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Introduction

Efficient AC electrothermal flow (ACET) on-chip
for enhanced immunoassayst

Muaz S. Draz, ©*3° Kevin Uning,? Diego Dupouy® and Martin A. M. Gijs @?

Biochemical reaction rates in microfluidic systems are known to be limited by the diffusional transport of
reagents, leading often to lowered sensitivity and/or longer detection times in immunoassays. Several
methods, including electrically powering electrodes to generate AC electrothermal flow (ACET) on-chip,
have been adopted to enhance the mass transport of the reagents and improve microfluidic mixing. Here,
we report a novel ACET electrode design concept for generating in-plane microfluidic mixing vortices that
act over a large volume close to the reaction surface of interest. This is different from the traditional ACET
parallel electrode design that provides rather local vertical mixing vortices directly above the electrodes.
Both numerical simulation and experimental studies were performed to validate the new design. Moreover,
numerical simulation was carried out to show the effects of experimental factors such as the reaction
kinetics (association constant) and the reagent concentration on the ACET-enhanced surface-based assays.
As a proof of concept, the new design for the ACET-enhanced immunoassays was used to improve the
immunostaining signal of the HER2 (human epidermal growth factor receptor 2) cancer biomarker on
breast cancer cells. Finally, the concept of scaling up the design has been validated by experiments
(immunoassays on breast cancer cells for different ACET power and different assay times). In particular, we
show that larger ACET in-plane designs can agitate and mix the fluid over large microfluidic volumes,
which further enhances the immunoassay's output. We have achieved a 6-times enhancement in the assay
signal with a 75% reduction in assay time.

consumed, and a depletion region with a much lower
concentration is formed over the sample.”>™* Unless the

Since the early development of microfluidic systems, they
have been used in a plethora of applications such as medical
diagnostics and biosensors," chemical synthesis,”> cell
analysis,>* drug discovery, transcriptomics,”® and many other
applications. This is triggered by the numerous advantages
that microfluidics can offer, such as low reagent
consumption, a high surface-to-volume ratio, the possibility
of high-throughput analysis, and portability.”® In many
surface-based assay techniques such as surface plasmon
resonance sensing (SPR),’ immunohistochemistry (IHC),"
and fluorescence in situ hybridization (FISH),"" the bio-
chemical reagents (DNA, antibodies, etc.) and the target
sample (cells, tissues, efc. mounted on a substrate) are
incubated inside the microfluidic chamber. During
incubation, depending on the reaction kinetic rates, the
reagents in the volumetric vicinity of the target sample are
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kinetic rates are the limiting factor, the reaction rate becomes
limited by the transport of the reagents to the target sample,
leading to lengthy experiments. Furthermore, the time for the
mass transport of the reagents would further increase if the
reagents also need to diffuse across the in-plane dimensions
(x and y direction) in addition to the vertical transport (z).
This limitation is highly present in applications that require
analyzing and incubating large-size samples (mm and cm
range) in thin chambers, such as the applications of
microfluidics for tissue diagnostics.”>™® Tissue diagnostics
using IHC and FISH are considered the golden standards for
breast cancer diagnosis, one of the most deadly cancers in
women, and have been approved by the United States Food
and Drug Administration (FDA) for the assessment of protein
level expression or gene copy counting respectively.'’
Therefore, any improvement in the cost and time, and
efficiency of these diagnostic techniques can be valuable. A
wide range of theoretical and experimental methods have
been investigated to enhance the microfluidic mixing and
overcome the limited mass transport, such as the use of
electro-hydrodynamics,>” electro-kinetics,”* magnetic
stirring,> vibrating membranes,*® acoustofluidic bubble
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cavitation,>* and pressure field modulation.>® Each of the
different mixing technologies has its merits and each can be
more adapted to a particular application. For example,
acoustic vibrating structures can offer high mixing efficiency
but require a complicated and lengthy micro-fabrication
process and would typically require the resonance frequency
matching of the attached piezoelectric device with the
vibrating structure. Acoustic bubble cavitation similarly
requires efficient bubble formation and trapping. Moreover,
acoustic mixing may require high-voltage and high-frequency
generators.”® Magnetic stirring can provide microfluidic
mixing using magnetic beads or rods dispensed into the
chamber, but would require a closely attached magnetic
actuator, and might rely on the formation of bead chains,*”
while hindering the optical readout if not interfering with the
bio-chemical assays.”® AC electrothermal flow (ACET) is a
technique from the AC electro-kinetics family that has been
studied extensively and utilized for microfluidic
mixing,"*?°'  pumping,**>* trapping,**?® and particle
manipulation.’”*® Briefly, when a non-homogenous electric
field is applied to a conductive fluid (ie. a water-based
sample with high ionic concentration as found in biological
assays), temperature gradients are generated due to the Joule
heating effect. These temperature gradients lead to local
variations in the electrical conductivity and permittivity of the
fluid, which can lead to a charge density gradient. The non-
homogeneous electrical field acts on these charge gradients
generating local fluid vortices. ACET can be suitable for
biological assays since the latter are usually done in
electrically conductive buffers. Thus higher ACET effects can
be obtained in a more conductive fluid, but on the other
hand the maximum allowable temperature is limited: a high
temperature can lead not only to electrolysis and bubbles
formation that can affect the experiments and lead to the
electrodes deterioration, but can also affect the bioreagents’
stability and functionality.’"***' On the contrary, some
applications might benefit directly from the coupled effects of
microfluidic mixing and the high temperature generated,
such as thermal cycling for DNA amplification for PCR
applications.”” Another disadvantage might be that the
microelectrodes required for the ACET actuation can hinder
the optical readout for different assays, but an alternative
solution would be the usage of transparent conductors such
as indium tin oxide (ITO).** Most of the reported ACET
literature work relied on the parallel electrode concept, where
a pair of electrodes (or array of electrode pairs) is pulsed by
an AC electric field.*>**™*” Doing so generates two counter-
rotating vertical vortices above the electrodes, which can be
used to replenish the bulk fluid above the target reaction
surface. The ability of the rotating vortices to drag fresh
reagents from regions away from the electrodes and thus
replenishing more volumes is limited by the maximum
electric field that can be applied in order not to increase
excessively the generated temperature. The high-temperature
region is usually localized in a small volume close to the
electrode gap, where the electrical field strength is maximum
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and can cause several limitations as explained before. In
addition, the parallel electrode design generates temperature
along the full parallel length which leads to a local high
average temperature. As an alternative, previous research
efforts*®*° have shown a rotational in-plane fluid flow profile,
but the system design had four large coplanar electrodes
actuated with a four-phase AC signal to generate a rotating
electric field thus increasing the complexity of the system.

To address these issues with ACET, we introduce a novel
concept of electrode design that relies on having two tilted
electrodes biased against a middle electrode with a singly-
phased AC signal. This generates a three-dimensional fluidic
motion with two in-plane counter-rotating vortices combined
with vertical flow profiles. The in-plane motion is capable of
increasingly refreshing the fluid over the reaction area from a
large volume in the microfluidic chamber. Moreover, the new
design, due to its increasing gap between the electrodes,
possesses a lower average temperature as compared to the
parallel design at the same voltage. We suggest that the
reported work can serve as a basis for more efficient
microfluidic mixing systems and their potential applications.
We show the flow patterns using both numerical simulation
and experiments with fluorescent micro- and nanoparticles.
The numerical simulation also allows us to point out the
importance of mass transport in regard to the reaction
kinetics (association constant) and the reagent concentration,
and the possible improvements enabled by microfluidic
mixing. We then demonstrate the feasibility of the new ACET
technique for the improved immunostaining of the HER2
tumor marker (human epidermal growth factor receptor2,
also known as ERBB2) on cancer tissue slices. HER2 is
overexpressed in 15-20% of breast cancer cases, causing
rapid progression and poor prognosis of the disease." To the
best of our knowledge, this is the first research that
demonstrates ACET mixing for IHC-based diagnostics.
Finally, we demonstrate the advantageous scaling of the
proposed design, going for a larger mixing coverage area
when using longer electrodes and a bigger gap between the
electrodes, and demonstrate improved immunostaining of
cancer cells thanks to the ACET-based microfluidic mixing.

Experimental setup

Our system relies on the use of a thin and wide microfluidic
chamber that has been used before for studying cancer
biomarkers on biological samples.'®*"**>° The system uses a
polymer chip (Fig. 1a) which provides fluidic accessibility to
the chamber through multiple inlet holes (small white
circles), and an imaging window in the middle of the
chamber. The window is made of a glass coverslip on which
the electrodes’ microstructures are fabricated and face the
inside of the fluidic chamber. Our novel in-plane vortex
design has two electrodes tilted and biased against the
middle electrode. The electrodes are interfaced with
insulated electrical wires to a high voltage amplifier (WMA-
300, Falco-system) that is connected to a function generator

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Experimental setup. (a) Top schematic view of the polymer chip used with the fluidic access holes (a larger white inlet hole diverging into
multiple fluidic paths represented by red-dashed arrows to dispense the liquid into the chamber through the small white holes, similar for the
outlet) and the microfabricated electrodes design on the glass coverslip (the design size is enlarged just for visual clarity). (b) Cross-sectional
schematic side view of the experimental setup showing the polymer chip clamped against the sample slide with an O-ring that seals the
microfluidic chamber (15 x 15 x 0.05 mm®) (c) 3D design of the integrated experimental setup with the polymer chip clamped against the sample
(generally a glass microscope slide carrying a thin tissue section). The lower part of the setup has a heating system that controls the temperature
of the setup. (d) Geometry of the 15 x 15 x 0.05 mm?® microfluidic chamber (blue) that is used into the simulation, which has an upper glass
coverslip with the electrodes (black), a lower 1 mm-thick sample glass slide (white), and a PDMS spacer slab between both glass slides. The inset

figure shows the newly introduced ACET electrodes design concept.

(AFG3021B, Tektronix), and the signal over the electrodes is
monitored by an oscilloscope (54602B, HP). A rubber O-ring
(Fig. 1b) is used to seal the area around the center window
and prevent any fluid leakage. The polymer microfluidic
chip is mounted inside the integrated system (Fig. 1c) and
clamped against the lower sample part. The lower part of
the system hosts the sample slide (glass microscopy slide
carrying a thin section of biomaterial), which is located
above the temperature-controlling system. Fig. 1d shows the
core geometry of the setup that is used for the simulation,
which consists of a microfluidic chamber (15 x 15 x 0.05
mm®) sandwiched between a glass coverslip with the
electrode's microstructure and a bottom sample glass slide.
All fluid handling and flow rate were controlled by an
integrated pressure pumping system. All details of the
immunoassay and fluorescence imaging and
microfabrication protocols are described in the ESIf
(supplementary protocols).

Numerical simulation
AC electrothermal flow

The 3D simulation was carried out wusing COMSOL
Multiphysics (5.6) using the microfluidic design shown in
Fig. 1d. The AC electrothermal flow originates from the

temperature gradients in the bulk fluid, which are generated

This journal is © The Royal Society of Chemistry 2023

by the joule heating as a result of the electrical field applied
to the electrically high conductive solution, as calculated by
the energy balance eqn (1),

KV>T + 6E* = 0 (1)

where E is the electric field magnitude, T is the temperature,
k, and o are the fluid thermal and electrical conductivities,
respectively. The fluid electrical permittivity (¢) and
conductivity (o) are dependent on the temperature according
to eqn (2) and (3),"*>*

Ve 1 o0e
— =——VT = -0.004VT (2)
e eoT
Vo 100
— =——VT =0.02VT (3)
o coT

The electrothermal flow is then formed due to the interaction
of the conductivity and permittivity gradients with the
electric field. The local electrical charge distribution,
described by Gauss's law and charge conservation®® (eqn (4)
and (5), respectively), responds to the electric field and exerts
a momentum on the surrounding fluid where pg is the space
charge density.

pr = V+(¢E) (4)
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2lc01147f

Open Access Article. Published on 16 January 2023. Downloaded on 2/8/2026 4:22:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

o,

2L 1 V-(o8) )

The electrical force applied to the charge density is shown in
eqn (6),
1
Se = pgE - EEZVS (6)

where the first term pgE denotes the Coulomb force and the
second term 1/2E°Ve denotes the dielectric force. As the
charges move under the effect of the electric field, they drag
the fluid. The Coulomb force dominates at low frequencies
and the dielectric force dominates at high frequencies. For
highly conductive solutions (e.g. 1 S m™'), the cross-over
frequency between the coulomb and dielectric forces is close
to the range of 200 MHz,* and thus the electrothermal force
is dominated by the Coulomb forces in our experiments (AC
frequency = 1 MHz, fluid conductivity = 1.5 S m™*). The fluid
motion can finally be obtained by solving the Navier-Stokes
equation®® for low Reynolds number systems (eqn (7))
together with the mass conservation (eqn (8))

“Vp+ VP + Fy=0 (7)
V=0 (8)

The time-averaged electrothermal force per unit volume is
shown in eqn (9),">%**

1|/Veo Ve ek 1
Fg=-—|{—-— | E———5+-|E|"Ve 9)
2 o e 1+(wr) 2

where 7 = ¢/o is the charge relaxation time, and o is the
angular frequency of the electric field E.

Surface-based reaction rate and analyte transport

The reaction between the immobilized target on the surface
and the diffusing analyte is assumed to follow a first-order
Langmuir adsorption model.>® The molar concentration of
the analyte-target complex [AB] being formed over the
reaction time is related to the analyte concentration at the
reaction surface Agyrface; and to the target concentration B, by
the following eqn (10),"

M = kon [A] surface{[BO] - [AB]} ~ka [AB]

o (10)

where k.., kq are the association and dissociation rate
constants respectively. The initial target concentration used
is By = 3.3 x 10°® [mol m™] and the dissociation constant kg =
107> [1/s], and the association constant k,, was simulated for
the range of k., = 10°-10° [m® s™* mol']. The initial bulk
analyte concentration available at the surface for reaction
Agurface Was simulated for the range of 107°-10"" [mol m™].
This analyte concentration and the bulk fluid are replenished
by the fluid flux according to Fick's second law of diffusion,
as shown in eqn (11),"*
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% + U-V[A] = DV*[A] +R

(11)
where A is the concentration of the analyte in the bulk fluid,
U is the fluid velocity, D is the diffusion coefficient of the
analyte, and R is the reaction rate, which equals zero in the
bulk fluid, as no reaction takes place in the fluid. Full details
of the numerical simulation strategy (Fig. S51) and the
variables' values (Table S1f) and the boundary conditions
(Table S2t) are explained in the ESLf Moreover, our
numerical model for the ACET and the enhanced surface-
based assays has been benchmarked and validated with
known numerical simulations and experimental results from
the literature (ESIf Fig. S1 and S2). Finally, our numerical
simulation for the ACET-enhanced surface-based assays has
been also compared with an alternative published design
with parallel electrodes®® at different electrodes' separations
(ESIt Fig. S3).

Results & discussion
ACET in-plane vortex design flow patterns

Here, we show our results for the numerical simulation and
experimental verification of the new in-plane vortex design.
Fig. 2a shows the numerical simulation of the fluidic
streamlines generated by the ACET actuation of the in-plane
design. The design has two side electrodes biased and titled
(45°) against the middle electrode, which creates localized
mixing spots, as shown later. The in-plane motion pulls the
fluid from the two sides of the design and pushes it to the
center, where the two incoming directed fluid fluxes oppose
each other and lead to an upward (top of design) directional
motion. A closer look at the cross-section side view of the
chamber in Fig. 2b shows straight lateral lines between each
side electrode and the middle electrode, indicating the in-
plane lateral motion. Further clarification of fluidic
streamlines of the in-plane and vertical vortex design is
shown in the ESIf (Fig. S5). The streamlines obtained by
the new in-plane vortex design are different from the
traditional design of parallel electrodes which provides
mainly two counter-rotating vertical vortices above the
biased electrodes. Fig. 2c shows the experimental
verification of the fluidic motion generated by the new
design. The superimposed tracing images of 1 um-diameter
fluorescent microparticles overlap with the simulation
results, both in the vortices shape and the direction of fluid
motion (Video S1t). Moreover, we also carried out a
numerical simulation to validate how small nanoparticles
(20 nm) move under the influence of the ACET in-plane
motion, in resemblance to small-size reagent molecules.
The simulation considers the (i) effect of the fluid drag
forces on the microparticles by using the Stokes drag law,
(ii) the effect of the temperature on the Brownian motion
and the fluid dynamic viscosity, and finally (iii) gravitational
forces. The results (ESIf Fig. S4) show that the particles
follow the fluidic streamlines, with the particles located at

This journal is © The Royal Society of Chemistry 2023
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Surface reaction area

Fig. 2 Simulation and experimental results of in-plane vortex fluidic motion. (a) ACET fluidic streamlines obtained by the numerical simulation of
the new electrode design, showing two large-area counter-rotating in-plane vortices. (b) Top-tilted and cross-sectional view of the fluidic
streamlines at the design's centre. Arrows indicate the direction of the simulated flow streams. The blue rectangle at the bottom of chamber
represents the surface reaction area (represented thicker for visual clarification, but in the simulation, it is a 2D surface) (c) fluidic streamlines
obtained in an experimental verification of the new design. The figure shows superimposed images of a time sequence of 1 um fluorescent

microparticles moving along with the ACET in-plane vortices.

the center of the design experiencing the strongest ACET
fluidic motion. This is expected as the electric field is
strongest in this central part.

ACET-enhanced surface reaction (kinetics)

We have investigated the possibility of using the new in-
plane design for enhancing surface-based
immunoassays (ie. surface adsorption reactions) and
studying the effects of experimental conditions, such as the
association kinetic constant and the analyte concentration.
At the beginning of the reaction, antigens in the target area
start to consume the reagents available in their volumetric
vicinity. After some time and depending on several factors,
including the reaction kinetic rates and the reagent
concentration, a depletion region is formed around the
target area with a much lower availability of the analyte
reagent (as shown later). At this point, the reaction rate
becomes limited due to the scarcity of the detection
reagents and their diffusion-limited transport. There are a
variety of detection reagents (RNA, DNA, antibodies,
aptamers, etc.) that can be used in different assays, and
their diffusion time depends mainly on their size. eqn (12)
shows the Stokes-Einstein relation®® between the diffusion
coefficient (D) and the particle radius (r), where (7) is the
absolute temperature, (1) is the solvent viscosity and (k) is
the Boltzmann constant.

vortex

kT

- 6mnr

(12)

Eqn (13) shows the Einstein-Smoluchowski relation for the
mean-square displacement of a diffusing particle,

This journal is © The Royal Society of Chemistry 2023

x* = 2Dt (13)
where x is the mean distance that a molecule with diffusion
coefficient D will diffuse over time ¢. Here, we can see clearly
that larger molecules will have a smaller diffusion coefficient
and, as a result, would need longer times to diffuse over a
given distance x. For instance, biological molecules such as
antibodies and DNA have diffusion coefficients in the range
of 107" to 10™"* m* s™* (ref. 57 and 58) and thus would need
a diffusion time in the range of a few minutes to hours to
travel across a distance of 100 um, leading to long-time
experiments. Here, the fluidic motion generated by the ACET
clearly facilitates the transport of the analyte reagents inside
the chamber and thus, enhances the replenishment of the
reagent in the vicinity of the reaction surface.

Fig. 3a shows the enhancement in the surface adsorbed
species (mol m™) over a surface reaction area (circle with 100
pum radius) positioned at the center of the in-plane electrode
design, as shown in Fig. 2b, for different applied voltages
(Vpp) and different association constants K,, (m® s~ mol ™)
and after a reaction time of 30 (minutes). It is clear that for a
given association constant and with higher voltages (for
example 15 Vp, vs. 0 V), the concentration of surface-bound
reagent species is higher. This is mainly due to the increase
in velocity of the generated ACET fluid motion and thus,
faster replenishment of the analyte in the vicinity of the
surface reaction area. Additionally, it shows that the ACET
mixing effect at higher voltages can shorten the reaction time
needed for immunoassays while obtaining higher detection
signals. Moreover, it shows that for a given voltage (for
example 15 V,;,, cyan color), the enhancement in the surface-
bound concentration is lower for lower association constants,
as the kinetic rate of the reaction, in this case, is the limiting

Lab Chip, 2023, 23,1637-1648 | 1641
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Fig. 3 Simulation of surface binding of reagents to the target
antigens. (a) Enhancement in the surface-bound species (mol m™) as a
result of the ACET flow over a surface reaction area (circle of 100 pm
radius centred at the tips of the 3 electrodes) for different applied
voltages (0, 5, 10, 15 V,,;,) and different association constants Koy, (10,
10%, and 10° (m® s mol™)) at an initial analyte concentration inside the
chamber of 107 (mol m™3). (b) Enhancement factor for t = 30 minutes
of the surface-bound species (15 V,/0 V) at the different association
constants, and at an initial analyte concentration inside the chamber of
107 and 107 (mol m™3).

factor. Therefore, there is a small room for improvement by
mixing in the surface adsorbed species concentration (ie.,
fluorescent detection signal) of biochemical reactions that
have slow kinetic rates (i.e., small association constants).

Fig. 3b shows the enhancement factor defined by the
enhanced surface concentration mol m™ obtained at 15 Vpp
over a surface concentration obtained at 0 V,,, (without ACET
mixing), for an initial analyte concentration inside the
chamber of 10 and 10" (mol m™) at 30 minutes,
respectively. This shows that the enhancement is higher for
the lower (107" mol m™) analyte concentration. This is
mainly due to the scarcity of the analyte in the vicinity of the
immobilized target, rendering the ACET microfluidic mixing
more helpful in the replenishment of the analyte. In contrast
to that, with high analyte concentration (10™® mol m™), there
is an abundance of the analyte and thus, the ACET mixing
enhancement is limited.

1642 | Lab Chip, 2023, 23,1637-1648
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Comparison of in-plane versus vertical vortex design

The ACET technique has been studied in the past using the
parallel electrodes configuration, where a pair of electrodes
(or an array of electrode pairs) with specific width and an
interspacing gap is located at the top/bottom of a
microfluidic channel,'??9731344447:59°61 The actuation of the
electrodes with the AC electric field generates counter-
rotating fluidic vortices in the z-direction above the
electrodes' surface. This can help enhance the surface-based
reaction by stirring the fresh analyte concentration and
replenishing the depletion region formed over the target
sample. The ability of the parallel electrode design to mix
and thus enhance the surface reaction is limited by the
temperature that can be generated not to degrade the
biomolecules. Also, a high electric field can lead to
electrolysis and the formation of bubbles.>" It has been
reported that high ACET voltages applied to 0.5 S m™
conductive solution (1/3 of buffer conductivity used in the
current work), would indeed lead to electrolysis and
bubbles.>® Moreover, the stability and functionality of the
bioreagents can be sensitive to high temperatures.*>*' Here
we show the ability of the new in-plane vortex design to
enhance the analyte concentration replenishment by
obtaining a large in-plane volumetric mixing. We have carried
out a comparison of the performance of the in-plane design
versus the vertical vortex design. As previously discussed in
the theoretical section, the ACET-induced flow and thus the
mixing enhancement is defined by the electric field and the
resulting temperature profile. Both variables are highly
dependent on the microelectrodes’ design and operation.
Therefore, to highlight the role of ACET-induced transport
when comparing the in-plane and the vertical designs, the
generated average temperature in the volume centered
around the electrode gaps was kept the same for both
designs. Our in-plane vortex design has 50 pm wide
electrodes with the two side electrodes spaced 85 pm and
tilted 45° against the middle electrode. Similarly, our
classical vertical vortex design has 50 um wide electrodes
spaced 85 um against the middle electrode at a 90° angle. A
full comparison of the fluidic streamline vortices of the in-
plane and vertical designs is shown in the ESI} (Fig. S5).

Fig. 4a shows the simulation results of the enhancement
of the surface adsorbed species by the in-plane and vertical
vortex electrode designs at the same volumetric average
temperature. This shows that the in-plane vortex design
enhances the surface reaction better than the vertical vortex
design. This is further confirmed by Fig. 4b, which shows a
time series of bulk analyte concentrations obtained by mixing
using the two designs. The depletion region over the reaction
surface located at the bottom of the chamber (Fig. 2b) is
allowed to form initially (¢1 to ¢2), and thereafter the ACET
actuation was applied (¢3). The period (¢3 to t4) shows how
both designs can replenish and direct the fresh analyte
molecules to the reaction surface. Additionally, it shows that
the semi-circular in-plane vortices resulting from the new in-

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Comparison of the in-plane versus the vertical vortex design for enhancing surface-based assays. (a) Enhancement in the surface-bound
species (mol m™) as a function of reaction time as a result of the ACET flow for the in-plane and the vertical vortex design at two different

temperatures (29.75 °C, and 32.0 °C). The association constant is 10 (m

3—1

mol ) and the initial analyte concentration inside the chamber is

108 (mol m™3). (b) Development of the depletion region during the reaction. The depletion region was allowed to form until time (t2 = 24.983

min), and the ACET actuation was only applied at time (t3 =
concentration above the central region (t4 = 25.683 min).

plane electrode design result in a larger mixing area
(meaning a higher surface reaction) as compared to the
parallel vertical design. A similar extent of the in-plane fluid
mixing is observed by experiments as seen in Video S1f and
Fig. 2c.

ACET-enhanced immunoassay

Experimental verification was carried out to compare the two
designs using the immunoassay protocol described in the
ESLf Briefly, BT-474 cancer cell pellet sections were
incubated with rabbit primary anti-HER2 antibodies and then
anti-rabbit secondary antibodies conjugated with biotin
molecules. Then, the sections were incubated with
streptavidin molecules conjugated with 647 fluorescent dye.
ACET was applied only during the primary and secondary
antibodies incubation. Finally, the sections were mounted
and imaged using an automatic fluorescent scanning system.
The signal (S) and background (B) values of the ACET (area
located below the ACET electrodes) and non-ACET (far away
from the electrodes) cell fluorescent spots were measured
and analysed, as explained in the ESLj The average (n = 3)
enhancement factor due to the ACET mixing over static
reaction (non-ACET) was calculated using the following eqn
(14), where 7 is the exposure time of the fluorescence
excitation signal used in the experiment:

((S=B)/7) sckr

Enhancement factor =
((S - B)/T)non-ACET

(14)

Fig. 5a shows representative gradient map images of the BT-
474 cells' immunostaining signal for the in-plane and vertical
vortex ACET-enhanced mixing versus the unenhanced (non-
ACET) images. A schematic of the corresponding locations of
the ACET and non-ACET spots within the microfluidic
chamber and in relation to the ACET electrode's design is
shown in detail in the ESI} (Fig. S6). Here, the HER2 signal is

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Experimental validation for the ACET immunostaining

enhancement using the in-plane and vertical vortex designs. (a)
Gradient map images of the in-plane and vertical vortex enhanced
fluorescent immunostaining on BT-474 cells. (b) Enhancement in the
HER2 staining signal using the in-plane and vertical designs at two
different average volumetric temperatures of 29.75 °C (1:100 dilution
of primary and secondary antibodies) and 32.0 °C with (1:500 dilution
of primary and secondary antibodies).
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enhanced in the ACET versus the non-ACET images and is
more prominent in the cellular membrane. Fig. 5b shows the
average enhancement of immunofluorescent staining at the
ACET mixing location over the normal non-ACET incubation.
that both designs, tested at two different
temperatures, enhance the immunofluorescent reaction by
replenishing the analyte concentration, especially when using
higher voltages, as explained before. Furthermore, it shows

It shows

that the in-plane vortex design can further enhance the
immunoreaction due to its improved mixing ability. In
parallel to that and as shown by simulation (Fig. 3b), with a
higher dilution of the reagents, there is more scarcity of the
analyte in the vicinity of the immobilized target and thus the
ACET mixing can be more effective for enhancing the
immunoreaction. This is shown by the results (Fig. 5b) of the
ACET mixing using the two designs with 1:500 dilution of

12 mArms

o

Non-ACET

18.06

Enhancement factor

Ampere (mArms)
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primary and secondary antibodies. The in-plane and vertical
design improved the immunostaining by 49.7% and 24.8%,
respectively, which is higher than the performance of the
same designs at the reagent's dilution ratio of 1:100. This
shows the potential of using the new in-plane design for
enhancing the outcome of chemical and bioassays.

Improved in-plane design: scaling up

After validating the in-plane concept of design, and while it
was seen that the in-plane design is capable of mixing the
fluid over a larger area, we further investigated the concept of
scaling up the design. The strategy was to enable the fluid
agitation by the ACET motion over a larger area and thus
enhance the fluid flow over the sectioned cells' surface. In
case the parallel electrodes’ design is used, additional

15 mArms

Enhancement factor
3
fe-] o
1 1
>

4
Time (min)
0 T T T T

4 6 8

Time (min)

Fig. 6 The ACET immunostaining enhancement using the up-scaled in-plane design. (a) Representative images of the ACET enhanced and the
non-ACET (static incubation) immunostaining of BT-474 cancel cells using the up-scaled in-plane design at different ACET power (electrical
current 9 to 18 mArms). Blue colour is the cell nuclei counterstaining (DAPI) and the green colour is the HER2 signal. (b) Enhancement in the HER2
staining signal using the up-scaled in-plane design at different ACET power for 2 minutes. (c) Enhancement in the HER2 staining signal using the
up-scaled in-plane design for different incubation times (2 to 8 minutes) at an ACET power of 18 mArms. The inset plot of Fig. (6¢c) shows the
enhancement of the HER2 signal with 2, 4, and 6 minutes of ACET mixing over the non-ACET (static incubation) staining with 8 minutes. Error bars
represent the standard deviation (n = 3).
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parallel electrodes would be required to mix over a larger
area, possibly compromising imaging accessibility. So, here
we scaled up the in-plane design by extending the two side
electrodes (200 pm to 1000 um) and the middle electrode
(450 pm to 1500 pum) and increased the gap between the
electrodes from 85 pm to 340 pm. We confirmed that the up-
scaled in-plane design was able to generate a larger mixing
area while maintaining the same in-plane ACET motion
(Video S2t). Superimposed tracing images of the small and
large in-plane designs are shown in ESIf (Fig. S7), and the
corresponding maximum temperature achieved by both
designs at 30 V,, is shown in ESI{ (Fig. S8). Moreover, the
temperature generated by the large in-plane design ACET
actuation at different fluid electrical conductivities (0.75, 1,
1.25, and 1.5 S m™") and with different ACET power (electrical
currents of 9, 12, 15, and 18 mArms) was tested and reported
in the ESIt (Fig. S9). Fig. 6a shows the enhancement in the
BT-474 cells immunostaining at different ACET power. It
shows an increased HER2 signal (green color) with the
increasing ACET power due to the increased fluid mixing and
the larger volumes being replenished over the assay's reactive
surface. The images shown in Fig. 6a are the spots with the
highest observed enhancement in the HER2 signal, which is
usually the area located below the center of the electrodes’
design. We have simulated how the location of the surface
reaction spots in relation to the in-plane design can be
affected by the ACET enhancement to different extents, as
compared to the static non-ACET incubation (ESIT (Fig. S10)).
It was found that the areas located close to the design center
experience the highest enhancement in the surface reaction.
This is mainly due to the close gap between the electrodes at
that location and thus the strongest ACET forces. The order
of enhancement for other surface reaction locations was the
following (bottom > right and left > top of the design).
Fig. 6b shows the analysis of the immunostaining
enhancement factor as described before and using eqn (14)
at different ACET power from 9 to 18 mArms. It shows
enhancement factors of up to 5.5 and 8 can be achieved with
15 and 18 mArms respectively, while even the lowest power
used (9 mArms) can still achieve a higher signal than the
non-ACET reactive surface (static incubation). Moreover, with
higher ACET power, the area affected by the enhanced ACET
mixing is larger due to the stronger ACET forces and thus the
fluid is agitated over larger areas. We believe that this would
be practically useful for applications with large microfluidic
chamber sizes and large samples, and in case maximum
microscopic imaging accessibility is desired. It is worth
noting that when higher ACET power (in the range of 18-20
mArms) was used, bubbles were generated due to the high
temperatures and possibly electrolysis. Fig. 6¢ shows the
analysis of the HER2 immunostaining enhancement factor
for different incubation times, ranging from 2 to 8 minutes.
It shows that enhancement factors of up to 13.2 and 15.9 can
be achieved with 6 and 8 minutes of incubation respectively.
Thus, with longer ACET actuation times, a further
enhancement can be achieved. The inset plot of Fig. 6¢ shows

This journal is © The Royal Society of Chemistry 2023
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the enhancement obtained with the ACET actuation for 2, 4,
and 6 minutes over the static incubation (non-ACET) obtained
after 8 minutes [(S — B)acer(2,4,6min)/(S ~ B)non-acet(smin))- It
shows that the incubation times can be shortened from 8
minutes down to 2 minutes (75% reduction in time) while
still achieving 6 times higher signal. This can be valuable for
reducing the experimental assay times and having faster
diagnostics.

Conclusions

A novel electrode design leading to more efficient ACET-
induced flow patterns and improved immunoassays has been
presented. The design has two commonly side electrodes
biased and tilted versus a middle electrode to generate two
counter-rotating in-plane fluidic vortices. We demonstrated
that the new design can provide microfluidic mixing over an
increased volume in a microfluidic cell, leading to an
enhanced reaction between the reagents in the fluid and the
target antigen surface. Both numerical simulation and
experimental validation have been used to illustrate the
working concept of the new design. Additionally, numerical
simulation of the ACET-enhanced surface-based assay has
been shown. Moreover, the interplay between experimental
conditions (association constant of the reaction, reagent
concentration) and the ability of the microfluidic mixing to
enhance surface-based reactions has been illustrated. In
parallel to that, a comparison with a more traditional ACET
parallel electrodes design was investigated. Furthermore, an
experimental proof of concept of the ACET-enhanced
immunofluorescent staining on cancer cells was shown.
Moreover, the design concept has been investigated, both by
simulation and experiments, on its scalability potential:
larger designs (longer electrodes and larger gaps) are capable
of fluid mixing over larger microfluidic volumes and thus
enhance further the immunoassays. This effectively led to an
enhancement of 6 times in the assay output signal and a
75% reduction in the assay time. This can be valuable for
having more accurate and faster diagnostics.
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