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SCIENCE ADVANCES | RESEARCH ARTICLE

APPLIED PHYSICS

A two-step strategy for delivering particles to targets
hidden within microfabricated porous media

Huanshu Tan'#!, Anirudha Banerjee'¥, Nan Shi?, Xiaoyu Tang'$,

Amr Abdel-Fattah?, Todd M. Squires'*

The delivery of small particles into porous environments remains highly challenging because of the low perme-
ability to the fluids that carry these colloids. Even more challenging is that the specific location of targets in the
porous environment usually is not known and cannot be determined from the outside. Here, we demonstrate a
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two-step strategy to deliver suspended colloids to targets that are “hidden” within closed porous media. The first
step serves to automatically convert any hidden targets into soluto-inertial “beacons,” capable of sustaining long-
lived solute outfluxes. The second step introduces the deliverable objects, which are designed to autonomously
migrate against the solute fluxes emitted by the targets, thereby following chemical trails that lead to the target.
Experimental and theoretical demonstrations of the strategy lay out the design elements required for the solute
and the deliverable objects, suggesting routes to delivering colloidal objects to hidden targets in various environ-

ments and technologies.

INTRODUCTION
Transporting colloidal objects to specific locations within porous media
is essential for many applications, including drug or cargo delivery
(1-3), material fabrication (4, 5), oil discovery and recovery (6, 7),
chemical and biochemical sensing (8, 9), and remediation of polluted
soils and groundwater aquifers (10-12). The delivery of small parti-
cles into porous environments remains highly challenging due to the
low permeability to the fluids that carry these colloids (13). Although
suspended colloidal objects can explore porous media via Brownian
motion, this stochastic process is often impractically slow: Particles
with diffusivity D require a time tp ~ L*/D to diffuse a distance L,
meaning that micrometer-diameter particles require nearly 1 month
to migrate just 1 mm by diffusion in water. Alternative mechanisms
have thus been explored to drive particle migration using nonequilibrium
gradients, e.g., surface tension gradients (Marangoni) (14, 15), diffusi-
ophoresis (16), electrophoresis (17), and chemotaxis (18). Non-
equilibrium fluxes have been imposed using gradients of various
salts (19-21), surfactants (22, 23), polymers (24), and enzyme sub-
strates (25) or of field variables like temperature (26), pH (27, 28),
or dissolved gas (29). A variety of particle types have been driven in
this way, including solid particles, droplets, or bubbles (30-32), en-
zymes (25), and cells (33). Although particle delivery by such means
is indeed faster than by diffusion alone, the migration nonetheless
occurs in a manner insensitive to the location (or even presence)
of their intended targets.

In a variety of medical, energy, environmental, and technological
applications, it would be advantageous to deliver particles or droplets
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to specific targets within porous media. Even if the locations of such
targets were known, it would be extremely challenging, or even im-
possible, to deliver particles specifically to them. Further compound-
ing this challenge in most practical situations is the fact that targets
are generally hidden within the media.

Here, we demonstrate a strategy to cause suspended objects to
autonomously migrate toward targets hidden within porous media.
Our strategy builds upon nonequilibrium “soluto-inertial interac-
tions” between “beacons” that slowly release some solute over long
distance and time scales and suspended colloids that migrate diffusio-
phoretically in response to the solute flux (22, 34). In heat transfer,
objects with high heat capacity surrounded by poor heat transfer
media are said to have large thermal inertia because they react slowly
to changes in ambient temperature. By analogy, high-solute capac-
ity objects that are immersed in poor mass transfer environments
have strong soluto-inertia and slowly absorb or release solute in re-
sponse to changes in the surrounding solution.

In the first step of the two-step strategy, the porous media are
exposed to a solute that naturally concentrates within any targets
located within the media. Hidden targets are thereby converted into
soluto-inertial beacons that emit long-ranged and long-lasting chemi-
cal outfluxes when the externally imposed solute is removed. In the
second step, suspended colloidal objects migrate along these chem-
ical outfluxes, which are automatically directed specifically to the
desired targets.

RESULTS

Two-step strategy for target-delivering particles

and experimental verification

Figure 1 illustrates the two-step strategy using a simple model ge-
ometry: a main channel, along which fluid may flow, that branches
off to a micropore containing a “target” at its dead end (Fig. 1A).
The first step (Fig. 1, B and C) is a solute-loading step, in which
target-favorable solute is flowed along the main channel and diffuses
into micropore toward the target (Fig. 1B), ultimately reaching
an equilibrium where the solute is concentrated within the target
(Fig. 1C). The particle delivery step then follows (Fig. 1, D and E).
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Fig. 1. Two-step strategy for targeted colloidal delivery. (A) A micropore branches off from the main channel, which can carry a convective flow. A solute-favorable
medium (target) is placed at the end of the micropore, where it is initially in an equilibrium state. (B) In the first (loading) step, solution is flowed continuously along the
main channel to drive a diffusive influx of solute toward the target until (C) reaching a new equilibrium with a solute-saturated target in the micropore. (D) In the second
(delivery) step, a colloidal suspension is flowed in the main channel, replacing the loading solution, thereby triggering solute outflux from the micropore. (E) The solute
outflux is maintained by the solute-saturated target and drives to a sustained colloidal migration toward the target. The solute-saturated target is converted to a soluto-

inertial “beacon,” emitting solute and thus attracting colloidal migration.

In this second step, the colloidal suspension is flowed through the
main channel, removing the solute at the mouth of the micropore
and initiating a diffusive outflux of solute that is sustained by the
soluto-inertial target (Fig. 1D). The suspended particles then migrate
up this solute gradient—e.g., by soluto-capillary or diffusiophoresis—
naturally following the chemical flux to ultimately reach the target
(Fig. 1E).

We demonstrate this two-step strategy with microfluidic devices
with a simple T design—a main channel (width, 450 um; height, 20 um)
connected to a straight subchannel acting as a micropore (length,
L =1500 um; width, 150 pm; height, 20 pm), as illustrated in Fig. 2A. A
polyethelene glycol diacrylate (PEG-DA) target (length, Lt = 300 um)
was photopolymerized at the end of the micropore. Initially, the en-
tire channel system was filled with water (see the Supplementary
Materials). During the target-loading step, a 600 mm butanol solu-
tion, under its solubility of 850 mwm, was flowed through the main
pore before switching the flow in the main channel from the butanol
solution to a suspension of silicon oil drops (mean radius, 2.2 um;
SD, 0.8 um) and initiating the particle delivery step. Butanol diffuses
out of the micropore and is convected away by the main channel
flow; the butanol flux is maintained by the soluto-inertial release

Tan et al., Sci. Adv. 2021; 7 : eabh0638 13 August 2021

from the PEG-DA target. The silicon oil drops migrate up butanol
gradients toward the target (movie S1), as surface tension gradients
along the drop surface drive soluto-capillary flows: The drop inter-
face is pulled from the pole with highest butanol concentration (and
therefore lowest surface tension) toward the opposite pole, drag-
ging fluid with it, which causes the drop to move (14, 15). Droplet
path lines with colors coded by time in Fig. 2B show clear, directed
migration toward the target, during the first 10 min (left) and even
after 3 hours (right).

Figure 2 (C to E) shows control experiments that verify the two-
step strategy works as intended. For example, solute loaded into a
micropore requires some time to unload, even if that micropore con-
tains no target to sustain the solute outflux. One would then expect
particles to migrate into the empty micropore, against the solute flux,
during the conventional diffusion time scale but not over the longer
soluto-inertial time scale. Figure 2C confirms this expectation—after
an “empty” micropore is loaded with a solute-loading step, droplets
initially migrate into the micropore but stop long before reaching
the end of the micropore (movie S2). This stands in contrast with
Fig. 2B, where the loaded target sustains the butanol gradient over
the much longer soluto-inertial time, continually attracting droplets
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Fig. 2. Enhanced and prolonged colloidal migration toward a target. (A) Polyethelene glycol diacrylate (PEG-DA) target is photopolymerized within a micropore to
demonstrate the two-step targeted delivery strategy. Colloidal path lines along the main channel confirm no convective delivery along the micropore. (B to E) Chrono-
photographic pictures of silicone oil droplets (mean radius, 2.2 um; SD, 0.8 um), color-coded by time, display their locomotion during 10-min intervals: (left) immediately
after the start of the delivery step and (right) following 3 hours of particle delivery. (B) The full two-step delivery system (a 3-hour solute-loading step with 600 mm
butanol solution) drives sustained colloidal motion toward the target even after 3 hours (movie S1). (C) Particles initially migrate into a target-free pore preloaded with
600 mm butanol solution. However, droplets stop well before reaching the end of the pore, and so no directed motion after 3 hours (movie S2) (D) occurs. With neither
target nor preloading, colloids simply diffuse around the pore mouth. (E) Nonloaded targets do not attract colloidal migration (movie S3). In the last column, the zoom-in

images at 3 hours highlight the enhanced and prolonged colloidal locomotions in case (B).

even after several hours. To confirm that the initial delivery of par-
ticles into the empty micropore is driven by the transient outflux of
solute, Fig. 2D shows the particle delivery step without any solute-
loading step. Brownian motion, rather than directed migration, is
observed. Last, a third control experiment tests the possibility that
the target itself might leach out some solute that drives the colloidal
migration, rather than the butanol that was intentionally preloaded
during the first step. Figure 2E excludes that possibility, showing a
micropore that contains a target, for which no solute-loading step was
applied; instead, only droplet suspension was flowed along the main
channel. The fact that only Brownian motion is observed (movie S3),
confirms that solute must be loaded for directed delivery of particles.

Theoretical foundation

Having experimentally demonstrated the two-step strategy, we now
develop a theoretical framework for its quantitative understanding.
We analyze a model geometry (Fig. 3A) based on the experiments of
Fig. 2 and focus specifically on a micropore of total length L, con-
taining a target of length Lt = 0.1L at the end of a pore of length Lg =
0.9L. Solute concentration Cs diffuses with diffusivity Ds along the
pore, obeying the one-dimensional diffusion equation Cs = DsC§
between 0 < x < Lg, and target solute Cr to diffuse with diffusivity
Dr within the target, between Lg < x < L. At the solution/target

Tan et al., Sci. Adv. 2021; 7 : eabh0638 13 August 2021

boundary (x = Lg), solute fluxes must balance (Ds C§ = D1 Cr), and
solution and target concentrations obey contact equilibrium—here
assumed via a partition coefficient Cr = PCs. A no-flux boundary
condition C'(L) = 0 prevents solute from leaving the dead end of the
micropore. The pore is initially devoid of solute, and then solute-
loading step is initiated when the concentration at the micropore
mouth is raised to loading concentration Cg.

Figure 3A (movie S4) shows finite-difference calculations of the
solute concentrations under mild partitioning (P = 3), showing solute
approaching steady state Cp = 3Cs over a time scale approximately
three times longer than the time scale L%/ Ds for solute to diffuse
through an empty micropore, as discussed below. Likewise, the particle
delivery step, initiated by removing solute at the micropore mouth
[Cs(0, t) = 0], shows a solute outflux from the target that is sustained
for a comparable time (movie S5).

The solute absorbed by the target and the time required to do so
both increase in direct proportion to the partition coefficient P, shown
in Fig. 3B, with analogous results for the particle delivery (target
releasing) step. The solute concentration gradient, which is respon-
sible for driving particle migration, also persists over a time scale
proportional to P, as evident from Fig. 3C.

These qualitative and quantitative features can be captured by a
simple scaling argument. The computations in Fig. 3 reveal the shape
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Fig. 3. Diffusion dynamics of the two-step strategy. (A) Simulation of the diffusi

on process in the micropore shows the evolution of concentration field both in the

solution and target media (movies S4 and S5). The target-to-micropore length ratio is 0.1, and the target-to-solution partition constant P is 3 (see the Supplementary

Materials). Underlines indicate nondimensional variables. Cs and Cy are scaled by the

loading solution concentration Cg, x by the micropore length L, and t by the diffusion

time scale L%/Ds. RO, region of interest. (B) In the solute-loading step, the total absorbed solute A = [;7Crdx, scaled by ILT C; dx, grows with partition constant P, as does the
loading time. (C) During the solute-releasing step, the mean solute concentration gradient ( V Cs), scaled by C5/Ls, persists longer as Pincreases. The inset is in a log-linear

space. Dashed lines represent the quasi-steady approximation (Eq. 2). (D) Experime|
ROl 'in (A). (E to G) Datasets in a log-linear space separately. The green data: Butanol
and Ls = 1.2 mm, Ly = 300 um, Xgo; = 110 um. The purple data: SDS is solute and Ls =
quasi-steady approximation. Error bars represent SDs (fitting details refer to see the

of the concentration profiles to remain approximately linear in the
micropore and approximately constant in the target (Fig. 3A), even
as the magnitudes of these profiles grow or decrease. Such behavior
motivates a quasi-steady approximation to the fully transient diffu-
sive processes in the two media. The solute concentration in the
micropore is approximated with a uniform gradient Cs = Cg + (Cg
(r)-C g )x/Ls, where C ‘S(t) is the solution concentration at the solu-
tion/target interface, and the target concentration Cr(t) is approxi-
mated as spatially uniform, but time dependent. The diffusive flux
into the target, given by

. ACs Cy(t)-C§
]~ Ds Ax ~ Ds Ls (1)
changes the concentration in the target, via
dcr _  C§-Cs _ PC5-Cr
Irqr = Ps =g = Ds—prg @

Tan et al., Sci. Adv. 2021; 7 : eabh0638 13 August 2021

nts show the exponential decay of the colloidal migration speed averaged over the
is solute and Ls = 1.2 mm, Lt = 300 um, xgo; = 110 um. The orange data: SDS is solute
2.7 mm, Lt =300 um, Xgo; = 360 um. Solid lines represent fits to U = Uge ™ and the
Supplementary Materials).

The latter step relates the two unknown quantities, Cis(t) and Cr(¢),
by the partition coefficient P. Quasi-steady solutions to (Eq. 2) are

Cr(t)= PCY(1 - e ") loading 3)
Cr(t)=PCg e Hras unloading (4)
where
PLgL
s = sl ©)

is the time scale for the target to absorb or release solute.

The quasi-steady approach is based on two basic assumptions.
First, the assumed uniformity of the target concentration requires
that the time scale 1 ~ L%/ Dr for the target concentration to reach
quasi-steady state is much faster than for the solute in the micropore,
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15 ~ L§/Ds—constraining the target to be small enough (Ls >
Lp~Ds/Dr). Second, the concentration profile within the micropore
must reach a quasi-steady state much more quickly than the quasi-
steady time scale 1qs, which constrains the partition coefficient to
be large enough: P > Lg/L. Dashed lines in Fig. 3 (B and C) com-
pare the quasi-steady expression (Eq. 2) with numerical computations
for Lg/Lt = 9, revealing excellent agreement when P >> 9, moderate
agreement when P ~ 9, and poor agreement when P = 1.

The discussion to this point has focused on the behavior of the
solute: The first step loads the target with solute and effectively con-
verts it into a soluto-inertial beacon. During the particle delivery step,
the solute-loaded target sustains a solute outflux directed from the
target toward the mouth of the micropore. The delivery process re-
quires particles to migrate up solute gradients against the solute out-
flux maintained by the target. Suspended particles, molecules, and
droplets are known to migrate in response to solute gradients through
various mechanisms, including diffusiophoresis (14, 16, 35-37),
thermophoresis (38), thermocapillary (31), and soluto-capillary mi-
gration (15, 39). The present experiments deliver silicon oil drops to
targets using soluto-capillary migration: The solute is surface active
on the oil/water interface, so that solute gradients cause surface tension
gradients along the droplet surface, driving a surface flow along the
droplet that propels it up the surfactant gradient. Theories for soluto-
capillary migration (15, 39, 40) generally predict droplet migration
speed to be proportional to the solute gradient via U = DV Cs,
where Dy is the soluto-capillary mobility of the droplet.

Particle delivery velocities U are expected to decay over time in
the same way that the solute gradients do. Quasi-steady arguments
(Eq. 4) predict the gradient VCs ~ Cr(t)/Lg (and therefore the drop-
let migration velocity) to decay exponentially over tqs (Eq. 5).

Experiments verify the exponential decay of migrating speed, as
demonstrated in Fig. 3D. In particular, a PEG-DA target at the dead
end of a pore emits a solute (butanol) that had been loaded during
the first step; this butanol flux attracts silicon oil droplets from the
main channel whose speed decays exponentially with a measured time
Tqs = 22 + 3 min (green data). The two-step strategy is not limited
to butanol: The purple and orange datasets show droplet migration
velocities driven by gradients of the anionic surfactant SDS, which
loads into the PEG-DA target medium (22, 41) and is surface active
at the water—silicon oil interface (42). SDS was loaded at a concen-
tration C§ = 7.5 mm under the critical micelle concentration. The
orange dataset, with velocity decay time tqs = 62 + 10 min, was taken
in the standard micropore geometry (Lg = 1.2 mm, Lt = 300 pm),
whereas the purple dataset (tqs = 176 + 24min) was measured in a
longer channel (Lg = 2.7 mm, Lt = 300 um). The quasi-steady time
scale (Eq. 5) predicts the velocity decay time scale in these two ge-
ometries to differ by a factor 2.7/1.2 = 2.25, which compares favor-
ably with the measured ratio 176/62 ~ 2.84, further confirming the
mechanism that we have outlined for the two-step strategy.

Targeted transport in a branch network

Last, we turn to more complicated porous geometries to demonstrate
that the two-step strategy specifically and rapidly delivers particles
to hidden targets. Particularly, Fig. 4 replaces the simple, straight
micropore of Fig. 2 with a hierarchically branched micropore net-
work, i.e., a microfabricated porous media. Particles driven into this
pore are faced with multiple equivalent paths, only one of which leads
to the target. Six identical dead ends terminate the model pore:
PEG-DA target is placed in one, a decane “antitarget” [for which the

Tan et al., Sci. Adv. 2021; 7 : eabh0638 13 August 2021

butanol partition coefficient P = 0.16 (43)] is placed in another, and
the remaining four are left empty. Notably, the 3.3-mm distance be-
tween the main channel and the target implies that 1-um particles
would require more than 8 months reaching the target by diffusion alone!

We implemented the two-step procedure with the same material
system as shown in Fig. 2B: butanol as the solute, PEG-DA as the
target, and silicon oil droplets as the deliverable. The solute-loading
time is estimated to be approximately 24 hours from the simulation
(see the Supplementary Materials), so the solute-loading step was
maintained for 32 hours, after which the particle-loading step was
initiated.

Figure 4A shows chronophotographic images of the colloidal drop-
let migration during three different quarter hours: the first 15 min
of the particle delivery step (left), after 5 hours (middle), and after
10 hours (right) (refer to movie S6). Droplets migrate more than
1 mm during the first 15 min of the delivery step—but not far enough
to reach the first branch. After 5 hours, by contrast, droplets have
not only reached the target but are overwhelmingly making the cor-
rect “choices” to reach the target. Particles continue to migrate toward
the target even after 10 hours. Those few droplets that make the “wrong”
choice at the first branch (due to the initial transient outflux, analo-
gous to Fig. 2C) ultimately exhibit simple Brownian motion, rather
than any directed migration. Droplets are driven only toward the hidden
target—not toward the antitarget nor toward the empty dead ends.

Numerical computations of diffusive solute dynamics in an anal-
ogous branched network (Fig. 4B and movies S7 to S9) provide ad-
ditional insight into the experimental results. Computational details
can be found in the Supplementary Materials; in particular, the par-
tition coefficient for the target P = 10 was chosen just for illustrative
purpose. Figure 4C shows concentration fields after 10 hours (note
different scales for the solution, target, and antitarget). Arrows indi-
cate the route with the highest solute gradient, which is taken by the
colloids in the experiments (Fig. 4A). Normalized solute distribu-
tions along different branches are compared in Fig. 4 (D and E): The
steep rise in solute concentration in secondary branch C,,, compared
to Cyy, is responsible for the preferential migration around Cj,
whereas the slight gradient along C;; does attract some particles.
The difference is starker among tertiary branches: The branch Cj,;3
leading to the target has the strongest solute gradient, whereas min-
imal solute gradients persist in the other tertiary branches, whether
leading to the antitarget (Cy;3) or to an empty dead end. The con-
centration in branches Ci,; and Cyy; is set by the branch point C;2;
and is therefore uniformly higher than the other three, Cy11, Ci12,
and C;;3. Notably, the gradients within each of the nontarget branches
are essentially identical and negligible, and the gradient within the
antitarget branch is even weaker because of the reduced solute stor-
age in the antitarget (P = 0.16). The relative flux of particles into
each branch is set by the relative strength of the gradients in those
branches, which are established within the first hour of the target-
releasing step (Fig. 4F).

DISCUSSION

We have demonstrated a two-step strategy that automatically delivers
colloidal particles to targets hidden within porous media. Notably,
this strategy requires no knowledge of where the targets are located:
In the first step, a solute is introduced from outside and simply dif-
fuses into the porous media. Whenever that solute encounters target
materials—wherever they happen to be located—thermodynamic
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Fig. 4. Targeted delivery to a target hidden within a microchannel branching network. (A) A branched network consists of six identical dead-end pores, of which one
contains a PEG-DA target and one contains a decane antitarget. Following a 30-hour butanol-loading step, chronophotographs of the network highlight colloidal migra-
tion during 15-min intervals following 0, 5, and 10 hours of the particle delivery step. Particles are delivered specifically to the target instead of the antitarget or empty
pores (movie S$6). Zoomed images highlight the persistent, directed migration after 10 hours in channels 1 and 2 on the path to the target versus Brownian motion alone
in channel 3 off the target path. (B) Network of one-dimensional pores in a diffusion computation, where P = 10 for the target and P = 0.16 for the antitarget. (C) Simulated
solute distribution in the network at 10 hours (movie S8). Orange arrows indicate the maximum gradient route consistent with the experimental demonstration. (D and
E) Concentration comparisons among the same level segments confirm the maximum-gradient route. (F) Concentrations at two boxed junctions in (C) show the relative
strength of the gradients in the two options, directing the colloids down the target path (movie S9).

forces drive the solute to concentrate within the target. This effectively
converts the target into a soluto-inertial beacon, which initiates and
maintains a long-lived solute outflux during the second step, when
the loading solution is replaced with the colloidal dispersion. Not
only do particles reach the targets orders of magnitude more quickly
than by diffusion alone but also they are directed along paths that
lead specifically to targets.

Tan et al., Sci. Adv. 2021; 7 : eabh0638 13 August 2021

The two-step strategy requires three key elements—the target,
the mediating solute, and the particles to be delivered—all of which
must work together as a system. Given a target, a solute must be
chosen to concentrate within the target and therefore convert it to
an soluto-inertial beacon (22). This propensity to load into the tar-
get may occur because of a high partition coefficient (43), a strong
adsorption or association constant, or some other basis (22, 44).
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Last, deliverable particles—whether droplets, colloids, solid nanopar-
ticles or fines, cells, proteins, viruses, vesicles or capsules—must be
chosen that migrate in response to these solute fluxes, e.g., via diffusio-
phoresis, soluto-capillary, or some other mechanism (19, 20, 22, 28, 30, 45).

There is considerable flexibility in achieving the conditions re-
quired for the two-step strategy, and therefore, the design space seems
quite broad for targeted delivery in various environments, applica-
tions, and technologies. The two-step strategy holds obvious advan-
tages for applications where the target property is known, whereas
its position is unknown, for example, in delivering payloads to oil
trapped in tight or dead-end pores or in detecting chemical leaks (8, 9).

Another possibility involves “rechargeable” materials, where tar-
gets are embedded in a porous matrix and serve as a deposit site. In
this class of applications, particles [e.g., degradable polymeric micro-
gels for drug delivery (1-3)] could be periodically introduced from
the outside and delivered via the two-step strategy, thus providing a
route to sustaining the potency of the loaded matrix particles. Be-
cause diffusiophoresis can drive particles up or down electrolyte
gradients (46), depending on the relative strength and directions of
the chemiphoretic and electro-diffusiophoretic contributions, it
may be possible to deliver particles to targets and then to later re-
cover them, for example, as a chemical or environmental diagnos-
tic record.

As a third possibility, one could envision a system in which physico-
chemically distinct targets are embedded within a matrix, each of
which prefers a different solute. In this way, particles could be driven
to migrate from location to location through the serial application
of distinct solvents, offering previously unidentified capabilities for
nanoparticle assembly and manipulation.

The two-step strategy established and demonstrated here suggests
fundamentally new capabilities for a broad spectrum of technologies.
Given the variety of ways in which deliverable particles, solutes, and
targets may meet the core requirements, the two-step strategy promises
for fundamentally new technologies.

MATERIALS AND METHODS

Sample preparation

The silicone oil colloidal suspension was prepared by first adding
20 wl of silicone oil (20 cSt; Sigma-Aldrich) to 10 ml of deionized water
and then having the solution vortexed for 20 min. The probability
density function of the colloidal particle size has a normal distribu-
tion with a mean of 2.2 pm and an SD of 0.8 um, which was calcu-
lated by imaging analyses. Stock aqueous solutions of n-butanol
(99.4%; APC Pure) and SDS (Sigma-Aldrich) were prepared and
diluted according to the experimental requirements.

Given a ~ 10 °m-radius drops of silicon oil (Ap ~ 10 kg/m’ and
viscosity ratio A ~ 20), the Stokes rise velocity Uj, ~ 2a2Apg/ (9u) ~
0.1 pm/s and diffusivity D ~ kgT/(6mn,a) ~ 1 um?/s. Consequently,
diffusion overwhelms gravitational rise over distances within tens
of micrometers from the top of the channel. Because channels are
20 um tall, we do not expect strong gravitational effects.

Channel fabrication

The microchannel devices used in this work were made by ultravio-
let (UV)-curable epoxy (NOA 81, Norland Products). This material
has excellent chemical resistance to organic solvents, is imperme-
able to air and water vapor, and is less prone to swelling upon con-
tact with fluids (47, 48). All the channels in this work are 20 pm thick.

Tan et al., Sci. Adv. 2021; 7 : eabh0638 13 August 2021

We designed microchannels with AutoCAD software. The design
sketch is given in the Supplementary Materials. Photomasks were
printed into a high-resolution emulsion film (20,000 dots per inch;
CAD/Art Services Inc.). We performed standard soft lithography
procedures with the photomasks in a cleanroom environment. We
spin-coated a Si wafer with a negative photoresist (SU-8). A UV light
exposure through a photomask and a subsequent chemical development
produced a SU-8 master wafer, where the microstructures were down.
We then performed a hydrophobic coating on the master wafer with
1H,1H,2H,2H-perfluorododecyltrichlorosilane (>97%; Sigma-
Aldrich) to increase its lifetime. In the next polymer molding step,
we used the SU-8 master wafer to cast the microstructure into PDMS
(polydimethylsiloxane; Sylgard 184; Dow Corning). We degassed
the sample for 1 hour and then cured the sample at 80°C for 6 hours.
Then, we peeled the cured PDMS off the wafer and produced a
PDMS master wafer, where the microstructures were up. In the last
step, we applied the microfluidic sticker technique (47, 48) to cast
the microstructure from the PDMS master wafer into UV-curable
epoxy (NOASI, Norland Products). A glass cover slide (25 mm by
75 mm; Thermo Fisher Scientific) was used to seal the device with
holes drilled to provide access for inlet and outlet tubing. A PDMS
holder was ozone-bonded to the cover slide to provide support for
inlet and outlet pins and tubings. The device was then baked at 80°C
for at least 6 hours to strengthen bonding.

To have an artificial micropore with a PEG-DA target placed within,
we have developed an approach by integrating the technique of UV
polymerization of hydrogels in situ (49). We have developed a different
method to artificially place a decane (=99%; Sigma-Aldrich) tar-
get within a branching microchannel network filled with water. A
description of the procedure is in the Supplementary Materials.

Experimental setup and methods

Experiments were performed using an inverted microscope (TE2000U;
Nikon), and different objectives were used as required. A mono-
chrome camera (MQ013MG-ON; Ximea) was attached to the mi-
croscope to record the experiments. To avoid contaminants in the
experiment, we used the dark-field technique, instead of the fluo-
rescent technique, to observe the colloids in the channel. A pro-
grammable syringe pump (NE-1000; New Era) was used to control
the flow rate of the solution in the main channel. All the experi-
ments were performed at room temperature around 22°C without a
specific control. A optical calibration target was first used to cali-
brate the microscope and camera. Then, we fixed the device on the
microscope stage and moved the microscope slide around to have
both the micropore and a reference structure in the field of view.
Then, we used the syringe pump to flow the solution of butanol or
SDS though the main channel at a flow rate of 0.03 ul/min for the
first target-loading step. To have the fluid system reaching a new
equilibrium state, we set the loading time according to a simulation
calculation (=3 hours for a 1.5-mm-deep micropore device). After that,
we started the recording with the camera first and then changed the
pumping fluids to the colloidal suspension. The flow rate was also
set to 0.03 ul/min.

To measure migration speeds, we recorded the colloidal migra-
tion at a fixed region of interest and performed both micro-Particle
Image Velocimetry (micro-PIV) and Particle Tracking Velocimetry
(PTV) calculation with the recorded images. We used a custom
MATLAB code to analysis the data. A description of the procedure
is in the Supplementary Materials.
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Simulation methods

We assume that the diffusion process in the two steps is a one-
dimensional two-medium dilute diffusion problem. We use finite-
difference methods to solve the defined problem. To simulate the
diffusion dynamics in a branching microchannel network, we con-
sider the mass conservation at each branch intersection and solve
the concentration field within each segment as a one-dimensional
diffusion process problem. A description of the simulation imple-
mentation and the corresponding parameters are in the Supple-
mentary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/33/eabh0638/DC1
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