Available online at www.sciencedirect.com

SCIENCE(dDIREcT“

Talanta

www.elsevier.com/locate/talanta

EL

S

SEVIER Talanta 68 (2006) 700-707

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

Y. Yamaguch?, D. Ogura?, K. Yamashitd, M. Miyazaki®?, H. Nakamur&, H. Maed&-P-*

& National Institute of Advanced Industrial Science and Technology (AIST), Micro-space Chemistry Laboratory, 807-1, Shuku, Tosu 841-0052, Japan
b Graduate School of Engineering Sciences, Kyushu University, 6-1, Kasuga-Kouen, Kasuga 816-8580, Japan

Received 15 November 2004; received in revised form 12 May 2005; accepted 12 May 2005
Available online 20 June 2005

Abstract

A simple DNA diagnosis method using microfluidics has been developed which requires simple and straightforward procedures such a:
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
single strand DNA (ssDNA) and double stranded DNA (dsDNA). In this work, influence of both the inertial force exerted on DNA molecules
and the diffusion of DNA molecules was investigated. Based on the determination of these parameters for both ssDNA and dsDNA by
experiments, a numerical model describing the phenomena in the microchannel was designed. Computational simulation results using th
model were in good agreement with previously reported experimental results. The simulation results showed that appropriate selection of th
analysis point and the design of microchannel structure are important to bring out the diffusion and inertial force effects suitably and increase
the 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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1. Introduction device volume, and the other is their high-controllability of
microfluids. The fluid in microchannels forms stable lam-
Demand for the on-site detection of genes has increasedinar flow, which does not include turbulence components
rapidly in pathophysiological examinations in clinical labora- because of its low Reynolds number. This property holds
tories. DNA micro arrays, which are currently in widespread the promise of a reproducible and highly accurate analysis.
use, enable the diagnosis of many samples at atime. HoweverSeveral microdevices which utilize such excellent aspect of
high-throughput screening is not always a priority in clinical microfluidics have been reported. They are applied for bio-
diagnostics. To satisfy the demand for the accurate diagno-chemical analysis or particle separation taking advantage of
sis of some specific genetic diseases, a method capable ofccurate control of diffusion and fluid flojd—6]. Microde-
providing high-accuracy, simplicity, and high-quantity, rather vices have been also applied for DNA diagnosis. Several
than high-throughput would be desiraflé. The micro total DNA diagnosis devices which utilize microchannels have
analysis system (nTAS) represents a suitable solution tobeen reported which include the use of microelectrophore-
the above problenfi2,3]. Microchannels, which are essen- sis[7,8] or components with an elaborate struct(®¢ A
tial components ofu TAS devices, play two important roles;  simpler method involving a different concept has also been
one of which is to minimize the amount of sample and the proposed[10]. The method enables the analysis of even
single nucleotide polymorphisms (SNPs) by injecting tar-
* Corresponding author. Tel.: +81 942 81 3676; fax: +81 94281 3657. 96t DNA and probe DNA solutions into a simple serpentine
E-mail address: maeda-h@aist.go.jp (H. Maeda). microchannel. Since this device is highly accurate and sim-
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ple, it promises to be useful in medical laboratories. The sis involves not only diffusion, but also the influence of the
device also offers an advantage of ease of fabrication due tocurves in the microchannels.
its simple microchannel structure. Nevertheless, it involves It has been shown that inertial force is exerted on the flu-
several properties such as length of channel, curvature radiusids at a curve in the microchannel by computational fluid
aspectratio of the cross-section plane of the channel, and fluiddynamics simulatiorf11,12], the three-dimensional obser-
velocity. Optimization of these properties makes it possible vation of microfluid[11], and micro sphere classification
to improve the sensitivity of this microfluidic DNA chip. The  experiment$12]. This suggests that the inertial force is also
purpose of this work was to clarify the principle of this anal- exerted on the solute, and the trajectory thrusts outward at
ysis by computational simulation of DNA fluid dynamics in the curve. Heavier molecules would be moved to the periph-
a microchannel, and to pave the way for optimization of the ery in preference to lighter molecules due to the stronger
microchannel structure. inertial force. This effect could change the behavior of DNA
The characteristics of this microfluidic DNA analysis chip before and after hybridization. However, an explanation of
are as follows. The sample DNA solution and FITC-labeled the different results after odd and even number turns is not
probe DNA solution are injected intothe twoinlets (inletaand currently available. In this work, the influence of repeated
b in Fig. 1), respectively. The two solutions pass through the microchannel curves on the behavior of DNA molecules
microchannel which contains several curves, forming side- was evaluated by computational fluid dynamics and obser-
by-side laminar flows. The fluorescence intensity is measuredvation using confocal fluorescence microscopy. Results pro-
at the side of the sample DNA (the side of inlet a), that vide some new information relative to the principle of
is, the amount of probe DNAs that spread into the side of the microfluidic DNA analysis chip. These findings herein
the sample DNA is measured. It has been reported that theoffer some guidelines for the design of the microchannel
fluorescence intensity is larger under the condition where structure.
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 2, Model for the behavior of hybridized DNA
increasing degree of fluorescence intensity has different fea-
tures between after an odd-number turns (point B or D in The ssDNA molecules that are injected into the two inlets
Fig. 1) compared to after an even-number turns (point C of the microchannels encounter each other on a stable “dif-
or E) [10]. This suggests that the principle of DNA analy- ferential medium laminar interface”, which is formed at the
center of the microchannel. The dsDNAs are formed at this
location if they are complementary. DNAs on the interface
inlet inlet diffuse in accordance to their intrinsic diffusion coefficient
\ ! sample Y probe as they pass through the straight channels. DNAs at the chan-
nel center (=0 in Fig. 1) are distributed according to the

: LN’J/—’ § E following equation13],
I )
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whereC is a constant corresponding to the amount of DNA,
- x is the position transverse to the flow (&fig. 1), D is the
1k > i diffusion coefficient, and the diffusion time. The value for
C is determined by the concentration of the DNA solution

(XX} and speed of hybridization. L&t be equal to unity here,
consideringp(0,0) as unity, that is, being a relative value.
3 The equation follows a normal distribution.

DNA molecules that are distributed according to the Eq.
(1) might be forced by inertial force at the curve. It has gen-

A ° erally been considered that body force such as inertial force

can be neglected compared with surface force since the sur-

Tt U face area per volume is extremely large in microchannels.
le' ~ N \ However, computational simulation and direct observation
T pe— = [11], and experimental results of microparticle classifica-

tion [12] indicate that inertial force is exerted in reality and
Fig. 1. Structure of a microfluidic DNA analysis chip. The target DNA and influences fluidic behavior. The inertial force in the channel

the FITC-labeled probe DNA solutions are injected into inlets aand b, respec- Yi€lds one pair of Vortice_s termed Dean vortices.(Fig. 3).
tively. DNA molecules are carried on these Dean vortices. The



702 Y. Yamaguchi et al. / Talanta 68 (2006) 700-707

DNA molecules at the merging point £0) pass through by computation methods. The estimation and validation of
the microchannel changing their distribution by repetition of this model using these parameters are described in detail in
suchtransfer and diffusion. This can be described by the equa-the results and discussion section.

tions below. The DNA distribution before a turn in a curve The above description is applicable when the fluid veloc-

can be explained using the residence tignand Eq.(1) as ity is relatively small. In this work, the fluid velocity is
follows: about 30 mm/s and the Dean number is about 3.5. Such
Il Dean number implies weak Dean vortices. There-
exp(—2/4Dro(2)) a smet. . o
) E ) I = . 2 ’
qo(x, 2) = p(x, to(2)) Tt (2) fore, fluid movement along theaxis (depth direction) can

be neglected. For that reason, we consider only the fluid
Since the velocity profile in the microchannel is not uniform, movement that occurs along theaxis (in the horizontal

1o is a function of the depth positian Meanwhile, after the  plane).

first turn, the peak of the distribution shifts By (z) because

of the inertial force, wheré\x is a function of depthz (cf.

Fig. 3). Therefore, 3. Experimental

qa(x. 2) = plx = Ax(z). 1(2) A confocal fluorescence microscopy system (Nikon,

exp(—(x— Ax(z))?/4Dt1(z)) Japan) was used to investigate the fluidic behavior of the
- NZEIA ) ) DNA solution and molecules in a three-dimensional man-

i , ner. Microchannels were fabricated mechanically on acrylic
In previously reported methods, mlcrospectrophoto.metry plates (3cmx 7cm) as reported in a previous pagés].
was used to measure the amount of dsDIA]. In this The cross-sectional plane of the channel was@®0n width

method, a microchannel is irradiat(_ad with an Ar I_aser above 4 20Qum in depth. Straight channels (length =52 mm) and
the top wall and the fluorescence intensity that is produced ¢ ireylar arcs (curvature radius = 1.0 mm) were connected

throughout the channel depth is measured. Therefore, therepeatedly. Two types of 20 mer DNA, which are complemen-

ob;erved fluorescence intensity can bg estimated by aCcCUMUg,y 1o each other, were obtained from Qiagen K. K. (Japan).
Iatlng_qi(x,z) throughout the wholg, that is, by the following One of the DNAs was labeled with FITC at theend serv-
equation ing as the probe DNA (Fig. 2). The other served as the target
0i(x) = Zqz'(x, 2) 4) DNA. Thg molecular weights before and after hypr|d|zat|on
; were estimated to be 7000 and 14,000, respectively. Probe
) ) and target DNA solutions each equivalent to 500 nM were
corresponding to data collected by microspectrophotometry. injected into the microfiuidic DNA analysis chip at a flow

In addition, DNA hybridization continues to occur near rate of 30mm/s using a programmable syringe pump (Kd
the interface as DNA passes through the channel. Finally, Scientific Inc., USA).

considering such an increase in dsDNA for each turning, its

R . For the numerical elucidation of the phenomena, the dis-
distribution after thesth turn can be roughly estimated as

tribution of fluid velocity in the microchannel was calculated

follows: using FLUENT 6.1 (Fluent Inc., USA) based on a finite-
- volume scheme. The cross-sectional plane was divided into
Ry _dspna(x) = Y 0i(x). (®) 60 x 40 mesh sections. The curved portion of the channel
i in the shape of a semicircle was divided in 21degments
Inreported experiments, the vallg gspna(x) from which (120 meshes). The total number of mesh sections in the cal-

R,_sspna(x) was subtracted as a control increased with culated space was 432,000. The valuéafz) for each turn
increasing number of turns, whekg sspna(x) is distribution was calculated by time integration of the velocity vectors
profile of sSDNA near the center of the channel in the condi- at each mesh and by multiplying them by a constant so
tion that DNAs are not complementary. That®s,sspna(x) as to they correspond to the observid(z) after the first

is the amount of single strand DNA which might have turn.

hybridized if DNAs are complementary. Regardless of DNAs

being complementary or not, surplus ssDNAs exist across

nearly half of the channel. Because the amount of the surplus4. Results and discussion

ssDNAs including diffusion and inertial force effects should

be the same, the difference of DNA distribution between  The diffusion coefficientsD for 20 mer ssDNA and
the hybridizing/non-hybridizing conditions corresponds to dsDNA were first estimated. FITC-labeled ssDNA or the
the difference betweeR,,_gspna(x) and R,,_gspnalx). This dsDNA solution and phosphate buffer were injected into the
paper attempts to describe the fluid dynamics phenomenontwo inlets to form two-layered laminar flow with an average
of DNA detection in a microfluidic system using the above flow rate of 30 mm/s.

numerical model. The parameters in the model such as dif- The solid lines irFig. 2(a) correspond to the fluorescence
fusion coefficientD were estimated both experimentally and intensity profile at point A ifkig. 1(y =40 mm) at the central
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Fig. 2. Estimation of diffusion coefficienf3 for ssDNA and dsDNA. (a) Fluorescence intensity profiles at point Rign 1 (y =40 mm). (b) Values ob were
estimated by curve fitting. (c) Structures of probe and sample DNAs used in this study.

depth (= 0). This distribution obeys the following equation back to around =0. Fig. 3¢ shows the observed position of

[8], the center of distribution. The line is not absolutely straight
1 . because of the non-uniform strength of the inertial force. Sim-

Clx)= = {1 —erf (> } , ulation results indicated that the displacement is larger for
2 2VDr dsDNA than for ssDNA and the difference increases with the

where erf(.) is the error function which is similar to the sig-

moid function. The diffusion time is roughly estimated as

number of turns, although this difference is extremely small
y/Umax Where|x| is extremely small. Theoretically/max is

(Fig. 3d). Thus, the distribution of DNA changesiits peak posi-
about twice the average velocitigye (30 mm/s) and this was

tion alongx axis, becoming broader with timEig. 4 shows
simulated results for the accumulated distribution through
also confirmed by calculation using the FLUENT program.
Thus, D was estimated by fitting E(6) to the observed

the entire depth, that is, represented®yx) wherei = 1-8.
After an odd number of turns, the distribution is asymmet-
data (Fig. 2b). The values ab for ssDNA and dsDNA
were estimated to be 1210710 and 0.89x 10-10(m?/s),

ric because the peak position for the distributiang(z), is

different with depth. While, it is nearly symmetric after an
respectively. These values were the average of nine observaeven number of turns becausa(z)s are assembled on the
tions. These values are considered to be fairly valid from the y axis, and thus, the difference between ssDNA and dsDNA
view point of the order, compared to the reported value for becomes large.
Lysozyme (Mw = 14,100), 1.04 10~10(m?/s)[15] and for a Fig. 5a and b show,,_sspna (x) andR;,_dspna (x) (n=1-8)
39 mer ssDNA, 0.44 10-10(m?/s)[16]. TheD of dsDNA is in Eq.(5), respectivelyFig. 5¢c and d indicates the difference
smaller because dsDNA is larger in size compared to ssDNA. between themaR(x) = R,,_dsbNA (x) — R,_sspNa (x). The pro-
The value ofD for dsDNA was slightly smaller than the files are completely different for even versus odd turns, and
value predicted by the Stokes—Einstein relafibs] and by this difference becomes larger after the eighth turn.
assuming a spherical shape for dSDNA (0:950~19(m?/s)). If a laser irradiates at a distance of 26 from the cen-
Fig. 3a shows the dsDNA distribution at point A, which has ter (x=—20um) and the spot diameter of the observation
diffused according to the estimatéd is about 4Qum, the observed fluorescence intensity corre-

Inertial force is exerted on the DNA distribution at a sponds to the summation of the values in the shaded regions

curve. Fig. 3b shows that the center for the distributed in Fig. 5¢c and d. The values are shownFig. 6a. The val-
ssDNA and dsDNA is shifted outward near the central depth ues after the second and fourth turns are larger than for the
(z=0mm) and inward near the top and bottom of the wall first and third turns. In addition, the values become larger
(z==£100pm). The values of the shifts are the average of with increasing number of turns. These results are in good
three observations using fluorescence confocal microscopy.agreement with the experimental res(it8]. The numerical
Although the difference between ssDNA and dsDNA is small model mentioned above attempts to explain the principles
(4.2um), itis larger than the resolution of fluorescence confo- behind the DNA microfluidic analysis method.
cal microscopy (1.4um). In order to compare this difference It is the balance of the inertial force and diffusion that
in the curved channel with the noise level of the spatial mea- yields the above described tendency. First, it is important
surements, interface position of a stable two laminar flow thatthe diffusion coefficient be different between ssDNA and
(30 mmy/s) in a straight channel was measured. The average oflsDNA. This difference leads to the localization of dsDNA

(6)

the noise was about 1pdn, which was significantly less than
the above difference ©0.05,-test). After the second turn,
the inertial force in the opposite direction moves the shifts

around the center of the channel. Second, since the peak posi-
tions after an odd number of turns are different among the
channel depth as described in E8), the distribution of
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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 Eq§2) and(3). (a) DNAs that are at the positiorry =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 i

Fig. 3c.The difference increases with the number of turns.
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Fig. 4. Transformation of DNA distribution accumulated through the entire depth. Distribution is different between ssDNA and dsDNA patrticularly 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 (dyiRdigates
computed from the subtraction of (b) from (a). (c)AR(x) after an odd number of turns, while (d)AsR(x) after an even number of turns.

AR(x) becomes bimodal after an odd number of turns. On  Controlling effects of diffusion and inertial force is achiev-
the other handA R(x) becomes unimodal after an even num- able through suitable selection of a microchannel structure
ber of turns because all the peak positions assemble near théo improve the accuracy and sensitivity of this microfluidic
center of the channel. Such difference in the DNA distribu- DNA analysis chip. For example, the length of the microchan-
tion between the odd and even numbers of turns causes thenel’s straight section can control diffusion effects. The curva-
large difference in fluorescence intensity. ture radius and aspect ratio of the cross-sectional plane alter
Our previous paper reported that a longer target DNA the secondary flow effects. This study examined effects of the
yields a larger differencfb]. In order to investigate whether  microchannel’s straight section length and the aspect ratio
the above model can be used to explain such a phenomenongf the cross-sectional plane using the previously described
a dsDNA with twice the molecular weight and volume numerical model.
was assumed. Considering that the inertial force should Fig. 7 shows simulated\R values (after the fourth turn)
increase, the difference ofx(z)s was doubled. The diffusion  where the straight section of the microchannel was shortened
coefficient was set to 0.72 10-1%(m?/s), approximating  to 35 mm or lengthened to 80 mm. The results indicate that a
a spherical shape for the dsDNA for the sake of simplicity shorter straight portion is a disadvantage in terms of improv-
and for applying the Stokes—Einstein relatiéig. 6b shows ing sensitivity. To further investigate this, the following rea-
the new AR for the ssDNA and the large dsDNA. The soningwas considered. Since a shorter straight channel leads
obtained values are larger compared whily. 6a after an  to less diffusion, the profile for DNA distribution becomes
even number of turns: this tendency is in good agreementsharp as shown irig. 8a and b, compared wiffig. 5a and
with the experimental result. 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

ssDNA vs dsDNA ssDNA vsldIge dsDINA by the inertial force. This effect causes a bimodal distribution
1.0 1.0
AR
1.0
(relative)
AR
0.0 0.0 (relative)
1 2 3 4 i 2 3 4 _| ||
(a) number of turns (®)  number of turns 0.0
Fig. 6. Accumulated\R. This value corresponds to the analysis signal for 35 52 80 (mm]
the detection of hybridization. Values after an even number of turns are Length of the straight portion

larger than an odd number of turns. (a) 20 mer ssDNA and dsDNA, (b)
20 mer ssDNA and 40 mer dsDNA are assumed. Fig. 7. Effect of the length of microchannel’s straight portion/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. (ayved (b) sh
ssDNA and dsDNA distribution, respectively. (c) and (d) indicaté¥x), computed from the subtraction of (b) from (a). (CAR(x) after an odd number of
turns, while (d) isAR(x) after an even number of turns.

in AR(x) even after the fourth turn (Fig. 8d) in addition to an microchannel width is narrower becauaeR is an accu-
odd number of turns (Fig. 8c). However, in the case of a broad mulation of fluorescence intensity through the entire depth.
distribution, the difference is less distinct. As the sharpness However, the value was smallest where the width (and depth)
of the distribution is reduced during DNA solution passing is 200um. Distortion of the interface area was greatest where
through the microchannelR(x) becomes broader and uni- the aspect ratio is unity. It is considered that this feature
modal after the sixth and eighth turn, resulting in a larty&t reduces theAR value. Fig. 9 also shows the influence of
In this case, it would be advantageous to detect the fluores-the straight section length. IRig. 9a, the longer channel
cence intensity after the sixth turn, not the fourth turn. In this generally provided large&R, as shown irFig. 7. It is impor-
manner, analytical performance depends largely on a balanceant to trim the microchannel volume to reduce the amount
of diffusion and inertial force. This also indicates that suitable of sample and prove DNA in practical application. Con-
length of the straight portion of a channel depends on other sidering this problem, the total length of the microchannel
structure parameter such as curvature radius, the aspect ratizvas made uniform, as shown Fig. 9b. It is difficult to
of the cross-sectional plane of the microchannel and inherentextract the general tendency from these results, but results
restriction of the apparatus, such as the size of the laser andndicate that relation between the effects of diffusion and
observation location. inertial force is intricate and its control is important to
Fig. 9 shows the effects of the aspect ratio of the micro- improve performance of analysis. This result also depends
channel’s cross-sectional plane. For comparison, the cross-on restriction of analysis methods and apparatus, such as the
sectional area of the microchannel was made uniform at laser-spot diameter and the observed positions. In the restric-
40,000nm?. The AR value is generally larger where the tion in this work, the deepest microchannels or one whose

3 6

—&— | =20 mm —&— | =20 mm
2 A —o— 40 4——-1— 40
AR I\\ —— 80 AR o - T 80

(relative); -‘\\Q://;;_:/.E,: (relative) % e
7 -2

-1
-2 -4 \/

0 100 200 300 400 500 0 100 200 300 400 500
(a) channel width (um) (b) channel width {um)
125 320 400
100
seof [ I
configuration of the

cross-sectional plane

Fig. 9. Effect onAR of the aspect ratio of the microchannel’s cross-sectional plane. The length of the microchannel’s straight portion (L) was changed from
20 to 80 mm. (a)AR after the eighth turn. (b) The microchannel length was unifokR.after the 16th, 8th, and 4th turns are shown respectively. fo20,
40 and 80 mm.
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width is 320um andL =20 mm (including many turns) are  detection sensitivity. A suitable detection point should be

better. determined depending on the microchannel structure; a suit-
The microchannel in this chip follows a simple serpen- able microchannel structure should be considered under the

tine geometry. Therefore, this model can be used in otherrestriction of the apparatus. The numerical model described

applications in chemical analysis and for separation after in this paper is useful for determining the microchannel struc-

synthesis for enzyme-substrate complex and others. In thisture design and guidelines for analytical methods.

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 mustReferences
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