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A method for DNA detection in a microchannel: Fluid dynamics
phenomena and optimization of microchannel structure
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Abstract

A simple DNA diagnosis method using microfluidics has been developed which requires simple and straightforward procedures such as
injection of sample and probe DNA solutions. This method takes advantage of the highly accurate control of fluids in microchannels, and is
superior to DNA microarray diagnosis methods due to its simplicity, highly quantitative determination, and high-sensitivity. The method is
capable of detecting DNA hybridization for molecules as small as a 20 mer. This suggests the difference in microfluidic behavior between
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ingle strand DNA (ssDNA) and double stranded DNA (dsDNA). In this work, influence of both the inertial force exerted on DNA m
nd the diffusion of DNA molecules was investigated. Based on the determination of these parameters for both ssDNA and
xperiments, a numerical model describing the phenomena in the microchannel was designed. Computational simulation resul
odel were in good agreement with previously reported experimental results. The simulation results showed that appropriate sele
nalysis point and the design of microchannel structure are important to bring out the diffusion and inertial force effects suitably an

he sensitivity of the detection of DNA hybridization, that is, the analytical performance of the microfluidic DNA chip.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Demand for the on-site detection of genes has increased
apidly in pathophysiological examinations in clinical labora-
ories. DNA micro arrays, which are currently in widespread
se, enable the diagnosis of many samples at a time. However,
igh-throughput screening is not always a priority in clinical
iagnostics. To satisfy the demand for the accurate diagno-
is of some specific genetic diseases, a method capable of
roviding high-accuracy, simplicity, and high-quantity, rather

han high-throughput would be desirable[1]. The micro total
nalysis system (�TAS) represents a suitable solution to

he above problem[2,3]. Microchannels, which are essen-
ial components of�TAS devices, play two important roles;
ne of which is to minimize the amount of sample and the

∗ Corresponding author. Tel.: +81 942 81 3676; fax: +81 942 81 3657.
E-mail address: maeda-h@aist.go.jp (H. Maeda).

device volume, and the other is their high-controllability
microfluids. The fluid in microchannels forms stable la
inar flow, which does not include turbulence compon
because of its low Reynolds number. This property h
the promise of a reproducible and highly accurate ana
Several microdevices which utilize such excellent aspe
microfluidics have been reported. They are applied for
chemical analysis or particle separation taking advanta
accurate control of diffusion and fluid flow[4–6]. Microde-
vices have been also applied for DNA diagnosis. Sev
DNA diagnosis devices which utilize microchannels h
been reported which include the use of microelectroph
sis [7,8] or components with an elaborate structure[9]. A
simpler method involving a different concept has also b
proposed[10]. The method enables the analysis of e
single nucleotide polymorphisms (SNPs) by injecting
get DNA and probe DNA solutions into a simple serpen
microchannel. Since this device is highly accurate and
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ple, it promises to be useful in medical laboratories. The
device also offers an advantage of ease of fabrication due to
its simple microchannel structure. Nevertheless, it involves
several properties such as length of channel, curvature radius,
aspect ratio of the cross-section plane of the channel, and fluid
velocity. Optimization of these properties makes it possible
to improve the sensitivity of this microfluidic DNA chip. The
purpose of this work was to clarify the principle of this anal-
ysis by computational simulation of DNA fluid dynamics in
a microchannel, and to pave the way for optimization of the
microchannel structure.

The characteristics of this microfluidic DNA analysis chip
are as follows. The sample DNA solution and FITC-labeled
probe DNA solution are injected into the two inlets (inlet a and
b in Fig. 1), respectively. The two solutions pass through the
microchannel which contains several curves, forming side-
by-side laminar flows. The fluorescence intensity is measured
at the side of the sample DNA (the side of inlet a), that
is, the amount of probe DNAs that spread into the side of
the sample DNA is measured. It has been reported that the
fluorescence intensity is larger under the condition where
the sample and probe DNAs hybridized, in contrast to the
absence of hybridization. To further explain this observation,
diffusion efficiency should be considered first. However, the
increasing degree of fluorescence intensity has different fea-
tures between after an odd-number turns (point B or D in
F nt C
o ly-
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t
t

sis involves not only diffusion, but also the influence of the
curves in the microchannels.

It has been shown that inertial force is exerted on the flu-
ids at a curve in the microchannel by computational fluid
dynamics simulation[11,12], the three-dimensional obser-
vation of microfluid [11], and micro sphere classification
experiments[12]. This suggests that the inertial force is also
exerted on the solute, and the trajectory thrusts outward at
the curve. Heavier molecules would be moved to the periph-
ery in preference to lighter molecules due to the stronger
inertial force. This effect could change the behavior of DNA
before and after hybridization. However, an explanation of
the different results after odd and even number turns is not
currently available. In this work, the influence of repeated
microchannel curves on the behavior of DNA molecules
was evaluated by computational fluid dynamics and obser-
vation using confocal fluorescence microscopy. Results pro-
vide some new information relative to the principle of
the microfluidic DNA analysis chip. These findings herein
offer some guidelines for the design of the microchannel
structure.

2. Model for the behavior of hybridized DNA
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ig. 1) compared to after an even-number turns (poi
r E) [10]. This suggests that the principle of DNA ana

ig. 1. Structure of a microfluidic DNA analysis chip. The target DNA

he FITC-labeled probe DNA solutions are injected into inlets a and b, respec-
ively.

y 3).
D The
The ssDNA molecules that are injected into the two in
f the microchannels encounter each other on a stable

erential medium laminar interface”, which is formed at
enter of the microchannel. The dsDNAs are formed at
ocation if they are complementary. DNAs on the interf
iffuse in accordance to their intrinsic diffusion coeffici
s they pass through the straight channels. DNAs at the
el center (y= 0 in Fig. 1) are distributed according to t

ollowing equation[13],

(x, t) = C
exp(−x2/4Dt)√

4πDt
, (1)

hereC is a constant corresponding to the amount of D
is the position transverse to the flow (cf.Fig. 1), D is the
iffusion coefficient, andt the diffusion time. The value fo
is determined by the concentration of the DNA solu

nd speed of hybridization. LetC be equal to unity her
onsideringp(0,0) as unity, that is, being a relative val
he equation follows a normal distribution.

DNA molecules that are distributed according to the
1) might be forced by inertial force at the curve. It has g
rally been considered that body force such as inertial
an be neglected compared with surface force since th
ace area per volume is extremely large in microchan
owever, computational simulation and direct observa

11], and experimental results of microparticle classifi
ion [12] indicate that inertial force is exerted in reality a
nfluences fluidic behavior. The inertial force in the chan
ields one pair of vortices termed Dean vortices (Fig.
NA molecules are carried on these Dean vortices.
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DNA molecules at the merging point (y= 0) pass through
the microchannel changing their distribution by repetition of
such transfer and diffusion. This can be described by the equa-
tions below. The DNA distribution before a turn in a curve
can be explained using the residence timet0 and Eq.(1) as
follows:

q0(x, z) ∼= p(x, t0(z)) = exp(−x2/4Dt0(z))√
4πDt0(z)

. (2)

Since the velocity profile in the microchannel is not uniform,
t0 is a function of the depth positionz. Meanwhile, after the
first turn, the peak of the distribution shifts by�x(z) because
of the inertial force, where�x is a function of depth,z (cf.
Fig. 3). Therefore,

q1(x, z) ∼= p(x − �x(z), t1(z))

= exp(−(x− �x(z))2/4Dt1(z))√
4πDt1(z)

(3)

In previously reported methods, microspectrophotometry
was used to measure the amount of dsDNA[10]. In this
method, a microchannel is irradiated with an Ar laser above
the top wall and the fluorescence intensity that is produced
throughout the channel depth is measured. Therefore, the
observed fluorescence intensity can be estimated by accumu-
latingqi(x,z) throughout the wholez, that is, by the following
e
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by computation methods. The estimation and validation of
this model using these parameters are described in detail in
the results and discussion section.

The above description is applicable when the fluid veloc-
ity is relatively small. In this work, the fluid velocity is
about 30 mm/s and the Dean number is about 3.5. Such
a small Dean number implies weak Dean vortices. There-
fore, fluid movement along thez-axis (depth direction) can
be neglected. For that reason, we consider only the fluid
movement that occurs along thex-axis (in the horizontal
plane).

3. Experimental

A confocal fluorescence microscopy system (Nikon,
Japan) was used to investigate the fluidic behavior of the
DNA solution and molecules in a three-dimensional man-
ner. Microchannels were fabricated mechanically on acrylic
plates (3 cm× 7 cm) as reported in a previous paper[14].
The cross-sectional plane of the channel was 300�m in width
and 200�m in depth. Straight channels (length = 52 mm) and
half circular arcs (curvature radius = 1.0 mm) were connected
repeatedly. Two types of 20 mer DNA, which are complemen-
tary to each other, were obtained from Qiagen K. K. (Japan).
One of the DNAs was labeled with FITC at the 5′ end serv-
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qi(x, z) (4)

orresponding to data collected by microspectrophotom
In addition, DNA hybridization continues to occur n

he interface as DNA passes through the channel. Fin
onsidering such an increase in dsDNA for each turning
istribution after thenth turn can be roughly estimated

ollows:

n dsDNA(x) =
n∑
i

Qi(x). (5)

In reported experiments, the valueRn dsDNA(x) from which
n ssDNA(x) was subtracted as a control increased

ncreasing number of turns, whereRn ssDNA(x) is distribution
rofile of ssDNA near the center of the channel in the co

ion that DNAs are not complementary. That is,Rn ssDNA(x)
s the amount of single strand DNA which might ha
ybridized if DNAs are complementary. Regardless of DN
eing complementary or not, surplus ssDNAs exist ac
early half of the channel. Because the amount of the su
sDNAs including diffusion and inertial force effects sho
e the same, the difference of DNA distribution betw

he hybridizing/non-hybridizing conditions corresponds
he difference betweenRn dsDNA(x) and Rn dsDNA(x). This
aper attempts to describe the fluid dynamics phenom
f DNA detection in a microfluidic system using the ab
umerical model. The parameters in the model such a

usion coefficientD were estimated both experimentally a
ng as the probe DNA (Fig. 2). The other served as the t
NA. The molecular weights before and after hybridiza
ere estimated to be 7000 and 14,000, respectively. P
nd target DNA solutions each equivalent to 500 nM w

njected into the microfluidic DNA analysis chip at a fl
ate of 30 mm/s using a programmable syringe pump
cientific Inc., USA).
For the numerical elucidation of the phenomena, the

ribution of fluid velocity in the microchannel was calcula
sing FLUENT 6.1 (Fluent Inc., USA) based on a fin
olume scheme. The cross-sectional plane was divided
0× 40 mesh sections. The curved portion of the cha

n the shape of a semicircle was divided in 1.5◦ segment
120 meshes). The total number of mesh sections in the
ulated space was 432,000. The value of�x(z) for each turn
as calculated by time integration of the velocity vec
t each mesh and by multiplying them by a constan
s to they correspond to the observed�x(z) after the firs

urn.

. Results and discussion

The diffusion coefficientsD for 20 mer ssDNA an
sDNA were first estimated. FITC-labeled ssDNA or
sDNA solution and phosphate buffer were injected into

wo inlets to form two-layered laminar flow with an avera
ow rate of 30 mm/s.

The solid lines inFig. 2(a) correspond to the fluoresce
ntensity profile at point A inFig. 1(y = 40 mm) at the centr
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Fig. 2. Estimation of diffusion coefficientsD for ssDNA and dsDNA. (a) Fluorescence intensity profiles at point A inFig. 1(y = 40 mm). (b) Values ofD were
estimated by curve fitting. (c) Structures of probe and sample DNAs used in this study.

depth (z= 0). This distribution obeys the following equation
[8],

C(x) = 1

2

{
1 − erf

(
x

2
√

Dt

)}
, (6)

where erf(·) is the error function which is similar to the sig-
moid function. The diffusion time is roughly estimated as
y/Umax where|x| is extremely small. Theoretically,Umax is
about twice the average velocityUave(30 mm/s) and this was
also confirmed by calculation using the FLUENT program.
Thus, D was estimated by fitting Eq.(6) to the observed
data (Fig. 2b). The values ofD for ssDNA and dsDNA
were estimated to be 1.2× 10−10 and 0.89× 10−10 (m2/s),
respectively. These values were the average of nine observa-
tions. These values are considered to be fairly valid from the
view point of the order, compared to the reported value for
Lysozyme (Mw = 14,100), 1.04× 10−10 (m2/s)[15] and for a
39 mer ssDNA, 0.44× 10−10 (m2/s)[16]. TheD of dsDNA is
smaller because dsDNA is larger in size compared to ssDNA.
The value ofD for dsDNA was slightly smaller than the
value predicted by the Stokes–Einstein relation[15] and by
assuming a spherical shape for dsDNA (0.95× 10−10(m2/s)).
Fig. 3a shows the dsDNA distribution at point A, which has
diffused according to the estimatedD.

Inertial force is exerted on the DNA distribution at a
curve. Fig. 3b shows that the center for the distributed
s epth
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back to aroundx = 0. Fig. 3c shows the observed position of
the center of distribution. The line is not absolutely straight
because of the non-uniform strength of the inertial force. Sim-
ulation results indicated that the displacement is larger for
dsDNA than for ssDNA and the difference increases with the
number of turns, although this difference is extremely small
(Fig. 3d). Thus, the distribution of DNA changes its peak posi-
tion alongx axis, becoming broader with time.Fig. 4shows
simulated results for the accumulated distribution through
the entire depth, that is, represented byQi(x) wherei = 1–8.
After an odd number of turns, the distribution is asymmet-
ric because the peak position for the distribution,�x(z), is
different with depth. While, it is nearly symmetric after an
even number of turns because�x(z)s are assembled on the
y axis, and thus, the difference between ssDNA and dsDNA
becomes large.

Fig. 5a and b showRn ssDNA(x) andRn dsDNA (x) (n = 1–8)
in Eq.(5), respectively.Fig. 5c and d indicates the difference
between them,�R(x) = Rn dsDNA (x) − Rn ssDNA(x). The pro-
files are completely different for even versus odd turns, and
this difference becomes larger after the eighth turn.

If a laser irradiates at a distance of 20�m from the cen-
ter (x=−20�m) and the spot diameter of the observation
is about 40�m, the observed fluorescence intensity corre-
sponds to the summation of the values in the shaded regions
in Fig. 5c and d. The values are shown inFig. 6a. The val-
u r the
fi rger
w ood
a l
m iples
b

hat
y rtant
t and
d NA
a posi-
t the
c f
sDNA and dsDNA is shifted outward near the central d
z = 0 �m) and inward near the top and bottom of the w
z =±100�m). The values of the shifts are the averag
hree observations using fluorescence confocal micros
lthough the difference between ssDNA and dsDNA is sm

4.2�m), it is larger than the resolution of fluorescence co
al microscopy (1.4�m). In order to compare this differen
n the curved channel with the noise level of the spatial m
urements, interface position of a stable two laminar
30 mm/s) in a straight channel was measured. The avera
he noise was about 1.9�m, which was significantly less th
he above difference (p< 0.05,t-test). After the second tur
he inertial force in the opposite direction moves the s
es after the second and fourth turns are larger than fo
rst and third turns. In addition, the values become la
ith increasing number of turns. These results are in g
greement with the experimental results[10]. The numerica
odel mentioned above attempts to explain the princ
ehind the DNA microfluidic analysis method.

It is the balance of the inertial force and diffusion t
ields the above described tendency. First, it is impo
hat the diffusion coefficient be different between ssDNA
sDNA. This difference leads to the localization of dsD
round the center of the channel. Second, since the peak

ions after an odd number of turns are different among
hannel depth as described in Eq.(3), the distribution o
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Fig. 3. Diagrammatic illustration of the variation in DNA distribution as the DNA passes through the curved microchannel. Mathematical expressions in the
figure correspond to Eqs.(2) and(3). (a) DNAs that are at the positionx = y = z = 0 follow a normal distribution before the first turn. (b) Shifts in the peak of
the distribution due to inertial force after the first turn. Double stranded DNA (dsDNA) thrusts more outward than single strand DNA (ssDNA). (c) After the
second turn, the center of the distribution is located near the back center of the channel. (d) Simulated results of the difference between dsDNA and ssDNA in
Fig. 3c.The difference increases with the number of turns.

Fig. 4. Transformation of DNA distribution accumulated through the entire depth. Distribution is different between ssDNA and dsDNA particularly after an
even number of turns.
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Fig. 5. DNA distribution accumulated along the channel depth. (a) and (b) shows ssDNA and dsDNA distribution, respectively. (c) and (d) indicates�R(x),
computed from the subtraction of (b) from (a). (c) is�R(x) after an odd number of turns, while (d) is�R(x) after an even number of turns.

�R(x) becomes bimodal after an odd number of turns. On
the other hand,�R(x) becomes unimodal after an even num-
ber of turns because all the peak positions assemble near the
center of the channel. Such difference in the DNA distribu-
tion between the odd and even numbers of turns causes the
large difference in fluorescence intensity.

Our previous paper reported that a longer target DNA
yields a larger difference[5]. In order to investigate whether
the above model can be used to explain such a phenomenon,
a dsDNA with twice the molecular weight and volume
was assumed. Considering that the inertial force should
increase, the difference of�x(z)s was doubled. The diffusion
coefficient was set to 0.71× 10−10(m2/s), approximating
a spherical shape for the dsDNA for the sake of simplicity
and for applying the Stokes–Einstein relation.Fig. 6b shows
the new �R for the ssDNA and the large dsDNA. The
obtained values are larger compared withFig. 6a after an
even number of turns: this tendency is in good agreement
with the experimental result.

F l for
t s are
l , (b)
2

Controlling effects of diffusion and inertial force is achiev-
able through suitable selection of a microchannel structure
to improve the accuracy and sensitivity of this microfluidic
DNA analysis chip. For example, the length of the microchan-
nel’s straight section can control diffusion effects. The curva-
ture radius and aspect ratio of the cross-sectional plane alter
the secondary flow effects. This study examined effects of the
microchannel’s straight section length and the aspect ratio
of the cross-sectional plane using the previously described
numerical model.

Fig. 7 shows simulated�R values (after the fourth turn)
where the straight section of the microchannel was shortened
to 35 mm or lengthened to 80 mm. The results indicate that a
shorter straight portion is a disadvantage in terms of improv-
ing sensitivity. To further investigate this, the following rea-
soning was considered. Since a shorter straight channel leads
to less diffusion, the profile for DNA distribution becomes
sharp as shown inFig. 8a and b, compared withFig. 5a and
b. This clearly shows that the sharp peak distribution does not
obscure the difference between the peak positions among the
different depths and the distortion of the distribution caused
by the inertial force. This effect causes a bimodal distribution

F

ig. 6. Accumulated�R. This value corresponds to the analysis signa
he detection of hybridization. Values after an even number of turn
arger than an odd number of turns. (a) 20 mer ssDNA and dsDNA
0 mer ssDNA and 40 mer dsDNA are assumed.
 ig. 7. Effect of the length of microchannel’s straight portion on�R.
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Fig. 8. DNA distribution accumulated along the channel depth where the length of the straight portion of the channel is shortened to 35 mm. (a) and (b) shows
ssDNA and dsDNA distribution, respectively. (c) and (d) indicates�R(x), computed from the subtraction of (b) from (a). (c) is�R(x) after an odd number of
turns, while (d) is�R(x) after an even number of turns.

in �R(x) even after the fourth turn (Fig. 8d) in addition to an
odd number of turns (Fig. 8c). However, in the case of a broad
distribution, the difference is less distinct. As the sharpness
of the distribution is reduced during DNA solution passing
through the microchannel,�R(x) becomes broader and uni-
modal after the sixth and eighth turn, resulting in a larger�R.
In this case, it would be advantageous to detect the fluores-
cence intensity after the sixth turn, not the fourth turn. In this
manner, analytical performance depends largely on a balance
of diffusion and inertial force. This also indicates that suitable
length of the straight portion of a channel depends on other
structure parameter such as curvature radius, the aspect ratio
of the cross-sectional plane of the microchannel and inherent
restriction of the apparatus, such as the size of the laser and
observation location.

Fig. 9 shows the effects of the aspect ratio of the micro-
channel’s cross-sectional plane. For comparison, the cross-
sectional area of the microchannel was made uniform at
40,000�m2. The �R value is generally larger where the

microchannel width is narrower because�R is an accu-
mulation of fluorescence intensity through the entire depth.
However, the value was smallest where the width (and depth)
is 200�m. Distortion of the interface area was greatest where
the aspect ratio is unity. It is considered that this feature
reduces the�R value. Fig. 9 also shows the influence of
the straight section length. InFig. 9a, the longer channel
generally provided larger�R, as shown inFig. 7. It is impor-
tant to trim the microchannel volume to reduce the amount
of sample and prove DNA in practical application. Con-
sidering this problem, the total length of the microchannel
was made uniform, as shown inFig. 9b. It is difficult to
extract the general tendency from these results, but results
indicate that relation between the effects of diffusion and
inertial force is intricate and its control is important to
improve performance of analysis. This result also depends
on restriction of analysis methods and apparatus, such as the
laser-spot diameter and the observed positions. In the restric-
tion in this work, the deepest microchannels or one whose

F ctional nged from
2 was u
4

ig. 9. Effect on�R of the aspect ratio of the microchannel’s cross-se
0 to 80 mm. (a)�R after the eighth turn. (b) The microchannel length
0 and 80 mm.
plane. The length of the microchannel’s straight portion (L) was cha
niform.�R after the 16th, 8th, and 4th turns are shown respectively forL = 20,
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width is 320�m andL = 20 mm (including many turns) are
better.

The microchannel in this chip follows a simple serpen-
tine geometry. Therefore, this model can be used in other
applications in chemical analysis and for separation after
synthesis for enzyme-substrate complex and others. In this
synthesis, the molecular weight of the product becomes larger
than the reactants. To achieve higher accuracy and sensitivity,
for even a simple channel structure, the microchannel must
be designed to be specific and suitable for respective prod-
ucts and reactants within the restriction of analysis methods
and apparatus. Laminar flow, which enables this microfluidic
DNA analysis, also enables relatively simple calculation for
design of microchannel structure and analytical methods.

5. Conclusion

This study reported a novel and simple type of microflu-
idic DNA analysis chip in which the sample and probe DNA
solutions are merely injected into the serpentine microchan-
nel. In this study, computational simulation was carried out
by construction of a numerical model involving the analytical
principles. Computational simulation results using this model
showed good agreement with previously reported experi-
mental results. Differences were found between ssDNA and
d tial
f nces
e se of
a ts of
t ted
t that
a n of
t dif-
f the

detection sensitivity. A suitable detection point should be
determined depending on the microchannel structure; a suit-
able microchannel structure should be considered under the
restriction of the apparatus. The numerical model described
in this paper is useful for determining the microchannel struc-
ture design and guidelines for analytical methods.
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