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ABSTRACT Dead-end micro- and nanoscale channels are ubiquitous in nature and are found in

geological and biological systems subject to frequent disruptions. Achieving fluid flows in them is

not possible through conventional pressure-driven mechanisms. Here we show that chemically
driven convective flows leading to transport in and out of dead-end pores can occur by the
phenomenon of “transient diffusioosmosis”. The advective velocity depends on the presence of an
in situ-generated transient ion gradient and the intrinsic charge on the pore wall. The flows can
reach speeds of 50 «m/s and cause extraction of otherwise-trapped materials. Our results
illustrate that chemical energy, in the form of a transient salt gradient, can be transduced into

Dead-end

mechanical motion with the pore wall acting as the pump. As discussed, the phenomena may

underlie observed transport in many geological and biological systems involving tight or dead-end micro- and nanochannels.
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ransport in dead-end micro- and

nanoscale channels lies at the heart

of many geological and biological
phenomena. As an example, the introduc-
tion of low salinity water into reservoirs, has
been shown to result in the enhanced re-
covery of oil stuck inside dead-end geolo-
gical channels."? Salt diffusion across these
channels appears to be critical for the re-
covery process.? Disturbances in the earth's
crust, caused from earthquakes or drilling,
have also been found to generate flows
across cracks and fissures and have been
correlated with the simultaneous observa-
tion of spontaneous electric potentials
(SP).*~7 In biology, transport in dead-end
pores has been implicated in extra-cellular
diffusion in brain tissue® and intratissue
diffusion of water and biomolecules in
muscles.’

Transport in dead-end pores through
conventional pressure-driven flow is not
possible.'®~ "3 Electric fields can cause flows
in channels,"~"7 but in remote regions it is
difficult to apply an external electric field.
Designing conditions for chemically in-
duced transport and fluid flow'®'® has been
challenging. However, the presence of elec-
trolyte gradients (analogous to thermal
gradients?®) in the systems discussed sug-
gests the critical role of electrokinetics, and
specifically diffusioosmosis,®' ~2* in driving
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flows in such geometries. Here we address
the question: Is it possible to harness the
presence of salt gradients to drive transport
of materials both into and out of such pores?
Experimentally, we find ion gradients can
simultaneously move material in opposite
directions in a cul-desac facilitating ex-
change of materials. Further, our electroki-
netic model allows quantitative predictions
that agree with these experimental obser-
vations.

RESULTS AND DISCUSSION

To simulate flows in a laboratory setting, a
series of systematic experiments were per-
formed with dead-end pores made of glass
capillaries (Figure 1A, Supporting Informa-
tion, Figure S1). We studied transient dif-
fusioosmotic flows (TDOFs) that resulted
from imposed salt gradients. To mimic nat-
ural systems, our salt gradients were time-
dependent? and arose from both diffusion
and convection of ionic species. The gra-
dients give rise to spontaneous electric
fields (E, eq 1) that generate transport
near a charged surface or of charged par-
ticles.226-29

_kTD. —D_Vn 0
a Ze D+ +D7 n

Here, k is Boltzmann's constant, T is tem-
perature, e is the proton charge, Z is the
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Figure 1. Particle transport and exchange of material into
and out of dead-end pores due to TDOFs. (A) Experimental
setup used to study transport rates of sPSL beads in dead-
end pores. Experiments involved a simple vertical sink-
reservoir model, containing a smaller capillary that serves
as the salt reservoir, within a larger capillary containing only
DI water. The solid black arrow indicates the direction of
material transport and the black dashed line gives the
E-field in the system. Direct visualization of material trans-
port in these dead-end pores was done near the opening of
the inner capillary (red open box). (B) The beads were
transported upward against gravity both in the center and
along the wall of the dead-end pore. Quantitative predic-
tions of tracer speeds from electrokinetic modeling
(represented by the curves), at different distances (x) into
the dead-end pore are compared with experimental results
(represented by open and closed circles) at t = 200 s. {, =
—101 mV and §,, = —65 mV. (C) Bottom: 4.0 um red sPSL
beads show diffusiophoretic transport toward the high salt
regime both at the center and along the walls. Top: 2.0 um
green amine-functionalized PSL beads shows diffusio-
phoretic transport along the wall toward the sink whereas
in the center, they move toward the dead-end region
containing salt (toward left). (D) Upon adding red sPSL
beads in the outside capillary and green amine-functiona-
lized PSL beads in the inside capillary, exchange of material
was observed. Near to the side walls of the dead-end pore
(inner capillary), the green amine-functionalized PSL beads,
initially inside, move toward the sink and eventually out of
the pore, whereas the red sPSL beads, initially outside,
move in and, eventually, fill up the entire inner capillary.

valence of a symmetric Z:Z electrolyte, n is the local salt
concentration, and D, and D_ are the diffusion coeffi-
cients of the cation and the anion, respectively. At low
salt concentrations where the classic electrokinetic
theories hold,*® the magnitude of this electric field
depends on the difference in diffusion coefficients of
the ions and the length over which the gradient is set
up. The magnitudes of E can be as high as several V/cm.
Aside from the E-field generated in the system that
induces fluid and particle motion, double layer polar-
ization due to chemical gradient (usually called
chemiphoresis?®3') can also generate transport.
The chemiphoretic contribution to transport rates is
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typically small; however, for completeness we have
chosen to include it in our modeling. We explored the
above phenomena experimentally using tracer parti-
cles (negatively charged polystyrene latex (PSL) beads
with diameters of 4 and 2 um) and oil emulsions. The
4 um PSL beads were sulfate functionalized (referred to
as sPSL beads), whereas the 2 um PSL beads were
amine functionalized. The ion gradients were pro-
duced by setting up a source and sink for our salt using
concentric square capillaries, each closed at one end.
Specifically, this involved a 20 mm x 0.20 mm capillary
placed inside another 50 mm x 0.90 mm capillary (see
Supporting Information, Figure S1). Typically the inner
capillary was the source (higher salt concentration) and
the outer one the sink (lower salt concentration or even
deionized water). The tracers were added to the outer
capillary. Details are available in the methods section. A
vertical arrangement of the capillaries allowed us to
avoid density-driven convective flows (see Supporting
Information, Figure S2) in the system. While electro-
kinetic flows exhibit a nearly plug-flow profile in open
channels, we observed a parabolic flow since our
capillaries are closed at opposite ends, causing a
pressure-driven back flow.

The E-field generated due to the salt gradient results
in an electroosmotic fluid flow near the wall and a
concurrent electrophoretic migration of the tracers
(Supporting Information, Video S1) that is independent
of electroosmotic flow.327>* The net observed trans-
port rate is a combination of these two effects (see eq 2
and Supporting Information). Knowing E-field, the
speeds of the tracers in the system can be predicted
quantitatively, and by strategic placement in a salt
gradient, we can control their movement toward or
away from the salt-rich region. There are three critical
parameters controlling the motion: (1) a finite differ-
ence in diffusivities of the two ions present in the salt
(D, — D_), (2) a finite surface potential, given by the
zeta potential ¢, and (3) an electrolyte concentration
gradient, Vn. Precise control of these parameters can
lead to a quantitative exchange of material across
dead-end pores.

The speeds of the sPSL beads were analyzed using
video microscopy in the xy plane with center of
capillary at z = 0 (Figure 1A). In our experiments the
E-field is directed from high to low NaCl concentrations
(i.e., along the negative direction of the x-axis). This is
readily seen from eq 1, since Dy, = 1.334 x 10~ ° m?%/s
and D¢ = 2.032 x 1072 m?%/s. The initial speed we
measured, up to 55 um/s, was large close to the mouth
of the dead-end-capillary and decreased with time and
distance as the beads are transported into the smaller
capillary. In Figure 1C, the less negative amine-functio-
nalized PSL beads (green), in 10 mM NaCl have a
zeta potential ({, ~ —22 mV) lower than that of the
wall (G, &~ —55 mV), whereas the sPSL beads (red) have
a higher zeta potential (, ~# —100 mV) compared to
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that of wall (¢,). Thus, the purely electrophoretic
migration velocity for the green amine-functionalized
PSL beads is less than that for red sPSL beads, with the
magnitude of electroosmotic velocity near the wall
lying in between the two. Hence, electroosmosis dom-
inates in the former while electrophoretic migration
controls net motion in the latter. As a result, for sPSL
beads, the net movement is toward the higher salt
regime, both along the wall and in the center (i.e., in the
direction of the dead-end) (Supporting Information,
Video S2), while the amine-functionalized PSL tracers
move toward the sink along the wall of the capillary
and toward the higher salt concentration in the center
(Supporting Information, Video S3). When combined in
one setup, with the amine-functionalized PSL beads
inside the dead-end inner capillary and the sPSL beads
on the outside, we found these particles undergo
exchange along the wall (Figure 1D, Supporting Infor-
mation, Video S4). As expected, the rate of exchange
varies with space and time due to the transient nature
of the gradient. Similar trends are also observed with
tracers of different sizes and zeta potentials which
confirm our observation of TDOFs in the system (see
Supporting Information, Figure S3). Since the effects in
our dead-end-capillary system are transient in nature,
we do anticipate ¢ potentials to vary in magnitude.
However, by using salt solutions at low concentrations
in both the sink and the reservoir, we expect the
change to be monotonic but small in our system.

To compare our experimental results quantitatively
using the electrokinetic equations, Figure 1B, we mod-
eled the transport of material in a dead-end pore and
examined the tracer velocity (u) at any position (x) and
any time (t).

u(x, t) = v(x, t) 4+ Ugp(x, t) (2)

First we describe how we estimate the flow field (v)
within the pore, and later we discuss the additional
diffusiophoretic contribution (Ugp) from the individual
tracers. To evaluate v we model our system as a long,
square capillary (Figure 1A) with a particular &,, and
known D, and D_ of the ions. With the salt solution at
the top (inner capillary) and DI water containing sPSL
beads at the bottom (sink, outer capillary) (with no
observed contribution to speeds from density
gradients), we have temporal salt concentration gra-
dients (dn/dt # 0) that are also spatially nonuniform
(dn/dx # 0). We solve numerically for the concentration
profile n(x,t) in the system (see Supporting Information,
Figure S3) using 1-dimensional, time-dependent Fick's
law of diffusion® and thus estimating Vn(x,t).

In the capillary, v is calculated using the concentra-
tion profile n(xt). First we evaluate vy, near the wall
using eq 3 which is a combination of both the electro-
osmotic and the chemiosmotic flow. Both of these flow
contributions are analogous to electrophoresis and
chemiphoresis, respectively.>*
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Next, we calculated the complete diffusioosmotic flow
profile, different from that of a plug flow in an open
channel, which is evaluated using Bowen's>® result.
This result accounts for the fluid dynamics in a closed
rectangular channel using the steady-state Stokes
equation for the case when there is an electroosmotic
slip velocity at the wall surfaces and the net flow across
any cross-section of the channel is zero. The flow field
has a parabolic shape®” due to the back-pressure
built in the dead-end section (Supporting Information,
Figure S4). In most fluid mechanics problems, the wall
resists flow due to the no-slip boundary condition.
Here, the finite slip at the wall drives flow; that is, the
wall is the “pump”, and this sets up a flow field within
the entire capillary.

The contribution from the independent rates of
tracers (Ugp) to eq 2 also needs to be assessed. We
assumed sPSL beads which have a negative zeta
potential ({p), and therefore in a salt gradient, undergo
diffusiophoresis®**® with the expression for Uy, being
very similar to eq 3. {,, and {, were measured inde-
pendently. With all the parameters in the system being
known, we substitute v and Uy, in eq 2 and are now
able to compare our modeling results with experimen-
tal observed velocities, u, for different tracers (for de-
tails regarding modeling predictions and its sub-
sequent validation with experiments, see Supporting
Information). The data on electrokinetic transport of
beads toward the high salt regime compare well with
our TDOF model. As expected, the speeds of the beads
decay both spatially and temporally (Figure 1B) with
those near to the mouth of the pore (x = 250 um)
having speeds higher than those inside the pore (x =
400 um). We also found that there is a negligible
contribution to speeds coming from density differ-
ences, and hence, we reverted back to a simpler
horizontal microscope setup for the rest of our
experiments.

Particles or solutes with the same zeta potential can
exist in various shapes and sizes. To investigate the
contribution of changing sizes to transport in dead-
end pores, we turned our attention toward the trans-
port of hexadecane oil emulsions (diameters (¢) from
10 to 80 um) out of dead-end-capillaries. For sPSL
beads, since |Cp| > |Gw|, diffusiophoresis of the particle
dominates the flow field in the capillary at all locations
(Supporting Information, Figure S4). For oil emulsions,
|G| < |Ewl|, with &e = —35 mV the flow dominates over
phoretic motion. The small emulsions, being entirely
near the wall, are expected to move in the same
direction as the diffusioosmotic flow at the wall (vg).
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Large emulsions, which extend farther into the capil-
lary, should move in the opposite direction. Thus, the
direction of motion of oil emulsions is predicted to be a
function of their diameter (Figures 2C and 3A).

The experimental observations bear out these predic-
tions. Figure 2A is a schematic of the dead-end-capillary
system with emulsions inside the pore and sPSL beads
outside in the sink. We observed the transport of small
oil emulsion droplets (roughly 20 um diameter hexa-
decane emulsions stabilized with 2.0%,,, Tween-20)
out of the dead-end-capillary, away from the high salt
concentrations; the sPSL beads and the larger emul-
sions (roughly 80 um diameter) moved toward higher
salt concentrations. In Figure 2B one sees that the fluid
flow generates transport and exchange of sPSL beads
and oil droplets in the system. The small emulsions that
initially occupied the dead-end pore were transported
toward the sink, whereas the beads moved in the
opposite direction. This results in an exchange of
material across the dead-end pore. These images were
taken from the top surface of the capillary at all times
with the gravity pointing into the figure and thus not
playing a role in the horizontal motion of the emul-
sions. Figure 2C depicts the relative competition be-
tween emulsions of different sizes to move in or out of
the dead-end pore. The isolated smaller emulsions can
be seen to move toward the lower salt regime, whereas
the bigger emulsions move and push the smaller
emulsions in front of them toward the higher salt
regime. Note that the electrolyte gradient and the
resultant E-field point in different directions in Figure 2
panels B and C.

The size dependence of oil emulsions on their
direction of motion underscores the effects of pore
and particle sizes on the exchange process. While
smaller emulsions can be easily extracted (since they
move along the direction of the E-field), for efficient
recovery the larger emulsions must be first reduced in
size, perhaps through surfactant polymer flooding of
oil wells.*® As Figure 3 panels A and B illustrate, we
show through both experiments and modeling that
the movement of polydispersed oil emulsions depends
on their placement inside the dead-end pore. To
quantify the rates of oil extraction from our dead-end
pores, we used the same electrokinetic model as we
did for the tracer particles. Figure 3A shows the posi-
tioning of the polydispersed emulsions across the xy
plane, and the circles in Figure 3B show their corre-
sponding position along the yz plane. Smaller emul-
sions are closer to the top surface (the plane
connecting {0,100} and {100,100}), whereas the larger
emulsions are a little farther into the bulk. The para-
bolic nature of the fluid flow drives these emulsions
along with it. The smaller emulsions (¢ < 5 um) are seen
to move out with a speed of 1 um/s (Figure 3B)
(negative sign indicates motion toward the sink, while
a positive sign shows movement in the opposite
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Figure 2. Polydispersity in oil emulsions resulting in trans-
port into or out of dead-end pore. (A) Schematic of the
experimental setup used to apply a salt gradient across a
dead-end-capillary. The solid black arrows indicate the
direction of fluid movement. We focus the inverted micro-
scope to the top cross-section of the capillary in order to
observe the motion of oil (gray spheres) and sPSL beads
(white spheres). Gravity at all times is perpendicular to the
direction of motion of oil emulsions. The smaller oil emul-
sions are found to move out of the capillary, whereas the
larger oil emulsions and the sPSL beads are observed to
move in. The yellow arrows show this motion of the oil
emulsions along the parabolic flow profile (gray) while the
white colored parabola indicates the path of sPSL beads.
The black dashed lines give the E-field in the system. (B)
Time-lapse images showing small emulsion droplets being
driven away from the dead end, whereas the sPSL beads
(small black circles) are diffusiophoretically transported
toward the dead end. Both transport rates are predicted
quantitatively by our model (Figure 3). Yellow bars indicate
the position of these beads and emulsions before and after
30 s (Supporting Information, Video S5). The magnitud of
the scale bar is 100 um. (C) When the DI water is inside with
salt outside, smaller emulsions (¢ < 10 um) move toward
the dead end and larger emulsions (¢ > 40 um) move away
from it (Video S6) demonstrating the reversible nature of
transport.

direction, toward the dead-end region). The relatively
larger emulsions (¢ > 40 um) are seen to be stationary
as predicted from our model. The really large
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Figure 3. Transport rate for emulsions of various sizes and time scales out of a dead-end pore. (A,B) The speeds of emulsion
droplets out of the dead-end pore were tracked and modeled at a distance of 200 xm away from the mouth of the pore. (scale
bar = 100 #m). The smaller emulsions were seen to move toward the sink, both through experiments and modeling, at a speed
of just over 1 um/s, whereas the medium-sized emulsions were mostly stationary. Using the diffusiophoretic transport
equations, the u for these emulsions was modeled (in B) with the color gradient signifying the direction of motion for these
emulsions (negative sign indicates motion toward the sink, while the positive sign shows movement in the opposite direction,
toward the dead-end region). In our calculations for B, (o = —33 mV, ,, = —65 mV, x =200 um at t = 300 s. (C,D) The time taken
for an emulsion of diameter = 20 um to exit the dead-end pore as a function of its distance from the mouth of the pore (d, mm),
as obtained from modeling. Times vary from a few seconds to hours depending on d. Large emulsions are predicted to be
stuck in the dead-end pore which is indeed observed experimentally.

emulsions (¢ ~ 80 um) (Figure 2C), which extend
significantly into the bulk move toward the dead-
end, a direction opposite to that observed for the small
emulsions.

The time required for material exchange in these
pores varies with distance from the mouth of the pore.
Figure 3C shows the schematic of an oil emulsion
located at a distance d away from the mouth of a
dead-end pore of length L, which contains salt. Here,
we modeled the time taken for this emulsion to come
out of the pore if its diameter is 20 um. As seen in
Figure 3D, the time scales (calculated using eq 3 and
Fickian diffusion) for extraction of this emulsion in-
creases logarithmically with the log of the distance d,
which indicates that this transport process is most
effective if the emulsion is situated close to the mouth
of the dead-end pore.

Most geologic systems contain complex mixtures of
ions, including multivalent ions. We further extended
our experiments to divalent ions, using saturated cal-
cium carbonate (Supporting Information, Figure S5,
Video S7) and carbonated water solutions (Figure S6).
By using small emulsions with oleic acid as a steric
stabilizer, we observed their motion in the water
having a gradient of dissolved CO, (i.e., bicarbonate
ion, HCOs ™). In such a setup, {. = —60 mV compared to
Cw = —30 mV (at pH ~ 4). The emulsions are seen to
behave like sPSL beads in NaCl gradient as they con-
tinue to move toward the higher HCO3; ™ concentration
regime. Similar behavior is observed for the gradient
formed by calcium carbonate dissolution. Being able to
control local solution conditions with dissolved CO,
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Figure 4. Transverse transport of beads inside dead-end
pores. (A) Tracer particles tracked at z= 0 um (center plane)
entering the dead-end pore containing 10 mM NaCl solu-
tion from a DI water sink. (scale bar = 100 um). The tracers
are convected radially toward the walls and then slow
down or accumulate along them. (B) The magenta colored
dots follow the paths of individual beads entering the pore
due to NaCl gradient from a DI water sink. The beads near
to the walls of the dead-end pore are seen to execute a
curved trajectory in comparison to the ones in the center.
The slope of the trajectory increases (i.e., the drift toward
the wall increases) for the beads closest to the walls of the
dead-end pore. The trajectories are symmetric about the
central axis. (C) The purple colored dots track the route
followed by individual beads entering the pore due to
10 mM KCI gradient from a DI water sink. The beads are
observed to move in a predominantly linear path into the
higher salt regime, except for the beads very close to the
side walls of the dead-end pore. This observed phenom-
enon can be explained based the relative contributions of
electrophoresis and chemiphoresis to the charged particle
movement.
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provides interesting opportunities, either for seques-
tration (e.g., toxic or radioactive substances) or removal
(e.g., oil) of specific materials.

There is one more important aspect of TDOFs in our
system: Convection dominates over diffusion for the
beads, especially at distances less than 500 xm from
the mouth of the capillary (Pepeads = Ua/Dpeag ~ 1000,
where U refers to the velocity scale for the beads, a is
the typical dimension of the bead, and Dyeaqs is the
diffusion coefficient for the beads in a dilute solution).
In NaCl gradients, in addition to the axial motion of the
sPSL beads discussed above, we also observe a trans-
verse drift toward the side walls of the capillary in the
dead-end pore setup (Figure 4A, Supporting Informa-
tion, Video S8). The behavior has similarities to that
presented in a recent modeling paper by Rubinstein
and Zaltzman,*° but in our case we have a spatially and
temporally varying E-field in the system arising from
the concentration gradients which drive transport. The
trajectory of the sPSL beads tracked along the yz-plane
(see Figure 4B) for the NaCl salt gradient (e.g., 10 mM
NaCl in the smaller capillary and 1 mM NaCl in the sink)
is very different from that observed when KCl salt was
used to create the same gradient (i.e., 10 mM KCl in the
smaller capillary and 1 mM KCl in sink) (Figure 4C).
Beads in the KCl gradient undergo little lateral motion.
Though the analysis needed to deconvolute the me-
chanism behind the radial drift from axial motion is
beyond the scope of this article, we briefly discuss the
physics behind such an observed phenomenon. Since
the fluid flow profile is parabolic inside dead-end-
capillaries, the concentration gradient can exist, mostly

MATERIALS AND METHODS

Materials. We prepared our salt solutions using the chemi-
cals obtained from Sigma-Aldrich. Sodium chloride (NaCl) and
potassium chloride (KCl) were dissolved in DI water (Millipore
Corporation Milli-Q system, with a specific resistance of 1.8 MQ-
cm) to prepare various concentrations of stock solutions.
Surfactant-free sulfate-functionalized polystyrene latex beads
(PSL, ¢ = 3.0 um £ 2.1%; w/v = 8%) and surfactant-
free amidine-functionalized polystyrene latex beads (aPSL, ¢ =
1.5 um £ 2.4%; w/v = 4%) were purchased from Interfacial
Dynamics Corporation (Portland, OR). Fluorescent sPSL beads
(¢ =4 um; excitation/emission, 580 nm/605 nm) and fluorescent
amine-functionalized beads (¢ = 2 um; excitation/emission,
505 nm/515 nm) were used to trace the flow profile under a
confocal microscope. Emulsions were prepared by an oil-
in-water emulsion process using hexadecane (Sigma-Aldrich)
with 2% Tween-20 (Sigma-Aldrich) acting as a stabilizer. The
polydispersity in the emulsions was varied by changing mixing
times and rates of mixing.

Design of Dead-End Capillaries and Their Operation. Our dead-end
pore systems were composed of two capillaries, with a smaller
one placed inside the larger. Borosilicate square glass capillaries
(part no. 8320-050 and 8290-050) used in our experiments were
purchased from Vitrocom (Mountain Lakes, NJ) with the larger
capillary (height, h = 0.9 mm) forming the sink and the smaller
capillary (h = 0.2 mm) making up the dead-end reservoir in our
system. The reservoir mostly contained the salt (sometimes with
emulsions), whereas the sink contained DI water with sPSL
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near the mouth of the pore, both along the x- and y-
axis. This distribution of salt inside the pore generates
an E-field also along the y-direction that can make the
beads drift toward the side walls. The beads along the
center line move straight due to the symmetry of the
E-field. However, the observed lateral motion does not
happen in the case of KCl gradients, where chemiphor-
esis and chemiosmosis are the only operating effects in
the system, since K™ and CI~ have virtually identical
diffusion coefficients and produce almost no E field.

CONCLUSION

We have shown that by employing locally available
chemical energy—in the form of spatiotemporal ion
gradients—transient diffusioosmotic flows (TDOFs)
can be setup to perform mechanical work in hard-to-
reach dead-end pores, resulting in exchange of mate-
rials across the pores. Our model accurately predicts
our observations. Transient salt gradients are ubiqui-
tous in biological and geological systems. Geological
examples include flows originating in disturbed miner-
al formations*' and geoengineering involving the
creation of ion gradients for enhanced oil recovery.*?
In biology, TDOFs contribute to the movement of
biomolecules to specific targets,*® as well as other
forms of intercellular transit.** In addition, TDOFs are
also likely involved in patterns*® formed from mineral
precipitates. One interesting practical application is the
design of a self-requlated drug delivery system where
the release rate of the drug can be regulated as a
function of the physiological change in salt concentra-
tion or pH.

beads. To create the dead-end setup, the sink was first filled
with DI water solution, sealed at one end with paraffin wax and
placed on a clear glass slide. The smaller capillary, with the salt
solution in it, was then inserted inside the larger closed capillary
(Supporting Information, Figure S1) and waxed across the open
ends. The motion of beads and emulsions were observed across
the open-end of the smaller capillary under an optical transmis-
sion microscope with different magnifications.

Characterization Techniques. We used both an inverted light
microscope and a confocal microscope to image our systems.
Brightfield observation of particle motion was made on a Nikon
inverted microscope (Eclipse TE2000-U) fitted with an optical
light source and CCD camera (Q-Imaging). Nikon NIS Elements
Imaging Software (V. 4) was used for both particle and emulsion
velocity measurements and tracking. A Leica TCS SP5 laser
scanning confocal microscope (LSCM, Leica Microsystems)
was used for imaging and recording the motion of fluorescent
particles. Observations were made at 10x magnification for
most cases. Image intensity profiles were analyzed using ImageJ
software (National Institutes of Health).

Zeta Potential Measurements of Latex Particles. For zeta potential
(&) measurements of sPSL tracers (both fluorescent and non-
fluorescent), amidine-functionalized PSL tracers and amine-
functionalized PSL fluorescent tracers, we used a Zetasizer
Nano ZS90 (Malvern, MA, model ZEN3690) equipment. The
G-potential of the particles were measured at 298 K using
disposable cuvettes (DTS1061) at ionic strengths of 0.1—
100 mM salt concentration and pH of 5.8. Zeta potential of
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the borosilicate capillary, at different ion concentrations, was
obtained from the literature.*®

Modeling. To model diffusiophoresis and diffusioosmosis, we
used the electrokinetic equations, which consist of the Stokes
equations, ion migration equations, continuity equations, and
Poisson equation of electrostatics. The concentration gradient
(Vn) was solved using Fick's second law of diffusion, and it gives
rise to an E-field mentioned earlier, due to a difference in dif-
fusion coefficients (D)).
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