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ABSTRACT: Both capillary and chip-based electrophoresis are powerful separation methods widely
used for the separation of complex analytical mixtures in the fields of genomics, proteomics,
metabolomics, and cellular analysis. However their utility as basic tools in high-throughput analysis and sample droplets

multidimensional separations has been hampered by inefficient or biased sample injection methods. | =™ = ®

Herein, we address this problem through the development of a simple separation platform that oil 7
incorporates droplet-based microfluidic module for the encapsulation of analytes prior to the analytical removal
separation. This method allows for the precise and reproducible injection of pL to nL volume isolated
plugs into an electrophoretic separation channel. The developed platform is free from inter sample
contamination, allows for small sample size, high-throughput analysis, and can provide quantitative ol
analytical information.

inl
separation channel

lectrophoresis in all its embodiments is one of the most number of injected molecules often does not reflect the

powerful and widely used tools in separation science and analytical concentration in the original sample.” Hydrostatic
has been elaborated significantly since its introduction in 1937 injections are not biased in this manner, but conversely suffer
by Arne." For example, capillary gel electrophoresis (CGE) has from a lack of control when performed on-chip with respect to
played an essential role in genome sequencing’ and 2D the volume delivered during the injection, and the overall
polyacrylamide gel electrophoresis is still considered the gold- throughput of the device. It should also be noted that although
standard in separating complex mixtures of proteins.3 In recent the injection zones in CE/MCE tend to be less than 10 nL, the
years, both capillary and chip based electrophoresis techniques actual sample needed for performing a separation is
have been used to provide for automated and high-throughput significantly higher. As a consequence, the majority of the
analysis in the fields of genomics, proteomics, metabolomics, sample is not analyzed, and thus traditional CE/MCE methods

enzyme analysis and cellomics.*"® Such methods include
capillary zone electrophoresis (CZE), capillary gel electro-
phoresis (CGE), micellar electrokinetic chromatography
(MEKC), capillary isoelectric focusing (CIEF), and capillary
isotachophoresis (CITP).” Regardless of the embodiment, chip-
based and capillary-based methods are notable for their ability
to deal with small volumes, to provide for high separation
efficiencies and component resolution and to be easily
automated and coupled with downstream methodologies,

are not suited to the analysis of small samples without
dilution."* Indeed, operational modifications are often needed
when, for example, performing electrophoretic single cell
analysis."

In recent years, droplet-based microfluidic systems have been
increasingly popular due to a range of potential applications
and performance advantages.'®™* Segmented flows formed
within microfluidic channels have been shown to be powerful
such as liquid chromatography and mass spectrometry.® tools for er?capsulating small molecules, biomolecules, cells and

While there have been extensive studies on separation organisms into sub-nL volumes. To this end there have been a
conditions, surface chemistries and surface modifications,”™ numb'er of recent 'studies that have utilized droplets as a unique
methods currently used for sample injection vary little from tOOI, mn transf."errlng sub-nL Yollumg s;.lrgg)ies t.0 and_from
original formats proposed twenty years ago.""'> Specifically, the traditional capillary or microfluidic chips. Various methods
two primary injection methods used in both capillary and chip- have been developed to achieve precise and controllable

based electrophoresis are based on electrokinetic and hydro-

static injection.”> When using electrokinetic injection, biases Received: May 7, 2013
arise at the injection point since analyte molecules have Accepted: August 19, 2013
different electrophoretic mobilities. Accordingly, the absolute Published: August 19, 2013
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Figure 1. Schematic diagram of the microfluidic chip for droplet-interfaced electrophoresis separation. (a) The diagram of a general design illustrates
the injection of sample droplets from a channel/tubing into a separation channel. (b) The side view of the magnified junction area showing oil
removal and droplet injection into the continuous separation phase. (c) Top view of the microchip based CE system with PDMS separation channel.
(d) Top view of the hybrid CE chip with capillary connected to the separation channel.

injections of droplets (to electrophoretic separation columns)
in a reproducible manner. For example, sample droplets can be
directly injected (using a carrier oil) into a separation
channel,® or via hydrodynamic interactions,”* or by surface
treatments and controlled fusion of droplets into an electro-
phoresis sampling channel.*>™>’ Unfortunately, current ap-
proaches for removing the continuous phase to allow the
release of droplet contents, are either complex, require precise
pressure control within the fluidic channel, or necessitate the
use of high electric fields.”*™>°
demonstrated that incorporation of a hydrophobic and
oleophilic membrane can be used for the efficient removal of
carrier oil and immediate deposition of sample droplets onto a

To this end, we recently

metal plate for matrix-assisted laser desorption/ionization and
mass spectrometry analysis.31
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Herein, we describe a novel method that allows the direct
delivery of aqueous microdroplets into a separation channel by
removing the oil phase within an open channel containing the
hydrophobic and oleophilic membrane. The membrane is
located at the junction between the “droplet channel” and
downstream “separation channel” and allows the carrier oil to
be absorbed passively into the membrane. This allows for the
emergence of aqueous sample volumes into the separation
channel without the introduction of flow instabilities, complex
geometries or externally applied electrical fields. Importantly,
this approach can be applied to both capillary and chip-based
electrophoresis in free zone or gel formats, and can be used in a
high-throughput and parallel manner. Furthermore, the method
allows for the injection of pL-volumes of sample in a highly
reproducible fashion. As the droplet/plug size is precisely
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known, complete and quantitative electrophoretic separations
can be performed with ease.

B EXPERIMENTAL SECTION

Materials and Sample Preparation. Fluorescein 5(6)
Isothiocynate (FITC), Fluorescein and Eosin Y, Tris Borate
EDTA (TBE), and polyvinylpyrrolidone (360 kDa MW) were
obtained from Sigma (Dorset, U.K.). Polyethylene oxide (PEO,
MW > § MDa) was obtained from Avocado Research
Chemicals Ltd. (Lancashire, UK.). All buffers were made
using 18 MQ deionized water (Purite, Oxford, UK.) and
filtered using S ym pore membrane syringe filters (PALL
Corporation, Hampshire, UK). Prior to use, the 1X TBE buffer
was diluted 10 times with water and used in this form for all
experiments. Henceforward, this diluted version of 1X TBE is
referred to as TBE. Bare fused silica capillaries were obtained
from Polymicrometer Technologies (Molex, Surrey UK.). A 75
pum internal diameter and 375 um outer diameter capillary was
used for control experiments on a Peregrine HPCE instrument
(deltaDOT, London, U.K.). Capillaries interfaced to the
polydimethysiloxane (PDMS) device had an internal diameter
of 100 ym and an outer diameter of 375 ym.

FITC and Eosin Y were prepared at a stock concentration of
1.8 and 6 mg/mL, respectively, in water. Samples were further
diluted 1000 times in TBE prior to droplet generation. The 50
bp dsDNA stepladder was obtained from Promega (South-
ampton, UXK.), while SYBR Green I was obtained from
Invitrogen (Paisley, U.K.). A X500 stock of SYBR Green I was
prepared in deionized water. The S0 bp ladder was diluted to
1/5 of the stock concentration in TBE and labeled with SYBR
Green I at a final concentration of 1/100 of the stock
concentration.

A 2.5% solution of polyethylene oxide (PEO) in TBE formed
the electrophoresis sieving medium. The matrix was stirred for
24 h and then filtered and degassed prior to use.
Polyvinylpyrrolidone (PVP) solution was prepared at a 10%
w/w concentration in water and was used to coat the capillary
to arrest EOF.

Microfluidic Chip Fabrication. Microchips were fabri-
cated using conventional soft lithographic techniques.®* Briefly,
SU-8 was photopatterned on a silicon wafer (IDB Technologies
Ltd, North Somerset, UK.) to form a master. After
silanization, a PDMS mixture containing a 10:1 weight ratio
for the base and curing agent (Dow Corning, Seneffe, Belgium)
was poured on to the master and cured at 65 °C for 4 h to yield
a 4 mm thick PDMS channel layer. The cured PDMS was
subsequently peeled off the master and buffer and waste
reservoirs were formed using a 4 mm biopsy punch (Nu-Care
Products, Bedfordshire, UK.). A 200 um thick bare PDMS
layer was used as the bottom substrate. The two layers were
aligned and bonded together, as shown in Figure 1C and D.

Capillary Preparation. Capillaries were cut to obtain a flat
surface at the insertion end to the PDMS microdevice. The
polyimide coating at this end was removed since it is not
transparent and exhibits autofluorescence. A 2 cm detection
window was created by burning the polyimide coating from the
capillary. Prior to electrophoresis, capillaries were rinsed with
methanol followed by deionized water. Capillaries were further
cleaned with 0.1 M HCI, precoated with 10% PVP for 1 min
and then loaded with the sieving matrix (2.5% PEO). Such
cleaning and conditioning procedures were repeated after 50—
60 droplet injections.
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Microfluidic Chip Operation. Before use, chips were
conditioned by rinsing the separation channel with 1 M NaOH
or TBE. NaOH was used for separations employing electro-
osmotic flow, while 1 M HCL was used for the CGE
separations without electroosmotic flow. This was followed by
loading the separation channel with the electrophoresis buffer.
Prior to sample analysis, a conductivity check was performed by
applying increasing voltages across the separation channel. The
polarity of the electric field was adjusted according to the
direction of separation using a high voltage power supply
(HVS448 3000 V, Labsmith, Livermore, U.S.A.).

Fluorescence Detection and Data Analysis. Fluores-
cence images were collected using a fluorescence microscope
(Eclipse 400, Nikon, Surrey, UK.) with a CCD camera
(C4742-96, Hamamatsu Photonic Systems, Bridgewater, NJ).
Briefly, light from a 100 W super high-pressure mercury lamp
was passed through a FITC filter cube before being focused on
the detection region of the chip or capillary using a 10x
objective lens. Fluorescence emission was collected with the
same objective and detected with the camera. Image] software
was used to analyze recorded videos. Electropherograms were
processed with Matlab (Mathworks).

Chip Design and Fabrication. Figure la shows a
schematic of the droplet-based separation platform, which
consists of a separation channel (6 cm long) and the droplet
injection/loading tubing (Adtech, Stroud, U.K,, i.d. 50—200 um
and o.d. 400 ym). The channel and the tubing join at a junction
located 6 mm from the buffer reservoir. The separation channel
is constructed in PDMS using conventional soft lithographic
techniques by bonding a microstructured PDMS layer to a flat
PDMS layer after plasma treatment of both surfaces. The
formed separation channel is filled with either a buffer or
sieving matrix for free-zone or gel electrophoresis, respectively.
To perform the separation an electric field is applied between
the buffer and sample waste reservoirs using platinum
electrodes.

Process of Droplet Injection. The transfer of sample
droplets from the delivery tubing into a separation channel
occurs via an aperture at the tubing/channel junction. This
aperture was created by removing a portion of PDMS from the
bottom layer prior to plasma bonding. To ensure that the oil
surrounding the analyte droplet is completely removed, a
commercially sourced oleophilic foam was positioned near the
injection junction. The foam consists of a hydrophobic and
oleophilic PTFE membrane surface with a mesh size no greater
than 5 yum (Whatman, Cole—Parmer, London, U.K.). The foam
is supported using a porous substrate made by stacking
polyethylene sheets (Cole—Parmer, London, U.K.). The foam
is highly efficient at absorbing hydrophobic oil and sub-
sequently transporting it to the porous material underneath,
while allowing the (previously enveloped) aqueous droplet to
merge with the aqueous buffer in the separation channel
Importantly, it was found that when using a 10 mm X 10 mm X
1 mm piece of the stacked porous material covered with the
foam, more than 200 L of the carrier oil (FC-40) could be
absorbed before saturation. Within the current experimental
setup, the oil/sample occupancy ratio is about 10:1 with an
average droplet size of no more than 4 nL. Accordingly, 200 uL
of absorbed oil transfers a total sample volume of 20 yL, which
is equal to approximately 5000 droplets. In the unlikely scenario
that sampling of more droplets is required, the foam can be
regenerated or simply replaced.

dx.doi.org/10.1021/ac401383y | Anal. Chem. 2013, 85, 8654—8660
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A cross sectional schematic of the assembly is shown in
Figure 1b. It should be noted, that the PTFE droplet delivery
tube is cut at a 30° angle toward the separation channel. This
ensures the spherical droplet coming out of the tubing can
effectively contact the aqueous buffer in the separation channel.
Since no surfactant is added to the continuous phase, whenever
contact is made, droplets merge into the separation channel on
a submillisecond time scale.>” It should also be noted that in
many droplet-based microfluidic systems surfactants are added
to the carrier oil to stabilize droplets over extended time scales.
This modification presents no significant difficulty to the
current method, since electrodes can be directly incorporated
with the injection tubing and a DC/AC voltage between the
electrode and the nearest reservoir used to disrupt the
surfactant and fuse the sample droplet into the separation
channel.*

In the experiments described herein, two platforms (Figure
1c and d) were used to accommodate both CZE and CGE
separations. In Figure Ic, the channel is simply structured in
PDMS. Such a design is suitable for CZE separations since the
buffer can be easily filled from the reservoirs subsequent to
plasma bonding. Conversely, when performing CGE with
viscous sieving gels, the separation channel can be filled with
separation buffer followed by the insertion of a fused silica
capillary prefilled with gel (Figure 1d). In this respect, the
channel contains a (300 X 150 um cross section) expansion to
facilitate insertion of the capillary. The primary difference
between the CZE and the CGE device formats lies in the
separation channel, with the injection parts being identical.
During the sample injection process, a constant electrical field
(the same as is used for the separation) is maintained
throughout. Consequently separation of the molecules
contained within the injected droplet occurs immediately
after merging with the separation medium and without any
alteration of the electric field. Significantly, the two-electrode
configuration adopted simplifies substantially the optimization
of separation conditions compared with standard cross channel-
based MCE, where the optimal combination of injection
voltage and injection time must be explored prior to any
analysis.

B RESULTS AND DISCUSSION

Droplet Injection. In initial studies, droplet injection was
calibrated using the device shown in Figure 1c. Droplets had a
volume of either 80 pL or 4 nL, contained 500 yuM FITC in x
0.1 TBE buffer and were surrounded by an FC-40 oil phase.
Droplets were pregenerated using an in-house droplet
generation robot>* and stored in PTFE tubing with an inner
diameter of 50 or 100 ym. The relative standard deviation in
droplet volume for both droplet sizes was calculated to be 8%
(by analysis of over 600 droplets).

In the experiment, individual droplets were sequentially
injected into the separation channel, as shown in the
Supporting Information, with an electric field strength of 130
V/cm and an injection frequency of up to S droplets per
second. Importantly, after a series of 100 injections (data not
shown), no deposition or contamination of the fluorescence
dye was observed at the injection point or in the PTFE tubing.
Images of a droplet injection and the subsequent electro-
phoresis of droplet contents is provided in Figure 2a for an 80
pL droplet injected into a separation channel with a cross
section of 50 X 50 ym. Figure 2b shows fluorescent signals for a

8657

wn
1]

=
o
=
o
=4
=]
=

Fluorescence (a.u.)

20 30
Time (s)

(=}
-
=

Figure 2. Droplet injection into the separation channel. (a) The
snapshots of a 80 picolitre FITC droplet being injected from a PTFE
tubing into the separation channel with a cross section of 50 X 50 ym™.
(b) Fluorescent signal shows injection of a sequence of droplets.

sequence of injected droplets (injections every 10 s), measured
at the junction area.

It was found that for both tubing sizes, there is an optimal
range of droplet sizes that can be reliably injected (Figure S2).
For example, with 200 ym i.d. tubing, and a linear velocity of S0
um/s, a droplet with a length less than S00 ym (1S5 nL in
volume) can “jump” into the separation channel as a complete
unit. Above this length, the droplet may break during the
transfer process, leaving a satellite droplet in the delivery tube.
Since the current setup utilizes 400 ym o.d. tubing (the smallest
o.d. that could be accessed), the smallest droplet-volumes that
are reliably injected have a volume of approximately 80 pL. The
current injection volumes are slightly higher than would be
encountered in chip-based electrophoresis with standard cross
channels. Such a limitation can be removed in the future by
replacing the PTFE tubing with thinner tubing or with
microfabricated structures having small orifices.

An important feature of the current design is its ability to
facilitate multiple injections of droplets into the separation
channel, without accumulating separation buffer at the junction
area. This feature relies on the local differential pressure defined
by channel geometries. At the junction area, the buffer is
confined within three solid walls, leaving an open surface. The
curvature of the open surface can be either concave or convex,
depending on whether the surface is below or above the
channel walls (Figure S3). From Laplace’s law, the differential
pressure across the liquid surface because of surface tension
(AP,) is inversely proportional to the radius of the curvature,
AP, « y /R;, where y is the surface tension and R; the axial
radius of the curvature along the channel direction. Such a
pressure difference has a tendency to minimize the total surface
area of the buffer. In the other words, if the buffer liquid is
above the open surface (ie., during sample droplet injection),
pressure tends to push the liquid into the channel. When the
liquid is below the surface (which can happen because of
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evaporation), the pressure tends to pull supplementary liquid
out. As shown in Figure la, the open channel at the junction
area is located in the vicinity of one of the buffer reservoirs (6
mm) and the buffer liquid can flow between the junction and
the buffer reservoir. Since the reservoir has an opening that is
much larger than the channel width (R, = 2 mm for the
reservoir while R, = 25 or SO um for the channel), the
differential pressure at the liquid/gas interface in the reservoir
AP, is confined to a very small value AP, « y/R,, and is almost
negligible compared to AP, at the junction during droplet
injection. Therefore after droplet merging, the buffer is pushed
from the junction to the buffer reservoir with a volume equal to
the droplet size. This ensures multiple droplets can be injected
sequentially into the separation channel.

Capillary Zone Electrophoresis. Capillary zone electro-
phoresis was performed within a PDMS microchannel as shown
in Figure 1c. Separation channels were initially loaded with 1 M
NaOH, which was replaced with a X 0.1 TBE (pH 8.3) run
buffer prior to separation. A conductivity check was performed
to ensure stable electrical connection between the inlet and
outlet reservoir (a more detailed assessment of current stability
is provided in Supporting Information Figure S4), with an
electric field being applied for 4 min to stabilize electroosmotic
flow (EOF) in the channel. The flow rate for the droplet stream
was set to 0.1 yL/min, resulting in a droplet injection interval
of 35 s. Injected sample formed a discrete sample plug and
migrated with the EOF downstream toward the detector.

Fluorescein iso-thiocynate and eosin Y solutions at final
concentrations of 100 and 500 uM, respectively, were prepared
as a mixture in a X0.1 TBE buffer. (pH 8.3). At this pH both
dyes are negatively charged and migrate behind the EOF.
Separation was performed by applying a field strength of 266.6
V/cm between the buffer and waste reservoirs. Example
electropherograms are shown in Figure 3. The percentage

Eosin 1
A {

Fluorescence (a.u.)

100

Time (s)

Figure 3. CZE separation of 5 consecutive droplets containing FITC
and eosin Y. Conditions: field strength 100 V/cm, X0.1 TBE with pH
8.3, PDMS channel. FITC and eosin Y solutions at concentrations of
100 uM and 100 uM, respectively. Detection at 1 cm after the
injection.

RSD values for the mobility of eosin Y and FITC over 30
injections were 7.9% and 8.9%, respectively, demonstrating
excellent reproducibility. CZE is the most universal electro-
phoretic technique for the separation of a diversity of analytes
including ions, small molecules, peptides, proteins, and
carbohydrates.” Alternate separation modes such as MEKC,
CEC can provide enhanced separation under specific
conditions, however these methods incorporate an identical
sample loading process. Accordingly we expect that the
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described droplet interface can be applied with minimal
modification to these separation modes.

Capillary Gel Electrophoresis. Capillary gel electro-
phoresis is efficient in separating complex mixtures of nucleic
acids and proteins through the use of polymer media, which
contain selective physical barriers, such as polydimethylacryla-
mide, polyethylene oxide or dextran.* Such sieving media
provide frictional forces that differentiate molecules by size or
mass (rather than charge-to-mass ratio) and allow high-
resolution separations of large biomolecules. Unfortunately,
most sieving matrices are highly viscous, and loading the gel or
sieving matrix into the channel requires application of higher
pressures than encountered in CZE. In principle, this is
unsuited to the droplet-interfaced channels described herein,
which contain an open section. Moreover, the loading of the gel
inside the channel cannot be easily monitored or controlled.

To solve the above challenges, a hybrid interface was adopted
by connecting the PDMS chip to a fused silica capillary, as
shown in Figure 1d. The droplet injection part was identical to
that used in the CZE mode (Figure 1(c)), however the
separation channel was shortened and replaced with a 300 ym
wide channel to allow insertion of the capillary. The capillary
employed has a 100 ym inner diameter and 375 pum outer
diameter; is filled with 2.5% PEO gel in 8.9 mM Tris, 8.9 mM
borate, and 0.2 M EDTA buffer after surface conditioning. The
PDMS bottom layer under the outlet allows the capillary to be
inserted smoothly and without chip delamination. Using the
current buffer-gel format, there is no bulk flow in the capillary,
since EOF is retarded by the PVP precoat and the high viscosity
of the gel. During operation, any EOF in the open part of the
channel will damage the connection, either through dis-
connection of the channel (if EOF is directed toward the
nearest buffer reservoir) or by accumulation of buffer at the
opening of the capillary if EOF is in the opposite direction.
Accordingly, after chip bonding, the separation channel is filled
with deionized water, which is then replaced with TBE buffer
prior to operation. Such a process was found to effectively
suppress the EOF.

A 50 bp dsDNA molecular weight standard was used to
assess the performance of the droplet interface, as shown in
Figure 4a. Fourteen out of sixteen fragments of this ladder
could be unambiguously identified 11 mm from the point of
injection. The sixteen fragments and the 1800 bp “backbone”
fragment were separated within 5S s for each injection.

As a control, Figure 4c shows a capillary-based separation of
the same ladder in a capillary with total length of 54 cm and an
effective length 42 cm performed on the PEREGRINE I HPCE
instrument (deltaDOT Ltd, UK.). Figure 4d shows the
separation of the same ladder in 2% agarose, provided by the
manufacturer (Promega). Fragment molecular weights and
assigned peak numbers are also provided. Figure 4b shows a
plot of mobility versus fragment size for the separation shown
in Figure 4(a) using the droplet interface. Data obtained for all
three droplets follow the trend established for dsDNA ladders
separated on other chip-based and macroscale CE systems.
Each zone (I, II, III) marked in Figure 4b corresponds to a
specific underlying sieving mechanism.*® The lower molecular
weight fragments undergo Ogston sieving (zone I), while the
section of the curve showing an exponential decrease in
mobility values corresponds to a reptation mechanism (zone
II). Further along the curve biased reptation occurs, with
dsDNA fragments aligning with the applied field and reducing
the difference in mobility values (zone III).

dx.doi.org/10.1021/ac401383y | Anal. Chem. 2013, 85, 8654—8660
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Figure 4. Multiple injection and separation of S0 bp dsDNA ladder (Promega, 0.034 pg/uL) labeled with Sybr Green I (SO ug/mL). (a)
Electrophoretic profile obtained for a multiple injection into a bare fused silica capillary. Detection was carried out ~1.1 cm from the point of
injection. (b) Log—linear plot of fragment size versus mobility for the 3 consecutive injections in panel a. (c) Capillary separation of the same ladder
(unlabeled) in a capillary with total length S4 cm and effective length 42 cm, performed using a PEREGRINE I label free intrinsic imaging CE
instrument (deltaDOT, London, U.K.). Field strength, ~246 V/cm on droplet CE interface device and ~203 V/cm on the CE instrument. 2.5%
PEO in X0.1 TBE sieving matrix, the capillary was precoated with 10% PVP prior to loading with the sieving matrix. (d) The separation of the same
ladder in 2% agarose as provided by the manufacturer (Promega). The band molecular weights and assigned peak numbers are also provided.

The multiple injection results presented in Figure 4 are only
part of a larger group of sample droplets studied, with mobility
values varying between 2% and 10%. A larger variation was
observed for the smaller fragments, because of stretching of
matrix pores by larger fragments from prior injections.
Degradation of the sieving matrix is common to any multiple
injection separation and thus the number of separations
providing acceptable reproducibility needs to be established.

Quantitative Electrophoresis. Another key advantage of
the described droplet CE interface is the ability to perform
high-throughput injection of controlled volumes without bias.
Accordingly, predefined sample volumes can be injected in their
entirety, accurately reflecting the composition of the bulk
sample. Accordingly, droplet CE separations has been
demonstrated as a tool for quantitative analysis. This
functionality is illustrated through the separation of a set of
sample droplets that contain varying concentrations of
fluorescein and eosin as shown in Figure Sa. Droplets were
pregenerated with fluorescein concentration increasing from 6
to 15 M but with eosin concentration decreasing from 74 to
18.5 uM in each set of 4 consecutive droplets. The fluorescein
and eosin mixture produces two peaks when separated in a
2.5% PEO sieving matrix. The separation results obtained for
two sets of droplets are shown in Figure 5b. Peak heights for
fluorescein and eosin were determined for each droplet. Linear
fitting of the curves generated by each analyte yielded R* values
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Figure 5. Screening on concentration conditions. (a) The droplets
were pregenerated with fluorescein (F) concentration increasing from
6t0 9, 12, and 15 uM and eosin Y (E) decreasing from 74 to SS, 37,
and 18.5 uM in every 4 consecutive droplets with 4% volume variation.
(b) Electropherogram of two groups of droplets. (c) Comparison of
experimental results (solid) with theoretical predictions (dashed).

in excess of 0.9, indicating excellent fits to the experimental
data. Consequently, the signal obtained from each droplet
accurately reflects its concentration, permitting the direct
generation of calibration curves. Deviations from the fitted
line are the result of small variations in droplet size and manual
error during sample preparation. Figure 5 can also be analyzed
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to extract the separation efficiency for the current system. At a
detection distance of 1.5 cm, the theoretical plate number is
about 7790. This value is 1 order of magnitude less than the
glass chip-based separations.”® The reduced plate numbers are
likely to be a result of two factors. First, injection volumes in
this experiment (4 nL) are relatively large when compared to
typical volumes using standard crosspiece injectors, and second,
separation conditions (such as gel/buffer concentration, surface
coating, and electric field strength) have not been optimized.

B CONCLUSIONS

Herein, we have demonstrated a droplet-interfaced CE platform
for biological separations. The hybrid chip containing a
hydrophobic and oleophilic film is shown to be effective in
passive oil removal. Such a platform is simple to operate and
can process small sample volumes. The system can operate in a
high-throughput manner (>$ droplets per second), is free from
cross-contamination between samples, and affords quantitative
analysis in a direct manner. Both CZE and CGE separations
have been successfully achieved, suggesting potential in a wide
variety of applications such as small molecule separations,
proteomics, genomics, metabolomics, and the other chemical
and biochemical essays.

Significantly the droplet CE platform detaches droplet
generation and handling from the process of electrophoretic
separation. Accordingly, the vast majority of sample handling
and preparation modules developed in droplet microfluidics
(such as cell encapsulation and sample droplet collection from
the other dimensional separations) can be hyphenated with the
platform. The platform performs serial injection of droplets and
is well suited to serial operations in droplet microfluidics and
fast electrophoretic analysis. Moreover the passive handling
approach developed here can be readily applied to a
multiplexed system, with the potential for creating automated,
multidimensional separations, without affecting the separation
resolution.
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