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ABSTRACT

The research target for DNA hybridization through micro-

fluidics is to achieve a fast and very sensitive hybridization

reaction by investigating the effect of different pertinent

parameters using computational method. The mathematical

model that we developed couples mass transport of DNA 

from the bulk of the solution with the surface reaction 

kinetics for the heterogeneous DNA Hybridization reaction

in a micro fluidic channel. A two-dimensional analysis of

the classical mass transport equation under laminar flow 

conditions combined with an overall second order rate

constant for the surface hybridization reaction elucidates

the effect of changing the fluid flow rates, bulk

concentration and channel heights on the DNA 

hybridization efficiency. The model enables the DNA 

researcher to optimize his DNA assays for speed and lower

limit of detection.

Keywords: DNA hybridization, micro fluidic channel, DNA

reaction kinetics, mass transport.

1 INTRODUCTION

Over the last twenty years, the use of DNA microarrays

has grown extensively for different applications and in

various fields. Applications in biotechnology, which are

receiving great consideration, include DNA sequencing [1], 

mutation detection [2] and gene identifications [3].

For a 367 bp long DNA molecule with a typical value

for the diffusion coefficient (D) of 10-9 cm2/s [4], it takes

approximately 14h to travel a distance of 100 m (x2
=2Dt).

This limitation, especially for a low concentration of target

sample, results in an extremely slow diffusion limited

hybridization process, known as passive hybridization. To

decrease the hybridization time several researcher are 

combining DNA arrays with micro-fluidics.

Pappaert et al. proposed the use of a shear-driven flow 

to induce a lateral convective flow over a DNA micro-array

on a stagnant solid surface [5]. Adey et al conducted an 

experimental study on a microarray hybridization system

that continuously agitates the hybridization solution using

two air-driven bladders in a 25 m height chamber in order

to minimize localization of the target depletion [6].

Recently, a novel highly automated flow-through DNA 

hybridization and detection unit was integrated on a fluidic

compact desk (CD) platform by Jia and coworkers in our

research group. The CD platform is made of PDMS with all 

the microfluidic structures and sealed with a glass slide. 

When the capillary forces that exist in the connecting

capillary channels equalize the centrifuge forces that

produced from spinning, the fluid is then released. They

reported an increase in the signal intensity up to 10 fold

compared to the passive hybridization assays under the

same conditions.

In this work, the effect of different pertinent

parameters on the heterogeneous DNA hybridization

through micro-fluidics is to be investigated using

computational method.

2 FORMULATION OF THE COUPLED 

REACTION-MASS TRANSFER MODEL 

DNA hybridization on a solid substrate is referred to as 

heterogeneous hybridization [7] since it involves the 

transport of target species through a solution followed by

the reaction of the target DNA to capture probe DNA on the

surface. It involves thus two types of DNA species; single 

stranded DNA immobilized on the solid surface known as

DNA capture probes (ssDNAImmob) and single stranded

DNA in the solution known as target DNA (ssDNABulk).

DNA hybridization occurs when complementary DNA in

the sample selectively binds onto those surface probes and

together they form hybridized double stranded DNA

molecules (dsDNAHybridized) as illustrate in Figure 1.

The mass transport of target DNA in the liquid flow is 

defined as convective-diffusion of the species, or advection,

and is mostly due to two mechanisms: molecular diffusion,

representing the transport of mass by the random Brownian

motion, and convection of the fluid containing the
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Figure 1: Schematic illustration of the hybridization

channel showing the single stranded DNA capture

probes, the target molecules and the hybridized DNA 

molecules.
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suspended DNA. In this section, the DNA hybridization

kinetics coupled with convective-diffusion mass transport 

of DNA molecules along with the corresponding boundary

and initial conditions are introduced.

2.1 DNA Hybridization Reaction Kinetics 

Reaction kinetics deals with changes in reactants

and products concentration as a function of time and

provides information about the mechanism by which the

reactants form products. This can be elucidated by

considering the following DNA heterogeneous

hybridization reaction [8]:

Immob Bulk HybridizedssDNA +ssDNA dsDNA
F

R

k

k

 (1)

where k
F
 and k

R
 represent the forward (hybridization) and

the reverse (disassociation) reaction rate constant.

The rate of the heterogeneous hybridization

reaction, RSurface,  is a function of all the concentrations of

all species present in the overall chemical reaction, equation

(1), at a given time. This rate can be represented by the rate

law as [9] (normalized format):
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with co_surf  the initial concentration of the capture probes,

um the mean velocity and H the channel height.

2.2 Species Transport in the Bulk 

The convective transport of the target DNA in the

bulk of the solution is governed by the 2-D, time-dependent

convective–diffusive equation and represented in the

normalized form as:
2 2

2 2

* * 1 *
*

* Pe * *

c c c c
u

x x y

*
 (4)

In this equation, we introduced the normalization

parameters in the following manner: the target

concentration at the channel inlet (cin) normalized the target 

concentration in the bulk of the solution (c) as c*  c/cin ,

the mean velocity (um) normalized the streamwise velocity

(u) as *
m

u u and the channel height (H ) normalized the

x and y coordinates as (x*,y*)  (x/H,y/H). With Peclet

number given as Pe= u

u

mH /D.

The convective transport of target DNA in the

bulk of the liquid flow is governed by Navier-Stokes (N-S)

equations. For a 2-D, incompressible, laminar fully

developed flow; the Navier-Stokes equations can be

simplified to represent the streamwise velocity (u*) as:

* 6 *(1 *)u y y  (5)

2.3 Boundary and Initial Conditions

Initially, there is no fluid in the hybridization

microchannel, thus both concentrations of target DNA in

the bulk and hybridized DNA at the reactive surface are set

to zero and the concentration of target DNA in the bulk at 

the channel inlet is set as c  and illustrated in Figure 2:
in

*( 0) 0c t , c t* ( 0) 0
surface

, (6)*( * 0) 1c x

At the fluid probe surface interface, the species flux on 

the hybridization sites is given as:

*
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The mass transport of the unused target DNA out of the

hybridization microchannel is governed primarily by

convection, thus:

* * * * * *1

Pe
n c c u n c u  (9)

With a condition that no reaction occurs on all the other

surfaces; the mass fluxes on those surfaces are zero: 

* * * *1
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Figure 2: Schematic of the computational model channel

with the concentration boundary conditions.

3 RESULTS AND DISCUSSIONS 

The governing equations (2, 4) with their pertinent initial

and boundary conditions (6-7, 9-10) are solved

simultaneously in order to capture the instant change of the

concentration of the hybridized and the target DNA in the 
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vicinity of the reactive surface. The numerical simulations

were performed using the FEMLAB software package,

using the finite element method, on a 3.06 GHz workstation

with 2.00 GByte of RAM. A finer mesh was applied where

needed such as close to the reaction surface in order to

capture better the rapid variations in the concentrations at 

that site. 

Figure 3: Temporal variation of the bulk concentration at

different flow rates with kF = 105 M-1s-1, kR = 1.0 s-1, cin =

0.19 nM, co_surf = 200 pmol/m2 and H = 50 m.

Two DNA capture probe elements, each 500 µm long, 

are located along the channel's lower surface and positioned

at 5 and 6 mm away from the channel's entrance as shown

earlier in Figure 2. The hybridization kinetic data we used

in our model are selected based on experimental results by

Okahata et al [8] with k
F
 = 105 M-1s-1 and k

R
 =1.0 s-1. A

surface concentration, co_surf, of 200 pmol/m2 and a bulk

concentration, cin, of 190 pM were considered. The

diffusion coefficient is taken as 1e-9 cm2/s [4].

Two DNA capture probe elements, each 500 µm long, 

are located along the channel's lower surface and positioned

at 5 and 6 mm away from the channel's entrance as shown

earlier in Figure 2. The hybridization kinetic data we used

in our model are selected based on experimental results by

Okahata et al [8] with k

Figure 3 illustrates the variation of the bulk

concentration as a function of time due to the convective-

diffusive transport of DNA coupled with the hybridization

reaction onto the DNA capturing probes array elements

with flow rates (Q) of 1 and 4 L/min for a fixed channel

height of 50 m. For flow rate of 1 L/min, see Figure 3a,

initially (t=3-6sec) the target DNA transport through the

channel is mainly by convection. When the flow reaches

the probe elements positioned at 5 and 6 mm (t=12sec), the

DNA molecules near the surface get hybridized and a

change from the bulk concentration profile is observed and

consequently a concentration boundary layer with a sharp

concentration gradient develops. In this boundary layer

region, in addition to the convective transport of DNA 

molecules, transport by diffusion plays an important role in

the hybridization process. Meanwhile, the boundary layers 

is formed earlier when a 4 L/min is considered (t=3sec),

shown in Figure 3b. As the time advances (t=6sec), the

concentration gradient in y-direction decreases until

equilibrium is reached (t>12 sec), at that point there is no 

further change in the net overall reaction.

Figure 3 illustrates the variation of the bulk

concentration as a function of time due to the convective-

diffusive transport of DNA coupled with the hybridization

reaction onto the DNA capturing probes array elements

with flow rates (Q) of 1 and 4 L/min for a fixed channel

height of 50 m. For flow rate of 1 L/min, see Figure 3a,

initially (t=3-6sec) the target DNA transport through the

channel is mainly by convection. When the flow reaches

the probe elements positioned at 5 and 6 mm (t=12sec), the

DNA molecules near the surface get hybridized and a

change from the bulk concentration profile is observed and

consequently a concentration boundary layer with a sharp

concentration gradient develops. In this boundary layer

region, in addition to the convective transport of DNA 

molecules, transport by diffusion plays an important role in

the hybridization process. Meanwhile, the boundary layers 

is formed earlier when a 4 L/min is considered (t=3sec),

shown in Figure 3b. As the time advances (t=6sec), the

concentration gradient in y-direction decreases until

equilibrium is reached (t>12 sec), at that point there is no 

further change in the net overall reaction.

Furthermore, the effect of varying the sample flow rate 

on the temporal variation of the hybridized DNA 

concentration on both elements is also investigated as 

demonstrated in Figure 4. Examining Figure 4a, we observe

that with a sample flow rate of 1 L/min, at time=9sec,

probe element 1 captures target DNA molecules at a three

times higher concentration than probe element 2. This is

due to the consumption of part of the target DNA molecules

near the reactive wall by probe element 1 first, followed by 

the consumption of part of the residual target DNA at probe

element 2. As the time progresses (e.g. t=18sec), the 

difference between the hybridized DNA concentration on

both elements decreases until equilibrium condition is

reached at t=34sec. Comparing Figure 4a and 4b, it was

observed that equilibrium is reached faster when using a

higher flow rate as a result of faster replacement of 

consumed molecules near the reactive walls which reflects 

the enhancement of the diffusion limited hybridization

reaction through convection transport of the DNA

molecules.
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reaction through convection transport of the DNA

molecules.

The effect of varying the channel height on the

temporal variation of the hybridized DNA concentration

along element 1 is depicted in Figure 5. This Figure

illustrates an interesting finding which is associated with

the fact that the smaller the channel height, the faster

equilibrium is reached. This can be explained as follow, as 

the height of the channel decreases, the mean velocity 

through the channel increases for a fixed volume flow rate.

The latter enhances the transport of target DNA molecules

by convection as well as by diffusion due to a thinner

concentration boundary layer thickness along the element.

As such, the time taken to reach the equilibrium condition 

is shorter for thinner channels and smaller sample volume is

used.

The effect of varying the channel height on the

temporal variation of the hybridized DNA concentration

along element 1 is depicted in Figure 5. This Figure

illustrates an interesting finding which is associated with

the fact that the smaller the channel height, the faster

equilibrium is reached. This can be explained as follow, as 

the height of the channel decreases, the mean velocity 

through the channel increases for a fixed volume flow rate.

The latter enhances the transport of target DNA molecules

by convection as well as by diffusion due to a thinner

concentration boundary layer thickness along the element.

As such, the time taken to reach the equilibrium condition 

is shorter for thinner channels and smaller sample volume is

used.

Figure 6 illustrates the effect of changing the bulk

(sample) inlet concentration on the temporal variation of

the hybridized DNA surface concentration along element 1 

Figure 6 illustrates the effect of changing the bulk

(sample) inlet concentration on the temporal variation of

the hybridized DNA surface concentration along element 1 

vicinity of the reactive surface. The numerical simulations

were performed using the FEMLAB software package,

using the finite element method, on a 3.06 GHz workstation

with 2.00 GByte of RAM. A finer mesh was applied where

needed such as close to the reaction surface in order to

capture better the rapid variations in the concentrations at 

that site. a) Flow rate =1 L/min, um=6.67E-4 m/s, Pe=333

F
 = 105 M-1s-1 and k

R
 =1.0 s-1. A

surface concentration, co_surf, of 200 pmol/m2 and a bulk

concentration, cin, of 190 pM were considered. The

diffusion coefficient is taken as 1e-9 cm2/s [4].

L/min, um=26.7E-4 m/s, Pe=1333b) Flow rate =4b) Flow rate =4

a) Q = 1 L/min    b) Q = 4 L/min

Figure 4: Temporal variation of the hybridized DNA

concentration on both elements at different flow rates. With

cin = 0.19 nM, co surf = 200 pmol/m2 and H = 50 m.
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Figure 5:

Variation of the

hybridized DNA

surface concentration

with the channel

height. With

Q=1 L/min, cin = 0

nM and c

.19

o_surf = 200

pmol/m2.

(a) um=16.6E-4 m/s  (b) um=6.67E-4 m/s   (c) um=3.33E-4 m/s

with all other parameters are similar to the previous figures

and H=50 m. For a sample concentration of 0.1pM, the

maximum hybridized DNA concentration is 2E-15 mol/m2

as shown in Figure 6a, knowing that co_surf =200pmol/m2,

this means that at equilibrium only one probe out of 105

probes hybridizes (1:105 ratio). As the target concentration

is increased by one order of magnitude, then, as illustrated

in Figures 6b, the maximum hybridized DNA concentration

is also increased by one order of magnitude and the system

reaches equilibrium at the same time as in Figure 6a. This

increase occurred as a result of a larger amount of target

DNA molecules near the reactive surface. By increasing the 

target concentration to 100nM, the ratio of the hybridized

DNA to immobilized probes also increased to 9:10 probe

and equilibrium is reached faster as shown in Figure 6c. 

Increasing the sample concentration up to 1 M, saturation

(all the DNA probes are hybridized) is reached in a very

short time (i.e.10.5sec) as depicted in Figure 6d.
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(all the DNA probes are hybridized) is reached in a very

short time (i.e.10.5sec) as depicted in Figure 6d.

An experimental investigation of effect of similar

pertinent parameter, studied in this work, on the 

hybridization reaction were carried out by Kim and

coworker in our research group and showed a great

agreement between the two studied [10]. 

An experimental investigation of effect of similar

pertinent parameter, studied in this work, on the 

hybridization reaction were carried out by Kim and
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4 CONCLUSION
  

In our investigation for the rapid DNA hybridization

through micro-fluidics, a two-dimentional mathematical

model was developed to couples the mass transport of DNA 

from the bulk of the solution with the surface reaction 

kinetics for the heterogeneous DNA Hybridization reaction

to elucidates the effect of changing the fluid flow rates,

bulk concentration and channel heights on the DNA

hybridization efficiency. It was revealed that as the channel

height decreases or the fluid flow rate increases, the mean

velocity through the channel increases for a fixed volume

flow rate. The latter enhances the transport of target DNA

molecules by convection as well as by diffusion due to a

thinner concentration boundary layer thickness along the 

element. Thus, the time taken to reach the equilibrium

condition is shorter. Performing the hybridization

experiment with a large bulk (or sample) concentration,

insure a larger amount of hybridized DNA on capture

probes and equilibrium is reached faster.
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flow rate. The latter enhances the transport of target DNA

molecules by convection as well as by diffusion due to a

thinner concentration boundary layer thickness along the 

element. Thus, the time taken to reach the equilibrium

condition is shorter. Performing the hybridization

experiment with a large bulk (or sample) concentration,

insure a larger amount of hybridized DNA on capture

probes and equilibrium is reached faster.
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