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This communication reports the use of an electrohydrodynamic
surface shear force to selectively manipulate colloid-surface
interactions. We demonstrate the selection of strongly
(specifically) bound biomolecule-functionalized colloidal beads
over more weakly (non-specifically) bound beads using a
tuneable alternating current electrohydrodynamic (ac-EHD)
force, which drives lateral fluid motion within a few nanometers
of an electrode surface. By externally “tuning” the strength of
the ac-EHD force, we demonstrate a significant enhancement of
capture efficiency for specifically bound colloids, alongside a
removal of the adsorption of non-specific colloidal beads-a
process which may be observed in real-time.

Colloidal micro and nanoparticles are ubiquitous owing to their
diverse properties and numerous applications.! Over the past few
decades, biologically functionalized colloidal particles have received
wide attention as transduction labels in bioassays for the detection of
molecular and cellular targets such as DNA,? proteins® or cancer cells.*
Often, these assays are performed on solid surfaces that are
(e.g.,
biomolecules) and involve readouts such as fluorescence,® surface

functionalized with different affinity reagents antibody
enhanced Raman scattering® or electrochemistry.® Colloidal particles,
however, tend to adsorb non-specifically to solid surfaces, e.g., on
gold electrode surfaces, and thus can significantly affect the
specificity and sensitivity of solid-phase biomolecular assays.
Generically, the problem of selectively capturing colloids with
specific surface chemistry versus colloids which bind to solid surfaces
due only to non-specific physical forces (such as electrostatic or van
der Waals colloidal forces) is also potentially of broad interest to the

chemistry community.
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Currently, several methods have been reported to reduce non-
specific adsorption of colloidal particles or molecules.” ® While all
these methods demonstrate low non-specific adsorption, their
practical application is restricted due to the longer analysis time,
complicated chemistries, and multiple washing steps.

Herein, we report the utilization of an alternating current
electrohydrodynamic (ac-EHD) induced physical force that can
physically displace non-specifically bound colloidal particles and
simultaneously enhance the capture of specific colloids on the
surface of a modified electrode. To demonstrate the utility of this
electrohydrodynamic phenomenon, we present data on a device
containing an asymmetric pair of electrodes to specifically select
streptavidin-modified fluorescent beads in presence of the carboxyl-
modified non-specific fluorescent beads. The use of ac-EHD to
manipulate colloidal objects on the surface of flat electrodes was
originally demonstrated and modelled by Trau et al.’ where fluid
flow arises from electrical body forces acting on free charges
generated in solution. By tuning the microscopic EHD fluid flow, Trau
et al. demonstrated that designer colloidal structures can be
assembled or sheared away. More recently, fluid flow engendered
from asymmetric electrodes have been employed to assemble and
pattern colloids into linear chains and other clustered ordered
structures.’® "' To date, however, there is no report that uses ac-EHD
forces to physically displace non-specific colloids from solid surfaces
whilst simultaneously enhancing capture efficiency.

As can be seen in Fig. 1, large (ring type electrode) and small (inner
of the
microelectrode form the cathode and anode (or vice versa) of an

circular electrode) electrodes in an asymmetric pair
electrolytic cell. Upon the application of an alternating potential
difference across these microelectrodes, a non-uniform field (E)
induces charges within the double layer of each electrode. These
induced charges experience a force F (F = pE, where p = charge
density, £ = tangential component of E ) with the asymmetric
geometry giving rise to lateral variation in the total amount of double
layer charges and spatial distribution of charges on the electrode
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Fig. 1 (A) Schematic representation of the approach adopted for real-time
visualization of the electrohydrodynamic force to enhance the capture efficiency
of the colloids by increasing the number of sensor (functionalized surface)-target
collisions, which is the result of the improved colloidal transport under ac-EHD
fluid flow. (B) Schematic representation of capture of specific and removal of
non-specific colloids via tuning the surface shear forces within the electrical
double layer of the surface.

surface.'? Consequently, the resultant non-uniform force due to
induced charges on the larger electrode (F.) is stronger than on the
smaller (Fs) electrode (i.e, F.>Fs), resulting in a lateral flow towards
the large electrode. The steady flow towards the large electrode
causes any beads in solution to be dragged by the flow. One of the
attractive feature of this phenomenon is that the induced charges
strictly remain within the double layer of the electrodes (Ao = 1/k =
double layer thickness'). In our case (for 1 mM phosphate buffer
saline at 25 °C), the value of Ao was calculated to be 10-12 nm using
the equation described previously.! This means that these shear
forces engender fluid flow vortices and create fluid mixing that can
displace weakly bound non-specific colloidal particles by tuning fluid
shear forces at the nanometre distances from the electrode surface.
To investigate this phenomenon, devices with asymmetric electrode
pairs were fabricated maintaining edge-to-edge distances between
inner and outer electrode (de-e) = 50, 200 and 1000 pm (ESIt and Fig.
S1 for details). The diameter of the inner electrode and the width of
the outer ring electrode were 250 and 30 um respectively for all the
devices (ESIT and Fig. S1 for details). A 0.4 mm thick PDMS spacer
with a 5 mm diameter hole was used to create the analysis chamber
which was then filled with 15 pL mixture solution containing
designated amounts of specific and non-specific beads, and finally
covered with a glass cover slip to complete the device.

To visualize the ac-EHD surface shear effect in real-time, the surface
of the gold electrodes was first modified with biotin using
cysteamine hydrochloride and sulfo-NHS-LC-biotin linker (ESIT).
Streptavidin modified (Dragon green dye) and carboxyl modified
(Sun coast yellow appears red colour) fluorescent beads were used as
"specific" and "non-specific" targets, respectively. A dual band pass
filter set was used to image both the beads simultaneously (ESIt). Fig.
2A shows the brightfield image of the device containing an
asymmetric pair of electrodes and fluorescence micrographs upon
the capture of streptavidin labelled beads in presence of the non-
specific carboxyl beads under the ac-EHD field strength of frequency
() 100 Hz and amplitude (Vpp) 4 V (inner electrode diameter 250 pm
and dee = 1000 um). Fig. 2B shows the snapshots of real-time capture
of specific beads and displacement of non-specific beads (Fig. S2,
Video1, ESIt). The arrows in Fig. 2B are pointing the green and red
coloured beads indicating the position of the beads on the electrode
surface over the 4s-period of electrohydrodynamic induced capture
process. These data clearly indicate that surface shear forces created

2| J. Name., 2012, 00, 1-3

by the ac field were strong enough to displace the non-specific
carboxyl beads (red) while simultaneously enabled the enhanced
capture of specific streptavidin beads (green) on the biotin-modified
surface.

A control experiment was performed to check the capture
performance of the devices without the use of ac-EHD field (Fig. S3,
ESIt). A significantly low number of green and red beads were
attached to the electrode surface after 24 hour incubation of devices
in the mixture solution (i.e, 50% specific + 50% non-specific).
However, under the ac-EHD condition, the number of the captured
specific beads increased significantly due to the enhanced
strepatvidin-biotin collisions. In another control experiment, we
checked the capture performance of our ac-EHD method using a
device with bare gold electrode (Fig. S4, ESIt). As expected a
relatively low number of specific and non-specific beads adsorbed
onto the unmodified surface in comparison to the biotin-
functionalized surface. Notably, the number of the specific beads at
biotin-functionalized surface were significantly increased while the
non-specific beads were almost similar in both cases. These data
indicate that the surface shear forces generated upon the application
of an ac field can (i) selectively enhance the capture of strepatvidin
beads on biotin functionalized surface and (ii) effectively displace the
non-specific species or beads from the electrode surface.

The effect of different field strengths on the specific capture of
streptavidin beads was evaluated by changing the frequency and
amplitude of the applied ac field. It was found that at the field
strength of f = 100Hz and V,, = 4 V, the shear forces were strong
enough to displace the non-specific beads and capture maximum
number of specific beads as compared to other frequencies (Fig. S5,
videos 2-4, ESIt). At frequencies higher than 100 Hz at Vpp, = 4V, the
shear forces become weaker and a large number of non-specific
beads were attached to the electrode surface (Fig. S5, ESIT). On the
other hand, field strengths under f= 100 Hz and V,, = <4V, resulted in
the beads moving more slowly and taking longer time to interact

with the electrode surface (data not shown). However, at f= 100 Hz
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Fig. 2 (A) Brightfield microscopic image of an asymmetric electrode pair. The
edge to edge distance between inner and outer electrode (dc.) = 1000 um. The
bottom fluorescence micrograph shows the capture of 50% specific beads in the
presence of 50% non-specific beads at the field strength of f = 100Hz and V,,, =
4V. (B) Shows the snapshots from real time video (Fig. S2, video 1, ESIt) showing
the capture of streptavidin bead (green) and physical displacement of -COOH
labelled bead (red) at the field strength of f = 100Hz and V,,, = 4V. The green
colour bead attached to the electrode and red colour bead was displaced from
the electrode surface due to the surface shear forces.
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and Vpp = 5 V, the evolution of hydrogen gas due to electrolysis
damaged the electrodes within one min of ac-EHD process (data not
shown). Therefore, the field strength of f = 100Hz and V,, = 4 V was
selected for all ac- EHD experiments.

The performance of devices with different electrode designs was
tested for the capture of specific beads in the presence of non-
specific beads under the optimal ac-EHD field (f = 100Hz and Vpp =
4V). Fig. S6 shows that the electrode with de. of 1000 um captured
maximum number of specific beads compared to the electrodes with
dee of 200 and 50 um (Fig. S6, videos 2, 5 and 6, ESIt). These data
clearly indicate that the distance between the two electrodes has
pronounced effects both on facilitating the binding of specific
species and enhancing the removal of non-specific binding events.
Since the asymmetric pair of electrodes with the dee of 1000 um
gives maximum effective collisions, it was selected for further
experiments. In order to assess the capture efficiency of the
electrodes, five different mixtures of the specific and non-specific
beads (100% non-specific, 75% non-specific + 25% specific, 50% non-
specific + 50% specific, 25% non-specific + 75% specific and 100%
specific) were analyzed using the optimal experimental parameters
(Fig. 3). In each mixture, the total number of the specific and non-

specific beads were similar to that of either 100% specific or 100%
non-specific beads (Fig. 3, Fig. S7, videos 2, 7-10, ESIt). The left panel
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Fig. 3 Electrohydrodynamic surface shear force effect showing the decrease in
non-specific adsorption and increase in specific capture in the mixtures of
streptavidin and -COOH labelled beads. The left panel shows the snapshot of the
beads just before the start of ac-EHD. The middle panel shows the bead capture
after ac-EHD. The right panel shows the average and standard deviation of three
experiments in each case. The ac field strength parameters were f = 100Hz and
Vip = 4 V. The central electrode diameter=250 um and de..= 1000 pm.
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in Fig. 3 shows the snapshots from the analysis chamber taken just
before applying the ac-EHD. Clearly, the beads were floating in the
PBS buffer under the Brownian motion just before ac-EHD. The
middle panel shows the fluorescence micrographs obtained after
performing ac-EHD induced capture process. To quantify an accurate
number of the captured (specific or non-specific) beads, the devices
were washed three times with PBS before taking these images. The
right panel in Fig. 3 shows the quantitative representation of the
specific and non-specific beads attached on the electrode surface
after the application of ac-EHD. It can be seen that capture efficiency
of 100% specific beads is approximately three-fold higher compared
to that of the 100% non-specific beads (a similar number of beads
were used in both experiments). In case of 50/50% mixture of specific
and non-specific beads, a similar level of enhancement in capture
efficiency of specific beads was found. Capture efficiency of the 25%
specific beads in presence of the 75% non-specific beads was over 2-
fold higher compare to that of the 25% non-specific beads in
presence of the 75% specific one. These data clearly indicate that ac-
EHD effect was able to specifically capture target beads in the
presence of the 3-fold higher non-specific beads.

In conclusion, we have demonstrated the real-time visualization of
ac-EHD induced tuneable surface shear force and fluid mixing to
physically displace non-specific beads from solid surface. Since the
magnitude of the surface shear forces can be tuned externally (via
changing the ac electric field), it can be readily adjustable to
preferentially select strongly bound target beads over relatively
weakly bound non-target beads. We believe that this phenomenon
could have wide applications as an innovative approach to detect
other targets (protein, cell, bacteria, etc) in biological samples.
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