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ABSTRACT: A fully autonomous method of creating highly
monodispersed emulsion droplets with a low sample dead
volume was realized using a degassed poly(dimethylsiloxane)
(PDMS) microfluidic chip possessing a simple T-junction
channel geometry with two inlet reservoirs for oil and water to
be loaded and one outlet reservoir for the collection of
generated droplets. Autonomous transport of oil and water
phases in the channel was executed by permeation of air
confined inside the outlet reservoir into the degassed PDMS.
The only operation required for droplet creation was simple
pipetting of oil and aqueous solutions into the inlet reservoirs.
Long-lasting fluid transport in the current system enabled us to
create ca. 51,000 monodispersed droplets (with a coefficient of
variation of <3% for the droplet diameter) in 80 min with a maximum droplet generation rate of ca. 12 Hz using a PDMS chip
that had been degassed overnight. With multiple time-course measurements, the reproducibility in the current method of droplet
preparation was confirmed, with tunable droplet sizes achieved simply by changing the cross-sectional dimensions of the
microchannel. Furthermore, it was verified that the resultant droplets could serve as microreactors for digital polymerase chain
reactions. This hands-free technique for preparing monodispersed droplets in a very facile and inexpensive fashion is intended
for, but not limited to, bioanalytical applications and is also applicable to material syntheses.

A digital polymerase chain reaction (PCR)1 using aqueous
droplets in oil as microreaction vessels for individual DNA

molecules is known as droplet digital PCR (ddPCR) and is an
emerging trend in nucleic acids testing. Unlike conventional
real-time PCR,2 ddPCR allows absolute quantification of target
alleles without employing standard quantification curves. To
carry out the ddPCR, target DNA, a fluorescently labeled
probe, and ingredients for PCR amplification are partitioned
into a large number of droplets, each of which ideally contains
one or less copies of the targeted template DNA. Following
highly parallel PCR amplifications of the single DNA molecules
encapsulated in the droplets, discrete counting of both
fluorescing and nonfluorescing droplets (i.e., yes or no
discrimination) is conducted, allowing the absolute quantifica-
tion of target molecules present in the initial test sample. The
outstanding performance of the ddPCR has been demonstrated
for an array of genetic tests such as discriminative detection of
rare mutations,3 investigation of low-abundance viral genetic
materials,4 nucleotide polymorphism analysis,5 DNA copy
number variation analysis,6 and quantification of gene
expression in clinical samples.7

Microfluidic droplet generators have been used in ddPCR
platforms because they allow the creation and precise
manipulation of highly monodisperse droplets. However, the

majority of such droplet generators previously reported have
been connected to external pumping devices, such as syringe
pumps for fluid transport, which are often bulky and expensive.
Furthermore, connecting many tubes to a microfluidic droplet
generator is cumbersome and inevitably causes large dead
volumes. In practice, the leftover aqueous sample volume in
connecting tubes can be larger than the volume of aqueous
solution converted into droplets in the oil phase. Removal of
these drawbacks from the current droplet generators would not
only make ddPCR technology more accessible to its potential
users but also stimulate further development of other droplet-
based chemical and biological studies such as BEAMing,8

single-cell analysis,9 single DNA molecule isothermal amplifi-
cation analysis,10 and the directed evolution of enzyme
function.11

Here, we report a new technique for droplet-based
bioanalytical applications that allows hands-free preparation of
monodispersed water-in-oil microdroplets with a low sample
dead volume using a poly(dimethylsiloxane) (PDMS) micro-
fluidic chip. The microfluidic chip has a simple structure
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consisting of a PDMS sheet and glass plate. Without
mechanical connections to an exterior apparatus, it requires
only pipetting for operation. The transport of liquids in
microchannels by an autonomous fluid-pumping method was
exploited for PDMS microfluidic devices by another group a
decade ago.12 The principle of the fluid pumping method takes
advantage of the high gas solubility of PDMS. In brief, air
dissolved in a PDMS microfluidic chip can be evacuated in a
vacuum environment. When the degassed PDMS chip is
returned to atmospheric pressure, air automatically starts to
dissolve into the chip. If the inlet reservoir of the chip is filled
with a liquid and the opening of the outlet reservoir is sealed
with a lid, the absorption of air entrapped inside the channel
and the outlet reservoir transports the liquid toward the outlet
until the air dissolution equilibrium is reached because negative
pressure is created in the closed microspaces. (See Supporting
Information Figure S1 and the relevant description in
Supporting Information Section 1 for a more detailed
explanation of the pumping mechanism.)

■ EXPERIMENTAL SECTION

Reagents, Materials, and Apparatus. Mineral oil, Span
80, and Tween 80 were purchased from Sigma-Aldrich Japan
(Tokyo, Japan). Triton X-100 was purchased from Nacalai
Tesque (Kyoto, Japan). ABIL EM 90 was courteously provided
by Evonik Japan (Tokyo, Japan). Bovine serum albumin (BSA)
and 0.18% (w/v) indigo carmine solution were purchased from
Wako Pure Chemical Industries (Osaka, Japan). The Cycleave

PCR Core Kit was obtained from Takara Bio (Shiga, Japan).
Detergent-free standard Taq reaction buffer was purchased
from New England Biolabs Japan (Tokyo, Japan). All
oligonucleotides used for the cycleave PCR were synthesized
by Integrated DNA Technologies (Coralville, IA, USA). An oil-
sealed rotary vacuum pump (TA150XA; Tasco Japan, Osaka,
Japan) was used to degas the PDMS chip within a desiccator.
An upright microscope (Keyence, Osaka, Japan) equipped with
a high-speed CCD camera (HAS-L1; DITECT, Tokyo, Japan)
was used for real-time monitoring of the droplet generation. An
inverted microscope (Olympus, Tokyo, Japan) equipped with
an EMCCD camera (iXonEM+; Andor, Belfast, Northern
Ireland) was employed for fluorescence imaging of thermally
cycled droplets and for capturing bright-field images of
microstructures within PDMS devices. Supporting Information
Movies S1 (ac503169h_si_002.avi), S2 (ac503169h_si_003.a-
vi), and S3 (ac503169h_si_004.avi) were recorded by a digital
video camera (NEX-VG30; Sony, Tokyo, Japan).

PDMS Microfluidic Devices. Custom-ordered PDMS
microfluidic devices fabricated using standard soft lithography
were obtained from Fluidware Technologies (Saitama, Japan).
In the present study the most frequently used structure consists
of 50-μm deep channels with a T-junction (Figure 1a),
fabricated from PDMS, and irreversibly bonded to a 76 × 52
× 1.2 mm glass slide. The T-junction geometry, which is the
most commonly used configuration for microfluidic droplet
creation, consists of a continuous phase (mineral oil) channel
and a disperse phase (aqueous solution) channel connected
perpendicularly. The width of the channels in the current

Figure 1. PDMS microfluidic chip for hands-off creation of monodispersed microdroplets. (a) Typographical drawings of an entire PDMS/glass
assembly possessing four identical channel configurations (left) and an enlarged view of a single configuration (right). The channel is 50 μm deep,
while the PDMS sheet is 4 mm high. The diameters of the reservoirs R1, R2, and R3 are 6, 4, and 8 mm, respectively. (b) Photographic images. R1,
oil reservoir; R2, aqueous solution reservoir; R3, droplet collection reservoir. The region between the T-junction and R3 is expanded and shown in
the inset of the lower photograph. (c) Microscopic images. Upper images show plug flow generation of aqueous solution at the T-junction, followed
by droplet formation at the expanded channel area. Scale bars, 1 mm for the two leftmost images and 250 μm for the three rightmost images. Lower
images show generated microdroplets in the collection reservoir (R3).
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device expands from 50 μm at the T-junction to 250 μm at
upstream and downstream points on the flow path. The
channels terminate at their respective reservoirs (R1, R2, and
R3 in Figure 1a and b). The capacities of R1, R2, and R3 are
113, 50, and 201 μL, respectively.
Microfluidic Droplet Preparation Procedures. The

opening of the outlet reservoir (R3), which served as a droplet
collection reservoir, was reversibly sealed with a 24 × 60 mm
microscope cover glass (thickness 0.12−0.17 mm). The device
was placed in a vacuum desiccator, and degassed at ca. 300 Pa
for 1.5 h. After the device was returned to an atmospheric
pressure environment, 60 μL of mineral oil containing 2% (v/
v) ABIL EM 90 and 0.05% (v/v) Triton X-100 was dispensed
into inlet reservoir R1 and 20 μL of an aqueous mixture for
cycleave PCR13 into inlet reservoir R2, eventually resulting in
automatic formation of water-in-oil droplets.
Preparation of Template DNA for Cycleave PCR. PCR

amplifications were carried out to generate 290-bp amplicons
using 50 μL of 1× GoTaq reaction buffer (pH 8.5, 1.5 mM
MgCl2; Promega, Tokyo, Japan), 300 μM dNTPs, 0.5 μM
forward and reverse primers, and 100 ng of genomic DNA
extracted from a cultured human cell line of known K-ras
mutation associated with the onset of colorectal cancer (SW620
for mutant G12V and HT29 for wild-type G12; ATCC,
Manassas, VA, USA). The nomenclature of the given mutation
(G12V) denotes a DNA base substitution (G → T) within
codon 12 (wild-type: GGT) of the K-ras gene, which alters the
amino acid at this position from glycine (G) to valine (V). The
gene-specific PCR primers were obtained from Integrated DNA
Technologies and their sequences are as follows: forward
primer, 5′-TTAAAAGGTACTGGTGGAGTATTTGATA-3′;
reverse primer, 5′-AAAATGGTCAGAGAAACCTT-
TATCTGT-3′. After a 2 min initial denaturation at 94 °C,
1.25 U of GoTaq DNA polymerase (Promega) was added
under hot-start conditions and amplification was achieved by
thermal cycling for 35 cycles at 94 °C for 15 s, 60 °C for 30 s,
72 °C for 18 s, and a final extension at 72 °C for 1 min, using a
commercial thermal cycler (Life Technologies Japan, Tokyo,
Japan). PCR products were purified using a commercial PCR
product purification kit (Roche Diagnostics Japan, Tokyo,
Japan), and then quantified by agarose gel electrophoresis
analysis and stored at −20 °C until required for cycleave PCR.
The sequences of the PCR amplicons adjacent to the target
allele were confirmed by an offsite DNA sequencing service
(Sigma-Aldrich Japan, Tokyo, Japan).
Droplet Cycleave PCR. The aforementioned PCR

amplicons were used as template DNA for the cycleave PCR
through addition of an appropriate amount (ca. 6,200 copies)
to a 25-μL solution containing 1× detergent-free standard Taq
reaction buffer, 0.5 g/L BSA, 5 mM magnesium ion, 300 μM
dNTPs, 0.2 μM forward and reverse primers, 0.2 μM DNA/
RNA/DNA chimeric cycling probe, 100 U Tli RNase H II, and
1.25 U TaKaRa Ex Taq HS. See Table 1 for the sequences of
the cycleave PCR primer set, which amplify nested sequence

(188 bp) within the sequence of the preamplified duplex (290
bp), and the chimeric cycling probe that are labeled with
IAbRQ and Cy5 at the 5′ and 3′ ends, respectively.
A 20-μL aliquot from the 25-μL reaction mixture was

injected into the inlet reservoir of the PDMS microfluidic chip
for creation of ca. 50,000 droplets, leading to a ratio in the
number of template molecules to droplets of 1:10. The droplets
created were transferred into a conventional PCR tube for the
reaction. After an initial 10-s denaturation step at 95 °C, the
reaction was thermally cycled 35 times for 5 s at 95 °C,10 s at
66 °C, and 20 s at 72 °C using a commercial thermal cycler.
The reaction was then terminated by rapid cooling to 4 °C.
When the template molecule (290 bp) is present in a droplet,

PCR-amplified copies of the nested sequence (188 bp) are
obtained. The dual-labeled DNA/RNA/DNA chimeric cycling
probe generates a hybrid with the sequence within the
amplicon. If the RNA base in the probe and the coinciding
DNA base in the amplicon sequence are perfectly matched,
which is not the case with the wild-type allele but the case with
the mutated allele of G12V, RNase H digests the probe at the
RNA-DNA heteroduplex into two pieces, leading to an increase
in fluorescence intensity by separation of the fluorescent dye
(Cy5) from the quencher (IAbRQ) (see Supporting
Information Scheme S1 for a schematic explanation of the
cycleave mechanism).

■ RESULTS AND DISCUSSION

Observation of Automatic Droplet Creation Process.
After dispensing the surfactant-containing oil and the aqueous
cocktail for cycleave PCR into the inlet reservoirs of R1 and R2
(see Figure 1a or b), respectively, continuous pumping of the
reagents was initiated as follows: The oil, as a continuous phase,
instantly filled the channels between R1 and R3, and then
flowed from the junction toward R2, likely because of the
hydrophobic nature of the PDMS channel. Shortly after, the
aqueous solution, as a disperse phase, began to move toward
the junction as air entrapped between the oil and the aqueous
phases was absorbed into the PDMS. Eventually, an oil/water
boundary was formed in the channel between the junction and
R2. The boundary reached the junction approximately 2.5 min
after dispensing the aqueous solution and the oil flow began to
shear the aqueous phase into water plugs, followed by
formation of ordered droplets at the expanded channel region
(see Figure 1c and Supporting Information Movie S1
(ac503169h_si_002.avi). Droplet creation immediately after
the two flows encounter one another is one of the attractive
points of the present technique over conventional methods
using exterior pumps. This is because the system response time
(i.e., the time required for stabilization of droplet formation) in
the latter systems is quite long (e.g., several minutes),14 thereby
wasting precious samples and interfering with the automation
of droplet microfluidics in practical applications.

Time-Course Measurements of Droplet Formation.
The aqueous plugs and droplets flowing in the channel were

Table 1. Oligonucleotide Sequences Used for Cycleave PCR

oligos usage sequences (5′→3′) size (mer)

Nested forward PCR amplification AACCTTATGTGTGACATGTTCT 22
Nested reverse PCR amplification CAAGATTTACCTCTATTGTTGGA 23
Chimeric cycling probe Fluorescence probe aIAbRQ-CCTACGCCArACAGC-Cy5b 14

aIAbRQ, Iowa Black RQ as a quencher molecule (λabs,max = 656 nm). bCy5, λex = 648 nm, λem = 668 nm. The boldface letter in the chimeric probe
sequence represents a single RNA nucleotide that coincides with the target DNA nucleotide within the amplified sequence (188 bp).
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visualized every 2 min by an upright microscope equipped with
a high-speed CCD camera to investigate droplet generation
rates using the PDMS device degassed in advance for 1 h, 1.5 h,
and overnight. Figure 2 shows the results of the time-course

measurements of the generation rates. The moment at which
droplet generation was initiated was set as time zero. For all
three degassing periods, the rate gradually increased in the first
30−40 min, and thereafter decreased slowly (see the red curves
in Figure 2). As mentioned above, the oil phase containing the
surfactants immediately filled almost the entire flow path after
loading into the inlet reservoir. On the other hand, the aqueous
phase was initially slow to enter the channel because of its
hydrophilic nature. However, once in the channel, the aqueous
phase was driven toward the junction with an increasing flow
rate. In view of these observations, we suggest that the
wettability of the channel surface is gradually altered from oil-
wet to relatively water-wet during the early stages of a run,

mainly owing to the presence of surfactants. The gradual
change in surface polarity may also enhance transport of the
water phase, leading to an increased rate in droplet formation.
Thus, we thoroughly rinsed the channel with ultrasonication
between runs in an effort to restore the surface to its original
state for the next run. Droplet generation continued until 20 μL
of the aqueous phase was emptied from the inlet reservoir
(R2). However, the time required to empty the reservoir
differed depending on the preliminary degassing period because
this parameter affects the generation rate. For instance, droplet
creation was completed in ca. 160−180 min with a maximum
rate of ca. 7 Hz when the device was degassed for 1 h, whereas
this took ca. 90−110 min with a maximum rate of ca. 10 Hz
when the device was degassed for 1.5 h. The total droplet
number created, which is calculated by integrating the
generation rate over time, shows that the device can
autonomously create approximately 32,000 and 45,000 droplets
in 80 min if the device is degassed for 1 and 1.5 h, respectively
(see the blue curves in Figure 2a and b). Further extension of
the degassing period (i.e., overnight) only slightly increased the
rate (ca. 51,000 droplets in 80 min with a maximum rate of 11−
12 Hz; Figure 2c). Several review articles have summarized the
droplet generation rates reported in other publications, which
span quite a wide range from 2 Hz to 30 kHz depending on the
experimental conditions.15,16 Compared with the upper limit of
reported values, the generation rates achieved in this study
appear moderate.
We increased the capacity of the outlet reservoir based on the

idea that a larger amount of entrapped air may draw the liquid
toward the outlet more vigorously, thereby increasing the
generation rate. Specifically, the capacity of the reservoir was
roughly doubled (392 μL) by punching out twin holes in the
PDMS sheet (see Figure 3a). We performed time-course
measurements similar to those in Figure 2 using the new design
with a degassing time of 1.5 h (Figure 3b). After the rate
reached a maximum value, it remained constant for a longer
period than with the original design, which is a direct result of
the increased capacity of the reservoir (compare Figure 3b with
Figure 2b). In contrast to our expectation, however, the rate
obtained with the new device (maximum rate of ca. 9 Hz) was
comparable or even slightly lower than that obtained with the
original design (maximum rate of ca. 10 Hz). This is likely
because the ratio of the PDMS surface area of the outlet
reservoir to the reservoir capacity, which may determine the
rate of air permeation into the PDMS, is slightly lower for the
doublet-hole reservoirs (4.3 cm−1) than for the single-hole
reservoir of the original design (5.0 cm−1).
All time-course experiments were performed using the

PDMS devices degassed at ca. 300 Pa, which was the best
degree of vacuum attainable using our vacuum system. When
the PDMS device of the original design was degassed for 1.5 h
at a degree of vacuum an order of magnitude poorer (ca. 3,000
Pa), the resultant droplet generation rate was lower, as shown
in Supporting Information Figure S2 (compare with Figure 2b).
In view of the empirical data, it is speculated that the generation
rate could be further improved if vacuum pressures significantly
lower than 300 Pa are realized, although specialized vacuum
equipment, such as a high-power vacuum pump and a highly
gastight chamber, is required to attain such a high vacuum
environment for the PDMS device (note that the tolerable
degree of decompression for an ordinary laboratory desiccator
is 1 Torr (corresponding to ca. 133 Pa)). Despite the moderate
rates for droplet creation, our method possesses several

Figure 2. Time-course changes in droplet generation rate with total
droplet number. Degassing times for the PDMS microfluidic chip were
1 h for (a), 1.5 h for (b), and overnight for (c). The red solid line
indicates the mean value of the droplet generation rate. The blue solid
line indicates the mean value of the total droplet number generated
and is calculated by integrating the generation rate with respect to
time. The corresponding colored regions represent s.e.m. values. The
number of measurements, (a) n = 5, (b) n = 7, and (c) n = 5.
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advantages over conventional microdroplet preparations using
microfluidic devices; droplet creation is cost-effective because of
the mechanical pump-free fluid transport and there is a very low
sample dead volume (usually less than 1 μL).
To evaluate the reproducibility of the automatic droplet

preparation technique, we repeated the above time-course
measurements several times. Standard errors in the droplet
generation rate and total droplet number, which are indicated
by the red and blue shaded regions, respectively, in Figures 2
and 3b, and Supporting Information Figure S2, were sufficiently
small throughout droplet generation. For example, the standard
error of the mean (s.e.m.) of the rate at an elapsed time of 30
min was <3% with a degassing time of 1 h for the PDMS
microfluidic chip (Figure 2a). Similarly, adequately small s.e.m.
values for the rate (<2% and 3% at 30 min) were obtained
when the chip was degassed for 1.5 h and overnight (Figure 2b
and c, respectively).
To roughly estimate the diameters of the droplets created in

the above time-course measurements, snapshots of the
continuous plug flow/droplet flow area were recorded at 10
min intervals (Supporting Information Figure S3) and
dimensions of the water plugs in the squeezed channel region
were measured for estimation of the droplet volumes.
Regardless of the increasing generation rate in the first tens
of minutes (see Figure 2), the diameters of droplets generated
with the PDMS device (original design) degassed for 1 h, 1.5 h,
and overnight at 300 Pa were consistent with average values in
the range of 82 to 86 μm (ca. 310 pL), 91 to 95 μm (ca. 420
pL), and 95 to 98 μm (ca. 470 pL), respectively. Moreover, the

polydispersity (as indicated by the coefficient of variation (CV)
for the diameter) was less than 3% for each time-course run
(Table 2). We also confirmed the size consistency between
runs at each elapsed time interval. Furthermore, we calculated
the overall variations for the diameters of all droplets measured
at the fixed intervals (every 10 min) throughout all repeated
runs for each degassing time. The obtained CVs were 3.0% (n =
450; i.e., 90 droplets/run ×5 runs), 2.8% (n = 630; i.e., 90
droplets/run ×7 runs), and 3.1% (n = 450; i.e., 90 droplets/run
×5 runs) for degassing times of 1 h, 1.5 h, and overnight,
respectively (see the caption in Table 2 for detailed procedures
on the acquisition of droplet samples). An advantage of
preparing microdroplets using a microfluidics platform is the
realization of high monodispersity. The reported polydisper-
sities for droplets prepared by such platforms are as low as 1−
3%.17 A comparable variation in polydispersity has been
obtained in this study. Thus, the capacity of the current device
to create tens of thousands of monodisperse droplets with high
reproducibility and size purity has been verified.

Flexibility of the Current Technique. We examined
whether the droplet size can be tuned by changing the cross-
sectional channel dimensions. Specifically, we designed four
different droplet generators that all have common channel
lengths and reservoir capacities but differ in channel width at
the vicinity of the T-junction and in the depth of the flow path.
Similar to the experiments described in the previous section, we
performed repeated time-course measurements using these
generators. Figure 4 shows microscopic images of droplets
generated from devices of different cross-sectional channel
dimensions at the junctions (i.e., (a) 15 × 15, (b) 30 × 30, (c)
50 × 50 (standard), (d) 75 × 75, and (e) 100 × 100 μm). The
approximate droplet diameters (mean ± s.e.m.) created by each
device were estimated at (a) 25 ± 0.03 (n = 1,480), (b) 55 ±
0.07 (n = 1,100), (c) 96 ± 0.14 (n = 450), (d) 114 ± 0.31 (n =
450), and (e) 150 ± 0.51 μm (n = 400). Thus, the capacity of
the current method for tuning droplet size was confirmed.
Figure 5 shows time-course changes in the droplet

generation rates for the devices described above with different
cross-sectional channel dimensions (i.e., devices (a)−(e)). See
also Supporting Information Figure S4 for the total droplet
numbers created during the runs. When the devices with larger
channel dimensions (i.e., devices (d) and (e)) than the
standard dimensions (i.e., device (c)) were used, the rate
reached a maximum value within a few minutes, and then
decreased relatively quickly (Figure 5d and e). It is conceivable
that owing to the larger cross-sectional areas (i.e., smaller flow
resistances), greater amounts of liquid (both oil and water
phases) flow in the outlet reservoir and wet the PDMS surfaces
in the early stages of each run, which should reduce the
permeation rate of air into the PDMS. When the devices with
channel dimensions smaller than the standard dimensions (i.e.,
devices (a) and (b)) were used, the rates increased relatively
slowly and no clear maximum value was reached, most likely
because of slow wetting of the PDMS surfaces of the outlet
reservoirs (Figure 5a and b). When the device with the smallest
channel dimensions (i.e., device (a)) was employed, the change
in rate was less reproducible in the repeated runs than those
obtained with the devices with larger channel dimensions
(Figure 5a). During the runs, we observed that the channel in
the vicinity of the T-junction whitened with time through the
formation of precipitates (see Supporting Information Figure
S5). This precipitation is probably due to the relatively high
surface-area-to-volume ratio of the channel at the junction

Figure 3. Time-course measurements of droplet generation with a
PDMS device with a higher-capacity outlet reservoir. (a) Config-
uration of the channels and reservoirs in the PDMS device used. (b)
Time-course changes in droplet generation rate and total droplet
number. The oil and aqueous phases were the same as those used in
Figure 2. The PDMS device was degassed for 1.5 h prior to loading of
the reagents. The red solid line represents the mean value of the
droplet generation rate. The blue solid line represents the mean value
of the total droplet number generated and is calculated by integrating
the generation rate with respect to time. The corresponding colored
regions represent the s.e.m. values. The number of runs, n = 5.
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(26.7 cm−1) and is likely to be the main factor that causes the
lower reproducibility of the rate change. Despite the poorer
reproducibility of the rate change using this particular device,
the polydispersity of the droplet sizes generated was adequately
low (4.8% (n = 1,480)). The time required for evacuating the
inlet reservoir (R2) of the aqueous solution varied significantly
depending on the channel dimensions. For example, evacuation
took over 6 h for the device with the 15 × 15-μm channel (i.e.,
device (a)), compared with 70−90 min for that with the 100 ×
100-μm channel (i.e., device (e)). Nevertheless, all dead
volumes observed during these experiments were minute
amounts of aqueous solution (submicroliter range) that had
become stuck to the bottom edge of the inlet reservoir (R2),
and the amounts of leftover solution were independent of the
cross-sectional channel dimensions.
Next, we replaced the water/oil system used in the current

study (i.e., cycleave reaction solution for the water phase and
mineral oil containing 2% (v/v) ABIL EM 90 and 0.05% (v/v)
Triton X-100 for the oil phase (viscosity of 26 mPa·s at 25 °C))
to examine the compatibility of other water/oil combinations
with our system. Specifically, we employed blue food dye
solution (0.18% (w/v) indigo carmine solution) as the water
phase for clarity of visualization. Mineral oil containing 4.5%
(v/v) Span 80, 0.4% (v/v) Tween 80, and 0.05% (v/v) Triton
X-100 has been previously used for droplet studies by other
groups and was employed here as the oil phase (viscosity of 24
mPa·s at 25 °C).8,18 As shown in Supporting Information
Movie S2 (ac503169h_si_003.avi), water-in-oil droplets were
also successfully generated for this water/oil system. Unlike an

aqueous phase, the viscosity of an oil phase can be controlled
by changing the type of oil and the concentrations of
surfactants. This property may be exploited for successful
droplet generation and similar oil phase viscosities to those in
the present study may be used to create droplets. In cases
where the viscosity of the oil phase differs from those used in
the present study, droplet creation would still be possible by
tuning channel dimensions and the configuration accordingly.
We also validated that a cross-junction channel arrangement

(so-called “flow-focusing” configuration),19 which has been
frequently used for microfluidic droplet preparations along with
the T-junction configuration, was amenable to the creation of
emulsion droplets with automatic fluid control, although at a
reduced rate (∼1 Hz) (see Figure 6 and Supporting
Information Movie S3 (ac503169h_si_004.avi)).

PCR Amplification from a Single DNA Molecule.
Subnanoliter reaction volumes, such as those of emulsion
droplets, facilitate PCR amplification even from a single DNA
molecule.15 However, extremely high surface-area-to-volume
ratios must be considered when biochemical reactions,
especially enzyme-mediated reactions, are carried out in
emulsion droplets. For example, it is speculated that DNA
polymerase molecules are trapped and denatured in the oil/
water interface of droplets.18 We have therefore examined
whether PCR amplification could be accomplished from single
template molecules using our aqueous droplets separated by
the oil phase containing surfactants (i.e., 2% (v/v) ABIL EM 90
and 0.05% (v/v) Triton X-100). The ddPCR relies on the

Table 2. Variations of Droplet Diameter, in Microns, in Time Course of Each Run and at Each Elapsed Time Interval of
Different Runs Using the PDMS Microfluidic Chip Degassed for 1 h, 1.5 h, and Overnight

1-h degassing 1.5-h degassing

variations in time course of single runs
run-to-run variations at each elapsed

time variations in time course of single runs
run-to-run variations at each elapsed

time

run
mean ± s.e.m.a

(n = 90)
CVa (%)
(n = 90) time

mean ± s.e.m.b

(n = 50)
CVb (%)
(n = 50) run

mean ± s.e.m.a

(n = 90)
CVa (%)
(n = 90) time

mean ± s.e.m.b

(n = 70)
CVb (%)
(n = 70)

#1 82 ± 0.21 2.4 0 82 ± 0.37 3.2 #1 95 ± 0.26 2.6 0 89 ± 0.25 2.3
#2 84 ± 0.15 1.6 10 83 ± 0.32 2.7 #2 93 ± 0.30 3.0 10 92 ± 0.19 1.7
#3 84 ± 0.16 1.8 20 85 ± 0.28 2.3 #3 93 ± 0.27 2.8 20 94 ± 0.18 1.7
#4 86 ± 0.25 2.7 30 85 ± 0.32 2.7 #4 91 ± 0.24 2.5 30 94 ± 0.19 1.7
#5 86 ± 0.21 2.4 40 86 ± 0.32 2.6 #5 92 ± 0.25 2.6 40 95 ± 0.20 1.7

50 85 ± 0.35 2.9 #6 92 ± 0.17 1.7 50 94 ± 0.20 1.7
60 85 ± 0.34 2.8 #7 93 ± 0.22 2.3 60 93 ± 0.24 2.2
70 84 ± 0.37 3.1 70 92 ± 0.23 2.1
80 84 ± 0.33 2.7 80 91 ± 0.26 2.4

overnight degassing

variations in time course of single runs run-to-run variations at each elapsed time

run mean ± s.e.m.a (n = 90) CVa (%) (n = 90) time mean ± s.e.m.b (n = 50) CVb (%) (n = 50)

#1 95 ± 0.26 2.6 0 90 ± 0.26 2.0
#2 98 ± 0.32 3.1 10 95 ± 0.22 1.6
#3 95 ± 0.26 2.6 20 97 ± 0.30 2.2
#4 96 ± 0.31 3.0 30 98 ± 0.27 1.9
#5 95 ± 0.27 2.7 40 98 ± 0.30 2.1

50 98 ± 0.25 1.8
60 96 ± 0.24 1.8
70 96 ± 0.28 2.0
80 94 ± 0.27 2.1

aSnapshots at 10 min intervals, each with less than 2 s exposure time, were recorded (cf. Supporting Information Figure S3). Ten droplets were
randomly selected in each snapshot, and a total of 90 droplets (i.e., 10 droplets in each snapshot ×9 different elapsed times from 0 to 80 at 10 min
intervals) were used to estimate the mean, s.e.m., and CV of the diameter of droplets generated in each time-course measurement. bThe diameters of
the individual droplets at the selected elapsed times between different runs were used to estimate run-to-run variations in droplet diameter.
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Poisson distribution of template DNA molecules in droplets
(eq 1).3,10

λ=
!

λ−
p

e
kk

k

(1)

The probability, pk, of encapsulating k DNA molecules in one
droplet depends on the average number of DNA molecules per
droplet (λ). We prepared droplets containing all components
required for the cycleave PCR (see Experimental Section). For
the sample preparation, a ratio in number of mutant G12V
DNA molecules to droplets was adjusted to 1:10 (i.e., λ = 0.1).
With this particular λ value, a large majority of droplets (90.5%)
contained no DNA molecule, while a small portion of droplets
(9.0%) possessed a single DNA molecule. The relative
abundance of droplets that contained two molecules and over
was quite small (<0.5%), and hence, fluorescent droplet counts
represent the number of successful amplifications very likely
from single DNA molecules. The droplets were thermally
cycled in a PCR tube to amplify the target sequence and
simultaneously cleave the probe molecules for fluorescence
detection. After the completion of thermal cycling, the droplets
were transferred onto a microscope slide and their images were
acquired by an inverted fluorescence microscope equipped with

Figure 4. Dependence of channel cross-sectional size on droplet size.
The channel cross-sectional dimensions at the vicinity of the T-
junction are (a) 15 × 15, (b) 30 × 30, (c) 50 × 50, (d) 75 × 75, and
(e) 100 × 100 μm, respectively. The same oil and aqueous phases as
those used in the time-course measurements (Figures 2 and 3b) were
employed. The PDMS devices were degassed overnight prior to
loading of the reagents. Scale bar, 250 μm.

Figure 5. Dependence of channel cross-sectional size on droplet
generation rate. The cross-sectional dimensions of the channel in the
vicinity of the T-junction and the other experimental conditions are
described in the caption of Figure 4. Part c is a duplicate of Figure 2c
(red band).
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an electron multiplier CCD camera. Figure 7 shows an image
set under (a) bright-field, (b) fluorescence, and (c) their

overlay for thermocycled droplets. Only three out of the 20
droplets present in the imaged field exhibited fluorescence
signals, and those signals are attributed to the presence of PCR
amplicons derived from single template molecules in view of
the statistical inference mentioned above. Thus, it was validated
that single-molecule PCR in droplets prepared with the given
chemical compositions could succeed without interference from
the oil/water interface of the emulsion droplets.
It appears that the polydispersity of the droplets in the

imaged field are not comparable to those obtained in the time-
course experiments (i.e., less than 3%). However, we confirmed
that droplets accumulated in the outlet reservoir maintained
good monodispersity (Supporting Information Figure S6).
Specifically, the calculated polydispersity for measurable
droplets (n = 42) in Figure S6(c) that were closely crowded
together was as low as 4.0%, despite the indistinct and slightly
squeezed profiles of the droplets likely providing an over-
estimated size variation. Therefore, the deterioration of size
uniformity is likely because of subtle fission and/or fusion of
droplets during postdroplet creation processes such as picking
generated droplets out of the reservoir using a micropipette,

thermal cycling for cycleave PCR, and the transfer of thermally
cycled droplets from a reaction tube onto a glass slide. We
expect that this issue would eventually be resolved by
improving the thermodynamic stability of droplets with the
use of different oils and/or surfactants.
Statistical analysis of large populations of droplets resulting

from emulsion PCR with stochastically diluted levels of starting
DNA templates was performed to further evaluate the
feasibility of our assay system for ddPCR. For each run, over
a thousand droplets were randomly selected after the
amplification and their fluorescence intensities measured for
statistical analysis. The droplets derived from emulsion PCR
without a DNA template was set as a blank control and a
histogram representing the fluorescence intensity distribution
of the analyzed droplets was plotted (Figure 8a). While a large
fraction of fluorescent-negative droplets was observed (Figure
8a left band), a small percentage (2.1%) of fluorescent-positive
droplets was also detected in the fluorescence intensity range of
320 to 510. The unexpected emergence of fluorescent droplets
may be attributed to the infrequent formation of primer dimers,
as pointed out in a previous ddPCR study.20 It should be noted
that the PCR primers are more likely to form cross dimers in
the absence of template DNA than in the presence of template
DNA strands, as they lack the complementary sequences for
annealing. In fact, fluorescence-positive droplets were not
detected within the range at all when emulsion PCR was
performed using a sufficiently large copy number of wild-type
templates in each droplet (100 copies/droplet on average; i.e., λ
= 100 in eq 1) (Figure 8b; negative control). When
stochastically diluted mutant templates were used at 0.1
copies/droplet (λ = 0.1) and 0.2 copies/droplet (λ = 0.2) as
positive controls, the fractions of the resultant fluorescent-
positive droplets were 10.0% and 19.3%, respectively, as shown
in Figure 8c and d.
As predicted by Poisson statistics, the majority of the droplet

populations (90.5% and 81.9%) contained no template
molecule at the selected λ values of 0.1 and 0.2, respectively,
and are similar to the situation of the blank control. Therefore,
the fractions of fluorescent-positive droplets counted could
include the ones attributed to the accidental formation of
primer dimers (∼2%). If the nonspecific fraction value of 2% is
subtracted from the acquired ones (i.e., 10.0% and 19.3%), the
effective fractions are 8.0% and 17.3%, which agree closely with
the theoretically predicted Poisson distributions for the
particular λ values used (i.e., 9.5% at λ = 0.1 and 18.1% at λ
= 0.2). The agreement between observed and Poisson
predicted in-droplet amplification for the total starting copy
concentration at different dilutions demonstrates the suitability
of the current analytical system for ddPCR.

■ CONCLUSION
Creation of highly monodispersed droplets with a low sample
dead volume was achieved with a fully autonomous device
using a preliminarily degassed PDMS microfluidic chip with a
simple T-junction channel architecture, two inlet reservoirs for
oil and water to be loaded, and one outlet reservoir for droplet
collection. The only operation required for droplet creation was
simple pipetting of oil and aqueous solutions into the inlet
reservoirs of the degassed PDMS device. The capacity of the
chip device to create ca. 51,000 droplets with a reduced
polydispersity of less than 3% in 80 min (maximum generation
rate of ca. 12 Hz) was demonstrated successfully. With
repetitive time-course measurements, the current method of

Figure 6. Schematic diagram of the flow-focusing channel config-
uration with microscopic snapshots at the vicinity of the cross-
junction. The same oil phase used in Figures 2−5 was deployed, while
blue food dye solution was employed as an aqueous phase. After
degassing the PDMS device overnight, the oil phase was dispensed
into the reservoir R1, with the aqueous phase into R2. See also
Supporting Information Movie S3 (ac503169h_si_004.avi).

Figure 7. Microscopic images of the thermocycled droplets: (a)
bright-field image, (b) fluorescence image, (c) overlay of the bright-
field and fluorescence images. The arrows in (b) indicate fluorescence
signatures. Scale bar, 50 μm.
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droplet preparation was confirmed to be very reproducible, and
the droplet size was tunable by simply altering the cross-
sectional dimensions of the channels. It was verified that the
resultant droplets could serve as microreactors for the ddPCR.
The throughput for droplet creation could also be improved by
parallel operation of highly multiplexed channels. The very
facile, flexible, and inexpensive nature of our technique would
remove barriers to entry into many attractive droplet-based
applications. The use of our method is intended for, but not

limited to, bioanalytical applications and is also applicable to
material syntheses such as functional polymer particle syn-
thesis21 and photonic crystal synthesis.22
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