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Abstract

We have designed microfluidic devices with the aim of coupling isotachophoresis (ITP) with zone electrophoresis (ZE) as
a method to increase the concentration limit of detection in microfluidic devices. We used plastic multi-channel chips,
designed with long sample injection channel segments, to increase the sample loading. The chip was designed to allow
stacking of the sample into a narrow band by discontinuous ITP buffers and subsequent separation in the ZE mode. In the
ITP—-ZE mode, with a 2-cm long sample injection plug, sensitivity was increased by 400-fold over chip ZE and we found
that the separation performance after the ITP stacking was comparable to that of regular chip ZE. We report sub-picomolar
limits of detection of fluorescently labeled ACLARA eTag reporter molecules electrokinetically injected from cell lysate
sample matrixes containing moderate salt concentrations. We evaluated sample injections from buffers with varied ionic
strengths and found that efficient stacking and separations were obtained in both low and high conductivity buffers, including
physiological buffer with at least 140 Ivh salt. We applied ITP—ZE to the analysis of a cell surface protease (ADAM 17)
which used live intact cells in physiological buffers with detection limits below 10 cells/assay.
0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction capacity to maintain or improve detection sensitivity
without loss of peak resolution. Several methods to
The use of microfluidic devices for electrophoresis perform pre-concentration or stacking of the sample
has grown rapidly due to the promising potential of in microfluidic devices prior to separation have been
this analysis technology [1-9]. Recent reviews [10— reported. Poly(methyl methacrylate) (PMMA) mi-
13] emphasize the broad range of analytical opera- crochips provided with two separation channels in
tions that can be accomplished within microfluidic column coupling-configuration, equipped with on-
structures, such as sample metering, sample mixing, column detection sensors has been previously usec
chemical reactions, sample cleanup and sample pre- for both isotachophoresis (ITP) and ITP—capillary
concentration. The dimensions of micro-channel zone electrophoresis (CZE) separations [14-16].
devices impact the sensitivity of optical detection Detection of micro constituents in the complex
and it is necessary to increase sample loading sample matrixes was achieved by sample pre-con-
centration by ITP combined with sample clean up by
*Corresponding author. selective injection of the sample into the second
E-mail address: awainright@aclara.corfA. Wainright). separation channel [14-16] as shown for food addi-
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tives and waste water analysis. Gated injection [17]
by voltage control while utilizing the electroosmotic
flow (EOF) in a two step process induces a stacked
injection plug or sample stacking can be accom-
plished in an injection stream of by electrokinetic
focusing [18]. Integration of a porous membrane
structure [19] into the microfluidic device allowed
DNA fragments to be concentrated up to two orders
of magnitude. Sample injection from a low con-
ductivity buffer into a high conductivity buffer
followed by static sample stacking [20] increased the
signal roughly a factor of 100. Field amplification
stacking (FAS) and matrix removal by polarity
switching prior to separation showed signal enhance-
ment of up to 65-fold [21] and subMh detection
[22]. Transient isotachophoresis (ITP) pre-concen-
tration steps were tested for separation and analysis
by mass spectrometry [23]. An integrated sample
pre-concentrator for DNA samples using a thin-film
electrode at the injection T, which increased the
sensitivity of detection by 5-fold [24], has been
reported. Detection from isotachophoretic separa-
tions on microchips by Raman spectroscopy using
directly ITP concentrated samples has also been
reported [25].

Recent reviews [26—32] point to frequently used
methods to increase the sample loading capacity and
thus detection sensitivity in capillary electrophoresis
(CE) such as FAS [33-35], pH mediated stacking
[36—38] and transient ITP. These methods lend
themselves well to the standard capillary format with
sequential injections of different buffers. Most re-
ports on ITP pre-concentration utilize coupled capil-
laries as first proposed by Everaerts et al. [39] and
later shown operated in an automated form [40—43].
The use of coupled capillaries take full advantage of
the discontinuous buffers used for ITP and the
subsequent introduction of the stacked sample into a
homogeneous buffer system for separation.

We are developing plastic microfluidic devices for
high-throughput genomic and proteomic analysis and
drug screening [44—-47]. Such a device, the LabCard,
can contain many individual separation elements on
one card [44,46]. The present microfabrication tech-
nology allows easy fabrication of complex patterns
of interconnecting channels with densely packed
patterns. These patterns can be inexpensively repli-
cated from masters by injection molding. We have

A. Wainright et al. / J. Chromatogr. A 979 (2002) 69-80

applied the concept of ITP pre-concentration, as it
has been performed in coupled capillaries, taking
advantage of microfluidic replication and fabrication
technology to make simple and easy to operate
devices.
In many instances biological assay samples con-
tain salts and other ionic compounds, which need to
be removed in order to achieve the sensitivity and
resolution needed from the electrophoretic separa-
tion. Such sample pretreatments are unattractive
because it adds time and cost and, in some cases,
increases the risk of sample cross contamination.
Pre-concentration of samples in high salt prior to CE
has been implemented for instance by pH mediated
stacking [37,38] many other stacking methods rely
on samples in low conductivity buffers [17,20]. In
this report we evaluate the performance of ITP
coupled with ZE for the analysis of sample in high
salt biological buffers.
We have focused on the application of ITP—ZE to
the separation of electrophoretic reporter molecules
known as eTag reporters, currently under develop-
ment at ACLARA BioSciences. The eTag reporter
technology enables solution-phase, multiplexed as-
says for gene expression, protein expression, receptor
and enzyme profiling, with the same biological
sample, directly from cell lysates. eTag reporters are
fluorescent labels with unique and well-defined
electrophoretic mobilities; each label is coupled to
biological or chemical probes via cleavable linkages.
When an eTag reporter-labeled probe binds to its
target, the coupling linkage is cleaved and the eTag
is released. Since each eTag reporter has a well
defined electrophoretic mobility, ITP pre-concentra-
tion methodologies can be standardized and similar
separation protocols can be applied to the separation
of eTag reporters generated from protein or nucleic
acid assays.
The object of this investigation was to increase the
detection sensitivity obtained by CE on plastic
microfluidic devices. We therefore designed and
evaluated microfluidic devices where large sample
plugs could be injected which could then be pre-
concentrated by ITP and subsequently separated by
ZE. The object was also to design a device that was
easy to operate as for example by automated voltage
control of the different analysis steps. Since the
sample buffer composition (ionic strength) can great-
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ly influence the separation sensitivity and resolution
in CE we evaluated sample buffers of different ionic
strengths. We applied the ITP-ZE separation mode
to two types of biological assays which were per-
formed directly from cell lysates. The first assay
requires moderate ionic strength in the assay mix-
tures (12 mM MgCl,) for multiplexed assays for
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gene expression based on the eTag technology, the

other assay was a live cell assay in a physiological
buffer (>140 mM NaCl) of a cell surface protease
(ADAM 17) based on the detection of the peptide
substrate turnover.

2. Experimental
2.1. Instrumentation

The instrumentation used comprised a confocal
microscope system (Nikon Eclipse TE300; Melville,
NY, USA) equipped with an Ar laser (JDS Uniph-
ase, San Jose, CA, USA) for excitation. The fluores-
cence signal was collected with a0ong micro-
scope objective (NA0.55) and imaged through a
0.5-mm pinhole onto the photomultiplier tube. A
dichroic cube with 460—490 nm excitation filter and
520-550 nm emission filter was used for the optical
setup in analyzing fluorescein-based samples. Data
acquisition and electronics control for the instrument
was accomplished on a Model 2837 combination
A/D digital 1/0 board and a Model 2815 D/A board
with LabView software (National Instruments, Aus-
tin, TX, USA) on a Compaq personal computer, the
data collection rate was 100 Hz with the cutoff
frequency set at 10 Hz. A laboratory-built power
supply with independently controlled voltages (0-5
kV) operated the injection, stacking and separation
processes.

2.2. The LabCard

LabCard microfluidic devices of two different
designs, designated chip A and B were used for
ITP-ZE (Figurel). The ITP stacking step of the
sample uses a discontinuous buffer system, consist-
ing of a leading electrolyte (LE) and a terminating
electrolyte (TE). The sample is introduced as a plug
between these electrolytes. In chip A, voltages

Chip A
TE SwW LE
Detection
OL
a [ e g
LE
Chip B X
Detection
£ | l
S/TE OL
h g

Fig. 1. Schematic drawings of a single separation element on a
LabCard designed for ITP-ZE. Chip A: Channel segments are
denoted a—g. Buffer wells are: sample (S), terminating electrolyte
(TE), sample waste (SW), leading electrolyte (LE) and outlet
(OL). The channels and wells SW, LE and OL are filled with LE
buffer; S and TE are filled with sample and TE buffer, respective-
ly. The analysis steps, accomplished by voltage application to
electrodes in the wells, are as follows: (a) sample injection—S at
ground, SW at high voltage (hv); (b) TE migration to sample—TE
at ground, S at hv; (c) stacking—TE at ground, OL at hv; (d)
separation—LE at ground, OL at hv. Chip B: Channels and wells
are filled with LE buffer and sample is placed in S/TE. Sample is
injected into channel segment h by applied voltage from S/TE to
OL, then sample is manually replaced with TE buffer. Voltage is
applied from S/TE to OL until the stacked sample migrates past
channel segment f, voltage is then applied from LE to OL. The
electrodes not in use float.

required for the sample injection, TE buffer migra-
tion, stacking and separation were automatically
sequentially applied. The sample injection plug,
segment ¢, was 2 cm and the detection point was
5 cm from the LE electrolyte channel unless other-
wise noted. Channel segments a, b, d, and f varied in
length from 5 to 15 mm. The chip B design used

manual replacement of sample by the TE buffer in

well S/TE (Figure 1, chip B). Chip B had an
injection/stacking channel (h) of 16 mm and a
separation channel (g) of 47 mm. Comparative
separations in ZE mode were performed on Lab-

Cards designed with a channel opposite channel f

(Figure 1, chip B) and injecting sample in standard
ZE chip operating mode (42,44). In the comparative
experiments, the ZE chips had the same cross-sec
tional areas as the ITP—ZE chips. The channel cross
sections weren3@eep<80 pm wide or 50pm
deep andub2@ide. Electrolyte wells were 3 mm
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in diameter and 1.5 mm deep. The LabCards were (ACLA 163, 156, 33, 26, 25, 174, 1, 187, 188, 189,
injection molded PMMA and bonded with a PMMA 190,191 and 192) and sample B contained five eTag
cover film as previously described [41,42]. The reporters (ACLA 33, 26, 174, 1 and 187). The

movable microscope stage allowed detection on any mobilities of the eTag reporters are listed in Table 1.
point on the LabCard. The ITP—ZE separations were performed in the
following samples buffers with eTag reporters to
2.3. Separation conditions evaluate detection sensitivity and separation resolu-
tion in both low and high ionic strength buffers:
Chemicals for the separation and sample buffers (1) eTag assay buffer @0 3afN-mor-

were from Sigma (St. Louis, MO, USA) unless noted pholino)propanesulfonic acid (MOPS)-1RI5 m
and all the buffers were prepared with Milli-Q water MgCl —0.05% Triton X-100)

(18.2 MQ/cm). (2) eTag assay buffer, diluted 1:10 (1Mm
The ITP—ZE separations were done with a leading MOPS-1.86MgCl,—0.005% Triton X100)

electrolyte (LE) of 20 iyl HCI-25 nM imidazole (3) Formamide—H O (60:40, v/v) buffer

with 1% poly(ethylene oxide) (PEO)M, 600 000, (4) Hanks’ buffer with 0.1% BSA (138 Mh

Aldrich, Milwaukee, WI, USA), pH 6.5. The PEO NaCl, 5.3 Mn KCIl, 5.6 mM glucose, 4 riv
was added to increase the viscosity of the buffer to NakEICO , M3@aCl, with other salts less than 1
counteract hydrostatic flow and reduce EOF by Mn(GIBCO/BRL/Life Sciences, Rockville, MD,
coating the channel walls. The TE was 20Mm  USA)

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid In addition eTag reporters were spiked into mock
(HEPES)-10 v imidazole, pH 6.7 or 40 M reaction mixtures consisting of lysed cells and eTag
HEPES-160 vl imidazole, pH 7.7. Control experi- assay reagents.

ments in the ZE mode were done in the LE buffer.
The LabCard channels and wells were initially filled 2.5. Reagents for the live cell ADAM-17 assay
with LE buffer. The LE buffer was thereafter re-

placed by sample and TE buffer in the assigned wells THP-1 cells (human monocytic cells) were grown
(Fig. 1). The voltages applied in the ITP—ZE sepa- in the laboratory using standard procedures. Just
rations has one common feature, only one electrode prior to use, the cells were collected by centrifuga-
was at “high” voltage and only one electrode was tion, washed and counted on a hemacytometer. A

set to ground at each process step, while the other dilution series of the cells (1-1000 qel)si&8
electrodes were floating. The field strengths varied
from 300 to 700 V/cm depending on which chip was
used. Control experiments in ZE mode used the
standard injection scheme with sample “pullback”
with voltages applied to four electrodes simultan- —
. eTag reporter Mobility

eously. The buffer and samp_le volumes in the wells (10° cn /V/s)
were 8—10ul. Unless otherwise noted the recorded

Table 1
Mobility range of ACLARA eTag reporters measured in the
leading electrolyte buffer at pH 6.5

. . : ACLA 163 34.0
analy3|s_ time include sample injection, stacking and AGLA 156 331
separation. ACLA 33 320

ACLA 26 29.1

2.4. Samples and sample buffers ACLA 25 27.8
ACLA 174 26.5

The eTags reporter molecules were synthesized in ﬁgtﬁ 187 22312
the laboratory, all the reporters were fluoresce_m ACLA 188 191
labeled. The ACLARA eTag reporter synthesis AcLA 189 175
strategy was to generate sets of eTag reportersACLA 190 16.4
separable by electrophoresis for multiplexed sample ACLA 191 15.5
ACLA 192 14.9

detection. Sample A contained 13 eTag reporters
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performed on ice with Hanks’ buffer supplemented
with 10 mM HEPES, 1% BSA and serine and thiol
protease inhibitors (Complete-EDTA free antip-
rotease cocktail tablets, Roche Diagnostics). A
fluorescently labeled ADAM-17 specific peptide
substrate (5.M) was then added to the cells, again
on ice. Incubation proceeded at 37 for 1 h in a
water bath, whereupon the samples were returned to
ice to stop the reaction. The samples, containing all
reagents including the cells, were analyzed directly
without any pre-treatments by ITP—ZE.

2.6. Data processing and calculations

The Ceasar computer program (Analytical De-
vices, Alameda, CA, USA) was used to display the
collected electrophoregrams. The DAx software
(Data Acquisition and Data Analysis by Van Mierlo
Software Consultancyhttp: //www.dax.n) was used
to calculate the peak heights to compare signal
intensities under different separation condition (but
with the same detector settings) and to determine
signal/noise $/N) to define limits of detection
(LODs). Calculations of the terminating ion mo-
bilities in the TE buffers (Fig. 7) used the Peakmas-
ter software Kttp://www.natur.cuni.cztgag by
Bob Gas and Michal Janos, the mathematical model
of this free software is described in Ref. [48].

3. Results and discussion

3.1. Comparison of the separation of eTags
reporters by ITP—ZE and ZE: ITP—ZE buffer
optimization

Initial stacking conditions were established for the
negatively charged eTag reporters, listed in Table 1,
with chloride as the leading ion and HEPES as the
terminating ion. Imidazole was the buffering coun-
ter-ion in both the LE and TE buffers. The pH for
the leading electrolyte was 6.5 and the terminating

electrolyte was 6.7. Sample stacking and subsequent

sample separation (Fig. 2) is shown in one single run
by detecting the same sample in two different
locations on the chip A (Fig. 1). Sample concen-
trations ranged from 200 to 400Mp for the in-

dividual eTag reporters and the sample contained 13
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sample | o separation —

detection at 4 cm
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Fig. 2. Detection of the ITP stacked sample and separation by ZE
of the same sample in chip A (Fig. 1). The stacking was detected

in channel segment e at the intersection of channel section f and in
channel segment g. The separation was detected in channel
segment g, 4 cm from the intersection of channel section f. The

injected sample plug was 2 cm (channel segment c). Sample: 13
eTag reporters mix in eTag assay buffer.

different eTag reporters. The experiment confirmed
that the LE and TE buffers did adequately stack the
sample components and that the subsequent switch to
the LE buffer did de-stack and separate the sample
components. The non fluorescent sample anionic
buffer components also stacked during ITP, thus the
chloride ions in the sample migrate ahead of the
eTag reporters, efficiently desalting the sample.
Stacking of the eTag reporter samples was achieved
with MOPS in the sample buffer indicating that the
MOPS anions stacked after the eTag reporters or
migrates in the terminating electrolyte buffer.
To further evaluate the ITP—ZE separation mode it
was compared directly to standard ZE methods of
separations in microfluidic devices with channel
configuration as previously described [45,46]. The
sample, containing the 13 eTag reporter molecules in
both cases diluted into the same buffer, was injected
in a 50-fold lower concentration in the ITP—ZE
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Fig. 3. Comparison of signal response in ITP-ZE and ZE. Separation of 13 eTag reporters with the same detector setting and separation
channel dimensions. The concentration of injected sample for ITP—ZE was 40480gfor ZE 2—4 M, both samples were diluted in the

eTag assay buffer. Estimated sample plug length of the eTag reporters in chip B was 3-9 mm depending on analyte mobility. Both
separations were detected at 4 cm from the stacking or injection point, respectively.

separation mode (Fig. 3). The average calculated ent pH values, buffered by an imidazole counter-ion.
signal, based on peak height measurements, was The average velocity of the sample plug during the
100-fold enhanced in the ITP—-ZE separation com- stacking phase of the separation was plotted versus
pared with ZE. The estimated sample injection plug the calculated mobilities of the anionic TE ions (Fig.
lengths in ITP/CE mode on chip B were 3—9 mm, 5). Thus the average velocity of the sample plug
with 3 mm for lowest mobility eTag reporter A192 during the stacking phase was dominated by the

and with 9 mm for the highest mobility eTag reporter composition of the TE buffer (and thus pH) and not
A163. The ITP-ZE separation on the chip B design by the steady state condition in ITP. We are attribut-

exhibits the same mobility injection bias as regular ing the varied average velocities to a fixed stacking
electrophoretic injection in CE [49], reflecting mov- point to that initial stacking phase before the ITP
ing boundary migration of the sample constituent equilibrium has been reached. In the steady state
[50], whereas the injection from steady sample condition in ITP, the terminating ion concentration
concentrations in the injection channel in chip ZE and the pH in the capillary is regulated by the
has a much smaller injection bias [51,52]. Thus mobility, concentration and pH of the LE [50]. Thus
signal enhancement for the ITP—ZE separation chip at steady state the mobility of the terminating ions do
B design favored the fastest eTag reporter molecules. not depend on the TE buffer pH, whereas our data
A good correlation of migration times between the indicated TE buffer pH dependence. We found that is
individual eTag reporters was obtained for the two was an advantage to use a possibly fast stacking
separation modes (Fig. 4), confirming that the on process to increase the resolution of the separation.
line ITP stacking process did not compromise the ZE A separation with HEPES as the terminating ion in
separation. the TE buffer at pH 7.7 is shown as an example of a
To further optimize the ITP-ZE separation we separation with the optimized TE buffer (Fig. 6).

evaluated different TE buffers. We noticed that the A final comparison of detection sensitivity of ITP—

migration time to a fixed detection point during the ZE and ZE was performed on the chip A (Fig. 1)
stacking phase could vary considerably with the with a 2-cm long injection plug (Fig. 7). The ITP

same terminating ion (HEPES) depending of the pH stacking started after the steady state sample con-
of the TE buffer. A higher pH resulted in a more centration had been reached in the injection channel.
rapid stacking of the sample plug. We also investi- The optimal TE buffer (pH 7.7) was used for the ITP

gated other terminating ions as TE buffers of differ- stacking. The ZE separation was performed in the
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Fig. 4. Separation time (s) in ITP—ZE versus ZE for eTag reporters (A163—-A192).

LE buffer with channel configurations as previously
described [45,46]. A comparison of peak heights
showed an average sensitivity increase of 400-fold

seen on chip B and the signal sensitivity increase
was independent of the eTag mobility (Table 1). The

by ITP-ZE compared to ZE. The injection mode in

chip A reduced the electrophoretic injection bias

Time
(sec.)

10

5 10 15 20 25
Calculated Mobility of anionic TE ions (cm*/Vs*10°)

Fig. 5. Migration time of the sample plug to reach the intersection
of channel segments f and h of in chip B (Fig. 1) as function of
the calculated mobility of the terminating ion in the TE buffer.

Terminating ions were HEPES, MOPS and ACES with buffer pH
adjusted with imidazole.

resolution between peaks (at half height) was margi-
nally higher for the ZE separation (Table 2).

3.2. Sample buffer composition

Since ACLARA is developing multiplexed assays

; 187 189
3 191
-
g ‘ 163 192
&
2
S 30
s 156 190
=
P 332 174 1 188
:ﬁ 25y
% 1.0 y
1020 1080 114.0 120.0 126.0
Time (sec)

Fig. 6. ITP—ZE separation of the 13 eTags reporters in eTag assay

buffer with the optimized TE buffer (pH 7.7) in chip A. The

sample injection plug was 2 cm and the combined stacking and
separation distance was 5 cm.
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phoreticlly injected analyte is inversely proportional
to the sample buffer conductivity [49]. In the first set
ITP/ZE of samples the comparison was between the eTag
assay buffer and a 60% formamide buffer which had

g 0.2- 0.4 nM .

3 a low conductivity compared to the eTag assay
g buffer (Fig. 8A). The data indicated that a 10-fold
El sensitivity increase could be obtained in this low
= T \ \\\ 7E 20-40 nM conductivity formamide buffer at comparable res-
-,E 3326 174 1 187 olution. The next sensitivity comparison was be-
E IR tween the high ionic strength Hanks’ buffer and the

eTag assay buffer (Fig. 8B). There was a clear loss
of detection sensitivity in the high ionic strength
sample buffer compared to the eTag assay buffer,

‘30 I60 > ITP/ZE sec. however the resolution was maintained or even
improved. In separate experiments the LOBIN=

l > 3) in Hank’s buffer was determined to be 3—#p

40 80 ZE sec. for a fluorescein derivative. The injection phase of

Fig. 7. Comparison of the signal response, at the same detector the samples are shown in Fig. 9A. In the eTag assay
setting, from ITP-ZE and ZE. The ITP-ZE injection plug was 2 buffer there was some initial stacking of the sample
cm; in ZE the sample was injected from a gh wide channel.  during injection, whereas with the high conductivity

Both channels had a depth of 30m. Both separations were sample no such stacking occurred. For low con-

detected at 4 cm from the stacking or injection point, respectively. ductivi le buff th tacki .
In order to compare peak heights for the two separations in the uctivity sample buffers the stacking Is even more

same graph different time scales were used to represent for the Pronounced than with the eTag assay buffer. By
two separations. proper timing of the stack migration, the second ITP

step could be started when the sample has its
for gene expression, the ITP—ZE separation mode maximal concentration thus enhancing the detection
was first evaluated with samples compatible with limit further. In this investigation the sample has
these assays, that is the eTag gene expression assagiways been injected from the steady state con-
buffer where the main salt is Mgl at 12.5vnWe centration marked with an arrow in Fig. 9A. With
also evaluated other sample buffers and their impactidentical separation conditions but with an analyte
on sensitivity and resolution in the ITP—ZE sepa- dissolved in different conductivity buffers, the signal
ration mode. Frequently documented in CE literature (as peak height) from the analyte (ACLA 189) was
is the electrophoretic sample injection’s dependence measured and plotted against the inversed buffer
of the conductivity of both the sample buffer and the conductivity (Fig. 9B). This data verifies the pre-
electrophoresis buffer as has been theoretically ex-dicted injection efficiency of sample related to the
plained [49,53]. In the condition that apply for the conductivity of the sample buffers.

ITP-ZE (that is no EOF), the amount of a electro-  ITP-ZE separations of several eTag reporter
samples in the low [ range were used to determine
Table 2 the LOD for the eTag reporters in their assay buffer.

Resolution at half height of ITP—ZE and ZE for various eTag As an example of such a separation eTag reporters

reporters of known concentration (5—7Np) are shown in Fig.
eTag reporter Signal Resoluionathalfheight 10, At these detection levels the purity of buffer

enhancement |5 7E ZE  reagents can be critical, specially since the ITP
ACLA 33 430 5.4 5.8 stacking step will not only stack the sample com-
ACLA 26 250 5.6 5.9 ponents but also other ionic species of appropriate
ACLA 174 530 6.1 5.9 mobilities in the LE, TE or sample buffers. We have
ACLA 1 420 5.2 6.2 used commercially available buffer reagent without
ACLA 187 430

further purification and been able to perform sepa-
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A/ B/
0.2-0.4
40-80 pM in 60 % nM in
formamide eTag
8 Assay
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::: bpffer % Hanks’ buffer
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1.50 2.00 2.50 1.80 2.00 2.20
Time (min) Time (min)

Fig. 8. ITP-ZE of 13 eTag reporters (A163—A192) diluted into different buffers: (A) on chip B: 40Mthp0% formamide (top) and
400-800 M in eTag assay buffer (below); (B) on chip A: in eTag assay buffer (top) and Hanks’ buffer (below). The injection plug length
was 2 cm and the separation distance was 5 cm.

rations in the low M range. From the electro- buffer blank and the sample. We have not been able
phoresis buffers or the sample buffer only one to remove this impurity, however the impurity peak
fluorescent component, present in lowl pconcen- was pH sensitive and could thus be manipulated by

trations, was stacked by ITP as seen both in the buffer pH changes. We determined the LOD (with

Al B/

0.20.4nM in ¢Tag Peak height of ACLA 189

(2]

Assay buffer 25
@ 2
=
=
D
g
@ 15
2
g | 1-2nMin
¢ | Hanks’ buffer 100
&
K
Q
&

] 3 6 9
0.20 0.40 0.60 0.80
Time (min) 1/conductivity (1/mS)

Fig. 9. (A) Injection phase of eTag reporters dissolved in different buffers detected in channel segment c of chip A. Sample in eTag assay
buffer (top) and Hanks’ buffer (below). Arrows indicates relative injection concentrations. (B) Injection efficiency in different sample
buffers as related to the peak height of ACLA 189 plotted against inverse of the sample buffer conductivity. Buffer 1: eTag assay buffer; 2:
eTag assay buffer, diluted 1:10; 4: Hanks’ buffer.
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Fig. 10. Separation of eTag reporters in loM goncentrations in
eTag assay buffer by ITP—ZE with a 2-cm sample injection plug.
LOD is 0.4 M (S/IN=3).

S/N=3) to be 0.4 M for eTag reporters in the eTag
assay buffer.

3.3. ITP—ZE applied to cell based assays

The feasibility of multiplexed gene expression
assay without any sample pre-treatment was evalu-
ated by adding the 13 eTag reporters mixture to
lysed cell samples which contained all reagent used
in a multiplexed gene expression assay. This sample
was analysed and compared to the cell lysate control
and to the assay buffer blank (Fig. 11). All eTags
were resolved in the cell lysis buffer and for samples
in the high M (200—400) range the background was
negligible. This data also indicated that sensitivities
comparable to those obtained for eTags in their assay
buffer can be achieved for the low mobility eTags
since there are no background peaks in that mobility
area.

The next assay was developed to measure protein
activity in live cells with the ultimate goal of being
able to develop methods to analyse protein activity in
single cells. As an example of live cell analysis we

have evaluated an assay for a cell surface protease

(ADAM 17) in the ITP-ZE format (Fig. 12). The
enzymatic assay is based on the cleavage of the
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Fig. 11. ITP-ZE in cell lysate samples: (A) eTags reporters in cell
lysate 200—-400 . (B) Cell lysate blank (with assay reagents).
(C) Buffer blank (eTag assay buffer).

fluorescently labeled peptide substrate. The substrate
itself can not be detected, however the cleaved
fluorescently labeled peptide is negatively charged
and can be detected by ITP—ZE. Samples with whole
live cells in a physiological buffer, incubated with
the substrate, were analyzed without any pre-treat-
ment by ITP—-ZE. The cleaved peptide product was
easily detected and there was a linear signal response
with cell concentrations (Fig. 12). The extra peaks in
the electropherograms were attributed to impurities
mostly in the substrate peptide, which was added to
each sample taM5 final concentration. The
extended view of the samples with low cell con-
centrations (Fig. 12b) including a control of known
concentration showed clearly the detect ability of this
assay down to less than 10udatsfesponding to
highdetection of an enzymatic product.

4, Conclusion

We have designed microfluidic devices which

were amenable to ITP-ZE separations and evaluate
these devices for the purpose of increasing con-

centration limit of detection over what is obtainable
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Fig. 12. Detection of peptide cleavage by a cell surface protease (ADAM 17) by ITP—ZE in chip A. Separations show the peptide product as
function of cell concentration (number of cells in 40). Samples were injected directly from physiological buffers (Hanks’ buffer). The
separation started at 0 s. (b) Enlarged view of the low cell concentration samples.

by ZE alone. By injection of a long sample plug of We can conclude that the stacking process by ITP
up to 2 cm and stacking this sample plug into a was compatible with cell based assays such as those
narrow band by ITP discontinuous buffers the limit with lysed cells in multiplexed gene expression
of detection was increased by 400-fold over ZE. We assays as well as in assays for cell surface proteins
found that the separation performance after the ITP with live intact cells.

stacking was comparable to that of regular chip ZE.
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