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1. Introduction

Microdroplets, in which aqueous samples are encapsulated in an immiscible phase (e.g., oil),
can serve as microreactors and as vehicles for high-throughput chemical and biological
studies. The oil phase separating the small (femto - nanoliter) aqueous volumes serves to
eliminate dispersion, sample loss, dilution and cross-contamination. Droplet-based
microfluidics also offers great promise for quantitative analysis because monodisperse
microdroplets can be generated with controllable sizes and detected at well defined time
points. Such platforms have been successfully applied in a number of biological research
areas, for example, encapsulating and sorting single cells within droplets, studying enzyme
kinetics, and performing polymerase chain reaction (PCR) with high throughput (Chiu &
Lorenz, 2009; Chiu et al., 2009; Huebner et al., 2008; Song et al., 2006; Teh et al., 2008;
Theberge et al., 2010; Yang et al., 2010).

A variety of methods have been developed to generate, manipulate and monitor droplets in
microfluidic devices (Theberge et al., 2010). Detection of droplet contents has historically
been limited to optical methods such as laser-induced fluorescence, while coupling with
chemical separations and nonoptical detection has proven difficult. Combining the
advantages of droplet-based platforms with more information-rich analytical techniques
including liquid chromatography, capillary electrophoresis and mass spectrometry (MS)
will greatly extend their reach. For example, electrospray ionization (ESI)-MS has become an
essential technique for biological analysis because of its high sensitivity and ability to
identify and provide structural information for hundreds or more molecules from complex
samples in a given analysis (Aebersold & Mann, 2003; Liu et al., 2007). A number of
techniques have been developed to couple continuous-flow microfluidic devices with MS
(Kelly et al., 2008; Koster & Verpoorte, 2007; Mellors et al., 2008; Sun et al., 2011b), but the
coupling of droplet-based platforms with MS remains challenging (Fidalgo et al., 2009).

ESI-MS analysis of aqueous droplets has been achieved by directly coupling a segmented
flow system with MS (Pei et al., 2009), but this method has some potential risks including
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instability of the electrospray due to oil accumulation at the tip, introduction of chemical
background, and contamination of the MS instrument. Hence, it is generally necessary to
extract the aqueous droplet from the oil phase for further separation or MS analysis. Huck
and coworkers employed electrocoalescence to extract droplets (Fidalgo et al., 2008) in
which a pulsed electric field was applied over the extraction chamber to force droplets to
coalesce with an aqueous stream. The droplet contents were then delivered to a capillary
emitter for ESI-MS detection (Fidalgo et al., 2009). This method required careful adjustments
to the flow of two immiscible phases to maintain an interface in the extraction chamber and
avoid cross-contamination of the aqueous and oil streams. In addition, the severe dilution of
the droplet contents resulted in high (~500 uM) detection limits. Lin and coworkers utilized
an electrical-based method to control the droplet disruption and extraction at a stable
oil/water interface (Zeng et al., 2011), but one reported issue in this case was the difficulty
of achieving complete extraction with high efficiency, which limited its compatibility with
quantitative analysis.

Another droplet extraction technique is based on surface modification at the junction
between two immiscible phases in the microchannel. Kennedy and coworkers exploited
selectively patterned glass microchannel surfaces to stabilize the oil-water interface and
facilitate droplet extraction (Pei et al., 2010; Roman et al., 2008; Wang et al., 2009). When the
segmented flow matched the aqueous flow, the entire plug was able to be extracted. In some
cases only part of each droplet was transferred due to the presence of a “virtual wall” (Pei et
al., 2010; Roman et al., 2008). A portion of the extracted samples were then injected into an
electrophoresis channel for CE separation. Recently, Fang and coworkers employed a
similar surface modification technique to obtain a hydrophilic tongue-based droplet
extraction interface, which could control the droplet extraction by regulating the waste
reservoir height (Zhu & Fang, 2010). The droplet contents were then detected by MS
through an integrated ESI emitter. However, with a height of zero, the droplets were not
extracted and aqueous buffer was occasionally transferred to the droplets. In our laboratory,
a novel droplet extraction interface constructed with an array of cylindrical posts was
developed (Kelly et al., 2009). When the aqueous stream and oil carrier phase flow rates
were adjusted to balance the pressure at the junction, a stable oil-aqueous interface based on
interfacial tension alone was formed to prevent bulk crossover of two immiscible streams,
while the droplets could be transferred through the apertures between posts to the aqueous
stream and finally detected by ESI-MS with virtually no dilution.

Most of the reported methods and techniques for droplet extraction, as mentioned above,
need to adjust two immiscible liquid flow rates to stabilize the interface and extract entire
droplets. It is desirable to perform effective and complete droplet extraction independent of
the flow rates, which would provide added flexibility for device operation. In this work, we
present a robust interface for reliable and efficient droplet extraction, which was integrated
in a droplet-based PDMS microfluidic assembly. The droplet extraction interface consisted
of an array of cylindrical posts, the same as was previously reported (Kelly et al., 2009), but
the aqueous stream microchannel surface was selectively treated by corona discharge to be
hydrophilic. The combination of different surface energies and small apertures (~3 pm x 25
pum) enabled a very stable liquid interface between two immiscible steams to be established
over a broad range of aqueous and oil flow rates. All aqueous droplets were entirely
transferred to the aqueous stream and detected by MS following ionization at a
monolithically integrated electrospray emitter.

www.intechopen.com



Robust Extraction Interface for Coupling Droplet-Based and Continuous Flow Microfluidics 157

2. Experimental section
2.1 Materials

Fluorinert FC-40, leucine enkephalin, apomyoglobin, glacial acetic acid, sodium carbonate,
sodium bicarbonate, and hexamethyldisilazane (HMDS) were purchased from Sigma-
Aldrich (St. Louis, MO). Fluorescein was obtained from Fluka (Buchs, Switzerland). HPLC-
grade methanol was purchased from Fisher Scientific (Fair Lawn, NJ). Water was purified
using a Barnstead Nanopure Infinity system (Dubuque, IA). ESI buffer solution was
prepared by mixing water and methanol at a 9:1 (v/v) ratio and adding 0.1% (v/v) acetic
acid. Carbonate buffer (10 mM, pH 9.3) was filtered using 0.2 pm syringe filters (Pall Life
Sciences, Ann Arbor, MI) before use. PDMS elastomer base and curing agent were
purchased as Dow Corning Sylgard 184 from Ellsworth Adhesives (Germantown, WI).

2.2 Microfluidic design and fabrication

Figure 1A shows the pattern of an integrated droplet-based microfluidic device that was
designed using IntelliCAD software (IntelliCAD Technology Consortium, Portland, OR). It
is composed of two-layers, in which the control layer contains two microchannels used for
valving, and the flow layer includes all other microchannels and microstructures. Droplet
generation is controlled by pneumatic valves (Galas et al., 2009; Sun et al., 2011a; Zeng et al.,
2009). The valving intersectional area is 100 pm X% 100 um. The length of the two side
channels and the distance between them are 0.5 cm and 100 pm, respectively. The design of
the droplet extraction interface is expanded in Figure 1B, which is constructed with an array
of 15-um-diameter cylindrical posts having ~3 um apertures for fluid transfer in between.
The width of both microchannels separated by the interface is 50 pm. The oil flow channel
width tapers from 100 pm to 50 pm, ensuring that the droplets can contact the interface
sufficiently to enable extraction. Pairs of patterned symmetrical lines with an angle of 50°
are used to guide the cutting of a tapered emitter at the aqueous channel terminus (Kelly et
al., 2009).

The integrated droplet-based PDMS microfluidic device was fabricated using well
established multilayer soft lithography techniques (Sun et al., 2011a; Unger et al., 2000). First,
two separate templates were produced on silicon substrates with a contact photomask
aligner (NXQ4000-6, Neutronix-Quintel, Morgan Hill, CA). Three photomasks were printed
with 50,800 dpi resolution at Fineline Imaging (Colorado Springs, CO) based on the design
shown in Figure 1A. The template defining the valving control channels was formed by
patterning SU-8 photoresist (Microchem, Newton, MA) with rectangular features (~ 25 um
high). The other template containing the flow layer was fabricated through two steps. Two
side channels for injection of dispersed aqueous samples were first patterned with SPR 220-7
photoresist (Rohm & Haas Electronic Materials, Marlborough, MA), which was reflowed to
provide rounded shape features (~ 10 um high) and stabilized at high temperature (180 °C)
for 30 min to prevent removal in subsequent processing steps. The remaining
microstructures on the flow layer containing the extraction interface (Figure 1C) were then
aligned with the two pregenerated side channels and patterned with SU-8 photoresist to
form rectangular shaped features (~25 pm high). The silicon template defining the control
layer was modified with HMDS using vapor deposition to assist in releasing the PDMS
membrane from the patterned template. A 10:1 ratio (w/w) of PDMS base to curing agent
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device including a valve-based droplet generator, a droplet extraction interface, and guide
marks for cutting the ESI emitter. (B) Amplified view of the droplet extraction interface
design. (C) Photograph of the extraction interface structure on a silicon template. (D)
Photograph of the extraction interface in a completed PDMS device. (E) Photograph of the
water-air interface. Top channel was empty and bottom channel filled with DI water. (F)
Photograph of the oil-water interface. Top channel filled with DI water and bottom channel
filled with oil (FC-40).

was then mixed, degassed under vacuum, and poured onto the patterned flow layer
template to a thickness of 1-2 mm. This PDMS prepolymer mixture was also spin-coated on
the HMDS-treated template at 2000 rpm for 30 s to create a control layer membrane with a
thickness of ~ 50 um. Both substrates were cured in an oven at 75 °C for at least 2 h. After
removing the patterned PDMS from the flow layer template, several small through-holes
were created at the ends of all flow channels by punching the substrate with a manually
sharpened syringe needle (NE-301PL-C; Small Parts, Miramar, FL). The flow layer PDMS
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piece was then cleaned and treated with oxygen plasma (PX-250; March Plasma Systems,
Concord, CA) for 30 s. It was immediately aligned on the top of the control layer PDMS
membrane (still on the silicon wafer) based on alignment marks under a stereomicroscope
(SMZ-U, Nikon, Japan) and assembled together to enclose the flow channels. After placing
in an oven at 75 °C for 2 h to form an irreversible bond, the PDMS block containing flow and
control layers was removed from the control layer silicon template, through-holes were
punched at the end of all control channels, and the assembly was finally bonded to an
unpatterned PDMS piece to enclose the control channels using oxygen plasma treatment.
The final PDMS microdevice was cured in an oven at 120 °C for at least 48 h for complete
curing and hydrophobic recovery. Figure 1D shows the droplet extraction interface portion
of the PDMS microfluidic device.

2.3 Selective modification of the aqueous channel surface

The aqueous stream flow channel surface was selectively modified to be hydrophilic using
corona discharge, while the oil stream flow channel surface retained the hydrophobicity of
native PDMS. Deionized water was first gently introduced into the oil flow channel using a
syringe through the oil outlet. Due to the hydrophobic PDMS surface and high flow
resistance through the small apertures, water was confined to the oil flow channel and a
water/air interface was produced at the junction (Figure 1E), leaving the aqueous channel
open while protecting the oil flow channel. A corona discharge unit (BD-20AC; Electro-
Technic Products, Chicago, IL) with a fine tip electrode was then placed close to the aqueous
buffer inlet and actuated for 1-2s. The generated plasma was dispersed into the channel and
then water immediately entered into the aqueous channel through the interface, indicating
that the aqueous channel surface was oxidized to be hydrophilic. Finally, the water in the oil
flow channel was replaced by oil, but the modified aqueous channel surface was kept in the
water environment to maintain the modified surface.

2.4 Device operation

Droplet generation in this work was controlled by integrated pneumatic valves, which were
actuated by a computer-controlled external solenoid valve as described previously (Sun,
2011a). The valving control channels in the PDMS device were filled with water to avoid
introduction of air bubbles into the flow channels. The continuous oil (Fluorinert FC-40, 3M)
flow in the channel was controlled by a syringe pump (PHD 2000; Harvard Apparatus,
Holliston, MA) through a fused-silica capillary (75 pm id., 360 um o.d.; Polymicro
Technologies, Phoenix, AZ). One end of the capillary was connected with a 50 pL syringe
(Hamilton, Reno, NV) and the other end was inserted into a ~2 mm long section of Tygon
tubing (TGY-101-5C; Small Parts, Miramar, FL) to create a pressure fitting at the oil inlet on
the microchip. The dispersed aqueous solutions were stored in sealed vials with a nitrogen
gas inlet to pressurize the liquid and an outlet to allow liquid to be transferred into the
microchannels via a capillary. Before operation, any air bubbles trapped in the transfer lines
and microchannels were removed. The pneumatic valves were actuated to disperse aqueous
solutions into the oil flow channel to generate droplets. The continuous aqueous/ESI buffer
solution was infused into the aqueous channel from a syringe through a capillary transport
line. The infusion rate was controlled by a syringe pump. For experiments in which
electroosmotic flow was employed in the aqueous channel, a high voltage was applied over
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that channel using a PS-350 high-voltage power supply (Stanford Research Systems,
Sunnyvale, CA, USA) via platinum electrodes placed in the reservoirs.

2.5 Detection

A fluorescence detection system was employed to monitor fluorescein-containing droplets
(Sun, 2011a). The UV light generated by a mercury lamp (Olympus, Tokyo, Japan) was
passed into an inverted optical microscope (Olympus, Tokyo, Japan), and fluorescence was
collected with a digital camera (Nikon, Tokyo, Japan). For MS detection, an ion funnel-
modified (Kelly, 2010) orthogonal time-of-flight MS instrument (G1969A LC/MSD TOF,
Agilent Technologies, Santa Clara, CA) was used. Before coupling with MS, an integrated
ESI emitter was created by making two vertical cuts through the PDMS device based on
patterned guide lines such that the aqueous channel terminated at the apex (Kelly et al.,
2008; Sun et al., 2010). The microfluidic emitter was positioned 3 mm in front of the MS inlet
capillary, which was heated to 120 °C. The electrospray potential was applied on the ESI
buffer-delivering syringe needle by a high-voltage power supply.

3. Results and discussion
3.1 Droplet extraction interface

Achieving reliable and highly efficient droplet extraction is of great importance for many
droplet-based microfluidic systems integrated with further analytical functions such as
chemical separations or MS detection. Ideally, each aqueous droplet should be entirely
transferred to the aqueous flow channel to avoid losing any important quantitative
information. On the other hand, oil should be prevented from entering the aqueous flow
channel to avoid negatively impacting the downstream analysis (e.g., blocking flow,
interrupting the electrospray circuit or adding chemical background to MS signal). The present
droplet extraction interface retains the previously developed geometry of an array of
cylindrical posts with narrow apertures in between, but we further strengthened the interface
by modifying the aqueous channel to be hydrophilic while the oil flow channel surface
remained hydrophobic. Corona discharge was used to treat the aqueous flow channel surface,
and the hydrophobic surface in the oil flow channel was prevented from corona exposure by
filling the channel with water beforehand. A similar method utilizing corona treatment was
reported recently to extract droplets entering the device from a capillary for electrochemical
detection (Filla et al., 2011). In the work described here, after actuating the corona discharge for
1-2s, the water entered into the modified channel quickly through the apertures and wetted
the oxidized surface, which protected the PDMS surface from recovering its hydrophobicity.
The treated device could usually survive for 2-3 days, and repeated surface treatments could
likely be applied thereafter (although not explored here). Thus, the channel surfaces on both
sides of the interface had different surface energies, which resulted in a very stable
aqueous/ oil interface established at the junction (Figure 1F).

3.2 Droplet extraction without hydrodynamic aqueous flow

In many of the previously reported systems, an appropriate aqueous stream flow was
required to balance the pressure at the interface. In order to test the interface stability of our
present device, we first investigated the droplet extraction performance without any
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hydrodynamic flow in the aqueous channel. Figure 2 shows the fluorescein droplet transfer
at the interface when the oil flow rate was 500 nL/min and there was no flow in the aqueous
channel. The entire droplet (~650 pL) was extracted in approximately 100 ms. In contrast to
our previous report (Kelly et al.,, 2009), the droplet transfer occurred through all the
apertures. Based on the fluorescence intensity measurement immediately before and after
extraction, the droplet content was not significantly diluted during the extraction process.
The extracted droplet displaced the aqueous buffer toward the aqueous inlet due to lower
resistance, where it remained due to an absence of flow in that channel. To transport the
extracted droplet contents, a 500 V/cm electric field was applied over the aqueous channel.
The fluorescein molecules migrated at a rate of ~1 mm/s driven by a combination of
electrophoresis and electroosmotic flow, which indicated that the effective mobility of
fluorecein was approximately 2x104 cm2V-1s-1 in this case. This arrangement suggests that
the droplet transfer event could potentially constitute a novel injection method for an
electrophoretic separation. While the possibility is enticing, in the present form the droplet
volumes were too large to serve as an efficient CE injection plug. However, utilizing EOF for
post-extraction transport is attractive in that the plug-shaped flow profile can help to avoid
the band broadening Taylor dispersion associated with pressure-driven laminar flow.

0 ms 33 Mms
B :

Fig. 2. Micrograph sequences depicting a droplet extraction without pressure-driven flow in
the top aqueous channel. The oil phase flow rate was 500 nL / min.
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3.3 Impact of oil and aqueous flow rates on droplet extraction

Where EOF-based transport is not practical, hydrodynamic flow is utilized for transport of
the extracted contents in the aqueous channel. We showed previously that by positioning
the detector sufficiently close to the extraction region, the droplet contents could be
analyzed with essentially no dilution (Kelly et al., 2009). However, the flow rates in the oil
and aqueous channels needed to be carefully balanced to maintain a stable extraction
interface as even a small variance of the aqueous flow rate could disrupt the droplet
extraction. The current interface maintained much more robust and effective droplet
extraction, enabling the effect of large changes in the aqueous flow rate to be explored. As a
baseline, Figure 3A presents a micrograph sequence depicting the droplet extraction
procedure in which both the oil and aqueous flow rates were 400 nL/min. When the
aqueous plug arrived at the interface, the entire droplet rapidly transferred to the aqueous
flow channel. The extracted droplet content was forced to flow in the direction of the
hydrodynamic aqueous flow immediately, and the sample stream filled the entire channel
cross-section with minimal dilution. Figure 3B shows the droplet transfer behavior at
different aqueous flow rates. The oil flow rate was kept constant at 200 nL/min. In each
case, the interface was kept stable, and effective droplet transfer was obtained because of the
low surface energy and strong capillary force applied on the droplet. When the aqueous
flow rate was larger than the oil flow rate, the high pressure originating from the aqueous
buffer flow resulted in large resistance to droplet transfer and confined the extracted sample
plug into a narrow stream in the aqueous flow channel. Further increasing the aqueous flow
rate led to an increase in the droplet transfer (Figure 3C) and a narrowing of the extracted
sample stream (Figure 3B), which indicated that the sample would be diluted much more
after extraction. When the aqueous flow rate was lower than that in the oil channel, the
extraction event essentially disrupted the aqueous flow and the extracted sample inserted
itself into the aqueous stream. The excellent stability of the interface enables the oil and
aqueous flow rates to be selected independently based upon the desired properties; where
dilution should be minimized, it is important that the aqueous flow rate does not exceed
that of the oil stream. Varying the oil stream flow rate while holding the aqueous stream
constant produced analogous results as shown in Figure 4.

3.4 NanoESI-MS analysis of extracted droplets

The extracted droplet contents could be delivered by the aqueous flow to a monolithically
integrated ESI emitter (Kelly et al., 2009; Zhu & Fang, 2010) for MS detection. Figure 5 shows
the MS detection of droplets containing 1 pg/uL apomyoglobin in DI water. The oil and ESI
buffer flow rates were 100 nL/min and 400 nL/min, respectively. The droplet generation
frequency was 0.1 Hz. For a continuous analysis of 60 droplets in 10 min (shown in Figure
5A), the relative standard deviation (RSD) of the peak heights was 3.2%, and RSD of the
peak widths was 5.7%. Figure 5B is a zoomed-in view of the MS detection of apomyoglobin
droplets in 2 min from the same experiment as shown in Figure 5A. The mass spectrum of
peak (a) indicated from Fig. 5B is shown in Fig. 6A with the characteristic signal for the
multiply charged protein. Figure 6B shows the mass spectrum of the baseline between two
droplets. No protein peaks were observed, which demonstrates there was no cross-
contamination between extracted droplets.
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Fig. 3. (A) Micrograph sequence depicting the extraction of an individual fluorescein
droplet. The flow rate in both channels was 400 nL/min. (B) Photographs of droplet
extraction at different aqueous buffer flow rates. The flow rate of the continuous oil phase
was 200 nL/min. (C) Plot of droplet transfer time versus aqueous buffer flow rate.
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Fig. 4. Photographs of droplet extraction at different oil phase flow rates. The flow rate of
the aqueous buffer was 400 nL/min.

The impact of oil and ESI buffer flow rates on MS detection was investigated using 1 pM
leucine enkephalin as the aqueous sample. Figure 7A shows the variance of the MS peak
intensity and width with ESI buffer flow rate, in which the oil flow rate was kept constant at
100 nL/min. With an increase in the ESI buffer flow rate, both the MS peak intensity and
width decreased. This result is consistent with the discussion above, i.e., that the increase in
the ESI buffer flow rate would dilute the extracted droplet content much more and broaden
the actual sample band. The decrease in peak width is due to the increased flow rate as
shown in Figure 3B. In addition, the electrospray ionization efficiency was reduced when
increasing the ESI buffer flow rate, which would also influence the MS peak intensity
negatively. Figure 7B shows the effect of oil flow rate on MS detection. The ESI buffer flow
rate was held constant at 500 nL/min. At lower oil flow rates (< ESI buffer flow rate), the MS
peak intensity increased and the peak width decreased with increase in the oil phase flow
rate, which resulted from the minimized dilution during droplet extraction. When the oil
flow rate increased further (= ESI buffer flow rate), the MS peak intensity and width
changed less, which was due to the droplet transfer with minimal dilution in these
situations.
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apomyoglobin droplets. Oil phase flow rate was 100 nL/min, ESI buffer flow rate was 400
nL/min, and droplet generation frequency was 0.1 Hz. (B) Detailed view of the MS-detected
extracted apomyoglobin droplets. (a) and (b) correspond to mass spectra in Fig. 6.
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intensity and width vs. oil phase flow rate. ESI buffer flow rate was 500 nL/min.

4. Conclusion

We developed a robust and efficient droplet extraction interface integrated in a droplet-
based PDMS microfluidic device. The interface was constructed with an array of cylindrical
posts with small apertures in between. On one side of the interface, the aqueous phase flow
channel surface was selectively modified to be hydrophilic by corona discharge. The other
side, i.e. the continuous oil phase flow channel surface, remained hydrophobic by protecting
the surface with water. The combination of the narrow apertures and surface modification
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changed the surface tension at the interface. The lower surface energy of the hydrophilic
surface for aqueous droplet and capillary force originated from the small structure
facilitated the aqueous droplet transfer while preventing the oil from entering the aqueous
flow channel. The resulting surface tension not only helped to establish a stable interface at
the junction, but also enabled large pressure imbalances resulting from different oil and
aqueous flow rates to be tolerated. All droplets could be transferred through the interface
entirely within broad ranges of aqueous flow rates (0 - 1 pL/min, i.e. 0 - 1.33 cm/s) and oil
flow rates (100 nL/min - 1 uL/min, i.e. 0.13 - 1.33 cm/s). When the oil flow rate was smaller
than the aqueous flow rate, the higher pressure from the aqueous flow slowed the droplet
transfer and squeezed the extracted sample stream, which induced dilution of the droplet
content after extraction. If the aqueous flow rate was lower, the droplets were extracted
rapidly and without dilution. The extracted droplet contents could be analyzed by MS
through a monolithically integrated ESI emitter and the droplet extraction efficiency was
100%. The interface described here will form a key component in integrated platforms for
reactions and analyses at the picoliter scale.
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