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Abstract: In the context of the COVID-19 epidemic, enhancing the transport of analyte to a sensor
surface is crucial for rapid detection of biomolecules since common conditions, including low diffu-
sion coefficients, cause inordinately long detection times. Integrated microfluidic immunoassay chips
are receiving increasing attention for their low sample volume and fast response time. We herein take
advantage of asymmetric ICEO flow at a bipolar sinusoidal electrode to improve the rate of antibody
binding to the reaction surface based on finite element modeling. Three different microfluidic cavities
are proposed by changing the positions of the surface reaction area. We further investigate the
relationship between binding enhancement and reaction surface positions, Damkohler number, and
the voltage and frequency of the AC signal applied to the driving electrodes. Furthermore, the
influence of the AC signal applied to the sinusoidal bipolar electrode on antigen—antibody-binding
performance is studied in detail. Above all, the simulation results demonstrate that the microfluidic
immune-sensor with a sinusoidal bipolar electrode could not only significantly improve the heteroge-
neous immunoassays but also enable efficient enhancement of assays in a selected reaction region
within the micro-cavity, providing a promising approach to a variety of immunoassay applications,
such as medical diagnostics and environmental and food monitoring.

Keywords: heterogeneous immunoassay; induced charged electroosmosis; sinusoidal bipolar
electrode; microfluidic chip

1. Introduction

SARS-CoV-2 has caused the COVID-19 pandemic with a significant global impact.
Coronaviruses cause mild to moderate upper respiratory tract illnesses in both humans
and animals [1]. To contain the outbreak and manage the pandemic, early diagnosis and
screening of COVID-19 patients are necessary since rapid isolation of COVID-19 patients
prevents spreading events and facilitates the timely treatment at the early state of the illness.
Real-time reverse transcription-polymerase chain reaction (RT-PCR) has been approved by
the US Food and Drug Administration (FDA) to detect SARS-CoV-2. However, molecular
diagnosis based on RT-PCR usually requires expensive reagents, skilled staff, and specific
equipment. Besides, the preparation step is time-consuming, complicated, and easily
influences diagnostic accuracy [2]. Thus, molecular diagnostic tests are not suited for point
of care testing for COVID-19 or other diseases.

By developing specific immunoassays to detect antigen proteins, the SARS-CoV-2
antigen can be directly detected based on immunological diagnostic tests, which are reliable,
cheap, timely, and widely used for the diagnosis of acute infection. Immunoassays, de-
pending on specific antigen—antibody binding reactions, have attracted enormous attention
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in various fields, such as medical diagnostics and environmental and food monitoring [3].
Conventional immunoassays involve complex detection protocols and require qualified
professionals, limiting the wide range of applications due to inherent diffusion-limited
reaction kinetics, and an incubation step of hours or even longer for achieving a detectable
level [4]. With no signal amplification technique for proteins and peptides, limit of de-
tection (LOD) can merely be decreased by sacrificing detection sensitivity. Recently, new
formats for miniaturized immunoassays have gained extensive attention. Microfluidic
technology [5], a nascent technology, seeks to alleviate the above dilemmas, and the perfor-
mance of analysis can be upgraded by requiring small amounts of reagents, reducing the
analysis time, improving the sensitivity and reliability through automation, and integrating
multiple processes in a simple chip. Immunoassays are ported onto microfluidic formats
increasingly due to enormous challenges and unmet medical needs such as early diagnosis
of disease by detecting ultra-low concentration analytes, clinical trials of new drugs, and
the rapid detection of disease in resource poor areas [6]. The combination of microarray
technologies and microfluidic chips provides the capability to simultaneously detect many
different samples in a small area, which is quite useful in proteomics (protein microarrays)
and genomics (DNA microarrays). However, they are still limited, arising from diffusion
limitations of the analyte in the laminar flow regime, where large analyte depletion layers
act as a resistance to analyte detection, and a long time is required for delivering an analyte
to the biosensor at lower concentrations [7]. To address this problem and further reduce
LOD, analytes can be transported to the sensor by active delivery with an external force,
such as electric [4], magnetic, or acoustic force. Some scholars have utilized pumping tech-
niques to improve the binding performance. A passive mixing structure is placed over the
capture spot by Lynn et al. [7], to improve the binding rate of analyte to the sensing surface.

Many passive mixers have been used to improve the binding performance and en-
hance the signal generation, but more samples are required, and the geometry is much
more complex [8,9]. Although the method of flow confinement [10] can confine the sample
into a thin layer above the sensor surface, the depletion layer is not eliminated completely.
AC electrokinetics, including dielectrophoresis (DEP), AC electrothermal (ACET) and AC
electroosmosis (ACEO), have been widely used to enhance the performance of heteroge-
neous immunoassays thanks to the advantages of requiring low AC power and alleviating
electrolysis reactions [3,11]. DEP [12,13] is often used to manipulate particles based on the
difference in polarizability between a particle and the medium. Cheng et al. use DEP to
trap the concentrated molecules at the surface of an antibody-immobilized electrode. Li
et al. [14,15] presents a sensitive affinity sensor by integrating DEP into label free capaci-
tive measurements. Nevertheless, DEP is size-dependent and short-ranged, limiting the
detection and manipulation of small biomolecules [16]. ACET is caused by the movement
of induced charges due to the joule heating in the fluid under the influence of electric
fields [17]. Many scholars [3,18,19] have demonstrated the capability for ACET effect [17]
to improve the detection of diluted and small molecule targets. Sigurdson et al. [3,19]
demonstrate the ability of ACET flow to enhance the performance of heterogeneous assays.
Selmi et al. [20] numerically study the effect of the electrothermal flow on the binding
reaction of C-reactive protein (CRP). Though ACET flow can transport small molecules to
the sensor surface and enhance binding assays, it usually causes large temperature rise.
ACEO flow, arising from the interaction of the electric field with the charge in the diffuse
double layer [21], can easily generate large velocities using low voltages and has also been
investigated to enhance the binding performance [22]. Wu et al. integrate ACEO flow
and label-free electrochemical impedance spectroscopy in DNA sensing chips [23]. The
reaction surface is usually located at the driving electrode surface due the circulating ACEO
flow near the electrode, which is not desirable for analyzing immunoassays in multiple
or different reaction regions. Recently, based on the optically induced ACEO flow, Han
et al. [24,25] reported a novel optoelectrofluidic immunoreaction system for enhancing
antibody analyte binding performance, permitting the detection of target analyte in low
sample volumes. The microarray-integrated optoelectrofluidic immunoassay system can
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not only result in the consumption of small amounts of both precious samples and expen-
sive antibodies but also enable the assays to be run in parallel efficiently [26]. However,
the optoelectrofluidic system requires complex fabrication processes (the preparation of
the photoconductive substrate) and illumination components, limiting its practical appli-
cation in diverse fields [27]. Merkoci et al. [28] explores micromotors-assisted microarray
technology for immunoassays; however, the use of hydrogen peroxide might degrade the
involved proteins, and the accumulation of bubbles occurs in the chip.

We herein take advantage of asymmetric induced charged EO (ICEO) flow at a si-
nusoidal bipolar electrode (BPE) to improve the rate of antibody binding to the reaction
surface based on finite element modeling. Ren et al. [29] exploited ICEO flow in the rotating
field for enhancing immunoassays, but the use of a rotating electric field limits its wide
application, and it is difficult to enhance the binding reactions in a specific region. In
contrast, the introduction of fixed-potential ICEO flow at a sinusoidal BPE in this work
can permit the enhancement of assays in a selected reaction region and enable efficient
immunoassays in an array wirelessly. This work aims to understand how the positions of
the reaction region affect assay improvement and which optimum frequency and voltage
to use, and to investigate the influence of the gate voltage of the sinusoidal electrode on
antibody binding performance. Asymmetric induced charge electroosmosis (ICEO) flow is
utilized to stir the flow field above the BPE electrodes, accelerate the transport of analyte to
the functionalized surface, and simultaneously minimize the localized target depletion. An
optimized design of the proposed microfluidic chip is proposed based on the immunoassay
enhancement. As a result, the sensor target interaction can be improved, and it owns the
capability of the efficient enhancement of assays in a selected reaction region within the
microchip. The current asymmetric-ICEO-flow-assisted microarray technology can also be
extended to other proteins, DNA, and cell analyses.

2. Materials and Methods
2.1. Theoretical Background
2.1.1. Induced Charged Electroosmosis

Traditional electroosmotic flows occur [30] when an applied electric field forces the
thin ionic clouds, which screen charge surfaces into motion. Unlike the former, induced
charge electroosmosis (ICEO) phenomena [31-34] arise when the diffuse double layer
charge is induced around polarizable surfaces by an applied electric field and subsequently
the same electric field drives the induced charge into motion [35]. So, the fundamental
difference is the origin of the diffuse double layer charge. In ICEQO, the double layers are
provided by electrical conductors that may not be energized, whereas in ACEO, the double
layers are formed on the electrode surfaces [36].

The typical model of ICEO contains the Poisson-Nernst-Planck equations of ion
transport coupled to the Navier-Stokes equations of the viscous fluid flow. Based on the
assumption of weakly nonlinear or linear charging dynamics, we can simplify this standard
ICEO model by decoupling the electrokinetic issue into viscous flow and electrochemical
relaxation [37].

The electric potential in the solution can be obtained in terms of Laplace’s equation:

V- (0E) = -0V =0 (1)

assuming electrolytes with a constant conductivity o.

A compact Stern layer is often assumed to act as a capacitor in series with diffuse layer
capacitor; the total induced double layer (IDL) capacitance is Cy = CsCp/(Cs+Cp) =
Cp/(1+4), and the voltage across the diffuse layer capacitor only occupies a portion of
the total double layer voltage yp = A¢p/(1+ ), where Cp = ¢/Ap is the capacitance of
the diffuse layer and Cg is the capacitance of the Stern layer. § = Cp/Cg is the ratio of the
diffuse layer to Stern layer capacitance, ¢ is the permittivity, and Ap = v/De/c = 37.6 nm
is the Debye screening length, where D = 2 x 107" m?/s is the bulk diffusivity and
e = 7.08 x 10710 F/m is the permittivity.
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A capacitance-like boundary condition closes the equivalent RC circuit and the normal
current from the bulk charges the diffuse layer:

%%?:—M%V¢:dQ @)

Using complex amplitudes, the above condition can be written as

we P90 o
G g = - Ve o
where ¢ is the potential in the bulk outside the IDL and ¢y is the potential at the metal
surface.
The boundary condition at the insulating surface can be given by
9¢
3 0 @)

Based on the Helmholtz-Smoluchowski boundary condition, the time-averaged flow
for the slip velocity on the polarizable surface is obtained as follows:

o) = () - (b)) o

where E; denotes the tangential electric field, { denotes the zeta potential, # denotes
the viscosity of fluid sample, p denotes the pressure, and the asterisk indicates complex
conjugation.
The slip-free boundary condition is applied to other surfaces, including the insulating
surface and driving electrode surface.
v=20 6)

The evolution of an induced double layer is shown in Figure 1c,d. In view of the
equipotential nature of the electrode surface, the electric field lines intersect the central
electrode surface at right angles as soon as an electric field is applied, then ions in solution
are driven along field lines and gradually accumulate on the electrode surface to form a
double layer. There is no net charge in the induced double layer. The positive ions and
negative ions are deposited close to the field source and field sink, respectively. When the
applied electric frequency is low, the induced double layer (IDL) will reach steady state and
all field lines will be expelled from the electrode; thus, the conducting surface can be treated
as an insulator. Then, the tangential electric field drives the induced charge into motion
and generates micro-vortices around the electrode surface, resulting in a flow stagnation
region at the center of the floating electrodes shown in Figure 1c,d. However, most of the
applied voltage will be dropped across the bulk if the frequency is high, and the central
electrode will recover to a perfect conductor.
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Figure 1. (a) Top view and (b) side view of the proposed chip for enhancing the heterogeneous
immunoassay in a static microchamber. Suspended antigens in the bulk are transported toward
the reaction surface based on the ICEO flow above a sinusoidal bipolar electrode. The illustration
of the basic physics behind ICEO: (c) as soon as the electric field is applied, the electric field lines
perpendicularly intersect the electrode at first, driving ions from solution onto the sinusoidal electrode.
(d) When the double layer is formed fully, the electric field is screened from the sinusoidal electrode
and parallel to the electrode surface, resulting in a slip velocity and two counter-rotating rolls by
driving the ions in the double layer. (e) When the sinusoidal electrode is energized with Vg (Vg >
V1/2), a negatively charged double layer forms, which drives the fluid away from the grounded
electrode, giving rise to asymmetric vortexes. (f) A positively charged double layer occurs when
the sinusoidal electrode is energized with Vg (V5 < V1/2), driving the fluid towards the grounded
electrode.

As for fixed-potential ICEQO, an analytical solution for the induced zeta potential in
the DC limit can be achieved as follows,

(1) When the gate electrode is floating, the induced zeta potential is

() = 11? <Zl cos(wt) — ¢(t)) =7 j_ JExcos(wt) (7)

The ICEO slip velocity on the surface of the floating electrode is given by the Helmholtz-
Smoluchowski equation:

—€ 1 —eF2x
(vs) = 17<1 +5Excos(wt) -Et> = m (8)

(2) Assuming the phase gap f; = 0, when an electric signal V; cos(wt) is applied to the
gate electrode, the zeta potential becomes:

() = %(Vg cos(wt) — ¢(t)) = 11? (EXCOS(Wt) + (Vg - ?) COS(Wt)) ©)

The ICEO slip expression becomes:

(vs) = _;78<1j_5 (Ex cos(wt) + (Vg - ‘2) Cos(wt)> : Et> = 2;7(_18_?5) (Ex + Ve — ‘;1) (10)

If (vs) is zero, the flow stagnation line (FSL) can be easily obtained; the stagnation
line is located at the BPE center (x = 0) when no signal is applied at the gate electrode.

The FSL can be changed (x = % (% — Vg)) by changing the electric signal V, cos(wt). For

example, when the gate electrode is driven by V, cos(wt)(V, > Vi /2), positive charges will
be accumulated at the BPE surface, causing the generation of a negatively charged double
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layer in the solution near the BPE surface. Therefore, an asymmetric ICEO flow forms and
FSL is propelled away from the grounded electrode, as shown in Figure le. Besides, when
Ve < V1/2, a positively charged double layer occurs and FSL is transported toward the
grounded electrode (Figure 1f). Through varying the electric potential on the BPE, the zeta
potential above the electrode can be adjusted, contributing to shifting the flow stagnation
line and producing asymmetric flow across the channel. The direction of the asymmetry
can also be altered by varying the potential of the gate electrode.

2.1.2. Immunoassay Surface Reaction

Immunoassays are ubiquitous and depend on the excellent specificity of antigen—
antibody reactions to detect target proteins such as viruses and bacteria. Heterogeneous
immunoassays include a surface-based attachment between an antigen and an antibody.
Antibodies can be first immobilized on the reaction region while antigen is contained in the
sample to react with the surface.

The analyte solution is injected into the microchamber with a concentration of Cy.
The distribution of the antigen in bulk sample is determined based on the traditional
convection-diffusion equation, as follows:

aa—f 1+ -VC = DV3C (11)

where C is the concentration of the antigen in the bulk solution, D is the diffusion coefficient

of the antigen, and 1 is the flow velocity.
The antibody is immobilized at the bottom surface of the microchannel first. The
biding reaction in a surface binding event can be described as follows:

kads
C+B = C, (12)

kdes

where B is the concentration of binding sites at the reaction surface and C; is the concentra-
tion of the antigen—antibody complexes at the surface. k,;; is the association rate constant,
and k., is the dissociation rate constant, respectively.
The rate of change of the bound species at the reaction region, including surface
diffusion and the reaction for its formation, is described as follows:
oC
aits = stzcs + kaasCB — KiesCs (13)
where D; is the diffusion coefficient of the bound species at the reaction surface.
An analytical expression for the surface concentration of the bound complexes at
equilibrium can be achieved by ignoring the spatial diffusion term DsV2Cs,

kads BOC

Cl =22
? kadsc + kads

(14)
where B is the receptor concentration at the reaction surface. The concentration of the
available sites, B, is the difference between the number of the occupied sites Cs and the
initial concentration of sites By. The rate of binding at the surface for a first order reaction
is k;3sCB = k,3,C(Bg — Cs), and the rate of dissociation is kj,; Cs. The time rate of variation
of antigen bound to the immobilized antibodies is shown as follows:

oC;

= = DsV2Cs 4 kugsC(Bg — Cs) — kiesCs (15)
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The rate of antigen binding to immobilized antibodies should be balanced by the
diffusive flux of analyte at the reaction surface. The boundary condition at the binding
surface is expressed based on mass flux:

. _ e "
ot Yy |y=0

A binding enhancement factor, be = Cs1/Cs, is used to quantify the performance of
asymmetric ICEO flow vortexes in enhancing the antigen—antibody binding rate. Cs; and
Cso indicate the concentration of the bound complexes at the surface with and without
applying an AC signal.

As the reaction transport species from the sample near the surface, concentration
gradient will appear and interact with fluid flow, making the calculation of C nontrivial,
which is used to concurrently solve the flow fields and the mass transport in the bulk
solution.

Based on Damkohler (Da) number, we can measure whether a reaction is diffusion-
limited or reaction-rate-limited. Da is a ratio of reaction velocity (k45 Bo) to the rate of
transport (D/h). Da > 1 means a transport-limited system, while Da < 1 indicates a reaction-
rate-limited system. When the analyte is a large molecule, Da will be large because of its
small diffusion coefficient.

2.2. Methods
2.2.1. Device Design

Three microfluidic chips are shown in Figure S1. A sinusoidal bipolar electrode is
designed on the bottom of the square microchannel. An AC signal is applied to the top and
bottom driving electrodes. The only difference between these three chips is the position
of surface reaction areas at the top of the microchannel. The structure parameters of the
optimized chip are shown in Figure 1a, and Tables 1 and 2 shows the position parameters
of the surface reaction areas in these three structures.

Table 1. Geometrical parameters for the structure of the optimized chip.

Parameters Value (um) Implication

Lc 500 Length and width of microchannel

Hc 80 Height of microchannel

He 12.5 Height of sinusoidal electrode

De 125 Distance from the center of the surface reaction

area to the boundary of the microchannel

Am 210 The amplitude of sinusoidal electrode

W 60 Width of sinusoidal electrode

D 25 The diameter of surface reaction area

Table 2. The central position coordinates of response areas in three microchannel chips.

Structure Surface Reaction Area 1 Surface Reaction Area 2
(a) (125 um, 250 pm) (375 um, 250 pm)
(b) (125 um, 375 pum) (375 um, 125 pum)
(c) (125 um, 125 pm) (375 um, 375 um)

2.2.2. Numerical Solver

A commercial software package (COMSOL Multiphysics 5.3a) is used to simulate the
kinetics reaction of the proposed microfluidic immunoassay. The electric field distribution,
flow pattern, transportation of antigen, and surface reaction under different conditions are
simulated in detail.
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3. Results and Discussion

To evaluate the effect of some critical parameters on the kinetics of the microfluidic
immunoassays, we conduct some simulations using the proposed designs. The param-
eters for SARS-CoV-2 antigen and antibody used in this work are shown as follows: an
immobilized antibody concentration B = 3.3 x 10~% mol/m?, the association rate constant
kaas = 197 m3 /(s-mol), the dissociation rate constant ky,s = 2.58 x 10™* (1/s), the concen-
tration of the SARS-CoV-2 antigen in the bulk Cy = 1 x 1077 mol/m3, and the diffusion
coefficient of the antigen D = 2 x 10~!2 m? s~!, which are comparable to the values reported
in other studies [38]. We analyze the grid independence in Supporting Information. As
shown in Figure 52, surface slip velocity versus different grid elements is investigated.
When element numbers are 35,121 and 112,223, the surface slip velocities are 1.5103 mm/s
and 1.5302 mm/s, respectively, and the standard deviation is 1.4074 X 10—5. Above all, we
can consider that the grid division method is independent after element number exceed
35,121. In this work, we divide 35,121 meshes for the following numerical simulations.

3.1. Binding Enhancement by a Sinusoidal Bipolar Electrode

Swirling ICEO flow pattern can be used to circulate suspended antigen past the
binding surface, offering more binding opportunities for the suspended molecules. Flow
velocity and electric field distribution at different cross-sections predicted by the numerical
model are shown in Figure 2, when the top and bottom electrodes are energized with
AC signals of V1 =19V, V; =0V, and F = 80 Hz and the sinusoidal bipolar electrode is
floating. Figure 2a,c indicate that a higher AC field strength and stronger asymmetric ICEO
flow vortexes occur near the region where the driving electrode is located nearest to the
sinusoidal electrode. Symmetric ICEO flow vortexes also appear near the middle region
of the microcavity in Figure 2b. Because the high flow velocity can be generated near the
region where the driving electrode is close to the sinusoidal electrode, we at first expect the
opposite surface of the region to be an optimum sensor location. The sinusoidal electrode
offers asymmetric vortexes for enhancing antigen—-antibody binding by micro-stirring.

We investigate the effect of this flow pattern on the binding response of a hetero-
geneous immunoassay in which antibody has been immobilized at the surface reaction
region. Simulation results in Figure 3 show the surface concentration field of bound antigen—
antibody complexes and suspended antigen concentration field in the micro-cavity over
time. In a standard and passive condition where the chip is not energized with an AC
signal (Figure 3a,c), diffusion is the only transport mechanism and binding process depletes
the suspended analyte concentration, ensuring that the depleted region near the reaction
surface grows with time and decreases the binding rate of the immunoassay. Figure 3a,c
show the surface concentration distribution of bound antigen—antibody complexes and
suspended antigen concentration distribution before applying an AC signal, indicating that
the immunoassay is implemented in the mass-transport-limited regime and the majority of
the surface binding of antigen occurs near the reaction region. As the antigen binds to the
reaction surface, a “depletion zone” quickly appears above the binding surface. Thus, a
decreasing in the assay time requires the overcoming of the sharp reduction in the antigen
binding near the reaction surface.

Figure 3b,d display the surface concentration field of bound antigen—antibody com-
plexes and suspended antigen concentration field over time after applying an AC signal of
V1 =19V, V, =0V and f = 80 Hz. The reason for the apparent change in bound antigen—
antibody complexes is mainly due to the accelerated transmission of antigen to the surface
reaction areas after applying an electric field. With the application of an electric field, ICEO
vortexes are generated at the bipolar electrode surface and the micro-stirring over the BPE
surface accelerates the fluid flow over the reaction surface, redistributing the depleted
antigen concentration (Figure 3d). The near-wall deleted concentration is replenished with
fresh antigen, thus promoting a uniform and rapid distribution of antigen concentration
throughout the chamber. Figure 3b shows a greater amount of antigen—antibody complexes
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bound at the reaction surface, which can be attributed to efficient transport of suspended
antigens to the reaction surface.

1 Velocity  Electric field
(mm/s) (V/pum )

: ix U I
; 0 0

Figure 2. Flow velocity and electric field distribution on the bipolar sinusoidal electrode at different
cross-sections. The cross-section is at (a) x = 250 pm, (b) x = 125 um, and (c) x = 375 um. Only two
lateral driving electrodes (red lines in a) are applied with AC signals of V1 =19V, V, =0V, and
f =80 Hz, respectively. Top row: fluid flow vector in the transverse section of the channel. Bottom
row: electric field distribution in the transverse section of the channel at (a) x = 250 pm, (b) x = 125 pm,
and (c) x = 375 pm.
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Figure 3. (a,b) Normalized distribution of surface concentration field of bound antigen—-antibody
complexes and (c,d) bulk concentration field of antigen over time for the following cases. When no
electric field is applied, (a) surface antigen—antibody complexes distribution and (c) bulk antigen
distribution over time indicate that the suspended antigen concentration is depleted merely by
diffusion in the absence of ICEO micro-stirring. After the driving electrodes are energized with an AC
signal of V7 =19 V and f = 80 Hz, the ICEO vortexes redistributed (b) the surface antigen—antibody
complexes distribution and (d) bulk antigen distribution.

3.2. Effect of the Position of the Reaction Surface, Damkohler Number, Applied Voltage,
and Frequency

As the ICEO flow driven circulation redistributes the depleted concentration through-
put the micro-cavity, the position of the functionalized reaction surface needs to be investi-
gated for achieving a higher binding rate. As illustrated in Figure 4c, we designed three
microfluidic chips with different locations of reaction surface regions. The coordinates of
the central position of circular reaction surfaces are given in Table 2. Simulations have been
carried out for these three structures under different conditions.

To demonstrate the effectiveness of ICEO flow stirring above sinusoidal BPE surface in
a variety of applications, we first study the influence of the Damkohler number (Da) upon
binding rate. As for large Da, slow diffusion limits the binding rate, and any improvement
in transport of analyte to the reaction surface or through ICEO-flow driven micro-stirring
will enhance the binding performance. A series of numerical simulations are carried out for
different Da. The binding enhancement factor Be= Cs1/Cs is defined as the ratio of bound
antigen—antibody complexes from ICEO micro-stirring to the bound complexes without
micro-stirring.

For each parameter set, the binding enhancement factor Be is calculated at t =120 s
(Figure 4d,f). According to the parameters of SARS-CoV-2 antigen and antibody, here
we choose D =3 x 10712 m? s~ as the diffusion coefficient for the following simulation
analysis (Da = 260.04). We also further studied the binding performance when Da is larger
than 500 by changing the diffusion coefficients as shown in Figure 4d. It is noted that the
effect of ICEO flow for enhancing immunoassays using these three structures is becoming
more significant. As shown in Figure 4d, the antigen—antibody binding efficiency increases
with increasing Da number, especially for Structure B. According to this plot, we can predict
how much binding enhancement can be generated by ICEO flow vortexes at a sinusoidal
electrode. The ICEO flow micro-stirring in Structure B yields an enhancement factor of
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10 higher binding for Da = 500. The results show that for all values of Da, a reasonably
significant enhancement factor can be obtained in Structure B compared to other structures
including Structure A and C.
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Figure 4. The influence of the positions of reaction surface, Da number, the applied voltage, and
frequency on the binding enhancement factor Be. (a,c) Microfluidic devices designed with three
different structures ((a) Structure A, (b) Structure B, and (c) Structure C) by changing the positions of
binding surface. (d) Simulation results showing that the binding enhancement factor Be increases
with increasing Da number when applying a signal of V1 =19 V and f = 80 Hz for three different
designs. Each point indicates two time-dependent simulations: one with and one without ICEO
flow stirring; reported value is the ratio of the antigen—antibody complexes at 120 s for these two
simulations. (e) Be with respect to AC signals with different voltage amplitudes applied at t = 120 s
when Da = 260.04. (f) Be as a function of applied frequency when applying a signal of V1 =19V
and f = 80 Hz for Structure B at t = 120 s, Da = 260.04. (g) Plot of Be versus assay time under an
AC field of V =19 V and f = 80 Hz. (h) Numerical results of the surface-averaged slip velocity for
different voltage amplitudes when Da = 260.04 and f = 80 Hz. (i) A plot of surface-averaged slip
velocity versus the applied frequencies at lateral electrodes when Da is 260.04 and V1 =19 V.

The applied voltage and frequency will both influence the fluid velocity and binding
performance. To find the appropriate voltage, simulations to determine the suitable voltage
are conducted by varying voltage ranging from 2.5 V to 25 V based on the Structure B. The
binding enhancement factor Be, as a function of the applied voltage in the three structures
when Da is 260.04 at 120 s, is shown in Figure 4e, illustrating Be generally increases with
increased applied voltage, and an extreme value of Be (about 7.5) occurs when the applied
voltage is 20 V in Structure B. When the applied voltage is small, the transportation of
antigen to the reaction surface is accelerated as the voltage magnitude increases, thus
enhancing the binding performance. However, when the voltage amplitude is too high, the
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value of Be increases slowly or even decreases because the reaction rate and the ICEO flow
induced convection rate cannot be matched. The antigen—antibody binding reaction regime
changes from being transport-limited to being reaction-limited due to the high ICEO flow
velocity at high voltages. To obtain the ideal operating conditions for the immunoassays,
an optimum frequency is investigated by varying frequency ranging from 1 Hz to 9 kHz
based on these three structures. The dependence of the Be on the applied frequency is
shown in Figure 4f for these three microfluidic chips, and Be at t = 120 s decreases with
increasing frequency because the applied potential drops completely across the electrolyte
and the induced surface charges in double layer tend to zero at higher frequencies, leading
to weaker ICEO vortexes. The lowest frequency used is 80 Hz, to avoid hydrolysis and
electrode damage. From the comparison of Be for the three structures in Figure 4d,g, we
choose structure B for the subsequent simulation analysis. The predicted transient process
of the antigen—antibody binding at the reaction region using three different designs is
depicted in Figure 4g, indicating the average improvement in antigen—antibody binding
during different assay durations. The improvement factors are 7.2, 4.5, and 4 for one
minute of ICEO flow stirring in Structure B, Structure C, and Structure A, respectively,
and increase steadily for longer assay times. After about 80 s, the increases in binding
efficiency approach a maximum value and remain fairly constant for these three structures,
demonstrating the effectiveness of ICEO flow stirring above a sinusoidal bipolar electrode
to enhance binding rates. Figure 4h,i show the effect of applied AC signal frequency and
amplitude on surface-averaged slip velocity at Da = 260.04 for the Structure B. The binding
efficiency versus the inlet flow rate when Da =260.04 and V1 =19V, f =80 Hz att =120s
can also be found in Figure S3. When the flow velocity is under 50um/s, the binding
efficiency improves significantly because the interaction of the ICEO flow and the inlet
pressure flow facilitates the transport of antigen to the surface reaction areas. Note that
when a higher flow rate of the inlet pressure flow (larger than 100 pm/s) is introduced, the
pressure flow dominates over the ICEO flow, which decreases the binding enhancement
factor of ICEO flow.

3.3. Effect of Gate Voltage at the Sinusoidal Bipolar Electrode

We previously have demonstrated the influence of ICEO flow above the sinusoidal
floating electrode on the binding enhancement. Here, we also investigate how the AC
signal exerted on the sinusoidal bipolar electrode will influence the binding performance
when the driving electrodes are energized with AC potentials of V1 =19 V at f = 80 Hz.
Figure 5 shows the asymmetrical distribution of vortex flow and electric field within the
microchannel at different cross-sections when the driving electrodes and sinusoidal bipolar
electrode are driven with AC signals of V1 =19V, V, =0V, Vg =19V, and f =80 Hz.
Figure 5a illustrates that the cross-sections of the flow field and electric field distributions at
x = 250 pm, displaying that a high electric field and strong asymmetric ICEO flow vortexes
form near the region where the sinusoidal electrode located nearest the ground electrode at
Vi=19V, V=0V, Vg =19V, and f = 80 Hz. In Figure 5b, a large distance between the
sinusoidal electrode and ground electrode exists and results in a lower electric field and
weaker ICEO flow velocity field. In contrast, a much higher ICEO flow field and electric
field can be generated near the region where the ground electrode is close to the sinusoidal
electrode in Figure 5c, contributing to the enhancement of antigen—-antibody binding by
micro-stirring.

With the ability to actively change the potential of the gate sinusoidal electrode,
the asymmetric ICEO vortex can be used to flexibly generate effective mixing, further
improving the binding rate of assays in a selected reaction region. The influence of the
gate voltage of the sinusoidal bipolar electrode on the enhancement performance of the
heterogeneous immunoassay is investigated in detail, as shown in Figure 6.



Micromachines 2022, 13, 207

13 of 17

/@ J

Illllllll!gw\

Electric field
(V/um)

()
22 12
i. U

Velocity
1mm 5)

=|

Figure 5. The asymmetrical distribution of the flow field and electric field at different cross-sections

((@) x =250 pum, (b) x = 125 um, and (c) x = 375 um) after applying an AC signal with a voltage of
19 V and a frequency of 80 Hz to the sinusoidal electrode.

I
[}
I
I
I
I
I
I
I
I
|
I
- 1=90s
I
I
I
I
I
I
I
I
|
[}
'\ t=180s 1=360s
Qo
! V'g=19V, /~80Hz
I ¢ o
1| // @\ //’.
1/ \\
'/ / /
: @ {/ C) //
A o/ A
i 1=2s 1=90s
128 /®
| V y A
i 9/ o/
| | \_/ 4
‘ =180s 1 =360s

Figure 6. Cont.

| I
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
i 1=2s 1=90s : 05
| |
| I
| |
| |
| |
| |
| |
| |
| - | 0
4 1=180s l =360s ]
(d)
:’ Ve=3V, f-80Hz 1 CSp/Rt
i /a\ || //'t i
N V/Ad //'/ ! 0.2
| [’/ ) :
: /)] [ /] |
// |
| 4 \&/| i
: w4 A !
! t=2s 1=90s :
Ara 7 L go!
\ //@\\ //e 1
/@ // @
N / | |
| ; ,/,j [ /!
| \&/ \&/|
| N '/, |
| —— —ee 1 | 0
L 1=180s 1=360s 7



Micromachines 2022, 13, 207

14 of 17

(e) Surface reaction area | (f) Surface reaction area 2
3 9V
12v —
7] 15V e
v
—19v|
64
85 /
4] 7
3 B
2 24
0 20 40 60 80 100 120 0 2‘() 4’0 6‘0 8’0 1 (I)O 1 é()

1(s) 1(s)

Figure 6. (a,b) Normalized distribution of bulk concentration field of antigen and (c,d) surface
concentration field of bound antigen—-antibody complexes as well as the enhancement factor Be over
time for Structure B when the sinusoidal bipolar electrode is driven with different gate voltages.
(a) Bulk antigen distribution and (c) surface antigen—antibody complexes distribution over time when
ACsignals of V1 =19V, Vg =19V, and f = 80 Hz are applied to the driving and sinusoidal electrodes.
After the driving electrodes are energized with AC signals of V1 =19V, Vg =3V, and f = 80 Hz,
the ICEO vortexes redistribute (b) the bulk antigen distribution and (d) surface antigen—antibody
complexes distribution. (e) A plot of Be in surface reaction area 1(purple area) versus assay durations
for different voltages applied to the sinusoidal electrode (Vg < V1/2). (f) A plot of Be in surface
reaction area 2 (purple area) versus assay durations for different voltages applied to the sinusoidal
electrode (Vg > V1/2).

Simulation results in Figure 6a,c show suspended antigen concentration field and
the surface concentration field of bound antigen—antibody complexes in the micro-cavity
over time after applying an AC signal of V; =19 V (V¢ > V1/2) to the sinusoidal electrode
at V1 =19V, V, =0V and f = 80 Hz. A large electric field forms and produces a strong
asymmetric ICEO flow (Figure 5a) near the region where the sinusoidal electrode is located
closest to the ground electrode at V1 =19V, V, =0V, Vg =19V, and f = 80 Hz, facilitating a
strong, continuous, and non-invasive mixing of the target molecule with the immobilized
antibody in the reaction area 2. In this case, compared to the reaction area 1, strong ICEO
vortexes generated at the bipolar electrode surface near the reaction area 2 redistribute the
depleted antigen concentration, and the majority of the surface binding of antigen occurs
near the reaction region 2. On the other hand, when the sinusoidal bipolar electrode is
driven with an AC signal of Vg =19V (Vg < V1/2)at V1 =19V, V, =0V,and f =80 Hz, a
strong asymmetric ICEO flow will appear near the region where the sinusoidal electrode is
located furthest the ground electrode. As a result, antigen concentration distribution and the
surface concentration distribution of bound antigen—antibody complexes within the cavity
are shown in Figure 5b,d. The near-wall deleted concentration is replenished with fresh
antigen in surface reaction area 1 due to strong ICEO flow micro-stirring, thus generating a
uniform and rapid distribution of antigen concentration near surface reaction area 1. We
finally explore the binding enhancement factor Be versus times at each surface reaction
area by flexibly changing the voltages applied to the sinusoidal electrode, as depicted in
Figure 6e,f. When Vg < V1/2, the binding enhancement can be improved in surface reaction
area 1 with the decreasing voltage applied to the sinusoidal electrode. When the sinusoidal
bipolar electrode is driven with an AC signalof Vg =0V (Vg <V1/2)atV; =19V, V=0V,
and f = 80 Hz, the binding enhancement factor Be in surface reaction area 1 can reach about
7.5 at 120 s. In contrast to reaction area 1, the depletion effect near surface reaction region 2
can be alleviated due to the strong ICEO micro-stirring as the sinusoidal electrode is driven
by a gate voltage Vg (Vg > V1/2) and the binding performance is enhanced greatly with
the increasing voltage exerted upon the sinusoidal electrode.

Above all, the electric field distribution can be adjusted by energizing the sinusoidal
bipolar electrode with different voltages, further enabling efficient and flexible enhance-
ment of heterogeneous immunoassays in a specific reaction area and contributing to the
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reasonable selection of the location of binding surface. This proposed device using coplanar
the sinusoidal BPE electrodes has several advantages, such as low cost, being easy to
fabricate, better controllability, and high efficiency, since other methods usually require
laser [39], micromotor [28], or complicated 3D structure [7,40].

4. Conclusions

This work demonstrates the feasibility of using ICEO flow above a sinusoidal electrode
to reduce the detection time and enhance the sensitivity of immunoassays. By exploiting
the ICEO micro-stirring effect on a sinusoidal electrode in three different structures, the
greatest enhancement occurs by using Structure B since the ICEO whirlpools can produce
more chances for the binding reaction through delivering the free antigens to the reaction
surface. The dependences of binding enhancement factor on the applied voltage, frequency,
and Da number are studied using simulation analysis. Besides, the effect of the AC signal
applied to the sinusoidal bipolar electrode on the binding performance is investigated,
and the binding enhancement factor Be in surface reaction area 1 can reach about 7.5 at
120 s when the sinusoidal bipolar electrode is energized with an AC signal of Vg =0V
(Vg<V1/2)at V=19V, V, =0V, and f = 80 Hz. Numerical simulations demonstrate that
the ICEO vortex above the sinusoidal electrode could significantly enhance the transfer
rate of antigen and accelerate the reaction processes within the micro cavity and thus is
a valuable and rapid method to implement a higher binding efficiency, showing great
potential in the time-critical disease diagnostics field.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/mi13020207/s1, Figure S1: Three microfluidic chips with different
positions of reaction areas. The immune reaction takes place in the circular area and the purple area
is the sinusoidal electrode, Figure S2: Surface slip velocity versus grid elements, Figure S3: The plot
of binding efficiency versus different inlet flow rate under Da = 260.04, V1 =19 V and f = 80 Hz at
t=120s.
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