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We present a method that achieves simultaneous preconcentration and separation of analytes using
peak-mode isotachophoresis with a single step injection in simple, off-the-shelf microchannels or
capillaries. We leverage ions resulting from dissolved atmospheric carbon dioxid

e to weakly disrupt isotachophoretic preconcentration and induce separation of analyte species. We
experimentally study the region between the leading and trailing electrolytes, and individually identify
the carbonate and carbamate zones that result from the hydration and carbamation reaction of
dissolved atmospheric carbon dioxide, respectively. The width of these zones and the gradient regions
between them grow with time and create an electric field gradient that causes analytes to separate.
Using this assay, we achieve focusing and separation of a 25 bp DNA ladder in a straight, 34 pm wide
microchannel in a single loading step. As a demonstration of the fractionation capabilities of the assay,
we show simultaneous preconcentration and separation of a DNA ladder from two proteins, GFP and

allophycocyanin.

Introduction

Capillary electrophoresis (CE) is a popular chemical and bio-
logical analysis technique widely used on both microchip and
capillary format devices."* CE devices use narrow bore capil-
laries or shallow microfabricated channels to achieve fast, high
efficiency separations; often at the expense of lower detection
sensitivity due to shorter optical path lengths. Therefore, pre-
concentration techniques such as field amplified sample stacking
(FASS),** field amplified sample injection (FASI)® and transient
isotachophoresis (tITP)®” are often required prior to electro-
phoretic separation to improve limits of detection.®® One
significant challenge that hinders high sensitivity detection is the
dispersion of sample zones (and accompanying reductions in
signal strength) associated with transitioning from a preconcen-
tration step to the CE step.'®!

An alternative to serial preconcentration-then-separation
processes is employing electrophoretic focusing techniques which
simultaneously preconcentrate and separate analytes, achieving
a steady state signal with no further dispersion. Electrophoretic
focusing techniques include temperature gradient focusing
(TGF),'»13 isoelectric focusing (IEF),'* and electric field gradient
focusing (EFGF).' These require fairly complex channel
geometries and/or flow control methods and are not generally
applicable to a wide range of analytes.

Isotachophoresis (ITP) is another preconcentration technique
which leverages heterogeneous electrolytes (of varying electro-
phoretic mobility) to simultaneously preconcentrate and segre-
gate analytes into non-dispersing zones.!® In traditional
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analytical models, sample species segregate into distinct plateau-
shaped (directly detectable) zones between trailing (TE) and
leading electrolytes (LE).’® These are detected directly with UV
absorbance or conductivity detectors,’”'® or can be detected
indirectly with fluorescent mobility markers.’ In contrast to
plateau-mode ITP, sample species in very low initial concentra-
tions result in so-called peak mode (or spike mode).? In typical
peak mode, sample zones are not distinct and appear as peaks
between the leading and trailing electrolyte zones.?** The latter
require an additional separation step to disrupt ITP and induce
separation. The traditional methods accomplish this by
replacement of the discontinuous LE-TE electrolyte system with
a uniform electrolyte either by transient ITP (tITP) or column
coupling.?*¢ In both approaches, the replacement of electrolytes
results in electromigration dispersion (in addition to diffusion
and advective dispersion) which partially offsets the signal
improvement from ITP preconcentration itself.>”>?® A few ITP
studies have addressed the problem of detecting peak-mode
analytes by introducing non-detectable spacer ions (with
mobilities intermediate to that of directly-detectable sample
species of interest) to improve resolution.?*-3! The latter tech-
nique has been used exclusively for UV-absorbent/detectable
analytes with non-UV absorbent/undetectable spacers and
requires careful selection of spacer ions.

In this paper, we present a new separation method which
achieves simultaneous preconcentration and separation in ITP
with a simple, single-step sample injection. We propose and
experimentally demonstrate that carbonate ions (and carbamate
ions) resulting from dissolved atmospheric carbon dioxide (and
its reaction with buffer species containing primary or secondary
amines) weakly disrupt the ITP mode and induce separation of
the analyte species. We show that this assay results in finite
spacing of peak-mode analyte zones, despite the fact that there is
no spacer of intermediate mobility introduced. Separation
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analogous to zone electrophoresis occurs simultaneously with
ITP-type focusing of analyte species. We first present an exper-
imental study on the influence of carbonate ions on the TE-LE
interface shapes, and show results from various controlled
experiments that verify the proposed separation mechanism. We
then demonstrate example applications of this ITP technique to
the separation of the DNA ladder and to the fractionation of
DNA and proteins from a mixture.

Theory
Mechanism for simultaneous focusing and separation

In peak mode ITP, analytes accumulate at the interface between
the LE and TE (order 10 um wide) and appear as a single analyte
peak to the (e.g., fluorescence, conductivity, or absorbance)
detector. Fig. 1a shows a typical example of two concentrated
analyte zones, initially present in trace concentration, and
merged within the TE-LE interface. However, when the ITP
buffer system (i.e. the LE and TE) is “contaminated” with
atmospheric carbon dioxide, we here show that the analyte zones
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Fig. 1 Schematic of preconcentration and separation of analytes at the
TE-LE interface via peak mode ITP. (a) Depicts a situation where the LE
and TE buffers do not focus ions resulting from CO, or (an idealized
situation) where the LE and TE do not contain dissolved carbon dioxide.
Here, analytes (S; and S,) with mobilities intermediate to LE and TE
accumulate at the interface and do not separate. (b) The LE and TE
buffers are “contaminated” with dissolved atmospheric CO, and
carbonate (and/or carbamate) zones focus at the interface. An electric
field gradient is generated. The analytes focus at locations corresponding
to their local mobility. (c) Here, CO, impurity zones have grown wider
with time and the electric field gradient region is wider. The spacing
between analyte peaks also increases. (d) Schematic of various ITP zones
resulting from reactions of CO, to form bicarbonate, carbonate and
carbamate species.

gradually separate and yet remain focused. This is shown sche-
matically in Fig. 1b and lc. In case of non-finite analyte zone
injection (i.e., analytes added to the TE or LE), both accumu-
lated moles® and the peak resolution increases with time. Hence,
we achieve simultaneous preconcentration and separation of
analyte zones without spacers or additional separation steps. We
hypothesize that the separation occurs due to the interference of
dissolved atmospheric carbon dioxide with the ITP preconcen-
tration.

The current assay has characteristics consistent with a tradi-
tional ITP process including analyte zones which focus within
aregion of electric field gradient imposed by fast leading ions and
slow trailing ions. Also, analyte peaks achieve a nearly steady
state maximum concentration for a finite sample injection.
However, the introduction of carbonate disturbances imparts
slight velocity differences between peaks leading to separation.
Unlike traditional ITP, the electric field gradient across the
leading-trailing zone in the current assay is fairly wide spread
(e.g., has the width of 10 or more sample peak widths) and this
assists in separation of analyte peaks which are simultaneously
focused in this gradient region.

Most aqueous buffer solutions used in anionic ITP contain
dissolved carbon dioxide due to its high solubility in aqueous
solutions (e.g., CO, is almost 50 times more soluble than nitrogen
in water). Upon hydration, dissolved CO, forms carbonic acid
which dissociates to form bicarbonate and carbonate ions
depending on the pH of the system. The reaction scheme for
hydration and dissociation reactions can be expressed as

k
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The thermodynamics and kinetics of these reactions have been
extensively studied and details can be found in review articles by
Kern3? and Edsall.*®* The hydration of carbon dioxide occurs
slowly (time scale 7 ~ 10 s) compared to the acid dissociation
reaction (7 ~ 1 ps). The carbonate (and bicarbonate) ions from
dissociation of carbonic acid are well known to interfere with ITP
zones in anionic ITP analysis.**3* In particular, for plateau mode
ITP, the carbonate ions originating from the TE overspeed the
analyte zones and result in diluted, and therefore wider analyte
zones. The carbonate-ion-induced dilution and elongation of
ITP zones has been experimentally studied by Hirokawa et al.3®

Dissolved carbon dioxide also reacts with uncharged primary
and secondary amine groups (e.g., in various amines and amino
acids) resulting in formation of carbamate ions. This reaction is
also relevant to ITP systems since many anionic ITP analyses use
an amino acid (such as glycine or g-aminocaproic acid) as the
trailing ion due to their high pK, and associated low effective
mobility. Commonly used buffering counterions in these systems
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also contain amine groups; including tris, bis-tris propane,
alanine, benzylamine, and others. The reaction of amines with
carbon dioxide was recognized and studied by Siegfried and
Newmann®*” and Faurholt.?®

k
RNH; + €0z, ==RNHCOO ™ +H'
51

The equilibrium constants and kinetic rates for these carba-
mate formation reactions have been experimentally obtained for
various amino acids and peptides.**** The characteristic time
scale for the forward reaction is ~0.1 s** and the typical value of
equilibrium constant for amino acids is ~1 x 107°.** Although
the mechanism of carbamate ion formation is well known, the
occurrence (and interference) of carbamate zones in ITP analyses
has not, to our knowledge, been reported. We suspect that
unknown species zones observed in many published ITP
studies**™*® employing amine containing buffers are in fact
carbamate ion zones.

We hypothesize that the slow reaction kinetics of hydration of
carbon dioxide and carbamation of primary and secondary
amines result in electric field gradients at the interface of
carbonate and carbamate zones. Fig. 1d shows a schematic of
carbonate and carbamate zones formed between the LE and TE
interface along with the various equilibrium reactions that occur
in these zones. The interface gradients and associated separation
phenomenon cannot be captured by any of the ITP simulation
tools available today (e.g., SIMUL*). The current models
assume instantaneous equilibrium reactions and fail to capture
finite reaction rate kinetics and its coupling with ITP. Indeed,
there is a dearth of ITP studies on the effect of reaction kinetics
on ITP dynamics; one notable exception is the work of Gebauer
and Bocek er al®® who presented a theoretical treatment of
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Fig. 2 Schematic of the injection protocol for establishing a single ITP
interface on a microfluidic chip. (a) The TE-LE interface is set up at the
channel intersection by applying vacuum on well 1 after loading wells 2, 3
with TE and well 4 with LE. The pressure-driven-flow velocity is indi-
cated by a dotted arrow and electromigration velocities Vytp are shown
with solid arrow. (b) A TE-LE interface can alternately be established at
the entrance to well 4 and high voltage is applied across wells 3 and 4 to
initiate ITP.

slow reaction kinetics between cations and complexing counter-
ions in cationic ITP and the resulting electrodiffusion at ITP
boundaries. We hypothesize that analogous electrodiffusion
phenomena due to slow reaction kinetics occur with carbamate
and carbonate zones and result in formation of electric field
gradients across the interface. The analyte zones (in peak mode
ITP) experience this electric field gradient (c.f., Fig. 1b and 1c)
and therefore, focus at various locations in the gradient region as
dictated by their effective electrophoretic mobility. We present
experimental evidence in later sections to corroborate our
hypothesis.

Experimental

We performed single interface ITP experiments to study the
development of the TE-LE interface and the preconcentration
and separation of the analytes. All experiments were performed
in a Caliper NS-95A chip with channel dimensions 34 um wide by
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Fig. 3 (a) Fluorescence intensity (width averaged intensity from image
data) within the separation microchannel at five instances 10 s apart, for
a single interface ITP experiment with 200 mM BisTris HCI (pH = 6.4) as
the leading electrolyte and 100 mM glycine titrated with 20mM NaOH
(pH = 9.1) as the trailing electrolyte. 10 pM Rhodamine 6G was added to
the LE to serve as a tracer to visualize the electric field throughout all
zones (high signal indicates low electric field). The interface between the
TE-LE contains two plateau zones, carbonate (cb) and carbamate (cm)
with a gradient region between them. The carbonate, carbamate (and
gradient) regions grow wider with time due to their continuous influx
from the TE zone. (b) Fluorescence intensity within the microchannel at
five different times in another experiment with identical experiment
conditions, but with the addition of two anionic fluorescent analytes
BODIPY and Alexa Fluor 488. Analytes were added to the TE and focus
at the interface region between LE and TE. The analytes gradually
separate as the carbamate and carbonate interface regions grow wider.
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Fig. 4 Spatiotemporal plots of the TE-LE interface in single interface ITP experiments visualized with a fluorescent counterion (Rhodamine 6G). The
four plots correspond to four experiments with different TE buffer compositions. The LE consisted of 200 mM BisTris HCI and the TE contained 250
mM bis-tris glycine in all four cases. Case (a) shows the development of carbamate (cm) and carbonate (cb) zones for the given TE-LE (a control case). In
(b), 2 mM sodium bicarbonate was added to the TE and we observed wider carbamate and carbonate zones. In (c) 5 mM barium hydroxide was added to
the TE well ~15 s after the start of the experiment (at z = 5 s in the plot). Upon application of barium hydroxide, the interface quickly establishes
a constant width. In case (d), barium hydroxide was added to the TE before starting the experiment and the carbonate and carbamate zones do not

appear.

12 um deep (in the separation channel). A schematic of the chip is
shown in Fig. 2a. Briefly, we load well 4 with the LE and wells 2
and 3 with the TE (with or without the sample). We then apply
vacuum at well 1 to fill the separation channel with LE; and the
TE-LE interface is established at the intersection of the chip as
shown. To initiate ITP stacking, high voltage (600 V) is applied
across wells 3 and 4 and the interface migrates towards well 4. We
then manually move a microscope optical stage to monitor the
interface and acquire images at the various locations down-
stream of the simple cross-intersection. For the experiment
requiring visualization of the TE-LE interface over long times
(~100 s, c.f. Fig. 3, 4 and 5), we use pressure-driven counterflow
to keep the interface approximately stationary by applying
a vacuum to well 1.

Fig. 2b shows an alternate injection protocol (used here in the
experiments of Fig. 7 and 8) which achieves one step pre-
concentration and separation in a single channel (or capillary).
The channels are filled with LE and the initial TE-LE interface is
established at the inlet of well 4. The analyte species are added to
the TE in well 4 and high voltage is applied across wells 3 and 4 to
initiate simultaneous ITP preconcentration and separation.

We prepared 1M stock solutions of various LE (tris, bis-tris)
and TE (glycine, HEPES, TES, taurine) species and diluted them
to the desirable concentrations specified in the respective
sections. The LE and TE also contained 2% polyvinyl pyrroli-
done (PVP) to suppress electroosmotic flow. In a few control
experiments described later, we also added Ba(OH), (100 mM
stock solution) to precipitate dissolved carbon dioxide. The LE
and TE reagents were obtained from Sigma-Aldrich (St. Louis,
MO). The fluorescent analytes Alexa Fluor 488, fluorescein, and
BODIPY were obtained from Invitrogen (Carlsbad, CA). We
prepared 100 uM concentration stock solutions of these fluo-
rescent analytes and diluted their final concentration to 100 nM
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Fig. 5 Fluorescence intensity inside the microchannel at five time
instants 10 s apart, for two single interface ITP experiments. High
intensity indicates low local electric field. In case (a), the TE contained
100 mM TES (titrated with 40 mM NaOH to pH = 7.3) and the LE was
200 mM BisTris HCI. Here we observe carbonate (cb) and carbamate
(cm) zones growing between the LE and TE zones. In case (b), the TE was
changed to 50 mM HEPES (titrated with 20 mM NaOH to pH = 7.3) and
only carbonate zone (cb) appears.
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in the TE. The 25 bp DNA ladder was obtained from Promega
(Madison, WI), and fluorescent proteins green fluorescent
protein (GFP), and allophycocyanin (ACN) were obtained from
Invitrogen. We used 10X SYBR green, added to the LE, to
visualize the DNA peaks with the epifluorescent detection setup.
All solutions were prepared using ultra-filtered deionized water
(DIUF) from Fischer Scientific (Fair Lawn, NJ).

For the experiments requiring visualization of the evolution of
TE-LE interface, we added a fluorescent counterion (10 uM
Rhodamine 6G) to the LE. The concentration (and therefore
emitted intensity) of this fluorescent counterion adapts itself
according to the local electric field in ITP zones (in accordance
with mass conservation across interfaces as described in the
ESIt). This indirect detection technique provides an indirect
visualization of electric field distribution, and was first described
by Chambers and Santiago.*!

For imaging, we used an inverted epifluorescent microscope
(IX70, Olympus, Hauppauge, NY) with a mercury lamp and
a 10X (NA = 0.4) UPlanApo objective. We used a dual band
filter cube (51006, Chroma) for imaging Rhodamine 6G and
Alexa Fluor; or Fluorescein and Bodipy simultaneously. For
other experiments (including DNA and protein separations), we
used U-MWIBA filter-cube from Olympus (460-490/505/515
nm). Images were captured using a 12 bit, 1300 x 1030 pixel
array CCD camera (Coolsnap, Roper Scientific, Trenton NJ)
externally triggered using an Agilent function generator. We used
a Labsmith high voltage supply (HVS 3000D) to initiate ITP
stacking (0.5-2 kV).

Results and discussion

Separation by an electric field gradient within carbonate and
carbamate zones

We first present experiments showing transient development of
carbonate (and carbamate, when buffers contain primary or
secondary amines) at TE-LE interfaces; and their effect on
analyte peaks accumulated at the interface via peak mode ITP.
To visualize the varying electric field profile through the TE-LE
interface, we used the aforementioned indirect fluorescence
detection technique. (We added Rhodamine 6G, a cationic dye
with pK, 7.5, to the LE at a trace concentration of 30 uM.)

In Fig. 3a, we show the fluorescence intensity of Rhodamine
6G across the LE and the TE zone obtained at various times for
a single interface ITP experiment with 200 mM BisTris HCI (pH
6.4) as LE and 100 mM glycine (titrated with 20 mM NaOH to
pH =9.1) as TE. We applied 600 V across wells 3 and 4; and used
counterflow by applying vacuum on well 1 to hold the ITP
interface approximately stationary at x = 1.5 mm from the
channel intersection. The data shows two “background” zones
which increase in width with time, and the conductivity (or
electric field) gradient through these zones grows shallower as
these regions widen. As we shall see, these regions are (from TE
to LE) the carbonate and carbamate zones.

Next, we added anionic fluorophores BODIPY and Alexa
Fluor 488 (~100 nM concentration each) as sample fluorescent
species to the TE and observed their focusing within the
carbonate and carbamate field gradient region. In Fig. 3b, we
show the typical resulting fluorescence intensity profiles. The

background counterion tracer again shows the background
zones, while the fluorescent peaks show the position and shape of
the analyte zones. The analytes focus in the region within the
carbonate and carbamate zones, as in Fig. 3b. As the carbonate
and carbamate zones widen, the electric field gradient becomes
less steep. The locations of analyte peak focii therefore move
apart, resulting in effective separation between analyte peaks.
Since the analytes are continuously being fed from the TE well
(within the time scale of the experiment), their concentration also
increases with time. We therefore observe simultaneous pre-
concentration and separation in the assay.

Validation of presence of carbonate and carbamate: control
experiments

Next, we present a series of experiments that validate our
hypothesis that the carbonate ions (from dissolved atmospheric
carbon dioxide) result in the formation of carbamate and
carbonate zone and an electric field gradient at the TE-LE
interface. In these experiments, we added 5 mM barium
hydroxide (Ba(OH),) to the trailing electrolyte to precipitate the
carbonate ions. Barium hydroxide is a strong base that precipi-
tates carbonic acid out of the solution as barium carbonate due
to its low solubility. Barium hydroxide is for this effect
commonly added to TE.?>*3

We present our control experiments, with and without barium
hydroxide in the TE in the spatiotemporal plots in Fig. 4a—d.
Here, the LE was 200 mM BisTris HCI and the TE contained 250
mM glycine (titrated with 250 mM BisTris) in all four cases
shown. For visualization of the TE-LE interface, we added 10
uM Rhodamine 6G to the LE. No other focusing (fluorescent)
analyte was present. We here also applied a counterflow to slow
down the migration of the TE-LE interface. Fig. 4a shows the
typical growth of the TE-LE interface as seen from the widening
gray region between the LE zone (white region) and TE zone
(black). Again, we observe two distinct intermediate zones
(carbonate and carbamate) between the leading and trailing
zones. In Fig. 4b, we added 2 mM NaHCOj to the TE to visualize
the effect of additional carbonate ions in the TE. Here, as
expected with addition of a source of carbonate ions, the
(carbonate and carbamate) interface regions between the TE and
LE grow significantly more rapidly. For example, compare the
increase with that of the carbonate zone at 5 s, and the increased
width of the carbamate zone at 15 s.

For the experiment shown in Fig. 4c, we added barium
hydroxide to the TE zone after the interface has arrived at the
detector location (at ~¢ = 5 s in the plot). We see the pressure
disturbance caused by the (real-time) dispensing of barium
hydroxide into the TE well, appearing as a momentarily wavy
trace in the plot. As expected in the addition to this strong
carbonate scavenger, the interface width is “frozen” thereafter.
(The carbamate and carbonate zones remained the width even
after 60 s). Finally, Fig. 4d shows the spatiotemporal plot for the
case when barium hydroxide was added to the TE before the
experiment was started. Barium hydroxide effectively removes
dissolved CO, and carbonate ions from the TE, and so we do not
observe intermediate carbamate and carbonate zones. As
expected, and again consistent with our hypothesis, the TE-LE
interface remains very sharp and does not grow with time.
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These experiments validate our hypothesis that the carbonate
ions from the TE well interfere with ITP dynamics and cause the
TE-LE interface to increase in width. We also observe the effect
of these “impurity” species on the conductivity field (and there-
fore, electric field) within the carbonate and carbamate zones.
We confirmed our hypothesis with a series of other experiments
not described here. For example, in experiments with one or
more fluorescent analytes, addition of barium hydroxide to the
TE at the start of the experiment consistently and uniformly
resulted in no separation of analytes (as in Fig. 1a).

Carbamate zone formation

Carbarmate ions result from the reaction of primary or
secondary amine groups with carbon dioxide.>* Even though the
reaction mechanism and kinetics of carbamate formation is well
studied, the occurrence of carbamate zones in ITP has to our
knowledge never been reported. We verified the presence of
carbamate zones by performing series of experiments comparing
TE chemistries. We here summarize one such typical study
comparing HEPES and TES as trailing ions. The pK, and fully-
ionized mobilities of these two species are nearly identical and
hence their electromigration behavior is expected to be very
similar. However, TES contains a secondary amine group and we
expect it to form carbamate species, whereas HEPES possesses
only a tertiary amine group and hence does not form carbamate.

Fig. 5 shows the TE-LE interface profile approximated from
the fluorescence intensity of Rhodamine 6G for these two
experiments. The LE in Fig. 5a-b consisted of 200 mM BisTris
HCIL. In Fig. Sa—c, the TE was 100 mM TES titrated with 40 mM
NaOH. Here, we observe two intermediate zones between the LE
and TE zones: carbonate and carbamate. These zones, and the
dispersed interface they form, grow wider with time as seen from
the fluorescence intensity profiles at various time instants. Fig. 5b
is a negative control experiment for the presence of the carba-
mate zone. In the latter experiment, the TE consisted of 50 mM
HEPES titrated with 20 mM NaOH. Here, only the carbonate
zone is formed between the LE and TE as HEPES does not form
carbamate with CO,.

The simultaneous focusing and separation of the analytes is
analogous to other electric field gradient focusing techniques.>-**
However, in the current ITP assay, the electric field gradient is
autogenously generated at the interface due to the combined
effects of ITP and finite-rate reaction kinetics. In order to vali-
date that electric field gradient plays a pivotal role in the both
focusing and resolving/separating analytes in our assay, we
varied the applied voltage in the experiment and observed the
change in shape of the analyte peaks. We present a result from
one such validation experiment in Fig. 6. Here, we show the
spatio-temporal plot of focusing and separation of three analy-
tes: Alexa Fluor 488, Fluorescein and BODIPY focused between
the LE (tris HCI at 150 mM, pH = 8.1) and the TE (tris taurine at
100 mM initial concentration, pH = 8.6). Initially, 200 V is
applied at the LE well and the TE well is grounded. The analyte
zones are wider and poorly resolved under these conditions and
the zones migrate slowly as seen from the slope of the trace of
analyte zones in first 5 s of the spatio-temporal plot. At a later
instant (¢ = 5 s), the LE well voltage is rapidly raised to 800 V and
the analyte zones become narrower and are thereafter well

Bodipy
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Fig. 6 Spatio-temporal plot showing the dynamics of the focused ana-
lyte zones in response to the sudden increase in the electric field in a single
interface ITP experiment. Here, the LE was 150 mM tris HCI (pH = 8.1)
and TE was 100 mM tris taurine (pH = 8.6). The applied voltage is
changed rapidly from 200 to 800 V at = 5 s. In response, the analyte
bands focus into narrower peaks and migrate at higher velocity (indicated
by the decreased slope of the traces).

resolved. Analyte zones now migrate at higher (but still identical)
velocity as indicated by the equal slope of their three respective
fluorescent traces. This simple experiment highlights the impor-
tance of the interplay between focusing rate (determined by elec-
tric field strength and gradient) and dispersion forces (here
dominated by molecular diffusion). Analyte peak width and
resolution are determined by a balance between electromigration
and diffusion, and under low electric field conditions diffusion flux
dominates resulting in low concentrations and poor resolution.

Example applications of assay

While the presence of carbonate zones typically has undesirable
effects on the focusing efficiency of ITP preconcentration
assays®? (due to widening the interface widths), they can be used
to improve various other on-chip CE assays. One obvious
advantage is that both preconcentration and separation of ana-
lytes are achieved simultaneously and there is no need for addi-
tional buffer exchange steps (e.g., as in tITP). Also, what this
assay achieves is easily implemented on standard capillary
systems (without column coupling) and in single, straight
microchannel architectures (e.g., with no cross or double-T
patterns) with a single loading step. We here demonstrate
simultaneous preconcentration and separation of standard DNA
and protein samples in such simple channels where we form the
initial TE-to-LE interface at the entrance to the TE well.

We first present sample preconcentration and separation
dynamics of a 25 bp DNA ladder consisting of 12 different DNA
fragments. We used 50 mM Tris HCI as LE and 25 mM Tris
glycine as TE. Under low ionic strength conditions (as chosen
here), the DNA fragments are believed to experience reduced
electrostatic shielding® and therefore exhibit greater differences
in their electrophoretic mobilities in the presence of a sieving
matrix. We used 1.5% Hydroxyethyl cellulose (added to the LE)
as the sieving matrix and 1% PVP for EOF suppression. For
visualization of the DNA bands, we added 10X SYBR Green to
the LE. The DNA ladder was diluted 1000 fold in the TE to
a final concentration of 0.36 ng pl~'. In this experiment, we used
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Fig. 7 The pseudo-colour image (top) and corresponding fluorescence
intensity plots for the separation and preconcentration of 25 bp DNA
ladder in single interface ITP experiment is shown. The LE and TE were
50 mM Tris HCI and 25 mM Tris glycine, respectively. The solid and
dotted curves show the fluorescence intensity after the peaks have
migrated 15 mm and 25 mm, respectively, from the initial TE-LE inter-
face location. The fluorescence intensity increases due to preconcentra-
tion via ITP and the resolution also increases with the distance travelled
by the interface.

a single channel injection protocol as described in Fig. 2b. Fig. 7
shows the pseudo-color image of the separated DNA peaks and
the corresponding (simple width-averaged axial) fluorescence
intensity plots obtained 15 mm and 25 mm downstream of the
initial TE-LE interface location. The DNA bands simultaneously
separate and preconcentrate (see width-average intensity plots).
The fluorescence intensity of the DNA bands increases as it
migrates downstream due to the accumulation of the DNA
sample. The resolution of the DNA bands also increases with
time. The relative spacing between the DNA peaks changes (e.g.
peak 4 and peak 5 from right are shifted in Fig. 7) since the
electric field gradient between LE and TE zones becomes shal-
lower with time and the focus point for the analyte peak therefore
changes.

From the spatiotemporal plot of the migration of DNA bands
shown in Fig. 8, we observe that the DNA bands migrate at

1 1.5

5
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Fig. 8 Spatio-temporal plot of migration of DNA bands in a 25 bp
DNA ladder separated and preconcentrated via single interface ITP
(same conditions as in caption of Fig. 7). The parallel traces of DNA
bands indicate that the bands migrate at nearly constant speed as per the
ITP condition. The bands slowly separate over longer (~1 cm) distances
as the interface regions between TE-LE grow wider from the effect of
slow reaction rates of carbamate and carbonate ions.
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Fig. 9 Electropherograms for simultaneous preconcentration and
separation of 25 bp DNA ladder from green fluorescent protein (GFP)
and allophycocyanin (ACN) in a single interface ITP experiment with 50
mM Tris HCI as the LE and 100 mM Tris glycine as the TE. The elec-
tropherograms are obtained at various time instants (each 4 s apart) and
the separated analyte peaks remain focused and dispersion-free as they
migrate downstream.

nearly the same velocity and that the ITP mode persists (i.e., the
bands are not dispersing). This is strong evidence that the ITP
condition is only weakly violated by the overspeeding and
transient accumulation of carbonate species here. The resolution
and optimization of such DNA assays is ongoing work which we
will present in future work.

The current focusing and separation technique can also be
used in fractionation assays to extract an analyte from a mixture.
Fig. 9 shows preconcentration and separation of 25 bp DNA
ladder and two proteins GFP (green fluorescent protein) and
allophycocyanin (ACN) from their mixture via one step ITP
separation. Here, the LE was 50 mM Tris HCI (pH 8.1) and TE
was 100 mM Tris glycine. We here injected a 4 mm long injection
zone which included the DNA ladder, GFP, and ACN diluted in
the TE. The LE contained 1% PVP for EOF suppression and did
not contain a sieving matrix (e.g. HEC), so DNA peaks did not
separate and migrated as a single peak. Fig. 9 shows typical
resulting electropherograms from the separation at times 4 s
apart. The separated peaks remain focused and free of disper-
sion. Such experiments demonstrate the possibility of using
single interface ITP in simple, straight channels for fractionation
assays.

Conclusion

We have demonstrated a separation method which achieves
simultaneous preconcentration and separation in single interface
ITP. Unlike previous ITP studies that require electrophoretic
spacers or ampholytes, we leveraged ions resulting from dis-
solved atmospheric carbon dioxide to achieve simultaneous
focusing and separation. We proposed a mechanism for the
separation of analytes due to the migration and accumulation of
carbonate and carbamate ions; and presented various control
experiments for validation. Carbon dioxide hydration has slow
reaction kinetics and subsequent carbonate ions have high elec-
trophoretic mobility; and so carbonate zone appears behind LE
ions. The dissolved carbon dioxide also reacts with ITP buffers
containing primary or secondary amines to form carbamate ions
that overspeed and accumulate just ahead of the TE. The slow
reaction kinetics and carbonate overspeeding effects result in the
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formation of an electric field gradient in the region between the
LE and TE zone. The width of this gradient region increases over
time, and analytes focus within it at locations determined by their
electrophoretic mobility.

We have used this separation mechanism to simultaneously
preconcentrate and separate analytes via single interface iso-
tachophoresis. We demonstrated separation of a standard 25 bp
DNA ladder with this assay and obtained well resolved, disper-
sion-free DNA peaks. As a demonstration of the fractionation
capabilities of the assay, we have also shown extraction of
a DNA ladder and two proteins, GFP and allophycocyanin from
initial mixture. In all cases, separated peaks remain focused for
a long duration (and separation distance), so they can be
recovered downstream of the channel for further analysis.
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