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用于单分子动力学实验的微流控混合器
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设计制作了用于单分子动力学实验的微流控混合器, 该混合器用聚二甲基硅氧烷(PDMS)芯片和石英

载玻片密封而成, 具有低的荧光背景, 广泛的生物相容性, 结合激光共聚焦显微镜能够在非平衡态下进行单分
子荧光探测. 我们设计的压力控制系统和进样流路方便而稳定, 保证了微流路中流形的长时间稳定, 从而实现
了样品流速和流量的精准控制. 这些技术特点保证了单分子探测得到准确和高信噪比的结果. 利用蛋白质的塌
缩过程远快于混合过程的特点，采用荧光标记的金黄色葡萄球菌核酸酶作为指示物，分辨出蛋白质变性态的特
征峰，并利用变性态的荧光共振能量传递效率随时间的变化表征出混合器在适合于单分子探测条件下的混合
时间为 150 ms.
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Abstract: We designed and built a microfluidic mixer based on the principle of hydrodynamic focusing
governed by Navier-Stokes equation for single-molecule kinetics experiments. The mixer is a cast of
poly(dimethylsiloxane) (PDMS) sealed with transparent fused-silica coverglass, which results in low
fluorescence background and broad biological compatibility and this enables single-molecule fluorescence
detection under nonequilibrium conditions. The pressure regulated sample delivery system is convenient
for loading a sample and allows for precise and stable flow velocity control. The combination of microfluidic
mixer and single-molecule fluorescence resonance energy transfer (smFRET) allows us to measure the
time course of the distribution of the smFRET efficiency in protein folding. We used the fact that denatured
protein collapses much faster than the mixing process to characterize the mixing time using donor and
acceptor dyes labeled staphylococcal nuclease (SNase) as an smFRET efficiency indicator. By monitoring
the smFRET efficiency of denatured SNase during the course of mixing, we determined that the mixing
time was 150 ms under conditions suitable for single-molecule detection.
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Introduction

The protein folding study involves structure, thermodynamics, and kinetics. The kinetics of protein folding concerns the
folding pathway, the rate, and the energy landscape.1-3 In order
to characterize the protein folding, experiments needs to be performed both under equilibrium and nonequilibrium conditions.4,5
Single-molecule fluorescence resonance energy transfer
(smFRET) can separate the subpopulations of the protein molecules beyond the capacity of common ensemble experiments.6-8 Equilibrium smFRET experiments have addressed a
number of important issues in protein folding by resolving the
thermodynamic states and the sizes of the protein molecules
within a heterogeneous mixture.9-12
Microfluidic laminar-flow mixers have been applied in
many fields for kinetics measurements of biomolecular conformational changes with ultrafast mixing times.13-18 Microfabricated mixers often utilize hydrodynamic focusing to squeeze
the sample stream into submicron width to achieve extremely
fast mixing through molecular diffusion.19 Compared with traditional stopped flow method, the microfluidic mixer has advantages of submillisecond mixing time, greater uniformity, and
low sample consumption. The mixing devices have the capacity of single-molecule fluorescence detection with the accessible window for high numerical aperture objectives.20-22 Ensemble nonequilibrium experiments can only measure the kinetics
of protein folding with the averaged and overall information,
while the individual processes were indirectly resolved with kinetic modeling.23 Single-molecule fluorescence detection under
nonequilibrium conditions can be used to study the protein
folding kinetics with the full distribution of conformations to
separate the unfolded and folded states.24 The combination of
smFRET and a microfluidic mixer will generate novel insights
into protein folding mechanism and is a powerful method to
study biomolecular interactions and reactions.
Here, we constructed a microfluidic mixing system suitable
for single-molecule fluorescence detection, which requires
high signal-to-noise ratio, low protein adhesion, and stable
flow rate for a long time. The mixing device was made of a
cast of poly(dimethylsiloxane) (PDMS) sealed by a microscopic coverglass. The mixer channel pattern was designed to
achieve comprehensive mixing at a minimal dead time and the
flow was then slowed down to provide sufficient dwell time
for single-molecule detection, and the device possessed wide
biological compatibility. The mixer was easy to fabricate with
common apparatus and could be improved for faster mixing
with finer design and fabrication. The device was optimized to
reduce the protein adhesion to the channel walls by using a
long period of cure time and by adding wild-type protein at micromolar concentration into the injected sample. Novel design
was implemented on the pressure regulation and sample-inlet
lines so as to achieve a stable hydrodynamic flow in the mixer
for many hours, which was a key factor for the single-molecule
fluorescence measurements. To our knowledge, for the first
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time the mixing process along the mixing channel using
smFRET histograms and the accurate flow velocity profile using fluorescence correlation spectroscopy (FCS) were characterized simultaneously. Then, the mixing time was determined
by monitoring the collapse of denatured staphylococcal nuclease (SNase).25 Although the mixing system was designed for
single-molecule experiments, the mixer can also be used in ensemble measurements with a submillisecond time resolution by
applying higher pressures.

2

Materials and methods

2.1 Construction of microfluidic mixing device
The channel drawing was created using computer-aided software. The patten was written by an electron beam on a chrome
coated glass plate to generate the mask. The microfluidic mixer
was made of a PDMS chip (RTV 615, GE Silicones) sealed to
a No.1 coverglass (Fisher Scientific). The master was fabricated by contact photolithography. A 20 μm layer of SU-8 2010
(MicroChem, U.S.) was spin-coated onto a cleaned silicon wafer, after a soft bake the photoresist was exposed to UV light
with 144 mJ·cm-2 through the mask and the wafer was then
baked on a hot-plate for 4.5 min at 95 °C and developed.
In order to prevent PDMS adhesion, the master was silanized by exposure to a vapor of chlorotrimethylsilane
(TMCS) in a sealed box for 15 min. To make the PDMS chip,
a ~4 mm thick layer of PDMS mixture, five parts by weight of
PDMS and one part of crosslinking agent, was poured onto the
mold and cured at 80 °C for 10 min. The PDMS chip was then
peeled off from the master, trimmed to the individual chip size
and cured at 80 ° C for another 8 h. Finally, the PDMS chips
were punched to generate inlet and outlet ports and bonded to a
coverglass permanently using an air plasma.
2.2 Sample delivery system
A pressure-driven pump was used because it is applicable in
the situation of low flow rate.26 The pressure-driven sample de-

livery creates stable flow rate about 0.1 nL·s-1 in the centre inlet for many hours. The protein sample and buffer were delivered into the inlets from two reservoirs which were made of
0.6 mL centrifuge tubes and PDMS plugs with two punched
holes for Gauge 18 needles. The two sample reservoirs were
connected to compressed air, and the pressures were regulated
by two accurate pressure regulators (8286, Porter Instruments,
U.S.) and measured with two accurate digital pressure gauges
(DPG4000, Omega, U.S.) respectively. Another high pressure
regulator having a range of 0-250 kPa was built to drive the
solutions into the mixer in a faster flow speed, which can also
be used in rapid mixing ensemble experiments.
In order to maintain the flow speed around 1 mm·s-1 in the
measurement channel for single-molecule detection, the side
inlet pressure was regulated typically to 6.00 kPa and the centre inlet pressure was 7.80 kPa. The resolution of the regulators
was about 0.01 kPa with a careful tuning. The pressures would
change a little for individual mixers due to small deviation in
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the fabrication. The high pressure regulator was used to drive
the solutions into the mixer at 150 kPa to focus the sample
stream in a short time. If the solutions were pumped into the
mixer by the precise but low pressure regulators, hours would
be needed to obtain a stable focused sample stream. After the
formation of the focused stream, the pressures of the reservoirs
were switched to the precise and low pressure regulators for
single-molecule experiments.
2.3 Single-molecule confocal microscope
Single-molecule fluorescence measurements were performed on a home-built dual-channel confocal fluorescence microscope27,28 based on a TE2000 microscope (Nikon). The labeled protein sample was excited by a solid-state laser (MLLIII-532, CNI) at 532 nm with 100 μW for experiments on the
coverglass and 130 μW in the mixer, focused through an oil immersion objective (100 × , NA 1.3, Nikon, Japan). The donor
and acceptor fluorescences, seperated from the excitation light
by a dichroic mirror (Z532, Chroma, U.S.), were collected by
the same objective and spatially filtered using a 30 μm pinhole.
The passed fluorescence was separated into donor and acceptor
components with a second dichroic mirror (FF650-Di01, Semrock, U.S.) and two final filters (FF01-593/40 and FF01-692/
40, Semrock, U.S.) for the donor and acceptor channels, respectively. Each component was detected by a photon-counting Avalanche Photodiode (SPCM-AQRH-14, PerkinElmer Optoelectronics, U.S.). Fluorescence intensities were recorded with a
photon counters card (PMS-400A, Becker & Hickl, Germany).
Autocorrelation functions were simultaneously recorded using
a multiple-digital hardware correlator device (Flex02-01D,
www.correlator. com, U.S.).
The raw single-molecule fluorescence data were corrected
for several factors11,29 to obtain the actual FRET efficiency, including background, differences in quantum yields, different
collection efficiencies of the donor and acceptor channels,
cross-talk, and direct excitation of the acceptor.
2.4 Protein expression, purification and labeling
Expression, purification, and labeling of the mutant of
SNase, K28C-H124C, were carried out as described previously.30 Briefly, The mutant proteins were reduced with excess of
Dithiothreitol (DTT, Sigma, U.S.) followed by chromatography in labeling buffer to remove the excess DTT. Site-specific
labeling was achieved by reaction with thiol-reactive fluorescence dyes Alexa Fluor 555 and Alexa Fluor 647 (Invitrogen,
U.S.). Free dyes were removed through a PD-10 Desalting Column (GE Healthcare, U.S.) and the labeled protein solution
was stored at -80 °C with 10% glycerol.
Labeled SNase of 50-100 pmol∙L-1 was diluted in 1 μmol∙
L-1 unlabeled SNase in Tris-HCl buffer (pH 7.8, 50 mmol∙L-1
Tris-HCl with 100 mmol ∙ L-1 NaCl) at appropriate GdmCl
concentration. The dwell time bin was 1 ms10 and a threshold
was set at 50 counts in the sum of photon counts from the two
channels.
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Results and discussion

3.1 Controbility of the mixer
The microfluidic mixer shown in Fig.1 was designed with a
resistance model using Ohmʹs law.19 The relationship of flow
rate, pressure difference, and flow impedance in a rectangular
pipe can be described with the following equation:31
tanh( kπh )
3
dp
∞
Q = (- )⋅ hw ⋅[1 - 192w
⋅
(1)
∑ k = 1,3,5⋯ k 52w ]
dl 12η
π5 h
where Q is the flow rate, dp/dl is the pressure gradient, w is the
channel width, h is the channel height, and η is the solution viscosity. The two side channels of an actual microfluidic mixer
were connected to the same entry, reducing a set of pressure
regulator system. The channel dimensions and the flow impedances are shown in Table 1. The impedance of the mixing neck
is less than 1% of the other channels which can be ignored in
the calculation. When the change of inlets pressure is 0.05 kPa,
the maximum pressure fluctuation of the system, the change in

Fig.1 (A) Scheme of the microfluidic mixer, (B) a white light
microscopy image of the microfluidic mixing region, (C) the
impedance model for the designed mixer
The height of the channels in figure B is 20 μm. In figure C: Zc and Zm are the
impedances of the centre and measurement channels, respectively; Zs is the
impedance equivalent to the side flow impedance of a mixer with two parallel
side channels.

Table 1

Channel dimensions and impedances
Depth

Width

Length

μm

μm

mm

(kPa·s·nL-1)

side channela

20

20

62

11.1

centre channel

20

20

278

50.0

measurement channel

20

50

12

0.48

Channel

a

Impedance

The channel length is the equivalence to a mixer of the side channel with two
parallel lines.
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Fig.2 Flow stability in the microfluidic mixer
(A) fluorescence images of focused dye solution stream over hours; The intensity profiles of the cross line (the white line) for all images are extracted.
(B) The peak intensities of the cross lines are plotted as time, which is 11270±280, indicating that the flow rate fluctuation was about 2%.

flow ratio is about 2%, so that the mixer can maintain a stable
flow rate for smFRET measurement.
The robustness of the flow velocity was examined by fluorescence images over several hours. The pressure was set to
maintain appropriate hydrodynamic focusing and a flow rate in
the detection channel around 1 mm·s-1. A 0.1 μmol ∙ L-1
AF532 solution with 0.01% Tween 20 (Pierce) to prevent dye
adhesion was delivered into the centre inlet and water was injected into the side inlets. The focused dye solution stream was
excited by mercury lamp and recorded by a CCD camera
through an emission filter (Fig.2). The high stability of the
flow rate guaranteed the fidelity of single-molecule measurements over a long time for a good signal-to-noise ratio. When a
denatrued potein sample with 2 mol·L-1 GdmCl was fed into
the centre inlet, simulation reslults showed that the concentration deviation of the denatrurant was less than 0.05 mol·L-1.
As a consequence, the protein concentration and conformation
were stable at the focus of the optics.
3.2 Flow velocity profile
In order to convert the focus position into the corresponding
time, the flow velocity in the channels was measured by FCS.32,33
Advantage of this approach is the large measurable velocity
range, from 0.1 mm·s-1 to 10 m·s-1, and the simultaneous mea-

Fig.3

surement of the flow rate with the collection of smFRET
events. FCS measured the fluorescent molecule number fluctuations in a small focal volume15 about 1 fL. In the mixing experiments, FCS curves (Fig.3A) were fit using a model of considering diffusion, flow, and singlet-triplet transition of the fluorescent molecule,27,33
G(τ) = 1 ⋅(1 + τ )-1 ⋅ exp( - ( τ )2 ⋅(1 + τ )-1)⋅
N
τdiff
τ flow
τdiff
τ
(1 -K + K ⋅ exp( - ))
(2)
τT
where N is the average number of molecules in the focus volume, τdiff is the characteristic diffusion time, τ/τflow is the characteristic flow time, K is the fraction of the triplet state, and τT is
the characteristic triplet state time. τflow is obtained from the fitting for each FCS curve, which is related to the flow speed by
r
v= 0
(3)
τ flow
where r0 is the radius of the focus volume, which is determined
using Rhodamine 6G34 to be (270±7) nm.
We measured the velocities along the central axis of the
channels. In an smFRET experiment each fluorescent burst
needs at least dozens of effective photons35 and requires the
flow rate to be about 1 mm·s-1 so that each molecule can
spend about 1 ms at the focus. Fig.3B shows the velocity distri-

(A) Autocorrelation curves at different positions in the device, (B) the velocity profile in the mixer

In figure A: the beginning point of the measurement channel is 0 mm (Fig.1B). -165 mm is located in the centre channel with the minimum flow rate,
-50 mm is in the mixing neck with the maximum flow rate to achieve rapid mixing, and 500 mm is in the measurement channel with a flow rate of about
1 mm·s-1, suitable for smFRET experiments.
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Single-molecule fluorescence traces

(A) single-molecule signal of a dye solution of 10 pmol·L-1 AF546 on a coverglass and in the mixer, (B) raw smFRET data of 100 pmol·L-1 AF555 and
AF647 dual labeled SNase in the mixer channel, excited by a 532 nm laser

bution along the central axis adjusted at such a condition.
3.3 Single-molecule detection
To test the fluorescence collection efficiency and the background level in the mixer channel, the single-molecule fluorescence trace of a 10 pmol ∙ L-1 dye solution of Alexa Fluor
(AF) 546 in water was collected both on a coverglass and in
the mixer channel in static experiments (Fig.4A). The dye solution was excited by a 532 nm laser at a power of 100 μW, and
the collected raw data were binned into 1 ms dwell time. The
background was fitted by a Poisson distribution, and the average photon counting rates are 0.32 m·s-1 on a coverglass and
0.81 m·s-1 in the mixer channel.
We also tested the data quality for a protein sample labeled
with a dye pair in the mixer channel. A 100 pmol·L-1 AF555
and AF647 (Invitrogen) dual labeled SNase30 mixed with 1
μmol·L-1 wild-type SNase to prevent labeled protein adhesion
was delivered into the microfluidic device. The sample was excited with a 130 μW laser beam to generate FRET events
(Fig.4B). The background levels for the donor channel and acceptor channel were 1.5 and 1.2 m·s-1, respectively, which
were higher than the pure dye solution due to impurities and
higher concentration, but the signal levels were higher as well,
resulting in even better signal-to-noise ratio of nearly 100 for

Fig.5

the protein sample.
3.4 Mixing time characterized using collapse of
denatured SNase
When unfolded protein is transferred from high denaturant
concentration to low concentration, the size of the protein molecule will collapse which leads to higher intramolecular
smFRET efficiency and the protein collapse time is about several hundred nanoseconds,36 much faster than the mixing time.
This property was used to measure the mixing time precisely.
Fig.5A shows the smFRET histograms taken at different positions in the channels, fitted by lognormal and Gaussian distributions to obtain the apparent FRET efficiency of the unfolded
state. The rectangular box in Fig.5B indicates the onset and
completion of the mixing. The initial position was set to Eapp=
0.42, 5% larger than the Eapp=0.40 before mixing, and the end
point was set to the first accessible position for single-molecule detection. So doing, we found that the mixing time was
150 ms. The simplest way to enhance the mixing process is to
minimize the width of mixing regions with better manufacture.
Because the adequate dwell time for single-molecule detection
is about 1 ms for fluorescent molecules flowing in the focus
volume, the ultrafast mixing can be realized by a design of
flow velocity deceleration.22 The mixer combining with

Mixing process elucidated by smFRET experiments

(A) smFRET histograms along the central axis of the channels, (B) the fitted FRET efficiencies of the denatured SNase;
The rectangular box indicates the mixing region with a mixing time tmix of 150 ms.
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smFRET for kinetics study has been applied to the measurement of the folding rate of denatured SNase. We will report our
results in a future publication.
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Conclusions

A microfluidic mixing system was constructed especially for
single-molecule kinetic measurement, which has the advantages of high signal-to-noise ratio, stable flow rate over hours, accurate time determination by employing FCS, and easy fabrication. This technique has the capacity to study a wide variety of
biological reactions requiring the combination of fast mixing,
single-molecule detection, and small sample consumption. The
construction of the mixer makes it possible for us to study the
kinetics of various biochemical processes at a single-molecule
level.
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