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Electroosmotic Flow Dipole: Experimental Observation and Flow Field Patterning
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We experimentally demonstrate the phenomenon of electroosmotic dipole flow that occurs around
a localized surface charge region under the application of an external electric field in a Hele-Shaw cell.
We use localized deposition of polyelectrolytes to create well-controlled surface charge variations, and
show that, for a disk-shaped spot, the internal pressure distribution that arises results in uniform flow within
the spot and dipole flow around it. We further demonstrate the superposition of surface charge spots to
create complex flow patterns, without the use of physical walls.
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Electroosmotic flow (EOF) arises from the interaction of
the ions in the electric double layer at a solid-liquid interface
and an external electric field [1]. When the surface charge on
the walls is inhomogeneous, nonuniform EOF arises. This
phenomenon was extensively investigated in the field of
capillary electrophoresis due to its undesired effect on
sample dispersion [2-5]. The mechanism for dispersion
was elucidated in the work of Herr ef al. [6] which showed
that as a result of the nonuniform EOF, an internal pressure
gradient builds up in the capillary leading to a Poiseuille-
type flow far from the surface charge discontinuity. Stroock
et al. [7], using alternating stripes of different surface
charges perpendicular to the electric field, showed that in
the vicinity of the discontinuity mass conservation leads to
flow recirculation.

The case of capillaries or microfluidic channels is a
specific limit in which both the width and the depth of
the fluidic configuration are significantly smaller than its
length. A different limit is the case of nonuniform EOF in a
microfluidic chamber where the two in-plane characteristic
lengths are on the same order of magnitude. Boyko et al. [8]
expanded on this concept and, based on previous theoretical
formulations by Ajdari [9,10] and Long et al. [11], devel-
oped a theoretical framework to account for arbitrary zeta
potential distributions on two parallel plates separated by
thin-liquid film (Hele-Shaw cell). Their analysis predicted
that a local nonuniformity in surface charge creates regions
of higher and lower pressure, leading to in-plane recircu-
lation, which for the case of a disk-shaped nonuniformity
coincides precisely with dipole flow.

Here, we present an experimental study of nonuniform
EOF in a Hele-Shaw configuration, confirming the existence
of an electroosmotic flow dipole. We further show that, as
expected from theory, superposition principles apply, and
under combination of electric field and externally imposed
uniform flow, the classical potential-flow solution of flow
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around a cylinder is retrieved [12,13]. This observation,
in which streamlines can be curved without the use of
physical walls, can potentially be leveraged as a mechanism
for microscale flow patterning. In support of this, we
demonstrate the ability to apply a desired surface charge
distribution using polyelectrolytes, translating into the
corresponding flow pattern.
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FIG. 1. Schematic of a Hele-Shaw cell with a patterned surface
charge distribution. (a) The setup consists of two parallel plates,
separated by a gap h. A finite region of characteristic length r, on
the bottom plate is chemically altered to have a different electro-
osmotic wall mobility than its surrounding. An electrolyte is
placed between the two plates and is subject to a uniform electric
field E. The details of the chamber geometries are described in the
Supplemental Material [14]. (b) Assuming lubrication conditions
(i.e., for the case h < ry), the system can be reduced to a two-
dimensional system in which the equivalent electroosmotic dis-
tribution is the average between the upper and lower plate ones.
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Figure 1 presents a schematic of our experimental
setup designed to study the flow due to a localized surface
charge nonuniformity in a Hele-Shaw chamber. The setup
consists of two parallel plates (order of L. =1 cm)
separated by a gap of & = 15 ym containing an aqueous
solution; one of the plates is patterned with ry =
100-500 ym diameter disk-shaped region having a modi-
fied zeta potential. In this way, the central assumption of a
Hele-Shaw cell (h <« ry < L), as used by Boyko et al. [8],
holds. Furthermore, we use electrolytes with ionic strengths
in the range of 1 to 50 mM, for which the assumption of
a thin electric double layer regime [9,10] also holds and
therefore the electrokinetic effects can be incorporated
accounting for the slip velocity, which is described by
the Helmholtz-Smoluchowski relation [1]

il = W'E = —(el'/n)E, (1)

where ' is the electroosmotic (EO) wall mobility, € is the
dielectric permittivity of the liquid, # is its viscosity, E is
electric field in the x-y plane and the superscript i indicates
the upper (U) and lower (L) plates, respectively.

Under these conditions, the depth-averaged stream
function w = w(x,y) is governed by (see detailed deriva-
tion in the Supplemental Material [14]) [8]

VHW ( vH/:’) -2 (2)

where the subscript || indicates an operator in the x-y
plane, Z is the unitary vector in the z direction, and j is
the arithmetic mean value of the EO wall mobilities,
i = (ut + uY)/2. We note that —Vﬁy/ also describes the

depth-averaged vorticity.
|

w(r.0) =

where ji;, and ji,, are the mean values of the EO wall
mobilities inside and outside the disk, respectively. Here,
Uy 1s an additional (constant) degree of freedom that can
be interpreted as a uniform velocity due to other forces such
as an external pressure gradient. This equation represents a
family of streamlines that can be expected to arise in the
presence of a localized surface charge nonuniformity (see
Supplemental Material Fig. S1).

Experimentally, one method to obtain such a surface
charge distribution is by deposition of polyelectrolytes
carrying a different charge than the native surface [7].
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FIG. 2. Experimental measurements of EO wall mobility
of a glass-PDMS microchannel uniformly coated with PAH or
PLL-PEG as a function of their concentrations in the coating
solution. Both PLL-PEG and PAH exhibit a sharp transition of
the EO wall mobility for concentrations higher than a threshold.
For the PAH case, a concentration between 100 nM and 1 uM
is required to obtain an EO wall mobility of approximately
—4.5 x 1078 m?/sV, thus fully inverting the native glass EO
wall mobility. For the case of PLL-PEG, a concentration in the
range 10 to 100 nM is sufficient to reduce the EO wall mobility to
approximately —4.5 x 10~ m?/s V. The error bars and the gray
area (uncoated channel) represent the 95% confidence interval of
the mean of at least three different microchannels.

In a polar coordinate system, (x,y)— (r,6), where
r(x,y) is the radial vector with origin at the center of
the disk and (x,y) is the angle between r(x,y) and the
x direction, we can solve Eq. (2) for the stream function,

r < ry,

I
We use FITC-labeled poly(allylamine hydrochloride)
(PAH), a cationic polyelectrolyte to impose a positive
charge onto the negatively charged glass (the FITC label
assists to visualize the patterns). Similarly, we use
poly(L-lysine) grafted with poly(ethylene glycol) side
chains (PLL-PEG) to screen the electric double layer in
regions where we seek to eliminate the surface charge.
Figure 2 shows the characterization of the EO wall
mobility as a function of the polyelectrolyte concentrations
in the coating buffer (100 mM tris, 50 mM HCI, 100 mM
NaCl (pH 8.2) [17] and 10 mM hepes, 5 mM NaOH
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(pH 7.4) [18] for PAH and PLL-PEG, respectively). These
experiments were performed using a 5 mM bistris, 2.5 mM
HCI (pH 6.4) buffer containing neutral fluorescent 1 ym
beads to trace the flow, with an applied electric field of
50 V/cm (see detailed procedure in Supplemental Material
[14]). Both polyelectrolytes show a clear transition of the
EO wall mobility for concentrations higher than a thresh-
old. Deposition of PAH with concentrations higher than
a value between 100 nM and 1 uM, translates into a EO
wall mobility of approximately —4.5 x 10~ m?/sV, thus
inverting the native glass EO wall mobility. Deposition of
PLL-PEG with concentrations in the range 10 to 100 nM or
higher reduces the EO wall mobility to approximately
—4.5 x 107 m?/sV, one order of magnitude smaller than
the one produced by a PAH-coated glass.

Common methods to pattern surfaces with organic
molecules (such as micromolding in capillaries [19,20]
and its variants [21]) use a network of channels in
conformal contact with the surface, through which the
coating liquid is injected, replicating the channel network
geometry as a surface pattern. These approaches are
suitable only for patterns with connected topologies,
e.g., for channels connected to a reservoir containing the
coating agent. We seek to create more complex surface
patterns, including ones with unconnected topology (e.g.,
isolated disks). Whereas such patterns could be achieved
by microcontact printing [22] or photolithography, these
require dedicated microfabricated molds. Instead, we use
a microfluidic probe (MFP) [23], a noncontact scanning
tool that confines hydrodynamically processing liquids
in a micrometer-sized region between the probe and the
target surface. This approach enables the formation of
arbitrary surface patterns using the same tool. Figure 3 and
Supplemental Movie S1 show the process of patterning
using the MFP.

Figure 4 presents experimental and analytical stream-
lines generated by the disk-shaped PAH pattern, setting a
positive EO wall mobility ji;, within the disk, surrounded
by PLL-PEG coating, setting an essentially zero wall EO
mobility ji,, ~ 0 outside the disk (see Supplemental Movie
S2). In the absence of an externally applied flow (u.,; = 0),
we observe experimentally [Fig. 4(a)] the formation of an
electroosmotic flow dipole outside the disk and uniform
flow inside. This is in agreement with the analytical
prediction [Eq. (3)] where the term —jigE + Uy 1S set
to zero [Fig. 4(b)]. Our observation also confirms that the
interaction between the electroosmotic flow dipole and an
externally applied flow is predicted by superposition, as
described by Eq. (3). Figure 4(c) shows the experimental
flow field for the case of u. = ji;,E/2, in the direction
opposing the flow within the disk; under this condition the
depth-averaged velocity within the disk vanishes and, in
agreement with theory [Fig. 4(d)], the streamlines curve
around the spot, taking the shape of a flow around a
cylinder.

1. PAH deposition

MFP PAH
head /subsUate

g aspiration

FIG. 3. Creation of zeta potential patterns using a microfluidic
probe. (1) PAH, a positively charged polyelectrolyte, is deposited
locally onto a negatively charged glass slide. (la) Working
principle of a microfluidic probe. The solution containing the
polyelectrolytes is injected onto the surface through an injection
channel while being aspirated out at a higher flow rate by one or
more adjacent aspiration channels, creating a hydrodynamic flow
confinement (HFC) at the apex of the MFP head. (1b) Raw
fluorescence image of axisymmetric HFC using an injection
channel surrounded by an aspiration ring while depositing FITC-
labeled PAH. (1c) Fluorescence image of the resulting disk-
shaped PAH-coated region. (2) The remaining surface is coated
with PLL-PEG, a polyelectrolyte that results in an approximately
zero surface charge. (2a) A microfluidic chamber is formed by a
molded PDMS through which is flushed a solution containing the
PLL-PEG. (2b) The chamber is filled with the working solution,
and a uniform electric field is applied.

Superposition also holds well for other configurations.
For example, Supplemental Material Fig. S2 shows the
interaction of multiple dipoles which also can be well
predicted by superposing multiple instances of solution
[Eq. (3)] having different origins.

These observations suggest that beyond the fundamental
study of microscale flow due to surface nonuniformities,
deliberate nonuniform charge distribution can be used to
engineer desired flow fields. Figure 5(a) illustrates the
concepts of “writing” a surface charge distribution using
polyelectrolyte deposition. Figure 5(b) presents the flow
field resulting from a surface pattern displaying the text

224502-3



PHYSICAL REVIEW LETTERS 122, 224502 (2019)

FIG. 4. Experimental and analytical flow streamlines generated by a disk with uniform zeta potential (PAH) surrounded by a neutral
surface (PLL-PEG). (a),(b) With no imposed external pressure gradient, the flow is uniform in the inner region of the disk and takes the
shape of a dipole in the outer region, with two vortices forming around each pole. Here, the electric field is ~22 V/cm. (c),(d) The
addition of a pressure gradient of approximately 0.1 mbar/cm stagnates the flow within the disk, and causes the streamlines to curve
around it, despite the absence of any physical walls. This flow field coincides with the solution for potential flow around a cylinder.

Experimental details are reported in the Supplemental Material [14].

“EOF!”. Surface charge discontinuities parallel to the
electric field result in pressure gradients and acceleration
or deceleration of the flow—this can be observed, e.g., in
streamlines expanding out as they move from PAH to
PLL-PEG—coated regions. Surface charge discontinuities
perpendicular to the electric field result in the creation of
vorticity [as is evident from Eq. (2)], observable as
localized circulations over the horizontal segments of the
letters. Because the pattern can be deconstructed to a set of
overlapping dipoles, all effects are local, and the total mass
flux of this configuration remains zero. These complex
patterns can be also well predicted by the theory as shown
in Supplemental Material Fig. S3.

In this work, we investigated experimentally the non-
uniform electroosmotic flow arising from surface charge
nonuniformity in a Hele-Shaw cell configuration. A fun-
damental observation is that a spot of different surface

pone}actronte

charge gives rise to an internal pressure distribution which
results in a planar electroosmotic flow dipole. We can
expect that such elaborate flows would naturally occur in
any surface containing charge nonuniformities under an
electric field. The electroosmotic flow dipole is composed
of an internal region of uniform velocity and an external
region in which the velocity coincides with that of a pure
dipole. Despite its difference from a pure dipole, we
demonstrated that its superposition with an externally
imposed flow yields the well-known solution of flow
around a cylinder. Importantly this flow field, in which
streamlines bend around a cylinder shape, is obtained in an
entirely unobstructed chamber.

These observations suggest that it is possible to
manipulate microscale flows in a Hele-Shaw chamber
solely by imposing a surface charge distribution, without
the use of physical walls or mechanical components.

FIG. 5.

Concept of creating complex flow fields by surface charge patterning. (a) Patterning of surface zeta potential by depositing

weak polyelectrolytes using a microfluidic probe (represented by a marker pen in the sketch) displaying the text “EOF!”.
(b) Visualization of the resulting flow field. The EOF on the PAH patterned regions is directed from right to left. A variety of
flow patterns can be obtained using such patterning, including flow divergence and convergence, counterrotating vortices, nested
vortices, shear regions, stagnation points, and inflection points. The image is constructed by stitching of three images, each obtained by
overlaying a fluorescence streakline image of the beads (TRITC filter) with a fluorescence images of the patterned surfaces (FITC filter).
Here, the electric field is ~30 V/cm.
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We demonstrated this concept by using local deposition of
polyelectrolytes and showed that a complex flow field
can be realized. Two limitations of using polyelectrolyte
deposition are that (i) only static flow configurations can be
obtained and (ii) the number of zeta potential values are
limited by the number of polyelectrolytes available. These
limitations can likely be overcome by using gate electrodes
[24] or optical means [25] to modify the surface charge
dynamically, thus enabling a continuous range of surface
charge values and dynamic control of the flow field. We
believe that such advancements would allow the formation
of tools and capabilities that simply cannot be created by
conventional methods.
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