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The controlled transport of colloids in dead-end structures is a key capability that can enable a
wide range of applications, such as bio-chemical analysis, drug delivery and underground oil recovery.
This letter presents a new trapping mechanism that allows the fast (i.e., within a few minutes) and
reversible accumulation of sub-micron particles within dead-end micro-grooves by means of parallel
streams with different salinity level. For the first time, particle focusing in dead-end structures is
achieved under steady-state gradients. Confocal microscopy analysis and numerical investigations
show that the particles are trapped at a flow recirculation region within the grooves due to a
combination of diffusiophoresis transport and hydrodynamic effects. Counterintuitively, the particle
velocity at the focusing point is not vanishing and, hence, the particles are continuously transported
in and out of the focusing point. The accumulation process is also reversible and one can cyclically
trap and release the colloids by controlling the salt concentration of the streams via a flow switching

valve.

Particle transport in confined structures plays an im-
portant role in several technological applications, includ-
ing drug delivery, diagnostics, enhanced oil recovery, par-
ticle separation and filtration technologies. Nevertheless,
the implementation of an effective strategy for control-
ling the motion of colloidal particles within a confined
environment, such as a dead-end channel or a porous
medium, is still a challenging and thought-provoking
task. In recent years, an increasing number of studies
have exploited the motion of particles and liquids induced
by solute concentration gradients — the so-called diffu-
siophoresis (DP) and diffusioosmosis (DO) phenomena
— to enable particle manipulation capabilities, such as
delivery to/extraction from dead-end pores [1-3], par-
ticle focusing [4-8] and separation [9-11]. In DP with
electrolytes, the motion of a particle is driven by a solute
concentration gradient Vc and the resulting particle ve-
locity can be expressed as upp = I'pp V In ¢, with the DP
coefficient I',p being a function of the particle and solu-
tion properties [12]. Externally applied unsteady solute
gradients have been adopted to boost the otherwise slow
and diffusion-limited migration of nano-/micro-particles
within dead-end structures [1-3]. However, due to the
transient nature of the imposed gradients, the particle
and flow manipulation capabilities are lost within a short
period of time (typically, few tens of minutes). The abil-
ity to generate a steady-state solute gradient within dead-
end structures and, hence, retain indefinitely the parti-
cle manipulation capability has yet to be achieved. On
the other hand, steady-state solute gradients have been
used to accumulate colloids in target locations within mi-
crofluidic chambers and open-ended microchannels. For

instance, steady-state gradients of chemically reactive
solutes [6] can induce particle focusing at the location
where upp = 0. Alternatively, particle focusing can be
achieved also by counteracting the DP particle migration
with a hydrodynamic flow, u, that advects the particles
in the opposite direction [7, 8, 11]. As a result, particle
accumulation occurs at the regions where the particle’s
total velocity, up, = u + upp, vanishes. For sub-micron
particles, however, their slow Brownian diffusion cannot
compete with the particle velocity u, and, thus, the par-
ticle concentration increases indefinitely until the packing
limit is reached and the microchannels are irreversibly
clogged [7].

Here, we report a new focusing mechanism through
which sub-micron particles can be rapidly and reversibly
accumulated within dead-end structures (microgrooves)
by means of a steady-state gradient. In contrast with
other focusing strategies, a steady-state particle distri-
bution is achieved within a few minutes meanwhile the
concentration peak remains well below the packing limit,
thereby avoiding irreversible effects such as particle clus-
tering and device clogging. The particle accumulation
process is hence fully reversible and colloids can be trans-
ported into and out of the grooves multiple times by
switching between different flow streams.

To create a steady-state solute gradient, parallel flows
are injected into a W-shaped microchannel, made of
an optical adhesive (NOA81) glued on top of a sili-
con substrate with transverse microgrooves, as schemat-
ically shown in Fig. 1(a) — see Supplementary Informa-
tion (SI) for details on the device fabrication [13]. A
total of 1250 grooves are evenly distributed along the
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FIG. 1. Solute-induced particle trapping in microgrooves under steady-state conditions. (a, b) Schematics of top and side
view of the device and corresponding fluorescence micrographs of three grooves located at 4 mm from the junction without
solute contrast. Outer flow: LiCl in DI water at low concentration, ¢, = 0.1 mM. Inner flow: colloids (215 nm in diameter
@ 0.025% v/v) + LiCl in DI water at low concentration c;. (¢, d) Schematics and micrographs as in panels (a) and (b) with
solute contrast. Outer flow: LiCl in DI water at high concentration, ¢y = 10 mM. Inner flow: colloids + LiCl in DI water at
low concentration, c¢r. Red arrows show the direction of the salt gradient. White dashed lines represent channel boundaries
and groove edges. Channel size: width w = 400 pm, depth h = 57 pm. Groove size: thickness 7" = 8 pm, depth H = 45 jm,
pitch L = 32 pm. In (a) and (c), fluorescence intensities are averaged along the channel depth direction y, whereas in (b) and
(d) intensities are averaged over the width direction z. The same color scale applies to all micrographs. Blue and red rectangles
show the integration windows over which the particle concentration profiles in Fig.2 are calculated.

4 cm length of the device. The inner flow is a sus-
pension of carboxylate polystyrene fluorescent colloids
(Fluoresbrite® YG, 0.20 pm, Polysciences) at a concen-
tration of ng = 0.025% v/v, dispersed in a water (Ultra-
pure Milli-Q) solution of LiCl (Acros Organics, 99%) at
low concentration, ¢, = 0.1 mM. The outer flow is a LiCl
solution at either low concentration ¢, (Fig. 1la-b) or high
concentration ¢, = 10 mM (Fig. 1lc-d). Both the inner
and outer flow rates are equal to 12.5 pL/min, resulting
in an average speed Uy of 18.3 mm/s. The 3D distribu-
tion of particles in the channel and the grooves is mea-
sured via laser scanning confocal microscopy as detailed
in SI. In the absence of salt contrast, the colloidal parti-
cles hardly penetrate the grooves likely due to steric and
electrokinetic wall-exclusion effects [2, 14], which keep
most of the particles away from the grooved substrate
(Fig. 1b). In presence of a salt contrast, the particles are
expected to migrate towards region at a higher salt con-
centration, since the DP coefficient of the particles, I'yp,
is positive (see SI for the evaluation of I'pp). A higher
salt concentration in the outer flow streams generates a
solute gradient along the channel width direction (z axis)

— see red arrows in Fig. 1(c) — which leads to colloid
spreading along the same direction, as also previously re-
ported in a similar flow configuration [4]. More interest-
ingly, salt gradients arise also along the depth direction
(y axis) — see red arrows in Fig. 1(d) — thereby drag-
ging the particles towards the channel’s top flat wall and
inside the grooves. The y-component of the salt gradient
is originated by the Poiseuille-like velocity profile in the
rectangular channel. Indeed at distances z from the junc-
tion much smaller than Ugh?/Dg ~ 4 cm — with Dy the
salt diffusivity — the salt diffusion process is affected by
the non-uniform velocity profile along the channel depth,
and the width of the salt diffusive zone at the interface
between the inner and outer flows decreases with the dis-
tance from the top and bottom walls [15]. Consequently,
in the inner region of the channel (i.e., |z|/w < 0.5) a
solute gradient directed from the bulk towards the walls
is established. It is worth noting that the DP migra-
tion of charged particles towards the channel walls in a
parallel flow configuration has never been reported be-
fore and it could be exploited as a charge-based parti-
cle focusing/filtration strategy in microdevices with flat
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FIG. 2. Experimental steady-state particle concentration pro-
files along the channel depth without salt gradient (blue curve)
and with salt gradient (red curve), corresponding to the blue
and red integration windows in Fig.1(b) and Fig.1(d), respec-
tively. Ar and Apg are the integral of the profiles within the
groove (y > 0) without and with salt gradient, respectively.
The profile (black curve), predicted by the numerical simula-
tion in presence of salt gradient, is also shown. Inset: trapping
performance of three neighboring grooves, at 4 mm from the
junction, as outer flow is switched from low (¢, = 0.1 mM)
to high (cx = 10 mM) salt concentration.

walls only. Driven by DP, the particles migrate towards
the grooves and accumulate at the groove’s entrance as
shown in Fig. 1(c-d).

Fig. 2 shows the steady-state colloid concentration pro-
files along the depth direction, with salt gradient (red
line) and without salt gradient (blue line), for groove 1
in Fig. 1. The 3D colloid concentration field n(z,y, z)
are calculated from the fluorescence intensity of the con-
focal scan images via a calibration curve (see Fig. S2).
The concentration profiles in Fig. 2 are calculated for
each groove by averaging n(x,y,z) over the z range of
the confocal images (ca. z/w € [—0.2,0.2]) and over
the z range corresponding to the groove thickness T', as
highlighted by the solid rectangles in the side-view micro-
graphs shown in Fig. 1(b,d). As shown in Fig. 2, the salt
contrast between the parallel streams induces the parti-
cle migration from the channel bulk towards the top flat
wall (y — —h) and the groove (y > 0), whereas a slight
decrease of particle concentration in the bulk (n < ng)
is observed. By definition, the area A below the profile
curves for y > 0 (shaded regions) corresponds to the aver-
age particle concentration within the groove, normalized
with respect to ng. The parameter A can be hence used
as a measure of the groove trapping performance. The
inset in Fig. 2 shows the evolution of the trapping per-
formance, A, for the three consecutive grooves shown in
Fig. 1, as the outer flow is switched, at the arbitrary time
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FIG. 3. Experimental (a) and simulated (b) steady-state par-
ticle distribution on a plane perpendicular to the flow di-
rection, corresponding to the red-shaded region in the car-
toon, at 4 mm from the junction and with a solute gradient
(¢z = 0.1 mM and ¢y = 10 mM). Fluorescence intensities (a)
and simulated particle concentration (b) are averaged over the
groove thickness T (along the z axis). The close-ups highlight
one of the two focusing regions near the top flat wall.

t = 1 min, from low (c.) to high (c,) salt concentration
solution by means of a flow switching valve. In few min-
utes, the value of A increases from Ay = 0.022 4 0.002
to Ag = 0.79 £0.03 at steady-state, thereby resulting in
ca. 36 fold increase in the average particle concentration
within the grooves.

To shade light on the mechanisms governing the par-
ticle trapping, a numerical analysis (see SI for details) is
performed in Comsol Multiphysics to simulate the parti-
cle concentration field. The 3D computational domain
consists of a rectangular channel and a single groove
at 4 mm from the junction. A slip velocity, uys =
—I'boVine, with I'po the diffusioosmosis coefficient, is
imposed at the domain walls whereas the velocity of the
particles u,, is defined as the sum of the hydrodynamic
velocity and DP velocity, u, = u + upp. The value of
T'Lo for the channel walls could not be measured so this
parameter is adjusted in order to achieve a good match
between experimental and numerical results (see SI). The
colloid concentration profile along the channel depth pre-
dicted by the numerical simulation —shown as a black
curve in Fig.2 — compares well with the experimental
profile (red curve). The good agreement between ex-
periments and theoretical predictions is confirmed also
by the experimental and simulated particle concentra-
tion field on a plane perpendicular to the flow direction,
shown in Fig.3 (a) and (b), respectively. These cross-
section views show that the salt gradient leads to the
accumulation of particles just below the groove entrance
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FIG. 4. Numerical simulation results. (a) DP velocity in-
tensity and streamlines, and salt concentration isolines at the
same z-y cross section as in Fig. 3. (b) Particle concentration
and streamlines of the particle velocity u, at y-z cross sec-
tion, z/w = 0.03, corresponding to the red-shaded region in
the cartoon. (c) Out-of-plane component of u, at the same
cross section of panel (b). The blue (magenta) solid lines
show the points where the z-component (y-component) of up
vanishes.

as well as the formation of two symmetric and weaker
focusing regions, nearly 0.2w (~ 80 pum) apart from each
other, close the top flat wall (see insets). Indeed, in the
region |z|/w < 0.5, the particles are transported towards
the outer flow as well as the top and bottom walls by
the DP velocity field upp, shown in Fig. 4(a). As antici-
pated, in the channel the salt concentration isolines, also
shown in Fig. 4(a), are bent towards the outer flow due
to the Poiseuille-like hydrodynamic velocity profile. To
clarify why particles accumulate only at the groove en-
trance without traveling further deep, one should look at
the particle distribution together with the streamlines of
the velocity field u, at a cross section perpendicular to
the channel widthwise direction. Fig. 4(b) shows such a
plot for the y-z cross section, z/w = 0.03, where the max-
imum particle concentration is achieved (n,,.,./no =~ 15).
It can be seen that the hydrodynamic field u is character-
ized by a recirculation region at the groove entrance and

a DO-induced flow with opposite direction with respect
to the particle DP velocity, i.e. outwards of the groove.
Therefore, as the particles migrate towards the groove
by DP, they are captured by the closed flow streamlines
in the recirculation region and accumulate at the center
of the recirculation pattern where the in-plane (y and z)
components of u, vanish. However, the DP migration
further down the groove is counteracted by the DO flow
in the opposite direction. Importantly, in the absence of
DO, the particles would still accumulate within the recir-
culation region, but they would also concentrate at the
bottom end of the groove due to DP transport (Fig. S4).
It can be concluded that the observed particle trapping
is due to the combined effects of DP particle migration
and hydrodynamic flow recirculation within the groove.
Despite both DO and Brownian diffusion affects the in-
tensity of the particle concentration peak (i.e., nu../n0),
they are not required to achieve particle trapping at the
groove entrance. Most interestingly, the out-of-plane ()
component of particle velocity, up , at the examined y-
z cross section is non-zero everywhere in the groove, as
shown by Fig. 4(c). Consequently, the particles accu-
mulate at a focusing point where the total particle ve-
locity u,, is non-vanishing and, thus, they are continu-
ously transported in and out of the peak region. The
3D streamlines of the particle velocity field can be seen
in Fig. S3. It is worth noting that u, vanishes at the
center of the flow recirculation at the y-z cross section
x = 0, since up , = 0 due to symmetry. Counterintu-
itively, in the examined system the particle concentra-
tion peak is not achieved at that position despite u, =0
and V - u, < 0. Note that the latter relation is a neces-
sary condition for particle focusing (see derivation in SI),
whereas the former is neither necessary nor sufficient for
focusing to occur.

Our physical interpretation of the trapping mechanism
is validated also by the fact that the simulation predicts a
location of the peak in the particle concentration profile
along the channel depth (Fig.2) at y/H = 0.052, which
agrees very well with the peak location observed in the
experiments (i.e., y/H = 0.051 &+ 0.003). Furthermore,
the trapping efficiency, A = 0.69, in the simulations
compares well with the one calculated from experiments
(A=0.79£0.03).

Upon removal of the salt gradient, the trapping mecha-
nism ceases and the particles can freely diffuse out of the
grooves. Such an effect allows one to control the delivery
and extraction of particles into and from the grooves by
simply adjusting the salinity contrast between the inner
and outer flows. This capability is confirmed by the ex-
perimental results, shown in Fig. 5, where the outer flow
is alternated between two LiCl solutions of ¢, = 0.1 mM
and ¢y = 10 mM. As the flow configuration is cycled be-
tween iso-osmotic (¢ = 0, 20, 40 min) and salt gradient
(t = 10, 30 min) conditions, the colloid concentration
profile and the groove trapping performance change ac-



by
=}

trapping performance, A

| - 0 min
/4 — 2 min
—— 10 min
— 18 min

0.8

©w
o

041 1%cycle 2" cycle

o
o

particle concentration, n/n,
—
=

0.0

-1.0 -0.5 0.0 0.5 1.0
channel depth, y/H

FIG. 5. Reversibility of the particle trapping phenomenon.
Time evolution of particle concentration profiles as the col-
loids are delivered and extracted from the groove by alternat-
ing the outer flow between the LiCl solutions at ¢y = 10 mM
and ¢, = 0.1 mM. Inset: trapping performance of three neigh-
boring grooves during two delivery/extraction cycles.

cordingly over time and return to the initial values at the
end of each cycle.

To conclude, this letter demonstrates a new mecha-
nism for reversible trapping of sub-micron particles in
dead-end geometries under steady-state gradients. The
key ingredients, enabling the fast and steady accumu-
lation of colloids, are the diffusiophoresis migration of
particles along the groove depth direction and the flow
recirculation region below the groove entrance. Also, the
non-vanishing particle velocity in the focusing region pre-
vents sub-micron particles from clustering and perma-
nently clogging the grooves. As a result, the trapping
phenomenon is fully reversible and particles can be cycli-
cally trapped and released. We envisage that the pro-
posed mechanism can unlock new opportunities for the
exploitation of DP transport in soft matter and living sys-
tems for drug delivery, synthetic biology and on-chip di-
agnostics applications. For example, time-controlled se-
quential delivery of multiple drugs within dead-end pores
could be achieved by switching between flow streams
laden with particles having different payloads. On-chip
pre-concentration of extracellular microvesicles and cells,
followed by sample release and off-chip downstream anal-
ysis (e.g. flow cytometry, SEM/TEM) could also be ex-
plored.
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