
LAUREATES: AWARDS AND HONORS SCS FALL MEETING 2007 244
CHIMIA 2008, 62, No. 4

Chimia 62 (2008) 244–248
© Schweizerische Chemische Gesellschaft

ISSN 0009–4293

Microchip Isoelectric Focusing
Applications
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Abstract: This review summarizes all available publications on isoelectric focusing carried out on planar microfabri-
cated devices. Characteristic features of microchip isoelectric focusing (MC-IEF), such as resolution independence
of separation length and compression of pH gradient, are discussed. An overview of materials used for microchip
fabrication and developed detection strategies is given. Accomplishments in on-chip coupling of MC-IEF with
other electrophoretic separation techniques or with mass spectrometry are briefly described. The review ends with
alternative approaches to MC-IEF separation in terms of unusual sample introduction, kinds of support used for
IEF separation, and in manner in which the pH gradient is generated.
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available in order to optimize a given IEF
separation.

The ampholytes build the pH gradi-
ent in the electric field, which is applied
along a slab gel, a capillary or, more re-
cently, along a separation channel on the
microchip. Before the electric field is ap-
plied, the separation device is filled with a
solution of uniform pH which contains a
mixture of ampholytes and a sample. The
electrode reservoirs are filled with an acid
and a base, respectively. Upon application
of the electric field, the negatively charged
ampholytes move towards the anode, and
the positively charged ones to the cathode.
They gradually align themselves between
the cathode and the anode according to their
pI values, and form a stable pH gradient.
Simultaneously, sample components (pro-
teins, peptides) are separated and focused
to those positions of the pH gradient which
correspond to their pI values. Thus, an es-
timation of the pI of the unknown sample
components is possible with the help of
pI markers of known pI values (available
commercially). The experimental set-up of
IEF performed in the narrow channel for-
mat (capillary, microchip) is schematically
depicted in Fig. 1a.

Capillary isoelectric focusing (cIEF) of-
fers many advantages over gel-based IEF,
such as ease of automation, quantitation,
lower consumption of reagents and faster
analysis speed.[2] Microchip isoelectric
focusing (MC-IEF) results from the min-
iaturization of the cIEF and so the amount
of reagents is further drastically reduced.[3]

Moreover, MC-IEF may be on-chip cou-
pled with other processes, which can sub-
stantially simplify and speed up the analy-
sis of complex samples.[4] However, most
of the commercial instruments for cIEF,
and also certain MC-IEF configurations,
rely on single-point, on-column optical de-
tection (UV/VIS absorption, fluorescence)
and hence do not enable direct detection of
the focused proteins (unlike gel-based IEF).
For the detection of the focused zones, the
focusing process must be followed by a
mobilization step. During mobilization all
protein bands focused inside the capillary
or the micro-channel are moved past the
detection point. However, the mobilization
leads to distortion of the pH gradient result-
ing in poor reproducibility, longer analysis
time and poorer resolution.[5] To overcome
this obstacle, various whole-column imag-
ing detectors for cIEF and MC-IEF have
been developed.[2,6] A charged-coupled
camera of such a detector images the en-
tire capillary or separation channel, often in
real time, and hence the need for mobiliza-
tion is eliminated. Another benefit of im-
aged IEF is the possible monitoring of the
focusing process, which provides valuable
additional information.[2]

Since the first demonstration of IEF on
the microchip in 1999,[3,7] a lot of effort has
been put into the development of MC-IEF
for various applications. This review gives
an overview of all applications of MC-IEF
which have been hitherto published. The
classification of the applications into the
sections in this review is based on new ac-

*Correspondence: Dr. M. A. Schwarza,b

Tel.: + 41 61 686 6523
Fax: + 41 61 267 1005
E-mail: Maria.Schwarz@unibas.ch,
Maria.Schwarz@solvias.com
aDepartment of Chemistry
University of Basel
Spitalstrasse 51
CH-4056 Basel
bSolvias AG
WKL-127.2.40
Klybeckstrasse 191
Postfach
CH-4002 Basel

1. Introduction

Isoelectric focusing (IEF) is an electro-
phoretic separation technique with high
resolution power used to separate ampho-
teric compounds, in particular peptides and
proteins.[1] The amphoteric compounds are
separated on the basis of their isoelectric
point (pI) in a pH gradient formed by a
mixture of special amphoteric buffers, so-
called ampholytes. Various wide-pH-range
and narrow-pH-range ampholytes mixtures
from different suppliers are commercially
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complishments, rather than on the type of
analyzed protein. The first section covers
first realizations of MC-IEF and contains
three sub-sections referring to MC-IEF
phenomena, detection systems for MC-IEF,
and available chip materials, respectively.
A section is devoted to applications dealing
with on-chip integration of MC-IEF with
other processes. Finally, the alternative ap-
proaches to MC-IEF are summarized in a
separate section. The review ends with con-
clusions and a short outlook to the future.

2. Realization of MC-IEF

The early applications of MC-IEF were
mostly aimed at the demonstration of fea-
sibility of IEF separation on a microflu-
idic device. Hofmann et al. constructed a
glass microchip for MC-IEF and compared
three common mobilization methods.[7]

The electroosmotically driven mobiliza-
tion occurring simultaneously with the fo-
cusing has been suggested for using with
microchip due to its speed, compatibility
with electroosmotic flow (EOF), and min-
imum instrumentation requirements. Con-
currently, MC-IEF on the chip with UV
absorption imaging detection has been
demonstrated by Mao and Pawliszyn.[3]

The channels of the quartz chip applied
for the IEF separation had to be coated
with linear polyacrylamide to achieve
good reproducibility and resolution. More
recently, MC-IEF was performed on a

plastic device;[8] single-point LIF detec-
tion together with chemical mobilization
was used for this MC-IEF separation. The
same device has been also successfully
applied to the study of protein−protein
interactions causing a pI value change.[8]

Fast MC-IEF separation carried out on
a plastic chip with ultra-short separation
channel has been demonstrated by Han
and Singh.[9] Using a microchannel 4 mm
long, IEF could be completed within 45 s
without sacrificing the resolution. The
resolution was not lowered while shorten-
ing the channel (at constant voltage), as
follows from the resolution phenomenon
occurring in IEF (see below).

2.1. MC-IEF Phenomena
During the first miniaturization efforts,

it was confirmed experimentally as well as
theoretically, that in IEF separations, the
resolution does not depend on the separa-
tion length.[8−10] Das and Fan studied this
phenomenon in MC-IEF in detail.[10]

The minimum difference in pI values
required for two proteins to be separated
(Δ(pI)min) can be given by the follow-
ing Eqn. first reported by Vesterberg and
Svensson:[11]

))pH(d/d(E
)dx/)pH(d(D3)pI( min (1)

where D is the diffusion constant of the
protein, d(pH)/dx is the pH gradient, E is

electric field strength, and dµ/d(pH) is the
mobility slope at each pI value. The fol-
lowing assumptions have been used in the
derivation of Eqn. (1). First, pH gradient is
continuous and the applied electric field is
constant. Second, both proteins have the
same diffusion coefficient. Third, the two
adjacent proteins are considered separated
when the positions of their peak maximums
differ by three standard deviations. Fourth,
there are no effects resulting from EOF,
hydrodynamic siphoning, and other such
movements. Finally, there is no Joule heat-
ing due to high electric currents.

When a constant voltage, V, is applied
and a uniform pH gradient is used, then E
= V/L and d(pH)/dx = ΔpH/L, where L is
separation length. Consequently, Eqn. (1)
may be simplified to Eqn. (2):

))pH(d/d(V
pHD3)pI( mjn (2)

in which there is no term related to the dis-
tance. By shortening the channel length,
a higher electric field is applied when the
voltage remains the same and the peaks
become sharper. Consequently, the IEF
separation resolution is not sacrificed (at
the same voltage V) with the decreasing
channel length. Naturally, the application
of a higher separation voltage leads to a
higher resolution (lower Δ(pI)min, see Eqn.
(2)). Additionally, a linear relationship be-
tween the focusing time and the inverse of
the electric field strength has been estab-
lished.[10]

Regarding the resolution dependence on
separation voltage, Stoyanov et al.[12] have
demonstrated that above a certain electric
field (similar to 300 V/cm), the resolution
does not increase with the increasing volt-
age anymore and even lowers. This obser-
vation has been ascribed to the detrimental
effects of Joule heating at higher electric
field, which has led to a band-broadening
and breakdown of a gel used to minimize
the EOF.

Another phenomenon relating to MC-
IEF is the compression of pH gradient,
which was for the first time reported by
Cui et al.[13] With the help of imaged detec-
tion it was observed that the pH gradient in
a microfluidic device is compressed to the
middle of a channel rather then uniformly
distributed in the whole channel (Fig. 1b).
This compression effect is caused by elec-
trolytes drawing into the microchannels and
the degree of compression decreases with
the channel length.[10] High concentrations
of methylcellulose or its derivative have
been added to the aqueous sample solu-
tion[6] or to the reservoir solutions[13] to in-
crease the viscosity and thus to reduce the
compression effect.

Fig. 1. Experimental set-up of IEF. Schematic drawing of (a) IEF process performed in a narrow
channel format; (b) compression of pH gradient occurring during MC-IEF.
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2.2. Detection for MC-IEF
The following three detector types for

MC-IEF may be distinguished: single-
point on-column detectors, whole-column
imaged detectors, and special off-column
detectors, respectively. Obviously, most ef-
forts have been devoted to the development
of whole-column imaged detection, as the
problematic mobilization of the focused
zones could be circumvented with this de-
tector type. Moreover, the planar arrange-
ment and short separation length make the
practical realization of the imaged detec-
tion less demanding compared to cIEF. Im-
aged UV absorption detectors[3,14] as well
as various imaged fluorescence detectors
have been developed for MC-IEF. In ad-
dition to lamp[15] and laser (laser-induced
fluorescence detection),[16,17] also organic
light emitting diodes[6] have been used as
the light source for fluorescence detection.
The imaging is usually realized by focusing
the light on the whole channel and sensing
through charged-coupled devices (CCD).
Alternatively, a fast scanning fluorescence
detector, moving along the channel, has
been applied for MC-IEF.[15,16]

The single-point on-column detectors
measure mostly fluorescence.[7,8] In addi-
tion to fluorescence, a selective and sensi-
tive chemiluminiscence detector has been
developed for single-point detection of
heme proteins separated by MC-IEF.[18]

In relation to the single-point detection, a
novel pressure on-chip mobilization using
a diaphragm pump has been reported,[19]

which enables a precise control of the mo-
bilization and facilitates the connection of
the IEF to second dimension separation
technique.

Special off-column detection represents
the demanding connection of MC-IEF to a
mass spectrometer (MS). MC-IEF was suc-
cessfully on-chip coupled to electrospray
ionization (ESI), followed by ion-trap MS,
as demonstrated by Wen et al.[20] Recently,
MC-IEF has been coupled with matrix-as-
sisted laser desorption/ionization (MALDI)
time-of-flight MS, using a pseudo-closed
channel as an interface.[21] The pseudo-
closed channel, which served for MC-IEF
separation, was formed between two plastic
wafers, the base and the cover, respectively.
After removal of the cover, a buffer solution
was evaporated from the base, and then the
matrix solution was added. In this way the
laser reached the separated proteins directly
on-chip without an elution step. In a similar
approach demonstrated by Fujita et al.,[22] a
chip covered with removable resin tape has
been applied for MC-IEF. After finishing
the MC-IEF separation, the chip was im-
mediately frozen in order to fix separated
proteins in their position. Then the tape
was removed, matrix solution was added,
and the detection by MALDI-MS was per-
formed.

The connection of MC-IEF with MS
might be considered as a special case of
on-chip integration of more processes as it
enables a high-throughput two dimensional
(2D) mapping. In the first dimension, sam-
ple proteins are analyzed in terms of their pI
by MC-IEF, and in the second dimension,
the samples are measured in terms of their
mass-to-charge ratio by MS.[22]

2.3. Chip Materials
Besides traditional glass chips, MC-

IEF separations have also been often
performed in cheaper plastic chips and,
alternatively also in combined glass/plas-
tic chips (one layer glass, second layer
plastic[6,18,19]). In the case of plastic chips,
poly(dimethylsiloxane) (PDMS) is the most
often used polymeric material,[9,13,23] but
the use of other polymeric materials such
as poly(methyl metacrylate) (PMMA)[8,24]

or polycarbonate (PC)[23,25] has also been
reported.

An interesting alternative material for
chip fabrication for MC-IEF is cyclic olefin
copolymer (COC) due to its ease of fabrica-
tion, low cost and solvent resistance.[26] The
unfavorable protein adsorption normally as-
sociated with this material was suppressed
by covering the surface of COC device by
polyacrylamide.[26] Covering the inner chip
walls by polyacrylamide increased the hy-
drophilicity of the walls, and at the same
time suppressed also the EOF, as desired
for MC-IEF measurements with imaged
detection. Alternatively, the EOF on COC
device was kept low by dynamic coating us-
ing a mixture of hydroxyethylcellulose and
hydroxypropylcellulose.[10] To further sup-
press protein adsorption onto this device,
only the second run of MC-IEF separation
was evaluated.

The glass chips for the MC-IEF are usu-
ally coated, either dynamically[18] or per-
manently using polyacrylamide.[3,27] An un-
usual approach to the permanent coating is
the modification of the glass surface using
plasma-polymerized films, as reported by
Tsai et al.[28] Acetonitrile as well as hexa-
methyldisiloxane (HMDS) monomers were
used for plasma polymerization to modify
the glass surface; the stability of the coating
was substantially better in case of hydro-
phobic HMDS films.[28]

3. On-chip Integration of MC-IEF
with other Processes

One of the attractive features of chip
technology is the potential of integration
of more processes into one device with
the goal to eventually develop a so-called
micro-total analysis system (µ-TAS), a
miniaturized flow system for fast, fully au-
tomated analysis. Due to the relative new-
ness of MC-IEF technology, MC-IEF has
so far been coupled only to another electro-
phoretic separation technique or to the MS

detector. As the connection of MC-IEF with
MS has already been described in one of the
previous sections (detection for MC-IEF),
this section summarizes available reports
on coupling of MC-IEF to another electro-
phoretic process.

The integration of MC-IEF with oth-
er electrophoretic technique was mostly
aimed at development of a 2D separation
device with two independent separation
mechanisms, which are employed sequen-
tially. Typically, the MC-IEF step serves
as the first dimension followed by another
electrophoretic separation step, which can
either be free solution electrophoresis[29,30]

or gel electrophoresis.[24,25,30] The most
challenging task is the transfer of proteins
between the two dimensions, which is
achieved through a special design of the
chip in combination with a complicated
voltage control[24,25,29] or, alternatively, with
a pressure control using a system of micro-
valves.[30]

A slightly different approach to the
on-chip integration of more processes rep-
resents the coupling of several stages of
MC-IEF separation in series.[31] First, pro-
teins are focused in a straight channel using
broad-range ampholytes. Then, segments of
the first channel are refocused in secondary
channels branched from the first channel at
T-junctions. A significantly higher resolu-
tion was achieved during refocusing of the
tested proteins in the secondary channels
due to shallower pH gradient and higher
electrical field gradient in comparison to
the MC-IEF separation in the first channel.

4. Alternative Approaches to
MC-IEF

In addition to the standard set-up of
MC-IEF (summarized in Fig. 1), a number
of MC-IEF separations with non-standard
arrangement of the IEF process have been
developed. The unusual approaches to MC-
IEF differ from the classical arrangement:
i) in terms of sample introduction;
ii) in the kind of separation device used for

IEF separation;
iii) in the manner of generation of pH gradi-

ent.
i) In a standard MC-IEF arrangement, the

channel is filled with the mixture of
ampholytes and sample before starting
the focusing process. An alternative,
dynamic sample introduction for MC-
IEF has been developed in order to in-
crease sample loading and thereby also
the concentration of the analytes in the
focused zones.[23] In this dynamic ap-
proach, the analytes (proteins or pep-
tides) are initially present in electrode
reservoirs and during the separation
continuously migrate into the channel,
encounter the pH gradient established
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by the ampholytes and undergo the fo-
cusing. Sample loading capacity can be
directly controlled by the injection time
and the applied electric field strength;
however the discrimination between the
analytes by electrokinetic injection can-
not be avoided (the loading of analyte
with higher electrophoretic mobility
will be greater compared to the analyte
with lower mobility).

ii) The standard MC-IEF separation takes
place in a narrow separation microchan-
nel. In contrast, a flat bed is used for sep-
aration in the method of free flow MC-
IEF, introduced by Xu et al.[32] In free
flow IEF, a wide stream of a mixture of
ampholytes and sample is continuously
admitted at one end of the separation bed
under laminar pressure flow conditions.
An electric field is applied perpendicu-
lar to the pressure driven flow with the
help of side channels. These side chan-
nels connect the separation bed with
electrode compartments filled with an
acid and a base, respectively, and serve
for applying an electric field (Fig. 2a).
Sample components migrate through
the separation bed transversally until
they reach their isoelectric points and
thereafter form narrow parallel lines.
Consequently, free flow MC-IEF is ap-
plied mainly to increase the concentra-
tion of the analytes. However, the side
channels cause a significant potential
loss and a loss of part of the pH gradi-
ent due to the spreading of ampholytes
to them. To overcome this drawback,
an improved device for free-flow MC-
IEF has been developed by Kohlheyer
at el.[33] Two photopolymerizable mem-
branes fabricated directly in the chip
isolate the separation bed from the elec-
trodes, yet allow the electrical contact
due to their ion permeability. The design
of the device has been further improved
by employing multiple sheath flows and
preseparated ampholytes, leading to a
higher resolution and peak capacity of
the free flow MC-IEF separation.[34]

Another non-standard separation de-
vice is utilized in so-called parallel IEF
developed by Zilberstein et al.[35−37] In
the specially designed parallel device,
the pH gradient is not created along the
electric field, but across a membrane
with a large amount of microscopic
channels filled by gel droplets with dif-
ferent pH values (Fig. 2b). During the
separation, analytes are trapped in the
droplets with pH corresponding to their
pI values, which is a favorable feature
for preparative separations.

iii) The pH gradient for the IEF process is
normally created in the electric field by
the mixture of ampholytes. In an alter-
native approach, water electrolysis has
been utilized for the formation of the

pH gradient in a microfluidic device de-
veloped by Macounova et al.[38,39] The
separation channel of this device has
the two opposite walls formed by gold
or palladium electrodes. Upon applica-
tion of an electric field to the electrodes,
water electrolysis occurs and an electri-
cally generated pH gradient is formed
across the channel. The proteins are ad-
mitted to the channel in pressure-driven
flow and are separated by means of
transverse IEF (Fig. 3a). Another non-
standard approach represents a ther-
mally generated pH gradient, which
is formed in the electric field along a
tapered separation channel filled with
a buffer[27] (Fig. 3b). Nonuniform Joule
heating is generated along the tapered
channel, which causes the formation of
a pH gradient by the buffer as its dis-
sociation constant depends on the tem-
perature.

5. Conclusions and Outlook

The feasibility of performing IEF on
microchip has been demonstrated and MC-
IEF has become a new emerging analytical
technology with a rapidly growing number

of applications. Compared to the miniatur-
ization of other electrophoretic techniques,
the adaptation of IEF to microchip has the
advantage of not being hindered by com-
promised resolution due to shorter separa-
tion paths. The resolution independence
of the separation length is a unique fea-
ture of IEF and has been verified both ex-
perimentally and theoretically. Moreover,
due to the specific experimental set-up of
MC-IEF, the problematic cross injection,
commonly employed for electrophoresis
miniaturized to the microchip, could be
avoided. The planar arrangement of the mi-
crochip also facilitates the implementation
of whole-column imaged detection, which
was identified as the most suitable detection
mode for IEF separation.[40] The successful
coupling of MC-IEF to another separation
process for 2D separation or to MS clearly
demonstrates the potential of MC-IEF tech-
nology for system integration. Last but not
least, MC-IEF accomplished in cheap plas-
tic microchips shows great promise for the
development of disposable chips for routine
analyses.

Even though MC-IEF is still at the stage
of testing the robustness of the technique
for the separation of real protein samples,
there is no doubt of its significant impact on

Fig. 2. Non-standard approaches to MC-IEF. Schematic drawing of (a) free flow MC-IEF; (b) parallel
MC-IEF; the arrows indicate the direction of pressure gradient (Δp), electric field (E), and pH gradient
(ΔpH).

Fig. 3. Alternative ways of pH gradient formation. Schematic drawing of (a) electrically generated pH
gradient; (b) thermally generated pH gradient; the arrows indicate the direction of pressure gradient
(Δp), electric field (E), and pH gradient (ΔpH).
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protein analytics, in particular in the area of
proteomics. Due to its high resolving power
and spontaneous concentration of proteins,
MC-IEF will presumably play an indis-
pensable role in the integrated chip systems
for protein analysis. The commercialization
of easily operable microfabricated devices
employing MC-IEF can be expected in the
near future, leading to a revolution in many
laboratories for routine analyses, especially
in the pharmaceutics, medicine or life sci-
ences.
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