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Droplet-assisted electrospray phase separation
using an integrated silicon microfluidic platform†

Yan Zhang,a Sungho Kim, a Weihua Shi,a Yaoyao Zhao,b Insu Park,c

Christopher Brenden, c Hrishikesh Iyer,a Prasoon Jha,a Rashid Bashir, c

Jonathan V. Sweedler b and Yurii Vlasov *ac

We report a silicon microfluidic platform that enables monolithic

integration of transparent micron-scale microfluidic channels, an

on-chip segmentation of analyte flows into picoliter-volume

droplets, and a nano-electrospray ionization emitter that enables

spatial and temporal separation of oil and aqueous phases during

electro-spray for subsequent mass spectrometry analysis.

Introduction

Coupling of droplet microfluidics with nano-electrospray
ionization mass spectrometry (nESI-MS) is a promising
platform for high-throughput, label-free, multiplexed analysis
with improved temporal and chemical sensitivity.1

Segmentation of water-dissolved analytes flowing in
microfluidic channels into a series of oil-isolated plugs
enables precise control of chemical reactions in these femto-
to nanoliter volume reaction chambers.2,3 Hence, due to these
advantages, droplet-assisted nESI-MS has been explored for
single-cell chemical analysis,4 biocatalysis,3,5 proteomics,6

screening of enzyme libraries,7 high-throughput analysis,8

surface sampling,9 and was shown to be promising as a rapid
biomarker screening tool for clinical diagnostics.10 Since
Taylor dispersion11 is halted, the band broadening due to
longitudinal diffusion is minimized, which enables droplet-
by-droplet kinetic studies of chemical reactions.

Of specific interest in this respect is the application of
droplet microfluidics to in vivo sampling of various
neurochemicals from the brain,12–20 since temporally

resolving fast changes in neurochemical concentrations is
important to understanding the functionality of brain
circuits. For example, using droplet-assisted nESI-MS,
acetylcholine in dialysate droplets (160 nL) was monitored
with 5 s temporal resolution and a limit of detection (LOD)
of 5 nM.21 Further performance improvement is envisioned
by decreasing the droplet volume into the sub-nL regime,
decreasing flow rates below μL min−1, and improving delivery
and ionization efficiency of the analytes in nESI-MS by
miniaturization of microfluidic components and their
integration into a single chip-scale system.22 Here we
developed such a monolithic silicon microfluidic platform
that generates pL-volume droplets and efficiently delivers
them to nESI-MS for high-throughput and highly sensitive
chemical analysis.

While sample preparation in a droplet-assisted nESI-MS is
greatly facilitated by the flexibility and precise control provided
by droplet microfluidics, however, efficient coupling of
segmented microfluidic flows to nESI-MS is far from trivial.
The appearance of an immiscible carrier fluid at the nESI
orifice often disrupts the formation of a Taylor cone resulting
in enhanced instability of the MS signal. Moreover, the
electrospray of the oil phase, which is often composed of
fluorous or mineral oils accompanied by surfactants, can result
in sequestration of charge carriers thus compromising the
ionization efficiency of the aqueous phase. To overcome these
limitations, several methods have been proposed to separate
the aqueous phase from the oil carrier before the infusion to
nESI-MS. Electro-coalescence of aqueous droplets into a
continuous aqueous flow has been achieved by the application
of time-coordinated electrical pulses.23 However, this also leads
to significant sample dilution in the transferring line,
increased flow rates, and sample zone spreading that reduces
ionization efficiencies and temporal resolution. Dilution-free
extraction of the aqueous phase from a segmented flow has
been demonstrated by modulating interfacial tension to
facilitate droplet merging prior to delivery to nESI-MS. This
mechanism was utilized by the integration of an array of
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micron-scale cylindrical posts,24 incorporation of spatially
selective hydrophilic surface coatings,25 or by using a
hydrophilic extraction bridge.26 The efficient draining of the oil
phase has been also achieved by adding a hydrophobic Teflon-
based capillary right below the orifice of nESI emitter tip.2,27

Most of these approaches, however, are difficult to extend to
sub-nL volume droplets and low flow rate down to nL min−1,
while achievingmonolithic chip-scale integration.

In this paper, we introduce an approach to enhance
performance by the design and characterization of a silicon-
integrated miniaturized microfluidic platform containing
ultra-small 7 μm-radius microfluidic channels to support
ultra-slow nL min−1 flow rates. The chip also integrates a
T-junction droplet generator capable of producing pL-scale
droplets and a novel nESI emitter that can spatially and
temporally separate oil and aqueous phases on a droplet-by-
droplet basis during electrospray.

Silicon microfluidic platform

While silicon was used at the dawn of microfluidics research,
the majority of later efforts have been shifted to development
of microfluidic devices based on polymers,28 most notably on
polydimethylsiloxane (PDMS), mostly due to the much
simpler and cost-effective fabrication using soft lithography
approaches. Recently, there is a renewed interest in using
silicon for microfluidic devices and systems15,20,22,29–34

dictated by tremendous progress in microelectronics
fabrication technologies that enable lithographic control of
feature size at the scale of just a few nanometers. With mass
production and availability of foundry services, the cost of
silicon chips has decreased exponentially during the last few
decades and has become comparable with the cost efficiency
of soft lithography approaches.

In traditional glass or polymer-based microfluidic chips,
the hydrodynamic channel cross-section is of the order of
thousands of μm2 with typical flow rates around several μL
min−1. While it is possible to generate sub-nL volume oil-
segmented aqueous flows in PDMS-based microfluidics by
decreasing the channel cross-section and flow rates,
stabilizing monodisperse droplet generation becomes
increasingly challenging. This is mostly due to the inability
of PDMS that has a very low (∼1 MPa) Young's modulus to
maintain constant volume of microfluidic channels during
large pressure fluctuations related to the droplet generation
cycle. Glass (Young's modulus of 50 GPa) can provide better
control of pressures and flows to generate oil-segmented
aqueous droplets of picoliter volume. In contrast to glass- or
polymer-based platforms, silicon-based microfabrication
offers a large Young's modulus, precise lithographic control,
and the ability to locally dope the silicon substrate to enable
local concentration of electric fields. This makes it very
attractive for applications such as nESI.

As opposed to many silicon fabrication approaches that
produce microfluidic channels buried deeply in the silicon
wafer using deep reactive ion etching (DRIE)34 or wafer

bonding technologies,31 here we aim at fabricating shallow
channels sealed from the top surface with a silicon nitride
(SiNx) cover. The resulting channels are optically transparent
for visible light and can be readily visualized with standard
fluorescence microscopy. For stable control of ultra-slow
segmented flows, we aim for channel cross-sections of just a
few tens of μm2 that are 100× smaller than in typical droplet
microfluidics systems. We also aim at minimizing the
thickness of silicon substrate from the typical hundreds of
microns to just a few tens of microns to further localize the
electric fields for efficient n-ESI, as well as to minimize the
tissue damage if such probes are used for neurochemical
sensing in the brain. To achieve all of these objectives, we
have developed a silicon-on-insulator (SOI) platform (Fig. 1)
that enables stable generation of monodisperse pL-volume
oil-separated aqueous plugs with ultra-slow nL min−1 flow
rates at a few Hz frequencies,32 while offering monolithic
integration of various microfluidic components on a single
miniaturized chip.

Fabrication

The SOI integrated microfluidic chips (Fig. 1) are fabricated
on an SOI wafer with a 15 μm-thick device layer (B-doped,
0.005 Ω cm) and 0.5 μm-thick buried oxide layer. Fabrication
is divided into two stages: microfluidic channel formation,
and definition of the suspended silicon nESI cantilever
(Fig. 1). First, a 0.3 μm-thick SiNx layer is deposited using
plasma enhanced chemical vapor deposition (PECVD) on top
of the SOI device layer to serve as a hard mask. To form the
microfluidic channels, a series of 1 μm-diameter holes are
first defined by direct laser writing lithography (Heidelberg
μPG 101) and then etched through the SiNx layer by
inductively coupled plasma reactive ion etching (ICP-RIE).
Subsequent isotropic silicon etching with XeF2 forms
connected buried microfluidic channels with a radius of 7
μm (Fig. 1A and D). The fabricated channels are then sealed

Fig. 1 SOI microfluidic fabrication platform. A) Schematic cross-
section of an SOI wafer with lithographically defined holes in the SiNx

hard mask that are used to isotropically etch microfluidic channels. B)
Sealing of the buried channels by deposition of an additional SiNx layer.
C) Series of DRIE steps define the suspended nESI emitter. D) SEM view
of a device cross-section showing the buried microfluidic channel of 7
μm radius. E) Cross-section of the released SOI emitter cantilever. F)
Side-view of the suspended emitter cantilever with lithographically
defined nozzle.
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from the top by PECVD of a 4 μm-thick stress-free silicon
nitride layer (Fig. 1B and E). Next, the shape of the nESI
emitter is defined by contact lithography to perform ICP-RIE
etching to remove SiNx at the perimeter of the cantilever
followed by DRIE etching through the silicon device layer
down to the buried oxide. The third lithography step and
DRIE etching are used to etch through the handle silicon
layer from the backside that releases the suspended nESI
emitter cantilever with a final cross-section of just 15 × 75
μm2 (Fig. 1C and F). As opposed to previous work on SOI-
based nESI emitters employing open-channel capillary forces
for controlling the analyte flow,29 our platform employs
sealed channels that provide superior control of flow rates.

Design of nESI nozzle

Our SOI fabrication platform enables precise and independent
control of the microfluidic channels and the emitter nozzle
geometry as they are defined by two separate lithography levels.
In our design, (Fig. 2) besides defining nozzle shape at a μm-
scale that is beneficial for electrospray control,30,33 we also use
doping of the SOI device layer to enable strong localization of
electric field. Our first design (Fig. 2A and D) is a symmetric
sharpened nozzle with an outlet orifice positioned right at the
nozzle tip. COMSOL numerical simulations for a heavily doped
(1018 cm−3) silicon nozzle reveal a single electric field “hot spot”
localized within just 25 μm of the emitter nozzle. With 2 kV
applied between the silicon emitter nozzle and a metal plate
located 2 mm away, the electric field strength in the “hot spot”
approaches 60 kV cm−1. The second design (Fig. 2B and E) with
a flat nozzle moves a pair of “hot spots” 30 μm laterally, away
from the outlet orifice. However, the axial symmetry of this
design results in a “hot spot” electric field strength dropped by
a factor of 2. The third design with an angled nozzle
(Fig. 2C and F) breaks the symmetry with a leftmost stronger
“hot spot” restored to 55 kV cm−1. Our design approach here is
based on a strong intuition that when the oil-segmented flow is

ejected at the outlet orifice, electrospray of oil and aqueous
phases will have different dynamics. While the formation of an
aqueous Taylor cone can be achieved at relatively low electric
field strength, the initiation of electrospraying of the neutral oil
phase typically requires much higher electric fields. Since the
electric field “hot spots” in our designs 2 and 3 are moved
outside of the immediate outlet orifice, the oil phase will have
some time to expand towards the sharpened nozzle edges prior
to electrospraying (see inset in Fig. 2G). In this model it can be
derived that the time required for the oil phase to reach the
nozzle edges (and to be removed from the tip by
electrospraying) is defined by the following equation:

t ¼ 3πR
U

θW2

4 sin2θ
− W2

4 tanθ

� �
; (1)

where R is the channel radius, U is the volumetric flow rate, θ
represents the contact angle of the oil phase to a nozzle

sidewall, and W denotes nozzle width. For illustrative curves in
Fig. 2G, the channel radius R is assumed to be 5 μm, and oil
contact angle θ is 45°. Contour lines correspond to a specific
time required for the oil phase to reach the nozzle edges and to
be removed by electrospraying. Increasing the oil flow rate U
will result in faster arrival of oil fronts to the nozzle edges,
while increasing of the nozzle width W will result in longer
arrival time. Accordingly, to avoid accumulation of oil in-
between segmented flow cycles, droplet frequency (hence
sampling time resolution) is limited by the nozzle width and
the flow rate. Following constant time contour plots in Fig. 2G,
our designs 2 and 3 of Fig. 2B–F with the nozzle width of 75
μm should support electrospraying of an oil-segmented flow at
frequencies of 1 Hz and faster (faster than 1 s time resolution
sampling) at flow rates over 1 nL min−1.

On-chip integration

Our platform is amenable for dense on-chip integration of
many other microfluidic devices, such as droplet generators,

Fig. 2 Design principle for the nESI emitter nozzle for phase
separation. Numerical COMSOL calculations of electric field
distribution for three designs of the nESI nozzle geometry. A)–C) Top-
down map of the electric field strength. Colour coding is in logarithmic
scale. Electric field “hot spots” appear at the probe extremities. D)–F)
Calculated profiles of electric field distribution (in units of kV cm−1)
along the surface of the nozzle. G) Design parameters of the nESI tip
based on eqn (1): contours of constant time (in s) required for oil to
reach the left and right edges of the tip (and removal by electrospray)
as a function of the width W of the nozzle and oil flow rate U.

Fig. 3 Fabrication of the silicon microfluidic integrated chip. A) Top-
down optical microscope image of the integrated microfluidic system
featuring oil-phase and water-phase microfluidic channels, a
T-junction for droplet generation, and the nESI emitter with the flat
end (design 2). B)–D) Front-view SEM images of various designs of the
nozzle geometry.
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delay lines, mixers, and packaging structures, together with
the nESI emitter since no additional lithography levels or
fabrication steps are required. Fig. 3A illustrates an example
of such dense on-chip integration featuring a microfluidic
system with oil-phase and water-phase microfluidic channels,
a T-junction for droplet generation, the nESI emitter with flat
end (design 2), and inlet/outlet in-plane stubs (not shown)
for external plumbing.

To characterize the influence of various designs of the
nESI emitter nozzle of Fig. 2 on the electrospray of oil-
segmented aqueous flows, a series of silicon chips were
fabricated that integrate the various nozzle designs of the
emitter cantilever (Fig. 3B–D).

On-chip droplet generation

Since we scaled down the channel cross-section by 100×, the
flow rates need to be scaled accordingly to ensure generation of
monodisperse droplets in a squeezing regime.35 As opposed to
natively hydrophobic PDMS-based surfaces (water contact angle
larger than 100°), the internal surface of our microfluidic
channels is hydrophilic as it is formed by either native silicon
oxide or deposited silicon nitride. Numerical simulations by
COMSOL (Fig. 4A) indicate that when the oil phase (1-octanol)
is injected at the orthogonal T-junction into a continuous
aqueous phase, a series of pL-volume oil droplets are formed in
a stable squeezing regime at modest flow rate ratios of 2–10.
Experimentally, since the microfluidic channels are located at
the chip surface and sealed with a transparent SiNx layer,
standard methods of flow visualization using various dyes and
fluorescence optical microscopy can be used. To control the flow
rate of continuous aqueous phase (fluorescein in DI water) and
dispersed oil phase (1-octanol, Sigma-Aldrich), a pressure pump
(Flow-EZ, LUFEZ7000, Fluigent) and syringe pump (11 Pico Plus
Elite, Harvard Apparatus) were used. An inverted fluorescence
microscope (IX73, Olympus) equipped with a PMT detector

(PMT 2101, Thorlabs) and a video camera (Hero 8, GoPro
operated at 30–240 fps) were used to quantify droplet volume
and frequency. Videography of the meniscus shape during
droplet formation at the T-junction (Fig. 4B) confirms operation
in a squeezing regime and generation of monodisperse pL-
volume oil droplets with ultra-slow flow rates of just a few nL
min−1, which is beneficial for increased sensitivity of ESI-based
mass spectrometry.36 Variation of flow rate ratios between
aqueous and oil phases, Uwater/Uoil, from 1 to 12 results in
generation of 1.3 pL to 4.6 pL aqueous plugs segmented by 1.5
pL to 0.4 pL oil droplets (Fig. 4C). Droplet frequency is critical
to define the ultimate time resolution of neurochemical
sensing.14,20,22 Frequency varies between 1.2 Hz to 6.7 Hz with
the increase of Uwater/Uoil (Fig. 4D). Both the aqueous plug
volume and the frequency scale linearly with flow rate ratio,
which is expected for the squeezing regime.35,37

Electrospray-assisted phase
separation

For visualization and profiling of electrospray plumes, a 3
mW 532 nm laser light was collimated and projected onto
the nESI emitter nozzle and the electrosprayed plume. Fig. 5
shows a series of consecutive single-frame images from
videos recorded in a fluorescence microscope for silicon
chips with design 1 (Fig. 5A and B), design 2 (Fig. 5D and E),
and design 3 (Fig. 5G and H). Leftmost (Fig. 5A, D and G)
and rightmost (Fig. 5B, E and H) images correspond to the
electrospraying of aqueous plugs and oil droplets within a
single spraying cycle, correspondingly.

For the symmetric sharpened tip nozzle of design 1 (Fig. 5A–
C), electrospraying of both aqueous phase (Fig. 5A) and oil
phase (Fig. 5B) results in a single narrow (less than 50 μm
lateral spread over 1 mm distance) central plume. Its density, as
attested by the intensity of scattered laser light (measured at the
blue bar monitor in Fig. 5A), is almost constant for both

Fig. 4 On-chip generation of oil-segmented aqueous flow. A)
Numerical COMSOL simulation of droplet generation in the squeezing
regime. B) Fluorescent microscope image of the water plugs (green)
segmented by octanol (dark) droplets at the T-junction of microfluidic
channels in a squeezing regime. C). Measured aqueous plug volume as
a function of the water/oil flow rate ratio. D) Measured droplet
frequency as a function of the water/oil flow rate ratio.

Fig. 5 Spatial and temporal separation of aqueous and oil phases during
electrospraying. Single-frame images of a video of the electrosprayed
plume for two consecutive phases of a spraying cycle. Images A, D and G
correspond to the water electrospraying cycle, while B, E and H
correspond to the oil phase electrospraying cycle. Rows (A and B), (D and
E), and (G and H) correspond to different nozzle tip designs 1, 2, and 3,
correspondingly. Intensity of light scattered off of an electrosprayed plume
within a monitor area (blue and red bars) is shown in C, F, and K for
different nozzle tip designs 1, 2, and 3, correspondingly.
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aqueous and oil spray cycles (blue line in Fig. 5C). There is no
light detected outside of the central plume (measured by the
off-center red monitor in Fig. 5B). Such behaviour is expected
from the modelling results of Fig. 2A and D since the electric
field strength at the single “hot spot” on the outlet orifice of the
emitter exceeds the initiation thresholds for effective
electrospraying of both aqueous and oil phases. Moving the
“hot spots” away from the outlet orifice as in the flat-end nozzle
of design 2 (Fig. 2B and E) results in repetitive switching of the
position, angle, and divergence of the plume across the spraying
cycle (Fig. 5D–F). While the aqueous phase is sprayed in a single
central plume directly at the nozzle orifice (Fig. 5D), the oil
phase spreads towards the flat-end nozzle corners forming two
off-center plumes (Fig. 5E). Corresponding temporal traces of
scattered light intensity monitored at the center (blue monitor)
and at the edge (red monitor) illustrate periodic switching
between the off-center plumes and the central plume with a
period of the droplet-segmented flow (Fig. 5F). The observed
spatial and temporal separation of aqueous and oil phases was
as expected by our intuitive model of Fig. 2G. While the aqueous
phase forms a cone-jet electrospray at the very moment of being
ejected from the nozzle with a relatively low electric field
strength, the oil phase with a higher Taylor cone initiation
threshold forms a cone-jet only after spreading towards the “hot
spots” at the nozzle edges.

Such interpretation is validated by the spatial and
temporal electrospray pattern observed in the case of design
3 (Fig. 2C and F) with its angled nozzle tip (Fig. 5G–K). While
the aqueous phase is sprayed as a central plume (Fig. 5G)
similar to other designs, the oil phase is sprayed from the
sharp end of the nozzle at almost 45° with no indication of
another plume at the opposite obtuse nozzle edge (Fig. 5H).
Temporal switching between the central aqueous plume and
off-center oil plume is illustrated in (Fig. 5K), as the scattered
light intensity measured in the frame center (blue) and at its
edge (red) switches out of phase with the periodicity of the
segmented flow.

To correlate the movement of oil-segmented flows and
formation of electrosprayed plumes, an aqueous phase
was fluorescently labelled with fluorescein (Sigma-Aldrich),
and oil phase with Rhodamine B (Sigma-Aldrich).
Fluorescent labelling enables time tracking of the droplets
towards the nozzle and identification of precise timing of
plume switching. To remove intense but stationary laser
speckle scattering from the images (see Fig. 5), the
stationary background image has been subtracted from
each frame resulting in a series of consecutive greyscale
images in Fig. 6A–C (see also the video provided in the
ESI†). Droplet tracking (red arrows in Fig. 6A–C) confirms
that the off-center plume is formed when the oil droplet
is electrosprayed (Fig. 6A and B), while the central plume
occurs when the aqueous phase is sprayed at the nozzle
(Fig. 6C). When time-averaged (Fig. 6D), the resulting
background-subtracted image shows both plumes well-
separated even at mm-scale distances from the nozzle. To
quantify this spatial separation, Fig. 6E shows normalized

scattered light intensity profiles measured at different
distances from the nozzle edge from images of
Fig. 6B and C. Both plumes exhibit similar divergence
from the initial full width at half-maximum values (Wa for
the aqueous phase and Wo for oil phase) of less than 100
μm at the nozzle edge to 350 μm at a distance of 0.5
mm from the nozzle. Their spatial separation distance D
increases from an initial 70 μm at the nozzle tip to 200
μm at a 0.5 mm distance (Fig. 6E). The efficiency of the
phase separation can be estimated as a quality factor Q =
2D/(Wa + Wo) shown in Fig. 6F, that exhibits an initial
drop from 2.5 to 1 within the first 0.5 mm and then
stabilization for longer distances up to 1 mm and beyond.
Hence the spatial separation of the aqueous and oil
phases is comparable to the diameters of the inlet
capillaries typically used in ESI mass spectrometers, and
this separation is maintained over mm-scale distances at
which typical nESI emitters are located for efficient
analyte ionization.

Hyphenation to mass spectrometry

To demonstrate the performance of our integrated silicon
microfluidic platform in action, the integrated chip with
the design 1 nozzle was placed at 2 mm distance from an

Fig. 6 Phase separation efficiency. A)–C) Consecutive single-frame
background-subtracted images during the oil phase (A and B) and the
aqueous phase (C) of the spraying cycle. Red arrows in A)–C) are
showing the location of the same aqueous plug droplet for
corresponding time frames. D) Frame-averaged background-
subtracted image of the electrospray showing spatial separation of the
center and the off-center plumes. Magnification and coordinates in A)–
D) are the same. E) Intensity profiles of the aqueous (blue) and oil (red)
plumes at various Y distances from the nozzle edge as shown by white
arrows in C). F) Quality factor of phase separation efficiency.
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orifice of the ultrahigh-resolution quadrupole time-of-flight
tandem mass spectrometer (maXis4G Bruker). The mass
spectrometer was operated as described previously when
used for capillary electrophoresis38 except that the
capillary holder was replaced by the integrated device,
with the exact placement of the emitter monitored using
an attached video camera. The aqueous phase (10 μM
gamma aminobutyric acid (GABA) in DI water, Sigma-
Aldrich) was segmented into 11 pL plugs separated by oil
phase droplets (Fluorinert FC-40, Sigma-Aldrich).

Fig. 7A shows mass spectra measured during the
electrospraying of the segmented flow of an oil phase (black
curve) and aqueous phase (blue curve shifted up for clarity)
exhibiting a characteristic peak of [GABA + H]+ ions at m/z
104.08. Correspondingly, an extracted ion chromatogram
(EIC) in Fig. 7B represents the intensity of [GABA + H]+ ions
during a spraying cycle of a single aqueous plug with just 110
amol of GABA. EIC peaks shape and intensity remains stable
(Fig. 7C). Statistics of the peak area of 86 consecutive droplets
(Fig. 7D) shows just 7% relative standard deviation (RSD).
The limit of detection (LOD) was estimated from the mean
value and the RSD of the EIC peaks approaching a few tens
of attomoles.

Conclusions

Here we developed a silicon platform technology that enables
on-chip integration of scaled-down microfluidic channels, a
miniaturized T-junction droplet generator, and an n-ESI emitter
for efficient delivery of analytes to subsequent online mass
spectrometry analysis. Engineering of the emitter nozzle
geometry enables control of the location of electric field “hot
spots” relative to the microfluidic channel outlet. This unique
feature enables effective spatial and temporal separation of
electrosprayed oil and aqueous phases of the segmented flow.
Operating in a cone-jet regime, the silicon integrated platform

enables detection of GABA content in pL-scale droplets with
high stability. Measurements of detection limits indicates an
LOD at the mid-amol-level. The further development of this
platform will enable droplet-by-droplet MS analysis with
increased chemical sensitivity for detection of several important
neurochemicals with high temporal and chemical resolution.
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