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Direct coupling of a free-flow isotachophoresis
(FFITP) device with electrospray ionization mass
spectrometry (ESI-MS)

J. K. Park,a C. D. M Campos,ab P. Neužil,ac L. Abelmann,ad R. M. Guijtae and A. Manz*a

We present the online coupling of a free-flow isotachophoresis (FFITP) device to an electrospray ionization

mass spectrometer (ESI-MS) for continuous analysis without extensive sample preparation. Free-flow-

electrophoresis techniques are used for continuous electrophoretic separations using an electric field

applied perpendicular to the buffer and sample flow, with FFITP using a discontinuous electrolyte system

to concurrently focus a target analyte and remove interferences. The online coupling of FFITP to ESI-MS

decouples the separation and detection timeframe because the electrophoretic separation takes place per-

pendicular to the flow direction, which can be beneficial for monitoring (bio)chemical changes and/or

extensive MSn studies. We demonstrated the coupling of FFITP with ESI-MS for simultaneous concentration

of target analytes and sample clean-up. Furthermore, we show hydrodynamic control of the fluidic fraction

injected into the MS, allowing for fluidically controlled scanning of the ITP window. Future applications of

this approach are expected in monitoring biochemical changes and proteomics.
Introduction

Biochemical pathways are complex and typically involve a
wide range of compounds covering a wide dynamic range.
The elucidation of these pathways and their control mecha-
nisms requires sophisticated analytical methods, typically
removing interferences and enhancing the concentration of
targets to allow for their detection. High resolution analytical
techniques such as high performance liquid chromatography
(HPLC) and capillary electrophoresis (CE) are often coupled
with mass spectrometry to obtain information about the
amount and identity of these compounds.1

Electrophoretic techniques separate analytes based on dif-
ferences in their migration velocity in an applied electric
field.2,3 Isotachophoresis (ITP) is a mode of electrophoresis,
where the sample is placed in a discontinuous electrolyte sys-
tem, comprised of a leading and trailing electrolyte (LE and
TE, respectively). The LE is selected to contain ions with
mobility higher than that of the target analytes, while the TE
is selected to contain ions with mobility lower than the target
analytes. The ITP window covers the mobility range between
the LE and TE. The Kohlrausch regulating value,

(1)

remains constant because ions arrange according to their
electrophoretic mobility (μi) and charge (zi) by regulating
their concentration (ci). As this affects the current density,
the electric field strength (E) in each zone is adjusted so that
all zones move at an equal velocity, vi = μiE.

4,5

When dealing with samples containing compounds across
a wide dynamic range in zone electrophoresis, analytes/inter-
ferences in high concentration broaden due to ion diffusion
following Fick's law. In ITP, compounds outside the separa-
tion window dissipate in the LE or TE. Concentration differ-
ences within the window are evened out because high con-
centration compounds are diluted by lengthening their zone,
low concentration compounds are concentrated by narrowing
the zone. This facilitates the handing of samples across a
wide dynamic range making it a very attractive technique for
studying biochemical processes with high complexity in
chemical diversity and dynamic range. Additionally, ions that
diffuse into a higher (or lower) mobility zone develop a lower
(or higher) velocity in the lower (or higher) electric field and
migrate back into their original zone. This is known as the
self-focusing effect. ITP has been extensively used in
, 2015, 15, 3495–3502 | 3495
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Fig. 1 Principle of operation of the FFITP chip. By applying an electric
field perpendicular to the flow direction, the target analytes are
focused between the leading (LE) and terminating buffer (TE). Increasing
the flow at inlet 5 will shift the stream to a desired outlet (13).
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capillaries and on microchips, as discussed in various review
articles.6,7

Dictated by eqn (1), the length of the ITP band increases
with the amount of analyte once the target concentration has
been reached. This complicates analyte identification based
on migration time and has limited the popularity of ITP as
an analytical technique. At low analyte concentrations, the
concentration required to achieve plateau mode cannot be
achieved and analytes stack together in a narrow zone
between the LE and TE, a phenomenon referred to as peak
mode ITP. In peak mode, concentration factors of 10 000 to a
million fold have been achieved.8–10

Analytical separations are typically conducted through the
injection and separation of a discrete sample volume in a
batch-mode process. The separated zones sequentially
achieve the detector, triggering a response for a short period
of time. The sampling interval is typically determined by the
analysis time. Free-flow electrophoresis (FFE) comprises a
group of continuous separation techniques that, whilst often
employed for purification, can also be used analytically. The
separation field is applied perpendicular to the flow of buffer
and sample. The first FFE device was designed at relatively
large scale, where the depth was in the range of milli-
metres.11 Since 1994 several microfluidic devices have been
developed. Miniaturising the FFE device reduces the amount
of sample required for analysis. It also limits the Joule
heating problem by improving dissipation and increasing
electrical resistance, allowing for the use of increased field
strengths and hence higher resolution separations.12–21 Cou-
pling of a FFE device to an electrospray ionization mass
spectrometer (ESI-MS) allows for decoupling of the detection
and separation timeframes and was beneficial for reaction
monitoring purposes in zone electrophoresis mode.22,23

Whilst FFE is typically conduced as zone electrophoresis
in a continuous electrolyte system, the use of a discontinuous
electrolyte system allows for FFITP.24 Detection in FFITP is a
challenging task, with optical detection following fluorescent
labelling of the samples being the most commonly used
method. Optical detection, however, is complicated in ITP
because the separated analyte zones are stacked next to each
other, requiring the use of spacers.25

Here, we demonstrate the online coupling of an FFITP
device with ESI-MS, enabling continuous analyte concentra-
tion and clean-up before injection into the MS, as illustrated
in Fig. 1. Hydrodynamic flow control was used to direct zones
of interest into the MS, and enabled scanning of the ITP sys-
tem. As mentioned before, analyte identification in analytical
ITP with universal detection is complicated by the changes in
migration time with sample composition. Connection with
an MS eliminates this issue by allowing for the identification
of the analyte based on its mass. In plateau mode, the hydro-
dynamically controlled scanning also provides a measure for
the zone width, and hence analyte concentration. The pro-
posed method is ideally suited for proteomic and metabolic
studies, where the FFITP can simultaneously concentrate
trace analytes in a specific mobility range in peak mode ITP,
3496 | Lab Chip, 2015, 15, 3495–3502
whilst removing interferences with mobilities outside the ITP
window. The concentrated targets are then continuously
directed into the MS, providing its resolving power to identify
and analyse the concentrated analytes in a timeframe inde-
pendent of the analytical separation.

Model

To support the design and experiments, we simulated the
flow patterns in the chip, as well as the concentration and
purification profiles during isotachophoresis.

Fluidic

One of the key features of the chip design is the possibility to
collect specific fractions at one of the outlets. This can be
controlled by the flow rate at the inlets, so that the ratio of
the flow changes.22,26,27 In order to achieve the exact relation-
ship of the flow ratio change and the shifted streamline, sim-
ulations were conducted using FreeFEM++28 simulation soft-
ware using a slight simplification of the design (Fig. 2A).

The Stokes differential equation for an incompressible
Newtonian fluid was solved, with boundary conditions set by
flow velocities in both directions at all surfaces. Grid resolu-
tion was tested by decreasing the grid size by a factor of two,
accepting the resolution if the difference in flow shift was
less than 5%. An example of an obtained flow pattern is
shown in Fig. 2A. In Fig. 2B, the x-component of the velocity
is given for a change in flow rate at inlet 1 from 5 to 6 μL
min−1 by 0.1 μL min−1 increments, reducing the flow rate
through inlet 5 from 5 to 4 μL min−1 to maintain a constant
total flow rate of 10 μL min−1. The outlet position for the
sample stream line is defined at the point where the
x-component of the velocity is zero, and shows a trend
towards the right with an increase in flow rate from inlet 1.

Isotachophoresis

In capillary and free flow ITP, conductivity and optical detec-
tion are most frequently used, but this method can also be
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (A) Simplified drawing of the device showing the velocity vectors. For shifting the stream, the flow rate at inlet 1 was increased. (B) The
x-component of the velocity at the outlet of the device as function of the flow at inlet 1. The point at which the x-component becomes zero shifts
towards the right with increasing flow, by increasing the flow rate with a 0.1 μL min−1 step. (C) Result of the ITP simulation, showing Alexa Fluor
488 and citric acid being concentrated in the ITP window while fluorescein dissipates into the TE. The ITP system is depicted right to left with the
relative position of the window positioned at 0, LE at negative values and TE at the positive values.
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used in conjunction with a mass spectrometer. The limited
range of ESI-MS compatible buffers, however, restricts the
range of LEs and TEs that can be used. Gebauer et al.29

recently proposed manipulating the ITP window by adjusting
the pH and therefore effective mobility of the LE and TE.
Here, a similar approach was followed, and resulted in the
selection of formic acid as the leader and propionic acid as
the terminator. With the LE adjusted to pH 4.3 using
NH4OH; the resulting effective mobilities are shown in
Table 1.30 The ITP process was modeled using SIMUL31 in
constant current mode (−1.125 μA). The LE was 10 mM
formic acid adjusted to pH 4.3 with 8 mM ammonium, and
the TE was 7 mM propionic acid with a pH of 3.5. Alexa Fluor
488 (3 mM), citric acid (1 mM), fluorescein (2 mM) and
glycolic acid (1 mM) were used as model analytes, with their
effective mobilities given in Table 1. The SIMUL results are
presented in Fig. 2C. To maintain continuity in the figures
throughout the manuscript, the LE is on the left, TE on the
right hand side. The ITP window defined between the LE
(formic acid) and TE (propionic acid). The target analytes
stack in the window in order of decreasing mobility, with the
fast Alexa Fluor 488 adjacent to the LE followed by Alexa Fluor
488. Fluorescein, the model contaminant, has mobility lower
than the TE and therefore dissipated from the ITP window
into the TE zone.
This journal is © The Royal Society of Chemistry 2015

Table 1 Effective mobilities in the established ITP system determined by
SIMUL

Compound pKa μ (10−9 m V−1 s−1)
μeff
(10−9 m V−1 s−1)

Alexa Fluor 488 — 36
Fluorescein 6.8; 4.4 35.9, 19 0.5
Citric acid 6.41; 4.76; 3.13 74.4; 54.7; 28.7 28.9
Glycolic acid 3.89 42.4 27.1
Formic acid 3.75 56.6 44.3
Propionic acid 4.87 37.1 1.6
Experimental
Chemicals

As LE, we used 10 mM Formic acid adjusted to pH 4.29 with
ammonium hydroxide, 7 mM propionic acid (pH 3.55) was
used as TE. For the MS scanning study, samples contained 1
mM fluorescein, 1 mM citric acid, 1 mM Alexa Fluor 488, and
1 mM glycolic acid. All chemicals were purchased from Sigma
Aldrich (Germany) with the exception of Alexa Fluor 488,
which was purchased from Life Technology (Germany).

Layout

The layout of the device is shown in Fig. 1. The device
consisted of five inlets (1–5), a 23 mm × 15 mm separation
chamber, two side chambers for connecting the electrodes
(6–9) and seven outlets (10–16). The three middle inlets were
equipped with binary tree structures to evenly distribute the
input solutions into the chamber. The outer two inlets (1 & 5)
were designed for hydrodynamic control. All outlets were
designed similarly to the inlets except for the middle outlet
(13), which has a narrower (100 μm wide) outlet channel for
sample collection. The electrode chambers are connected to
the main chamber using an array of 25 μm wide channels, 50
μm apart. Arrays of pillars were introduced to strengthen the
support of the chamber wall (Fig. 3A). The voltages were
applied to the buffer-filled reservoirs to minimize the pH
changes inside the chamber. Gas bubbles, generated by
electrolysis, were prevented from entering the main chamber
by reservoirs and an array of channels in the side chamber.
Fig. 3B shows the side reservoir and the connectors, which
are used for connecting the tubing. To provide fluidic access
by Teflon tubing (ID: 0.5 mm, OD: 1.6 mm, ProLiquid GmbH,
Germany) to the chip, bootlace ferrules (OD: 1 mm, height:
8 mm, Bauhaus, Germany) were bonded to inlets 1–4 and
outlets 10–12 and 14–16 using epoxy (UHU, Germany). Outlet
13 was connected using a One-Piece Fitting & Bonded-Port
Lab Chip, 2015, 15, 3495–3502 | 3497
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Fig. 3 (A) Photograph of the device implementation in glass. The side chambers are separated from the main chamber by 25 μm wide grooves.
Pillars were introduced to avoid collapse during thermal bonding and to prevent breaking by the high back pressure inside the chamber. (B)
Connections for the tubing and the side reservoirs which are used to connect the electrodes. (C) Connection of the FFITP chip to the MS with a
diagram showing the connection points for the electric field, syringe pumps and ESI-MS. The chip was mounted on an inverted optical microscope
(photograph).
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Connector (Labsmith, USA). The metal bootlace ferules were
also mounted to the four electrode outlets (6–9) to act as
buffer reservoirs.
Fabrication

The starting substrate was a 500 μm borosilicate glass wafer.
After cleaning in HNO3 and a quick dump rinse in de-ionized
(DI) water, a 5 nm Cr adhesion layer, and 150 nm Au layer
were deposited by magnetron sputtering. The location of
channels was defined in the metal layers by optical lithogra-
phy using a 1.7 μm thick OLIN Oir 907-17 positive photore-
sist and subsequent wet etched in a mixture of KI : I2 : DI
water (4 : 1 : 40) to remove the Au, and a dedicated Chromium
etchant. The separate etching steps were repeated to ensure
that all metal was removed. Quick dump rinses were
performed between the etching steps. Using the metal mask
for protection, the channels were etched into the glass wafer
using a HF (25%)/HCl (2.5%)/DI water mixture. Etching was
performed in steps, monitored by surface profilometry, until
the depth was 5.0 ± 0.1 μm. The etchant was diluted during
the last steps. Through holes were defined in a laminated
Ordyl BF 410 dry resist foil. The holes were defined by pow-
der blasting with 30 μm Al2O3 particles, using a pressure of
4.6 bars, massflow of 3–12 g min−1, leading to an etch rate of
approximately 91 μm g−1 cm−2. The foil was removed in
Na2CO3 solution and the wafers where thoroughly rinsed to
remove all particles. The remaining Au/Cr layer was stripped
using the same etching procedure as before. The resulting
wafer and a support wafer were cleaned, and dipped into a
3498 | Lab Chip, 2015, 15, 3495–3502
25% KOH solution to obtain a good temporary bond
(prebond). The channels were defined by bonding both
wafers together, using a 60 second high pressure prebonding
step in an EV620 mask-aligner at 340 °C and a one hour
postbond in an oven at 600–650 °C under atmospheric condi-
tions. Chips were protected by laminated foils on both sides
and diced into individual devices by an NL-CLR- Disco DAD
diamond dicing saw.
Experimental setup

The setup of the experiment is shown in Fig. 3C. The FFITP
device was mounted on an Axiovert 100 (Zeiss GmbH, Ger-
many) inverted microscope. LEDs (type M470L3, Thorlabs
GmbH, Germany) with a 470 nm principal wavelength and
maximum optical power of 650 mW were used for sample
illumination. All fluorescence imaging and measurement
experiments were done using a 470/525 ex/em filter set
(model 49002, Chroma Technology Corp. USA). Imaging was
performed using a 5× objective lens (Zeiss GmbH, Germany)
and a color CCD camera model C5 (Jenoptik GmbH, Ger-
many) with the LED intensity adjusted to 1.6 A. The fluores-
cence intensity measurements were performed using a single
point detector made using a 50× objective lens and photo-
multiplier tube (PMT) (model H10722-01, Hamamatsu Photo-
nics, Co., Germany) with the gain set by a 0.5 V bias. Samples
and buffer were injected through a neMESYS Low Pressure
Syringe Pump system comprised of five syringe modules
(Cetoni GmbH, Germany). To connect the tubing from the
syringes to the device, bootlace ferrules were bonded to the
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Comparison of the experimental data and the simulation of the
hydrodynamic control of the focused stream line. Indicated on the
vertical axes is the x–position the outlet at which the x-component of
the velocity is zero. This point, at which the liquid no longer displaces
in x-direction, is shifting to the left side with increasing flow at input 1.
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glass chip using epoxy (UHU, Germany), shown in Fig. 3B.
The potential difference was applied using a HVS448 High
Voltage Sequencer (Labsmith, USA).

Interface from chip to MS

A fused silica capillary with an outer diameter of 360 μm,
inner diameter of 100 μm and length of 30 cm was used to
connect the FFITP chip to the ESI interface of the 1100 LC/
MSD mass spectrometer (Agilent, Germany). A commercially
available connector (One-Piece Fitting & Bonded-Port Connec-
tor, Labsmith, USA) was used to connect the fused silica cap-
illary to the chip. A 1/32" OD PEEK tubing Sleeve (IDEX, USA)
was used to guide the capillary into the ESI interface of the
1100 LC/MSD mass spectrometer (Agilent, Germany). The
mass spectrometer was operated in negative mode with a
potential of 4000 V, fragmentation factor 100, and nitrogen
was used as nebulizing gas. No sheath flow was used. The
flow rate from the chip outlet through the capillary was 1.5
μL min−1 as determined by collection and weighing at 10
minute intervals when the free flow device operated at 2 μL
min−1. At this flow rate, there is a 2 minute delay between
the analytes leaving the device and entering the MS.

Experimental procedure

The FFITP device was first filled with LE (inlets 1 and 2) and
TE (inlets 4 and 5). Once the main chamber and electrode
reservoirs were filled, the reservoirs at the side chambers
were sealed using the Platinum electrodes. Then the sample
was introduced at inlet 3, and after equilibration of the flows,
the electric field was applied across the chamber.

Result and discussion
Control of the focused stream

The measured displacement is plotted as a function of the
flow rate change at inlet 1 for a total flow rate of 10 μL min−1

in Fig. 4 using black dots, demonstrating good agreement with
the simulated results (indicated with red line). A linear rela-
tionship was found between the flow rate and displacement,
with a 0.1 μL min−1 increment resulting in a 30 μm shift. After
a flow rate change at the inlet, approximately 45 seconds were
required for the outlet flow to stabilize at its new position.
Inserts 1 and 2 in Fig. 4 are microscope images taken at 5.0 μL
min−1 and 6.0 μL min−1, again taken at a total flow rate of
10 μL min−1, to illustrate the shift of the focused stream line.

Isotachophoresis

The main advantage of ITP over zone electrophoresis is that
clean-up and concentration of trace analytes can be achieved
simultaneously through the selection of the LE and TE. To
demonstrate the FFITP-MS, model compounds were selected
because they could be visualized using fluorescence micros-
copy and/or determined by MS. Fluorescein was used as a
model contaminant with a lower mobility than the TE and
the targets. Citric acid was selected as target analyte because
This journal is © The Royal Society of Chemistry 2015
its electrophoretic mobility is similar to that of Alexa Fluor
488, but unlike Alexa Fluor 488 it yields a response in the
MS. This allows the visualization of the ITP window using
Alexa Fluor 488, and the analysis of the effluent by MS.

In order to determine the optimal separation voltage, the
fluorescence intensity of the Alexa Fluor 488 zone was stud-
ied as a function of the potential difference applied across
the FFITP device with a constant flow rate of 2 μL min−1

(Fig. 5A).
The intensity increased with the applied potential differ-

ence, leveling off around 1200 V (E = 520 V cm−1, I = 100 μA),
indicating that steady state was achieved. When 2000 V was
applied across the device (E = 870 V cm−1, I = 200 μA), bubble
generation was observed, indicating excessive Joule heating
and/or electrolysis at the electrodes.

Using a flow rate of 2 μL min−1 and a potential difference
of 1200 V, a sample comprising of fluorescein, Alexa Fluor
488 and citric acid was loaded. The microscope image in
Fig. 5B confirms the validity of the selected electrolyte sys-
tem. The fluorescein is effectively removed from the sample,
demonstrated by a faint zone representing the dissipating
fluorescein at the TE side. The Alexa Fluor 488 is stacked in
the ITP window, visualised by the bright zone. Citric acid acts
as a non-fluorescent spacer between Alexa Fluor 488 and the
TE containing the dissipating fluorescein and cannot be
observed by fluorescence microscopy.

The fluorescence intensity was quantified using a PMT
using the microscope stage to move the chip. Fig. 5C shows
the fluorescence intensity measured using a PMT as a func-
tion of the scan time. A narrow peak with high intensity is
recorded for Alexa Fluor 488, indicating the ITP window
passes the detection spot. Further down in the terminator, a
broad zone of lower intensity corresponds to the fluorescein
dissipating ion the TE. Regular drops in the fluorescence
intensity are caused by the pillars used to support the micro-
fluidic chamber, passing across the detection spot.
FFITP-ESI-MS

With optimised ITP conditions and the ability to hydrody-
namically scan the ITP window past outlet 13, the FFITP was
Lab Chip, 2015, 15, 3495–3502 | 3499
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Fig. 5 (A) PMT output signal as function of applied separation voltage with a constant total flow rate of 10 μL min−1. The intensity of Alexa Fluor
488 increases by applying a higher voltage and stabilises at 1200 V, indicating the plateau concentration has been reached. (B) Microscope image
of the FFITP device which showing the focusing of Alexa Fluor into a sharp band and dissipating fluorescein. (C) PMT signal output which showing
the intensity of Alexa Fluor and fluorescein. (D) Continuous data collection was done for more than 50 minutes, while turning on and off the
electric field. By applying an electric field the relative abundance in the MS signal for citric acid was increased from 1250 to 2300, and the
abundance of fluorescein was decreased from 500 to 280.
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online connected to the ESI-MS. The simulations and experi-
mental results presented in Fig. 5B and C indicate that inter-
fering compounds can be removed from the target analytes.
This was demonstrated using a sample containing 1 mM
fluorescein as interference in a sample containing 1 mM
citric acid as target analyte and 1 mM Alexa Fluor 488 as an
optical marker enabling fluidic guidance of the ITP zone into
the MS (Alexa Fluor 488 does not yield an MS response). In
absence of an electric field in the ITP device, the sample flow
is directed to the MS, yielding a response for citric acid
(m/z = 191) and fluorescein (m/z = 331). The minimal flow
rate through the capillary connecting the FFITP device with
the MS to establish a stable electrospray was determined to
be 1 μL min−1. This required a total flow rate through the
chip of 10 μL min−1, and results in a delayed detection
response by 2 minutes. At this flow rate, 1200 V was applied
over the separation chamber. As the ITP separation takes
place in the electric field applied perpendicular to the flow
direction, the separation and detection timeframe have been
decoupled, hence the composition of the chip effluent is con-
stant over time, provided the ITP process has reached steady
state. The changes to the signals for citric acid and
3500 | Lab Chip, 2015, 15, 3495–3502
fluorescein were monitored with the MS. In agreement with
the previous experiments, a drop in fluorescein signal is
observed as it dissipates in the TE, whilst the citric acid
increases from concentrates behind the Alexa Fluor 488.
These changes are graphically presented in Fig. 5D, showing
that the ratio between citric acid and fluorescein increased
by a factor 3.2 by applying an electric field. Please note the
concentration of citric acid and fluorescein selected to also
yield a MS response without the application of a field, and
more significant enhancements are expected when the initial
concentration of citric acid is lower (peak mode ITP) and/or
when the concentration of fluorescein is higher.

As a final experiment, 1 mM glycolic acid was added to
the sample to demonstrate the use of the hydrodynamic con-
trol to scan across the ITP window. As calculated in Table 1,
glycolic acid is expected to be a little slower than citric acid.
Fig. 6A shows the MS data output as a function of the scan-
ning time of this process, moving from the LE to the TE and
back. First citric acid is detected, which has a mass to charge
ratio (m/z) of 191. Subsequently, glycolic acid with m/z of 73
can be observed. After reaching the TE at around 7 minutes
of scan time, the flows were shifted back to the original
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 FFITP-ESI-MS of a sample containing 1 mM each of citric acid, glycolic acid, fluorescein, and Alexa Fluor for optical guidance. Other
experimental conditions as in Fig. 5D. (A) Hydrodynamic control allows for scanning of the ITP window from LE to TE (0 to 7 min) and back to LE
(7 to 20 min). (B) Selected ion isotachopherograms for glycolic acid (m/z = 73), citric acid (m/z = 191) and fluorescein (m/z = 331).
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location, showing first glycolic and then citric acid. It is
important to realise that fluorescein (m/z = 331), added as
interference, is not detected in the ITP window. The extracted
ion isotachopherograms for the three compounds over the
period scanning back from TE to LE are given in Fig. 6B. The
baseline signal for m/z = 331 confirms fluorescein has been
effectively removed from the ITP window. Fig. 6B also dem-
onstrates glycolic and citric acid have been separated into
their respective ITP zones, with the slower glycolic acid
forming the zone closest to the TE preceding the faster citric
acid. It is important to note the absence of citric acid in the
glycolic acid zone and vice versa, confirming steady state has
been reached.

Conclusions

The coupling of FFITP with ESI-MS decouples the separation
and detection time frame, whilst benefiting from the power
of ITP to simultaneously concentrate and purify analytical
targets. We have demonstrated the online coupling of FFITP-
ESI-MS by the removal of fluorescein from a set of target
analytes. Fluidic scanning of the ITP window was realised by
controlling the inlet flows, changing the flow rate ratio sup-
plied to either side of the device. A computational model
predicting the shift of the outlet flow as a function of flow
rate ratio was experimentally confirmed, enabling a shift of
300 μm with 30 μm steps.

The connection between the chip and MS was realised
using a 100 μm ID fused silica capillary, selected to minimize
flow resistance and dead volume whilst enabling visual
inspection using a fluorescence microscope. For further study
where the use of a microscope can be eliminated, shorter
capillaries with a narrower ID can be used to allow for lower
flow rates and increased residence times in the electric field
and hence the time for ITP to establish.
This journal is © The Royal Society of Chemistry 2015
The dissipation of fluorescein into the TE at the same
time of the concentration of Alexa Fluor 488 and citric acid
to the steady state concentration were recorded using a fluo-
rescence microscope and MS, respectively. The fluorescence
intensity across the device is showing a narrow band for the
Alexa Fluor 488 in the ITP window, and a broad and less
intense signal for the dissipating fluorescein. The changes in
abundance for the m/z corresponding to citric acid and fluo-
rescein confirmed that the ITP was simultaneously increasing
the citric acid concentration to its steady state level and
removing the fluorescein. Quantification based on the
changes in abundance of the MS signal in presence and
absence of an applied electric field demonstrated an increase
in the citric acid to fluorescein ratio by a factor of 3.2.

Fluidically scanning across the ITP window past the MS
demonstrated the separation of glycolic acid and citric acid
by the changes in the abundance at their respective m/z ratio.
Importantly, no signal was recorded at the m/z ratio for fluo-
rescein, demonstrating it was effectively removed from the
ITP window.

Based on these encouraging initial results, we are confi-
dent that the online coupling of FFITP-ESI-MS will solve
problems either where the concentration of the target
analytes is very low compared to contaminants, and/or where
extended MS studies are required for structure elucidation.
Additional engineering of the ESI-MS connection is required
to achieve higher spraying stability at low volumetric flow
rates. Once solved, it should be possible to apply the tech-
nique to biomolecules including peptides and proteins,
which may require surface modification of the glass device.
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