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Abstract
Droplets or plugs within multiphase microfluidic systems have rapidly gained interest as a way to
manipulate samples and chemical reactions on the femtoliter to microliter scale. Chemical analysis
of the plugs remains a challenge. We have discovered that nanoliter plugs of sample separated by air
or oil can be analyzed by electrospray ionization mass spectrometry when pumped directly into a
fused silica nanospray emitter tip. Using leu-enkephalin in methanol and 1% acetic acid in water
(50:50 v:v) as a model sample, we found carry-over between plugs was < 0.1% and relative standard
deviation of signal for a series of plugs was 3%. Detection limits were 1 nM. Sample analysis rates
of 0.8 Hz were achieved by pumping 13 nL samples separated by 3 mm long air gaps in a 75 μm
inner diameter tube. Analysis rates were limited by the scan time of the ion trap mass spectrometer.
The system provides a robust, rapid, and information-rich method for chemical analysis of sample
in segmented flow systems.

Sir
Multiphase flow in capillary or microfluidic systems has generated considerable interest as a
way to partition and process many discrete samples or synthetic reactions in confined spaces.
1-4 A common arrangement is a series of aqueous plugs or droplets separated by gas or
immiscible liquid such that each plug can act as a small, individual vial or reaction vessel.4,
5 Methods for formation and manipulation of plugs on the femtoliter to nanoliter scale have
recently been developed.2-4, 6-11 The sophistication of these methods has rapidly increased so
that it is now possible to perform many common laboratory functions such as sampling,12

splitting,13-15 reagent addition,16, 17 concentration,18, 19 and dilution20 on plugs in
microfluidic systems. A frequent emphasis is that such manipulations can be performed
automatically at high-throughput. These miniaturized multiphase flow systems have roots in
the popular technique of continuous flow analysis (also known as segmented flow analysis)
which uses air-segmentation of samples for high-throughput assays in clinical, industrial and
environmental applications.21, 22

A limiting factor in using and studying multiphase flows is the paucity of methods to chemically
analyze the contents of plugs. Optical methods such as colorimetry 22 and fluorescence are
most commonly used.20 Systems for electrophoretic analysis of segmented flows have recently
been developed.23, 24 Drawbacks of these methods are that they require that the analytes be
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labeled to render them detectable and they provide little information on chemical identity of
plug contents. NMR has been used for analysis of plugs, but low sensitivity of this method
limits its potential applications.25 Sensitive, label-free, and information rich detection would
greatly aid development of this technology platform.

Mass spectrometry (MS) is an attractive analytical technique for analysis of segmented flows
because it has the sensitivity and speed to be practically useful for low volume samples analyzed
at high-throughput. Mass spectrometry has been coupled to segmented flow by collecting
samples onto a plate for MALDI-MS26 or a moving belt interface for electron impact
ionization-MS.27 ICP-MS of air-segmented samples has been demonstrated on a relatively
large sample format (0.2 mL samples).28 MS analysis of acoustically levitated droplets using
charge and matrix-assisted laser desorption/ionization has also been demonstrated.29 Recently,
a method to perform electrospray ionization (ESI)-MS of a stream of segmented flow has been
reported.30 In this method, a stream of aqueous droplets segmented by an immiscible oil was
periodically sampled by using electrical pulses to transfer the droplet into an aqueous stream
that was directed to an electrospray source. This proof-of-concept report showed the feasibility
of on-line droplet analysis; however, the limit of detection (LOD) for peptide was ∼500 μM.
The high LOD was due at least in part to dilution of droplets once transferred to the aqueous
stream and the high flow rate (∼3 μL/min) for the electrosprayed solution. The dispersion of
droplets after transfer to the aqueous stream also limits the throughput of this approach.

We have found that a cartridge of 10 to 50 nL samples segmented by gas within a Teflon tube
can be pumped directly into a electrospray source to yield a simple, robust and sensitive method
for analyzing droplet content. This method can also be considered a novel approach to sample
introduction for MS. Cartridges of samples were prepared by dipping the tip of a 75 or 150
μm i.d. by 80 cm long Teflon tube filled with oil (Fluorinert FC-40) into sample solution stored
in a 96 well plate, withdrawing a desired volume, removing the tube from the well, withdrawing
a desired volume of air, and repeating until all samples had been loaded. Movement of the
tubing was controlled with a custom-built, automated micropositioner and sample flow was
controlled with a syringe pump connected to the opposite end of the tubing. Resulting plugs
had a small amount of oil covering their ends and a convex meniscus indicating little wetting
of the walls (Figure 1A). Interestingly, loading the tube without a pre-fill of oil resulted in a
flatter meniscus (Figure 1B). To interface to the mass spectrometer (LTQ XL, Thermo Fisher
Scientific, Waltham, MA), the outlet of the cartridge was coupled to a Pt-coated fused-silica
electrospray emitter (FS 360−50−8-CE, New Objective, Woburn, MA) which was 50 μm i.d.
and pulled to 8 μm i.d. at the tip. The emitter was mounted in a nanospray source (PV-550,
New Objective) (Figure 1C). The plugs could then be pumped directly into the emitter tip for
analysis.

When cartridges were pumped into the emitter, sample plugs transferred from the Teflon tubing
to the emitter tip (Supplemental figure 1) and emerged from the outlet with no coalescence of
back-to-back plugs resulting in pulses of electrospray plumes, electrospray current, and ion
signal (Figure 2). Electrospray current fluctuated between 0.0 ± 0.2 μAmp and 1.2 ± 0.2 μAmp
as air and sample plugs alternately filled the tips. Electrospray signal rapidly stabilized as each
new plug entered the emitter so that a series of plugs could be analyzed by continually pumping
the cartridge into the emitter (Figure 2b). Figure 2a illustrates the extracted ion current for a
series of plugs containing leu-enkephalin, at progressively higher concentration, that were
pumped into the emitter tip at 200 nL/min resulting in samples detected at 25 s intervals. For
a series of plugs containing 100 nM leu-enkephalin, signal RSDs were ∼3.1% (n = 20). The
LOD for leu-enkephalin detected by MS3 was ∼1 nM. This detection limit is a substantial
improvement over previous ESI-MS analysis of droplet streams.30 The improved LOD is due
in part to the system allowing direct injection of the plugs without dilution and compatibility
with lower flow rates that improve ionization efficiency.
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Carry-over between plugs was evaluated by preparing cartridges with different concentrations
of leu-enkephalin and separating them by plugs containing only solvent. Based on this
experiment, we observed carry-over <1% for a 500 nM solution followed by blank and <0.1%
for a 100 nM solution. (If the cartridge was not pre-filled with oil, the carry-over was ∼4% at
500 nM. ) The low carry-over allows different samples to be entered back-to-back for analysis
as illustrated by Figure 3 which shows extracted ion chromatograms and mass spectra from a
series of plugs that alternately contained leu-enkephalin and met-enkephalin at different
concentrations. Low cross-contamination is demonstrated by the lack of signal for met-
enkepahlin in leu-enkephalin plugs and vice versa (Figure 3b, c, and d). Further reduction of
carry-over may be possible by chemically modifying the interior of the emitter tip with
fluorinated alkanes.

For most experiments, some variation in the time between sample peaks was observed. This
variation is mainly due to differences in the length of gaps formed during creation of the
cartridge. More sophisticated methods of creating plugs may eliminate this problem.

Throughput for sample analysis can be varied by altering the droplet size, air-gap between
plugs, and flow rate. By decreasing the capillary diameter to 75 μm, it was possible to create
13 nL plugs (3 mm long) separated by 3 mm long air gaps. Pumping this cartridge into the
emitter at 600 nL/min resulted in analysis of a sequence of plugs at 0.8 Hz with an RSD of
2.8% (see Figure 4 for example). 50 samples contained in a 30 cm long tube were analyzed in
1.25 min using this approach. It may be possible to further increase the flow rate or reduce the
capillary diameter and plug volume to generate higher density of samples and higher-
throughput. Further increases in throughput would require a mass spectrometer that could
record spectra fast enough to keep pace with sample introduction. In this experiment, the mass
spectrometer was operated in MS3 mode and 0.33 s was required to collect a spectrum.
Therefore, only 3−4 spectra were collected across the signal peaks that were 1.2 s wide.
Conversely, the flow rate could be varied to stop- or ultra low-flow (< 10nL/min) conditions
as each sample plug elutes from the emitter, to allow MSn experiments on multiple masses and
to take further advantage of the nanoelectrospray benefits of ionization efficiency31 and
equimolar response.32

In preliminary studies we found that similar results could be obtained by directly infusing
samples segregated by oil or sample trains that had air-oil-air-sample sequences. In these cases,
the oil also sprayed from the tip. Using oil-gapped samples may prove advantageous in some
applications..

These results show that direct ESI-MS analysis of samples in a segmented flow stream can be
performed with little carry-over, good sensitivity, no dilution, and high-speed. Sample
consumption is efficient as all the sample that is removed from the well is used in the mass
spectrometer. We used plugs as small as 13 nL in these experiments, but further study is
required to determine the lower limits of sample consumption. An important advantage of this
approach to sample introduction is that the duty cycle for the mass spectrometer is high because
the time spent rinsing between samples is minimal and every sample plug is automatically
injected. We envision that this novel approach to sample introduction for MS could have many
applications including high-throughput screening of label-free reactions, off-line coupling of
separations methods to ESI-MS, monitoring reactions that are performed in plugs, and clinical
diagnostics. These different applications will be made possible by taking advantage of
microfluidic processing of multiphase flows.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Photograph of a 3 mm long (50 nL) plug stored in a 150 μm i.d. Teflon tube. Plug was
created by withdrawing sample and air alternately into the tube prefilled with Fluorinert FC-40.
(b) Same as (a) except the tube was prefilled with air instead of oil. (c) Overview of scheme
for analyzing a train of plugs stored in the Teflon tube. 2 kV is applied at the spray tip. Connector
is a Teflon tube that fits snugly over the cartridge tube and emitter tip.
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Figure 2.
(a) Extracted ion current for a series of 50 nL plugs with increasing concentrations of leu-
enkephalin dissolved in 50% methanol, 1% acetic acid in water. Plugs were segmented with a
3 mm gap of air and pumped at 200 nL/min from a 150 μm i.d. Teflon tube. Ion signal is for
MS3 at 556→397→278, 323, 380 m/z. (b) Expanded view of extracted ion trace for 3 plugs
of 100 nM leu-enkephalin from (a). Pictures to the left show the electrospray tip when sample
is emerging (top) and when air is emerging (bottom) and corresponding signals.
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Figure 3.
Analysis of a series of plugs that alternately contain leu-enkephalin and met-enkephalin by
single stage MS. Plugs were 100 nL with 5 mm gaps of air between them and pumped into the
emitter at 200 nL/min. (a) Total ion current for entire sequence of plugs. (b) Extracted ion
recording for leu-enkephalin at 556 m/z at concentrations indicated. (c) Extracted ion recording
for met-enkephalin at 574 m/z at concentrations indicated. (d) Mass spectrum acquired during
elution of a leu-enkphalin sample. Inset shows expanded view shows that signal for met-
enekphalin (574 m/z) in this plug is slightly above the noise. (e) Mass spectrum acquired during
elution of a met-enkphalin sample. Inset shows expanded view shows that signal for leu-
enekphalin (556 m/z) in this plug is not above the noise.
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Figure 4.
High-throughput plug analysis. Extracted ion current for a series of 12 plugs of 200 nM leu-
enkephalin in 50% methanol and 1% acetic acid samples. Each plug was 13 nL volume,
separated by a 3 mm air gap, and pumped into the emitter at 600 nL/min. Ion signal is for
MS3 at 556→397→278, 323, 380 m/z.
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