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a  b  s  t  r  a  c  t

Analysis  of  fast  biochemical  reactions  requires  rapid  mixing  of  solutions.  Micromixers  can  achieve  uni-
form  mixing  of  solutions  in a short  time  and  have  been  recognized  as  an attractive  tool  to  analyze  fast
reactions.  However,  it is  still  a challenge  to  design  mixers  with  simple  structure  and  short  dead  time.
Here,  a zigzag  turbulent  micromixer  was  developed  with  a rapid  mixing  time  of  16 �s  at  sample  con-
eywords:
igzag micromixer
urbulent mixing
hemiluminescence
ast  reaction

sumption  of 10 �L/s. Numerical  simulations  and  confocal  imaging  validated  this  result.  Application  of
the  chemiluminescence  (CL)  reaction  demonstrated  the  use  of  this  mixer  in analyzing  the kinetic  process
of  the  CL reaction.  In  comparison  to  the  turbulent  micromixers  reported  previously,  this  zigzag mixer
has  advantages  of short  dead  time,  simple  structure  and  low  sample  consumption.  We  anticipate  the
developed  mixer  to be  a useful  tool  in studying  biochemical  kinetics  or be  integrated  to  Lab-on-a-chip
device  as  a  pretreatment  functional  unit.
. Introduction

Rapid and efficient mixing is essential in chemical or biochem-
cal analysis [1–4]. In order to characterize a rapid biochemical
rocess, such as nanomaterial synthesis [5] or chemical kinetics
6–8], reagents must be rapidly mixed before significant progress
f the reaction begins to occur. Recently, micromixer has been an
ttractive tool to resolve fast reactions as its rapid mixing and low
ample consumption [9–16].

According to the principle of mixing, micromixers could be cat-
gorized into passive mixers and active mixers [17]. Active mixers
ave good performance in the mixing of solutions over a large
olume with the help of external energy and complex structures
17–20], while passive mixers can achieve comparable mixing effi-
iency with simpler architectures. Besides, passive mixers are more
ompatible with biological samples than active mixers. Thus, they
re preferred to researchers and many passive mixers have been
esigned and optimized recently [13,21–25].

For passive micromixers, rapid mixing is often achieved through
ydrodynamic focusing (lamination) or turbulence [2,7,8]. As
eynolds number (Re) is small in microfluidic channel (Re < 2000),

iffusion is the dominant transport mechanism between two
uid layers. According to the diffusion principle, the length scale

or diffusion needs to be reduced to about 30 nm to achieve
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microsecond mixing for small molecules in aqueous solvents (the
diffusion coefficient is ∼10−9 m2 s−1) [16]. To get a short mixing
time, Brody et al. first designed a lamination mixer [26], which
focused the center stream line to ∼0.1 �m and achieved a mix-
ing time of ∼10 �s. Hertzog et al. [7] and Yao et al. [16] improved
the mixing time of lamination mixer to 4 �s and 1 �s, respectively.
However, these ultrarapid mixers were made of glass/silicon and
had very small channel scale (<2 �m),  making them difficult and
costly to manufacture [7,14]. Besides, narrow microchannel may
easily cause clogging issues [7].

As an alternative to lamination, mixers based on turbulence can
also achieve rapid mixing. Turbulent mixers can stretch and fold
the solution flow to generate narrow striations, which will expo-
nentially increase the interfacial area between the solutions and
cause rapid mixing in a short channel length. Turbulent mixing in
microchannel can be realized through two ways. One is by mod-
ifying the interior channel, such as placing grooves and ribs in
the flow path [27–29]. Stroock et al. [27] firstly designed a stag-
gered herringbone mixer, which caused circulation flows leading to
exponential increase of interface. Thus, fast mixing was achieved.
However, the mixing time of this kind of mixer is usually at a
millisecond time scale. The other way is by modifying the exte-
rior channel, such as setting the channel as C-shape [30] or zigzag
fashion [31]. Liu et al. [30] fabricated a serpentine microchannel
with a “C-shaped” repeating unit. At Re = 70, the serpentine chan-

nel produced 16 times more product than the straight channel.
Mengeaud et al. [31] simulated the mixing process of species in a
zigzag microchannel using a finite element model. For Re = 267, the
zigzag got best mixing efficiency. Egawa et al. [13] demonstrated a
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ilicon T mixer followed by three repeats of an alcove, which was
rranged in a zigzag fashion. At a sample flow rate of 20 �L/s, the
ixer exhibited a mixing dead time of ∼22 �s. However, it is still a

hallenge to design rapid mixers with simple structure and general
anufacturing technique.
In  this paper, we reported a new passive micromixer with a

-shape junction, followed by a zigzag channel. Based on com-
utational fluid dynamics simulation (CFD), an optimized zigzag
ixer was designed and fabricated with standard soft-lithography

echnique. Confocal images indicated the zigzag channel gener-
ted efficient turbulent mixing. At a total volumetric flow rate of
0 �L/s (Re = 248.3), complete mixing could achieve in 16 �s. Fur-
her, application of CL reaction demonstrated this micromixer in
he analysis of the kinetic process of the reaction. The exhibited
igzag micromixer has shown advantages such as rapid solution
ixing, low sample consumption and ease of fabrication, making

t an attractive tool for studying fast biochemistry reactions.

.  Experimental

.1. CFD simulations

Numerical simulations were carried out to optimize the struc-
ure of the zigzag mixer by using the simulation software Fluent
.1. The mixing efficiency was investigated using a 3D finite volume
odel. To establish this model, the following assumptions are pro-

osed: (1) the viscosity and density of the fluid maintain constant as
he concentration changes, the interfacial force between the fluids
nd the gravity are neglected; (2) the channel walls are supposed
o be smooth and the medium is assumed to be continuous; (3) the
oundary condition at the inlets is a uniform velocity profile with
y = uz = 0 m s−1 and ux defined according to the Reynolds number.

The  solving procedure adopted is similar to the one described
y Mendels et al. [32] where the fluids are treated as isothermal
nd incompressible Newtonian fluids following the Navier–Stokes
quations.

∂u

∂�
+  �u · ∇u = −∇P + �∇2u (1)

 · u = 0 (2)

here  � is the density, � the time, u the velocity vector, P the
ressure and � is the dynamic viscosity.

After Eqs. (1) and (2) are solved, the distribution of the species
oncentration can be obtained by solving the diffusion-convection
quation (Eq. (3)).

∂u

∂�
+  Du · ∇c = D∇2c (3)

here  c is the concentration of the species and D is the molecular
iffusion coefficient of the species. The Reynolds number is defined
s

e = uDh

v
(4)

here ū is  the average velocity in the channel, Dh is the hydraulic
iameter defined as Dh = wh/(w + h) for a rectangle channel (w and

 are the width and height of the channel, respectively) and v is the
inetic viscosity.

The  fluid for the simulation is Newtonian with density (�)
03 kg m−3, viscosity (�) 10−3 Pa s and diffusion coefficient (D)
.9 × 10−10 m2 s−1 (fluorescein in water [33]). For the two inlets,

ne fluid is pure water, the other fluid is aqueous solution which
ontained the simulated solute. The solution concentration for the
wo inlets is set as 0 and 1. The criterion for convergence is for the
ncrement in each variable to fall below 1 × 10−5.
(2012) 175– 180

2.2.  Chip fabrication

The  micromixer was  fabricated according to the rapid prototyp-
ing method previously reported [34]. In brief, SU-8 2100 (Gersteltec
Sarl, Switzerland) mold was  fabricated on a silicon wafer n type
〈1 0 0〉 using standard soft-lithography technique. The PDMS layer,
made from a mixture of 10:1 (m/m)  PDMS and curing agent (Syl-
gard 184, Dow Corning, USA), was fabricated by molding the SU-8
structure. Then the PDMS sheet was  cut and peeled from the mold.
Holes of the inlets and outlet were punched using a gauge nee-
dle. The PDMS was  irreversibly bonded to a cover glass slide after
treatment of oxygen plasma. Teflon tubes with steel needles were
inserted into the punched holes and stuck with epoxy glue to get
the final chip.

2.3.  Materials

Chemicals such as fluorescein, sulforhodamine B,
Na2B4O7·10H2O, K2HPO4, KH2PO4, KI, H2O2 were purchased
from  Sinopharm Chemical Reagent (Shanghai, China). Horseradish
peroxidase (HRP) was purchased from Beijing Biosynthesis
Biotechnology Co., Ltd. (Beijing, China), 4-iodophenol was pur-
chased from Alfa Aeser (USA) and Luminol was  purchased from
Wako (Japan).

Solutions of 1 × 10−6 mol  L−1 fluorescein, 1 × 10−6 mol  L−1 sul-
forhodamine B and 0.5 mol  L−1 KI were dissolved in 0.1 mol  L−1

borate buffer (pH 11.0); CL reagent (containing 2.5 mmol L−1 lumi-
nal, 4.5 mmol L−1 4-iodophenol, 100 mmol  L−1 H2O2) was dissolved
in 0.01 mol  L−1 phosphate buffer (pH 11.0); 5 × 10−5 mol  L−1 HRP
was dissolved in 0.01 mol  L−1 phosphate buffer (pH 6.8), HRP with
low concentration was  diluted from the 5 × 10−5 mol  L−1 stock
solution before the experiment. All reagents were of analytical
grade unless specified otherwise. All solutions were prepared with
water purified by the Direct-Q system (Millipore, Bedford, MA,  USA)
and filtered with 0.45 �m sterilized syringe filters before used.

2.4. Optical imaging system and operation procedures

Experiments were performed on an inverted fluorescence
microscope (IX71, Olympus, Japan) with a CCD camera (Evolve 512,
photometrics, USA). The objective used was  10×/0.3. Mixing of sul-
forhodamine B and fluorescein was  examined with filter cubes
of U-MWG2 (510–550 nm band-pass filter, 570 nm diachronic
mirror, 590 nm high-pass filter, Olympus, Japan) and U-MWIB2
(460–490 nm band-pass filter, 505 nm diachronic mirror, 510 nm
high-pass filter, Olympus, Japan). Reaction of KI and fluorescein was
examined with the filter cube of U-MWIB2. The luminescence of CL
reaction was  collected with a 420 nm high-pass emission filter.

Mixing of fluorescein and borate buffer was  monitored with a
confocal laser scanning microscopy (Olympus FV1000, Japan). A
488 nm Argon laser was  used for exciting fluorescein. The objec-
tive used was  40×/1.35 oil and the spatial resolution of the image
along the z-axis was  set as 0.62 �m (as each pixel of the image was
0.62 �m × 0.62 �m at the x–y plane).

The solutions were injected into the two inlets of the zigzag
mixer by a syringe pump (KDScientific, USA) with identical vol-
umetric flow rate according to the desired Reynolds number.
Acquired images were further analyzed using image pro plus 6.0,
Matlab 7.0 and origin 7.5.

3.  Results and discussion
3.1.  CFD simulation

For  the zigzag micromixer, two essential parameters that could
affect the mixing efficiency were the turning angle of the zigzag
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Fig. 1. Optimization of the zigzag mixer. (a) Simulation of the zigzag mixer with different turning angles (defined as ˛) at a flow rate of 10 �L/s. The position of the red
dotted line was  the end of the small outlet. The mixing length from the Y junction to the end of the small outlet was  320 �m (the length of the black dotted line and sum of
the two black solid lines was  240 �m and 80 �m,  respectively). (b) Mixing efficiency of various  ̨ at different flow rates. (c) Velocity vectors of the unchamfered (left) and
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hamfered (right) angle. (d) Chip fabricated with  ̨ of 30◦ (left) and 35◦ (right). The 

For interpretation of the references to color in this text, the reader is referred to th

hannel and the width of the small outlet. To design and opti-
ize the geometry of the mixer, CFD simulation (Fluent 6.1) was

mployed.
The turning angle (defined as ˛) of the zigzag channel was

nvestigated firstly. The line length of the zigzag channel was  kept
onstant as 240 �m.  Angles of 25◦, 30◦, 35◦, 45◦, 60◦ and 75◦ were
xamined (Fig. 1a). At total volumetric flow rates of 2 �L/s, 3 �L/s
nd 10 �L/s, the data showed that smaller  ̨ resulted in better mix-
ng efficiency at the end of the small outlet (Fig. 1b). A possible
eason could be that decreasing  ̨ resulted in increasing interfa-
ial area, which reduced the diffusion distance between the two
olutions and generated sufficient fluid mixing. In the series of sim-
lated angles, the mixing efficiency was best when  ̨ was  25◦. Due
o the fabrication limit, the channel would distort if  ̨ was less than
0◦ (Fig. 1d). Thus, 35◦ was recognized as the optimum angle for ˛.

Although the introduction of the zigzag channel could disturb
he flow efficiently, the vectors of velocity showed that dead vol-
me existed at the two corners of the zigzag channel. To overcome
his problem, the two acute angles were chamfered. The data
howed that it could effectively decrease the dead volume (Fig. 1c).

Subsequently, the width of the small outlet channel was exam-

ned. Three widths of 12 �m,  20 �m and 30 �m were tested at the
otal volumetric flow rate of 10 �L/s. Results showed that the mix-
ng efficiency at the end of the small outlet was  better than 90%

hen the width was 12 �m and 20 �m,  while the width of 30 �m

Fig. 2. (a) Schematic of the zigzag mixer. (b) The fabricate
orners of the fabricated chip with angle of 30◦ distorted for the limit of fabrication.
 version of this article.)

achieved  only 87%. In consideration of the chip fabrication (chan-
nels with small width are relatively difficult to fabricate and easily
clogged), 20 �m was  recognized as the optimum width for the small
outlet.

In summary, we designed the zigzag mixer with geometry
shown in Fig. 2a, the wide channel width 100 �m, the small chan-
nel width 20 �m,  the turning angle  ̨ 35◦, the total mixing length
from the Y junction to the end of the small outlet 320 �m and the
channel height 25 �m.  The fabricated microfluidic chip was shown
in Fig. 2b.

3.2.  Experimental evaluation of the zigzag mixer

To examine the performance of the new zigzag mixer, sulforho-
damine B and fluorescein were mixed in the fabricated chip. The
two solutions were injected into the two  inlets at a total volu-
metric flow rate of 10 �L/s. The color overlay image suggested
complete mixing and fit well with the simulation result (Fig. 3b
and c). To confirm the contribution of the zigzag channel to the mix-
ing of the two  solutions, a simple Y junction mixer was designed
with identical mixing length and channel scale. Results showed

that the mixing efficiency of the zigzag mixer was better than the
mixer with a straight channel (Fig. 3a and b), which illustrated that
existence of the zigzag channel significantly enhanced the mixing
efficiency.

d microfluidic chip (the coin used is U.S. one cent).
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Fig. 3. Verification of the optimized zigzag mixer. (a) Simulation result of the mixer
with a straight channel at a flow rate of 10 �L/s. (b) Simulation result of the zigzag
mixer  at a flow rate of 10 �L/s. (c) Experimental mixing of sulforhodamine B (red)
and  fluorescein (green) in the zigzag mixer at a flow rate of 10 �L/s. The color overlay
image  fit well with the simulation result shown in (b). (For interpretation of the
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zigzag mixer. The peak value of luminescence was  extracted from
eferences  to color in this text, the reader is referred to the web version of this
rticle.)

To further investigate the mixing process and the dead time
f the zigzag mixer, we used confocal microscopy to examine
he mixing of fluorescein and borate buffer. Sample flow rates of
.67–10 �L/s were applied. The fluorescence distribution of the
iddle layer along the z-axis was shown as Fig. 4a. When the total

olumetric flow rate was 0.67 �L/s (Re = 16.6), a clear fluid interface
ould be seen at the mixer outlet and nearly no mixing occurred
etween the two solutions. As the flow rate increased to 1.67 �L/s
Re = 41.4), interfacial turbulence emerged and mixing of the two
olutions began to occur. After the flow rate further increased to

 �L/s (Re = 124.2), the fluid interface showed obvious distortion
nd stretching. The two solutions interpenetrated when they flow
hrough the two corners of the zigzag channel, which decreased
he diffusion distance efficiently and accelerated the mixing evi-
ently. Vortexes could be observed at the outlet, but solutions did
ot mix  completely at this flow rate. When the flow rate rose to
0 �L/s (Re = 248.3), the interface stretched and folded further and
omplete mixing achieved at the end of the small outlet. Fig. 4b
hows the reconstructed cross section and its surface plot at line A
n Fig. 4a. Fig. 4c shows the reconstructed cross section and its sur-

ace plot at line B in Fig. 4a. All the reconstructed cross sections and
heir surface plots demonstrated similar fluorescence distribution
etween each slice along the z-axis. Especially, with the flow rate
(2012) 175– 180

of  10 �L/s, the fluorescence at the x–y plane and y–z plane became
both homogeneous from the end of the small outlet, which indi-
cated complete mixing achieved at this flow rate. Thus, the end of
the small outlet was determined to be the initial detection point.

To  study the mixing efficiency quantitatively, the degree of mix-
ing (Cm) was  calculated according to the following equation [13,17]:

Cm = 1 −

√∑
(Xi − X)

2
/N

X

where Xi was the fluorescence intensity of each pixel in the cross
section, N was  the number of total pixels and X̄ was the average
fluorescence of all the pixels. Larger Cm indicated better mixing
efficiency. Fig. 5a illustrated that when the flow rate increased to
10 �L/s, Cm at the initial detection point reached 90%, suggesting
uniform fluorescence achieved here [13,33]. The fluorescence dis-
tribution across the channel at the initial detection point and 15 �m
downstream to the initial detection point further indicated homo-
geneous fluorescence at this flow rate (Fig. 5b). In other words, the
flow rate of 10 �L/s was  sufficient to cause complete mixing at the
initial detection point. To obtain the dead time of the zigzag mixer,
a flow rate of 10 �L/s was  used and Cm was  calculated at various
positions of the channel along the flow direction (Fig. 5c). Accord-
ing to the flow rate and the channel size (the flow rate was 10 �L/s
and the volume of the mixing channel (Vm) was 1.6 × 10−13 m3), we
converted the Eulerian space coordinate to Lagrangian time coor-
dinate [16]. The initial detection point achieved Cm of 90% and the
mixing time was  16 �s (mixing time = Vm/flow rate [13]). Accord-
ingly, the dead time of this zigzag mixer was determined to be 16 �s
(Fig. 5d).

In  comparison to the mixer previously reported [13], the pro-
posed zigzag mixer achieved complete mixing based on a single
zigzag unit, much simpler than the three repeated alcoves struc-
ture. In addition, induction of 6 �s mixing time (more than 25%
improved) was realized with sample consumption of 10 �L/s,
which was only a half of the flow rate used in the alcove-based
mixer. Furthermore, this zigzag mixer had little dead volume in
the mixing channel.

3.3.  Application to chemical and biological reactions

Quench reaction of a fluorescent dye by iodide ions is a typ-
ical mixer characterization technique to determine the mixing
efficiency [7,13]. To confirm the mixing efficiency of the new
mixer, fluorescein and KI (a dynamic quencher of fluorescein)
were applied at the flow rate of 10 �L/s (Re = 248.3). According
to the result previously reported, 70% quenching of the fluores-
cence from fluorescein is expected upon complete mixing with
0.5 mol  L−1 KI applied [13,35]. For the presented zigzag micromixer,
homogeneous fluorescence was observed in the outlet channel.
The fluorescence at the initial detection point (value = 14,869) was
about 30% of the initial fluorescence (value = 49,752) at the inlet,
which confirmed the two  solutions achieved complete mixing in
the mixer.

Chemiluminescence (CL) detection has advantages of wide
linear range, no requirement for light source and rapid analysis
time [36–38]. Luminol CL reaction catalyzed by HRP is usually
coupled with immunoassay to quantitatively analyze antibody and
antigen [39,40]. To examine the HRP concentration quantitatively,
CL reagent and HRP with various concentrations were mixed in the
the CL reaction curve. Based on eight different concentrations of
HRP, calibration curve was  established with linear dynamic range
above three orders of magnitudes and linear correlation coefficient
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Fig. 4. Mixing of fluorescein and buffer at different flow rates (monitored with a confocal microscopy). (a) Fluorescence distribution of the middle layer along the z axis.
(b)  Reconstructed cross section and its surface plot at the end of the small outlet (line A in (a)). (c) Reconstructed cross section and its surface plot at the position of 15 �m
downstream to the end of the small outlet (line B in (a)). (d) Fluorescence distribution across the channel at the end of the small outlet. (e) Fluorescence distribution across
the channel at the position of 15 �m downstream to the end of the small outlet.

Fig. 5. Determining of the dead time of the zigzag mixer. (a) Mixing efficiency of various flow rates at the initial detection point. At the flow rate of 10 �L/s, the mixing
efficiency achieved 90%, indicating complete mixing [13,33]. (b) Fluorescence distribution across the channel at the initial detection point (black) and 15 �m downstream
to the initial detection point (red) at the flow rate of 10 �L/s. The normalized fluorescence value was ∼ 0.5. (c) Positions along the channel for the calculation of the mixing
time. (d) The dead time of the zigzag mixer. Based on the physical size and total volumetric flow rate, the dead time of the mixer was  calculated to be 16 �s at a flow rate of
10  �L/s. (For interpretation of the references to color in this text, the reader is referred to the web version of this article.)
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ig. 6. Luminol-HRP CL reaction in the zigzag mixer. (a) Linear range of HRP conce
inear  range was  from 0.01 mmol  L−1 to 10 mmol  L−1 with linear correlation coeffici
nitial detection point and data of the three curves (a, 1 × 10−6 mol  L−1 HRP; b, 2 × 10
hannel.

 = 0.995 (Fig. 6a). Thus, this mixer could further be served in
uantitative analysis of CL reaction.

In Fig. 6b, three curves demonstrated the kinetic process of the
L reaction at different HRP concentrations. Since reagents of the CL
eaction were mixed completely in a short time, the kinetic process
f the subsequent reaction could be monitored continuously. The
ero point of the three curves was the initial detection point and
he peak value of the luminescence appeared in less than 100 �s.
hanks to its fast mixing capability, the zigzag mixer could initi-
te reactions rapidly, allowing the investigation of kinetics of fast
eactions, such as the kinetics of protein folding at early stages.

.  Conclusion

Micromixers are essential components in the sample prepa-
ation stage of chemical analysis prior to chemical or biological
eactions taking place. In this article, we proposed a new zigzag
assive mixer and optimized the geometry with numerical simula-
ion. The mixing efficiency was confirmed by the results of confocal

icroscopy. At a total volumetric flow rate of 10 �L/s (Re = 248.3),
he zigzag micromixer achieved a dead time of 16 �s, which has
een the shortest time among the PDMS micromixers with turbu-

ent mixing. Further, we applied the zigzag mixer to examine the
L reaction, results showed that the micromixer had a wide lin-
ar range of HRP concentration and could track the kinetic process
f the reaction. The zigzag micromixer presented here has sim-
le structure and rapid mixing time. Moreover, the device is made
f PDMS, making it simple to fabricate and replicate with a high
delity. We  anticipate this zigzag mixer will be a useful tool to
tudy the folding kinetics of macromolecules and analyze other
ast biochemistry processes. In addition, potential integration of the
eveloped micromixer into more sophisticated micrototal analysis
ystem can also be expected.
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