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Abstract: Capillary electrophoresis (CE) chips with amperometric integration offers improved portability, high
detection throughput, small sample and reagent volumes, low driving voltages and sample injection and separation.
This article reviews recent CE chip developments and applications in the integration of amperometric sensors. We
describe the development of three different configurations (in-channel, off-channel and end-channel). CE chips with
integrated EC detectors have great promise in applications including diagnostics, environmental monitoring and

biological assays.
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Introduction

Since the emergence of lab-on-a-chip (LOC)
technology in the 1990s, considerable attention has
focused on the development of miniature and autonomic
analytical devices. Capillary electrophoresis (CE) chips
emerged as one of the earliest LOC products, capitalizing
on the high separation frequency efficiency of charge-
varied analytes to drive instrument miniaturization. CE
chips integrate several functions on a single substrate,
including sample injection, mixing, derivatization,
transportation, separation and detection, thus achieving
the LOC concept. Miniaturized CE instruments provide
improved portability, high throughput detection, small
sample and reagent volume requirements, low driving
voltages and sample injection and separation. CE chips are
widely used in the detection of proteomics [1], amino
acids [2], neurotransmitters [3-5] and inorganic ions [6].

CE chips have been designed to execute various
detection methods, such as photometry, mass
spectrometry and electrochemistry. Electrochemical (EC)
detectors are more suitable for use in CE chips through
the use of microfabrication techniques. Amperometry
and conductometry are the most widely used methods for
CE detection. Conductometric methods can detect
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charged organic and inorganic ions by measuring the
conductivity difference between the background
electrolytes and the analytes [7]. Amperometric methods
can quantify the concentration of electroactive analytes
by applying a redox potential at the working electrode
(WE) [8].

CE chips with EC detectors have great promise for
the development of portable analysis instruments. For
example, MicruX Technologies has developed a
commercial end-channel amperometric  sensors-
integrated CE platform. Although the integration of
electrodes with a CE chip is beneficial for instrument
miniaturization and automated detection, the separation
field and the electrophoretic current of the CE determines
the signal-to-noise ratio of the EC measurement and the
durability of the EC electrodes. Therefore, the layout and
position of EC electrodes relative to the CE microchannel
outlet are key issues for the development of EC detector-
integrated CE chips. This review considers the CE principle
and focuses on the recent development of amperometric
detector-integrated CE chips and their corresponding
applications.
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CE Separation Principle
Electrophoresis

CE separation is driven by two well-known
mechanisms: the electrophoretic flow and the
electroosmotic flow (EOF). In electrophoresis, charged
particles migrate toward the oppositely polarized
electrode in an electric filed. The mobility (ue) of charged
particles in an electric field depends on the magnitude of
their charge-to-size ratio and is described as

_ 4
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(1)
where g; is the charge of the particle, r (Stokes radius) is
the radius of the hydrated particle, and n is the solution
viscosity. Tiselius was the first to mention the
electrophoretic technique for the separation of differently
charged species. The Joule heat effect and viscous action
in an electrophoretic system are inherent limitations for
analyte separation, and may cause broad separating peaks
and low resolution [9]. In the 1960s, Hjertén used a fused-
silica capillary, presenting a high ratio of surface area to
volume, to decrease the effect of Joule heat on separation
efficiency [10].

EOF Phenomenon

Jorgenson and Lukacs presented the first CE
technique in 1981, significantly improving the separation
efficiency through the control of EOF. The fused-silica
capillary is taken as an example to explain the EOF
influence. The silanol group (Si-OH) of the capillary wall
can be dissociated as a negatively charged group (Si-O )
in pH >3 buffers and cations in the solution are adsorbed
tothe Si-O group to form an electrical double layer (EDL)
on the surface of the capillary’s inner wall.

As the electric field is applied to both ends of the
capillary, the hydrated cations in the EDL migrate and
simultaneously drag the water molecules around the
cations toward the cathode by viscous force, driving a bulk
flow to the cathode. When this so-called EOF
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counterbalances the friction force, the flow profile of
analytes can present a plate flow which maximizes the
peak height and separation efficiency of the analytes.
Figure 1 shows the scheme by which the analytes are
separated in a CE channel. EOF mobility (Ueor) can be
written as Eq. (2), where (is the zeta potential of the wall
surface, €ois the permittivity of the vacuum and € is the
relative permittivity of the solution.
(€%

n

(2)

Heor =

Migration time (tm) can be determined by
measuring the retention time in the analyte’s capillary.
The Lieor can be calculated from the retention time of a
neutral analyte. The total mobility (um) of an analyte in a
CE system can be thought of as:

Um = Ug T+ Ugor (3)
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Figure 1. Analytes separated in the CE channel.
Separation Efficiency of CE

The theoretical plate number (N) is used to
represent the separation efficiency of CE [11] as in Eq. (4),
where tn is the retention time and o is the standard
deviation. Moreover, N is represented as Eq. (6) in terms
of the width at half the peak height (W, ;) and the tm.

2
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Development of EF Detector-integrated CE
Chips

A typical CE system consists of a high-voltage power
supply, a sample introduction system containing
reservoirs, a capillary tube (2-100 um inner diameter), a
detector and a readout device. In principle, the reservoirs,
the shape-different microchannels and the EC detectors
can be integrated in a substrate to form a CE chip. The
sample introduction system of CE chips can be carried out
by electric injection and EOF control. Moreover, the CE
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chips can use a shorter microchannel due to the high
separation efficiency of CE, allowing for lower driving
voltages. CE chips with sample injection, separation and

detection match the requirement of a p-TAS platform [12].

According to the position of electrodes relative to
the channel outlet, CE chips with integrated EC electrodes
can be categorized as in-channel, off-channel and end-
channel types, as shown in Fig. 2. The following describes
the development of the three electrode configurations in
recent years.

In-channel Detection

In-channel detection directly places EC electrodes in
the CE separation channel under a high electric filed as
shown Fig. 2(a). The advantage of in-channel detection is
to obtain a high theoretical plate number because the
analytes passing through the WE can maintain the plate
flow profile. However, the in-channel EC detection is
vulnerable to interference from the CE separation field,
causing large background current and a voltage drop at
the WE. The voltage drop results from the electrophoretic
current passing the solution resistance between WE and
reference electrode (RE), which may alter the potential of
WE with the change of electrophoretic current. The
interference of the separation field may result in the
amperometric detector having a high limit of detection
(LOD). Most strategies to reduce separation field
interference focus on reducing the size of the separation
channel and buffering low conductivity. However, the
voltage drop between WE and RE is difficult to reduce. To
solve this problem, Chen et al. [13-14] proposed a dual
channel design to place the WE and RE in different
microchannels but with the same distance to the
microchannel outlet, thus eliminating the voltage drop
and reducing the background noise to 0.42 pA.
Furthermore, the EOF mobility also significantly affects
the CE separation efficiency. Qiu et al. developed a
PDDA/TiO,-modified polydimethylsiloxane (PDMS)
channel to increase EOF stability and detection
reproducibility [15]. Saylor et al. [19] used modified the
PDMS channel walls with a surfactant to increase
dopamine migration time.

Off-channel Detection

Figure 2(b) shows the electrode configuration of off-
channel detection. A decoupling electrode, called a
decoupler, is positioned in front of the WE as a ground
electrode to shunt the high electrophoretic current to
ground. Wu et al. were the first group to fulfill the off-
channel EC detection in a PDMS-glass bonding CE
microchip [20]. This method can reduce the background
current from the EC detection and improve the WE
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lifetime. To prevent hydrogen bubble formation on the
cathodic decoupler, hydrogen absorption materials, such
as Pt and Pd, are generally used as the decoupler substrate.
Wu et al. electrically deposited Pt nanoparticles on the
thin-film Au electrode to serve as the decoupler, which
could isolate the electrophoretic current from the EC
detection under a 100 V/cm separation field. The baseline
offset of the detection current could be decreased to
~0.05 pA [20]. Presently, various materials, such as Pd [20-
22], Pt [22], Au [24] and C [25], have been proposed for
use as the decoupler. In particular, Pd metal has become a
popular choice due to the high diffusion coefficient (2-3%
107 cm?/s) of hydrogen on the Pd surface [26].

An off-channel arrangement requires an
adequate distance between the decoupler and the WE to
prevent the electrophoretic background current from
interfering with the EC measurement. An overly long
distance may result in the analyte’s separating peak from
broadening, thus reducing separation efficiency. As shown
in Table 1, the distance between the decoupler and the
WE is kept at approximately 200 — 700 um. Furthermore,
several methods are proposed for decoupler fabrication,
including physical vapor deposition, (PVD) [21], chemical
reduction [24], print [25] and electrodeposition [20-22].
PVD-made Pd film provides more effective decoupling but
at higher cost due to the complex and time-consuming
chemical reduction. In contrast, electrodeposition is cost-
efficient and simple and produces a thicker Pt film, thus
improving decoupling efficiency [20]. Table 2 compares
the design, operating parameters and LOD of different off-
channel EC-CE chips. The WE of the off-channel design can
tolerate larger separation fields than the in-channel
design.

(a)

Working Electrode
N/

(b) W

e orking Electrode
\7\,%\//
(©) Decouple

Working Electrode

(d) Working Electrode
\
\ »

Figure 2. Layout modes of EC electrodes with integrated CE chip: (a) in-
channel, (b) off-channel, (c) end-channel on-chip and (d) end-channel
off-chip.
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Table 1 Applications of CE chips with integrated in-channel amperometric detectors.

Channel Buffer (pH) Electrode Separation  field  Analyte (LOD, uM) Ref.
(deep xwide) (V/cm)
20 umx50 um 100 mM acetic acid (4.0) AuNP(200 nm)-deposited Au (50 250 p-AP  (0.0146), o-AP [13]
um wide) (0.0106), m-AP (0.0153)
20 umx50 um 100 mM acetic acid (4.0) AuNP(100 nm)-deposited Au 250 p-AP (0.002), o0-AP  [14]
(100 nm wide) (0.0014), m-AP (0.001)
18 umx50 um 5.0 mM STB (9.2) Carbon fiber (@ = 8 um) 324 Arg (9.5), Phe (11.8), Ser [15]
(12.6), Thr (11.2)
15 pmx80 um 25 mM MES (6.5) Au (10 um wide) 200 DA (100), CAT (150) [16]
14 pmx50 um 10mM boric acid with 2mM Pt 417 NO, (2.6) [17]
TTAB (11)
14 pmx40 pm 10 mM boric acid, 7.5 mM Pt wire (@ = 15 um) 417 NO (-) [18]
NaCl and 2 mM TTAC buffer
(10.3)
15 umx40 um 15 mM phosphate, 15 mM Carbon fiber (@ = 33 um) 278 L-DOPA (-) [19]

SDS, and 2.5 mM boric acid
(7.4)

STB: Disodium tetraborate decahydrate solution, MES: 2-(Nmorpholino) ethanesulfonic acid, TTAB: tetradecyltrimethylammonium bromide, TTAC:

tetradecyltrimethylammonium chloride, DA: dopamine, CAT: catechin, Arg: arginine, Phe: phenylalanine, Ser: serine, Thr: threonine p-AP: p-

aminophenol, m-AP: m-aminophenol, o-AP: o-aminophenol, PA: paracetamol

Table 2 List of applications for CE chips with integrated off-channel detectors.

Separation field
Decoupler/WE Gap (um) Analyte (LOD, pM) Ref
(V/cm)
PtNP-deposited Au (200 um)/Au (100 pum) 200 75 DA (0.125) [20]
Pd (500 um)/C (27 um) 400 250 DA (6.7), NE (1.1) [21]
Pd (50 um)/Au (50 um) 350 200 4-OHE»-1-N3Ade (0.4), 4-OHE,-NAcCys (0.4)  [22]
Pt (@ = 500 um)/Cu (@ = 200 pm) 200 150 DA (2.8), CAT (12.7) [23]
AuNP-deposited Pt (1 mm x 3 mm)/ AuNP- 700 140 DA (1) [24]
deposited Au (3 mm x 3 mm)
Carbon ink (550 pum) 200 200 DA (0.05), CA (0.12) [25]

NE: noradrenaline, 4-OHE,-1-N3Ade: 4-hydroxyestrone depurinating adducts at the N3 position of adenine, 4-OHE,-2-NAcCys: 4-hydroxyestradiol-2-N-

acetylcysteine, Gap: interelectrode gap between decoupler and WE
End-channel Detection

The electrode configuration of end-channel EC
detection is shown in Fig. 2(c-d). The EC electrodes are
placed in the waste reservoir and close to the outlet of the
separation channel. The end-channel electrode designs
can be categorized as on-chip or off-chip, meaning that
the EC electrodes are respectively positioned on and off
the CE chip. The width of the waste reservoir is much

larger than the cross-sectional area of the CE
microchannel, which can drastically reduce the
interference of the separating field from the
www.ausmt.or;
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amperometric measurement. However, the flow speed
may be significantly reduced due to fluidic resistance in
the waste reservoir, causing a broad separating peak and
a low resolution. Therefore, the position of WE must be
aligned with an optimal distance from the outlet of the
separation channel.

In end-channel on-chip detection, the distance
between the WE and the separation channel outlet can be
controlled using microfabrication techniques. Castafio-
Alvarez et al. used photolithographic techniques to create

AUSMT Vol. 6 No.4 (2016)
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a 20 um distance between the EC electrode and the CE
separation channel outlet. The end-channel on-chip
detection obtained a DA LOD of 450 nM [27]. Vadzquez et
al. deposited a Pd thin-film electrode (40 um width) on a
glass substrate for amperometric detection and the Pd
electrode was aligned at 5-20 um from the end of the
separation channel using an optical microscope. The LOD
of NO; (electroactive) species was 20 uM [28]. Moreover,
Vazquez's study found that amperometric detection can
obtain a better NO; sensitivity than that produced by
contactless conductivity detection. Although the on-chip
WE has an advantage in terms of ease of alignment, it is
difficult to replace a contaminated or damaged WE, thus
increasing the cost of measurement and manufacturing.
In contrast, the end-channel off-chip detector can
be separately fabricated, and then assembled with a CE
chip. This design facilitates the individual replacement of
the WE or CE chip due to channel pollution or damage,
thus reducing fabrication complexity and measurement
cost. However, the alignment between the off-chip WE
and the CE channel end is a bottleneck which determines
the sensitivity and reproducibility of detection. Presently,
micro-disk electrodes [29-31] or planar-type electrodes
[32-33] are used for the off-chip detection, as listed in

Min-Yuan Lee and Ching-Chou Wu

Table 3. If the gap between the WE and channel end is well
controlled, end-channel detection can obtain a low LOD.
Furthermore, the relative position between the WE and
the channel outlet generally needs to be fixed using a
micro positioning stage with the help of an optical
microscope, which creates difficulty for robust, real-time
and on-site operation.

Figure 3 illustrates our previous patent [33], a self-
aligned thin-film WE chip and a mechanical alignment
device, proposed to automatically facilitate the alignment
and control the gap between the sensitive area of WE and
the microchannel outlet. The self-aligned WE can be
fabricated using microfabrication techniques, making it
suitable for mass production and allowing for WE
replacement. The thickness of the insulator covering the
WE surface can be used to control the gap without the
help of an optical microscope [33]. Moreover, repeated DA
measurements in this end-channel off-chip detection
scheme resulted in a relatively small standard deviation of
about 7%, meaning the device has good reproducibility.
Table 3 compares the sensing properties and the gap
between the WE and the separation channel outlet for
different analyte detection configurations. The results
show that the optimum gap is in the range of 10- 40 um.

Table 3. Comparison of CE chips with integrated end-channel detectors.

Gap Separation field (V/cm)
Method Electrode Analyte (LOD, uM) Ref.
(um)
on-chip 20 Ti/Pt (100 um wide) 214 DA (0.45), EP (0.45) [27]
on-chip 5-20 Pd (40 um wide) 319 NO, (20) [28]
on-chip - Au (@ =25 um) 320 Cholesterol (0.001) [29]
off-chip 20 Nano carbon fiber (@ = 100- 131 DA (0.57), IP (0.57) [30]
300 nm)
off-chip 10 Cu disk (@ =127 um) 432 Arg (7), Pro (6), His (5), Val ~ [31]
(6), Ser (5)
off-chip 40 Cu film (0.5x2.0 mm)/ Au 450 Arg (7.1), Val (9.3), [32]
film (0.5%2.0 mm) His (10.2), Cys (9.4)/ DA
(0.14)
off-chip 30 Au (20 pm wide) 280 DA (0.25), CAT (0.157) [33]
off-chip 20 Carbon paste (@ = 150 um) 208 DA (1.2), CAT (4) [34]
off-chip 20 CoHCF modified 232 HZ (0.91), ISZ (1.3) [35]
MWCNTs/graphite (@ = 1
mm)
off-chip 10 U-form Pt (0.3 mm x0.2 mm) 400 CEA (0.00025), AFP  [36]
(0.00013)
off-chip 20 mv-RuO-RUCN-GC (@ = 3 333 Ethanolamine (23), [37]
mm) tryptamine (27),

tryptophane (34)

EP: epinephrine, IP: isoprenaline, Val: valine, His: histidine, Cys: cysteine, Pro: proline, mv-RuO-RuCN : mixed-valent ruthenium

oxide/hexacyanoruthenate polymeric film, CoHCF: cobalt hexacyanoferrate, MWCNTs: multi-walled carbon nanotubes, HZ:

hydrazine, ISZ: isoniazid
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Moreover, the resolution declined significantly as the gap
increased to 60 um [34]. Compared with the on-chip
scheme, the end-channel off-chip design presents good
lifetime [32] and reproducibility [31]. Furthermore, the
end-channel EC detectors can tolerate a larger separation
field than the in-channel detectors, and have an LOD
comparable with off-channel detectors.

Figure 3 Schematic view illustrating a disposable CE-EC detecting device
and the fixing device. (a) CE chip, (b) sample waste reservoir, (c) buffer
reservoir, (d) sample reservoir, (e) buffer waste reservoir, (f) EC electrode
and (g) fixing device.

Conclusion

CE chips integrated with EC electrodes allow for the
production of portable miniaturized analysis instruments.
The versatile CE chips can be produced by
microfabrication techniques and have a wide range of
applications for the compositional analysis of biological,
food and environmental samples. The in-channel EC
detection exhibits a higher separation theoretical plate
number, but suffers for a larger background current to
obtain a higher LOD. The off-channel EC detection needs a
decoupler to shunt the high separation field to the ground,
which can effectively reduce interferences by the
electrophoretic current. Therefore, this electrode
configuration can obtain a better LOD result than the in-
channel arrangement. Similarly, the end-channel WE
design can significantly reduce separation field
interference by adequately adjusting the relative position
of the WE versus the separation channel outlet.
Furthermore, end-channel off-chip EC detectors can
simplify the fabrication of CE chips with EC electrodes.
This model allows for the simple replacement of damaged
EC detectors and reduce chip manufacturing costs.
However, the alignment of the WE position is an
important issue for end-channel detection. Currently, CE-
EC chip designs include multi-channels equipped with
multi-detectors, and the use of novel nanomaterials for

D
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WE modification will enhance detection sensitivity. CE
chips with integrated EC detectors give great promise for
applications including faster and more convenient clinical
diagnosis, environmental monitoring and DNA testing.

References

[1] L. J. Jin, J. Ferrance, J. C. Sanders, and J. P. Landers,
“A microchip-based proteolytic digestion system
driven by electroosmotic pumping,” Lab Chip, vol. 3,
no. 1, pp. 11-18, 2003.

doi: 10.1039/b209579n

H. Shadpour, M. L. Hupert, D. Patterson, C. Liu, M.
Galloway, W. Stryjewski, J. Goettert, and S. A. Sopetr,
“Multichannel microchip electrophoresis device
fabricated in polycarbonate with an integrated
contact conductivity sensor array,” Analytical
chemistry, vol. 79, no. 2, pp. 870-878, 2007.

doi: 10.1021/ac0612168

Y. Ding, A. Ayon and C. D. Garci, “Electrochemical
detection of phenolic compounds using cylindrical
carbon-ink electrodes and microchip capillary
electrophoresis,” Analytical chemistry, vol. 584, no.
2, pp. 244-251, 2007.

doi: 10.1016/j.aca.2006.11.064

D. F. Pozo-Ayuso, M. Castand-Alvarez, A. Fernandez-
la-Villa, M. Garcia-Granda, M. T. Fernandez-Abedul,
A. Costa-Garci, and J. Rodfiguez-Garci, “Fabrication
and evaluation of single- and dual-channel (M-
design) microchip electrophoresis with
electrochemical detection,” Journal of
Chromatography A, vol. 1180, no. 1-2, pp. 193-202,
2008.

doi: 10.1016/j.chroma.2007.12.023

Y. Wang, H. Chen, Q. He, and S. A. Soper, “A high-
performance polycarbonate electrophoresis
microchip with integrated three-electrode system
for end-channel amperometric  detection,”
Electrophoresis, vol. 29, no. 9, pp. 1881-1888, 2008.
doi: 10.1002/elps.200700377

C. J. Evenhuis, R. M. Guijt, M. Macka, and P. R.
Haddad, “Determination of inorganic ions using
microfluidic devices,” Electrophoresis, vol. 25, no.
21-22, pp. 3602-3624, 2004.

doi: 10.1002/elps.200406120

J.-J. Xu, A.-J. Wang, and H.-Y. Chen, “Electrochemical
detection modes for microchip capillary
electrophoresis,” Trends in Analytical Chemistry, vol.
26, no. 2, pp. 125-132, 2007.

doi: 10.1016/j.trac.2006.08.006

T. F. Tormin, D. T. Gimenes, L. G. Silva, R.
Ruggiero, E. M. Richter, V. S. Ferreira, and R.
A. A Muhoz, “Direct amperometric

(2]

(3]

(4]

(5]

(6]

(7]

(8]

AUSMT Vol. 6 No.4 (2016)

Copyright © 2016 International Journal of Automation and Smart Technology


http://www.ausmt.org/
https://dx.doi.org/10.1039/b209579n
https://dx.doi.org/10.1021/ac0612168
http://dx.doi.org/10.1016/j.aca.2006.11.064
https://dx.doi.org/10.1016/j.chroma.2007.12.023
https://dx.doi.org/10.1002/elps.200700377
https://dx.doi.org/10.1002/elps.200406120
http://dx.doi.org/10.1016/j.trac.2006.08.006

(9]

(10]

(11]

(12]

(13]

(14]

[15]

[16]

(17]

(18]

determination of tert-butylhydroquinone in
biodiesel,” Talanta, vol. 82, no. 4, pp. 1599-
1603, 2010.

doi: 10.1016/j.talanta.2010.07.011

A. Tiselius, The Moving Boundary Method of
Studying the Electrophoresis of Proteins, Stockholm,
Sweden: Almqvist & Wiksell International, 1930.

S. Hjerten, Free Zone Electrophoresis, Stockholm,
Sweden: Almqvist & Wiksell International, 1967.

D. R. Baker, Capillary electrophoresis, New York:
John Wiley & Sons, 1995.

A. Manz, N. Graber, and H. M. Wider, “Miniaturized
total chemical analysis systems: a novel concept for
chemical sensing,” Sens. Actuators B, vol. 1, no. 1-
6, pp. 244-248, 1990.

C. Chen, and J.-H. Hahn, “Enhanced aminophenols
monitoring  using  in-channel  amperometric
detection with dual-channel microchip capillary
electrophoresis,” Environ. Chem. Lett., vol. 9, no. 4,
pp. 491-497, 2011.

doi: 10.1016/0925-4005(90)80209-I

C. Chen, W. Teng, and J.-H. Hahn, “Nanoband
electrode for high-performance in-channel
amperometric detection in dual-channel microchip
capillary electrophoresis,” Electrophoresis, vol. 32,
no. 8, pp. 838-843, 2011.

doi: 10.1002/elps.201000661

J-D. Qiu, L. Wang, R.-P. Liang, and J.-W. Wang,
“Microchip CE analysis of amino acids on a titanium
dioxide nanoparticles-coated PDMS microfluidic
device with in-channel indirect amperometric
detection,” Electrophoresis, vol. 30, no. 19, pp.
3472-3479, 2009.

doi: 10.1002/elps.200900037

C.-M. Kang, S. Joo, J.-H. Bae, Y.-R. Kim, Y. Kim, and T-
D. Chung, “In-channel electrochemical detection in
the middle of microchannel under high electric field,”
Analytical chemistry, vol. 84, no. 2, pp. 901-907,
2012.

doi: 10.1021/ac2016322

D. B. Gunasekara, M. K. Hulvey, and S. M. Lunte, “In-
channel amperometric detection for microchip
electrophoresis using a  wireless isolated
potentiostat,” Electrophoresis, vol. 32, no. 8, pp.
832-837, 2011.

doi: 10.1002/elps.201000681

D. B. Gunasekara, J. M. Siegel, G. Caruso, M. K.
Hulveyad, and S. M. Lunte, “Microchip
electrophoresis with amperometric detection
method for profiling cellular nitrosative stress
markers,” Analyst, vol. 139, no.13, pp. 3265-3273,
2014.

doi: 10.1039/c4an00185k

ww.ausmt.or;

209

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

w
@ Copyright © 2016 International Journal of Automation and Smart Technology

Min-Yuan Lee and Ching-Chou Wu

R. A. Saylor, E. A. Reid, and S. M. Lunte, “Microchip
electrophoresis with electrochemical detection for
the determination of analytes in the dopamine
metabolic pathway,” Electrophoresis, vol. 36, no. 16,
pp. 1912-1919, 2015.

doi: 10.1002/elps.201500150

C.-C. Wu, R.-G. Wu, J.-G. Huang, Y--C. Lin, and H.-C.
Chang. “Three-electrode electrochemical detector
and platinum film decoupler integrated with a
capillary electrophoresis microchip for
amperometric detection,” Analytical chemistry, vol.
75, no. 4, pp. 947-952, 2003.

doi: 10.1021/ac025912t

A. L. Bowen and R. Scott Mart, “Integration of
serpentine channels for microchip electrophoresis
with a palladium decoupler and electrochemical
detection,” Electrophoresis, vol. 30, no. 19, pp.
3347-3354, 2009.

doi: 10.1002%2Felps.200900234

A. D. Bani-Yaseen, T. Kawaguchi, A. K. Price, C. T.
Culbertson, and R. Jankowiak, “Integrated
microfluidic device for the separation and
electrochemical detection of catechol estrogen-
derived DNA adducts,” Analytical and bioanalytical
chemistry, vol. 399, no. 1, pp. 519-524, 2011.

doi: 10.1007/s00216-010-4386-0

K.-W. Lin, Y-K. Huang, H.-L. Su, and Y.-Z. Hsieh, “In-
channel simplified decoupler with renewable
electrochemical detection for microchip capillary
electrophoresis,” Analytica Chimica Acta, vol. 619,
no. 1, pp. 115-121, 2008.

doi: 10.1016/j.aca.2008.02.062

C.-M. Chen, G.-L. Chang, and C.-H. Lin, “Performance
evaluation of a capillary electrophoresis
electrochemical chip integrated with gold
nanoelectrode ensemble working and decoupler
electrodes,” Journal of Chromatography A, vol. 1194,
no. 2, pp. 231-236, 2008.

doi: 10.1016/j.chroma.2008.04.056

C.-H. Chen, Y-T. Lin, and M.-S. Lin, “Fabrication of a
totally renewable off-channel amperometric
platform for microchip electrophoresis,” Analytica
chimica acta, vol. 874, pp. 33-39, 2015.

doi: 10.1016/j.aca.2015.02.035

H. Natter, B. Wettmann, B. Heisel, and R.
Hempelmann, “Hydrogen in nanocrystalline
palladium,” Journal of alloys and compounds, vol.
253-254, pp. 84-86, 1997.

doi: 10.1016/50925-8388(96)02922-2

M. Castafio-Alvarez, M. T. Ferndndez-Abedul, A.
Costa-Garcia, M. Agirregabiria, L. J. Fernandez, J. M.
Ruano-Lépez, and B. Barredo-Presa, “Fabrication of
SU-8 based microchip electrophoresis with

AUSMT Vol. 6 No.4 (2016)


http://www.ausmt.org/
https://dx.doi.org/10.1016/j.talanta.2010.07.011
http://dx.doi.org/10.1016/0925-4005(90)80209-I
http://dx.doi.org/10.1002/elps.201000661
https://dx.doi.org/10.1002/elps.200900037
https://dx.doi.org/10.1021/ac2016322
https://dx.doi.org/10.1002/elps.201000681
https://dx.doi.org/10.1039/c4an00185k
https://dx.doi.org/10.1002/elps.201500150
http://dx.doi.org/10.1021/ac025912t
https://dx.doi.org/10.1002%2Felps.200900234
https://dx.doi.org/10.1007/s00216-010-4386-0
http://dx.doi.org/10.1016/j.aca.2008.02.062
http://dx.doi.org/10.1016/j.chroma.2008.04.056
https://dx.doi.org/10.1016/j.aca.2015.02.035
http://dx.doi.org/10.1016/S0925-8388(96)02922-2
http://www.sciencedirect.com/science/article/pii/S0039914009004160
http://www.sciencedirect.com/science/article/pii/S0039914009004160
http://www.sciencedirect.com/science/article/pii/S0039914009004160
http://www.sciencedirect.com/science/article/pii/S0039914009004160
http://www.sciencedirect.com/science/article/pii/S0039914009004160
http://www.sciencedirect.com/science/article/pii/S0039914009004160
http://www.sciencedirect.com/science/article/pii/S0039914009004160
http://www.sciencedirect.com/science/article/pii/S0039914009004160
http://www.sciencedirect.com/science/article/pii/S0039914009004160

[el[I\V/\W:V{N[6l Development of a Capillary Electrophoresis Chip with Integrated Electrochemical Sensors

(28]

[29]

(30]

(31]

(32]

D

w

integrated electrochemical detection  for
neurotransmitters,” Talanta, vol. 80, no. 1, pp. 24-
30, 2009.

doi: 10.1016/j.talanta.2009.05.049

M. Vazquez, C. Frankenfeld, W. K. T. Coltro, E.
Carrilho, D. Diamond, and S. M. Lunte, “Dual
contactless conductivity and amperometric
detection on hybrid PDMS/glass electrophoresis
microchips,” Analyst, vol. 135, no. 1, pp. 96-103,
2010.

doi: 10.1039/b908985¢

N. Ruecha, W. Siangproh, and O. Chailapakul, “A fast
and highly sensitive detection of cholesterol using
polymer microfluidic devices and amperometric
system,” Talanta, vol. 84, no. 5, pp. 1323-1328,
2011.

doi: 10.1016/j.talanta.2011.02.040

H. Cheng, J.-H. Wu, R.-S. Chen, W-H. Huang, Z-L.
Wang, and J.-K. Cheng, “Comparison of four carbon
fiber electrodes in microfluidic chip integrated with
electrochemical detector,” Chinese Journal of
Analytical Chemistry, vol. 36, no. 1, pp. 1-6, 2008.
doi: 10.1016/51872-2040(08)60012-2

R. Liang, L. Wang, X. Meng, J. Wang, and J. Qiu,
“Enhanced electrophoresis separation of non-
electroactive amino acids on poly(dimethylsiloxane)
microchip coupled with direct electrochemical
detection on a copper electrode,” Microfluid
Nanofluid, vol. 11, no. 2, pp. 227-233, 2011.

doi: 10.1007/s10404-011-0799-0

S.-P. Chen, J. Wu, X.-D. Yu, J.-J. Xu, and H.-Y. Chen,
“Preparation of metal nanoband microelectrode on
poly(dimethylsiloxane) for chip-based
amperometric detection,” Analytica Chimica Acta,
vol. 665, no. 2, pp. 152-159, 2010.

ww.ausmt.or;

210

[33]

[34]

[35]

[36]

(37]

Copyright © 2016 International Journal of Automation and Smart Technology

doi: 10.1016/j.aca.2010.03.043

C-C. Wu and Y-T. Pan, “Disposable capillary
electrophoresis detecting device,” U.S. Patent
8815069 B2, 2014.

X. Li, Pan J., F. Yang, J. Feng, J. Mo, and Z. Chen,
“Simple amperometric detector for microchip
capillary electrophoresis and its application to the
analysis of dopamine and catechol,” Microchim.
Acta, vol. 174, no. 1, pp. 123-130, 2011.

doi: 10.1007/s00604-011-0592-5

X. Li, Z. Chen, Y. Zhong, F. Yang, J. Pan, and Y. Liang,
“Cobalt hexacyanoferrate modified multi-walled
carbon nanotubes/graphite composite electrode as
electrochemical sensor on microfluidic chip,”
Analytica Chimica Acta, vol. 710, no. 13, pp. 118-124,
2012.

doi: 10.1016/j.aca.2011.10.035

S. Zhang, W. Cao, J. Li, and M. Su, “MCE enzyme
immunoassay for carcinoembryonic antigen and
alphafetoprotein using electrochemical detection,”
Electrophoresis, vol. 30, no. 19, pp. 3427-3435, 2009.
doi: 10.1002/elps.200800805

N. Dossi, R. Toniolo, A. Pizzariello, S. Susmel, and
G. Bontempelli, “A modified electrode for the
electrochemical detection of biogenic amines
and their amino acid precursors separated by
microchip capillary electrophoresis,”
Electrophoresis, vol. 32, no. 8, pp. 906-912, 2011.

doi: 10.1002/elps.201000690

AUSMT Vol. 6 No.4 (2016)


http://www.ausmt.org/
http://dx.doi.org/10.1016/j.talanta.2009.05.049
https://dx.doi.org/10.1039/b908985c
https://dx.doi.org/10.1016/j.talanta.2011.02.040
http://dx.doi.org/10.1016/S1872-2040(08)60012-2
https://dx.doi.org/10.1007/s10404-011-0799-0
https://dx.doi.org/10.1016/j.aca.2010.03.043
http://dx.doi.org/10.1007/s00604-011-0592-5
http://dx.doi.org/10.1016/j.aca.2011.10.035
https://dx.doi.org/10.1002/elps.200800805
https://dx.doi.org/10.1002/elps.201000690

