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A three-layer poly (methyl methacrylate) (PMMA) electrophoresis microchip integrated with Pt

microelectrodes for contactless conductivity detection is presented. A 50 mm-thick PMMA film is used

as the insulating layer and placed between the channel plate (containing the microchannel) and the

electrode plate (containing the microelectrode). The three-layer structure facilitates the achievement of

a thin insulating layer, obviates the difficulty of integrating microelectrodes on a thin film, and does not

compromise the integration of microchips. To overcome the thermal and chemical incompatibilities of

polymers and photolithographic techniques, a modified lift-off process was developed to integrate Pt

microelectrodes onto the PMMA substrate. A novel two-step bonding method was created to assemble

the complete PMMA microchip. A low limit of detection of 1.25 mg ml�1 for Na+ and high separation

efficiency of 77 000 and 48 000 plates/m for Na+ and K+ were obtained when operating the detector at

a low excitation frequency of 60 kHz.
Introduction

Conductivity detection is considered a simple and universal

detection method, and has been widely applied in electrophoresis

microchips.1–7 Conductivity detection can be classified into two

modes: contact mode and contactless mode. In contact mode, the

microelectrode directly contacts the solution.1,2 In contactless

mode, the microelectrode is insulated from the solution by an

insulating layer.3–7 Compared with contact mode, contactless

mode has several advantages because of the insulation of the

electrode from the solution, such as the elimination of electrode

fouling, bubble generation, and the isolation from the separation

voltage.3–7

It has been shown that the thickness of the insulating layer is

one of the important parameters influencing the sensitivity of

contactless conductivity detection (CCD), where generally

microchips with a thin insulating layer are desirable.8–10 Guijt

first introduced the CCD in electrophoresis microchips.11

Aluminium microelectrodes were incorporated into the separa-

tion channel and insulated from the solution by covering a 30
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nm-thick silicon carbide layer. Lichtenberg structured Pt

microelectrodes into a recess, and a 10 mm-thick glass wall iso-

lated the recess from the separation channel.12 Although these

two methods can be used to achieve very thin insulating layers,

the fabrication of microchips is complicated.

Pumera placed the microelectrode on the outer side of

a 125 mm-thick PMMA electrode plate (containing the micro-

electrode).13 That is, the electrode plate also acted as the insu-

lating layer, which makes the fabrication of microchips much

simpler and therefore has been widely accepted.14,15

Although placing the microelectrode on the outer side of the

electrode plate facilitates the fabrication of microchips, con-

structing this kind of microchip with a very thin insulating layer

(less than 100 mm) still remains a challenge. For example, thin

films made of glass are fragile, and those made of polymers are

prone to curving and deforming, thus being difficult to integrate

with microelectrodes. Kub�aň and Hauser placed the microelec-

trode on a separate electrode plate, and had the electrode plate in

tight contact with the thin cover plate of a PMMA microchip.8,16

Chen9 and V�azquez10 employed a similar technique to fabricate

glass and hybrid PDMS–glass microchips. While this method

didn’t require integrating microelectrodes on a thin film, the

microelectrode was not fully integrated onto the chip and some

assistant structures were needed, such as chip holders, screws or

clips, which compromised the integration and reproducibility of

the microchips. Moreover, to our knowledge, the smallest

thickness of the thin cover plate thus far is 100 mm.9

In this note, we introduce a novel three-layer electrophoresis

microchip integrated with Pt microelectrodes for the CCD. A
Lab Chip, 2011, 11, 969–973 | 969
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50 mm-thick PMMA film is used as the insulating layer, and we

describe a novel two-step bonding method for bonding the film

with the PMMA channel plate (containing the microchannel)

and the PMMA electrode plate successively to make a complete

PMMA microchip. The three-layer structure facilitates the

achievement of a thin insulating layer, obviates the difficulty of

integrating microelectrodes on a thin film, and does not

compromise the manufacturing simplification and integration of

the microchip.
Fig. 2 Fabrication of the Pt microelectrode. (a) Spin-coating of the

photoresist; (b) First exposure of the photoresist; (c) Developing of the

photoresist; (d) Second exposure of the photoresist; (e) Sputtering of Ti

and Pt layers; (f) Removing of the residual photoresist.
Experimental

Design of the microchip

The three-layer PMMA electrophoresis microchip shown in

Fig. 1 is composed of a PMMA channel plate (45 � 80 � 2 mm),

a PMMA film (45� 80� 0.05 mm) and a PMMA electrode plate

(60 � 80 � 2 mm). The separation channel is 90 mm wide, 30 mm

deep and 45 mm long. Two microelectrodes are placed in an

antiparallel orientation, with a gap between them of 0.7 mm.

Each of these two microelectrodes is 0.8 mm wide and 10 mm

long, and the width of the end is 4 mm to facilitate the electrical

connection.
Fabrication of Pt microelectrodes

The Pt microelectrode for the CCD was fabricated by using a lift-

off process, which is schematically depicted in Fig. 2: (a) A

positive photoresist (BP212, Beijing Institute of Chemical

Reagents, China) was spin-coated on the PMMA surface at 2600

rpm for 30 s. (b) The photoresist was soft-baked and exposed to

UV light at a dose of 4.2 mJ cm�2 for 30 s through a photomask.

(c) The photoresist was developed in 0.5% NaOH solution. (d)

The photoresist was secondly exposed to UV light for 3 min

without a photomask. (e) A thin Ti layer (20–30 nm) was sput-

tered on the PMMA surface, followed by a Pt layer (80–100 nm)

at a sputtering power of 150 W. (f) The PMMA plate was placed

in 0.5% NaOH solution to remove the residual photoresist which

was coated by unwanted Ti and Pt.
Fig. 1 (a) Layout of the three-layer microchip; (b) Top view of the

microchip. A sample reservoir, B buffer reservoir, C sample waste

reservoir, D buffer waste reservoir, E injection channel, F separation

channel, G microelectrodes, H reservoirs not used, I holes not used.

970 | Lab Chip, 2011, 11, 969–973
Fabrication of the microchannel

The microchannel was fabricated based on previously published

procedures.17 Briefly, a Si mould was fabricated by lithography

and wet chemical etching. A PMMA plate was placed on the Si

mould and embossed at 110 �C and under a pressure of 1.4 MPa

for 5 min by using a home-made embossing machine. The control

accuracies of the pressure and the temperature of this embossing

machine are 20 N and 0.2 �C, respectively. The PMMA plate and

the Si mould were cooled down to 65 �C and separated. Finally,

access holes for fluidic connections were drilled.
Assembly of the microchip

The assembly of the microchip was accomplished by a two-step

thermal bonding process. A home-made embossing machine was

also used for the thermal bonding.

First, the 50 mm-thick PMMA film was bonded with the

PMMA channel plate at 100 �C, under a pressure of 1.2 MPa for

5 min. Then, the outer side of the PMMA film was exposed to O2

plasma for 2 min with a RF power of 60 W and a chamber

pressure of 200 Pa by using a plasma cleaner (DQ-500, China

Electronics Technology Group Corporation, China). Finally, the

outer side of the PMMA film was bonded with the electrode plate

at 85 �C, under a pressure of 1.2 MPa for 5 min, to make the

whole microchip (Fig. 3).
Reagents and electrophoresis procedures

All reagents were of analytical grade. 2-(N-Morpholino)ethane-

sulfonic acid (MES) was purchased from AMRES Co. (Hong

Kong, China). Histidine (His) was obtained from Shanghai Bio

Life Science & Technology Co. Ltd. (Shanghai, China). Potas-

sium chloride and sodium chloride were obtained from Damao

Chemical Reagent Factory (Tianjin, China). All remaining

reagents were purchased from Guangzhou Chemical Reagent

Co. (Guangzhou, China). Buffer solutions and stock sample
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 The three-layer PMMA electrophoresis microchip integrated

with Pt microelectrodes. The enlarged view of the microelectrode and the

microchannel region is shown in the inset.

Fig. 4 The electrophorogram of Na+. Electrophoretic conditions: buffer

solution, 20 mmol L�1 MES–20 mmol L�1 His, injection voltage 500 V,

separation voltage 1.8 kV. Excitation voltage 50 Vpp and frequency

60 kHz.
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solution were prepared with redistilled water in 0.1 mol L�1, and

operating sample solutions were diluted from the stock sample

solution by running buffer solutions prior to use. All solutions

were filtered by a 0.2 mm filter membrane before being injected

into the microchip.

We used a home-made high voltage supplier, which can

provide potential-constant direct currents of 100–500 V for the

injection and 500–5000 V for the separation process. The home-

made contactless conductivity detector was described previ-

ously.18 Prior to use the channels were flushed with 0.1 mol L�1

sodium hydroxide aqueous solution, redistilled water, and

running buffer solution for 5, 5, and 10 min, respectively. Then,

reservoirs B, C and D were filled with the running buffer solu-

tion, the reservoir A was filled with sample solution, and four Pt

electrodes were inserted into these four reservoirs. Electrokinetic

injection was performed by applying a potential between reser-

voirs A and C while reservoirs B and D were floated. Separations

were conducted by switching to the high voltage between reser-

voirs B and D while other two reservoirs were floated. The

microchannel was treated as described previously following each

analysis run. At the end of each set of experiments, the channel

was filled with redistilled water to prevent clogging of the

microchip.

Results and discussion

Modification of the lift-off process

While lift-off processes for fabricating Pt microelectrodes have

been well established in the semiconductor industry, it was

necessary to develop a new process due to the thermal and

chemical incompatibilities of polymers and photolithographic

techniques. First, although the recommended soft-baked

temperature of the photoresist used in this work is 90 �C

according to the manufacturer’s instructions, the photoresist

here was soft-baked at a lower temperature of 60 �C for 5 min to

avoid the thermal deformation of the PMMA plate.

Second, we replaced acetone,19,20 which is known to dissolve

PMMA, with a 0.5% NaOH solution when removing the residual

photoresist. Third, the photoresist was secondarily exposed to
This journal is ª The Royal Society of Chemistry 2011
UV for a longer time in order to facilitate the removal of the

photoresist by the NaOH solution. The residual photoresist,

however, could not be removed completely, which always caused

some rough edges around the microelectrode, as shown in

Fig. S1(a).† We hypothesize that the hard-bake process affects

the quality of the lift off. The hard-bake process makes the

photoresist more resistant to chemical attack, but at the same

time makes it reflow, resulting in rounded edges. Thus, we

suggest that the metal on the photoresist tore off some of the

metal on the PMMA surface when the lift off was executed.

Therefore, the hard-bake process was omitted here. As shown in

Fig. S1(b),† Pt microelectrodes with smooth edges on PMMA

substrates were obtained by using this modified lift-off process.
Two-step bonding process

Although several methods have been reported for bonding

PMMA microfluidic chips, thermal bonding is especially desir-

able because it forms microchannels with homogeneous internal

surfaces.21,22 To make the three-layer microchip by thermal

bonding, there are two aspects that should be taken into account.

The bonding temperature should be lowered as much as possible

to avoid fractures in the metal microelectrode.23 Further, we

observed that the 50 mm-thick PMMA film could not be bonded

completely with the channel plate at a temperature below 100 �C.

We addressed these issues by developing a two-step bonding

method.

First, the 50 mm-thick PMMA film was bonded with the

channel plate at 100 �C. The PMMA film is prone to curving, and

cutting the film from a PMMA sheet makes the edges of the film

rough, both of which can make the bonding difficult. Hence, the

PMMA film was clamped between two polished glass plates and

heated to 100 �C for 5 min before bonding to flatten the film and

smoothen the edges. Second, to lower the bonding temperature,

the PMMA film was thermally bonded to the electrode plate with

the help of plasma surface treatment. It has been previously

demonstrated that the oxygen plasma treatment of the PMMA

surface reduces the bonding temperature from 100 �C to 85 �C

while maintaining comparable bonding strength.23 Five chips
Lab Chip, 2011, 11, 969–973 | 971
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Table 1 Comparation of LOD and theoretical plate (N.R., not reported)

Chip material
Thickness of the
insulating layer/mm

Width and gap
of the two
microelectrodes/mm

Excitation
frequency/kHz

LOD for
Na+/mM

Theoretical plates for
Na+ and K+ (plates/m) Reference

PMMA 50 0.8, 0.7 60 21 77 000, 48 000 Our group
PMMA 100 0.8, 0.8 200 >30 38 000, N. R. [24]
PMMA 100 0.8, 0.8 200 >30 28 000–44 000 [25]
PMMA 100 0.8, 0.8 200 >30 14 000, 8000 [26]
PMMA 125 1.0, 0.5 500 4 13 000–17 000 [8]
PMMA 175 1.0, 0.4 530 3 N. R., 11 000 [16]
PMMA 175 1.0, 0.5 600 3 N. R. [27]
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were bonded this way, and four out of the five chips presented

continuous electrodes without cracks or fractures.
Fig. 5 The electrophorogram of the separation of Na+ and K+. Elec-

trophoretic conditions: buffer solution, 20 mmol L�1 MES–20 mmol L�1

His, injection voltage 500 V, separation voltage 1.8 kV. Excitation

voltage 50 Vpp and frequency 60 kHz.
Characteristics of the microchip

The frequency and voltage of the sinusoidal excitation signal

were optimized based on previously published procedures.9 An

excitation signal of 50 Vpp (peak-to-peak) and 60 kHz were

determined to be the optimal conditions and were therefore used

in all experiments. The best results were obtained when the

running buffer solution consisted of 20 mmol L�1 MES and 20

mmol L�1 His at pH 6.0. The electrophorogram of Na+ is shown

in Fig. 4. A well-defined peak shape was achieved and the half

peak width was 6.4 s.

The sensitivity of the CCD reported here was compared with

the data previously published in terms of the limit of detection

(LOD) of Na+, where microchips were made of the same material

(PMMA).8,16,24–27 Based on the signal-to-noise ratio of 3, the

LOD for Na+ was 1.25 mg ml�1 by using our system. As expected,

the LOD obtained by our chip is lower than those results

obtained from chips with similar electrode geometry, thicker

insulating layers and operated at low excitation frequencies,24–26

as shown in Table 1. While it is higher than the results reported

by Kub�aň and Hauser,8,16,27 the excitation frequencies used in

their work (500 kHz,8 530 kHz,16 600 kHz27) are much higher

than our applied frequency of 60 kHz and the range of the

detector (0–300 kHz) used here, which is in line with the

conclusion that the output of the detector increased sharply

between 400 and 600 kHz.13 Moreover, the LODs in their work

were obtained when the optimized electrode geometry was used,

and it has also been demonstrated that the electrode geometry

had a significant effect on the sensitivity.8,16 Therefore, a better

sensitivity could be expected after using a new contactless

conductivity detector with a wider range of excitation frequencies

and optimizing the electrode geometry in the near future.

The separation efficiency of this microchip was demonstrated

by the separation of Na+ and K+. As shown in Fig. 5, Na+ and K+

were baseline separated within 50 s and the resolution was 2.13.

Theoretical plates for Na+ and K+ were 77 260 and 48 293 plates/

m, respectively, which are higher than those results reported in

the literature,8,16,24–26 as shown in Table 1.
Conclusions

A novel three-layer PMMA electrophoresis microchip for the

CCD is presented in this study. To fabricate this complete
972 | Lab Chip, 2011, 11, 969–973
PMMA microchip, we modified the lift-off process and intro-

duced a two-step bonding method. The sensitivity and separation

efficiency of this microchip were investigated. A low LOD for

Na+ (1.25 mg ml�1) and high separation efficiencies for Na+

(77 000 plates/m) and K+ (48 000 plates/m) were obtained when

operating the conductivity detector at a much lower excitation

frequency (60 kHz). This three-layer microchip has several

intrinsic advantages. First, it facilitates the achievement of thin

insulating layer by bonding commercially available polymer

films. Second, the difficulty of integrating metal microelectrodes

on a thin film is successfully circumvented. Third, compared to

microchips with an independent electrode plate, our device does

not require assistant structures, such as chip holders, screws and

clips, which benefits the stability and reproducibility of the

microchip. Finally, the fabrication of the microchip proposed

here is compatible with the microfabrication techniques, which

makes the microchip suitable for low cost mass production.
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