
Talanta 149 (2016) 237–243
Contents lists available at ScienceDirect
Talanta
http://d
0039-91

n Corr
ence an
430074,

E-m
journal homepage: www.elsevier.com/locate/talanta
Rapid three-dimensional microfluidic mixer for high viscosity
solutions to unravel earlier folding kinetics of G-quadruplex under
molecular crowding conditions

Chao Liu, Ying Li, Yiwei Li, Peng Chen, Xiaojun Feng, Wei Du, Bi-Feng Liu n

Britton Chance Center for Biomedical Photonics at Wuhan National Laboratory for Optoelectronics – Hubei Bioinformatics & Molecular Imaging Key La-
boratory, Systems Biology Theme, Department of Biomedical Engineering, College of Life Science and Technology, Huazhong University of Science and
Technology, Wuhan 430074, China
a r t i c l e i n f o

Article history:
Received 23 September 2015
Received in revised form
11 November 2015
Accepted 16 November 2015
Available online 17 November 2015

Keywords:
Microfluidic chip
Micromixer
Folding kinetics
G-quadruplex
x.doi.org/10.1016/j.talanta.2015.11.036
40/& 2015 Elsevier B.V. All rights reserved.

espondence to: Department of Biomedical En
d Technology Huazhong University of Scien
China.
ail address: bfliu@mail.hust.edu.cn (B.-F. Liu).
a b s t r a c t

Rapid mixing of highly viscous solutions is a great challenge, which helps to analyze the reaction kinetics
in viscous liquid phase, particularly to discover the folding kinetics of macromolecules under molecular
crowding conditions mimicking the conditions inside cells. Here, we demonstrated a novel microfluidic
mixer based on Dean flows with three-dimensional (3D) microchannel configuration for fast mixing of
high-viscosity fluids. The main structure contained three consecutive subunits, each consisting of a “U”-
type channel followed by a chamber with different width and height. Thus, the two solutions injected
from the two inlets would undergo a mixing in the first “U”-type channel due to the Dean flow effect, and
simultaneous vortices expansions in both horizontal and vertical directions in the following chamber.
Numerical simulations and experimental characterizations confirmed that the micromixer could achieve
a mixing time of 122.4 μs for solutions with viscosities about 33.6 times that of pure water. It was the
fastest micromixer for high viscosity solutions compared with previous reports. With this highly efficient
3D microfluidic mixer, we further characterized the early folding kinetics of human telomere G-quad-
ruplex under molecular crowding conditions, and unravelled a new folding process within 550 μs.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

G-quadruplexes are abundant in eukaryotic telomeres and
some promoter regions [1–4], which are unique four-stranded
structures formed by guanine-rich nucleic acids through Hoogs-
teen hydrogen bonding [5]. There are growing evidences sug-
gesting that such structures might participate in DNA replication,
[6] transcription [7,8] and immunoglobin switching [9]. For ex-
ample, the folding and formation of human G-quadruplexes (d
(TTAGGG)4) structures play significant roles in the aging processes
and the formation of cancer [10]. The theoretical model of
G-quadruplexes predicted a complex folding process in dilute so-
lutions, [11] which have been experimentally confirmed with
stopped flow and microfluidic mixer [12–14]. Gray et al. utilized
three sequence variants to demonstrate that DNA quadruplexes
fold into compact structures by following a multistep pathway
[15]. However, the actual folding process of G-quadruplex happens
in a molecular crowding environment in vivo, which might modify
gineering College of Life Sci-
ce and Technology, Wuhan
the structures of G-quadruplex and influence its folding mechan-
ism [5,16–19]. By using viscous polyethylene glycol (PEG) solutions
to mimic the intracellular environment, scientists have in-
vestigated the structures and thermodynamics of G-quadruplexes
in molecular crowding conditions [20–23]. It was reported that the
human telomerase sequence forms antiparallel-stranded G-quad-
ruplexes in diluted aqueous solution but a parallel-stranded
structure in the molecular crowding condition [17,24]. However,
little was known about the early folding kinetics of G-quad-
ruplexes in molecular crowding condition that is crucial for un-
derstanding its folding mechanism due to the lack of ultrafast
mixing approach for highly viscous solutions.

Rapid mixing has been recognized as an attractive approach to
analyze the chemical kinetics of fast reactions [25]. Traditionally,
stopped-flow instruments have provided valuable information on
the mechanisms of protein and DNA folding [26,27]. However, the
millisecond-scale dead time precluded us from conducting a detail
analysis of the early folding events [28]. Previous literatures have
demonstrated the study of folding kinetics by coupling micro-
fluidic mixers with various detection methods such as Förster re-
sonance energy transfer (FRET) [29], small-angle X-ray scattering
(SAXS) [30], circular dichroism (CD)[31] and Raman spectroscopy
[32]. Microfluidics-based technologies have accomplished
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significant improvements in mixing dead time and sample con-
sumption [33]. As the Reynolds number (Re) is usually low in
microfluidic chip, the mixing in the channel primarily depends
upon molecular diffusion [34]. In the case of passive mixers two
mixing concepts have been employed to create a mixed flow, [35]
the lamination method simply using molecular diffusion for mix-
ing that is not suited for mixing high-viscosity solutions, [36] and
the chaotic method using flow advection for mixing. Several at-
tempts to generate chaotic advection in microfluidic mixers by
building ribs, grooves or other structures in microchannels, or
placing obstacles in the flow path, [37–42] but few of them have
demonstrated the ability to mix high-viscosity fluids. Recently,
active microfluidic mixers were developed for mixing high viscous
fluids of low Re by oscillating bubbles, about 100 ms of mixing
dead time could be achieved [43,44].

We previously developed a ω-shaped baffles passive micro-
mixer achieving a mixing time of 579.4 μs for solutions with
viscosities about 33.6 times that of pure water, which led a dis-
covery of the early folding kinetics of d(TTAGGG)4 in crowding
solutions at 1 ms [45]. However, no earlier folding process could
be found hiding in the mixing dead time. In this paper, we pro-
posed a new three dimensional (3D) passive multivortex micro-
fluidic mixer based on Dean flows and expansion vortices in hor-
izontal and vertical. The mixing performances of the devices were
firstly visualized through mixing deionized water and various
concentrations of PEG200 in numerical simulations and experi-
mental evaluation. It was demonstrated the 3D micromixer could
mix solutions with viscosity of up to 35.25 mPa s in 122.4 μs re-
presenting an improvement about 1000-fold in mixing dead time
compared with active micromixers. With this highly efficient 3D
micromixer, we observed a unique folding kinetics of human tel-
omere G-quadruplex under molecular crowding conditions within
150–550 μs.
2. Experimental

2.1. Materials and sample preparations

Chemicals such as fluorescein, sulforhodamine B, 1-anilion-8-
naphthalene-sulfonic acid (ANS), bovine serum albumin (BSA),
methanol, PEG200, EGTA, Tris, HCl, and NaOH were purchased
from Sinopharm Chemical Reagent (Shanghai, China). The oligo-
nucleotide (d(TTAGGG)4) purchased from TaKaRa Biotech (Dalian,
China) was labeled with 5′-fluorescein (FAM) and 3′-tetra-
methylrhodamine (TMR) and further purified by high-perfor-
mance liquid chromatography. Various concentrations of PEG200
were prepared in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.3).
Sulforhodamine B was dissolved in TE buffer with a concentration
of 1 μM. Fluorescein was dissolved in methanol and diluted in
various PEG200 solutions with a final concentration of 1.0 μM. The
oligonucleotide solution (1.0 μM, diluted in TE buffer) was heated
to 95 °C for 5 min and was slowly cooled to room temperature
(20 °C) before analysis. All solutions were prepared with deionized
water (Millipore, Bedford, MA, USA).

2.2. Optical imaging system and operation procedures

Experiments were carried out on a laser scanning confocal
microscope (LSCM) system (FV1000, Olympus, Japan). An Argon
laser (λ¼488 nm) and a He–Ne laser (λ¼543 nm) were used as
excitation light. Using an objective of 10� (NA 0.3), fluorescein
(sulforhodamine B) solution was excited with 488 nm (543 nm)
light; the emission fluorescence was collected from 510 to 550 nm
(575–615 nm). With the same objective, the double-labeled oli-
gonucleotide solution was excited with 488 nm light, and the
emission fluorescence was collected at 510–550 nm for FAM and
575–615 for TMR. The spatial resolution along the z-axis was 1 μm
and the exposure time of each pixel was 8 μs. Acquired images
were further analyzed using software Image Pro Plus 6.0 (Media
Cybernetics, Bethesda, MD). To get an identical volumetric flow
rate, a syringe pump (Scientific, USA) was used to inject solutions
into the two inlets of the micromixer.

2.3. Numerical simulation

All the simulations were carried out by using the simulation
software Fluent 6.1 (Fluent Inc., Lebanon, NH, USA). In a 3D finite
volume model, the simulations of both 2D micromixer and 3D
micromixer have been conducted for a comparison. The con-
tinuity equation, the Navier–Stokes equation, and the diffusion–
convection equation have been solved in the simulation. Pure
water and various concentrations of PEG200 were injected to
the inlets respectively at the rate of 0.21 mL/min. The properties
of the solutions were the same as previously described by
Li et al. [45].

2.4. Chip fabrication

Mixers were fabricated by using the standard soft-lithography
technique as previously reported [46]. Briefly, The master mold
for the 3D microstructure was produced by consecutively coating a
silicon wafer n-type (100) with 17 μm and 34 μm thick layers of
negative photoresist SU-8 1700 (Gersteltec Sarl, Switzerland),
exposing the photoresist through two separate photomasks. The
cast of poly (dimethylsiloxane) (PDMS) made from a mixture of
10:1 (m/m) PDMS and curing agent (Sylgard 184, Dow Corning,
USA) was obtained by molding the SU-8 structure. To reduce
the deformability of the PDMS, the cast of PDMS with a thickness
of about 100 μm was irreversibly bonded between a cover slide
and a glass slide with holes drilled by a numerically controlled
machine.
3. Results and discussion

3.1. Design of micromixer

Fluids traveling through curvilinear channels experience an
inter-play between inertial forces acting to direct axial motion and
centrifugal effects acting along the conduit's radius of curvature
[47]. “Dean number” κ [κ¼(d/R)0.5Re, d is the channel hydraulic
diameter, R is the flow path radius of curvature, Re is Reynolds
number [48]] accounts for the relative magnitude of inertial and
centrifugal to viscous forces. When the Dean number is large en-
ough, centrifugal effects will be strong enough to perturb the axial
laminar flow profile, causing two parallel fluid streams to switch
position. On the other hand, fluid encountering a sudden increase
in a conduit's cross-sectional area undergoes local separation from
the wall in response to adverse pressure gradient in the formation
of a vortex pair breaking the entrance to expansion [49]. Based on
Dean flows effects, a multivortex mixer with the action of ex-
pansion vortices in horizontal (two dimensional, 2D) has been
developed by Sudarsan and Ugaz [47].

Theoretically, 3D mode would have a better performance for
liquids mixing than 2D mode as the enhanced chaotic advection in
microchannel [50–53]. In this regard, we designed the passive
multivortex micromixer as shown in Fig. 1. The main structure was
a “T”-type configuration, in which three consecutive subunits were
embedded at the stem area. Each subunit was consisted of a “U”-
type channel followed by a chamber with different width and
height than the “U”-type channel. Thus, the two solutions injected



Fig. 1. Schematic of the 3D micromixer. (a) The mixer consists of two inlets, injection channels, mixing section, and out channels. The widths of the main channel and the
“U”-type channel were 200 μm and 20 μm, the chamber had a length of 60 μm. (b) SEM image of the microchannel. (c) SEM image of the detail mixing units. (d) and (e) The
vertical cross-sectional views of the microchannel. The heights of the “U”-type channel and the chamber were 17 μm and 34 μm, respectively. The total volume of the mixing
part is 0.857 nL.
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from the two inlets would undergo a mixing in the first “U”-type
channel due to the Dean flow effect. Such mixing would be further
enhanced in the following chamber because of simultaneous
vortices expansions in both horizontal and vertical directions.
After this process was repeated for three times, the mixed solution
was then introduced into an observation channel for analysis. To
demonstrate a better mixing performance of the 3D micromixer
than 2D format, we also fabricated a 2D micromixer sharing the
same chip configuration as the 3D micromixer but with the same
height at all regions of chip microchannel.
Fig. 2. Mixing results of the 3D micromixer. (a) Simulated species mass fraction contou
(Re¼ 9.86).The inset shown the vertical cross-sectional simulation results at f1–f6. (b)
PEG200 at f1–f6. (c) The numerical simulation and experimental results of Dean flow in t
the outer wall (right well). (d, e) The numerical simulation and experimental results of
3.2. Computational fluid dynamics (CFD) simulation

For evaluating the mixing behavior inside the mixing micro-
channel, CFD simulations were conducted by mixing pure water
and various concentrations of PEG200. As shown in Fig. 2a, solu-
tions of pure water and 80% (w/v) PEG200 were injected at the
flow rate of 0.21 mL/min from two inlets, flowed through three
consecutive subunits for mixing and reached the final observation
region. For quantitative evaluating the mixing performance, the
mixing efficiency of the two mixers were calculated (The equation
rs of mixing pure water and 80% PEG200 respectively at flow rate of 0.21 mL/min
Simulated results of mixing efficiency of pure water and various concentrations of
he “U” type channel. The fluid has been transported from the inter wall (left wall) to
expansion vortices in the 3D chamber at y–z plane (d) and x–z plane (e).
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is shown in supporting information). Fig. 2b showed the mixing
efficiency (Cm) of water with various concentrations of PEG200
(50%, 60%, 70%, and 80%) at given positions (from f1 to f6) with the
flow rate of 0.21 mL/min. Obviously, lower concentration of
PEG200 representing lower fluid viscosity had better mixing effi-
ciency at all the check points. However, the water with the highest
concentration PEG200 (80%) still had a mixing efficiency above 0.9
(the number indicating a completing mixing [54]) at the position
f5 (the entrance of the observation channel), which largely proved
that the configuration design of this 3D micromixer was success-
ful. As a comparison, CFD simulations of the 2D micromixer were
also performed (Fig. S1). It was quite clear that 3D chip had much
better performance than that of 2D chip in term of the mixing
efficiency.

To a better understanding of the mechanism, the velocity
vector distribution in microchannels was examined (Fig. 2c–e). It
was found that the fluid has been transported from the inner wall
toward the outer wall in the “U”-type channel, due to the effect of
Dean flows. At the 3D chamber, simultaneous vortices expansions
in both horizontal and vertical directions happened, which led to
more significant vortex fluid, thus to achieve better fluids mixing.
However, the expansion vortices of 2D mixer was created only in
horizontal plane (Fig. S1).

3.3. Experimental evidence of mixing performance and dead time

The mixing performance of 3D micromixer were experimen-
tally examined using TE buffer and various concentrations of
PEG200 solutions at different flow rates. For visualization, sulfor-
hodamine B and fluorescein as fluorescent indicators were added
into the TE buffer and PEG200 solution (0%, 50%, and 80%) at the
final concentration of 1 μM, respectively. The flow rates were
Fig. 3. Mixing performance of buffer and 80% PEG200. (a–d) Fluorescence distribution
(c) 0.15, (d) 0.21 mL/min. The insets are the fluorescence distribution of cross sections at
flow rate of 0.21 mL/min. (f) Fluorescence distribution across the channel at position f5
varied from 0.005 mL/min to 0.21 mL/min for the optimization.
With laser confocal fluorescence imaging, the Dean flow in the
“U”-type channel (κ¼9.2, for 40 % PEG200 solution at the total
flow rate of 0.42 mL/min) and the expansion vortices in the
chamber were visualized. Fig. 3a–d showed examples of the
mixing TE buffer with 80% PEG200 solution at flow rate of 0.005,
0.05, 0.15 and 0.21 mL/min. It was clear that completed mixing
only happened at the flow rate of 0.21 mL/min by investigating the
confocal x–y image of the middle fluidic layer in observation
channel, which was confirmed by fluorescent distribution at the
check position f5 as described in Fig. 3f. The mixing conditions at
Z-axis direction (cross-section y–z panel) at the entrance of the
observation channel (check position f5) were also given in Fig. 3a–
d. It further proved that the mixed solution in the observation
region was homogeneous. Fig. 3e showed the fluorescent profiles
at different check points (f1–f5) at the flow rate of 0.21 mL/min. It
was found that the homogeneity level was increased while the
solution passed through more microstructures for mixing. As a
comparison shown in Fig. S2, the mixing efficiency of 3D micro-
mixer was much better than that of 2D one. Further, we found the
vertical cross-sectional fluorescence distribution at f1–f5 fit well
with the simulation results in Fig. S3.

It was not surprised that the mixing performance increased as
the flow rate increased as shown in Fig. 4, because of larger Re
would enhance the Dean flow and the Chaos in mixing region. For
the 80% PEG200 solution, when the flow rate was increased to
0.21 mL/min, the mixing efficiency was calculated to be 0.91
(above 0.9) in check position f5, which meant complete mixing.
We calculated the dead time by simply dividing the volume of the
mixing part (0.857 nL) by total flow velocity (0.42 mL/min) [39].
The result was 122.4 μs, about 5-fold improvement compared with
our previous report.
of middle layer given by LSCM along the Z-axis at flow rates of (a) 0.005, (b) 0.10,
position f5. (e) Fluorescence distribution across the channel at position f1–f5 at the
under various flow rates.



Fig. 4. Evaluation of mixing efficiency and confirmation of the dead time. (a) Mixing efficiency of various concentrations of PEG200 under various flow rates at position f5.
(b) Mixing efficiency of buffer and 80% PEG200 at position of f1–f6 at the flow rate of 0.21 mL/min. (c) Surface plot of mixing efficiency of buffer and 80% PEG200 as a
function of flow rate and position along the outlet channel. (d) Confirmation of the dead time by using the chemical reaction of ANS binding to the protein BSA. The intensity
changes were fitted by double exponentials. The inset is measured rate constants of faster phase plotted as a function of concentration of ANS. The corresponding second-
order rate constant is (8.84770.356)�107 M�1 s�1.

Fig. 5. Fluorescence spectroscopy of the double-labeled G-quadruplex under var-
ious concentrations of PEG200.
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The dead time was also validated by using a chemical reaction
of ANS binding to the protein BSA (Fig. 4d). The 7.0 μM BSA so-
lution and various concentrations (80 μM, 100 μM, and 120 μM) of
ANS solutions were injected to the 3D mixer at the flow rate of
0.21 mL/min, respectively. We measured the fluorescence intensity
changes after mixing the BSA solution (pH 7.0). The fitted lines for
different ANS concentrations intersected at the time representing
the initiation point of mixing, and the time delay from this point to
the first observable point corresponds to the dead time is 122 7

5 μs [55]. The apparent rate constants for the binding reaction
plotted as the function of the ANS concentration was linear.

3.4. Folding kinetics of G-quadruplex

Our previous work has investigated the folding kinetics of
G-quadruplex under molecular crowding conditions in a unique
microfluidic mixer with a mixing time of 579.4 μs, and observed
the exponential process at the time of �1000 μs. However, little
was known in the hidden mixing dead time. In this work, further
attempt was tried to unravel the much earlier folding kinetics of
G-quadruplex with the new 3D micromixer.



Fig. 6. Folding kinetics analysis for human telomere G-quadruplex monitored by FRET efficiency in the observe channel. (a) The FRET efficiency of double-labeled
G-quadruplex measured at the observation channel of the 3D mixer by LSCM. Labeled G-quadruplex solution was rapid mixing into a buffer solution and into final crowding
conditions of 20%, 25%, 30% and 40% PEG200, respectively. The lines are single-exponential fits of the date. (b) The apparent rate constants of the refolding as the function of
the PEG200 concentration. The observed kinetics in 20%, 25%, 30% and 40% were (4.60470.146)�103, (5.62070.189)�103, (6.81370.180)�103, and (8.32770.225)�
103 s�1, respectively.
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The G-quadruplex folding reaction was initiated by fast mixing
1.0 μM oligonucleotide d(TTAGGG)4 with 40%, 50%, 60%, and 80%
(w/v) concentrations of PEG200 to a final PEG200 concentrations
of 20%, 25%, 30% and 40% at the flow rate of 0.21 mL/min, re-
spectively. We also tested the refolding of G-quadruplex in reac-
tion tubes to verify the results observed on the microchip as
shown in Fig. 5. The images of fluorescence intensities of the ac-
ceptor and the donor labeled at the two ends (3′ and 5′) of oli-
gonucleotide were then simultaneously recorded by LSCM in the
observation channel. The fluorescence resonance energy transfer
(FRET) efficiency expressed as proximity ratio I[(I¼ Ia/(Iaþ Id)), Ia
and Id are the fluorescence intensities of the acceptor and donor,
respectively [56].] reveals the conformational changes of the oli-
gonucleotide. The kinetic measurement stated from the entrance
of the observation channel corresponding to 122.4 μs (the dead
time). It was interesting that an exponential rise phase were dis-
covered in the time window of 150–550 μs as shown in Fig. 6,
which was certainly beyond the measurement capability of any
reported micromixer. The folding process could be fitted by single
exponentials as expected for the pseudo-first-order kinetics,
which was certainly beyond the measurement capability of any
reported micromixer. We calculated the folding kinetics in 20%,
25%, 30% and 40% PEG200 solutions. The apparent rate constants
for the reaction plotted as the function of the PEG200 concentra-
tion was linear. In our new 3D mixer, we also found an exponential
rise phase at the time of �1000 ms as shown in Fig. S4, which has
been reported in our previous work. As a control experiment,
G-quadruplex solution was also mixed with TE buffer solution. No
folding signal was found. Therefore, we found there were two
steps in the folding kinetic process of G-quadruplex under mole-
cular crowding conditions, which was consistent with the hy-
pothetical folding pathway in dilute solutions [12,14].

As a comparison, we further investigated the folding kinetics of
human telomeric DNA of d[AGGG(TTAGGG)3] (Tel22) in high
viscosity solutions (Fig. S5). Deleting TT from 5′ of the sequence
increased the folding rate in high viscosity solutions, which was
consistent with previous study (Fig. S6) [15]. We believe this 3D
micromixer was a powerful approach for tracking rapid con-
formational changes of biological macromolecules under mole-
cular crowding conditions.
4. Conclusions

We have proposed a novel 3D micromixer based on Dean flow
coupling with 3D expansion vortices for rapid mixing highly vis-
cous solutions. The fluids mixing efficiency was validated by both
numerical simulation and experimental evaluation. It proved that
the pure water and 80% PEG200 (with viscosities about 33.6 times
that of pure water) could be completed mixed in 122.4 μs. With
this micromixer, we observed a new folding kinetic process of
G-quadruplex within 550 μs. We believed that this micromixer
would also be useful tool for the analysis of biomacromolecules
folding kinetics such as nucleic acids or proteins under molecular
crowding conditions. Finally, it should be pointed out that the
theoretical modeling is also crucial. The entire folding kinetics has
been revealed for G-quadruplex in diluted solution. The theoretical
model predicted every intermediate process, which was then
confirmed by experimental evidence. With more and more ex-
perimental clues were discovered for the G-quadruplex in mole-
cular crowding conditions, a new theoretical model was highly
desired.
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