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A simple and easy approach to produce polymeric microchips with integrated copper electrodes for

capacitively coupled contactless conductivity detection (C4D) is described. Copper electrodes were

fabricated using a printed circuit board (PCB) as an inexpensive thin-layer of metal. The electrode

layout was first drawn and laser printed on a wax paper sheet. The toner layer deposited on the

paper sheet was thermally transferred to the PCB surface working as a mask for wet chemical etching of

the copper layer. After the etching step, the toner was removed with an acetonitrile-dampened cotton.

A poly(ethylene terephthalate) (PET) film coated with a thin thermo-sensitive adhesive layer was

used to laminate the PCB plate providing an insulator layer of the electrodes to perform C4D

measurements. Electrophoresis microchannels were fabricated in poly(dimethylsiloxane) (PDMS)

by soft lithography and reversibly sealed against the PET film. These hybrid PDMS/PET chips

exhibited a stable electroosmotic mobility of 4.25 � 0.04 � 10�4 V cm�2 s�1, at pH 6.1, over fifty runs.

Efficiencies ranging from 1127 to 1690 theoretical plates were obtained for inorganic cations.
Introduction

Microchip-based capillary electrophoresis (MCE) has emerged

as a powerful and reliable analysis platform. MCE presents

several noticeable advantages such as portability, reduced cost

and waste, disposability and the potential for on-site use.1–5 MCE

devices have been often fabricated in glass and silicon due to their

similarities to the fused silica capillaries employed in conven-

tional capillary electrophoresis.6–8 The fabrication of these

devices is laborious and it requires sophisticated and expensive

instrumentation located in clean rooms.6–8 For this reason, the

use of alternative platforms, such as polymer,9 toner10 or paper-

based10,11 devices, has offered great opportunities for researchers

in this field.

Interest in the development of polymeric electrophoresis

microdevices has presented continuous growth in recent years.

Polymeric substrates offer infinite advantages over pioneered

substrates, such as low cost, ease of fabrication, biocompati-

bility, and high flexibility. A wide range of polymeric substrates

and different fabrication protocols have been reported and well-
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reviewed in the literature.12–19 Among all polymeric materials,

PDMS is the most popular substrate explored in micro-

fluidics.15,16 PDMS is elastomeric, inexpensive, and possesses

good optical clarity. It also presents reversibly or irreversibly

self-sealing capabilities, as well as sealing to other flat surfaces,

without distortion of the channels.16

Electrochemical (EC) detection is quite compatible with

miniaturization because microelectrodes can be also fabricated

using photolithographic procedures. Due to this compatibility,

separation channels and detection electrodes can be incorpo-

rated together into a single device leading to a fully integrated

injection/separation/detection system.20–23 In the last decade,

conductivity detection has received considerable attention for

coupling with MCE.21,22 Conductivity detection involves a two-

electrode system in which electrodes are either in direct contact

with the background electrolyte solution (contact mode) or are

externally and capacitively coupled to the solution (contact-

less). Capacitively coupled contactless conductivity detection

(C4D) for capillary and microchip electrophoresis has gained

much popularity because of its many advantages over the

contact mode.21–26 The contactless mode significantly simplifies

construction and eliminates interference by the high voltages

applied for electrophoretic separation.21,22 Once the electrodes

are not in direct contact with the electrolyte within the micro-

channel, the background noise is greatly decreased leading

to lower limits of detection. In addition, problems related to

electrode fouling or electrolytic reactions associated with the

contact mode are also avoided.20–26
This journal is ª The Royal Society of Chemistry 2011
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The integration of planar electrodes for contactless conduc-

tivity detection on electrophoresis microchips is quite attractive

since these devices can be used for applications in this field.

Electrodes for on-chip C4D measurements have been often

fabricated by sputtering27–29 and screen-printed30 techniques as

well as using silver paint,31 aluminium foil32–34 or copper adhe-

sive35,36 strips. The use of copper adhesive or aluminium foil

strips compromises chip-to-chip repeatability and prevents the

study of more complex geometries. On the other hand, the use of

standard techniques such as a sputtering system is quite restricted

to a few workplaces due to its high-cost instrumentation. For this

reason, research for alternative microfabrication technologies

for rapid prototyping of microchips or microelectrodes is the

focus of many research groups.

This report describes a simple approach to fabricate a poly-

meric electrophoresis device coupled with copper electrodes

for C4D measurements using easily accessible instrumentals. The

copper electrodes were fabricated on a PCB containing a thin

copper layer. The detection electrodes were insulated from

contact with the channel solution by a PET film coated with

a thermo-sensitive adhesive layer. PDMS channels were fabri-

cated by soft lithography and reversibly sealed against the PET

surface. Some electrophoresis features, such as electroosmotic

flow (EOF), separation performance and run-to-run as well as

chip-to-chip repeatability, were investigated.
Experimental

Materials, reagents and samples

The following materials and chemicals were used as received:

PCB substrates with single-side copper layer (thickness of 30 mm)

(Pinh�e, São Carlos-SP, Brazil), waxed paper sheet (Ferragini,

Sao Carlos-SP, Brazil, http://www.ferragini.com.br), Sylgard 184

(Dow Corning, Campinas-SP, Brazil), toner cartridge C4096A

(Hewlett Packard, Palo Alto-CA, USA), sodium chloride,

potassium chloride, lithium chloride, L-histidine (His) and 2-(N-

morpholino)ethanesulfonic acid (MES) (Sigma, St Louis, MO,

USA). The 20 mmol L�1 MES/His solution (pH ¼ 6.1) was

prepared in ultrapure water (resistivity 18 MU cm) and filtered

through 0.45 mm membrane filters before use. Stock solutions

of cations (10 mmol L�1) were prepared in water from the

corresponding chloride salts. The working sample solution was

prepared daily in running buffer.
Fig. 1 Fabrication of copper electrodes on the printed circuit board

(PCB). I, PCB substrate with Cu layer; II, thermally transferred toner

mask on Cu surface; III, etching of the Cu layer; and IV, Cu electrodes

after removal of the toner.

This journal is ª The Royal Society of Chemistry 2011
Fabrication of the copper electrodes

The detection electrodes were fabricated on a commercially

available PCB containing a single copper layer (I) as depicted

in Fig. 1. The copper surface was previously etched in a 5 : 1 : 7

(v/v/v) H2SO4/H2O2/H2O solution at 55 �C for 30 min. The

etching rate was around 0.55 mm min�1. The resulting copper

layer thickness was 15 mm. Following this first etching step, the

copper surface was polished in order to remove an oxide layer

formed due to exposure to air. It was observed that this proce-

dure improved the adherence between the toner layer and the

metal surface. The design of the electrode geometry was drawn

using Corel Draw 11.0 software (Corel Corporation, Ottawa,

Canada) and printed on an A4-size waxed paper sheet by

a 1200 dpi resolution laser printer (Hewlett Packard, LaserJet

P1005 model). The printed layout was thermally transferred

from the paper to the copper surface at 130 �C for 2 min assisted

by a pressure of ca. 0.1 MPa (II), similar to the description for

toner transfer to a glass surface.37,38 After thermal transference,

the unprotected copper layer was chemically etched in a ferric

chloride solution for 5 min at room temperature (III). Then, the

toner layer was removed by wiping the PCB board with an

acetonitrile-dampened cotton, obtaining toner-free copper elec-

trodes (IV). The substrate was rinsed thoroughly with deionized

water and dried with N2.

The electrical insulation between the Cu electrodes and the

microfluidic channels was provided by a PET film coated with

a thin layer of a thermo-sensitive adhesive, as shown in Fig. 2. A

PET film (Fig. 2A) with access holes to electrical connections (i)

was cut with dimensions similar to the electrode plate (Fig. 2B).

Then, the PET film was put over the PCB substrate. Both pieces

were aligned, heated and pressed at 130 �C for 2 min. During the
Fig. 2 Scheme of the electrical insulation and integration of electrodes

to the polymeric channels. (A) PET film with access holes (i) to electrical

connections; (B) PCB substrate containing copper electrodes; (C)

Cu-electrodes insulated by a PET film after heating (130 �C, 2 min); and

(D) assembling of PDMS channels to insulated electrodes for C4D

measurements. In (B), the labels (ii) and (iii) represents the electrodes for

excitation and pickup the resulting signal, respectively.

Anal. Methods, 2011, 3, 168–172 | 169
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heating, the adhesive layer melts onto the surface, providing

a strong seal between the PET film and the PCB substrate,

through which the insulated electrodes are obtained (Fig. 2C).

The electrodes were designed, in an antiparallel configuration to

minimize the stray capacitance, and aligned across the separation

microchannel. The electrode dimensions were 20 mm length,

1.0 mm width and 750 mm gap between them.
Fabrication of the PDMS microchannels

The fabrication of PDMS microchannels using SU-8 molding

has been described in detail previously.39 After curing (70 �C for

�1 h), the PDMS layer was peeled from the master and reversibly

sealed to the PET film bringing the two substrates into confor-

mational contact with one another (Fig. 2D). In this case, hybrid

PDMS/PET microfluidic structures were produced. The PET

film thickness (250 mm) kept the non-contact mode between the

electrodes and the microchannel. The separation and injection

channels were 40 mm and 15 mm long, respectively. The effective

length of the separation channel was 35 mm. The channels were

12 mm deep and 150 mm wide.
Electrophoresis procedures

All experiments were performed at room temperature. PDMS/

PET channels were first preloaded with isopropyl alcohol to

avoid the formation of bubbles. Then, channels were precondi-

tioned with 0.1 mol L�1 sodium hydroxide and buffer solution for

5 min each. All solution reservoirs were filled with the same

volume (50 mL). Electrokinetic injection was carried out by

applying a potential (+750 V) for 8 s to the sample reservoir with

the sample waste reservoir grounded and all other reservoirs

floating. Electrophoretic separations were performed by switch-

ing the high voltage contacts and applying the corresponding

separation voltages to the running buffer reservoir with the

detection reservoir grounded and all other reservoirs floating.

Injection and separation voltages were generated using a bipolar

high-voltage power supply (CZE 1000R, Spellman, Hauppauge,

New York, USA).
Contactless conductivity detection

The separations were monitored by a lab-made C4D system.29

Detection was carried out by passing a sinusoidal excitation

signal of 300 kHz and 5 Vpp from the function signal generator to

the first electrode and collecting the resulting signal at the second

electrode. The C4D data acquisition was carried out using Lab-

VIEW� software. This software was also used to control the

injection/separation steps. Electropherograms and the current

plot were recorded using a time resolution of 50 ms without

software or hardware filtering.
Fig. 3 Profile of the copper electrodes fabricated on PCB substrate.
Results and discussion

Electrodes fabrication

Preliminary experiments were carried out without the prior

etching step, obtaining, in this case, electrodes with ca. 30 mm

height. The reversible sealing of PDMS channels against the

plate containing the PET-film-coated copper electrodes was not
170 | Anal. Methods, 2011, 3, 168–172
complete due to the formation of air bubbles in the electrode

area, also generating channel deformation. In the proposed

fabrication process, the channel sealing was similar to that one

obtained for hybrid PDMS/glass devices.39 The sealing quality is

dependent of the surface cleaning. After decreasing the thickness

from 30 to ca. 10–15 mm, the problems related to the sealing

of PDMS channels were solved and their integration to the

electrodes piece was carried out successfully. Although no fluo-

rescence microscopy experiment was carried out, we can ensure

that no leakage was observed. This affirmation is based on the

electrical measurements. By monitoring the electrical current,

a linear correlation was observed as function of the voltage

applied to the channel. By filling the channel with methylene

blue, the absence of sample leakage was also assured.

The production of electrodes on PCB substrates was moni-

tored by profilometric measurements using a Dektak profil-

ometer model 3 ST (Veeco, Plainview, NY, USA). Fig. 3 shows

the profile of two typical copper electrodes on a PCB piece

spaced by a 750 mm gap. It is possible to note that the height of

both electrodes was ca. 12.5 mm, still presenting a low-roughness

surface. It is important to mention that conventional photolith-

ographic technologies could also be used to produce similar

copper electrodes on PCB substrates.40,41
Analytical performance

The analytical performance of the PDMS/PET microchips was

evaluated with the separation of inorganic cations including

potassium (K+), sodium (Na+) and lithium (Li+). These

compounds are often used for evaluating the separation perfor-

mance in new microfluidic devices with C4D measurements. As

can be seen on the electropherograms presented in Fig. 4, the

PDMS/PET microchip provided well resolved peaks for an

equimolar solution of the cations (200 mmol L�1 each) within less

than 30 s.

The hybrid PDMS/PET devices exhibited excellent repeatability

in terms of run-to-run and also chip-to-chip comparison. Fig. 4

shows five electropherograms obtained for the separation of the

inorganic cations on five different prototypes. For an inter-chip

comparison, the migration times for K+, Na+ and Li+ were 12.2 �
0.2 s, 14.9 � 0.1 s and 16.8 � 0.2 s, respectively. The EOF peak,

depicted as a negative peak, presented a migration time of 28.8 �
0.7 s. Comparing the EOF magnitude for each PDMS/PET device
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Electropherograms showing the separation of K+, Na+ and Li+

(200 mmol L�1 each) recorded on five (a–e) different hybrid PDMS/PET

electrophoresis devices. Running buffer: 20 mmol L�1 MES/His, pH 6.1.

Injection: 750 V/8 s. Separation: 250 V cm�1. Detection: 300 kHz, 5 Vpp.
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the average value was 4.17� 0.10� 10�4 cm2 V�1 s�1 with RSD of

2.4%. This low RSD allows concluding that the hybrid PDMS/

PET devices demonstrate great potential for routine on-chip

applications, in which run-to-run and chip-to-chip repeatability is

required. For an intra-chip comparison, the RSD obtained for the

EOF (4.25 � 0.04 � 10�4 V cm�2 s�1) was 0.9% (n ¼ 50).

The estimated limits of detection (LD) found for inorganic

cations ranged from 20 to 30 mmol L�1 (signal-to-noise ratio¼ 3).

When compared to the values reported on polyester-toner (PT)

devices,29 the data presented are ca. 10-fold higher. The reason

for this discrepancy is attributed to the insulation layer between

the detection electrodes and the microfluidic channels. On PT

devices, a 100 mm thick transparency provides the physical

insulation. For the current device the insulation is accomplished

by a 250 mm thick PET film. The LD values can be improved by

using a thinner insulation layer as well as by applying high-

voltage excitation.40,41

The separation efficiency recorded on hybrid PDMS/PET

devices ranged from 1127 to 1690 theoretical plates. These values

are greater (around 5-fold higher) than those reported for PT

devices29 and similar to recent results found with hybrid glass/

PDMS chips.42 In both reports,29,42 the same detection system

was used. On PT devices, the channel dimensions are defined by

a laser printer that selectively deposits a toner layer on a trans-

parency (polyester) film. The resulting toner surface presents

a roughness of ca. 1 mm and, consequently, the channel resolu-

tion is not regular when compared to glass or PDMS chips. For

this reason, it has been found that the poor separation efficiency

reported for PT devices is attributed mainly to the analyte

interaction to the toner wall. Quantitative studies demonstrated

that the toner channel wall contributes to almost 90% of the total

variance.39
Conclusions

An easy and rapid approach to fabricate polymeric electropho-

resis microchips with copper integrated electrodes for C4D

measurements has been successfully accomplished using simple
This journal is ª The Royal Society of Chemistry 2011
instrumentation and low-cost consumables. The final micro-

device, including channels and electrodes, can be obtained in ca.

1.5 hours. The hybrid PDMS/PET devices exhibited a stable

EOF with good run-to-run and chip-to-chip repeatability.

In terms of cost, two independent groups43,44 have demon-

strated the fabrication of low-cost electrodes (US cents per unit)

and their integration with microchip-based electrophoresis

systems. In both reports, the use of recordable compact discs

(CD-R) to fabricate gold electrodes for coupling with PT43 or

PDMS44 electrophoresis devices was successfully demonstrated.

The PCB-based electrodes used in this work are economically

attractive alternatives to be used in locations with resource-

limited settings or where sputtering facilities are not readily

accessible.45,46 We estimated that the cost of each integrated

device is ca. two dollars. This approach can become even cheaper

and faster with use of a laser-printing step to produce masters for

soft-lithography.10
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