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Abstract

Miniaturized Reverse 

Electrodialysis-Powered Biosensing 

System

Seol Baek

Department of Chemistry

The Graduate School

Seoul National University

Recently, there have been great advances in developing low cost 

and disposable sensing platforms for disease diagnosis, e.g. paper-

based sensors and microfluidics, which can be ultimately applicable 

in developing countries. However, in order to provide diagnostic 

information, many of those platforms are not capable of standing 

alone, and thus require such electric power sources for their 

operation. In this regard, we introduce an eco-friendly, disposable, 

and miniaturized reverse electrodialysis (RED) patch as an electric 

power source for electrochemical sensing of a biomarker with 
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electrochemiluminescence (ECL) reporting. The flexible RED 

patches were simply fabricated by using ion-exchange membranes 

(IEMs) and double-sided adhesive tapes. Any desired voltage was 

readily obtained from the RED patches by altering the number of 

IEMs and a salinity ratio. We integrated the RED patch with a 

bipolar electrode-possessing microfluidic chip, and then, as a 

proof-of-concept, successfully detected a cancer biomarker, 

prostate-specific antigen, by observing ECL emissions with the 

naked eyes. The miniaturized RED-powered biosensing system can 

be easily combined with any sensing platform, thereby increasing 

practical feasibility in developing countries.

Keywords : Reverse electrodialysis, Bipolar electrochemistry, 

Electrochemiluminescence, Microfluidic chip, Biosensing, Prostate-

specific antigen, Ion-exchange membrane

Student Number : 2015-20382
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1. Introduction

Bipolar electrochemistry has been widely utilized technique that 

promotes electrochemical reactions without involving any direct 

electrical contact to bipolar electrodes (BPEs). When a BPE, an 

electric conductor, is laid on a microchip channel filled with an ionic 

solution and a sufficient external voltage is introduced through two 

driving electrodes, faradaic reactions occur at the lateral ends of 

the BPE.1 To date, various applications of bipolar electrochemistry 

have been developed, e.g. material fabrication,2 sensing,3

screening,4 enrichment,5 and separation6. In particular, 

electrochemilumine-scence (ECL)-based bioanalysis is one of the 

most powerful analytical tools when coupled with bipolar 

electrochemistry. This is because ECL signals can provide direct 

information on not only the magnitude of the current passing 

through a BPE, but also the quantity of analytes present on the BPE 

surface.3, 7-11 However, many challenges in developing practical 

analytical devices still remain. For example, paper-based BPEs 

applicable in the third world and developing countries have recently 

been reported for disease diagnosis, but they still require external 
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power sources to drive electrochemical reactions on their 

surfaces.11-12 Therefore, an inexpensive, eco-friendly, and easy-

to-use power source is the most essential requirement for the 

practical use in those countries. In this respect, we introduce a 

biomarker-sensing device integrated with a miniaturized patch-

type reverse electrodialysis (RED) system for the first time.

Reverse electrodialysis (RED), a non-polluting technology 

generating electric power, has drawn a keen attention due to using 

inexhaustible salt gradients (e.g. seawater and river water at 

estuaries) as energy resources.13 When anion exchange membranes 

(AEMs) and cation exchange membranes (CEMs) are stacked 

alternatively and two salt solutions in different concentrations are 

brought into contact through ion exchange membranes (IEMs), a 

potential develops over each IEM. About 80 mV can be obtained 

over an IEM with a salinity ratio of 30 (i.e. 0.017 and 0.50 M NaCl 

solutions) on the assumption of perfect permselectivity. Thus, any 

voltage from an RED system can be obtained by adjusting the 

number of IEMs and a salinity ratio. In this study, we manufactured 

a miniaturized RED patch as an eco-friendly disposable power 
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source for the operation of electrochemical sensing with ECL 

reporting. The electric power generated from the patch-type RED 

was introduced to a BPE in a microfluidic chip by ion charge 

carriers without employing any metal electrodes (e.g. Ag/AgCl and 

Pt) because the whole circuit was performed based on only ionic 

currents. In conventional potable sensor devices, metal electrodes 

should be required to convey electric power into sample solutions. 

Platinum produces (or reduces) protons during faradaic reactions 

and causes a voltage drop because of water splitting. Meanwhile, 

Ag/AgCl electrodes can prevent any potential drops in the presence 

of chloride ions, but still involve an increase or decrease in ion 

concentrations (i.e. Cl-) during the faradaic reactions. Therefore, in 

this present work, there might be no voltage drop originally existing 

at the driving electrodes and no faradaic side reactions fluctuating 

sensor signals.10, 14

To combine a microfluidic chip with the RED patch for 

biosensing application, several types of RED patches were 

fabricated. We systematically analyzed electrical properties of the 

RED patches to find the optimal one applicable for the biosensing in 
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a microfluidic chip which consisted of a long indium-tin-oxide (ITO) 

electrode covered with a PDMS microchannel (Fig. 1). ECL 

emissions in microfluidic channels were characterized with respect 

to potentials applied by a conventional power source, i.e. 

potentiostat. Then, the RED patch was coupled with the microfluidic 

chip to compare ECL emissions with those induced by the 

potentiostat. Finally, the BPE in the microchannel was functionalized 

based on a sandwich immunoassay platform to detect prostate-

specific antigen (PSA), a biomarker of prostate cancer, and we 

successively detected PSA with the naked eyes.
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Figure 1. Schematic design of RED-powered biosensing device 

(top), and the principle of bipolar electrochemistry (bottom). H, 

high-concentrated NaCl solution; L, low-concentrated NaCl 

solution; CEM, cation-exchange membrane; AEM, anion-exchange 

membrane.
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Figure 2. Picture of the miniaturized 10-layered RED patch and 

microfluidic chip. Side view (top); top view (bottom).
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2. Experimental Section

2.1. Chemicals and materials

Tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate 

(Ru(bpy)3Cl2·6H2O), tripropylamine (TPA), prostate specific 

antigen (PSA) from human semen, glutaraldehyde, and indium-tin-

oxide (ITO) coated (surface resistivity 8-12 Ω/square) glass slide 

were purchased from Sigma-Aldrich (USA). Anti-prostate antigen 

antibodies (ab403; mouse monoclonal PSA antibody and ab53774; 

rabbit polyclonal PSA antibody) were obtained from Abcam 

(Cambridge, UK). Amine-functionalized polystyrene nanoparticles 

(NPs) in an average diameter of 65 nm (PA02N) were from Bang’

s Laboratories, Inc. (USA). Polydimethylsiloxane (PDMS) monomer 

and curing agent were bought from Dow Corning (Midland, MI, 

USA). Selemion CMV (cation exchange membrane) and AMV (anion 

exchange membrane) were bought from Asahi Glass Co., Ltd. 

(Japan). Waterproof double sided tape (ACE CROSS SBX) was 

purchased from Koyo-kagaku Co. Ltd. (Japan). ECL solution was 

prepared in 0.1 M phosphate buffered saline (PBS, pH 6.9) 

containing 5 mM Ru(bpy)3
+2 and 25 mM TPA. All aqueous solutions 
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were prepared using deionized water (18.2 MΩ/cm, Barnstead

Nanopure Diamond System).

2.2. Fabrication of RED patch

A typical RED patch in our study was designed as shown in Fig. 1. 

Cation- and anion-exchange membranes (CEM and AEM, 

respectively) were stacked alternately in parallel two columns. 

Double-sided waterproofing tape (4.0 ´ 2.0 cm2, thickness: 250 

mm/layer), which had two square holes (1.0 ´ 1.0 cm2) in distance 

of 1.0 cm between them, was used as a frame by overlapping two 

layers into one. A CEM and an AEM were attached over each hole 

of the double-sided water proofing tape. Two-overlapped 

nonconductive fabric spacers (1.0 ´ 1.0 cm2) were laid on the ion 

exchange membrane to fit into the hole of upper double-sided 

waterproofing tape layer. Sterile hypodermic needles (22G) were 

placed on the spacers for the injection of saline solutions. The unit 

layer of double-sided waterproofing tape, CEM, AEM, spacers, and 

hypodermic needles was repeated as many times as desired, only 

ion exchange membranes stacked alternatively. On the uppermost 
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floor, three-layered double-sided waterproofing tape that had a 

rectangular hole (3.0 ´ 1.0 cm2) inside was attached and a 

rectangular spacer (3.0 ´ 1.0 cm2) was laid inside this hole. Finally, 

an overhead projector film (4.0 × 2.0 cm2) covered the top of the 

RED patch. For operating the RED patch as a power source, we 

used 4.4 M and 0.011 M NaCl solution as a highly and low 

concentrated saline solution, respectively. We alternately injected 

these two-different concentrated NaCl solutions layer by layer 

through needles, with the uppermost floor always filled with a high 

concentrated solution for low solution resistance.

2.3. Fabrication of microfluidic chip and ITO BPE

A microfluidic chip was composed of a PDMS channel and an ITO-

coated glass slide. The PDMS channel (length: 2.4 cm, width: 1.0 

mm, depth: 50 µm) was combined with the glass slide to contain the 

ITO BPE (length: 2.2 cm, width: 5.0 mm) in the channel. At the 

ends of the channel, holes (diameter: 3 mm) for reservoirs were 

punched through the PDMS chip. The PDMS chip and ITO BPE were 

fabricated as follows. To manufacture the PDMS channel, a silicon 
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wafer was cleaned with piranha solution (H2SO4 and H2O2 with a 

ratio of 3 : 1) and deionized water and then, dehydration baking was 

followed (150 °C, 15 min). SU-8 3025 photoresist was spin-

coated (500 rpm for 5 s and 1700 rpm for 30 s in sequence) on the 

Si wafer, and prebaked on a hot plate (95 °C, 20 min). The Si 

wafer was exposed to UV light (21 mJ/cm2, 15 s) through a 

photomask and baked at 65 °C for 1 min and 95 °C for 4 min, 

respectively, followed by developing a photoresist pattern. The 

mixture of PDMS base and curing agent (10 : 1) was poured onto 

the PDMS mold as prepared, degassed under vacuum, and cured at 

80 °C for 1.5 h.

ITO BPEs were fabricated by a wet-etching process. An 

ITO-coated glass slide was cleaned by washing with ethanol, 

acetone, and deionized water in order. Hexamethyldisilazane 

(HMDS) was spin-coated on the ITO surface and baked on a hot 

plate at120 °C for 1.5 min. Then, photoresist (AZ 4620) was also 

spin-coated and baked at 100 °C for 1.5 min. The photoresist 

layer was exposed to UV light with a mask pattern. Next, a 

photoresist pattern was developed using AZ400K developer and 
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baked at 120 °C for 13 min. The bare ITO surface was etched with 

TIN etchant (TE-100) while preserving the patterned ITO, which 

covered with the photoresist pattern. The remaining photoresist 

was removed with acetone under sonication. The ITO BPE was 

washed with deionized water. Finally, The PDMS chip and the BPE 

on glass slide were combined by oxygen plasma treatment. 

2.4. Measurement of microchannel resistance

The PDMS microchannel in the same dimension of the BPE-

containing microfluidic chip was prepared and combined with a bare 

glass slide. After filling the microchannel with 0.1 M phosphate 

buffered saline, we configured a circuit consisting of the 

microchannel and a resistor with a known value, 1.01 MΩ for the 

measurement of microchannel resistance (Fig. 3). Two Ag/AgCl 

electrodes were positioned at the ends of the microchannel to 

minimize resistance of charge transfers. The voltage drop over the 

resistor was recorded as 0.758 V while we applied a certain voltage, 

1.0 V into this circuit, thereby estimating microchannel resistance 

according to the following equation (voltage division rule).
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Figure 3. Equivalent circuit presenting the measurement method of 

microchannel resistance. The microchannel was filled with 0.1 M 

phosphate buffered saline, and Ag/AgCl electrodes were positioned 

at the ends of the microchannel. External voltage was applied by 

potentiostat and voltage drop over a resistor was measured by 

digital multimeters.
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2.5. Electrochemical measurement in conventional 

three-electrode system

The electrochemical measurement of ECL reaction was performed 

using a CHI660A electrochemical workstation (CH Instruments, 

USA). An electrochemical cell for a three-electrode system was 

filled with 5 mM Ru(bpy)3
2+ and 25 mM TPA in 0.1 M PBS solution 

(pH 6.9). A bare ITO (0.2 cm2) as working electrode, a platinum 

counter, and an Ag/AgCl (3 M NaCl) reference was used for the 

electrochemical experiments. Typical linear sweep voltamograms 

were obtained with the scan rate of 0.05 V/s.

2.6. Preparation of Ab2-polystyrene bead-GOx 

complex

We prepared the nanocomposites through the immobilization of Ab2

and GOx onto polystyrene (PS) beads.9 First, 30 mg of amine-

functionalized PS beads was dissolved in 500 µL glutaraldehyde 

(2.5% v/v) for 2 h. After centrifugation, the glutaraldehyde-

conjugated beads were washed three times by centrifugation and 
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replenishing with PBS solution, respectively. 50 µL of anti-PSA (20 

µg/mL) and 450 µL glucose oxidase (1 mg/mL) were added into the 

bead solution and stirred for 10 h at room temperature. Then, the 

bead solution was washed with PBS three times and treated with 

the blocking buffer, 1% (w/v) bovine serum albumin (BSA) in PBS 

buffer (pH 7.4), for 24 h. After centrifugation and washing with PBS 

solution three times, the resulting bead complexes were dispersed 

in 1 mL of PBS buffer (pH 7.4) containing 0.1% (w/v) BSA, and 

then stored at 4 °C in a refrigerator before using. 

2.7. Immunosensing of PSA using ECL

The cathodic pole of BPE was modified for the detection of PSA as 

follows (Fig. 4). The ITO BPE was immersed in the solution 

composed of 1:1:5 (v/v) H2O2 (30%) / NH4OH (30%) / H2O for 1 h, 

and then rinsed with deionized water. Only cathodic pole of the BPE 

was exposed to 5% (v/v) APTES in anhydrous ethanol for 40 min at 

room temperature and rinsed with anhydrous ethanol and baked at 

100 °C for 30 min. The silanized BPE was incubated with 20 μL 

of 1% (v/v) glutaraldehyde in PBS (10 mM, pH 7.4) for 1 h and 
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rinsed with PBS solution. After that, 20 µL of PSA capture antibody 

(Ab1) solution (20 µg/ml) was added on the BPE, and reacted for 1 

h. After washing with PBS, the PSA antibody-functionalized BPE 

was treated with 20 µL of 1% (w/v) BSA in PBS solution to 

minimize nonspecific bindings for 40 min and rinsed with PBS 

solution. Then, 1 µg/mL of PSA in PBS buffer (10 mM, pH 7.4) was 

loaded and incubated for 40 min, followed by washing with PBS 

buffer. 20 μL of Ab2-bead-GOx complex solution was added to the 

target PSA-exposed BPE for 40 min, and then washed with PBS 

buffer. 

The microchannel was separated into two parts (i.e. sensing 

and reporting parts) by 4 mm using a 40 µm-thick double-sided 

tape, which had two rectangles with a dimension of 1.1 cm in length 

and 1.0 mm in width (Fig. 14). Four holes (2 mm in diameter) at the 

ends of each channel were drilled in the glass slide for solution 

reservoirs. For an ECL measurement, 30 µL of ECL solution was 

injected into the reporting channel and 30 µL of 10 mM glucose 

solution into the sensing channel, and incubated for 10 min at room 

temperature.
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Figure 4. Procedure of ITO BPE modification for PSA detection
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2.8. Bipolar electrochemistry and ECL image analysis

We applied a constant voltage to the ends of the microchannel 

through Ag/AgCl driving electrodes using a potentiostat (IviumStat 

electrochemical workstation, USA). ECL images were captured with 

an exposure time of 15 s in a dark room using a digital camera 

(Canon EOS 750D, ISO 6400). ECL intensities from the images 

were analyzed by using the ImageJ software.

For the integration of the RED patch with the BPE-

microfluidic chip, the membranes of the RED patch to be contacted 

with the two-end reservoirs of the microfluidic chip were aligned. 

Immediately after injection of NaCl solutions, an ECL image was 

captured, and analyzed by the ImageJ software.
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3. Results and Discussion

3.1. Characterization of the miniaturized RED patches 

and the microfluidic chip

We fabricated miniaturized RED patches in two parallel columns for 

integration with a microfluidic chip (Fig. 1). Immediately after 

injection of NaCl solutions, an arbitrary voltage from an RED patch 

was obtained depending a salinity ratio and the number of IEMs in 

the RED patch. Theoretically, the voltage over an IEM was

estimated to be about 155 mV with a salinity ratio of 400 (4.4 and 

0.011 M NaCl) on the assumption of 100% permselectivity of the 

IEMs. As an example, the RED patch with 10 pairs of IEMs 

generated an initial voltage of 2.50 V, which was 89% of the 

theoretical value (i.e. 2.80 V). This difference was mostly 

originated from imperfect permselectivity of the IEMs. 

Nevertheless, the initial voltage of the RED patches was directly 

proportional to the number of IEM pairs up to 3.7 V (R2 = 0.99) 

(Fig. 5 and Table. 1). Similar to the voltage responses, the 
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resistance of the RED patches also showed a linear relationship to 

the number of IEM pairs (R2 = 0.99) (Fig. 6 and Table. 2). Most of 

the resistance was attributed to the IEMs and 0.011 M NaCl 

solutions, while the resistance of 4.4 M NaCl solutions would be 

negligible because of much higher electrical conductivity.15 Then, 

we compared the resistance of the RED patches with that of the 

microchannel (length: 2.4 cm, width: 1.0 mm, depth: 50 µm). The 

obtained resistance of the microchannel was 322 kΩ, which was 

554, 476, and 409-fold higher than that of the 8, 10, and 12-

layered RED patches, respectively. Thus, almost the entire voltage 

generated from the REDs was imposed to the microchannel.
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Figure 5. Electrical characterization of RED patches. The initial 

voltage of RED patches immediately after injection of 0.011 and 4.4 

M NaCl solutions as a function of the number of IEM pairs. (R2 = 

0.99)
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Number of IEM pairs Initial voltage of RED (V)

2 0.39 ± 0.006

6 1.46 ± 0.05

8 1.94	± 0.02

10 2.50	± 0.02

12 2.96	± 0.12

16 3.69 ± 0.20

Table 1. Electrical characterization of RED patches. Initial voltage of 

RED patches immediately after injection of 0.011 and 4.4 M NaCl 

solutions
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Figure 6. Electrical characterization of RED patches. The resistance 

of RED patches as a function of the number of IEM pairs. (R2 = 0.99)
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Number of IEM pairs Resistance of RED (Ω)

4 353 ± 20

10 677 ± 58

12 788 ± 79

16 1109 ± 106

Table 2. Electrical characterization of RED patches. Resistance of 

RED patches.
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3.2. ECL in a three-electrode system

To predict an onset potential of ECL reactions on the BPE in the 

microfluidic chip, electrochemical measurements were performed in 

a three-electrode system using a macro ITO (surface area of 0.2 

cm2) as a working electrode. In the presence of 5 mM Ru(bpy)3
+2

and 25 mM TPA in 0.1 M PBS solution (pH 6.9), an oxidative 

current apparently appeared from 0.45 V and greatly increased 

after 0.9 V, but almost no change in current was observed in the 

PBS-only condition (Fig. 7). Meanwhile, in the reductive sweep, 

the current responses were quite similar regardless of the presence 

of Ru(bpy)3
+2 and TPA in PBS solution. The cathodic current was 

substantially increased at more negative than -0.7 V, which was 

attributed to oxygen and water reduction (Fig. 8).16 In the principle 

of the bipolar electrochemistry, oxidative and reductive currents 

passing through the BPE in the microchannel must be equal when 

faradaic reactions occur (ic = – ia). According to the linear sweep 

voltammograms, the difference of the cathodic and anodic potential 

at a current of ± 50 μA/cm2 was calculated as 

ΔEelec = Ec – Ea = 1.049 – (– 0.846) = 1.895 V
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This indicated that more than a potential difference of 1.895 V 

should be developed along the solution between the two ends of the 

BPE to observe an apparent ECL emission.



27

Figure 7. Linear sweep voltammograms of oxidative on ITO 

electrodes in a 3-electrode system. Red: 5 mM Ru(bpy)3
+2 and 25 

mM TPA in 0.1 M PBS solution (pH 6.9); black: 0.1 M PBS solution. 

Scan rate was 0.05 V/s.
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Figure 8. Linear sweep voltammograms of reductive sweep on ITO 

electrodes in a 3-electrode system. Red: 5 mM Ru(bpy)3
+2 and 25 

mM TPA in 0.1 M PBS solution (pH 6.9); black: 0.1 M PBS solution. 

Scan rate was 0.05 V/s.
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3.3. ECL on the BPE in the microfluidic channel

We systematically analyzed ECL intensities with respect to applied 

voltages to two driving Ag/AgCl electrodes positioned at the ends of 

the microchannel. This was because non-polarizable Ag/AgCl 

electrodes can avoid any potential drops derived from charge 

transfer resistances, so that an accurate voltage can be applied into 

the microchannel. ECL signals were detected from 2.1 V and 

increased up to 2.5 V (Fig. 9). Importantly, we clearly observed the 

ECL emissions with the naked eyes from 2.2 V. A voltage drop of 

the solution between the ends of the BPE can be estimated from the 

ratio of the BPE length (lelec) to the channel length (lchannel), 

lelec/lchannel = 2.2 cm / 2.4 cm = 0.92 in our system. Therefore, when 

the applied voltage was 2.1 V via the two driving electrodes, the 

estimated voltage drop was to be 1.932 V, which was well 

correlated with the minimum potential (1.895 V) for ECL reactions 

in the 3-electrode system. Note that ECL emissions were 

diminished at a voltage more than 2.6 V because of dominant 

contribution of water oxidation to the current on the BPE and 

physical damage of the BPE surface.17
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Figure 9. ECL intensities on ITO BPE as a function of applied 

potentials to the two driving electrodes (ΔEtot). The microchannel 

was filled with 5 mM Ru(bpy)3
+2 and 25 mM TPA in 0.1 M PBS 

solution (pH 6.9). The inset ECL images are corresponding to the 

applied potentials from 2.1 V to 2.5 V.
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3.4. ECL on bipolar electrode powered by RED

Immediately before attaching the RED patch to the BPE microfluidic 

chip, we measured initial voltage of each RED patch upon injecting 

the salt solutions; 1.94 ± 0.02 V, 2.50 ± 0.02 V, and 2.96 ± 0.12 V 

for 8-, 10-, and 12-layered RED patches, respectively (Fig. 5). 

No ECL emission was detected at the anode of the BPE with 8-

layered RED patches (Fig. 10a). Meanwhile, obvious ECL emissions 

were observed in combination with the 10-layered RED patches 

and the intensity was very similar to that obtained at 2.4 V which 

was applied from the potentiostat (Fig. 9, 10b, and 11). This is 

because the RED potential continuously decreased when an ECL 

image was captured with an exposure time of 15 s by a digital

camera while a constant voltage of 2.4 V applied by the potentiostat 

was held during the image capturing time (Fig. 12 and 13). 

Additionally, there was a time delay (approx. 10 s) between the 

voltage measurement and the ECL acquisition. Thus, the ECL 

intensities were very similar although the potentials were slightly 

different. We could also observe ECL emissions with 12-layered 

RED patches, but as mentioned above, the substantial damage of the 
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BPE surface was found after ECL measurements, resulting in 

irreproducible emissions. Overall, the miniaturized RED patches 

clearly demonstrated that they can provide sufficient electric power 

to drive ECL reactions on the BPE.
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Figure 10. ECL images of Ru(bpy)3
+2 on the BPE in the 

microchannel after the integration with an 8-layerd RED patch (a), 

and a 10-layerd RED patch (b) as a power source.
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Figure 11. Comparison of ECL intensity obtained by applying a 

voltage of 2.4 V using the potentiostat (left) and combining the 10-

layered RED patch (right) with the microfluidic chip.
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Figure 12. Potential behavior over time after the microfluidic chip 

with the ITO BPE was combined with an 8-layered RED patch
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Figure 13. Potential behavior over time after the microfluidic chip 

with the ITO BPE was combined with a 10-layerd RED patch
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3.5. Detection of PSA based on RED/BPE system

Finally, the RED-driven ECL system was applied to the detection of 

cancer biomarkers that we chose prostate-specific antigen (PSA) 

as a model biomarker. To begin with, we introduced a solution-

separated BPE system in the microfluidic chip device (Fig. 14). In 

this system, the microchannel is separated into two parts containing 

different solutions, but the single BPE is still contacted with an 

anodic and a cathodic solution.1, 11 The advantage of the closed BPE 

is an analyte solution in the sensing part can be physically and 

chemically isolated from ECL solution in the reporting part, so 

oxidation and reduction reactions in these two parts can be 

completely separated without interfering each other.1, 10-11 In 

addition, the total current in the microchannel including the BPE 

only flows through the BPE while current can flow through both the 

BPE and the solution in an open BPE system because of the parallel 

conducting paths. Thus, the potential difference between the 

BPE/solution interface can be larger than that in the open BPE 

system, resulting in a higher driving force for electrochemical 

reactions on the BPE.11
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The cathode part of the BPE was functionalized for the 

platform of a sandwich-type electrochemical immunosensing (Fig. 

14). In the presence of PSA, glucose oxidases that were co-

conjugated with polyclonal PSA antibodies to polystyrene beads 

catalyze glucose oxidation with production of H2O2, which is more 

likely to be electrochemically reduced at a lower overpotential than 

O2.
9 When an 8-layered RED patch was applied to the microfluidic 

chip, in the presence of PSA, an obvious ECL emission was 

observed with the naked eyes, but no emission in the absence of 

PSA (Fig. 15a and 15b). The latter result corresponded with the 

ECL study conducted on the bare BPE with 8-layered RED. Thus, 

the disposable miniaturized RED patches clearly verified its 

capability for biosensing operations as an easy-to-use electrical 

power source.



39

Figure 14. Schematic illustration of the closed BPE / ECL system in 

the microfluidic chip and the immunosensing mechanism on the BPE 

for the detection of PSA.
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Figure 15. A representative ECL image of the immunosensing in the 

absence (a) and the presence of PSA (b).
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4. Conclusions

We have developed the RED-powered electrochemical sensing 

device based on ECL/BPE system for the first time. Disposable 

miniaturized RED patches were specifically fabricated for 

appropriate combination with ECL reporting in the microfluidic 

system. Any voltage demanded for electrochemical sensing 

operations was readily obtained by adjusting a salinity ratio and the 

number of IEMs. In addition, the easy-to-use, eco-friendly and 

biocompatible characteristics of the RED patches can be combined 

with various analytical devices, which requires a low electrical 

power for their operations. However, it still needs a further 

optimization step for more practical uses in the third or developing 

countries. For example, a simpler way for injecting salt solutions 

and cheaper alternative materials to IEMs and electrodes (e.g. 

paper-based ion-selective membranes or electrodes) are required 

for cost-effective manufacturing.9, 18-21 The eco-friendly portable 

RED-powered electrochemical sensing system in this work can be 

applied to detect various targets including realistic samples and 

operate portable disposable biosensors, thereby possessing a high 
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potential in the practical applications such in third or developing 

countries in near future.
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국문 초록

소형 역전기투석 전원 기반 바이오 검출 시스템

최근 종이 기반의 센서 및 마이크로 플루이딕스와 같이 궁극적으

로는 개발 도산국에서 활용할 수 있는 질병 진단을 위한 값싸고 일회성

의 센싱 플랫폼 개발에 큰 진보를 이루고 있다. 하지만, 이러한 플랫폼

들이 진단 정보를 제공하기 위해서는 독립적으로 사용되는 것은 불가능

하고, 작동을 위한 전력원이 별도로 필요하다. 이러한 관점에서 본 연구

에서는 전기화학발광 (electrochemiluminescence; ECL) 을 이용하여

바이오 마커를 검출하기 위한 새로운 전력 공급원으로서, 친환경적이고

일회성의 소형 역전기투석 (reverse electrodialysis; RED) 패치(patch)

를 도입하였다. 플렉서블(flexible)한 RED 패치는 이온 교환막과 방수

양면테이프를 사용하여 간단하게 만들 수 있었다. 사용되는 이온 교환막

의 개수와 염도차를 조절하여 어떠한 원하는 전압도 쉽게 얻을 수 있었

다.

본 연구에서는 바이폴라 전극을 포함하는 마이크로플루이딕 칩과

RED 패치를 결합하였고, 개념 입증 (proof-of-concept) 연구로서 암

바이오 마커의 대표 물질인 전립선 특이항원을 육안으로 전기화학발광을
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확인함으로써 성공적으로 검출할 수 있었다. 소형 RED 전력원 기반 바

이오 검출 시스템은 어떠한 센싱 플랫폼과도 쉽게 결합할 수 있으므로

개발 도산국에서의 실용적 실현가능성을 증가시킨다.

주요어 : 역전기투석, 바이폴라 전기화학, 전기화학발광, 마이크로

플루이딕 칩, 바이오 센싱, 전립선 특이항원, 이온 교환막

학 번 : 2015-20382
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