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For diffusion-limited proteins, the diffusion boundary layer on the reacting surface hinders the
binding reaction. The authors performed finite-element simulations of the electrothermal effect on
the reaction kinetics of C-reactive protein (CRP)—anti-CRP. The induced vortices stir the flow and
enhance the transport rate of analytes. They attribute the enhancement to the reduction of the
thickness of diffusion boundary layer. Significant interference patterns of the votices are observed
by varying the position of the reacting surface. These patterns are utilized to optimize the
enhancement factor, yielding 5.166 and 3.744 times for association and dissociation, respectively,
under voltage (15 V,,,¢) and frequency (100 kHz). © 2007 American Institute of Physics.

[DOL: 10.1063/1.2784941]

In recent years, the study of biosensors has become an
active research field for health care use. It brings many in-
teresting applications of microtechnology in the area of bio-
chemical and biophysical systems. The development of im-
munoassay is to place emphasis on the high sensitivity and
the real-time detecting ability for different mechanism-based
biosensors, such as the microcantilever beam based biosen-
sor, the surface plasmon resonance sensor, and the quartz
crystal microbalance sensor. Although the basic principles of
detection are different, these sensors involve the same kinet-
ics of specific recognition of binding of the analyte and the
ligand. The concentration of the formed analyte-ligand com-
plex during the chemical binding is the major quantity cor-
relating with the measured data from various sensors, and
reflects the concentration of the analyte in the flow, which is
the physical quantity most concerned in clinic applications.
The specific recognition of analytes and immobilized ligands
occurs at the reacting surface of a biosensor, which is a solid-
liquid interface. The reaction kinetics can be described as a
two-step process;1 namely, the mass-transport process and
the chemical reaction process. When the analyte takes a
longer time to transport by convection and diffusion to the
reacting surface than chemical reaction, the whole reaction is
restrained by mass-transport limitation and a diffusion
boundary layer is formed on the reacting surface.” Existence
of such a diffusion boundary layer on the reacting surface
would hinder the binding reaction from association and dis-
sociation, yielding difficulties in practical applications of
biosensors. Sigurdson et al.® have found that the electrother-
mal microstirring effect in a microchannel is useful to en-
hance the binding efficiency for diffusion-limited molecules.
They performed the calculation showing only the initial pro-
cess of the association reaction without or with the electro-
thermal effect and gave the enhancement factor by compar-
ing the initial slopes of the binding reaction curves.

In this paper, we perform a two dimensional full time-
span simulation of the association and dissociation in a bio-
sensor immunoassay with the sample of C-reactive protein
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(CRP) pairs to predict the surface concentration of the
analyte-ligand complex versus time relationship. The in-
duced electrothermal force by the ac electric field can cause
a vortex field which will reduce the thickness of the diffusion
boundary layer and significantly increase the reaction rate to
accelerate both the association and dissociation rate pro-
cesses. Interference to the vortex field due to the existence of
the reaction surface at various positions in the microchannel
could cause different degrees of enhancement for association
and dissociation, and will be discussed below.

In this work, we consider a two dimensional 500
X 150 wm? microchannel in the x-y plane, containing a re-
acting surface of 40 X3 um? in the middle of the bottom
side and a pair of electrodes on the top opposite to the react-
ing surface [see Fig. 1(a)]. The buffer solution mixed with
the analytes flows from left to right. The inlet is set at x=0.
On the reacting surface are the immobilized ligands.

Temperature gradients occur as a result of Joule heating
due to the nonuniform ac electric field. The gradient of tem-
perature T in the liquid causes inhomogeneities of the per-
mittivity & and the conductivity o of the medium, which, in
turn, gives rise to the forces causing fluid motion. The body
force Fy is given by Ref. 4.

Fi = 1{<V—U E) E—C  LEpy (1)
E= o\ o & 1+ (wr)? 2 el

where 7=¢/0 is the charge relaxation time and w is the
angular frequency of the electric field E. The local variations
in temperature change the gradients of conductivity and per-
mittivity,

Ve=(0eldT)V T,

Vo=(dc/dT)V T. (2)

We consider the quasistatic electric field which is the root
mean square (rms) value of the ac field. The electrostatic
field E is related to the electrical potential ® by E=-V®,
where @ satisfies the Laplace equation. A small amount of
Joule heating could give rise to a temperature increase in the
fluid. In order to estimate the temperature rise for a given
electrode system, the following energy balance equation
must be solved,5
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where p, c,, V, and k are the density of the fluid, specific
heat, velocity of the fluid, and thermal conductivity of the
fluid, respectively. Here, o|E|* is the Joule heating as a
source term. The fluid is assumed to be incompressible. The
equation of motion is

v
p;+pV~VV—77V2V+Vp=FE, (4)

where 7 is the dynamic viscosity of the fluid and p is the
pressure. It is also assumed in this work that p and 7 of the
modeled incompressible fluid are constant independent of
temperature and concentration. Transport of analytes to and
from the reacting surface is assumed to be described by the
Fick’s second law with convective terms,

JA] . ua[A] . D&[A] ~ D( #A] . aZ[A])
P ox gy \ )

(5)

where [A] is the concentration of analyte and D is the diffu-
sion coefficient of analyte, respectively. The reaction be-
tween the immobilized ligand and the analyte is assumed to
follow the first order Langmuir adsorption model.>° During
the reaction, the analyte-ligand complex [AB] increases as a
function of time according to the reaction rate equation,

_ﬁ[AB] = ka[A]surface{[B()] - [AB]} B kd[AB] ’ (6)

ot
where [A g face 18 the surface concentration of the analyte at
the reacting surface by mass transport, [B,] is the surface
concentration of the ligand, [AB] is the surface concentration
of the analyte-ligand complex, k, is the association rate con-
stant, and k, is the dissociation rate constant.

In an immunoassay experiment, phosphate buffer saline
is usually used to be a neutral buffer solution (pH=7.2),
which is mixed with analytes as a carrier fluid. The fluid in
the microchannel can be assumed that its physical properties
are similar to water. The relative permittivity €, and the elec-
trical conductivity o are 80.2 and 5.75X 1072 S m~!, respec-
tively. The applied voltage is 15 V. peak to peak with an

operating frequency of 100 kHz. Boundary conditions are
d=+V,,/2 at the two electrodes and electrically insulated
elsewhere. The fluid in this domain is assumed to have prop-
erties as water. The density, specific heat, and thermal con-
ductivity are 10° kg/m?3, 4184 J/(kg K), and 0.6 W/(m K),
respectively. Boundary conditions are 7=300 K at both of
the two electrodes and thermally insulated elsewhere. The
value of the dynamic viscosity 7 is set as that of water
1073 Pass. Since the flow in the microchannel is in the low
Reynolds number condition, it is assumed as a laminar flow.
The average velocity of the parabolic profile is set to u
=10"* m/s at the inlet. Boundary conditions are p=0 at the
outlet and nonslip elsewhere. The diffusion coefficients of
human CRP (=2.175X 10""" m?/s) is obtained from Ref. 7
The inlet concentration of analyte is chosen as [A]=6.4 nM.
The initial surface concentration [B,] is assumed as 1.4
X 1078 mole/m2.® The diffusive flux at the reacting surface
should be balanced against the reaction rate,

p{

9 ) = ku[A]surface{[Bo] - [AB]} - kd[AB] >
Y/ surface

(7

where k, and k; for CRP-anti-CRP protein pairs can be
found in Ref. 9 namely, 1.0 X 10'M~' s7! and 2.6 X 1072 571,
respectively. The initial conditions for both the concentra-
tions of the analyte in the bulk [A] and the concentrations of
the analyte-ligand complex on the reacting surface [AB] are
all zero, respectively.

All the simulations have been performed using the finite
element analysis software, COMSOL MULTIPHYSICS™ version
3.3 (COMSOL Ltd., Stockholm, Sweden). We simulate the
dissociation phase of the binding reaction by terminating the
supply of the analyte at a time after the binding reaction is
saturated. The time of discontinuing the analyte is set manu-
ally. The results have been examined to be mesh independent
by means of a normal convergence test.

The electrothermally driven stirring flow field would
construct a pair of vortices, which can enhance the binding
reaction of the protein pair by a strong convection of the
analyte. Figure 1 shows the flow velocity fields in the micro-
channel with the ac voltage applied, when the reacting sur-
face is located at three different locations, namely, (250,1.5),
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(250,75), and (281,133). Notice that the length unit is mi-
crometer. It is observed that the vortices are deformed to
different degrees when the reacting surface is located at dif-
ferent locations. In particular, when the reacting surface is
located near the negative electrode, (281,133), a “squeezing”
effect causes the fluid to flow rapidly through the channel
between the top boundary and the reacting surface, which
raises largely the speed of association and dissociation on the
reacting surface. Location (281,133) is the optimal position
selected from about 30 sample locations to yield the best
enhancement in association and dissociation in the present
calculation.

For a diffusion-limited protein (the analyte), the con-
sumption of [A]y,ce in the association phase is faster than
the supply from the bulk. Thus, a diffusion boundary layer of
the analyte is formed on the reacting surface, representing
the lack of the analyte within the layer. The diffusion bound-
ary layer also occurs in the dissociation phase when the sup-
ply of analyte in the flow is discontinued. And now the dif-
fusion boundary layer represents a thicker concentration of
the analyte than that in the bulk. It is found that the electro-
thermally driven stirring vortices have an advantage to de-
crease the thickness of the boundary layer, especially at the

1.0x108 - ——0V, at (250,1.5)
I -0V, at (250,75)
. e 0V, at (281,133)
& 8ox10%F 15V, at (250,1.5)
) It 15V, at (250,75)
2 15V, at (281,133
E 6.0x10° ( )
3 s
9 -
Q RN
5 4.0x10°® " ..
&
S, 2.0x10° | S
00 . . i st
0 1000 2000 3000 4000 5000
Time (s)

FIG. 3. (Color online) Surface concentration of CRP complex as a function
of time with or without applying voltage for the locations showing in Fig. 1.
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position (281,133), which is near to the negative electrode.
Figure 2 presents the concentration field of diffusion bound-
ary layer at the location (281,133) without or with electro-
thermal effect considered at 500 and 1500 s, respectively. It
is observed that at 500 s, the thickness of the diffusion
boundary layer with applied ac electric field is largely re-
duced, compared to that without the applied field; and at
1500 s, the boundary layer with the field applied is com-
pletely removed and the saturation for the association, in
fact, reaches this moment. It is this reduction of the thickness
of the boundary layer which enhances the reaction rates in
terms of both the association and dissociation processes.

The simulated binding reaction curves for CRP-anti-
CRP with or without applying the electrothermally driven
vortices are shown in Fig. 3 for three different locations of
reacting surface. The initial slope is a good indicator describ-
ing the speed of reaction. We define the enhancement factor
as the ratio of the initial slope of the binding reaction curve
with applying electric field to that without applying the elec-
tric field. It is found that the enhancement is higher in the
association than dissociation. The best enhancement factor is
about 5.166 times for the association and 3.744 times for the
dissociation, with respect to the field-free condition, at the
position (281,133) for the current configuration of the micro-
channel under study.
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