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Abstract

Background/Objectives: Mathematical modelling and computational simulation are important tools
in the analysis of transport phenomena and surface reactions. These include surface hybridization
that takes place in a microfluidic channel, creating a DNA microarray. Methods: In this work, the
surface hybridization with multiple DNA probe spots immobilized on the bottom of a microfluidic
channel was investigated using computational modelling. The model incorporates the 2D transport
process, coupled with convective/diffusive mass transport (infinite dilution) and surface binding
models for both non-specific adsorption and specific hybridization. Results: Hybridization signals
obtained at different reaction times, various flow rates, and two different channel depths were
analyzed, targeting enhanced surface hybridization while minimizing assay time and sample usage.
It was found that a high aspect ratio (width/height) channel geometry with electrodes placed on the
top and bottom walls would enable significantly improved fuel utilization and reduced inter-
diffusional mixing width. Conclusions: The numerical study also suggested the implementation of a
tapered electrode design that accommodates the growth of the co-laminar mixing zone in the
downstream direction.

Keywords: computational simulation; mathematical modellingg DNA microarray; surface
hybridization; convective/diffusive mass transport; microfluidic channel

1. Introduction

Like other biosensor technologies, the DNA microarray is based on the fundamental property of
nucleic acid strands specifically binding (hybridizing) to their complementary strands [1]. Generally,
probe DNA molecules are immobilized on a solid surface and form an array of microspots. Then,
labelled target DNA strands in the solution phase are applied to the surface. Since the immobilized
probe DNA binds to, and hence retains, its complementary target strand, detection is achieved
through the read-out of the fluorescent markers tagged on the retained target molecules.

The conventional microarray method occurs in a static mode, where sample DNA molecules in
bulk solutions are transported to the reactive surface solely through slow molecular diffusion. This
slow process could limit the rate of the hybridization, leading to a poor detection efficiency that may
be resolved by using a long incubation time (12-18 h) [2]. The recent microfluidic technology enhances
the mass transport by introducing convection to the microarray system [3,4]. Moreover, the
microfluidic method shows the advantages of low sample usage (down to submicrolitre) and reduced
assay time (in minutes), as compared to the conventional bulk solution method [5].

The kinetics of DNA microarray hybridization, which is heterogeneous, is much more complex
than that of homogeneous liquid-phase DNA hybridization [6,7]. Other than the hybridization rate,
additional parameters from the mass transport mechanism, such as bulk and surface diffusivity, flow
velocity, channel geometries, etc., are involved. A sound and detailed mathematical modelling of the
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concurrent diffusion and reaction processes is thus needed to fully understand both convection and
diffusion processes in the DNA microarray system. Since the system shares many features with the
heterogeneous interactions of other biosensors, whose theoretical studies have provided considerable
insight into the process of DNA surface hybridization. For example, a simplified two-compartment
model was originally proposed for the surface antigen-antibody reaction in protein biosensors [8-
13], and this model was then used to analyze the on-chip DNA hybridization [14,15]. A diffusion-
reaction model was developed for a cell receptor-ligand model [16], and it was first used by Chan et
al. to study static microarray hybridization [17,18]. In this study, hybridizations of DNA targets both
from the bulk phase and from initial non-specific surface adsorption were considered, and the model
successfully predicted the enhanced kinetics due to sparse surface probe coverage. Other models
have also been reported to further describe the effect of different physico-chemical parameters on
kinetics during static hybridization [19-21]. Regarding hybridizations in microfluidic channels,
Erickson et al., who coupled Chan’s work with convection transport relations, examined their model
with experimental results obtained from oligonucleotide targets introduced in microchannels [22].
Similar models have been reported for other microfluidic-based surface biosensors [23-25]. Because
the mathematical description of these models involves the use of nonlinear partial differential
equations, numerical solutions have been achieved only with the increasing computing power of
modern computers [15,22,24-26].

Our present work aims at providing a thorough analysis of the combined effect that the many
different process variables have on DNA microarray hybridization in diffusion- and convection-
driven systems. The use of dimensionless parameters and variables in our work brings in a universal
character to the model, transforming a specific situation into a generic case, as it has been applied in
a few studies on static hybridization [27,28]. The proposed model was solved numerically, and the
results have been used to predict the detection limit of single-stranded targets and to examine the
effects of flow rate, channel depth and probe density on hybridization kinetics. The predicted results
were validated with experimental data. Our work provides a means for the experimentalists to
estimate the importance of different parameters involved in a microfluidic microarray chip and to
use these parameters to aid their design process.

2. Materials and Methods
2.1. Model Systems

The configuration of a rectangular microchannel in a polymer microchip is shown schematically
in Figure 1a. The liquid inside the channel is assumed to flow at a steady state (in x direction) in the
absence of body forces like gravity. Since the width of a rectangular channel (in y direction) is larger
than the channel height (in z direction), an infinite parallel-plate configuration is a reasonable
approximation of the channel. The y coordinate is thus dropped out, and 2-D geometry (x-z) is used
(Figure 1b). By solving the Navier-Stokes equation, which describes the flow behaviour of the fluids
in a channel, the 2-D flow profile in the channel can be described by a parabola given by equation 1
as follows:

U =6Ui(1—ij
H\ H @

where u is the flow velocity at z, U is the average flow velocity, and H is the height of the channel.
Both U and H can be measured experimentally. On the other hand, the bulk-phase transport of
DNA target molecules in the 2-D channel flow can be described by the convection-diffusion equation
as follows:
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Figure 1. (a) A polymeric chip with a rectangular microchannel filled with solutions. The bottom wall of the
microchannel is immobilized with 3 probe strips; (b) The simplified 2-D geometry (in the x-z directions) of the
above microchannel was used for the model construction and numerical simulation. The two diagrams are not

drawn to scale.
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where C is the target concentration in the bulk solution, and D is the diffusion coefficient of the DNA
molecules in the bulk phase.

Three surface-phase processes have been considered in the model construction relevant to the
heterogeneous hybridization of target DNA in the microchannel. Eqn. (3) describes the bulk-to-
surface DNA hybridization reaction to the immobilized DNA probes. Eqn. (4) describes the
nonspecific adsorption of target DNA molecules from the bulk phase to the glass substrate. These

nonspecifically adsorbed DNAs can then hybridize to the immobilized probe, as shown in Eqn. (5).

Target DNA (in bulk phase) + Probe DNA (immbolized}:‘—‘; Hybridized Duplex

Target DNA (in bulk phase) :v_—“:Target DNA (adsorbed on the surface) @
d

Target DNA (adsorbed on the surface) + Probe DNA (immbolized]}:—‘; Hybridized Duplex
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where ks and ks represent bulk-to-surface hybridization and dehybridization constants, respectively;
k2 and k- represent surface-to-surface hybridization and dehybridization constants, respectively; ka
and ks represent the nonspecific adsorption and desorption constants, respectively.

Therefore, the temporal variations of the hybridized DNA (®) and the non-specifically adsorbed
DNA (1)) can be described as:

00
©_[nc. (0.-0)-+ ]+ [kn(0,-0)-k0]
aa—;’ = st’ln + I:kacw (nmax -n ) - kdrl] - |:k2T] (®0 - ®) - k’2®] (7)

where Cu is the bulk concentration of DNA target adjacent to the bottom wall (z =0), © is the
surface concentration of the hybridized duplexes, ®o is the maximal surface concentration of
hybridized duplexes and it is equal to the probe density, (®o- ©) is the concentration of the available
probe molecules on the surface, 1 is the surface concentration of non-specifically adsorbed target
DNA molecules, and Ds is the surface diffusion coefficient of the target DNA on the glass substrate.

The surface DNA concentration due to adsorption (1) and hybridization of the target DNA to a
surface-immobilized probe (8) was coupled to the convection-diffusion equation by a flux balance at
the wall:

_D%| =0 — [kacw (rlmax - T]) - kdn:l + I:k3C“. (®0 - ®) - kﬁ3®:| (8)

2.2. Computational Simulations

Numerical simulations for the hybridization fraction (©*) and its visualization were performed
with COMSOL Multiphysics 3.5a under the assumption of unidirectional 2-D pressure-driven flow.

3. Results
3.1. Detection Limit

The detectable concentration range of target DNA depends upon the performance of both the
microarray sensor and the fluorescent scanner. Although modern scanners usually have a 16-bit
digitization in signal outputs or a dynamic range of 2'6 or 65, 536, the actual dynamic range is less
than 5 orders of magnitude [29]. It is because the detection range is confined by the probe density
(upper limit) as well as the detection limit of the scanner (lower limit).

In our model of DNA hybridization, we have estimated that the probe density (®o) on the
aldehyde-modified glass surface is ~ 5 x 101! strands/cm? or 8.3 x 10 mol/m? [30]. This probe density
is comparable to the values obtained elsewhere [31-36]. On the other hand, for the Typhoon 9410
fluorescence scanner, the limit of detection of Cy5 labels is 200 amol per ~5 mm? area®, or ~ 4 x 10-
11 mol/m2, which is taken as @min. In its dimensionless form, the minimum detectable fraction ®*min (=
Omin / Bo) is 0.005. The use of dimensionless parameters and variables in our work brings in a
universal character to the model, transforming a specific situation into a generic case, as it has been
applied in a few studies on static hybridization [27,28].

Now, the detection limit of the DNA sensor can be estimated from ®*min. Assuming no non-
specific adsorption ( k2= k2= 0) and no target depletion (Cz-0= Co) for simplicity, the hybridization
fraction ®* (defined as ®/@v. ) can then be calculated by solving equation (6) to give

o - o _ C,/K, .(1 _ kGt 3);)
0, 1+C,/K,
where K; is defined as ks/k-.
At equilibrium (i.e. t = o0 in eqn. 9), the fraction of hybridized DNA duplex, ©%, is given by
G
“ K, +C,

)

(10)
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The detection limit of the DNA sensor (or minimal detectable bulk concentration) can be
estimated by using the equilibrium concentration (©%eq) for @*min. Since @*min is much less than 1, the
detection limit of the sensor is approximately equal to Ks®*uin . Since ks was measured to be ~1x105
M5 and k- to be ~2x10+ s [66], for room temperature hybridization of 20-mer oligonucleotides
with 20-mer immobilized probes, the value of Ks for the hybridization of 20-mer oligonucleotides
with 20-mer immobilized probes at room temperature was calculated to be 2 nM. Since ©*min is 0.005
using the Typhoon scanner, the detection limit of the DNA sensor will be 10 pM (i.e. K3®*min =2.5 nM
- 0.005 = 10 pM) for room temperature hybridization of 20-mer oligonucleotides with 20-mer
immobilized probes. This detection limit will be lower for shorter oligonucleotides because of a lower
value of Ks.

3.2. Reaction Time

The time scale for the DNA sensor to reach the minimal detectable surface fraction (@*min) can
be estimated from the hybridization kinetics curves described by equation (9). Figure 2 shows the
plots of the surface hybridization of the DNA sensor with a target concentration range from 1 pM to
1 uM. The detection of DNA targets can be fast. For instance, for 1-nM oligonucleotide targets, the
hybridization signal can be detected in 30 s (i.e. the time needed to reach ®*min of 0.005). This
prediction is consistent with our observation of 3-min detection of 1 nM DNA targets (ref). On the
other hand, for a more diluted target solution at 0.1 nM or 100 pM, a minimal reaction time of 300s is
needed for reliable detection.

Target concentration

5 — 1M

-
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o —— 100 nM

(™

c

0 10 nM

=

N

T —_— 1 nM

= 0014

Ko

5‘/7 —— 100 pM

8. - — 10pM

110 100 1000 10000
Time(s)

Figure 2. Kinetics curves of DNA surface hybridization. The bulk concentrations of DNA targets range from 10
PM to 1 uM. The red dotted line represents the minimal detectable hybridization fraction ( ®*min = 0.005) limited

by the fluorescence scanner. For instance, it takes 30 s for 1 nM to reach 0.005.

Since the detection limit of the DNA sensor depends on the kinetic constant of hybridization (k3
and k3), the sensing performance can be improved by optimizing hybridization kinetics by adjusting
experimental conditions, such as ionic strength, target sequence, and probe density. For example,
Studier et al. found that the hybridization rate in low-salt concentration (<1.0 M) is proportional to
the cube of [Na+] [37], and so this effect of salt concentration (0.15M and 0.6M) has been included for
simulation.

As seen in the simulated results in Figure 3 (a), the hybridization fraction is greater in the 4X
SSC buffer ([Na+] = 0.6 M); it is well known that a high ionic strength buffer usually results in higher
hybridization signals.

In DNA microarray applications, the surface-immobilized probe molecules are usually
oligonucleotides with lengths varying from 20 to 30 bases [63-65]. However, the sample target DNA
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strand can be of any length; it could be as long as the immobilized probes, or it could be longer, such
as 50-mer or longer in PCR products. The dangling ends of the target DNA after hybridization have
been reported to have a stabilization effect on the DNA duplex [39]. The hybridization free energy
change can be calculated using the nearest-neighbour model (ref). We applied this model to calculate
the free energy changes (AG) for the two different duplexes resulting from either 22-mer or 50-mer
targets. The value of AG is mainly manifested in the dehybridization rate constant (k) that goes in
the simulation for ®*. From Fig. 3b, it can be seen that hybridization fraction has an increase of 2-3-
fold for the 50-mer target DNA, especially at the low target concentration, and this increase implies
a lower detection limit. The simulated results are consistent with the experimental data. For instance,
the hybridization fraction of 0.01 nM of the 50-mer target is 0.01, which is higher than that from the
22-mer target (0.002).

22-mer, simulation

(a) [ 11xSsC (b) B 22-mer, experimental
14 B []14xSscC [ 50-mer, simulation
c ) E 13 [ 50-mer, experimental
S =
8 8 S
«‘é 014 _ | ™ % bl
2 5
@ N
N 'g ;
ol
G L 2001}
T ’*’ |
1E3 | 1E3 1 % 2 %
100nM  10nM inM  0.1nM 100nM 1ONM 1nM 0.1nM

Figure 3. Effects of salt concentration and target length. (a) Hybridization fraction simulated at two salt
concentrations, 0.15M and 0.6 M NaCl in 1X SSC and 4X SSC, respectively. (b) Hybridization fraction simulated
and observed at two target lengths. The probe sequence length is fixed at 22-mer.

3.3. Probe Density

The sensing performance of a DNA microarray depends on the probe density in two opposing
ways. First, the higher the probe density is, the higher the hybridization fraction as well as the
maximum hybridization signal is. Second, the kinetics of the hybridization process is affected by a
higher probe density. The current view of duplex formation for short oligonucleotides is nucleation
first, followed by fast zipping [40]. For the target DNA molecule to hybridize to the probe
immobilized at the surface, it has to first penetrate into the probe DNA film. Therefore, it is possible
that lateral steric interactions with nearby probe DNA molecules affect the hybridization kinetics. In
fact, surface hybridization of tightly packed probe molecules has been reported to be less efficient
than that of loosely-packed probes [32,41,42].

The effect of probe density on hybridization signals was evaluated by simulation. Here, an
equation proposed by Chan et al. was used to estimate the relationship between probe density and
the kinetic constant k3 [17]. The equation is shown as follows:

- DN,zR,’x,

% an
where D is the diffusion coefficient; NA is the Avogadro constant; x3 is the reaction success
probability, and it is chosen to be 0.001 [17]; o3 is the persistence length of the target DNA; Rp is the
radius each probe molecule may cover; which is calculated using the following equation by assuming
there is no overlap of probe molecules in the sensing region [17]:

ol [
2\ N0, )
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where Na is Avogadro's constant; ®o is probe density.

From Eqn 11, for the same DNA targets, the kinetic constant of surface hybridization (k3) is
inversely proportional to the surface probe density (®o). This relationship has been confirmed
experimentally by the work of Michel et al., who found that with probe density decreased by four
times from 5.2 x 10! to 1.38 x 10! strands/cm?, the value of ks increases almost four-fold from 0.9 x 105
to 4.3 x 10° M-1:s! [42]. On the other hand, the reaction rate of dehybridization (k-3) did not change
significantly with the change of ®o from the experimental findings in Michel et al.’s work [42].
Therefore, an assumption that the ks remains constant for different values of Qo is reasonable, and
this assumption is used in our subsequent simulations.

Figure 4a shows both simulated and experimental results of the effect of probe density on the
hybridization fraction. As described in our previous work, the probe density on a glass slide was
controlled by using different concentrations of probe solutions during the printing procedures [30].
The resulting probe densities vary from 2.3 x 10" to 7.9 x 10" strands/cm?, which are comparable to
the values obtained in the studies by other groups [31-36]. As seen in Figure 4a, although the probe
density increased by almost 4 times, the hybridization intensities from experimental measurements
increased by only ~ 1.5 times. Moreover, no significant increase in hybridization signals was observed
when the probe density was higher than 5.4 x 10" strands/cm?. The simulation results are comparable
to the experimental findings. The hybridization intensity increased by ~2 times, and it reached a
plateau after the probe density is higher than 4.7 x 10" strands/cm?.

The observation that the simulated results give a higher hybridization ratio, as compared to the
experimental findings, could be attributed to the setting of the reaction success probability, x3, in
equation (11). Though it was chosen as 0.001 during simulation, it could be lower for diluted target
solutions [17].

Since the kinetic constant of surface hybridization (k3) is inversely proportional to probe density,
the lowest probe density will result in the fastest hybridization. This is shown in Figure 4b, and the
signals are further enhanced when a longer hybridization time is used. The simulated hybridization
fraction (©) can reach a saturated level in the given time (i.e. 100 s) when the probe density is the
lowest at 2.3 x 10" strands/cm?. However, with the increasing probe density, the rate of the increase
of ®" is reduced significantly, and it does not reach saturation within 180 s.

In order to compare the hybridization signal at different probe densities, one has to multiply ©"
by the corresponding probe density. Although a higher probe density can provide a higher surface
concentration of unhybridized probe molecules, this effect could counteract the effect of a lower k3
value at higher probe density, and these 2 opposing effects result in the plateau shape in Figure 4a.

(a) —A—  Simulated hybridization signals (b) Probe density
g 25 —0— Experimental hybridization signals 1.0 — i;E:H .
= 54E+11 _.
n e € 08{ —58e+11 / "
T 20 - © 6.5E+11 ;
T ® | ——7.9E+11 ' ’
5q £ 0.6 ol
= B15 S
g = T 0.4
N ™
= ©
® 1.0 8 0.21
E £
=]

0.0
z 0'5 . I I T T T T T Y T 1
23 47 54 58 65 79 0 30 60 90 120 150 180
Probe density (x 10" Strands/cmz) Time (Sec)

Figure 4. (a) The experimental and simulation results of the effect of probe coverage on hybridization signals.

The top curve with triangle labels shows the simulated hybridization fractions at different probe densities; the
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bottom curve with square labels shows the corresponding hybridization signals obtained experimentally with

22-mer targets. (b) The simulated kinetic curves of hybridization at different probe densities.

3.4. Surface Hybridization with Mass Transport Limitation Due to Diffusion

In contrast to solution-phase hybridization, probe molecules in microarray analysis are
immobilized on a solid surface, and so the target molecules in the bulk phase have to be transported
to the surface probe region by diffusion before hybridization. This diffusion process is slow due to
the slow diffusion of DNA molecules [3,15,23,43-46], and so there are usually insufficient signals in
microarray analysis unless the reaction time is long enough or a convective flow is introduced. The
microfluidic microarray method, which introduces additional mass transport for DNA target
molecules through flow convection, can thus alleviate the diffusion limitation in microarray signals.

Figure 5a shows the simulated kinetic curves for hybridization conducted under a static or stop-
flow (static) condition and a microfluidic flow (microfluidic) condition. The average signal obtained
at 3 min. from the flow method (1 mmy/s) is ~ 3 times as high as that obtained from the static method.
By solving equation (8) numerically, the profile of the bulk concentration (C) after 3 minutes. static or
microfluidic hybridization of oligonucleotide targets is shown in Figure 5a insets. It can be seen that
the target DNA concentration is already consumed to a larger extent along the bottom wall during
static hybridization. The calculated sample concentration at the bottom wall (Cw) adjacent to the no-
probe regions drops drastically from 10 nM to 8.3 nM. This decrease in bulk concentration is due to
the non-specific adsorption of target molecules on the glass surface. At the probe regions, the
hybridization process significantly depletes Co down to 1.2 nM. On the contrary, microfluidic flows
prevent localized target depletion around the probes by continuous replenishment with fresh sample
target solutions. The lowest concentration of bulk solution at the bottom wall (Cw) is still high at 9.6
nM after 3-min hybridization. Higher local target concentration achieved in the microfluidic flow
results in faster mass transport and hence faster hybridization kinetics.

a) 1.0-
@10 — Microfluidic o () 13— pe-10000
....... Static ——Pe = 1000
= (.8 c Pe =100
S 2 —Pe=10
g 064 (—— ______FEXER ERE
S 0.4 : e 2
N ek [}
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: %A ' ' ; 1E3 S . N
1] 200 | 400 600 800 ] 10 100 7500
Time!(Skc) Time (Sec)
(c) B = ®m ®m B =
= n | | = | [ §
1.0 {—

0.8 -
0.6 -
0.4 -
0‘2 | D
00 i
20 10 05 0.3 0.2 0.1 Stop
Flow rate (pL/min)

Normalized hybridization
intensity

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1306.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2026 d0i:10.20944/preprints202602.1306.v1

9 of 12

Figure 5. The effect of mass transport limitation on the sensor performance. (a) Kinetic curves showing the change of
the hybridization fraction vs. time during the static or microfluidic hybridization in 15 min. The initial target
concentrations are 10 nM, and the average flow velocity is 1 mm/s in the microfluidic method. The two insets show
the bulk concentration profiles after 3 min. (or 180 s) of microfluidic hybridization (top) or static hybridization
(bottom). In both images, an array of 3 probe spots has been incorporated in the model. The probe region width and
spacing are 200 um. The bottom rainbow bars denote the scale of the bulk concentration. (b) The simulated
hybridization kinetics at different flow conditions. In the dynamic flow method, four flow speeds of 0.01 to 1 mm/s
(from left to right) have been simulated, and the corresponding Pe values are from 10 to 10000. 1 pL of 10-nM
oligonucleotide samples was applied to each microchannel. (¢) The hybridization intensities (normalized to the
intensity obtained at 2.0 uL/min) from the microfluidic method were conducted at different flow rates (2.0, 1.0, 0.5, 0.3,
0.2, and 0.1 pL/min). For comparison, the data in the rightmost column is from the 30-min static or stop-flow
hybridization. 1 pL of 10-nM oligonucleotide samples was applied to each microchannel. The error bars are from the

standard deviation of 5 hybridization patches.

3.5. Flow Rate

The effect of flow rates on hybridization kinetics was further studied in this work. The dimensionless
Péclet number (Pe), which is the ratio between the characteristic convection rate and diffusion rate, is used
to evaluate the effect of flow. When Pe>>1, the convective transport dominates over diffusion, and so the
localized depletion is eliminated, resulting in a reaction-limited, but not diffusion-limited, hybridization.
A high Pe number can be readily achieved by flushing the target solution through the hybridization
channel at a high flow speed. However, at a fixed hybridization time, a faster flow will result in a larger
sample consumption compared to a slower flow, unless some recirculation facilities are used to reduce
the sample consumption [46—48]. On the other hand, when the sample volume is fixed, the total residence
time decreases at high flow rates, and the hybridization signal could be reduced. It is thus important to
identify the optimal flow rate for the quantification of microfluidic DNA hybridization within small
sample volumes.

Since the sample volume is fixed to 1 pL, the reaction time (from 6000 s to 6 s) is inversely
proportional to the flow rate (from 0.01 to 10 pL/min, respectively). Figure 5b shows the simulated
hybridization fractions (®") at different flow speeds. The highest hybridization fraction is found at the
lowest flow speed (Pe=10). Nevertheless, the assay time is too long in this case (~6000 s), and the maximal
signal occurs at an impractically long time of ~2000 s; this approach is even worse for large sample
volumes [49]. It is also found that the benefit of hybridization enhancement is marginal if obtained from
a very slow flow speed. For example, a 10-fold decrease in the flow speed from Pe = 10000 to Pe = 1000
results in a ~10-fold increase in the hybridization fraction. However, if the flow speed decreases at the
same ratio from Pe =100 to Pe = 10, the increase in the hybridization fraction is less than 2-fold, and this is
obtained at the expense of a 10-fold increase in reaction time. Therefore, the optimized flow speed with
the consideration of both the reaction time and hybridization signal intensities is to be found at around Pe
=100, where the average flow speed is between 0.1~1 mm/s and the hybridization time is at the level of 10
min using the 30-um deep microchannel in the experiment.

We performed experiments to identify the effects of flow rates on the hybridization signals. The same
amount of oligonucleotide target solutions (1 uL) was introduced to the probe region by either static stop-
flow or dynamic flow. In the static method, the hybridization time was set to 30 min, while the actual
hybridization time in the latter method depends on the flow rate used. For instance, the hybridization
time of 1 uL at 0.1 uL/min was 10 min. The resulting fluorescence images and signals are shown in Figure
5c. As expected, it is found that the diffusion-limited static hybridization does not give a strong signal
even though the hybridization time of 30 min. is the longest. In terms of the dynamic hybridization, the
flow with the lowest flow rate (0.1uL/min, Pe=100) gave the highest hybridization signals, indicating the
reaction is not diffusion-limited. For the flow hybridization at the highest flow rate (2 uL/min, Pe =2000),
although the mass transport is least likely to be diffusion-limited, it resulted in the lowest hybridization
signal, probably because of a low residence time for reaction.
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3.5. Effect of Channel Depth

The reduction of channel height is another strategy to efficiently deliver target molecules to the
surface probes [50-53]. At the same flow speeds, the shallower microchannel results in a longer residence
time as compared to the deeper channel. The increase of hybridization signals is thus expected due to
longer reaction time in the shallower microchannels. On the other hand, if the total residence time is
controlled to be the same for both types of microchannels, the flow speed in shallower microchannels is
thus higher, which increases the convective flux (from higher flow speed). Moreover, the characteristic
diffusion time of target molecules in shallow channels is less than that in deep channels, which will also
benefit the surface hybridization. As seen from Figure 6a, the simulated hybridization signal increases by
17% by decreasing the channel depth from 75 um to 24 um. As compared to the experimental findings,
the increase of hybridization signals from shallower microchannels is even higher at ~100%. This
discrepancy could be due to the further improvement from the stabilization effect on hybridized DNA
induced by microflow, i.e. the increase of flow speed might benefit duplex formation [54,55].

On the other hand, the reduction of channel height shows an adverse effect on static microarray
hybridization. From the simulation results shown in Figure 6a, the hybridization signal decreases by ~75%
with the shallow microchannel when using the stop-flow method. This is understandable because fewer
sample solutions are accommodated at the probe region, and the local depletion around the sensing area
is even worse for shallower channels.

I Experimental

S 0.5 N Static 14000
S [ Dynamic | & 4000 - r
& l3000 £ [
2 : ® 3000 |
N 0.3 =
g 2000 §
g 1 ¢ 2000
2 02 3 I
- 3 1]
% 0.1- 11000 @ 1000
50
E o
® 0.0 0 0

75-um 24-um 75-um 24-um

Channel depth

Figure 6. The effect of channel height on hybridization performance. (a) The simulated results: static (red), flow
(green), and experimental (blue), and (b) experimental data (same as blue in a) for the hybridization fractions
are obtained in microchannels of 2 different depths (75 um and 24 pm). The samples are 10 nM and 1 pL. The
hybridization times are 3 min. and 30 min. for the flow method and static method, respectively. The Pe number

of flows in both types of microchannels is 1000.

4. Conclusions

The development of microfluidic DNA microarray technology would largely benefit from
theoretical and numerical modelling of the performance-limiting factors, as well as system modelling
and optimization of established microfluidic architectures. Our results highlight the importance of
incorporating physicochemical factors and microchip parameters in both the design and the data
analysis of microfluidic DNA microarrays. Through dimensional analysis and numerical simulations,
we demonstrate that (i) convective transport is an efficient way to enhance the kinetics of diffusion-
limited hybridization; (ii) the detection range of a DNA microarray is predictable with the proposed
model; (iii) fast flow rate is not necessary and a Pe number of 10 is high enough to eliminate the
diffusion limitation; (iv) low probe coverage facilitates surface reaction but limits hybridization
capacity; (v) beside thermodynamic data of DNA duplex formation, kinetic data should be used for
the prediction of hybridization fraction, especially for short-time flow hybridization. The proposed
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model could be extended for the design and characterization of all relevant microfluidic device
prototypes involving surface reactions.
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