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Abstract

The rapid spread and quick transmission of the new ongoing pandemic coronavirus disease 2019 (COVID-19) has urged 

the scientific community to looking for strong technology to understand its pathogenicity, transmission, and infectivity, 

which helps in the development of effective vaccines and therapies. Furthermore, there was a great effort to improve the 

performance of biosensors so that they can detect the pathogenic virus quickly, in reliable and precise way. In this context, 

we propose a numerical simulation to highlight the important role of the design parameters that can significantly improve 

the performance of the biosensor, in particular the sensitivity as well as the detection limit. Applied alternating current 

electrothermal (ACET) force can generate swirling patterns in the fluid within the microfluidic channel, which improve the 

transport of target molecule toward the reaction surface and, thus, enhance the response time of the biosensor. In this work, 

the ACET effect on the SARS-CoV-2 S protein binding reaction kinetics and on the detection time of the biosensor was 

analyzed. Appropriate choice of electrodes location on the walls of the microchannel and suitable values of the dissociation 

and association rates of the binding reaction, while maintaining the same affinity, with and without ACET effect, are also, 

discussed to enhance the total performance of the biosensor and reduce its response time. The two-dimensional equations 

system is solved by the finite element approach. The best performance of the biosensor is obtained in the case where the 

response time decreased by 61% with AC applying voltage.

Keywords Biosensors · COVID-19 · Rapid detection · Alternating current electrothermal (ACET) · Performance biosensor

1 Introduction

The new coronavirus, SARS-CoV-2, as named by the CSG 

(Gorbalenya et al. 2020), which emerged since December 

2019 in Wuhan, China, has already resulted in many millions 

of deaths. It is so far responsible for a major pandemic with 

significant mortality and complete paralysis of the econo-

mies of many countries (Santiago 2020). The applications 

of new detection technologies are becoming increasingly 

important. The high affinity, specificity and sensitivity can 

determine the success or failure of all these detection tech-

nologies, which is fundamental to the design and operation 

of biosensors (Dai et al. 2011).

To find a quick solution to confront the SARS-CoV-2, 

scientists are using the studies on severe acute respiratory 

syndrome coronavirus (SARS-CoV-1) and Middle East 

respiratory syndrome coronavirus (MERS-CoV) which 

are phylogenetically close to SARS-COV-2, replicate in 

the pulmonary parenchyma and, like it, are responsible for 

a disease with potentially lateral pulmonary involvement 
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(Fani et al. 2020). The coronavirus enters nasal cells with 

the help of its spikes protein which allows the virus to 

attach and then enter to human cells. After a relatively 

short time, 6 or 8 h later, the virus leaves the infected cell, 

usually by destroying it, and attacks its neighbors. For 

elderly people or those who are immunocompromised due 

to illness or medical treatment, the virus replicates bet-

ter in such a way that the infection becomes sufficiently 

advanced that it is difficult to control it (Guevara-Carrion 

et al. 2011).

Currently, diagnostic testing for COVID-19 is based on 

a technique named quantitative real-time polymerase chain 

reaction (qRT- PCR) (Corman et al. 2020), that amplifies the 

RNA of SARS-CoV-2 found in infected tissue. These tests 

can identify tiny amounts of virus, but the method takes at 

least 3 h, including the step of amplifying the viral RNA for 

analysis. Although real-time quantitative polymerase chain 

reactions are expensive, time consuming, and labor intensive 

(Vemula et al. 2016; Pachucki et al. 2004), due to their high 

sensitivity and specificity, they are considered to be the ideal 

standard for the design of biosensors (Choi 2020).

When false-positive or false-negative PCR results are 

suspected, major serological tests, including enzyme-linked 

immunosorbent assays (ELISA), chemiluminescent immu-

noassays (CLIA), and lateral flow immunoassays (LFIA), 

can be used to detect SARS-CoV-2 infection (Chew et al. 

1256). These serological tests are useful in determining the 

antibody response caused by infection with SARS-CoV-2. 

Therefore, it is more effective in later stages (two weeks 

after symptoms appear) (Ghaffari et al. 2020) and cannot 

be used for early diagnosis. Moreover, most of these tests 

required trained technicians, relatively complex laboratory 

procedures and labeling of the sample, which might affect 

the activity of the antibodies.

In addition, the emerging point-of-care (POC) diagnos-

tic technologies, which are complementary to conventional 

diagnostic assays, hold great promise for immunoassays in 

wide range of biomedical applications such as paper and 

textile-based biosensors. These different technologies which 

are used, or which are under development are based on opti-

cal, electrochemical, magnetic, and colorimetric modalities. 

Despite they have some disadvantages, they remain typically 

rapid, portable, cost effective, and especially applicable in 

resource-limited and developing world settings (Pashchenko 

et al. 2018). In this context, Kou et al. (Kou et al. 2020) have 

developed a smartphone-assisted metal–organic framework 

(MOF) biomimetic nanoreactor calorimetric paper assay 

allowing rapid and sensitive detection of different disease-

related biomolecules in an easy manner. Also, choi et al. 

(Choi et al. 2018) proposed a new polysiloxane-modified 

thread-based immunoassay that provides optimal interaction 

between target antigen and dAb-AuNP, thereby improving 

device sensitivity.

The essential role of biosensors in fighting the pandemic 

is confirmed in last investigations (Lee et al. 2020; Morales-

Narvaez and Dincer 2020; Zhu et al. 2020). However, the 

dependence of their performance on the surface binding 

reaction, which is generally limited by a slow diffusion rate 

and long detection time, limits their application in various 

situations (Nygren et al. 1987; Yang et al. 2008).

To enhance the biosensor binding reaction rate, many 

physical mechanisms have been applied to obtain agitation 

flow models in microfluidic channels such as hydrodynamic 

pressure (Chiu et al. 2013), AC electrokinetics (ACEK) 

(Yang et al. 2017; Selmi and Belmabrouk 2020), magnetic 

effect (Saad et al. 2021) and optical forces (Lee et al. 2000). 

The ACEK phenomenon mainly includes the dielectropho-

resis (DEP), AC electroosmosis (ACEO), and AC electro-

thermal effects (ACET).

The AC electrothermal effect (ACET) was implicated 

in different biological technologies (Salari and Thompson 

2018; Gao and Li 2019; Selmi et al. 2015, 2016a, b, 2017; 

Sin et al. 2010; Huang and Chang 2013). It is well known 

that the ACET effect is more efficient at high frequencies 

(above 100 kHz), and when having a solution with an elec-

trical conductivity σ that exceeds the value of 0.002 S/m 

(Huang et al. 2014). Under these conditions, both experi-

mental and numerical studies on the heterogeneous binding 

assays biotin/streptavidin have been achieved by Feldman 

et al. (2007). They have shown that electrothermal micro-

stirring may significantly decrease nine times the reaction 

rate with 10 Vrms applied potential. Sigurdson et al. (2005) 

have also analyzed the flow of electrothermal fluid. They 

showed that the rate of binding reaction in heterogeneous 

immunoassays was enhanced seven times with an applying 

voltage of 6 Vrms. Huang and Chang (2013), (Huang et al. 

2008) studied the kinetics of the binding reaction between 

the C-reactive protein and the immunoglobulin G. They used 

the two-dimensional and three-dimensional finite element 

method. They obtained twofold improvement in the bind-

ing reaction rate when the excitation was 15 Vrms. Selmi 

et al. (2015, 2016a, b, 2017) have also simulated the ACET 

effect on the C-reactive protein binding reaction in a micro-

fluidic biosensor. They have shown that the best position of 

electrodes, to get the best improvement in association and 

dissociation rates, is on the same wall of the microfluidic 

channel as the reaction surface.

Although utilizing the ACET effect for various biomedi-

cal applications has been investigated over the past two 

decades, more investigative work is yet to be carried out to 

deepen our knowledge of the phenomenon.

Recently, the numerical framework of Shahbazi et al. 

(2021) provided a study of the effect of three design parame-

ters on the saturation time of biosensors that are used for the 

detection of coronavirus, SARS-CoV-2. The study showed 

that displacement of the biosensor installation position by 
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only 500 μm reduced detection time by more than 50%. Fur-

thermore, the increase of the input concentration has also 

shown a positive effect on the biosensor binding reaction. 

They showed that the variation of the values of the asso-

ciation and dissociation constants, which can be obtained 

by changing the ligands of the functionalized surface while 

maintaining the same affinity, also improved the response 

time of the biosensor.

Each SARS-CoV-2 virus has several structural proteins 

which are the surface spike (S) glycoprotein, the envelope 

(E) protein, the matrix (M) protein, the nucleocapsid (N) 

protein and other accessory proteins. The S protein maybe 

the most valuable biomarker for diagnosis of COVID-19 

disease, it can bind to the cellular receptor, angiotensin con-

verting enzyme 2 (ACE2) on the surface of human cells 

(Huang et al. 2020). The high affinity between the S protein 

and ACE2 increases the infectivity of SARS-CoV-2.

This present study was devoted to show the influence of 

the ACET mechanism on the SARS-CoV-2 S protein bind-

ing reaction kinetics. The increase of the analyte mass trans-

port, by diffusion and by convection due to the generated 

ACET force, increases the binding reaction rate and thus 

decreases the response time of the device. The peculiarity 

of this study, compared to that of Shahbazi et al. (2021), is 

that we added the effect of the ACET force on the transport 

mechanism and the binding reaction of SARS-CoV-2 S pro-

tein. Other authors have also introduced the ACET effect 

in their work, such as (Selmi et al. 2016a, b), but they have 

worked on other target analytes.

We have developed a two-dimensional simulation, 

describing the ACET effect, for a microfluidic biosensor 

using the finite element method. The surface complex ana-

lyte–ligand formed versus time have been also calculated.

In the first part of this work, we studied the impact of 

electrodes location, on the microchannel walls, on the detec-

tion time of the biosensor. Four types of geometric configu-

rations have been investigated. In the second part, we have 

examined the effects of varying the association and disso-

ciation rates, while maintaining the same biosensor affinity, 

with and without ACET effect, on the saturation time of the 

biosensor.

2  Theoretical formulation

The basic microfluidic biosensor has been designed as illus-

trated in Fig. 1 (type 1). The width, H, and the length, L, 

of the microchannel are 250 μm and 40 μm, respectively. 

Fig. 1  Schematic model of four geometric configurations of the microfluidic biosensor with an applied external electric field



 Microfluidics and Nanofluidics (2021) 25:86

1 3

86 Page 4 of 12

The reaction surface, of dimensions of 20 μm  (lS) × 3 μm, 

is located on the top wall of the microchannel and the two 

electrodes, with 60 μm length each  (LE), are located at the 

bottom, just opposite to the binding surface. To look for an 

appropriate choice of the geometric location of the elec-

trodes on the microfluidic channel walls, we consider three 

other different arrangements as presented in Fig. 1 (types 

2–4).

Binding reaction is a chemical reaction between targeted 

analyte (A) and immobilized ligand (B) on the biosensor 

surface. Kinetics of this reaction is always affected by the 

analyte mass transport phenomenon, which is limited due 

to the small dimensions of the used microfluidics (order of 

micrometers). This, consequently, leads to a long response 

time of biosensors and thus limits their performances. To 

improve biosensors response time, fluid flow in the micro-

fluidic channel can be accelerated to decrease the thickness 

of the diffusion boundary layer and improve the binding 

reaction of the analyte–ligand complex (AB) (Huang et al. 

2008). The non-uniform electric field, applied to the fluid, 

generates temperature gradients due to the non-uniform 

joule heating. Consequently, temperature gradients induce 

local variations in electrical conductivity and permittivity of 

the fluid, responsible for begetting AC electrokinetic forces 

which lead to the improvement of the biosensor binding 

reaction rate. For this paper, we have investigated the impact 

of the ACET effect on the kinetics of SARS-CoV-2 S pro-

tein/antibody binding reaction. The simulation was carried 

out using electrostatics equation, thermal energy equation, 

Navier–Stokes equations, and a coupling between the second 

equation of Fick’s law, and the first-order Langmuir adsorp-

tion model (Selmi et al. 2016a).

2.1  Electric modeling

The electric field �⃗E depends on the applied potential differ-

ence V across the electrodes and was calculated using the 

Poisson equation (Eq. (1)):

2.2  Heat transfer modeling

The fluid temperature T  was calculated using the thermal 

energy equation (Eq. (2)), where the Joule heating term, �
|
|
|

⃖⃗E
|
|
|

2

 , 

is added as a source term (Soni et al. 2008). Although heating 

of the fluid is crucial for the ACT effect, the conduction of 

ambient heat helps dissipate energy so that the temperature rise 

in the fluid is generally low (Green et al. 2001; Ramos et al. 

1998), then we can assume that the dependence of the specific 

(1)ΔV = 0 and �⃗E = − ∇V .

heat at constant pressure c
p
 and the fluid’s thermal conductivity 

� versus temperature T can be neglected.

Here, ρ is the mass density, �⃗u is the velocity field, such as 

(u, v) are its Cartesian components in two dimensions, and 

σ is the fluid electrical conductivity. The viscous dissipation 

term has been neglected, since it is on the order of 10
−8 times 

smaller than the Joule effect (Huang and Chang 2013).

2.3  Laminar flow modeling

The flow velocity field within the microfluidic channel can 

be solved by the two-dimensional Navier–Stokes equations, 

(Eqs. (3)–(4)), where F
e
 represents the electrothermal force. 

We assumed an incompressible fluid in laminar and steady-

state flow.

where p is the pressure, � = 10
−3  m2/s is the kinematic 

viscosity of the fluid and � = 1000 Kg/m3. The fluid is 

transported from the channel inlet with a parabolic velocity 

profile (Eq. (5)):

The velocity is zero at the wall of the channel, and grad-

ually increases to reach the maximum value, umax, at the 

center of the channel. H is the height of the microfluidic 

channel. Initially the fluid is assumed to be at rest.

When an external electrical field is applied to a microflu-

idic device, a gradient temperature is generated in the fluid 

due to the non-uniform Joule heating. Thus, gradients of the 

electrical conductivity and of the permittivity will also be 

generated, giving rise to the electrothermal force causing 

swirling velocities. The electrothermal force expression is 

given by (Eq. (6)):

Where � is the relative permittivity, � = E∕� is the charge 

relaxation time of the fluid and � = 2�� is the angular fre-

quency of the electric field �⃗E.

Conforming to Green et al. (2001), for water at tempera-

ture around 293 K, we get (Eqs. (7)–(8)):

(2)�Cp ⃖⃗u ⋅ ∇T = �ΔT + �
|
|
|

⃖⃗E
|
|
|

2

.

(3)∇ ⋅ �⃗u = 0,

(4)�
(

⃖⃗u ⋅ ∇
)

⃖⃗u = − ∇p + �∇2 ⃖⃗u + ⃖⃖⃖⃗Fe,

(5)u (0, y) = 4umax

y

H

(

1 −
y

H

)

.
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= − 0.004 ⇒
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=
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�

��

�T
∇T = − 0.004 ∇T ,
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Therefore, the electrothermal force is given by (Eq. (9)):

2.4  Analyte transport and binding reaction 
modeling.

The concentration of target molecules is too low and, there-

fore, has no effect on the viscosity of the transporter fluid 

(Berthier and Silberzan 2001). Using the Fick second law 

(Eq. (10)) and the effect of the velocity field, a complete 

equation to model target molecules transport can be gener-

ated (Eq. (11)):

where F denotes the diffusion flux, [A] is the bulk concentra-

tion of the analyte and D is the diffusion constant. S denotes 

the reaction rate. Here, S is zero since there is no reaction 

in fluid mass.

Chemical kinetics equation of heterogeneous biosensors 

is modeled using the first-order Langmuir–Hinshelwood 

adsorption model (Berthier and Silberzan 2001; Zimmer-

mann et al. 2005). Antibody ligands constantly trap analyte 

molecules to form analyte–ligand complexes and then they 

dissociate at a lower rate (Eq. (12)):

where Kon is the association rate constant and Koff is the 

dissociation rate constant, [Asurf] is the concentration of ana-

lyte at the reaction surface, [AB] is the concentration of the 

analyte–ligand complex at the reaction surface and [Bmax] is 

(8)
1

�

��

�T
= 0.02 ⇒

∇�

�
=

1

�

��

�T
∇T = 0.02 ∇T .

(9)

⃖⃖⃖⃗F
e
= − 0.012

(
∇T ⋅

⃖⃗E

)
� ⃖⃗E

1 + (��)
2

+ 0.001

(

�
|||
⃖⃗E
|||

2
)

∇T .

(10)F = −D∇[A],

(11)
�[A]

�t
+ ⃖⃗u ⋅ ∇[A] = DΔ[A] + S,

(12)
�[AB]

�t
= Kon

[

Asurf

]{[

Bmax

]

− [AB]
}

− Koff [AB],

the immobilized ligand concentration on the reaction surface 

(Sevenler et al. 2019).

Initially, the bulk analyte concentration, [A](t=0) , and the 

analyte–ligand complex, [AB](t=0) , were set zero.

3  Boundary conditions

All boundary conditions used in this model are recapped 

in Table 1. For the electrostatic mode, the electric poten-

tial at the electrodes was ±V  and the electric insulation was 

applied at all other boundaries. For the heat transfer mode, 

the ambient temperature T
0
 is applied for both electrodes, 

this signifies that they are isotherm with the ambient. The 

heat flux condition is used for the inlet and the outlet of 

the channel, and the other parts of the walls are allegedly 

thermally insulated. For laminar flow mode, the inlet fluid 

flows in the longitudinal direction x with a parabolic profile 

velocity, u (0, y), the outlet is open to the atmosphere and all 

other surfaces of the microchannel are assumed to be no-slip 

boundaries. For the analyte transport and binding reaction 

mode, a constant analyte concentration [A]
0
 is imported at 

the inlet, at the outlet the condition �⃗n ⋅ (D∇[A]) is applied. 

For walls and electrodes, because there is no interaction with 

the analyte, the homogenous Neumann condition is used 

(Shahbazi et al. 2021). On the sensor, there is a loss of ana-

lyte concentration due to the binding reaction with the ligand 

and the diffusive flux condition is imposed for this coupling 

between the sensor and the binding reaction.

4  Numerical method

Galerkin’s finite element approach (Chen 2005) was 

applied to numerically resolve all the governing equations 

of the proposed model. The 2D domain has been divided 

into triangular geometric elements, refined near the sensi-

tive surface and the electrodes. The convergence of our 

numerical calculations was confirmed after having tested 

different sizes of mesh grids and no serious difference 

appeared in the results (Aoun et al. 2016), so we used a 

Table 1  Boundary conditions—

electric potential, temperature, 

velocity and concentration for 

sensor, walls, electrodes, inlet, 

and outlet of the microfluidic 

channel

Type Electric potential

(V)

Temperature

(T)

Velocity

(u)

Concentration

(A)

Interior Electrostatics equation Convection–conduction Navier–Stokes 

equations

Convection–dif-

fusion reaction

Walls Electric insulation Thermal insulation No slip �[A]

�n
= 0

Sensor Electric insulation Thermal insulation No slip �[A]

�n
= −

1

D

�[AB]

�t

Electrodes ± V T0 No slip �[A]

�n
= 0

Inlet Electric insulation Heat flux u (0, y) [A]
0

Outlet Electric insulation Heat flux p = 0 �⃗n ⋅ (D∇[A]) = 0
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number of 10,377 geometric elements. All the steps of the 

numerical resolution are summarized in Fig. 2. For the first 

step, we calculated the electric field by solving the elec-

trostatic equation. For the second step, the Navier–Stokes 

equation and the thermal energy equation are solved at the 

same time, to obtain temperature, pressure, and velocity 

fields, and for the last step, the two equations of analyte 

transport and the binding reaction are coupled and solved 

together by a time dependent solver. To find out the total 

concentration of the formed analyte–ligand complex, we 

have integrated its local concentration over the entire bind-

ing surface. The dissociation curve of the binding reaction 

is simulated by suspending the analyte supply after the 

saturation time.

5  Results and discussion

5.1  Validation of the numerical model

Initially, our model was validated against literature data 

Berthier and Silberzan (2001). The validation is performed 

for a microfluidic channel with 1 mm in height and 10 mm in 

width. The sensor is located at the center of the bottom wall 

Fig. 2  Algorithm of numerical simulation-dependent steps
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of the channel. The buffer fluid flows with a flow rate equal 

to  10−6  m3/s. The diffusion coefficient is 7.10−11  m2/s and 

the input concentration of analyte molecules is  2510−6 Mol/

m3. The density of the surface binding sites, dissociation and 

adsorption rates are 1668.10−8 Mol/m2,  10−2  s−1 and 75  m3/

Mol.s respectively. Figure 3 demonstrates a well concord-

ance between our numerical results and experimental data. 

The small difference between the two results is visible only 

in extremities.

5.2  ACET effect on binding reaction kinetics

After this validation step, we investigated the effect of the 

ACET force on the kinetics of the SARS-CoV-2 S protein/

Antibody binding reaction of the microfluidic biosensor. All 

parameters used for this investigation (Table 2) was taken 

from the previous study of Qi et al. (2006), which is a base 

setup designed for the detection of the coronavirus. The 

previous study (Qi et al. 2006) showed that, for biosensors 

intended for the detection of SARS-CoV (b1and h12), the 

antibodies affinity (Koff/Kon) is in the order of 10
−6

Mol∕m
3 . 

Specifically, the order of magnitude of association rate is 

 103  m3/Mol.s and that for dissociation rate is  10–3  s−1.

In the first part of this paper, the geometry and dimen-

sions of the used microfluidic-integrated biosensor are as 

illustrated in Fig. 1 (type 1). At the input, the maximum 

speed of the parabolic velocity, umax, is equal to 150 μm/s, 

the applied voltage is 15 Vrms and the frequency is 150 kHz.

The temporal evolution of the normalized surface concen-

tration for both studies (i.e., with and without ACET effect) 

was plotted in Fig. 4. As illustrated, a strong improvement in 

the binding reaction is observed in the case where the elec-

tric field is applied. This is the main reason of the ACET effi-

ciency in boosting the immunoassay of biosensors. Indeed, 

the electrothermal flow engendered vortices, thereby agi-

tating the flow, which improves the analyte mass transport 

toward the reaction surface and decreasing the thickness of 

the diffusion boundary layer.

Figure 5 shows the distribution of the flow lines for 

the two studies (with and without ACET effect). It can be 

noticed that without the excitation of the electric field, the 

flow structure is perfectly unidirectional with a parabolic 

profile, and all the current lines are parallel to the longitu-

dinal axis of the microchannel. However, with the presence 

of the electric field, closed circular vortices appear, near the 

area between the electrodes, which are responsible for the 

agitation of the fluid that improves the binding reaction rate 

of the biosensor.

To evaluate the ACET effect on the kinetics of the bind-

ing reaction, we noted the detection time of the biosensor for 

both studies. Results are listed on Table 3. We can notice the 

decrease in the saturation time of the biosensor during the 

application of the electric field. Therefore, the ACET force 

Fig. 3  Validation of the present numerical model against the experi-

mental study of Berthier and Silberzan, (Berthier and Silberzan 

2001), the normalized surface concentration, 
[

AB

]

 , over time. The 

surface concentration is normalized to the density of binding sites on 

the binding surface

Table 2  SARS-CoV-2 S protein/Antibody binding parameters

Constant Name Value

Kon  (m
3/Mol.s) Association rate constant 103

Koff  (s−1) Dissociation rate constant 10–3

D  (m2/s) Diffusion constant 10–11

[Bmax] (Mol/m2) Surface ligand concentration 3,3.10–8

[A]0 (Mol/m3) Analyte input concentration 1.10–11

Fig. 4  Temporal evolution of the normalized surface concentration 
[

AB

]

 with or without applying voltage
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improves the kinetics of analyte–ligand binding reaction and, 

thus, the performance of the biosensor.

Then, to better understand how the response time of the 

biosensor varies with the excitation voltage, we successively 

tested voltages of 5, 10 and 15 V as shown in Fig. 6. It can 

be inferred that the enhancement of the binding reaction 

is relative to the voltage increase. Also, we can note that 

the response time of the biosensor was reduced by rising 

the applied voltage (Table 4) and the reduction percentage 

started slowing down after a voltage of 10 V, which can 

be considered as an optimum ACET voltage. The optimum 

voltage is the lowest possible value that still ensures func-

tionality of biosensors because the excessive increase in the 

applied voltage leads to an increase in the electrothermal 

force, and therefore, in the fluid velocity which can harm 

the nature of fluids and hinder the proper functioning of 

detection devices.

For 10 V applied voltage, the temperature rise in the fluid 

is still low ( ΔT < 5K) , renders the change of fluid properties 

and electric field with temperature insignificant (Green et al. 

2001; Ramos et al. 1998; Liu et al. 2011; Yuan et al. 2014), 

as supposed in such model.

5.3  Effect of electrodes location on the binding 
reaction

To look for a convenient choice of the geometric location of 

electrodes on the walls of the microfluidic channel, different 

types of arrangements are considered.

Figure 7 shows the four curves corresponding to the 

binding reaction for each configuration of the microflu-

idic biosensor shown in Fig. 1, which are excited with an 

optimal voltage of 10 Vrms. The temporal evolution of the 

Fig. 5  Velocity field and flow 

lines (a) without ACET effect 

and (b) with the ACET effect

Table 3  Detection time for the binding reaction with or without 

ACET

Case Detection time (s)

Without ACET effect 44,900

With ACET effect 20,300

Fig. 6  Effect of various voltages on the analyte–ligand binding reac-

tion

Table 4  Biosensor response time, reduction percentage and tempera-

ture rise for different applied voltages

Applied voltage

(V)

Detection time

(s)

Reduction per-

centage (%)

Tem-

perature 

rise

(K)

5 V 35,700 20 1.2

10 V 20,300 55 4.8

15 V 14,000 69 10.8
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associations and dissociation phases is different for the four 

configuration types. The biosensor response time for type 1, 

and second for type 3, is faster than for other types. This can 

be explained by the fact that the position of the electrodes in 

front of the reaction surface, can generate the most important 

electrothermal force, compared to the other types, causing a 

great agitation of the fluid which accelerates much more the 

mass transport of the target analyte to the biosensor reaction 

surface.

To justify our findings, we have plotted in Fig. 8 the 

velocity fields and the current lines for the four types of con-

figurations. As illustrated, the four types show that the fluid 

flow contains asymmetric closed vortex patterns induced by 

the electrothermal effect. The position, number and size of 

these vortices depend on the location of the electrodes on the 

microchannel walls. We can note, also that in all configura-

tion types, the greatest value of the flow velocity occurs in 

a small region very close to the electrodes and, as expected, 

the highest velocity value is found for type 1 which is around 

3.7 mm/s.

Fig. 7  Normalized surface concentration for the four biosensor 

arrangements excited by the optimum voltage (10 V)

Fig. 8  Velocity field and flow 

lines with ACET effect for the 

four configuration types
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Table 5 shows the detection time and the reduction per-

centage for each configuration type. We note, as expected, 

that the largest enhancement values are observed for type 1. 

It is also noted that the electrothermal force is more powerful 

and similarly improves the binding reaction for type 1 and 

type 3 than other types.

5.4  Effect of the ligands on the binding reaction 
kinetics (with or without ACET effect)

The kinetics of heterogeneous immunoassays depends 

on the values of association and dissociation rates of the 

analyte–ligand trapping reaction. These rates can vary by 

changing the type of ligands on the binding surface while 

maintaining the same affinity. In this part of the paper, we 

studied the ACET effect on the binding reaction of three 

sensors, having the same affinity but different amplitudes of 

adsorption and desorption rates. We used one pair of elec-

trodes, located as in configuration of type 1. Figure 9 shows 

the results of three cases in which the adsorption and dis-

sociation rates have been changed, while retaining the same 

affinity, with and without ACET. As the association and 

dissociation rates increase, the response time of the biosen-

sor decrease. In addition, saturation time shows an important 

increase in the case when the association and dissociation 

rates respectively attain orders of  102  m3/Mol.s and  10−4 1/s 

(case 1 in both studies).

The results obtained with the current model, without 

ACET effect, have the same behavior as the simulation 

results of Shahbazi et al. (2021). With ACET effect, the satu-

ration time more decreases in the three cases, thus reducing 

remarkably the response time of the biosensor.

Also, we have calculated the reduction percentage of 

the response time of the biosensor for the three cases with 

ACET effect, compared to the same cases without ACET 

effect. Obtained results are shown in the Table 6. We can 

note the important decrease of the saturation time of the 

biosensor under ACET effect, especially in case 3 where the 

saturation time decrease by 61% with ACET effect.

6  Conclusion

This work has highlighted the importance of the ACET 

effect in improving the performance of biosensors intended 

for COVID-19 detection. The ACET force generated by an 

applied electric field was an efficient way to transport the 

analyte molecules toward the binding surface of the biosen-

sor and reduce dramatically its response time. Some param-

eters, such as the applied voltage, the location of electrodes 

on the microchannel walls and the change of the binding 

reaction rates have been investigated. The results showed 

that a great enhancement of the binding reaction of a bio-

sensor appears when a pair of electrodes was placed on the 

bottom wall of the microchannel, in front of the reaction 

surface. In this case, the reduction percentage is about 55%, 

when the optimal voltage was applied. In addition, it was 

found that the variation of the association and dissociation 

rates under ACET effect may decrease the saturation time 

of the biosensor by 61% compared to the same case without 

applying voltage.

Table 5  Saturation time and reduction percentage for the four types 

of microfluidic biosensors under ACET effect

Configuration Detection time (s) Reduction 

percentage 

(%)

Type 1 20,300 55

Type 2 39,325 12

Type 3 20,875 53

Type 4 41,575 7

Fig. 9  ACET effect on binding reaction of three sensors with differ-

ent reaction rates

Table 6  Response time and reduction percentage of three sensors 

having different association and dissociation rates, with and without 

ACET effect

Case Kon 
[

m3∕Mol.s
]

,

Koff [1/s]

Detection time (s) Reduction 

percentage 

(%)

Case 1 (0 V) 102,  10−4 88,475 /

Case 2 (0 V) 103,  10−3 44,900 /

Case 3 (0 V) 104,  10−2 40,600 /

Case 1 (10 V) 102,  10−4 63,325 28

Case 2 (10 V) 103,  10−3 20,300 55

Case 3 (10 V) 104,  10−2 15,875 61
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Current work is geared towards creating ingenious 

designs for future biosensors that can help reduce the risks 

of potential other waves or strains of SARS-CoV-2. Future 

work could be related to the development of a new kinetic 

adsorption model and even this work could be comple-

mented by an experimental exploration. We can also, com-

bine effects of DEP and ACET techniques to better improve 

diffusive transport and the mixing performance.
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