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The effect of surface microstructures of microchannels on the separation efficiency in microchip elec-
trophoresis has been studied. In order to understand the influence of the surface microstructures on the
microchip electrophoresis performance, a thermostatic system was designed and fabricated for precisely
control of the chip temperature since the surrounding temperature causes a significant effect on the sep-
aration efficiency. The periodically ordered microstructures (dams) of different sizes were fabricated on
eywords:
icrochip capillary electrophoresis

urface
icrostructure

oughness
eparation efficiency

the microchannels by a simple printing process using different gray levels of the vector graphic software.
And the influence of dam sizes in microchannels on the separation efficiency was evaluated by using the
number of theoretical plates (N) and the relative resolution (Rs’). Analyzing the variations of mixing ele-
ments caused by the periodically ordered dams in the separate channel and elution time, we found that
with small dam size fabricated at low gray level of ca. 30%, the resolution of dopamine and epinephrine
increased slightly, while it decreased obviously with larger dam sizes especially fabricated at gray level

of 50%.

. Introduction

The field of microfluidics has made considerable progresses due
o the distinctive advantages over conventional analytical methods,
uch as reduced sample consumption, rapid speed, more envi-
onmentally appealing, and potential portability and disposability
1–4]. In the early years, the microfluidic devices were mainly fabri-
ated from silicon and glass using the photolithography and etching
echniques [5,6], however, the fabrication processes are costly (ca.
200 for a research chip), time-consuming and condition-limited.
or avoiding these disadvantages, polymers have been considered
s the promise materials for microfluidic devices [7] since they are
ow cost (ca. $2 for a research chip), and have attractive mechanical
nd chemical properties, ease of fabrication and higher flexibility
8]. The reported polymeric fabrication techniques include laser
blation [9], plasma etching [10], imprinting [11], hot emboss-
ng [12], injection molding [13], and compression molding [14].
ecently, do Lago et al. [15,16] proposed a very simple and con-

enient microfabrication process based on direct printing for mass
roduction of microfluidic devices at very low cost (ca. 4 cents for
research chip).

Abbreviations: N, the number of theoretical plates; Rs’, the relative resolution.
∗ Corresponding author. Tel.: +86 25 83597436; fax: +86 25 83597436.

E-mail address: xhxia@nju.edu.cn (X.-H. Xia).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.05.038
© 2009 Elsevier B.V. All rights reserved.

Microchip electrophoresis is a fundamental part of microflu-
idics, which makes use of the phenomenon of electroosmosis as
the driving force for separation and liquid transport. Upon applica-
tion of electric field, buffer solution in the microchannels usually
moves from one end to another due to the electrostatically charged
surfaces in contact with polar solvents. This phenomenon is termed
as electroosmosis. It produces a flat-flow profile compared to the
parabolic-flow profile in the pressure-driven flow, significantly
minimizing the dispersion of the sample zone. The separation
efficiency depends mainly on the control of electroosmotic flow
(EOF) and the interactions between analytes and channel-surface
in the microchip electrophoresis [17,18]. Electroosmosis is essen-
tially based on the surface chemistry of microchannels and can
be adjusted by a variety of methods via adding buffer addi-
tives [19–21], altering buffer pH [22–24] and buffer concentration
[25], modifying the inner wall of the microchannels or capillaries
with nano-composites [26–28]. These methods change the buffer
composition or surface properties and result in a new electroos-
motic mobility, which contributes to the changes of separation
efficiency or satisfies other purposes. Up to now, many reports
have focused on the modification of the surface properties to
improve the separation efficiency. However, the effect of surface

morphology or surface roughness of the microchannels on sep-
aration quality is usually neglected. Culbertson and co-workers
[29] compared the separation quality on glass microfluidic devices
fabricated with photomasks of different optical resolutions by
measuring the dispersion (apparent diffusion) coefficiency of a
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et of standard compounds. Berg and co-workers [30] examined
he difference between microchip electrophoresis performances
f powder-blasted and hydrogen fluoride-etched microchannels in
lass. And recently, the effect of surface roughness was described by
athematical modeling [31]. Obviously, it is essential to understand

he effect of surface structure of microchannels on the separation
fficiency.

Temperature is usually varied in microchip electrophore-
is due to the application of high separation voltages, which
ill certainly change the diffusion coefficient of solute, the

iscosity of solvent, and the surface properties of the microchan-
els due to the Joule effect. It is clear that precisely control
f the surrounding temperature of microchannels is essential
or obtaining reproducible and repeatable results, especially in
he study of biochemical systems. Therefore, many researchers
ave proposed various approaches to control the surrounding
emperature of the microchip. Verpoorte and co-workers [32]
esigned an integrated temperature control system for microflu-

dic devices which could regulate the local temperature by
sing the chemical and physical processes. Chen and co-workers
33] suggested the integration of a commercial heat sink for
omputer central processor unit (CPU) on polydimethylsiloxane
PDMS) microchip electrophoresis system, and the Joule heat
nd heat dissipation from the high separation voltage could be
liminated efficiently. Jiang and co-workers [34] reported an
utonomously triggered on-chip microfluidic cooling device utiliz-
ng temperature-responsive hydrogels to recirculate cooler water
utomatically.

In this paper, the effect of microstructures of microchannels on
lectrophoretic separation efficiency in microchip electrophoresis
as been investigated. The periodically ordered structures (dams)
f different sizes were designed using different gray levels of vec-
or graphic software and then transferred onto transparencies by

laser printer. Dopamine and epinephrine were used as model
ystem to study the effect of the dam sizes on the separation
fficiency. In order to understand the effect of surface roughness
f the microchannels on the separation efficiency, a thermostatic

ystem was designed to precisely control the temperature of the
icrochip electrophoresis system for avoiding the effect of vari-

tion of surrounding temperature. Two main factors influencing
he separate efficiency in this system, the changes of the elu-
ion time and mixing elements causing perturbation of laminar

ig. 1. Schematic layouts of the PET-toner microchip and homemade plexiglass holder. (A)
a) cover slips, (b) substrate slip, (c) the substrate slip and cover slip were laminated. (B) Th
ample waste reservoir, (e) end-channel detection point. Separation channel with a total l
njection channel with a total length (b, c) 20 mm. The width of the channels was 150 �m
ntegrated with a supporting frame (a) a three-dimensional micromanipulator: X-, Y-, Z-d
2009) 1270–1275 1271

flow of liquid due to periodic ordered dams on the surface were
discussed.

2. Experimental

2.1. Materials and reagents

Transparency film CG3300 (3M, Italy) was used as the base mate-
rial. The stock solutions of dopamine (Sigma, USA) and epinephrine
(Sigma, USA) were prepared by dissolving the reagents in a 1 mM
HClO4 aqueous solution to reach the final concentration of 10 mM.
Both stock solutions of dopamine and epinephrine were kept at 4 ◦C.
Sample solutions were prepared by diluting the stock solutions with
running buffer prior to use. The phosphate buffer (pH 7.4, 10 mM)
solution (PBS) served as the running buffer. All reagents were of
analytical grade and used without further purification. All aqueous
solutions were prepared from deionized water (18 M�, PURELAB
Classic, PALL, USA). All solutions were passed through a 0.22 �m
cellulose acetate filter (Xinya Purification Factory, Shanghai, China)
before electrophoresis measurements.

2.2. Microfabrication process

The basic procedure used to fabricate microchips has been
described previously in detail [16]. The layouts of cover slip of dif-
ferent gray levels in separation microchannel and the substrate
slip with smooth separation microchannel were designed using
the standard computer software Adobe Illustrator 10.0 and then
was printed out in a 1:1 scale on transparency films by an EPL
5800 Laser Printer (Epson, Japan) with the toner cartridge S050010
at 1200 dots per inch (dpi). As shown in Fig. 1A, after the holes
for fluid access were drilled in the cover slip (Fig. 1A (a)) using a
paper puncher, the substrate slip (Fig. 1A (b)) and cover slip were
laminated using a heat laminator (Fig. 1A (c)). Fig. 1B shows the
schematic layout of the designed microchip in the vertical view.
The separation channel (a to e, 60 mm) contained an effective sep-
aration channel (o to e, 50 mm) in which the length of different

gray levels (f to e, 48 mm) was printed. The width of both sepa-
ration and injection channels was designed to be 150 �m, which
was set by the Adobe Illustrator 10.0. Taking advantage of the laser-
printing mechanism, periodically ordered dams consist of plenty of
micrometer toner particles were transferred onto transparencies by

Schematic representation of the fabrication procedure of the PET-toner microchip:
e configuration of PET-toner microchip: (a) buffer reservoir, (b) sample reservoir, (c)
ength, (a–e) 60 mm; effective length, (o–e) ≈50 mm; length of gray levels ≈48 mm.
(not to scale). (C) The three-dimensional view of the homemade plexiglass holder

irection adjustor (b) and a thermostatic copper hollow plate (c).
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ig. 2. (A) SEM images of microstructures of the cover slips designed by differen
icrostructures with larger magnification respectively. Gray level: (a, d, g) 10%, (b, e

inear relationship between the width of dams and gray levels.

sing different gray levels of vector graphic software [35,36]. Fig. 2A
epresents the SEM images of the separation channels with periodic
ams created by different gray levels. As shown in Fig. 2B, the cross-
ectional schematic layout of the separation channels is displayed
n detail. The channels had 11 ± 0.5 �m in height in the region of
he microchannels without dams and the height of dams is approx-
mately 7 ± 0.5 �m as measured from the SEM images [33]. For the
am prepared using a gray level of 10%, its width in the direction of
icrochannel was 73 ± 5 �m. As shown in Fig. 2C, it increased with

he increase of gray scale linearly and was 118 ± 5 �m, 150 ± 5 �m,
83 ± 5 �m and 220 ± 5 �m respectively at the gray level of 30%,
0%, 70% and 90%. Furthermore, the rectangular region of the chan-
el within the cofines of toner decreased gradually as the increase
f gray level and its shape turned into circle at the gray level of 90%
ue to the increase of the micrometer toner particles in this region
radually.

.3. Apparatus

A home-made plexiglass holder with thermostatic copper hol-
ow plate was fabricated for fixing the microchip, housing the
etector and regulating the temperature of the microchip. As shown

n Fig. 1C, the holder is composed of a supporting frame, a reser-
oir, a 3-D micromanipulator and the constant temperature cabinet.
he waste reservoir e (the total system size is 60 mm long, 15 mm
ide and 7 mm high) was served as both the cathodic buffer reser-

oir for the CE system and the electrochemical detection cell. The
-D micromanipulator (Shanghai Lianyi Instrument Factory of Opti-
al Fiber and Laser, Shanghai, China) was fixed on the plexiglass
older for precisely aligning the working electrode to the end of
he microchannels. The thermostatic hollow plate was made up
f copper (the total size is 80 mm long, 70 mm wide and 10 mm
igh) including an inlet and an outlet of fluids through which
ater with constant temperature (precision within ±0.1 ◦C) was
irculated by utilizing a thermostat (Chengdu Instrument Factory,
hengdu, China). The steadily fixing of the microchips on the ther-
ostatic plate adjacent to the edge of the reservoir was achieved

y using silicone grease and double-sided adhesive tap to prevent
he microchips from buffer solution permeation.
levels before the lamination with substrate slip. (a–c, d–f, g–i) The top views of
0%, (c, f, i) 90%. (B) Cross-sectional schematic layout of separation channels. (C) The

Alignment of the working electrode to the microchannel end was
performed under a microscope (Jiangnan Optical Instrument Fac-
tory, Nanjing, China). An Ag/AgCl reference electrode, a platinum
wire counter electrode and a ground Pt electrode for CE were also
placed in the reservoir along with a homemade carbon disk work-
ing electrode [34,37]. Amperometric detection was carried out in
a three-electrode configuration with an Electrochemical Worksta-
tion CHI 650 (Shanghai Chenhua Instrument Company, Shanghai,
China).

3. Experiment procedures

3.1. Electrophoresis

For each new microchip, the channels were washed with deion-
ized water for 2 min. After the deionized water was taken out of the
microchannels using a vacuum pump, the microchips were lami-
nated again at 120 ◦C in the laminator. Then, they were rinsed with
buffer solution for several minutes without remaining gas bubbles
in the microchannels. Electrophoresis experiments were carried out
by a laboratory made voltage power supply with a voltage range
from +150 V to +5000 V. The applied voltage could be automati-
cally controlled by a personal computer via an AD/DA converter.
The separation current could be real time monitored and the corre-
sponding data could be saved in text files. As shown schematically
in Fig. 1B, the voltages were applied to the separation (between a
and e) and injection channels (between b and c) respectively for
several minutes until the separation and injection currents leveled
off. The electrochemical detection reservoir was also restocked with
fresh buffer. The buffer reservoirs (a and c) and the sample reservoir
(b) were restocked with fresh buffer and fresh sample, respectively.
The injection was carried out by applying a high voltage (HV) to the
sample reservoir for a given time via the Pt electrodes connected to
the HV power supply, with the sample waste reservoir (c) grounded
and the other reservoirs floating. Once sample injection was com-

pleted, separation voltage was applied to the buffer reservoirs (a)
with the detection reservoir (e) grounded and the other reservoirs
floating. Electrophoresis separation of the neurotransmitters were
carried out for three times by using three same types of microchips
for each different dam sizes inside the microchannel.
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Fig. 3. Hydrodynamic voltammograms of 100 �M dopamine (�) and 100 �M
e
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pinephrine (�) on a carbon disk electrode in running buffer. Conditions: sepa-
ation voltage: 1200 V; sample injection: at 800 V for 15 s; working electrode: A
00 �m-diameter carbon disk electrode; running buffer: phosphate buffer (pH 7.4,
0 mM).

.2. Constant temperature control

Constant surrounding temperature of the microchips was
recisely controlled during each electrophoresis separation exper-

ment. After the steadily fixing of the microchip on the constant
emperature cabinet, constant temperature water was circulated
y the thermostat through the inlet and an outlet. The required
urrounding temperature of the microchip was reached after sev-
ral minutes as indicated by the separation current leveled off.
ll the experiments were performed under precisely temperature
ontrol.

.3. Electrode preparation

A 300 �m-diameter carbon disk electrode was made from pen-
il lead (Staedtler, German), used as the working electrode for
etection. Detailed fabrication procedure was described elsewhere
34]. Amperometric detection was carried out in a three-electrode
onfiguration, a carbon working electrode, an Ag/AgCl reference
lectrode and a platinum wire counter electrode.

.4. Safety consideration

The high-voltage power supply should be handled with extreme
aution to avoid an electric shock. Due to the high conductivity of
he copper, contact of the ground Pt electrode for CE and the copper
onstant temperature cabinet should be avoided.

. Results and discussion

.1. Influence of the detection potential

The detection potential plays an important role in the separation
nd electrochemical detection system. Fig. 3 shows the hydrody-
amic voltammograms of dopamine and epinephrine on a 300 �m
arbon microelectrode in PBS. The oxidation peak currents for both
nalytes started at 0.30 V and increased rapidly with the increase

f detection potential up to 0.8 V. When the potentials exceeded
.00 V, the peak currents for both analytes increased slowly. Since
oo much higher anodic detection potential will result in higher
ackground current, the detection potential in microchip system
as set at 1.0 V.
Fig. 4. Influence of surrounding temperature (from 15 ◦C to 35 ◦C) on the electro-
pherograms. Other conditions were the same as in Fig. 3.

4.2. Influence of the surrounding temperature

The temperature of microchip electrophoresis is usually gener-
ated due to the high separation voltage which affects the separation
performance. Its tiny variation can lead to significant change in the
elution time during the experiment. Therefore, a thermostatic sys-
tem was designed in microchip capillary electrophoresis to keep the
surrounding temperature of microchips constant and to improve
the precision and reproducibility of migration time. During exper-
iments, each separation current can be monitored graphically in
real time. As expected, different surrounding temperature results
in different leveling-off separation current. Fig. 4 shows the influ-
ence of surrounding temperature on the amperometric response
and separation efficiency. It clearly showed that with the decrease
of temperature from 35 ◦C to 15 ◦C, the elution time increased sig-
nificantly from 102.6 s to 160.9 s and from 116.7 s to 182.3 s for
dopamine and epinephrine, respectively. At the same time, the reso-
lution of the analytes was improved obviously. Taking consideration
of the obviously poor resolution of the analytes at 35 ◦C and the long
elution time of the analytes at 15 ◦C, the surrounding temperature
was set at 25 ◦C for the following investigations.

4.3. Effect of the microstructures on the separation efficiency

The interior environment of microchannel is the main factor
which affects the electrodynamic behavior including electroosmo-
sis and electrophoresis. The increased wall roughness may affect
the fluid flow within the channels and furthermore, the separa-
tion efficiency. The surface properties of the interior wall may lead
to the variation of electroosmotic flow including its direction and
velocity. In addition, the laminar flow of liquid will be perturbed.
Thereby, the separation efficiency highly depends on the surface
properties of the interior wall of separation microchannels. In order
to understand this effect, periodically ordered dams were fabricated
on the microchannel using different gray levels of vector graphic
software by a laser printer. Such ordered dams can be regard as
efficient rough elements in microchannels. Fig. 5 shows the effects
of the dam sizes inside the microchannels on the separation effi-
ciency denoted by the number of theoretical plates per meter (N)
and relative resolution (Rs’). This two parameters ware calculated
as follows: ( )2
N = 20 × 5.54 × R1

Wh/2
(1)

Rs’ = 2(tR2 − tR1)
Wh/2 + Wh/2

(2)
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Fig. 5. Effects of the different gray levels inside the microchann

here tR1, tR2 are the migration time of dopamine and epinephrine,
espectively; Wh/2(1), Wh/2(2) are the peak width at half height of
opamine and epinephrine, respectively. Each parameter was the
verage of the results obtained in three microchips for each differ-
nt gray level. The standard deviation of each data was indicated as
rror bars. As it is shown, the variation of the data is smaller than
he difference of each measurement for both the Rs’ and N.

As expected, the number of theoretical plates gradually
ecreased with the increase of dam size in generally (Fig. 5A).
ith larger dam size created at the gray level of 50%, the plate

umber was the lowest. With further increase of the dam size, it
ncreased again gradually. On the contrast, the Rs’ did not continu-
usly decrease as the dam sizes increased as shown in Fig. 5B, which
s not expected. When dam size was smaller than it created at gray
evel 30%, the Rs’ even slightly increased with the increase of dam
izes. With larger dam sizes larger than it created at gray level 50%,
he Rs’ gradually decreased with the increase of dam size.

Based on these phenomena, it is clear that there are two main
actors that determine the behavior of electrophoresis: mixing
lements caused by the periodically ordered dams leading to per-
urbation of laminar flow of liquid and the change of elution time
ue to the varied properties of the heterogeneous surfaces of the
icrochannels. As we reported previously [35], high mixing effi-

iency (lamellae reduction factor of 85%) could be achieved at a
istance of 500 �m downstream of the microchannels patterned
ith mixing elements created with gray levels of 50% to 80%.
lthough the width of the microchannels and the patterns of the
icrostructures were not exactly the same as those in ref. [35], we

elieve that this mixing effect should be considered in the present
ase. The factor was validated by the result in Fig. 5A. With the

nhancement of the mixing efficiency, the plate number should be
ecreased inch by inch. With large dam size created at the gray level
f 50%, the full mixing effect resulted in the lowest plate number.
ith the further increase of the dam size, the mixing efficiency

ecreases, resulting in the gradual increase in plate number.

ig. 6. Influence of the microstructures patterned with different gray level (from 0%
o 90%) inside the microchannels on the electropherograms. Other conditions were
he same as in Fig. 3.
the number of theoretical plates (A) and relative resolution (B).

On the other hand, the resolution of the separation in elec-
trophoresis can be calculated from the following Eq. (3) [38]

R =
(

1

4
√

2

)
(��app)

(
V

D(�̄ + �eo)

)1/2
(3)

where V is the applied separation voltage, D is the diffusion coeffi-
cient, �eo is the electroosmotic mobility, �̄ represents the average
of two analytes’ electrophoretic mobilities, and ��app represents
the distinction of two analytes’ electrophoretic mobility. From Eq.
(3), we can definitely infer that the separation resolution R has an
affinitive relationship with �̄ and �eo, namely, the better separation
efficiency can be obtained at slower elution mobility. As shown in
Fig. 6, the migration time of the analytes and the separation qual-
ity gradually increased with the increase of dam size created at
gray level lower than 30%, though broadening of the sample bands
occurred. This result is in good accordance with the expectation
from Eq. (3). However, with larger dam sizes created at the gray
level larger than 30%, the migration time of the analytes decreased
with the increase of dam size. Understanding of this behavior needs
further investigation.

Based on the above analysis, it is clear that the two main factors
of elution time and mixing effect of the microchannels patterned
with microstructures determine mainly the separation quality. At
gray level lower than 50%, the mixing efficiency increases with the
dam size [35], resulting in the decrease in the separation quality.
At the same time, the elution time of the analytes increases with
the dam size as well, resulting in the increase of the separation
quality. Therefore, the separation efficiency of the analytes in the
microstructures patterned microchannels is determined by the bal-
ance of these two factors. With dam size created at the gray level of
30%, the best separation efficiency can be obtained (Fig. 5B). With
dam size created at the gray level higher than 50%, the mixing effi-
ciency increases with the increase of dam size; while the elution
time decreases with the increase of dam size. Both of these two
factors result in the decrease in separation quality.

5. Conclusions

In this work, we have investigated the effect of surface
microstructures on the separation efficiency on a direct-printed
capillary electrophoresis microchip. The results show that the sur-
face microstructures of the microchannels play an important role in
determining the separation efficiency of neurotransmitters besides
the effect of surrounding temperature. The reasons for the different
performances of the microchannels patterned with dams of differ-

ent sizes using different gray level are related to two main factors:
the mixing elements and the changes of elution time caused by the
periodic ordered microstructures in the microchannels. With dam
sizes created at gray level lower than 50%, the separation efficiency
is determined by the balance of these two factors due to the oppo-
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ite effects caused by the increase of mixing efficiency and elution
ime; while with dam size created at the gray level higher than 50%,
oth the increase of mixing efficiency and decrease of the elution
ime resulted in the decrease in separation efficiency. Furthermore,
he understanding of the effect of microstructures on the separation
fficiency on capillary electrophoresis microchip is surely helpful
o control the roughness of microchannels during the microfab-
ication and optimize the separation conditions during microchip
apillary electrophoresis.
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