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Abstract

A glass electrophoresis microchip integrated a flow-type chemiluminescence (CL) detection cell has been developed and evaluated. The chip
pattern is a double-T-type electrophoretic sample injection and separation combining with a Y-type chemiluminecent detector. The double-T
geometry allows for high-efficiency sample injection and geometric definition of sample plug size. The branch of Y was used as CL reagent
channel, and the CL reagent was delivered by a lab-made micropump. Bis[(2,4,6-trichlorophenyl)]oxalate-H2O2 CL system was employed
to detect dansyl amino acids. On this microchip, dansyl-phenylalanine and -sarcosine were successfully separated by electrophoresis and
detected within 250 s. The detection limits (S/N= 3) of dansyl-phenylalanine and -sarcosine could reach to 2.8 and 3.2�M, respectively,
due to the vigorous dilution of sample with CL reagent and timely removal of the waste solution from reaction area.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Miniaturized total analysis system (�-TAS), known also
as “lab-on-a-chip” devices, can dramatically innovate the
way chemical and biochemical assays are performed[1,2].
Over the past decade,�-TAS has experienced the phenom-
enal success and displayed enormous practical potentials
[3,4]. These devices can integrate diversely functional units
to accomplish screening of large sample populations or pro-
cessing of special kinds of samples. It offers a new way to
achieve fast analysis with high efficiency and low cost in a
miniaturized setup including sample treatment, sample de-
tection, collection processes and so on. The most notewor-
thy is possibly that this microtechnology has been applied
to genomics[5,6], proteomics[7] and metabolomics[8].

The functional units of�-TAS including precisely de-
fined wells, channels, and other features, which form the
basis of the chip’s sample holding, transfer, and separa-
tion operations, are usually fabricated on the 10–150�m
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scale and consistent with miniaturization and integration
[1,2]. However, to realize miniaturization and integration of
lab-on-a-chip devices, it is indispensible to employ equally
miniaturized detectors. Up to now, laser-induced fluores-
cence (LIF) [9,10] and mass spectroscopy (MS)[11,12]
have been most often utilized for�-TAS detection be-
cause of their high sensitivity. Although submicromolar
detectability can be readily obtained with these two types
of detectors, the high cost and large size of the instruments
are quite incompatible with the concept of�-TAS. Con-
ventional photolithographic techniques can be conveniently
used to fabricate micrometer-sized electrochemical (EC)
electrodes directly on the substrate plates of diverse materi-
als. Conducting metal films, as EC electrodes, were formed
by sputtering, vapor deposition or chemical plating. Many
types of EC electrodes have been successfully integrated on
glass or polymer chips[13–15]. However, EC detection is
prone to suffer from the high separation electric field, and
the interference gives rise to a larger background current
and a shifted redox potential.

Chemiluminescence (CL) has been shown to be a highly
sensitive method for the detection in conventional capillary
electrophoresis (CE)[16,17]. CL can be defined as the
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emission of light (ultraviolet, visible or infrared) from a
molecule or atom in an electronically excited state produced
by a chemical reaction[17]. It needs no light sources, and
thus significantly reduces noise and eliminates Rayleigh
and Raman scattering, allowing photon detectors to be op-
erated at high gains to improve the ratio of signal to noise.
Besides, there are more advantages in CL detection, such as
wide dynamic range, simple instrumentation and versatility
of use. Many CL systems have been well characterized and
coupled to CE including peroxyoxalate[18], luminol [19],
and barium peroxide[20]. Since these characters of CL
match the demands of miniaturization and integration, CL
will be a promising detection method for�-TAS. Mangru
and Harrison[21] first realized CL detection on a microchip,
Y-shaped reaction zone junction was adopted. Horseradish
peroxidase (HRP) and fluorescein-conjugated HRP were
separated and detected with a luminol CL system. Recently,
Liu et al.[22] took the similar layout and scheme to success-
fully determinate the metal ions with luminol CL system on
a poly(dimethylsiloxane) (PDMS) microchip. In these two
reports, the separation channel had almost the same size with
the CL reagent channel, so no excessive CL reagent was
delivered, which was unfavourable to detection sensitivity.
In addition, the CL reagent was delivered by electroosmotic
flow, as a result, some CL systems could not be employed
when CL reagent was only dissolved in organic solvent.
The end-channel batch-type detection cell for CL detection
on microchip was also demonstrated by Hashimoto et al.
[23] Dansyl amino acids were monitored using a peroxy-
oxalate CL system. Since the detection cell also worked as
the waste reservior, the waste produced by the CL reaction
was accumulated in the detection cell, which would have a
negative influence on the sensitivity and reproducibility.

Consequently, our efforts have been directed toward the
development of lab-on-a-chip with on-line CL detection that
are consistent with the wide range of possible applications
for these devices. In this paper, a microchip integrated with
CL detector was described. A flow-type detection cell was
adopted toward two objectives: high sensitivity and wide
range of applications.

2. Experimental

2.1. Chemicals

Tris(hydroxymethyl)aminomethane (Tris) and boric acid
were purchased from Beijing Chemical Reagents Co., Ltd.
(Beijing, China). The separation buffer was 0.1 M (pH
7.0) tris–borate. A 1.0 mM stock solution of bis(2,4,6-
trichlorophenyl)oxalate (TCPO) (Acros, USA) was prepared
in acetonitrile (Tianjin Shield Company, China). CL reagent
was obtained by mixing 5.0 mL of 1.0 mM TCPO stock
solution and 29.0�L 30% H2O2 (Shantou Xilong Chem-
ical Co., Ltd. China) prior to use. Dansyl-phenylalanine
and -sarcosine (Sigma, St. Louis, MO) were dissolved in

Fig. 1. Schematic diagram of the microchip.

running buffer. Water, purified by a Barnstead EASYpure
LF system (Dubuque, IA, USA), was used for all solutions.
All chemicals were of analytical grade and used without
further purification.

2.2. Microchip device

The microchip used here, illustrated inFig. 1, was fab-
ricated from soda lime glass (Shaoguang Microelectronics
Co., China) using standard photolithography, wet chemical
etching, and heat bonding techniques[24]. The Y-shaped
layout conbining with double-T injection mode was adopted.
The channel length is 10.0 mm from the samlpe reservoir to
the injection cross, 10.0 mm from the sample waste reser-
voir to the injection cross, 10.0 mm from the buffer reservoir
to the injection cross, and 90.0 mm from the injection cross
to the detection cell. The detection cell is 10.0 mm long.
The radius of the three turns including the turn of the CL
reagent channel is 2.5 mm. The dimensions of the channels
are 40�m deep and 80�m wide except that the CL reagent
channel and detection cell are 600�m deep and 800�m
wide. Other details were depicted inFig. 1. The glass sub-
strates were purchased precoated with a thin chrome layer
and positive AZ1350 photoresist. The top glass substrate
contained the channels and reservoir openings. Patterns of
channels and reserviors were first designed with Adobe Il-
lustrator (Adobe Systems Inc. USA) and transferred onto a
transparent film with a laser phototypesetting system (3556
dpi, MAKO Imagesetter, MAKO 4650, ECRM, USA).
These patterns were then transferred onto the photoresist
layer by a UV light exposure. After the exposed photoresist
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and corresponding chromium layer were removed, a wet
chemical etching was carried out with a etchant (HF:NH4F,
0.4 M:0.4 M). The etching process included two steps: (a)
etching channels and reservoirs, the back of the glass plate
was protected with adhensive tape, then it was immersed
in the etchant; (b) etching detection cell and CL reagent
channel, when the separation and injection channels were
etched to the depth designed, they were also protected with
adhensive tape, then the detection cell and CL reagent chan-
nel were etched again with 0.8 M etchant till to the depth
required. After the above treatment, the left photoresist and
chromium layer were removed. The five reservoirs were
then drilled using a minidriller (Sakai, Korea). The top and
bottom substrates were cleaned and bonded as reported[24].

2.3. Microchip operation

High voltage was applied to the reservoirs of the mi-
crochip by a power supply (CDY-800L, Shanhua, Shandong
Chemical Institue, China) with four independently con-
trolled high-voltage outputs and two high-voltage relays.
The two high-voltage relays were connected in series be-
tween the high-voltage supplies and the buffer and waste
reservoirs to remove the high voltage at these reservoirs.
Platinum wires (Φ= 0.3 mm) as electrodes were inserted
into the reserviors. Before experiments, the channels were
conditioned with 0.1 M sodium hydroxide for 20 min to
activate the surface, then rinsed with ultrapure water. To
perform the separation, the channels and reservoirs were
first filled with the buffer solution using a disposable syringe
except for the waste reservior, then the buffer solution in the
sample reservior was replaced by sample solution, and the
buffer solution in the CL reagent channel and detection cell
was replaced by CL reagent solution. It should be mentioned
that the waste reservior was filled with CL reagent solution
at half. In injection mode, a potential of+1.0 kV was applied
to the sample reservoir for 15 s with the sample waste reser-
voir grounded and other reservoirs floating. In the run mode,
the voltages applied to the buffer, sample waste, and waste
reservoirs were 2.9, 3.6, 2.9, and 0.0 kV, respectively. This
corresponded to electric field strength of about 340 V cm−1

for separation channel. At the same time, the CL reagent
solution was delivered at the rate of 15.0�L min−1 through
CL reagent channel by a lab-made micropump. The analyte
was transported into the separation channel toward the de-
tection cell, and then mixed with CL reagent solution at the
junction of the detecton cell and separation channel. The
potentials applied to the sample and sample waste reservoirs
were used to prevent the sample solution in the injection
channel from leaking into the separation channel. The back
side of the microchip was packed with black adhesive tape
on which a rectangular aperture (1.2 mm× 5.0 mm) was
made as the detection window and located just on the mix-
ing point. The CL signal was recorded by the Ultra-Weak
Luminescence Analyzer (Institute of Biophysics Academia
Sina, China) located under the detection window.

3. Results and discussion

3.1. Design of the microchip

Fig. 1 provides the detailed images showing precisely
the double-T junction and the location and orientation of
the separation channel, CL ragent channel and detection
cell. The injection system on a microfluidic chip is one of
the key elements in the sample handling process, and its
characteristics have a great influence on the performance of
a microchip[25]. In the injection technology of microchip,
the cross mode has been commonly used[26,27]. Gener-
ally, this injection system is only capable of delivering a
fixed-volume sample plug into the separation channel. The
volume of the sample plug is determined by the geometry of
the cross-sectional area of the injection channel. Therefore,
this configuration is clearly unsuitable for an application
that requires the injection of larger sample plugs to enhance
detection sensitivity, which is largely dependent on the vol-
ume of sample solution. A more appropriate solution is to
replace the cross-channel arrangement with double-T form
[28]. This geometry allows for high-efficiency sample injec-
tions and geometric definition of sample plug size, irrespec-
tive of injector loading times or the applied injection poten-
tials [28,29]. The injected volume with the double-T-form
injection system is determined by the double-T’s length and
always larger than that with the cross-injection system[25].
Generally in CE, separation efficiency and resolving power
are improved by increasing the field strength. However,
most separations have a field strength limit, above which
Joule heating will begin to noticeably degrade the separation
efficiency. In addition, the separation efficiency and the re-
solving power may be further enhanced by lengthening the
separation channel while keeping the field strength constant.
This will result in a linear increase in plates and a square root
increase in resolution with increasing channel length. Often
this design requires several turns to be introduced into sepa-
ration channel[30]. Unfortunately, the introduction of turns
into the separation channel will result in an elongation of the
band, and thus decrease the separation efficiency. However,
this negative influence can be partly reduced by increasing
the turn radius of curvature and adopting complementary
pairs of turns[31]. For this reason, a complementary pair of
180◦ turns with the radius of 2.5 mm was employed on the
microchip used here. The turn on the CL reagent channel
was one quarter of a round with radius of 2.5 mm, so the
CL reagent flowed in the same direction with the electroos-
motic flow from the separation channel and the effect of
pressure-driven flow on electroosmotic flow was decreased.
The CL reagent was delivered by a micropump. Because
of the strong dependence on local channel structures and
material as well as fluid composition, electroosmotic flow
is frequently accompanied by instability. However, the
pressure-driven flow can provide a stable and controllable
flow velocity, more importantly, some CL systems, although
no sufficient EOF is produced to deliver CL reagents, can
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be employed on the microchip. The CL reagent channel and
detection cell have about ten times dimensions of separa-
tion channel, which made the CL reagent superfluous, and
thus the detection sensitivity is enhanced. Furthermore, the
larger CL reagent channel and detection cell are compatible
with the micropump and have a significantly lower resis-
tance to flow than the separation channel and also reduce
the effects of pressure-driven flow on electroosmotic flow.

3.2. Analytical performance

This work aimed at developing an effective on-line CL
detector for microchip. According to the reports of CL
detection in CE[16], the achieved sensitivity is largely de-
pendent on the two crucial keys: The first is the dynamics
of the CL reaction. Only those with rapidly responding
reaction dynamics could be successfully employed. The
second is the configuration of the CL detector, that is, the
way for mixing CL reagent and the analytes. The peroxy-
oxalate CL system has been widely applicable to detection
of fluorescence and fluorescence-labeled compounds in CE
[18,32,33]. TCPO was representative as a peroxyoxalate CL
reagent here. The dansyl amino acids were determinated to
evaluate the configuration of the microchip in terms of sen-
sitivity, reproducibility, and resolution. Another important
reason to choose the above-mentioned CL system was that
TCPO only could be prepared in organic solvent that would
be difficult to be delivered by electroosmotic flow.

3.3. Mixing mode of the analytes and the chemiluminescent
reagent

Since CL detection requires CL reagent, the mixing mode
of the analyte and the CL reagent has a marked influence
on the light intensity. Different mixing modes might give
rise to light quench, even under the same conditions. In
conventional flow injection CL analysis (FIA)[34] and
liquid chromatography CL analysis[35,36], TCPO stream
and hydrogen peroxide stream mix in advance and then re-
act with analytes. However, when sample injection is very
small (i.e., nanoliters), such a mixing mode might lead to a
significant decrease in sensitivity[19]. To be conveniently
operated and improve the sensitivity, the mixed solution of
TCPO and H2O2, used as the CL reagent, was introduced. In
a mixture with hydrogen peroxide, TCPO was most stable
when dissolved in acetonitrile. The TCPO was hydrolysed
rapidly with water, which would result in a decrease in CL
intensity[37]. Hydrogen peroxide is commercially available
as a 30% water solution, and hence an increase in hydro-
gen peroxide concentration is accompanied by an increase
in water concentration. So the concentration of hydrogen
peroxide was set at<150 mM, which gave enough CL in-
tensity with a large signal to noise ratio, and the mixture
was prepared just before use to prevent decomposition of
TCPO. This mode has been successfully realized on capil-
lary electrophoresis[33,38]. Consequently, the acetonitrile

solution of 5.0 mL 1.0 mM TCPO and 29.0�L 30% H2O2
was chosen as the CL reagent. The CL reagent flow rate
is also one of important factors that determine the perfor-
mance of the lab-on-a-chip device. Based on the optimized
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Fig. 2. Electropherograms of dansyl amino acids achieved with on-chip
CL detection. Running buffer 0.1M Tris–borate (pH 7.0); CL reagent
(5.0 mL 1.0 mM TCPO solution+29.0�L 30% H2O2) at 15.0�L
min−1; sample injection at 1000 V for 15 s; separation at 3600 V to
buffer reservior, 2900 V to sample and sample waste reserviors, 0 V
to waste reservior. (A) Dansyl-phenylalanine; (B) Dansyl-sarcosine. (a)
20�M dansyl-phenylalanine; (b) 20�M dansyl-sarcosine; (c) 20�M
dansyl-phenylalanine and 10.0�M dansyl-sarcosine; (d) 4�M dan-
syl-phenylalanine and 2.0�M dansyl-sarcosine.



1028 R. Su et al. / Talanta 64 (2004) 1024–1029

Table 1
Migration times, peak height, theoretical plate numbers, and resolutions for repetitive runs

Number Peak 1 Peak 2 Rs

Time (s) Peak height
(relative CL intensity)

W1/2 (s) Theoretical plate
numbers

Time (s) Peak height
(relative CL intensity)

W1/2 (s) Theoretical
plate numbers

1 180 290 8 2800 210 130 9 3010 1.3
2 200 300 9 2730 230 120 12 2030 1.4
3 190 340 12 1380 220 140 11 2210 1.2
R.S.D. (%) 6.1 8.5 4.5 7.7

Table 2
Linear ranges, detection limits of dansyl-phenylalanine and -sarcosine

Analyte Linear range (�M) r Linear regression equation Detection limits (�M)

Dansyl-phenylalanine 1.0–100.0 0.9982 H = 1.07 × 107C 2.8
Dansyl-sarcosine 1.0–100.0 0.9973 H = 8.24 × 106C 3.2

r: linear correlation coefficient;H: peak height (relative CL intensity);C: concentration of analytes (M).

experiments, the CL reagent flow rate of 15.0�L min−1 was
taken.

3.4. Electrophoretic separation of dansyl-phenylalanine
and -sarcosine

Since Tris buffer can catalyze the TCPO-H2O2 CL reac-
tion [36] and Tris buffer is also suitable for separating dansyl
amino acids on microchip capillary electrophoresis (MCE)
[23], the 0.1 M Tris–borate (pH 7.0) solution was used as
electrophoresis buffer.

The volume of the analyte plug moving in the separation
channel was by far small enough compared to the volume
of the reagent flowing in the CL reagent channel; there-
fore, the optimum solvent environment for CL reaction can
be obtained by maintaining nonaqueous conditions on the
point of detection, for this CL system was mainly depen-
dent on the nonaqueous environment[33]. Under above
conditions, dansyl-phenylalanine and -sarcosine were sep-
arated and detected on this microchip. Electropherograms
were obtained, as shown inFig. 2. Fig. 2a and bare the
electrophoregrams of 20.0�M dansyl-phenylalanine and
20.0�M dansyl-sarcosine, respectively.Fig. 2c (20.0�M
dansyl-phenylalanine and 10.0�M dansyl-sarcosine) and
Fig. 2d (4.0�M dansyl-phenylalanine and 2.0�M dansyl-
sarcosine) are the separation electropherograms achieved
on this lab-on-a-chip system. It is indicated that dansyl-
phenylalanine and -sarcosine were successfully separated
and detected within 250 s. A peak width at half-height of
about 10 s was obtained. Unlike batch-type CL detectors,
after the analyte coming into contact with “fresh” reagents,
the mixture was quickly removed from detectable reaction
area, thus reduced the peak tailing and sharpen the peak,
because the signal from the residual CL reaction out of de-
tection window was not recorded. Some reports on CE-CL
[32] and MCE [23] have mentioned the main shortcom-
ing of the batch-type CL detection cell, a relatively low

number of theoretical plates due to the band broadening
resulting from the postcapillary mixing of analytes and the
corresponding CL reagents. In this experiment, the average
theoretical plate number reached 3000.

Under the same conditions, we performed repetitive runs
of mixture samples of 20.0�M dansyl-phenylalanine and
10.0�M dansyl-sarcosine without exchange of the solutions
in each reservoir between runs.Table 1represents results
for migration time, peak height, theoretical plates, and res-
olution concerning three repetitive runs. Theoretical plates
decreased with the broadening of peaks.

3.5. The linear range and detection limits

Linear relation could be achieved between concentration
and peak height for both the compounds. The linear ranges
and detection limits of dansyl-phenylalanine and -sarcosine
are shown inTable 2.

According to experiments, the detection limits of the an-
alytes based on a peak height of three times the baseline
noise are in the linear ranges. After theH of the linear re-
gression equations were replaced by three times the base-
line noise (got by running the electrophoresis chip system
without injection of analytes), the detection limits of dansyl-
phenylalanine and -sarcosine were obtained. Compared with
on-chip batch-type CL detectors[23], the detection sensi-
tivity of this apparatus has been improved, maybe due to
the vigorous dilution of sample with CL reagent and timely
removal of the waste from reaction area.

4. Conclusions

CL detection system has many advantages: high sensitiv-
ity and selectivity; a simple, cheap optical system requiring
no light source, which match the demands of�-TAS. The
microchip integrated with CL detection was realized here.
The double-T injection mode allowed the large volume of
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sample solution injected, and thus the concentration detec-
tion limit was significantly decreased. Since the detection
cell was flow-type and the CL reagent was delivered with
a micropump, this microchip can be used for almost all of
CL systems. The success of this microchip system showed
that CL is a most promising detection method for�-TAS in
chemical and biochemical analysis.
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