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Aqueous droplets were used as a tool to confine a molecular population and enable highly efficient detection
at the single-molecule level. Picoliter-sized aqueous droplets were generated using classical multiphase
microfluidics with an aqueous stream containing the analyte under investigation and an oil carrier phase. The
droplets were then localized and isolated in specially designed trapping areas within the microfluidic channel
to provide a static environment for detection of the encapsulated molecules. We show that by continuously
flowing the carrier oil phase while holding the aqueous stationary, we can significantly improve on measuring
repeat single-molecule events. Further, we find that the flowing oil stream induces a circulation within the
trapped droplets which is proportional to the volumetric flow velocity. This circulation phenomenon allows
a given molecule to be detected multiple times during an experiment and can therefore be used for performing
time-dependent single-molecule analysis.

Introduction

Recently, the detection of single molecules in fluids has
gained considerable attention in the fields of chemical and
biological analysis.1 The ability to study chemical and biological
events at the single-molecule level avoids misleading informa-
tion obtained from averaging large populations when using
ensemble techniques.1,2 Generally, single-molecule detection
(SMD) experiments are conducted using confocal fluorescence
spectroscopy which incorporates a subfemtoliter confocal probe
volume. The probe volume is defined by a focused laser beam
(near the diffraction limit) and a confocal pinhole. As a molecule
or particle diffuses through this volume it emits a burst of
fluorescence photons, which can be collected and detected. By
use of such a technique, a fluorescent signal from individual
molecular transits can be monitored with high signal-to-noise
(S/N) ratios.

Performing experiments at the single-molecule level is
challenging as the signal associated with background must be
minimized in order to maximize the S/N ratio associated with
the molecular signal. Small detection volumes are normally used
to minimize the background signal because the background is
proportional to the probe volume; however, a fluorescence burst
is independent of the probe volume dimension.3 Accordingly,
confocal fluorescence systems are widely used for single-
molecule analysis. Importantly, another common approach to
obtain small detection volumes is by using small compartments,
such as microdroplets.4,5 Molecules are encapsulated within
microdroplets, and the small finite volume of microdroplets
minimizes fluorescence background due to solvents and impuri-
ties. Examples of using this classical approach for SMD were
presented by Ramsey’s group.3 For instance, levitated droplets
ranging in size from 4 to 10 µm were successfully used to
perform single-molecule measurements of B-phycoerythrin and
Rhodamine 6G.6,7 Recently, microdroplets pipeted onto a glass

slide have been used to perform single-molecule experiments.8

Such droplets were used as compartments for accurately sizing
subcellular organelles and nanoparticles. Similarly, aqueous
droplets generated using two immiscible phases within microf-
luidic channels have also enabled compartamentalization.9

Droplets produced in this manner have shown to be valuable
in a variety of applications.10-12 Examples from bulk measure-
ments of droplet systems include high-throughput detection,10,11

biological assays,10 cell-based assays,10,13 chemical synthesis,14-16

and kinetic studies.10 Recently, a droplet-based microfluidic
system has also been shown to be useful in single-molecule
analysis.10 Droplets produced in this manner are particularly
suitable for SMD as they not only provide a confined environ-
ment to minimize background signals but the droplet size,
content, and generation frequency can all be controlled in a facile
manner. However, the vast majority of these applications utilize
a system in which the droplets are continuously moving at
relatively high linear velocities. When SMD measurements are
conducted in flow-based systems (both in droplets and traditional
microfluidic systems), the residence time of the molecule within
the detection probe volume directly limits the total number of
photons that will be detected. As a result, low signals are a
common and significant drawback. Furthermore, unless the
detection probe volume is expanded to incorporate the entire
cross section of the microfluidic channel, the majority of
molecules will go undetected. Unfortunately, increasing the
dimensions of the probe volume results in a reduction in the
S/N ratio as well as increasing the probability of detecting events
associated with multiple molecular occupancies. Using low
volumetric flow rates to decelerate droplets can reduce transit
times and maximize the total number of photons detected.
However, this not only results in lower throughput but also
droplet formation at low flow rates can often be unstable.17 A
simple and elegant solution to improving throughput would be
to localize or trap droplets in a fixed position. Key advantages
of using such an approach include the fact that the droplet
boundary ensures that single molecules are prevented from
simply diffusing away, and that molecules within the droplet
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can be detected over and over again (until they are pho-
tobleached). A handful of previous studies have described the
trapping of droplets within microfluidic formats. For example,
a microfluidic device was presented for the entrapment and
release of microdroplets in an array format.10 Arrays of traps
were designed within chambers connected to a main microfluidic
channel. Enzymatic and cell-based assays were successfully
demonstrated using this trapping approach. In addition, a
hydrodynamic trap microfluidic device was proposed to trap
both particles and beads.18 This device consisted of a series of
traps connected to serpentine channels. The trapping mechanism
was based on flow resistance along the microfluidic channel. If
a trap is occupied, an oncoming droplet bypasses this trap and
moves along the channel due to a lower flow resistance and
fills the next available trap. This trapping method could be
simply modified by changing the shape of individual traps (into
a circular geometry) to allow trapping of elastic aqueous
droplets.19 This droplet trapping array was successfully used
for characterization of individual Caenorhabditis elegans organ-
isms encapsulated within a series of trapped droplets.19 Recently,
a new microfluidic design for droplet trapping and storage has
been presented by Fraden’s group.20 This approach introduced
capillary valves and utilized changes of hydrodynamic resistance
to sequential store droplets.20 Using this format, trapped droplets
can be released by simply reversing flow direction. This design
was successful developed and used to study protein crystal
nucleation.21 Another recent work on droplet trapping was
presented by Weitz’s group.22 A “dropspots” device consisting
of an array of chambers created along the main microfluidic
channel is used to immobilize and store a large number of
droplets. The capability of this dropspots device has been used
to monitor the growth of individual cells encapsulated within a
trapped droplet. Hence, trapping droplet allows for accurate
measurements of droplet contents over time. This is due to the
fact that a droplet is fixed and the same droplet content can be
monitored with respect to time. This is advantageous, especially
for kinetic studies and measurements that involve tracking of
cells, particles, or molecules.

In the work presented herein, we utilize a droplet trapping
technique to improve on conventional SMD experiments in
terms of isolation of the analyte over long time periods. We
demonstrate that single molecules can be encapsulated within
trapped droplets. In addition, we show that a recirculating flow
can be induced and controlled within a trapped droplet by
varying the carrier flow velocity during droplet entrapment.
Subsequently, we use fluorescence correlation spectroscopy
(FCS) to quantify the induced flow behavior of the molecules
within the trapped droplets. The circulation flow within a trapped
droplet enables multiple detection of the same molecule.

Experimental Section

Device Fabrication. Figure 1a shows a schematic of the
microfluidic device used for droplet trapping. The T-junction
microfluidic device consists of one aqueous inlet and one oil
inlet and was fabricated in PDMS using procedures described
in previous work.10 The main channel is 100 µm wide and 100
µm deep and has a length of ∼4.2 cm. A series of traps were
positioned along the serpentine channel, as shown in Figure 1a.
This trapping concept follows the approach previously used to
trap particles, beads, and droplets.18,19,23

Droplet Formation. Double-stranded λ-DNA (∼48 kbp in
length, New England Biolabs (UK) Ltd., UK) was labeled with
YOYO-1 (Invitrogen Ltd., UK) at a ratio of five base pairs per
one dye molecule in 1x Tris-Acetate EDTA (TAE) buffer at

pH 8.0 (containing 40 mM Tris-Acetate and 1 mM EDTA).10

In addition to λ-DNA, double-stranded DNA samples of
different size (1 and 10 kbp, New England Biolabs (UK) Ltd.,
UK) were also used and were labeled with YOYO-1 using the
same labeling process as for λ-DNA. DNA solutions at
concentrations of 100 fM (λ-DNA), 1 pM (10 kbp) and 10 pM
(1 kbp) were prepared in 1x TAE buffer at pH 8.0. The DNA
solution was used as the aqueous phase for droplet formation.
Precision syringe pumps (PHD 2000, Harvard Apparatus, UK)
were used to deliver all solutions into the microfludic device.
A DNA solution was pumped into the microfluidic channels
using a 250 µL gas-tight syringe (SGE Europe Ltd., UK),
whereas a 1 mL gas-tight syringe was used to deliver the
continuous oil phase consisting of FC40 (3M, UK) and 1.8%
w/v E2K0660 surfactant (generously donated by Raindance
Technologies,USA). Droplets were generated using the T-
junction device at flow rates of 5 µL min-1 for the oil phase
and 0.5 µL min-1 for the DNA/aqueous solution. After all traps
were filled, the aqueous flow was stopped, resulting in the oil
phase only flowing down the length of the channel. The oil flow
was varied between 0 and 6 µL min-1.

Detection System. Droplet images were taken using a high-
speed camera (Phantom v 649, Vision Research Ltd., UK). An
electron-multiplying CCD (emCCD) camera (Cascade II, Pho-
tometrics) was used to visualize single DNA molecule events
within a trapped droplet.

FCS measurements were performed using a custom-built
confocal spectroscopic setup consisting of a 488 nm diode laser
(Coherent UK Ltd., UK). A schematic of this setup is shown
in Figure 1c. The laser beam is aligned into an IX71 microscope
(Olympus) using beam steering mirrors. The laser beam width
is enlarged using a beam expander (Thorlabs, UK) to entirely
backfill the aperture of a 60× water immersion microscope
objective (60 × /1.20 NA, water immersion, Olympus, UK). A
dichroic mirror (z488rdc, Chroma Technology Corp., USA) is
used to reflect the 488 nm laser beam into the objective lens.
The incident laser beam is focused by the objective lens into a
tight spot ∼0.4 µm in diameter. The laser spot is focused into
the center of a trapped droplet when performing FCS measure-
ments. Fluorescence emission is collected by the same objective
and then transmitted through the dichroic mirror. Any residual
excitation light is removed by an emission filter (z488lp; Chroma
Technology Corp., USA). The fluorescence is then focused onto
a 75 µm precision pinhole (Melles Griot, UK) positioned in
the focal plane of the microscope objective. Subsequently, the
fluorescence is filtered by an emission filter (hq540/80 m,
Chroma Technology Corp., USA) and focused by a plano-
convex lens (f ) 30.0, i.d. 25.4 mm, Thorlabs, UK) onto an
avalanche photodiode detector (AQR-141, EG&G, Perkin-
Elmer). The detector is coupled to a multifunction DAQ card
for data logging (PCI 6602, National Instruments) which has
submicrosecond time resolution per channel. A LabView
program is used to control data acquisition of the FCS
measurements.

Results and Discussion

Droplet Trapping. Droplets were generated using an oil
phase flow rate of 5 µL min-1 and a DNA solution flow rate of
0.5 µL min-1. Figure 1b shows an image of droplets (containing
λ-DNA molecules) that have been trapped along the serpentine
channel. Each trap is 125 µm in width and depth and the droplets
are 100 µm in diameter. The oil stream is continuously flowing
to prevent the aqueous solution entering the main channel and
forming more droplets. An example of a bright field image of
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a trapped droplet is shown in Figure 2a. To observe the droplet
contents, a fluorescence image was taken using the 488 nm laser
line as an illumination source. The fluorescence image of the
trapped droplet is shown in Figure 2b. Since a single λ-DNA
molecule contains approximately 9700 dye molecules, individual
DNA molecules encapsulated within droplets can be easily
visualized. In both cases, the oil phase was flowing at a constant
linear velocity of 5 mm s-1 (3 µL min-1). It can be clearly seen
in Figure 2b that λ-DNA molecules are encapsulated within this

trapped droplet. At a concentration of 100 fM, it is estimated
that there are approximately 32 DNA molecules per droplet.

Effect of the Oil Flow on the Velocity of DNA Molecules
within a Trapped Droplet. After droplet trapping, FCS
measurements were carried out at various oil flow rates. The
focused laser spot was aligned into the center of a trapped
droplet. This is to ensure that only the droplet contents are
illuminated (and not the surrounding oil phase or PDMS layer).
Fluorescence burst scans and FCS curves were recorded at a

Figure 1. (a) A schematic of a microfluidic device for droplet trapping. The T-junction device consists of 1 oil inlet and 1 aqueous inlet. The main
channel is 100 µm wide, 100 µm deep, and ∼4.2 cm long. (b) The inset shows droplets being trapped for FCS measurements. (c) A schematic of
a confocal fluorescence detection system used for FCS experiments; APD, avalanche photodiode detector; DC, dichroic mirror; EM, emission filter;
L, lens; Obj, objective lens; and PH, pinhole.
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resolution of 50 µs for a total time of 120 s. Examples of such
data (only burst scans) are presented in Figure 3. The fluores-
cence burst scan was resampled at a resolution of 1 ms for
visualization purposes. Standard Poissonian statistics were used
to differentiate between background and molecular events.10

Accordingly, all peaks above a defined threshold are classified
as single-molecule events. Interestingly, it was found that the
DNA molecules were moving in circular motion within the
trapped droplet. Moreover, this circulating behavior only
occurred when the oil phase was flowing along the channel and
is due to the shear forces arising between the flowing oil phase

and the trapped droplet, as shown in Figure 2c. Importantly,
the actual droplet itself remains stationary with only the contents
circulating. This phenomenon mimics the movement of fluid
within a cavity with moving walls.24

The Peclet number (Pe), which defines the ratio between
diffusion and convection, was calculated to identify whether
our system is dominated by diffusion or convection.25 Pe is given
by Pe ) UH/D, where U is the average velocity, H is the droplet
diameter, and D is the diffusion coefficient of the molecule of
interest. Due to the diffusion coefficient of λ-DNA (∼0.008 µm2

s-1) being very small, Pe was found to be more than 105 when

Figure 2. Photographs of a trapped droplet taken using (a) white light and (b) laser illumination. The bright spots appearing in the fluorescence
image (b) are DNA molecules moving into the illuminated volume. The white-dashed circle in (b) highlights the droplet boundary. In both images,
the oil phase was flowing at 3 µL min-1. (c) Schematic showing induced flow within a trapped droplet due to the oil flow.

Figure 3. Examples of fluorescence burst scans of 100 fM λ-DNA obtained from three different oil flow rates; (a) 0.5 µL min-1, (b) 1 µL min-1,
and (c) 3 µL min-1. The insets present expanded 1 s portions from the main scans.
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using an average flow velocity of 0.04 mm s-1 (the lowest flow
velocity found within a trapped droplet) and a droplet diameter
of 90 µm. This confirms that convection dominates within
trapped droplets and the motion of DNA molecules is due to
the circulation.

Since the induced flow within a given droplet occurs in three
dimensions,24 the circulating behavior within a trapped droplet
becomes more complex than in the two-dimensional case.
Indeed, it was observed that DNA molecules do not circulate
in the same plane throughout a trapped droplet. This can be
seen in the videos contained in the ESI. Circulating DNA
molecules move into and out of the focal plane while they travel
within a trapped droplet. This results in the movement of DNA
molecules near the center of circulation, where the FCS
measurements are carried out. Accordingly, the center of a
trapped droplet was chosen as a reference point to monitor
single-molecule events.

To investigate the effect of the oil flow rate on the circulation
of encapsulated DNA molecules, the flow rate of the oil flow
during measurement was varied between 0 and 6 µL min-1.
Burst scans and FCS curves were then recorded at each oil flow
rate. As expected, DNA molecules within a trapped droplet
circulated faster when the oil flow is increased. Videos showing
the movement of DNA molecules at low (0.5 µL min-1) and
high (6 µL min-1) oil flows are presented in the ESI. Examples
of fluorescence burst scans for three different oil flow rates (0.5,
1, and 3 µL min-1) are shown in Figure 3, a, b, and c,
respectively. The number of detected DNA molecules was found
to increase with the oil flow as a result of increasing shear forces.
These experiments were performed at a concentration of 100
fM with a trapped droplet volume of approximately 525 pL.
Therefore, the number of DNA molecules within a trapped
droplet was expected to be approximately 32. However, upon
inspection of Figure 3a-c, significantly more than 32 molecular
events are detected.

When the oil flow is used to induce circulation, the system
moves from a diffusion-limited regime to a flow-based regime
and, as a result, the DNA molecules are “swept” through the
detection area more quickly. Consequently, there were more
detected DNA molecules with narrower widths (Figure 3a-c).
Approximately 600 single-molecule events are observed during
a period of 120 s when using an oil flow of 0.5 µL min-1. This
is almost 20 times more than the number of molecules within
the droplet. This number was increased to ∼800 events at an
oil flow of 1 µL min-1 and up to ∼1500 bursts were detected
when oil flow rate was increased to 3 µL min-1. This increase
yields a significant advantage over classical single-molecule FCS
measurements within microfluidic channels. Conventionally, a
single molecule would enter the probe volume, emit a fluores-
cent signal, and exit without being detected again. In the
experiments we describe, all molecules are confined within the
droplet boundary, ensuring that they will always be within 50
µm of the detection volume. Furthermore, the circulating motion
ensures that molecules can be detected over and over again.
Accordingly, the number of detected events will be significantly
larger than the number of DNA molecules within the droplets,
even though the total number of DNA molecules in a trapped
droplet is always approximately the same and the detection
volume is unchanged. Only photobleaching limits the total
number of times a single DNA molecule can be detected.
Additionally, the approach results in less sample being required
to collect sufficient information for data processing when
compared to traditional SMD using flow-based systems. In
addition, the confined environment of the droplet restricts the

movement of DNA molecules, thus reducing background
interference.8 These are key advantages of this droplet trapping
approach for SMD analysis.

It should also be noted that every single DNA molecule
contained within a droplet is not necessarily detected, but rather
multiple detection of the same molecule is key. It is certainly
true that multiple detection of the same molecule could be also
achieved by using smaller droplets; however, without circulation,
molecules will only diffuse through the detection volume.
Accordingly, long acquisition times would be required to collect
sufficient data for single-molecule analysis. When circulation
is induced within a droplet, molecules are forced to move more
quickly and thus will be detected over and over again within
relatively short time periods. As an aside, it should also be noted
that detection of all molecules in an analytical sample can be
achieved by delivery through a nanofluidic channel.26 Submi-
crometer channel dimensions can in theory allow the passage
of single DNA molecules through the detection probe volume
at any one time. However, it is realized that fabrication of
nanofluidic channels requires elaborate fabrication infrastructure
added to the fact that channel blockage becomes a major concern
during operation.

Under stationary flow conditions, DNA molecules diffuse
freely through the probe volume, resulting in broad peaks (data
not shown). However, it should be noted that diffusion is a
random process. Accordingly, one cannot guarantee that all
molecules will be detected in the droplet; rather one can state
that there is a finite probability that a single molecule will be
detected more than once.

It was observed that, without circulation, the diffusion time
of DNA molecules could be longer than the acquisition time
(120 s) if they locate near the edge of a trapped droplet (within
50 µm from the center). However, the distribution of DNA
molecules inside a trapped droplet is random with few molecules
being located near the droplet perimeter. Thus, molecules closer
to the droplet center will take significantly shorter times to reach
the detection probe volume. Accordingly, without circulation,
the number of detected molecular events is significantly lower
than that with the circulation, and longer acquisition times are
needed. When the oil flow is applied, DNA molecules are forced
to move more quickly due to circulation within the droplet.
Accordingly, data recorded over 120 s is more than enough to
generate excellent statistics.

FCS Measurements. Normalized FCS data obtained from
different oil flow rates are shown in Figure 4. It can be seen

Figure 4. Normalized FCS curves obtained from FCS experiments
using different oil flow rates (0.5-6 µL min-1). The curves shift toward
the shorter time when the oil flow is increased.

15770 J. Phys. Chem. B, Vol. 114, No. 48, 2010 Srisa-Art et al.

http://pubs.acs.org/action/showImage?doi=10.1021/jp105749t&iName=master.img-003.jpg&w=229&h=177


that FCS curves are shifted toward shorter times with increasing
oil flow. This confirms that DNA molecules move into and out
of the focal probe volume more rapidly when higher oil flow
rates are used. FCS curves were found to fit perfectly to a model
that describes flow in three dimensions. A simpler 3-dimensional
diffusion model results in a poor fit to the experimental data.
The autocorrelation function for a flowing system is given
by10,27

where N is the average number of molecules in the observed
volume, τ (s) is the delay time, τf (s) is the average flow time
for a molecule to be swept through the probe volume at a given
flow rate, τd (s) is the diffusion time, ω is focused beam radius,
and z is probe depth.

The values of τf were extracted from the fitted curves and
plotted as a function of oil flow rate, as shown in Figure 5a. In

the absence of the oil flow during the FCS measurements, DNA
molecules diffuse freely within a trapped droplet. This results
in a longer time in the probe volume. The values of τf decrease
drastically when the oil flow is applied. However, when an oil
flow rate higher than 4 µL min-1 is used, there are only small
changes in τf values.

To determine the average linear flow velocity of the DNA
within the trapped droplet, the following expression was used:

Figure 6. Effect of the oil flow on encapsulated molecules of different
sizes. (a) A plot of τf as a function of the oil flow rate. (b) A linear
relation between the oil flow velocity and the velocity of encapsulated
molecules.

Figure 5. (a) Effect of the oil flow on τf. The values of τf were
extracted by fitting FCS curves in Figure 4 using eq 1. (b) A plot
presenting a relation between the calculated DNA flow velocity and
the oil flow velocity. The DNA flow velocities were calculated from τf

values using eq 2.

G(τ) ) 1 + 1
N

A exp{( τ
τf

)2
A} (1)

A ) (1 + τ
τd

)-1(1 + (ω
z )2 τ

τd
)-1/2
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Here, ω is the focused beam diameter, which is estimated to be
0.4 µm. The calculated DNA velocities were then plotted as a
function of the oil flow velocity (Figure 5b). As expected, the
velocity of DNA molecules increases linearly with the oil flow
velocity (Figure 5b). The calculated velocities within the trapped
droplets were significantly lower than the velocities of the oil
phase. For example, when the oil flow is increased from 0.83
to 10 mm s-1 (12 times faster), the velocity of DNA molecules
only increases from ∼0.04 to 0.11 mm s-1 (∼3 times).

Effect of the Oil Flow on the Velocity of Encapsulated
Molecules of Different Sizes. DNA samples of different sizes
(1 and 10 kbp) were also used for FCS measurements. Droplet
generation was performed separately using 1 kbp DNA and 10
kbp DNA at concentrations of 10 and 1 pM, respectively. After
droplet trapping, the oil flow was maintained and changed from
0 to 6 µL min-1 to acquire FCS data. A plot of τf as a function
of the oil flow rate for different DNA sizes is presented in Figure
6a. Although the DNA sizes are different, the values of τf

extracted from fitting experimental FCS data with the autocor-
relation model (eq 1) show similar trends and remain constant
when oil flow rate higher than 0.5 µL min-1 is used. This implies
that molecules encapsulated within a trapped droplet are swept
through the detection area at the same speed. In addition, this
velocity appears to be independent of molecular size, but
strongly depends on the external force induced by the oil stream.
Figure 6a also shows that, when an external flow was applied,
molecular diffusion is dominated by flow. Therefore, when there
was no external flow (0 µL min-1), τf depends on the size of
the molecule. Accordingly, a larger molecule is expected to take
a longer time to diffuse through the detection volume. This can
be seen from Figure 6a where λ-DNA molecules move more
slowly than both 10 kbp DNA and 1 kbp DNA at an oil flow
rate of 0 µL min-1. If the flow is finite but small (lower than
0.5 µL min-1), τf is still dependent on the size of molecule and
it is difficult to determine whether τf is due to diffusion alone
or due to diffusion and flow. This can be observed in Figure 6a
at an oil flow rate of 0.3 µL min-1, in which λ-DNA is the
slowest molecule moving through the detection area due to its
largest size. The velocities of encapsulated DNA molecules were
calculated using eq 2 and plotted against the oil velocity, as
shown in Figure 6b. A similar trend was obtained for each DNA
size when the oil flow velocity is increased. In addition, the
velocities of encapsulated molecules were found to be relatively
constant at a given oil flow rate when different DNA sizes were
probed. This confirms that the velocity of a circulating molecule
strongly depends on the external oil flow and not on the size of
molecule.

Conclusions

In conclusion, a droplet-trapping approach was successfully
shown to perform high-efficiency single-molecule detection. The
oil flow during FCS measurements plays a crucial role in
inducing circulation of encapsulated molecules. Specifically,
circulation enables multiple measurements of the same molecule

over extended time periods. Furthermore, the circulation of flow
within a trapped droplet expedites SMD measurements, espe-
cially for macromolecules. This is because molecules are swept
through the detection area instead of diffusing freely. From this
work, we show that droplet trapping can be used to perform
SMD of extended time periods. This opens the door for single-
molecule kinetic and dynamic studies to be performed within
an isolated chamber and monitored over extended time scales.

Acknowledgment. This work was supported by the RCUK
Basic Technology Programme and HFSP.

References and Notes

(1) Dittrich, P. S.; Manz, A. Nat. ReV., Drug DiscoVery 2006, 5, 210.
(2) Gell, C.; Brockwell, D.; Smith, A. Handbook of Single Molecule

Fluorescence Spectroscopy; Oxford University Press Inc.: New York, 2006.
(3) Ambrose, W. P.; Goodwin, P. M.; Jett, J. H.; Van Orden, A.;

Werner, J. H.; Keller, R. A. Chem. ReV. 1999, 99, 2929.
(4) Jakeway, S. C.; de Mello, A. J.; Russell, E. L. Fresenius J. Anal.

Chem. 2000, 366, 525.
(5) Stavis, S. M.; Edel, J. B.; Li, Y. G.; Samiee, K. T.; Luo, D.;

Craighead, H. G. J. Appl. Phys. 2005, 98.
(6) Ng, K. C.; Whitten, W. B.; Arnold, S.; Ramsey, J. M. Anal. Chem.

1992, 64, 2914.
(7) Barnes, M. D.; Ng, K. C.; Whitten, W. B.; Ramsey, J. M. Anal.

Chem. 1993, 65, 2360.
(8) Gadd, J. C.; Kuyper, C. L.; Fujimoto, B. S.; Allen, R. W.; Chiu,

D. T. Anal. Chem. 2008, 80, 3450.
(9) Song, H.; Tice, J. D.; Ismagilov, R. F. Angew. Chem., Int. Ed. 2003,

42, 768.
(10) Huebner, A.; Srisa-Art, M.; Holt, D.; Abell, C.; Hollfelder, F.;

deMello, A. J.; Edel, J. B. Chem. Commun. 2007, 1218.
(11) Teh, S. Y.; Lin, R.; Hung, L. H.; Lee, A. P. Lab Chip 2008, 8,

198.
(12) Chiu, D. T.; Lorenz, R. M.; Jeffries, G. D. M. Anal. Chem. 2009,

81, 5111.
(13) Clausell-Tormos, J.; Lieber, D.; Baret, J. C.; El-Harrak, A.; Miller,

O. J.; Frenz, L.; Blouwolff, J.; Humphry, K. J.; Koster, S.; Duan, H.; Holtze,
C.; Weitz, D. A.; Griffiths, A. D.; Merten, C. A. Chem. Biol. 2008, 15,
875.

(14) Frenz, L.; El Harrak, A.; Pauly, M.; Begin-Colin, S.; Griffiths, A. D.;
Baret, J. C. Angew. Chem., Int. Ed. 2008, 47, 6817.

(15) Theberge, A. B.; Whyte, G.; Frenzel, M.; Fidalgo, L. M.; Wootton,
R. C. R.; Huck, W. T. S. Chem. Commun. 2009, 6225.

(16) Carroll, N. J.; Rathod, S. B.; Derbins, E.; Mendez, S.; Weitz, D. A.;
Petsev, D. N. Langmuir 2008, 24, 658.

(17) Tice, J. D.; Song, H.; Lyon, A. D.; Ismagilov, R. F. Langmuir 2003,
19, 9127.

(18) Tan, W. H.; Takeuchi, S. Proc. Natl. Acad. Sci. U.S.A. 2007, 104,
1146.

(19) Okushima, S.; Nisisako, T.; Torii, T.; Higuchi, T. Langmuir 2004,
20, 9905.

(20) Boukellal, H.; Selimovic, S.; Jia, Y. W.; Cristobal, G.; Fraden, S.
Lab Chip 2009, 9, 331.

(21) Selimovic, S.; Jia, Y. W.; Fraden, S. Cryst. Growth Des. 2009, 9,
1806.

(22) Schmitz, C. H. J.; Rowat, A. C.; Koster, S.; Weitz, D. A. Lab Chip
2009, 9, 44.

(23) Edgar, J. S.; Milne, G.; Zhao, Y. Q.; Pabbati, C. P.; Lim, D. S. W.;
Chiu, D. T. Angew. Chem., Int. Ed. 2009, 48, 2719.

(24) Bringer, M. R.; Gerdts, C. J.; Song, H.; Tice, J. D.; Ismagilov,
R. F. Philos. Trans. R. Soc. London Ser. AsMath. Phys. Eng. Sci. 2004,
362, 1087.

(25) Atencia, J.; Beebe, D. J. Nature 2005, 437, 648.
(26) Foquet, M.; Korlach, J.; Zipfel, W.; Webb, W. W.; Craighead, H. G.

Anal. Chem. 2002, 74, 1415.
(27) Gosch, M.; Blom, H.; Holm, J.; Heino, T.; Rigler, R. Anal. Chem.

2000, 72, 3260.

JP105749T

ν ) ω
τf

(2)

15772 J. Phys. Chem. B, Vol. 114, No. 48, 2010 Srisa-Art et al.

http://pubs.acs.org/action/showLinks?system=10.1021%2Fac900306q&coi=1%3ACAS%3A528%3ADC%252BD1MXntVGjs7k%253D&citationId=p_12_1
http://pubs.acs.org/action/showLinks?pmid=19142923&crossref=10.1002%2Fanie.200805396&coi=1%3ACAS%3A528%3ADC%252BD1MXks1Cktrc%253D&citationId=p_23_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fla030090w&coi=1%3ACAS%3A528%3ADC%252BD3sXmt1ejtLs%253D&citationId=p_17_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac00065a032&coi=1%3ACAS%3A528%3ADyaK3sXkvVGjsbs%253D&citationId=p_7_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac00065a032&coi=1%3ACAS%3A528%3ADyaK3sXkvVGjsbs%253D&citationId=p_7_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.chembiol.2008.08.004&coi=1%3ACAS%3A528%3ADC%252BD1cXhtVejtbjK&citationId=p_13_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr980132z&coi=1%3ACAS%3A528%3ADyaK1MXmtVOgtbg%253D&citationId=p_3_1
http://pubs.acs.org/action/showLinks?pmid=15306486&crossref=10.1098%2Frsta.2003.1364&coi=1%3ACAS%3A528%3ADC%252BD2cXosVWhtrw%253D&citationId=p_24_1
http://pubs.acs.org/action/showLinks?pmid=17227861&crossref=10.1073%2Fpnas.0606625104&coi=1%3ACAS%3A528%3ADC%252BD2sXhtlWms7Y%253D&citationId=p_18_1
http://pubs.acs.org/action/showLinks?pmid=19107293&crossref=10.1039%2Fb808579j&coi=1%3ACAS%3A528%3ADC%252BD1cXhsFakur3M&citationId=p_20_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac8000385&coi=1%3ACAS%3A528%3ADC%252BD1cXjs1Gju7w%253D&citationId=p_8_1
http://pubs.acs.org/action/showLinks?pmid=18646028&crossref=10.1002%2Fanie.200801360&coi=1%3ACAS%3A528%3ADC%252BD1cXhtV2iurvE&citationId=p_14_1
http://pubs.acs.org/action/showLinks?pmid=11225765&crossref=10.1007%2Fs002160051548&coi=1%3ACAS%3A528%3ADC%252BD3cXhvF2mu7Y%253D&citationId=p_4_1
http://pubs.acs.org/action/showLinks?pmid=16193039&crossref=10.1038%2Fnature04163&coi=1%3ACAS%3A528%3ADC%252BD2MXhtVCjsLzN&citationId=p_25_1
http://pubs.acs.org/action/showLinks?pmid=11225765&crossref=10.1007%2Fs002160051548&coi=1%3ACAS%3A528%3ADC%252BD3cXhvF2mu7Y%253D&citationId=p_4_1
http://pubs.acs.org/action/showLinks?pmid=17356761&crossref=10.1039%2Fb618570c&coi=1%3ACAS%3A528%3ADC%252BD2sXislahsLs%253D&citationId=p_10_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fla0480336&coi=1%3ACAS%3A528%3ADC%252BD2cXot1Wmsb8%253D&citationId=p_19_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcg800990k&coi=1%3ACAS%3A528%3ADC%252BD1MXhsFKitrY%253D&citationId=p_21_1
http://pubs.acs.org/action/showLinks?pmid=12596195&crossref=10.1002%2Fanie.200390203&coi=1%3ACAS%3A528%3ADC%252BD3sXhvFWmt7g%253D&citationId=p_9_1
http://pubs.acs.org/action/showLinks?pmid=19826676&crossref=10.1039%2Fb911594c&coi=1%3ACAS%3A528%3ADC%252BD1MXht1GgtL%252FL&citationId=p_15_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac011076w&coi=1%3ACAS%3A528%3ADC%252BD38Xht1ektLc%253D&citationId=p_26_1
http://pubs.acs.org/action/showLinks?pmid=18231657&crossref=10.1039%2Fb715524g&coi=1%3ACAS%3A528%3ADC%252BD1cXhtFahs74%253D&citationId=p_11_1
http://pubs.acs.org/action/showLinks?pmid=16518374&crossref=10.1038%2Fnrd1985&coi=1%3ACAS%3A528%3ADC%252BD28XhvFOlsrw%253D&citationId=p_1_1
http://pubs.acs.org/action/showLinks?pmid=19209334&crossref=10.1039%2FB809670H&coi=1%3ACAS%3A528%3ADC%252BD1cXhsVymu7jN&citationId=p_22_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fla7032516&coi=1%3ACAS%3A528%3ADC%252BD1cXitFegsg%253D%253D&citationId=p_16_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac00047a007&coi=1%3ACAS%3A528%3ADyaK38Xms1eqsLk%253D&citationId=p_6_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac991448p&citationId=p_27_1

