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Abstract This paper presents a novel microfluidic DNA
digestion system incorporating a high performance micro-
mixer. Through the appropriate control of fixed and periodic
switching DC electric fields, electrokinetic forces are estab-
lished to mix the DNA and restriction enzyme samples and
to drive them through the reaction column of the device.
The experimental and numerical results show that a mix-
ing performance of 98% can be achieved within a mixing
channel of length 1.6 mm when a 150 V/cm driving voltage
and a 5 Hz switching frequency are applied. The relation-
ship between the mixing performance, switching frequency,
and main applied electric field is derived. It is found that the
optimal switching frequency depends upon the magnitude
of the main applied electric field. The successful digestion
of λ-DNA using Eco RI restriction enzyme is demonstrated.
The DNA-enzyme reaction is completed within 15 min in
the proposed microfluidic system, compared to 50 min in a
conventional large-scale system. Hence, the current device
provides a valuable tool for rapid λ-DNA digestion, while
its mixer system delivers a simple yet effective solution for
mixing problems in the micro-total-analysis-systems field.
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1 Introduction

The development of µ-TAS (Micro-Total-Analysis-
Systems) has fueled the growth of microfluidic devices de-
signed for use in various applications, such as chemical and
biological analysis and high performance screening (Johann
and Renaud, 2004; Atencia and Beebe, 2005; Tian et al.,
2005; Wang et al., 2005; Li et al., 2005; Wei et al., 2006; Wu
and Yang, 2006). Typically, a microfluidic system performs
the mixing, transportation or separation of solvents, sam-
ples, or reagents in microchannels embedded in a microchip.
Compared to conventional microscopic methods, microflu-
idic devices have the advantages of reduced solvent, reagent
and cell consumption, quicker reaction times, portability, low
cost, and reduced power consumption. Furthermore, they of-
fer the potential for parallel operation and integration with
other miniaturized devices. In the emerging “lab-on-a-chip”
(Gai et al., 2004; Erickson, 2005; Fu et al., 2005; Wang
et al., 2005; Gao et al., 2005; Xiang et al., 2005) concept,
various functional components are integrated on a single mi-
crofluidic device in order to carry out a complete assay of a
bio-material. Typically, these components include collection,
DNA restriction, sample manipulation, DNA amplification,
PCR, separation, cell counting, cell sorting, mixing, clinical
and forensic analysis, and on-line detection.

The micro-mixer used in microfluidic systems (or Lab-on-
a-Chip systems) is one of the key components in the sample
handling process, and its characteristics determine the over-
all quality of the reaction achieved. Therefore, developing a
thorough understanding of the mechanisms governing elec-
trokinetic manipulations, particularly those associated with
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discrete micro-mixers, is essential if the design of microflu-
idic systems is to be optimized. Microfluidic mixing systems
are generally restricted to low Reynolds number regimes, and
therefore species mixing occurs primarily as a result of diffu-
sion rather than convection or turbulence. Consequently, mi-
crofluidic devices requiring a mixing operation are designed
such that the samples which are to be mixed are brought
together within a single channel (Liu et al., 2000). However,
diffusive mixing is slow and so lengthy mixing channels are
required to ensure that the samples are thoroughly mixed.
Therefore, many macro-scale systems use stirrers or special
geometry designs to generate turbulent flow to enhance the
mixing effect.

In general, micro-mixers can be categorized as active mix-
ers or passive mixers. Active microfluidic mixers enhance the
mixing effect by stirring the flow or applying some form of
external energy. Typically, mixers of this type employ pres-
sure perturbation, magnetic, electrokinetic, thermal or acous-
tic/ultrasonic methods to mix the flow. Pressure field distur-
bances were used in one of the earliest active micro-mixers
(Glasgow et al., 2004) while Niu et al. (2003) used an actu-
ator system to produce an oscillating periodic flow. Lemoff
et al. (2000) applied an external DC voltage to a series of
electrodes in order to establish a magnetic field, thereby gen-
erating Lorentz forces, which in turn induced a mixing effect
in the chamber. Lin et al. (2004), Fu et al. (2005), Coleman
and Sinton (2005) and Nguyen and Huang (2006) utilized
a periodic switching DC field to generate perturbative elec-
troosmotic flow which simultaneously drove and mixed the
fluid samples. Although originally intended as a means to
investigate the temperature dependence of fluorescence dyes
(Mao et al., 2002), generating a linear temperature gradient
across a number of parallel channels also has the potential
for use in micro-mixing applications. Acoustic/ultrasonic in-
duced flow, i.e. streaming, has also been used as an active
mixing scheme (Yang et al., 2000; Yaralioglu et al., 2004).
In general, active microfluidic mixers have a higher mixing
efficiency than their passive counterparts. However, the fab-
rication processes involved in their manufacture tend to be
more complex and the requirement for an external energy
supply complicates their integration with other microfluidic
chips. Furthermore, their relatively high power consumption
and cost prohibit their use in disposable applications.

Researchers have developed passive microfluidic mixers
in a variety of forms. For example, Liu et al. (2000) and
Hardt et al. 2006) fabricated a three-dimensional serpen-
tine microchannel for passive chaotic microfluidic mixers on
silicon and glass substrates. In general, the mixing process
in micro-mixers is more rapid at higher Reynolds numbers
(e.g. Re = 25–70) since the chaotic advection effect is more
pronounced. Another complex three-dimensional serpentine
passive microfluidic mixers on PDMS were reported by
Vijayendran et al. (2003), Chen and Meiners (2004) and

Park et al. (2004). The micromixer channel was designed
as a series L-shaped segments, two connected out-of-plane
L-shapes and a series rotated segments. However, Hong et al
(2004) demonstrated an in-plane micro-mixer with a two-
dimensional modified Tesla structure, in which the Coanda
effect caused chaotic advection and improved the mixing
performance significantly at relatively lower Reynolds num-
bers (e.g. Re = 5). Various other passive microfluidic mixers
with three-dimensional structures have been proposed (Kim
et al., 2004a,b; Lin et al., 2005; Wu et al., 2005). It has been
shown that the use of grooves on the channel wall gener-
ates chaotic advection and therefore enhances the mixing
efficiency (Stroock et al., 2002; Wang et al., 2003; Kang
and Kwon, 2004). He et al. (2001) and Burke and Regnier
(2003) performed stopped-flow enzyme assays using micro-
fabricated static mixers and showed that these devices de-
liver a similar performance to that obtained using an external
mixing device. Researchers have also investigated the use of
special geometries to enhance the performance of passive mi-
crofluidic mixers, including zigzag (Mengeaud et al., 2002).
and curved-square microchannel configurations (Schönfeld
and Hardt, 2004). The use of heterogeneous surface charge
distributions along the microchannel walls has also been ex-
plored as a means of inducing separation vortexes to enhance
the mixing efficiency (Erickson and Li, 2002; Biddiss et al.,
2004; Chang and Yang, 2004).

Micro-mixers have been widely applied in the fields of
chemical and biological analysis. Kamholz et al. (1999) em-
ployed the basic T-form micro-mixer in a device designed
to measure the analyte concentrations of a continuous flow.
Similarly, an electrokinetically driven T-form micro-mixer
was used to perform enzyme assays and isocratic and gradi-
ent elution in micellar electrokinetic chromatography (Hadd
et al., 1997; Kutter et al., 1997). The rapid mixing time de-
livered by a microfluidic mixer benefits the time-resolved
measurement of reaction kinetics using nuclear magnetic
resonance (Kutter et al., 1997). Lin et al. (2003) presented
a rapid microfluidic mixer using the freeze-quenching tech-
nique, which provides a useful means of trapping meta-stable
intermediates populated during rapid chemical or biochemi-
cal reactions. Vijayendran et al. (2003) employed a microflu-
idic mixer for the sample preparation of a surface-based
biosensor. Finally, Kim et al. (2005) used a micro-mixer for
the spectroscopic detection of glucose-catalyst reactions.

This paper develops a high performance microfluidic
mixer which utilizes a low frequency switching DC field to
induce electroosmotic forces to drive the samples and create
instabilities in the flow. Figure 1 presents the basic operating
principle of the proposed mixer and DNA digestion system.
A series of resistors are used to establish a pinch-voltage
during the cyclic switching of the applied DC voltage. The
pinched-switching mode is specifically designed to increase
the disturbances in the flow, thereby enhancing the mixing
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Fig. 1 Operating principle of
high performance microfluidic
mixer designed for rapid DNA
digestion

Fig. 2 Overview of fabrication
process for current microfluidic
device

performance. The proposed system is operated using a single
power supply and has the advantages of simplicity, stability,
and reliability. The mixing performance of the microfluidic
device is evaluated both numerically and experimentally.
The microfluidic system is employed to perform λ-DNA di-
gestion using the Eco RI restriction enzyme. The digestion
performance of the proposed system is compared to that of
a conventional tube system.

2 Experimental section

2.1 Microchip fabrication

Since the samples are to be electrokinetically driven in the
present study, a silanol-group rich material such as glass is
preferred as the substrate material. Accordingly, low-cost
microscope slides (25 mm × 75 mm × 1.0 mm, Marien-
feld, Germany) were chosen for the chip substrates. The
as-received glass slides were annealed for four hours at a
temperature of 400◦C in order to release residual stress.
The slides were then immersed in a boiling Piranha solution

(conc. sulfuric acid mixed with conc. hydrogen peroxide in
a 3:1 volume ratio) for 10 min to ensure that they were thor-
oughly clean. Figure 2 presents an overview of the current
fabrication process. A detailed description of the fabrication
procedure is provided by the current authors in Reference
(Lin et al., 2001). However, in brief, a thin layer of AZ
4620 photoresist was applied onto the glass substrate and the
microchannel pattern defined using a standard photolithogra-
phy process (Fig. 2(a)). The patterned photoresist layer was
hard baked and used directly as a mask in an etching pro-
cess performed using commercially available buffered HF
(buffered oxide etchant, J. T. baker, USA). A 40-µm-deep
microchannel was formed after 45 min of etching (Fig. 2(b)).
The etched glass substrates were then immersed in a diluted
KOH solution (KOH (45%):DI = 1:9, 80◦C) to remove the
photoresist layer (Fig. 2(c)). Fluid via holes were drilled in
bare glass slides using a diamond drill bit (φ1.5 mm) (Fig.
2(d)). The two glass plates were again cleaned in a boiling
Piranha solution and then aligned (Fig. 2(e)). Finally, the
plates were bonded in a sintering oven at a temperature of
580◦C for 10 min (Fig. 2(f)). The entire fabrication process
was completed within 10 h. Figure 3 presents a photograph
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Fig. 3 The functional process diagram of DNA digestion

of the completed DNA digestion system and a close-up opti-
cal microscopy image of its double-cross-form microfluidic
mixer.

2.2 Mixer experiment

The performance of the mixer was evaluated in a series of ex-
perimental tests performed under a fluorescence microscope
using a mercury lamp module for fluorescein excitation. A
CCD module (DXC-190, Sony, Japan) with a high-speed
image acquisition interface was used to acquire the optical
images. The two samples to be mixed were a 10 mM sodium
borate buffer (pH = 9.2, Showa, Japan) and a sodium bo-
rate buffer with 10−4 M Rhodamine B fluorescence dye.
The samples were driven by a programmable high-voltage
power supply (MP-3500, Major Science, Taiwan) capable of
high-speed switching frequencies of up to 10 Hz.

The mixing performance was evaluated by analyzing the
experimental images using digital image processing tech-
niques. The captured color images were converted into corre-
sponding gray-scale images to provide a better indication of
the fluorescence intensity. It was assumed that the gray-scale
value of the image corresponded to the concentration level of
the fluorescence dye. Hence, the gray-scale value for a chan-
nel filled with fluorescence dye was specified as 1, while that

of an empty channel was specified as 0. To determine the con-
centration distribution within the mixing channel, the corre-
sponding gray-scale values were measured and normalized at
cross-sections located at various distances downstream from
the double-cross-junction. Ten discrete measurements were
made across the width of the 150-µm-wide mixing channel
at each cross-section. The acquired experimental values were
then compared with the numerical results.

2.3 DNA digestion

Figure 3 shows the concept of the experimental process for
this research. Briefly, lambda DNA sample is concentrated
through a gel packed channel then injected into the pro-
posed micromixer for DNA/restriction enzyme fast mixing
and reaction. The mixed DNA/enzyme sample then flow
in the reaction channel to reach a complete digestion reac-
tion. At the end of the microfluidic channel, a gel packed
channel is used to separate the restriction enzyme and di-
gested DNA samples in order to obtain purified DNA frag-
ments and get a better investigation result for digested DNA
products.

Figure 4 presents a photograph of the current microflu-
idic device designed to perform rapid DNA digestion. Note
that the microchannels of the device are filled with red ink
here for clarity. The device measures 4.5 cm × 1.8 cm and
incorporates a serpentine reaction channel of dimensions
150 µm × 40 µm (width × depth) and 15 cm in length for
DNA restriction. The DNA digestion system comprises a pre-
concentration column for DNA concentration, a mixing col-
umn for DNA and enzyme mixing, a temperature-controlled
column for DNA-enzyme reaction and a purification column
for digested DNA fragment collection. Briefly, the DNA con-
centration process is achieved with gel electrophoresis of the
DNA molecules in a 1% agarose gel between Port A and Port
B. The concentrated λ-DNA sample and the Eco RI restric-
tion enzyme are then thoroughly mixed in the double-cross-
form micro-mixer utilizing a pulsatile loading of the sample
fluids. The mixed DNA-enzyme fluid then flows toward Port
D through the temperature-controlled reaction column for
DNA strain digestion. Finally, the digested DNA fragments

Fig. 4 (a) Photograph of
microfluidic DNA digestion
system. Note that microchannels
are filled with dye for clarity. (b)
Optical microscopy image of
mixer section of DNA digestion
system
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are concentrated and collected in Port E through a gel-filled
column.

During the present DNA restriction operation, 6 µl of
λ-DNA sample (0.45 µg/µl, Takara, Japan) was placed at
Port A and an electric field of 150 V/cm was applied to
drive the DNA sample to Port B. The channels between
Ports B, C and D were filled with sodium borate buffer
(10 mM, pH = 9.2) and inlet Port C was filled with the en-
zyme sample composed of 1 µl Eco RI (2 units, GeneCraft,
Germany), 5 µl buffer SH (10 × , GeneCraft, Germany) and
8 µl sodium borate buffer. Mixing of the DNA and enzyme
samples was performed using a 150 V/cm driving voltage
and a 5 Hz switching frequency using a pinched-switching
operation mode. The temperature of the DNA-enzyme reac-
tion column was maintained at a constant 37◦C using a TE
(Thermoelectric) cooler.

The final DNA products obtained from the proposed mi-
crochip and the digested DNA fragments produced using a
standard tube system were analyzed simultaneously using a
conventional gel electrophoresis scheme. The DNA diges-
tion in tube was performed under a 37◦C water bath. The
sample for DNA digestion in tube was a 30-µl solution com-
posed of 1 µl Eco RI, 5 µl restriction buffer, 6 µl of DNA
sample and DI water. The reaction was terminated at differ-
ent time stages of 10, 20, 30, 40, 50, 60 and 90 min using a
concentrated 50 × TBE buffer.

3 Numerical simulation methods

Simulating the current mixing problem requires the solution
of the electric potential, ionic concentration, pressure, ve-
locity components, and sample concentration throughout the
computational domain. The numerical solutions presented in
this study are based on the assumption of two-dimensionality
(in the plane of the chip). This assumption is commonly em-
ployed in the modeling of similar processes (Patankar and
Hu, 1998). This assumption implies that the dependent vari-
ables do not exhibit significant gradients in the thickness
(z-direction) dimension. By adopting both two- and three-
dimensional models, Patankar (1998) showed this assump-
tion to be reasonable in microfluidic flows in geometries
resembling those of the current DNA digestion system.

The main problem considered in this study is the pre-
diction of the microfluidic flow in a double-cross-form mi-
crofluidic mixer under different operation modes. The tran-
sient process of establishing electroosmotic flow when an
electric field is first imposed on a microchannel lasts a few
hundred microseconds and depends on the microchannel di-
mensions and the ionic concentration of the buffer (Dose
and Guiochon, 1993). However, this time is far less than the
characteristic times of microfluidic devices, e.g. those of in-
jecting, separating, or mixing, etc. Therefore, the small delay

in establishing microfluidic flow is neglected in the present
analysis. Furthermore, thermal heating effects are also ig-
nored since the dissipation capabilities of microfluidic chips
are sufficiently high that the joule heating effect is negligible
for electric fields of less than 800 V/cm (Jin and Luo, 2003).

In simulating microfluidic flows, the current authors have
previously developed physical models based on: (a) the Pois-
son equation for the electric potential and zeta potential, (b)
the Nernst–Planck equations for the ionic concentration, (c)
the full Navier–Stokes equations modified to include the
effects of the body force due to the electric and charge den-
sities, and (d) a concentration equation for the sample plug
distribution. The details of these models are provided in Ref-
erences (Fu et al., 2002, 2003a, b; Fu and Lin, 2003, 2004).

4 Results and discussion

4.1 Microfluidic mixer with diffusive effect

Initially, this study performed numerical and experimen-
tal investigations into the mixing efficiency of the current
double-cross-form microfluidic mixer. As shown in Fig. 4(b),
the microchannel width in the sample injection microchan-
nels was 75 µm, while the width and length of the mixing
channel were 150 µm and 2000 µm, respectively. Mixing
was performed under an applied electric field strength of
150 V/cm. For comparison purposes, mixing was also per-
formed using the conventional T-form and double-T-form
micro-mixers. Figure 5 presents the numerical and experi-
mental results obtained for each of the three devices. It is
clear that none of the microfluidic mixers provide an entirely
satisfactory mixing performance. To quantify the actual de-
gree of mixing within the mixing channel, the present study
adopts the following mixing efficiency parameter (Huang
et al., 2006):

σ =
(

1 −
∫ W

0 |C − C∞| dy∫ W
0 |Co − C∞| dy

)
× 100% (1)

where C is the species concentration profile across the width
of the mixing channel, and Co and C∞ are the species concen-
trations in the completely unmixed (0 or 1) and completely
mixed states (0.5), respectively. As shown in Fig. 5, the mix-
ing efficiency obtained at the end of the 2000 µm long mixing
channel is 37%, 55.7% and 62.6% in the T-form, double-
T-form and double-cross-form microfluidic mixer, respec-
tively. In these mixers, parallel flows of the two samples are
created in the mixing channel and mixing is dominated by
diffusion. Clearly, the contact area of the two samples in-
creases as the number of parallel flow streams in the mixing
channel increases. Figure 5 shows that the contact area in the

Springer



282 Biomed Microdevices (2007) 9:277–286

Fig. 5 Numerical and
experimental results for flow
contours in parallel flows of: (a)
T-form microfluidic mixer, (b)
double-T-form microfluidic
mixer, and (c)
double-cross-form microfluidic
mixer

Fig. 6 Mixing efficiency of different mixer types

double-cross-form mixer is 2.5 times and 1.25 times greater
than that in the T-form and double-T-form type, respectively.
Hence, as shown in Fig. 6, the mixing performance of the
double-cross-form mixer is the best of the three devices.

4.2 Microfluidic mixer with a two-step periodic switching
mode

As noted above, the mixing performance of parallel flow
microfluidic mixers is less than satisfactory. In general, the
mixing efficiency can be improved by increasing the con-
tact area and contact time of the different samples, creating
an irregular flow field in the mixing channel (e.g. by us-
ing separation bubbles), or producing perturbations of the
sample fluid, etc. Creating an irregular flow field is an effec-
tive technique for enhancing mixing in theory. However, it
is generally difficult to implement in practice due to fabri-
cation and control difficulties. Therefore, this study injects
the two samples using an interlaced injection mode and em-

ploys a periodic switching method to increase the contact
area and contact time of the samples and to generate fluid
perturbations.

As shown in Fig. 7, in the proposed two-step periodic
switching mode, the driving voltages at Reservoirs 0, 1 and
2 are maintained at a constant value, while the switching
voltage is applied alternately to Reservoirs 3 and 4. In Fig.
7(a) (Step 1), the voltages at Reservoirs 0, 1, 2 and 3 are all
established at an equal potential (or an equivalent electric
field of 150 V/cm), while Reservoir 4 remains open (elec-
tric field ∂ø/∂y = 0). The streamlines in the microfluidic
channel indicate that the fluid flow will remain motionless
in Channel 4 because the driving force in this channel is
zero (∂ø/∂y = 0). Similarly, in the second step, an equal
driving force is established at Reservoirs 0, 1, 2 and 4 while
Reservoir 3 remains open. Therefore, the flow remains sta-
tionary in Channel 3 (Fig. 7(b)). Alternating between these
two steps increases the flow perturbations and contact area
of the samples and therefore enhances the mixing effect.

Figure 8 presents the numerical and experimental results
obtained for the species concentration distributions for pe-
riodic switching frequencies ranging from 1 to 10 Hz and
a constant driving electric field of 150 V/cm. In the cur-
rent DNA digestion system, Reservoirs 0, 3 and 4 inject the
enzyme sample while Reservoirs 1 and 2 inject the øx-174
DNA. In the double-cross-form mixer, the constant voltages
applied at the initial cross-form (i.e. Channels 0, 1 and 2)
drive the injection of three parallel sample streams into to
the main channel. Meanwhile, a periodic switching voltage
is applied to the second cross-form (i.e. Channels 3 and 4) to
inject an intersecting sample stream to increase the flow per-
turbation and the sample contact area in the mixing channel.
Figures 8(a) and (b) show the species concentration distribu-
tions obtained with switching frequencies of 1 Hz and 3 Hz,
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Fig. 7 Electrical potential distributions and streamlines in two-step switching mode

Fig. 8 Numerical and
experimental results obtained
for concentration distributions
for switching frequencies of: (a)
1 Hz, (b) 3 Hz, (c) 5 Hz, and (d)
10 Hz for constant driving
electric field of 150 V/cm

respectively. It can be seen that the periodic sample plugs
injected into the mixing channel form a wave-like distribu-
tion along the length of the mixing channel. This suggests
that the sample plugs from Channels 3 and 4 are too large
at these particular switching frequencies. Consequently, the
two samples fail to make adequate contact with one another,
and the mixing result is poor. When the switching frequency
is increased to 5 Hz, the contact area of the two samples
is obviously improved (Fig. 8(c)). However, if the switch-
ing frequency is further increased, the contact area is once
again reduced (Fig. 8(d)) and it is observed that the mix-
ing results are similar to those of the parallel flow case in
Fig. 5(c).

Figure 9 presents a comparison of the mixing efficiency
obtained along the length of the mixing channel for a driving
electric field of 150 V/cm and switching frequencies ranging
from 1 Hz to 10 Hz. At low switching frequencies of 1 Hz
and 3 Hz, the mixing efficiency fluctuates along the mixing
channel length and steadily increases to a value of approxi-
mately 70–80% at a distance of 1600 µm downstream from
the second cross-form of the micro-mixer. However, at a
switching frequency of 5 Hz, the mixing efficiency increases
dramatically to 98.2%. Hence, it is clear that a rapid and
thorough mixing performance can be obtained at this partic-
ular switching frequency. When the switching frequency is
increased to 10 Hz, the mixing efficiency at the end of the
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Fig. 9 Comparison of mixing efficiency at different switching fre-
quencies for constant driving electric field of 150 V/cm

Fig. 10 Numerical and experimental results obtained for mixing effi-
ciency for different driving electric fields and switching frequencies at
cross section located 1400 µm downstream from second cross-form of
micro-mixer

mixing channel falls to 76.9% because both the contact area
and the contact time fall as the frequency is increased.

Figure 10 presents the optimized operating conditions for
the current microfluidic mixer under different driving volt-
ages and switching frequencies. Note that the average value
of the mixing efficiency is calculated over the range of 1400
µm to 1600 µm downstream from the second cross-junction.
In all cases, the mixing efficiency is found to be greater than
90%, which confirms the feasibility of the proposed mi-
crofluidic mixer.

4.3 DNA digestion results

Figure 11 presents slab-gel images of the electrophoresis
results for DNA restriction in a conventional large-scale sys-
tem. Note that the DNA digestion in vitro was performed in

a microcentrifuge tube under a well temperature control. In
Fig. 11(a), columns M1 and M2 show the Hind III digested
λ-DNA markers and the 100 base-pair ladder markers, re-
spectively. The M1 DNA marker is a standard DNA marker
consisting of seven fragments, i.e. 564, 2027, 2322, 4361,
6557, 9416 and 23130 base pairs (bp), while M2 is a 100-bp
DNA ladder. For the Hind III digested λ-DNA six fragments
are collected, i.e. 3.5 kb, 4.9 kb, 5.6 kb, 5.8 kb, 7.4 kb and
21.4 kb. The smeared columns in the electropherogram indi-
cate that the λ-DNA strain was not fully digested under the
applied digestion conditions. The numbers over each col-
umn indicate the time taken to complete the DNA-enzyme
reaction. The results show that the DNA-enzyme reaction is
completed within 50 min in the large-scale tube system.

Figure 11(b) shows slab-gel images of the electrophoresis
results for DNA restriction in the proposed DNA digestion
system using an electric driving field of 150 V/cm and a
switching frequency of 0 Hz i.e. the flow is in parallel flow
without enhancing the mixing. As discussed previously, the
reaction channel used for the DNA restriction was 10 cm
in length and the temperature of the DNA-enzyme reaction
column was maintained at a constant 37◦C using a TE (Ther-
moelectric) cooler. In this case, the mixing was dominated
by diffusion of the two samples. The mixing efficiency is
not satisfactory (as shown in Fig. 5). Therefore, it required
longer than 50 min to complete the DNA-enzyme reaction.
Figure 11(c) presents the slab-gel pictures of electrophoresis
results for DNA restriction experiment using the microchip
device under the conditions of an electric driving field of
150 V/cm and a switching frequency of 5 Hz. In this case, a
rapid and thorough mixing was achieved in the mixing and
reaction column for the proposed microfluidic chip such that
only 15 min of reaction time was enough to complete the
DNA-enzyme reaction.

The optimized operating conditions for the proposed DNA
digestion system under different driving voltages are pre-
sented in Fig. 12. The results indicate that a higher applied
driving electric field (see 210 V/cm) will also result in a faster
reaction speed for the DNA-enzyme reaction. The proposed
DNA digestion system improves the reaction speed by a
factor of approximately two.

5 Concluding remarks

This paper has presented a novel DNA digestion system
which uses periodic electrokinetic driving forces and a high
performance microfluidic mixer. This study has employed
an interlaced sample injection technique and applied an ap-
propriate control of the electric field strength and periodic
switching voltage to increase the contact area and contact
time of the samples and to produce perturbations of the fluid
field. The results have shown that this approach enables a
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Fig. 11 Slab-gel picture of
electrophoresis results for DNA
restriction experiment in a
conventional tube system (A)
and the slab-gel pictures of
electrophoresis results for DNA
restriction experiment using the
microchip device under the
conditions of an electric driving
field of 150 V/cm and a
switching frequency of 0 Hz (B)
and 5 Hz (C), respectively. Note
that the numbers labeled on the
top of each column represent the
reaction times

Fig. 12 Relationships between the minimum time required for achiev-
ing complete DNA restriction and the switching frequency of the mi-
cromixer

mixing efficiency of 98% to be obtained at a distance of
1600 µm from the second cross-junction when a driving
electric field strength of 150 V/cm and a 5 Hz switching

frequency are applied. Optimizing the operating conditions
for the switching mode, it has been found that the optimal
switching frequency depends upon the magnitude of the main
applied electric field. Finally, the results have shown that the
speed of the λ-DNA digestion process is significantly in-
creased in the developed microfluidic system since the novel
double-cross-form microfluidic mixer ensures an excellent
mixing of the two reactants.
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