, diffusioosmotic velocity along

the pore walls and the liquid flow inside the pores can be further controlled.

Some studies used a one-dimensional concentration gradient in the radial direction by

using a circular Hele-Shaw configuration39,40 (Figure 3(c) and Figure 11(b)). In the study

by Shim et al.,40 a CO2 source was introduced in a circular Hele-Shaw cell in the form of

a dissolving bubble or a CO2-pressurizing chamber (with PDMS walls). Then the motion

of polystyrene particles and bacterial cells was observed near the CO2 sources with moving

or fixed boundaries. Banerjee et al.39 used projection lithography (UV curing of PEG-DA
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Figure 11: Multiple ways to set up solute concentration gradients in microfluidic systems. (a) H-
shaped channel with two reservoir channels, which can set up a steady concentration gradient along
the open pores. Reproduced with permission from ref.53 Copyright 2014 American Physical Society.
(b) Soluto-inertial beacon made by on-chip projection lithography. Reproduced with permission
from ref.39 Copyright 2016 National Academy of Sciences. (c) Micro-injection creating a radially
diffusing solute profile in the large channel. Reproduced with permission from ref. 67 Copyright
2017 Nature Portfolio. (d) Mixed configuration with the co-flow and microgrooves. Reproduced
with permission from ref.89 Copyright 2020 American Physical Society.

hydrogel) with a circular photomask to generate a circular “beacon”, which served as an elec-

trolyte reservoir. Diffusiophoretic migration of polystyrene particles are measured by their

velocities. Another way to create a radial concentration gradient is micro-injection (Figure

11(c)).66,67 In this system, the injection is done by pressure-driven flow, and thus the ad-

vective component can be adjusted for additional control of the solute flux. Diffusiophoretic

accumulation of DNA was observed near the injection outlet.

Lastly, a combination of co-flow and dead-end pore (microgroove) configurations is re-

ported by Singh et al.89 for reversible trapping of particles (Figure 11(d)). By introducing

a steady-state concentration gradient of LiCl in the flow-focusing main channel, the authors

obtained trapping of polystyrene particles inside the inlet of the grooves, which are located

at the bottom wall of the main channel. Particles were not trapped without any salt concen-
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tration gradient, and the trapping was reversible by flipping the direction of concentration

gradient. Such ideas can inspire new ways to transport particles in a solute gradient by

appropriately modifying the flow structure.

As described with multiple systems, different geometries can create various concentra-

tion gradients of solutes and drive the motion of particles. In microfluidic channels, due to

the charged nature of typical wall materials, setting up a concentration gradient naturally

creates diffusioosmosis along the walls. Typical wall materials like glass, PDMS, or PMMA

(polymethylmethacrylate) have similar surface potentials with the commonly used particles

like polystyrene, silica, etc.,74,77,79 which means that the order of magnitude of the diffusioos-

motic slip velocity and particle velocity are comparable. This is an important issue in the

microfluidic analyses of diffusiophoresis, because diffusioosmotic slip affects the local flow

structure, which is included in the detected particle motion. Particles at different positions

will experience different flow velocities induced by the wall diffusioosmosis, so the result-

ing collective transport deviates from what can be predicted by the diffusiophoresis-only

analysis.

The influence of diffusioosmosis is one of the complications that can arise in microfluidic

systems. In the following sections, by further reviewing the dead-end pore and the channel

flow configurations, I will discuss the one-, two-, and three dimensional features of the system

and their contributions to the experimental observations of diffusiophoresis.

5.1. Two-dimensional effects on one-dimensional analysis

A dead-end pore has been used to demonstrate various transport behaviors along a one-

dimensional solute gradient (Figure 12).31–38,69,75,84,94,115–118 As described above, H-shaped

channels with open-end pores can also generate one-dimensional concentration gradient of

solutes. In the H-channel, a steady-state concentration gradient can be set up, which gen-

erates constant diffusioosmotic velocity along the wall. By controlling the pressure differ-

ence between two reservoir channels, additional flow velocity can be imposed on top of the
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Figure 12: The dead-end pore geometry. (a) T-shaped channel with a passive valve at the end of
the pore (or the narrower channel). Reproduced with permission from ref. 115 Copyright 2008 Cell
Press. (b) Dead-end geometry formed with glass capillaries. Reproduced with permission from
ref.31 Copyright 2015 American Chemical Society. (c) Multiple-pores in a row, and schematics
explaining entrainment and compaction experiments. Reproduced with permission from ref. 37

Copyright 2020 American Chemical Society. (d) Two-step target delivery in dead-end pores using
diffusiophoresis. Reproduced with permission from ref.116 Copyright 2021 American Association
for the Advancement of Science.

diffusioosmotically-induced flow. Mathematical treatment for the leading-order analyses of

these quasi-one-dimensional systems are analogous,55,114 and thus I discuss the dead-end

pore only.

In the microfluidic dead-end pore systems, one electrolyte solution is first filled in the
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pores, then followed by an air bubble, the second electrolyte solution is flowed in the main

channel and it comes in contact with the liquid in the pores. If the particles are introduced

in the system with the second liquid, they can entrain in the pores by diffusiophoresis; or

if the particles were initially trapped in the pores with the first electrolyte, then they can

either compact or leave the pore by diffusiophoresis after the second solution is connected

(Figure 12(c)).

The one-dimensional advection-diffusion equation for the particle concentration n is then

∂n

∂t
+

∂(upn)

∂x
= Dp

∂2n

∂x2
, where up = Γp

∂ ln c

∂x
, (9)

and the solute concentration field can be obtained by solving the diffusion equation, ∂c
∂t

=

Da
∂2c
∂x2 . Note that the advective contribution of the bulk liquid flow (in the pore) is ne-

glected in the one-dimensional analysis. For a constant surface potential of the particles and

negligible λD, a constant Γp can be assumed, and the particle distribution is obtained by

applying appropriate boundary conditions. Both in particle entrainment and compaction

configurations, a local peak in the distribution can be identified, and the peak propagation

along the pore indicates the diffusiophoretic velocity up(x, t).

Similarity transform can give insights for early time peak propagation (or for a semi-

infinite pore) by defining η = x√
4Dat

. Consider the similarity transform of the characteristic

line η̂(t) = x̂(t)/
√
4Dat, then the definition

dx̂

dt
= up(x̂, t) = Γp

∂ ln c

∂x
can provide informa-

tion of peak propagation. In the particle entrainment case, the propagating front can be

approximately described by (for Γp ≪ Da)
119

η̂ =

√
Γp

2Da

for Γp > 0 and; η̂ = − Γp

Da

√
π

for Γp < 0 . (10)

In experiments, the influence of diffusioosmosis31,42,120 is acknowledged, but since the no-

net-flux condition makes the one-dimensional (1D) characterization of the peak unperturbed

by the wall diffusioosmosis, the 1D model (equation (9)) is conveniently used to analyze
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particle diffusiophoresis32,35,37 in the dead-end pores. However, if the analysis of the phe-

nomenon as a whole including the flow field is desired, two- or three-dimensional model is

necessary.

Alessio et al.38 presented diffusiophoretic compaction of polystyrene particles in the two-

dimensional (2D) pore, and directly compared with the two-dimensional representation of the

experimental data (Figure 13). The study included effects of multiple ions, so the diffusio-

phoretic velocity of particles and the diffusioosmotic slip along the walls are calculated using

equation (4). Considering the mass conservation along with the lubrication approximation

Figure 13: (a) Schematic of a two-dimensional pore system. (b) Comparison between experiments
and one-dimensional calculations. Reproduced with permission from ref. 35 Copyright 2020 Royal
Society of Chemistry. (c) Flow velocities (rescaled by udo) obtained by 2D and 3D calculations.
(d) Two-dimensional compaction of polystyrene particles induced by different ion concentration
gradients. (10 mM NaCl & 10 mM KCl pair and 1 mM NaCl & 1 mM KCl pair; Details in ref 38).
(a,d) Images reproduced with permission from ref.38 Copyright 2021 American Physical Society.
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in the long, narrow pore (h ≪ ℓ), two-dimensional flow velocity is obtained as a function

of the slip velocity vs(= udo); and the particle distribution is solved using two-dimensional

advection-diffusion equation (equation (9) in 2D). The Péclet number for the solute scales

as Pes ≈ udoℓ
Da

≈
Γ
ℓ
ℓ

Da
= Γw

Da
< 1, and for diffusiophoretic particles Pep ≈ udoℓ

Γp
≈ Γw

Γp
≈ 1.

Therefore, it is right that the dead-end pore geometry is a good tool for setting up a one-

dimensional concentration gradient. However, for particles, including the two-dimensional

effects can better predict the distribution achieved by combination of diffusiophoresis and

diffusioosmsis.

The three-dimensional flow structure must be considered for the cases where 3D effects

are important (e.g. dispersion of particles in the pore, inlet region, 3D particle tracking,

etc.). Moreover, since diffusiophoresis is a relative motion of particles to the fluid motion,

when performing exeprimental analyses, it is crucial in general that the detected particle

motion is not confused with the transport by the local flow.

5.2. Main channel flow in dead-end pore experiments

Microfluidic dead-end pore experiments are initiated with a simple attempt for testing the

one-dimensional transport. In the presence of a solute concentration gradient, we now know

that diffusioosmosis generated along the walls creates liquid flow inside the pores. The liquid

flow influences particle distribution along the pore, so clearly there is complication due to

this slip-driven flow. At the inlet of the pores, there is another source of complication, which

is the circulating flow that is generated by the flow in the main channel.

Battat et al.34 reported diffusiophoretic entrainment of particles in the dead-end pore

geometry and observed that there is always penetration of streamlines at the inlet region of

the pores (Figure 14(a)). The configuration is similar to that of the driven cavity flow systems

(lid-driven cavity flow or flow past a cavity).121–123 In the model studies for diffusiophoresis in

dead-end pores, the pore inlet is conveniently assumed as a flat boundary with zero velocity,

and the influence of the shear-driven flow is not included.
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Figure 14: Pore inlet region in the dead-end pore experiments. (a) Penetration of streamlines
at the pore inlet due to the main channel flow. Reproduced with permission from ref. 34 Copyright
2019 Royal Society of Chemistry. (b) Schematic showing designs of main channel and a pore. (c)
Schematic showing different shapes of the air bubble flowing in the main channel and liquid film
surrounding the bubble.

Depending on how the channel is designed (Figure 14(b)) and how the flow is set up in

the main channel, the inlet region flow will have different forms. Relative sizes of the main

channel and the pores, the aspect ratios of the main channel and pore (inlet) cross-sections,

and the location of the pores all influence the shape of the streamlines that penetrate the

pore inlet. In most studies that used dead-end pores, primary analyses do not include both

the inlet and the dead-end regions of the pores. However, if the observation is localized near

the pore inlet or if the diffusiophoretic mobility is not large enough so that the particles do

not escape the inlet region by diffusiophoresis, inclusion of the complex flow behavior on

the particle analysis is necessary. Pores with irregular shapes or small depths may also be

influenced by how the boundary conditions are set up at one end of the pores. Note that

the flow at the inlet region also affects the solute transport in the pores.

One last thing to mention about possible complication in diffusiophoresis analysis is

related to how we set up the concentration gradients. In many microfluidic systems made

for studying diffusiophoresis, often two different solutions are separated by an air plug or a

stream of immiscible liquid. In the example of the dead-end pore experiments (Figure 14(c))

using an air bubble, the second liquid followed by the air plug merges with the first liquid

abruptly at the pore inlet. Then such sharp pressure change at the inlet region may introduce
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additional convective component to the solute transport and particle motion. Formation of

air bubbles or oil droplets at the main inlet of the system, their flow along the channel, and

their interactions with the liquid in the pores can vary depending on the inlet condition,

Capillary number of the main channel flow, channel geometry, etc.124–128 Of course, one can

only care about the result of diffusiophoretic transport if diffusiophoresis dominates all other

factors in the system, but again, it is always important to be aware that particles move in

the fluid, and an unexpected fluid motion can be generated by the activity of setting up the

experiments.

5.3. When channel walls have other contributions

Next, I will discuss the system where diffusiophoresis of particles are observed without any

pre-imposition of the solute gradient. Thus this section is about formation of an unexpected

concentration gradient in the system. Shim and Stone59 reported findings about sponta-

neous particle accumulation in the channel flow, which occured by simply turning on the

flow. After the molding technique using photoresist (e.g. SU-8) became common, the term

“standard soft lithography” represents the method for making a PDMS channel. Given a

simple geometry (a single stream channel), a PDMS channel refers to the pattern engraved

on the PDMS block, which is bonded on a glass slide. Liquid of interest can be injected into

the channel by using a syringe and a connecting tube (Figure 15).

In this simplest configuration, a dilute suspension of amine-modified polystyrene particles

(a-PS; positively charged in water, d = 1 µm) showed an unexpected focusing as it flowed

Figure 15: Schematic of a typical setup with a PDMS microfluidic channel connected to a syringe.
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into the channel. The focused patch of particles then flowed downstream with the liquid

stream. The accumulation behavior was charge-dependent (negatively charged PS particles

behaved differently), and was completely suppressed in the systems made with non-permeable

materials (UV curable epoxy and glass).59 The accumulation of positively charged particles

(a-PS) was referred to as a “pulse”, of which the speed was measured to unravel the physical

mechanism.

In the PDMS channel and the aqueous particle suspension, there is small amount of

gas that is pre-dissolved by being in equilibrium with the atmospheric condition. Such

tiny amount of species can have large impact on the main event of interest in small scale

systems.129 In the experiments by Shim and Stone,59 by turning on the flow, a nonzero

pressure gradient is built up across the PDMS walls (largest near the inlet), inducing CO2

leakage through PDMS. Therefore, a local concentration gradient of CO2 forms across the

channel, and diffusiophoretically accumulate the particles. Positively charged particles focus

toward the high-CO2-concentration region, whereas negatively charged polystyrene particles

Figure 16: Spontaneous pulse generation in channel flow. (a) Schematics for the hypothesis of
CO2-leakage-driven diffusiophoresis. (b) Pulse speed measured for different gas fluxes in PDMS.
(c,d) Use of pulse generation for protein separation. Images adapted from ref. 59 Copyright 2020
National Academy of Sciences.
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move toward the PDMS walls, where the CO2 concentration is low (Figure 16).

The reported pulse speed had consistent trends with the gas permeability of PDMS, and

thus confirmed that the particle accumulation is due to the leakage of gas. The authors

further investigated the flow of a bacterial suspension. The system had cells and fluorescent

protein (mKO) in the background medium, and by creating a pulse, the mKO molecules

which are estimated to be positively charged at pH ≈ 6-7 were separated from the cell

suspension.

The study suggests that in common microfluidic systems, an unintended concentration

gradient of solute can form and create diffusiophoresis of charged particles. Not only for the

protein separation, but the phenomenon has various potential applications, because particles

accumulate near the inlet depending on their surface charge. Therefore, by flexible designs

of the channels, such focused particles can be used for other analyses in separation, phoresis,

or dispersion systems.

5.4. Three-dimensional effects on two-dimensional systems

The directional transport of particles by diffusiophoresis motivated practical research, by

applying the phenomenon to water cleaning systems (Figure 17). Shin et al.48 (CO2-driven

diffusiophoresis), Lee et al.50 and Seo et al.52 (Nafion) reported in-flow particle separation

systems, by creating the concentration gradient of ions using the ion source on one side wall.

The configuration has the feature of field-flow fractionation,130–132 and thus the diffusion

potential across the flow induces particle separation by diffusiophoresis.

In each study, diffusiophoresis of a-PS and PS particles, bacterial cells (E. coli and S.

typhimurium), and c-PS particles are demonstrated, respectively. Also, Lee et al.50 provided

a scaling argument for the particle exclusion zone (EZ) that the size (δ) of the EZ follows

the relation δ ∝ (U/w)−
1
3 , where U , w, are respectively, the mean flow speed and the

width of the channel. U/w is the two-dimensional estimation of the wall shear rate γ̇. For

practical purposes, achieving a controlled particle separation in a wide range of length scales
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Figure 17: In-flow particle separation systems. (a) CO2-driven diffusiophoresis for membraneless
filtration. Reproduced with permission from ref.48 Copyright 2017 Nature Portfolio. (b,c) Sepa-
ration of particles in the channel with Nafion wall(s). (b) Reproduced with permission from ref. 50

Copyright 2018 Royal Society of Chemistry. (c) Reproduced with perimission from ref. 52 Copyright
2020 Royal Society of Chemistry.

is helpful. However, this is not simple, because of the non-linearity of diffusiophoresis and

diffusioosmosis. This configuration is a good example that visualizes complicated geometric

dependence of diffusiophoresis experiments.

Shim et al.49 studied the geometry in more detail by considering the flow structure

and different length scales; and by applying shear flow approximations. A two-dimensional

channel view where the CO2 source is located at y = 0 along the x-axis is first considered. For

a small region near the wall where the solute source is located, a shear flow can be assumed

and Lévêque problem-like analysis133,134 can be done by further applying the boundary layer

approximation. Then the analyses using similarity transform suggests a critical similarity

variable ηc, which is a measure of the particle exclusion zone for negatively charged PS

particles (as deduced by Lee et al50 and mentioned above):

ηc =
yc(

3xc
Dc

γ̇

) 1
3

. (11)

(xc, yc) are the coordinates of the boundary of the EZ, and Dc is the CO2 diffusivity in water.

Therefore, the shape of the boundary layer can be estimated as y = αηc(3x(Dc/γ̇))
1
3 , where

α is a prefactor. The two-dimensional wall shear-rate γ̇ in this study is calculated using
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Figure 18: (a) Schematic of multiple-length-scale experiments. (b) Exclusion zone measurements
done in channels with different heights at the same width and mean flow velocity. (c) 2D shear rates
calculated from the 3D velocity profiles. Images adapted with permission from ref. 49 Copyright
2021 Royal Society of Chemistry.

the height-averaged velocity profiles (ū) of the three-dimenional rectangular channel flow.

Considering the 3D effect, the shear rate becomes a function of the mean flow speed and both

the width (w) and height (h) of the channel (γ̇ = f(⟨u⟩, w, h))49 (Figure 18)). Note that the

boundary shape estimation y = αηc(3x(Dc/γ̇))
1
3 has the same shear rate dependence with

the relation derived by Lee et al.50 (δ ∝ (U/w)−
1
3 ), but the detailed shear rate calculations

suggest that two-dimensional analysis does not fully capture the flow effect, and thus it is

difficult to provide criteria for the system scalability.

Shim et al.49 further examined numerically the effect of diffusioosmosis along the top and

bottom walls for the no-flow condition, and showed that the influence of diffusioosmosis on

the height-averaged (z-averaged) particle distribution is small. This may explain the good

agreement between the 2D diffusiophoresis model and experiments reported for the steady,

co-flow system by Abécassis et al.28,29

As described in the three different configurations (dead-end pores, permeable PDMS

channels, in-flow separation systems), there can be always unexpected complications set by

the flow in microfluidics for diffusiophoresis. Therefore, the analyses for particle motion have

to be accompanied by the understanding of the flow structure. Such careful and thorough

approaches will fill the large gap between the typical scales of microfluidic experiments (e.g.

ℓ = O(0.01-1) mm) and the typical scales over which theoretical models for diffusiophoresis
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are established (e.g. λD = O(1) nm).

5.5. Complex geometry and multi-scale systems

The versatility of microfluidics extends the diffusiophoresis studies from demonstration of col-

lective particle motion to more complicated analyses and visualization. In chemotaxis stud-

ies, complicated geometries are utilized to understand the swimming and decision-making

behaviors of bacterial cells.113,136 A similar approach has been investigated by Gandhi et

al.,90 where the path choice and transport time of colloidal particles were analyzed in the

T-junction and corners located between two reservoir channels (Figure 19(a)). The width of

the paths is 5 µm, which is comparable to the particle diameter (1 µm). Numerical analysis

is made for different chemical-gradient response of particles (different dependences on ∇c),

and the authors report that the path selectivity is improved for larger particles. However,

when a run-and-tumble dynamics is considered for the particle navigation, the behavior was

similar to that of simple diffusion, confirming that the run-and-tumble dynamics is different

from the diffusiophoretic migration along the gradient of solute. This result may be consis-

Figure 19: (a) Path selection of particles in the concentration gradient along the pores. Repro-
duced with permission from ref.90 Copyright 2020 American Physical Society. (b) Diffusiophoretic
separation of particles in the paper-based microfluidic device. Reproduced with permission from
ref.135 Copyright 2020 SpringerOpen.

42



tent with the observation by Shim et al.40 on the separate mechanism of random bacterial

swimming and diffusiophoresis.

Lee and Kim135 reported a counterintuitive separation of polystyrene particles (c-PS) in

a paper-based microfluidic system (microfluidic paper-based analytical device; µPAD). The

mechanism is similar to the system reported in ref.51 where ion exchange and imbibition of

liquid through Nafion induced diffusiophoretic transport of particles. However, in the µPAD

system, the authors observe the opposite separation of the particles of two different sizes

(d = 0.2 µm and d = 0.04 µm) that cannot be explained by the diffusiophoretic mobility

only (Figure 19(b)). Complex geometry of cellulose (average pore size 11 µm) may contribute

to the results due to the pore-particle interaction and slightly charged nature.

A recently published study discusses amplified diffusioosmotic flows (DO) in nanoporous

systems137 (Figure 20). The authors report methods to create nanoscale porous system inside

a microfluidic channel by packing nanoparticles (SAPM; self-assembled particle membrane).

When a concentration gradient of salts are imposed across the porous system at different

temperatures, diffusioosmotic flow is generated along the pore surfaces. Such diffusioosmotic

flow is measurable and larger than that created along a single pore. Although performed at

different length scales, it can be speculated that the enhanced diffusioosmosis in a complex

network could be one cause for the opposite separation of different-sized particles in the

above paper-based system (if the walls and the particles have the same sign of the surface

Figure 20: Enhanced diffusioosmosis across a nanoporous system. Reproduced with permission
from ref.137 Copyright 2021 American Chemical Society.
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potential).

Other example of complex geometry is the system with multiple scales. Hong et al.70 and

Ha et al.61 report diffusiophoresis of charged particles in the combined micro- and nanopore

geometries (Figure 21). In the two studies, the nanopores connected to the micro-channel

were used to set up the concentration gradients in the microfunnels70 and micropores,61

respectively. Such separation in the length scales allows solutes to freely diffuse in the

nanopores, with either a controlled or a zero flow condition maintained due to high hydraulic

resistance.

In the PMMA channels with microfunnels connected to the nanopores (Figure 21(a)), a

single particle- and cell-level manipulation was achieved. The authors report trapping of a

single charged particle in the 3D microfunnel region by diffusiophoresis, and show that the

method can be used to trap E. coli cells. Such method can be useful for single cell analysis

systems. In the study by Ha et al. (Figure 21(b)), the nanopore was made by cracking-

assisted photolithography. The geometry allows in-situ manipulation of charged particles by

Figure 21: Systems with mixed scales. (a) 3D microfunnels between two reservoir microchannels,
bridged with nanopores. Reproduced with permission from ref. 70 Copyright 2018 Royal Society of
Chemistry. (b) Crack-end pores where a micropore is connected to the reservoir by a nanopore.
Reproduced with permission from ref.61 Copyright 2019 American Chemical Society.
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refreshing the concentration gradients through the nanopore-connected reservoirs, without

generating unwanted leakage of particles or liquid from the micropores. Such configuration

shows analogous features to the dead-end pore geometry, but has more flexibility in terms

of transient controls.

Fabrication of the combined micro-nano systems require advanced technique and strict

control of materials. Also, as the length scale decreases, additional consideration of elec-

trokinetics is required to include higher-order influences of electrical double layers. Such

complication in the diffusiophoresis systems is yet to be actively investigated, so has the

potential to develop.

6. Concluding remarks and perspective

Microfluidics has been a very useful tool for visualizing diffusiophoresis and diffusioosmo-

sis of colloidal suspensions. Many studies highlighted controllable particle transport along

solute concentration gradients, assisted by model calculations that agreed well with the ex-

perimental results. For simple comparisons, diffusiophoretic mobility considering a constant

surface potential with negligible double layer thickness is utilized. This analysis is a good

characterization of the systems that are in moderate ranges of scales (e.g. moderate solute

concentrations, particles and channel sizes, etc.).

For the system conditions where constant surface property assumptions do not apply,

theoretical explanations including higher order influences were provided. Finite double layer

thickness and varying surface potentials can explain that some unphysical results predicted

by a simple theory (e.g. ballistic motion of particles in the region without salt) are not

achievable in the real systems. Coupled ionic fluxes118 need to be considered in the presence

of three or more ions, and the valence asymmmetry can be used for enhanced or reduced

diffusiophoretic mobilities.

Most studies used synthetic microspheres for controlled system chararcterization, but
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there are active efforts to extend the investigation to biological materials. Phenomenological

analogy of diffusiophoresis and chemotaxis motivated studies of swimming bacteria; and mi-

crofluidic size and charge measurements were demonstrated with phospholipid vesicles. Also,

novel techniques for handling intracellular materials enabled validation of diffusiophoresis of

cell cargo driven by minD and minE gradients. Such results suggest promising direction of

the research area in the sytems with multiple length and time scales.

In microfluidic experiments, local flow structure can introduce unexpected transport

effects to the particle analysis. Influence of the flow needs to be differentiated to make

sure that the detected particle motion is diffusiophoresis. Studies report that diffusioosmosis

along the walls can induce flow in the channels and contribute to the particle distribution.

Also, permeable wall material naturally created ion concentration gradients in channel flows

due to the leakage of gas, thereby spontaneously accumulate particles without any pre-

imposed solute gradient. The complex nature of diffusiophoresis and diffusioosmosis makes

varying of length scales complicated in some channel flows. Many experimental studies used

one geometry per study, and in certain situations this may not be sufficient for obtaining a

general conclusion, especially when the local flow structure is important.

After the large wave of initial demonstrations and visual validations of the phenomena,

we are at the stage where deeper quantitative investigation is needed for the next steps. I

do not know all the details, but based on the review, I would like to comment on potential

research interests below.

6.1. More biological particles

The question of diffusiophoretic migration of biological matters had existed from early time

of the research area, and the topics evolved to several branches. Diffusiophoresis of bacterial

cells, protein, DNA, RNA, vesicles, etc. under the gradients of simple salt or physiological

electrolytes, finding analogy and differences between diffusiophoresis and chemotaxis, and

diffusiophoretic transport of intracellular macromolecules are all appropriate examples. One
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can ask about nonelectrolyte systems like sugar transport in plants.

Bacterial cells, as discussed in the main text, can undergo both chemotaxis and diffusio-

phoresis, so differentiating two mechanisms of the cell response can be important. The model

formulation may be different for the single-cell migration and collective behaviors. 102,138 Lo-

cal concentration of ions like Na+ or H+ affects flagellar behaviors. Local pH can also affect

physiology of the cells and surface potential, so careful investigation may provide better

insights for unknown cell behaviors. Whether the tendency to show diffusiophoresis help

the run-and-tumble behavior of bacteria or not is unknown. Cell-liquid interaction at the

surface may play an important role in the characterization of the out-of-equilibrium double

layer, by changing both the local liquid properties and cell surface properties.

On the other hand, acknowledging the analogy of chemotaxis and diffusiophoresis can

guide potential directions for studies of diffusiophoresis. Chemical sensing behavior of bac-

terial cells has been investigated in microfluidic systems in various configurations, so similar

approaches can be adopted for diffusiophoresis studies in terms of creating concentration

gradient and detecting the particle motion.

Proteins show pH-dependent surface charge.92 Such property can be studied or used in

the diffusiophoresis context. It has been shown that a pH gradient can generate or affect

the diffusiophoretic motion of particles.46,50,139 Combination of salt gradient and controlled

pH can provide platforms for separation systems. In this case, consideration of the typical

ionic strength of the system can introduce interesting research questions, since slight change

in the H+ concentration can lead to a large change in the pH scale. For example, pH = 6

is achieved only by adding 1 µM of H+ in the aqueous solution, and it means that particles

with their isoelectric points near pH = 7 can show versatile diffusiophoretic responses to a

small change in ionic strength (that includes H+) of the system.
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6.2. More complex geometries

The presence and influences of flow in simple geometries are relatively well understood in

diffusiophoresis studies. Questions may arise for other porous structures with heterogene-

ity,140,141 channels with comparable size with the particles,142 channels with reacting walls

and/or particles, porous particles, soft surfaces,143,144 density-driven flows,145 etc. In gen-

eral, spatial and/or temporal heterogeneity (Figure 22) in the system configuration may

not behave in a linear manner, especially when both diffusiophoresis and diffusioosmosis

Figure 22: (a) T-maze design for choice-making study of chemotactic bacteria. Reproduced with
permission from ref.136 Copyright 2019 Nature Portfolio. (b,c) Interacting beacons and sedimenting
beacon. (b) Reproduced with permission from ref.112 Copyright 2019 American Association for the
Advancement of Science. (c) Reproduced with permission from ref. 85 Copyright 2020 American
Physical Society. (d) Target-delivery using diffusiophoresis in a complex dead-end pore system.
Reproduced with permission from.116 Copyright 2020 American Association for the Advancement
of Science.
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are present. The feature can motivate future studies for understanding the geometrical in-

fluences on diffusiophoresis and diffusioosmosis, and provide design criteria for separation,

targeted delivery, water cleaning, and other practical systems.

6.3. Physicochemical hydrodynamical ingredients combined

The combination of diffusiophoresis (DP), diffusioosmosis (DO), and microfluidics is a very

rich setting for physicochemical hydrodynamics research (Figure 23). Depending on the focus

of the research, the phenomena can be observed as various transformations of one physical

idea – concentration gradient moves particles or fluids.

I learn that this type of problems have system structures that make communications dif-

ficult between theoreticians and experimentalists, because the model considers fluid-surface

interaction within the length scale of λD, which is an invisible, conceptual length scale for

microfluidic experiments. In some situations, theories derived for a single particle may not

explain how the particle is further carried by the flow set up in a channel. Experimentalists

can also get blind about existing physicochemical hydrodynamical phenomena due to the

resolution of the observation.

Figure 23: Schematics showing various elements of diffusiophoresis studies.
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Therefore, such limitations that arise due to the default scale of interest in different com-

munities must be acknowledged. As always, theory does not fully govern the phenomenon,

and being able to suggest applications does not mean that the phenomenon is fully under-

stood. Upon moving forward, communications among research communities is necessary for

deeper understanding of fundamental and practical faces of the phenomenon.
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