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Abstract: The binding reaction is a significant characteristic which is adopted in the design of biosensors. This aim of the present work
is to investigate the binding reaction kinetics through a microchannel. The diffusion boundary layer on the reaction surface of a
biosensor operating in fluid environment, presents restraining effects. Therefore, it is useful to optimize several critical parameters,
which affect the binding reaction such as, the length of the reaction surface, the inlet flow velocity, and the initial biological analyte
concentration (e.g. molecule, protein, toxin, peptide, vitamin, sugar, metal ion...) in order to reduce the thickness of the diffusion
boundary layer. The study is performed using 2D finite element method. Then, the space-time evolution of analyte concentration (such
as C-reactive protein or IgG) is simulated. The results prove that the reaction kinetic is strongly affected and hence the diffusion
boundary layer is assigned by the physical and geometrical parameters of the microfluidic biosensor.
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1. Introduction layer on the reaction surface of a biosensor operating in

) o fluid environmen presents restraining effects.
Microfluidics have became over the last decade a . . .
) ) . . . The paper reports on a numerical simulation of
veritable science in full swing [1-13]. Their . o . .
. ) microfluidic flow through a channel with a sensitive
development has been conditioned by the technological ) . o
o ] ) T ) membrane. For a designed microfluidic channel, the
possibility of adapting microfabrication techniques . o .
o ) ) o o surface concentration distribution is simulated using
originally designed for electronic fluidic applications. ) . .
) o ) finite element method. The effects of initial velocity,
Microfluidic devices possess many of the features that o ) )
. o initial analyte concentration and the surface reaction
make bioassays advantageous, short analysis time, and ) . )
L ] ) length are analyzed with the aim to improve the
the ability to operate with small samples and high L .
o ) ) ] sensitivity of the biosensor to model.
sensitivity [4, 5]. Biosensors are sensing devices that

incorporate a biological sensing element and a 2. Physical model

transducer producing an electrochemical, optical, or . . .
p £ > Ophical, The system to model consists in a two-dimensional

ther signal in proportion t antitative information . . . . .
other sig proportion to qu ve o © biosensor in a microchannel (see Fig. 1). The height

about the analytes in the given medium [14-17]. The and the length of the microchannel are denoted by h

function of a biosensor depends on the biochemical . .
P and L. The system mixes a small concentration of a

specificity of the biologically active material. The biological analyte with the fluid in a microchannel

binding reaction is a significant characteristic that is . .
g g where a surface reaction is located. The fluid flows
from the left to the right.

To analyze the binding reaction on the biosensor

applied to design biosensors. The diffusion boundary

surface, the fluid flow, electrochemistry and mass
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transport, and reaction surface models are coupled and

solved numerically.
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Fig. 1 Schematic depiction of a microfluidic device:
single-channel and detection surface.

2.1 Fluid flow model

The flow is assumed to be study, isothermal,
incompressible and the fluid is Newtonian.
a-Continuity equation
The mass conservation equation of the flow in x-y

cartesian coordinates reads as:
o v, (1
ox Oy
where u and v are the x and the y velocity components
respectively.
b-Momentum conservation equation
The Navier Stocks equations can be written under the

form :

Oox )

R (LU I N
ot Ox oy oy

where 7 is the dynamic viscosity of fluid, p is the fluid
density and p is the static pressure. The viscosity and the

density of fluid are assumed to be constant.
2.2 Electrochemistry and mass transport model

Transport of analytes towards the reaction surface can
be described using the Fick second law with convective

terms:

o[ A]

+ div(-Dgrad[ A]) + div([A];)z 0 (3)
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where [A4] represents the analyte concentration and D
is the diffusion coefficient of analytes in the bulk.

2.3 The reaction surface

The reaction between immobilized ligands and
analytes is assumed to follow the first order Langmuir
adsorption model [18, 19]:

d48
a

+div-D, grad AB)=k, [ 4], {B,1-[AB}~k,[4B] (4

where [4], is the analyte concentration at the reaction
surface by mass-transport, [By] is the initial ligand
surface, and [4B] is the

anlytee-ligand complex concentration.

concentration at the

3. Boundary and initial conditions

The fluid used in our simulation is the water whose
dynamic viscosity 7 is equal to 10~ Pa.s and the density
is 10° kg/m’. Since the flow in the microchannel is in a
low Reynolds number condition, it is assumed to be a
laminar flow. The average velocity of the parabolic is
assumed to be variable at the inlet of the microchannel.
At the outlet section, static pressure is adopted as
boundary condition, and nonslip elsewhere. The fluid is

assumed to be at rest initially.
For the mass-transport equation, the boundaries
conditions are:
i. At the inlet, the analyte concentration [A,] is
applied;
ii. At the reaction surface, the diffusion flux is
balanced against the reaction rate;
iii. The convective flux is adopted at the outlet;
iv. On the walls, the insulation boundary condition
is applied.
Initially, the analyte concentration is equal to zero.
Diffusion coefficient of analyte is taken as 10" m?s.
The inlet concentration is chosen as [A]=1pmol/m’. The

initial surface concentration is [By].
4. Numerical method

In simulating the flow within the microfluidic channel,
the governing equations and the initial, and boundary
conditions were solved using the finite element method

using the software Comsol Multiphysics [20]. The
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discretized algebraic equations were then solved using
the UMFPACK (unsymmetric multifrontal sparse LU
factorization package) direct solver. A quadratic
discretization scheme is used for all the mass transport.
In the solution procedure, the Navier-Stokes equations
(i.e., Egs. (1) and (2)) were firstly solved to calculate the
evolution of the flow field over time. Based on the
previous results of Navier-Stokes equations, the
convection—diffusion and kinetic equations (i.e., Egs. (3)
and (4)) were then solved concurrently to obtain the
concentration field of analyte within the microchannel
and the analyte-ligand complex concentration on the

reaction surface.
5. Results and discussions

Figure 2 shows the profile of the complex
analyte-ligand concentration versus time during the
association process. Usually, biosensors should operate
in a short time. Numerical simulation is carried out after
5 seconds. Throughout this period, the concentration
profile of the complexe is similar to the diode response.
We can deduce from this curve a critical parameter: the
threshold time. The latter is the time from which analytes

arranges with ligands to produce a complex.
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Fig. 2 Binding of molecules on the reaction surface in the
microchannel.

Figure 3 shows the flow profile and the concentration
distribution just 1, 2.5, 5, and 10 s after introducing the

analyte.
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In this case, the flow profile is laminar and has a
parabolic profile. From time t = 2.5s a portion of the
analyte diffuses towards the reaction surface. A portion
of the diffused analyte is associated with the ligands
forming the complex. At the sensitive membrane, the
analyte concentration is minimal since it is attached with

the ligands.
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Fig. 3 Diffusion of the analytes in the microchannel at
different times.

Several critical parameters, can affect the binding
reaction such as, the reaction surface length, the inlet
flow velocity, and the initial analyte concentration. In the
following work, we will investigate the influence of

these parameters at the binding reaction
5.1 Inlet velocity flow effect

The incoming flow profile is characteristic for fully
developed laminar flow, that is, parabolic with zero
velocity at the channel walls. The average velocity of the
parabolic pofile is noted u,. Figure 4 shows the time
evolution of analyte-ligand concentration for several
inlet flow velocities (Up=10" 107, and 107 m/s). The
diffusion velocity of many biomolecules is relatively
slow compared to the reaction velocity, as measured by
the Damkoehler number (D, number). The latter is the
ratio of the reaction velocity (i.e., product of the

association rate constant and the initial concentration of
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the ligand) to diffusion velocity. When the D, number is
greater than unity, the whole reaction is restrained by
diffusion. In figure 4, the concentration of the complexe
is strongly influenced by the inlet velocity up,.. When
the inlet velocity increases, the diffusion boundary layer
is reduced and therefore, the reaction surface increases.
In conclusion, the inlet velocity plays a crucial role in

reducing the diffusion boundary layer.
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Fig. 4 Influence of the inlet flow velocity on the binding of
molecules on the reaction surface vs. time.

5.2 Effect of analyte initial concentration

Figure 5 reveals the profiles of the concentration of
analyte-ligand complex along the surface vs time for

different analyte bulk concentrations.

The analyte bulk concentrations used in this
simulation are [Ao] = [1, 4, 8, 12]umol/m’. Figure 5
shows that the binding reaction is faster when the analyte
bulk concentration [A4,)] is significant.

For the initial analyte concentration range studied, the

complex concentration varies linearly (Fig. 6).
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Fig. 6 Analyte-ligand complex concentration [AB] at t =Ss
versus the initial analyte concentration [A].

5.3 Effect of surface reaction length

In this subsection, the surface reaction length is
allowed to vary. Figure 7 illustrates the temporel
evolution of the complex concentration for several

surface reaction lengths.
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Fig. 5 Influence of initial analyte-bulk on the binding of
molecules on the reaction surface vs. time.
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Fig. 7 Effect of reaction surface lengths on the binding of
molecules on the reaction surface vs. time.
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Three values of surface reaction lengths are used in
this simulation: L=20, 40, 80um. The inlet analyte
concentration and the inlet velocity are assumed
constant. Figure 7 proves that the length of the reaction
surface plays an important role in the formation of the
diffusion boundary layer. resulting in a slower binding
rate and a longer time to reach saturation. When
increasing the reaction surface at the same time keeping
the concentration of the ligands fixed, this induces a
reduction of the particle density. The decrease in particle
density leads a slowdown in the rate of ligand-analyte

reaction.

5. Conclusion

This work presents 2D numerical simulation of a
microfluidic in microchannel containing a sensitive
membrane by using the finite elements method. Several
crucial factors have been evoked: the inlet flow velocity,
the initial analyte concentration, and the length of
reaction surface. Results prove that the binding reaction
strongly depend on geometrical and physical parameters

of the micro-fluidic system used.
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