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Abstract

A highly effective active micro mixer utilizing magne-
tic force with a simple configuration is explored to
facilitate the fast mixing of more than two fluid flows
and to integrate a microfluidic system capable of
disrupting cells and reacting with biomolecules. The
mixing performance of the active micro mixer is eva-
luated within an aqueous-aqueous system including
dyes for visual observation and within an organic-
aqueous system where enzyme reaction occurs. In
addition, this magnetic stirrer for microfluidic-based
research is used to create complete analytical micro
systems, which facilitates cell lysis, sample prepara-
tion, and a subsequent analysis of intracellular bio-
molecules. Upon loading a sample of a whole cell
and lysis reagent into a mixing chamber, the inte-
grated microfluidic device carries out cell disruption
by rotation of a micro magnetic-disc. Intracellular
lipase samples from lyzed cells can be efficiently
mixed and reacted with its substrate. We developed
a micro-mixing fluidic system for cell lysis and en-
zyme reaction in order to detect colorimetric pro-

ducts.
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Introduction

To create complete analytical micro systems by
integrating various functional modules into a single
chip, microfluidic technology has made significant
advances over the last few years'™. The mixing of
multiple fluids in micro channels or chambers is an
essential component in integrated microfluidic sys-
tem applications, which is involved in the sample
preparation of chemical cell lysis and biological
reactions™”.

Until now, many micro-mixer designs have faci-
litated the development of microfluidic systems for
mixing fluids at the micro-scale. Several types of
flow dividing and recombining structures have been
developed for split-and-recombine type mixing in-
cluding ramp-like®, fork-like®°, and three-dimen-
sional curved architecture designs'. These passive
mixers are typically accomplished by driving fluids
through channels with delicate and fixed geome-
tries'>!3, Thus, passive mixing often requires expen-
sive equipment for a three-dimensional fabrication
process”**. Also, there is no control of the mixing
process as it occurs while a fluid pass through a spec-
ific channel geometry®®. Compared with passive mi-
Xers, active mixers can be achieved and activated on-
demand for mixing at very low flow velocities within
large fluid chambers. These mixers can improve the
mixing performance by periodic perturbation or
chaotic advection of the flow fields. The methods
used in active mixers have been demonstrated using
bubble-induced acoustic actuation'®'’, electroosmotic
actuation'®, and electrokinetic pressure. In another
application, Yaralioglu et al. reported on an acoustic
stirring created by an ultrasonic wave that resulted in
the mixing of two liquids in a chamber below a dia-
phragm?. However, these micro mixers, which can
have excellent mixing capabilities, are not easy to
integrate with other in-plane microfludic components
because they require external power sources and
additional on-chip wiring, and they sometimes may
damage the activity of biomolecules.
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We therefore present a smple and effective micro
mixer utilizing a magnetic field, based on the similar
mixing priciple with a large-scale magnetic stirrer.
The fundamental notion of a magnetic stirrer in mac-
roscopic mixers can provide an efficient and con-
venient blending without creating a complex struc-
ture. Thisis especially true of fluid mixing operations
done over decades in a laboratory. In addition, stir-
ring type mixers create an appropriate mixing effect
by providing more interfacial area rather than by
inducing microscale turbulence. Magnetic actuation,
applied externaly, eliminates the need for tether wir-
es, reduces the control complexity, and allows for
effective mixing in alarge reaction chamber for sequ-
ential flow analysis™>#.

In this study, the chaotic mixing of a micro disc
embedded in a micro chamber is explored by apply-
ing an external rotating magnetic field in order to
facilitate the mixing within a range of seconds and to
also work effectively in a channel and reaction cham-
ber. This micro mixer, based on the concept of a con-
ventional magnetic bar-stirrer, was applied to the
rapid mixing of two aqueous solutions, as well as to
the enzymatic reactions between an organic solution
and agueous solution, in order to demonstrate that
micro device-based mixers can handle modern and
specialized issues such as sample preparations for
analysis, and the wide-spread usable mixing tasks of
blending, emulsification, and reaction. In addition,
for a successful performance of an integrated micro-
fluidic system involved in the sample preparation
step by the chemical cell disruption and an enzyme
reaction, a novel integrated microfluidic system is
developed, which facilitates cell lysis, sample driving
and mixing, and biological reaction by utilizing a
simple fabrication process and inexpensive materials.
This fully-integrated micro device, therefore, could
provide a significant contribution to the ongoing ef-
forts to miniaturize bio-analysis system and could
allow for the design and operation of analytical de-
vices for high-throughput applications such as in the
analysis of biomolecules and chemicals.

Results and Discussion

Characterization of Micro-Magnetic Mixer

It is necessary to develop an on-chip microscale
mixing system for the true integration of microfluidic
and all other functional modules into one micro-
system operating in a continuous-flow configuration.
Thus, we developed a micro-mixer that allows for
efficient mixing by using a magnet embedded in a
mixing chamber (Figure 1). Figure 1a shows a sche-
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Figure 1. Schematic diagram of a micro-mixer in a micro-
fluidic device. (a) lllustration of the layout and dimensions of
the micro-mixer containing a magnetic disc. (b) Photograph
of the micro-mixer system showing the mixing of white- and
black-dyed solutions at 500 rpm.

matic of the microfluidic device layout for the mixing
of two aqueous solutions. The mixing performance
was evaluated using black and white-dyed aqueous
solutions. An optical microscope was used to monitor
the fluid mixing and color change at the analysis zone
of the outlet channel (Figure 1a). Figure 1b shows a
photo image of this microfluidic device. The com-
plete mixing was achieved in a short period of time (6
s) at a magnet rotation speed of 500 rpm. Thus, the
active micro-magnetic mixer system developed in
this study is suitable for the full mixing of fluids on a
microfluidic chip. The procedures for the fabrication
of amicro-mixer chip are depicted in Figure 2.

Cell Lysis in Micro-Mixer Channel

This micro-mixer achieved an efficient mixing
effect in one second. Using this micro-magnet rota-
ting disc mixer, a fully-integrated microfluidic sys-



tem, called a micro total analysis system (u-TAS),
was realized by cell lysis and subsequent lipase reac-
tion. Two sample solutions, an intracellular sample
and a lysis reagent, were injected into the cell lysis
chamber from the respective inlets. The extent of cell
lysis depended on the mixing homogeneity and mix-
ing residence time. Table 1 shows the efficiency of
cell lysis with increasing mixing time using a micro-
magnet. To quantify the efficiency of cell disruption,
the concentration of each collected lysis sample was
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Figure 2. Process for the fabrication of a microfluidic micro
-mixer system by PDMS molding.
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assayed by a cell counting method. As the mixing
time increased up to 20 min, the cell lysis efficiency
for 500 rpm increased up to about 97%. We can sug-
gest that a sufficient mixing power was offered to
break the phase separation between the aqueous sam-
ple and organic solvent. Therefore, our active micro-
mixer was carried out successfully for the disruption
of the intracellular sample at 500 rpm for 20 min.
After cell lysis, an elution buffer was introduced into
the lysis chamber to alow the lysated sample solu-
tion to flow into the enzyme inlet port. The lysate
sample solution was used to examine the lipase acti-
vity by colorimetric method.

Micro-Mixer for Enzyme Reaction

A colorimetric detection method is a powerful tool
for analyzing biochemical processes such as enzyme-
catalyzed reactions and the metabolic activities of liv-
ing cells. Some of the advantages of colorimetric de-
tection on a micro-chip is its simplicity and the abi-
lity to analyze small quantities of samples. We thus
examined whether the micro-mixer developed in this
study could be used for monitoring colorimetric en-
zyme-catalyzed reactions. Using this platform, the
efficiency of an enzyme reaction can be evaluated by

Figure 3. Image of microfluidic mixing for enzyme reac-

tion. Mixing efficiency of the micro-magnet mixer.

Table 1. Cell lysis effect through the mixing time in a microfluidic chamber®.

Mixing time(min) 5 10 15 20
Total cell number before cell lysis 2.62% 107 2.95x% 107 2.51x 10’ 3.49x% 107
Residual cell number after cell lysis 4,98 % 10° 2.82x 10° 1.62 x 10° 1.17 x 10°
Cell lysis efficiency (%) 81.0+2.75 90.4+2.43 93.5+2.13 96.7+1.85

$The total cell number was counted three times using a heamacytometer on the slide glass under alight microscope.
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altering the residence time in the mixing zone. Figure
3 shows a photograph of the micro-mixer device and
alayout for an enzyme reaction. The efficiency of an
enzyme reaction can be estimated by mixing the en-
zyme and substrate solutions, and subsequently moni-
toring the color intensities at the output channel. For
guantitative analysis, the efficiency of an enzyme
reaction was defined as

Efficiency of enzyme reaction=(l-1,)/I,

where | is the color intensity after the enzyme reac-
tion obtained at varying input flow rates, and |, is the
color intensity obtained after a sufficient reaction
time of 10 min. The effect of varying the input flow
rate (thus, altering the residence time in the mixing
chamber) on the efficiency of an enzyme reaction
was examined at a magnet roation speed of 500 rpm.
Two input solutions, lipase and substrate solutions,
were introduced into the mixing zone using syringe
pumps at flow rates of 0.25, 0.5, 1, 1.5, 2 and 2.5
mL/h. As the input flow rate increased from 0.25 to
2.5mL/h, the efficiency of the enzyme reaction de-
creased monotonously (Figure 4). This was because
of alonger residence time in the mixing chamber at a
lower flow rate. It should aso be noted that an enzy-
me reaction occurred with a successful mixing of
organic and aqueous solutions in the micro-mixing
chamber. Thus, the micro-mixer fluidic system deve-
loped in this study can be aternatively used for moni-
toring enzyme-catalyzed reactions of intracellular
biomol ecules on the micro-scale.

In this paper, we report on the development of a
complete microfluidic chip for detecting lipase reac-
tions by integrating a cell lysis chamber employing
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Figure 4. Efficiency of enzyme reaction with an increase of
flow rate in the range of 0.25-2.5mL/h in a microfluidic
mixer.

an active micro-mixer based on a rotating micro-ma-
gnet disc, a solvent lysis reagent, and a mixing cham-
ber for studying enzyme reactions. Efficient cell lysis
in a mixing chamber, specific and efficient lipase
reaction, and colorimetric detection could be demon-
strated. The micro-mixer developed in this study can
be used for the efficient mixing of multiple fluids as
well asfor cell lysis as demonstrated above. Recently,
we demonstrated that this micro-mixer chip can effi-
ciently disrupt recombinant Escherichi coli cells for
the analysis of intracellular proteins®®. After lyzying
the cells, the final collected cell lysate containing the
lipase could be used for a colorimetric assay of an
enzyme reaction. Also, the cell lysate containing the
lipase could be specifically reacted with its substrate
in the microchannels. The specific reaction of the
intracellular lipase in a microfluidic system suggests
that various nanobiosensor devices can be similarly
manufactured for the detection of biotechnological
interactions. These assays could be carried out in
microfluidic channels, which will allow for high-
throughput bioassays of multiple samples. Live cells
expressing a specific antigen could be efficiently lys-
ed in situ in a micro-mixer by mixing with the cell
lysis reagent. Also, a recombinant protein can be us-
ed in a quality that is suitable for biomolecular inter-
action studies. This technology should be useful for
developing lab-on-a-chip biosensors and diagnostic
microsystems for various nanobiotechnological appli-
cations.

Materials and Methods

Chemicals

Unless otherwise stated, all chemical reagents were
purchased from Sigma (St. Louis, MO, USA). Poly
(dimethylsiloxane) (PDMS) substrates were made
using a Sylgard® 184 silicon elastomer kit (Dow Cor-
ning, Midland, MI, USA).

Construction of Expression Vectors for Lip1
Protein

E. coli BL21 (DE3) (Novagen, Darmstadt, Ger-
many) was used as a host strain for general cloning
works and gene expression studies. The plasmid used
in this study is listed in our previous report®. Poly-
merase chain reaction (PCR) experiments were per-
formed using a PCR Thermal Cycler MP TP 3000
(Takara Shuzo Co., Shiga, Japan) with a High Fide-
lity PCR System (Boehringer Mannheim, Mannheim,
Germany). Restriction enzymes and DNA modifying
enzymes were purchased from New England Biolabs
(Berverly, MA, USA). DNA sequences of al clones



were confirmed by automatic DNA sequencer (ABI
Prism model 377, Perkin Elmer Co., IL, USA). Pri-
mers for the amplification of the Bacillus sp. TG43
lipase (Lipl) gene were designed based on the report-
ed sequence (GenBank accession no. AF141874)%,
The PCR product encoding Lipl was cloned into the
PET-22b (+) (Novagen, Darmstadt, Germany), yiel-
ding pET-Lipl.

Production of Recombinant Proteins in
E. coli

A recombinant E. coli BL21 (DE3) strain harboring
PET-Lipl was cultivated in a Luria-Bertani medium
(10 g/L bacto-tryptone, 5 g/L yeast extract and 5 g/L
NaCl) supplemented with 100 ug/mL of ampicillin at
37°C and 250 rpm. At an OD,,, (DU® 650 Spectro-
photometer, Beckman, Fullerton, CA, USA) of 0.4,
cells were induced with 0.1 mM of isopropyl-B-D-thi-
ogalactopyranoside (IPTG, Sigma) for the production
of a recombinant lipase. After induction, cells were
further cultured for 4 h, and used for cell lysis experi-
ment. A protein concentration was determined by
Bradford's method using a bovine serum albumin
(Sigma) as a standard.

Micro-Mixer Fabrication

Figure 1 shows the designed microfluidic mixer
chip, in which a magnetic disc is embedded in the
micro chamber. A magnet embedded inside the mix-
ing chamber is activated using the rotating magnet in
a commercia stirrer (SCINICS, Japan). The micro-
mixer chip was fabricated by soft-lithography and
replica molding methods using PDMS (Figure 2).
First, a negative photoresist (SU-8, Microchem) ma-
ster was made on a silicon wafer. The desired pattern
was made on the wafer by soft-lithography. PDMS
was prepared as a mixed solution of base and curing
agent in avolume ratio of 10 to 1. Before pouring the
PDMS solution onto the wafer, a cylinder-disc sup-
porting material was placed in the micro cavity to
keep the parts from being covered by the PDMS
solution. After curing the PDMS at 70°C for 2 h, the
cylinder disc was replaced with an NdFeB magnet
with a diameter of 1.5 mm and thickness of 1.2 mm
(Donghwa Industry, Korea). After curing, the PDMS
replica was peeled off from the master, plasma treat-
ed, and then bonded to a dlide glass substrate (38 mm
X 70 mm).

Cell Lysis using Chemical Reagent

A culture broth (3 mL) was centrifugated at 3,500
x g for 5min at 4°C, and the cell pellet was washed
with 1 mL of TE buffer (10 mM Tris-HCI, 1 mM
EDTA, pH 8.0), followed by centrifugation at 12,000
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x g for 5min. The cell pellet was resuspended in 200
uL of TE buffer and then introduced into the sample
inlet port at a flow rate of 0.5mL/h for 1 min. Simul-
taneously, the lysis solution (2% xylene, 7.9% ace-
tone, 0.1% toluene)® in TE buffer was added to the
mixing chamber at a flow rate of 0.5mL/h for 1 min.
To lyse the cells, the cell solution and lysis solution
were mixed in the mixing chamber at 500 rpm and
30°C for 20min.

Lipase Activity

The lipase activity was assayed by the colorimetric
method using p-nitrophenyl decanoate as a substrate.
The p-nitrophenyl decanoate was dissolved in aceto-
nitrile at a concentration of 10 mM. Ethanol and 50
mM Tris-HCI (pH 8.0) were subsequently added to
make a substrate solution having a volume ratio of 1:
4:95(10mM p-nitrophenyl decanoate in acetonitrile
. ethanol : Tris-HCI). After removing cell debris, cell
lysates and the substrate solution were introduced
from the inlet ports a a flow rate of 0.25-2.5 mL/h.
After incubating the reaction mixture at room tem-
perature, the activity was assayed by detecting the
yellow-colored product, p-nitrophenol. The lipase ac-
tivity assay was used to examine the extent of cell ly-
sisat different flow rates in the micro channels.

Acknowledgements

This work was supported by the Basic Research
Program of the Korea Science & Engineering Foun-
dation (Grant No. R01-2006-000-11175-0 for TJP and
SK), and by MIC & IITA through IT LeadingR & D
Support Project (TJP and SYL). Further support from
the LG Chem Chair Professorship and KOSEF throu-
gh the Center for Ultramicrochemical Process Sys-
tems(SYL) are appreciated.

References

1. Broyles, B.S., Jacobson, S.C. & Ramsey, JM. Sam-
ple filtration, concentration, and separation integrated
on microfluidic devices. Anal. Chem. 75, 2761-2767
(2003).

2. Eadey, C.J. et al. A fully integrated microfluidic ge-
netic analysis system with sample-in-answer-out
capability. Proc. Natl. Acad. Sci. USA 103, 19272-
19277 (2006).

3. Erickson, D. & Li, D.Q. Integrated microfluidic de-
vices. Anal. Chim. Acta. 507, 11-26 (2004).

4. Gao, J, Yin, X.F. & Fang, Z.L. Integration of single
cell injection, cell lysis, separation and detection of
intracellular constituents on a microfluidic chip. Lab



38

10.

11

12.

13.

14.

Biochip Journal Vol. 2(1), 33-38, 2008

Chip 4, 47-52(2004).

. Campbell, C.J. & Grzybowski, B.A. Microfluidic

mixers: from microfabricated to self-assembling
devices. Philos. T. R. Soc. A. 362, 1069-1086 (2004).

. Kakuta, M., Bessoth, F.G. & Manz, A. Microfabri-

cated devices for fluid mixing and their application
for chemical synthesis. Chemical. Record. 1, 395-405
(2001).

.Howell, P.B. et al. A microfluidic mixer with groo-

ves placed on the top and bottom of the channel. Lab
Chip 5, 524-530(2005).

.Loéwe, H., Ehrfeld, W., Hessel, V., Richter, T. &

Schiewe, J. Micromixing technology. (eds.), pp. 31-
47. AIChE, New York, NY, Atlanta, GA, USA
(2000).

.Lob, P. et al. Steering of liquid mixing speed in in-

terdigital micro mixers-from very fast to deliberately
slow mixing. Chem. Eng. Technol. 27, 340-345
(2004).

Schwesinger, N., Frank, T. & Wurmus, H. A modular
microfluid system with an integrated micromixer. J.
Micromech. Microeng. 6, 99-102 (1996).

Schonfeld, F., Hessel, V. & Hofmann, C. An optimis-
ed split-and-recombine micro-mixer with uniform
‘chagtic’ mixing. Lab Chip 4, 65-69 (2004).

Hong, C.C., Choi, JW. & Ahn, C.H. A novel in-
plane passive microfluidic mixer with modified Tesla
structures. Lab Chip 4, 109-113(2004).

Melin, J., Gimenez, G., Roxhed, N., van der Wijn-
gaart, W. & Stemme, G. A fast passive and planar
liquid sample micromixer. Lab Chip 4, 214-219
(2004).

Liu, R.H. et al. Passive mixing in a three-dimensional
serpentine microchannel. J. Microelectromech. S. 9,

190-197 (2000).

15. Stroock, A.D. et al. Chaotic mixer for microchannels.
Science 295, 647-651 (2002).

16. Liu, R.H., Yang, JN., Pindera, M.Z., Athavale, M. &
Grodzinski, P. Bubble-induced acoustic micromixing.
Lab Chip 2, 151-157 (2002).

17. Tseng, W.K., Lin, J.L., Sung, W.C., Chen, SH. &
Lee, G.B. Active micro-mixers using surface acoustic
waves on Y-cut 128 degrees LiNbO,. J. Micromech.
Microeng. 16, 539-548 (2006).

18. Sounart, T.L. & Baygents, J.C. Electrically-driven
fluid motion in channels with streamwise gradients of
the electrical conductivity. Colloids Surf. A. 195, 59-
75(2001).

19. Lee, Y.-K., Deval, J., Tabeling, P. & Ho, C.-M. in
Micro Electro Mechanical Systems, 2001. MEMS
2001. The 14th IEEE International Conference on,
pp. 483-486 (2001).

20. Yaralioglu, G.G., Wygant, I.0., Marentis, T.C. &
Khuri-Yakub, B.T. Ultrasonic mixing in microfluidic
channels using integrated transducers. Anal. Chem.
76, 3694-3698 (2004).

21. Ryu, K.S., Shaikh, K., Goluch, E., Fan, Z.F. & Liu,
C. Micro magnetic stir-bar mixer integrated with
parylene microfluidic channels. Lab Chip 4, 608-613
(2004).

22. Agarwal, A.K., Sridharamurthy, S.S., Beebe, D.J. &
Jiang, H. Programmable autonomous micromixers
and micropumps. J. Microelectromech. S. 14, 1409-
1421 (2005).

23.Huh, Y.S. et al. Microfluidic cell disruption system
employing a magnetically actuated diagram. Electro-
phoresis 28, 4748-4757 (2007).



