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An alternative of three-electrode set-up for electrochemical detection and analysis in microfluidic chips 
is described here. The design of the electrochemical sensor consists in the surfacing of glass substrate 
covered by PDMS block which bears the microfluidic channels. A band microelectrode as working 10 

electrode surrounded by a large counter electrode is obtained at the micrometric level to propose a 
simple and efficient sensing area for on-a-chip analysis. The counter-electrode with a surface area 
about 22-fold greater than the working-microelectrode can also be considered as a pseudo reference 
since its current density is low and thus limits the potential variations around the rest potential. To this 
purpose, [Fe(III)(CN)6]3- / [Fe(II)(CN)6]4- redox couple was used in order to set a reference potential at 15 

0 V since both electrodes are in platinum. The electrochemical microchip performance was 
characterized using difference pulse voltammetric detection (DPV) and quantification of the optically 
multi-labelled transthyretin synthetic peptide mimicking a tryptic fragment of interest for the diagnosis 
of familial transthyretin amyloidosis (ATTR). The limit of detection at working microelectrode for 
peptide was 25 nM, a value 100-fold lower than the one reported with conventional capillary 20 

electrophoresis coupled with laser-induced fluorescence under the same analytical conditions.  

1 Intoduction 
Over the past two decades, laser-induced fluorescence 
(LIF)[1],[2],[3],[4] and mass spectrometry (MS) [5],[6],[7],[8] coupled 
with microchip have benefited from a considerable growth 25 

because of their potentiality for proteomic analysis. Although LIF 
and MS offer high sensitivity and powerful information, they 
require large and bulky instrumentation significantly impairing 
the portability of such intruments. In contrast, the development 
and availability of microsized electrodes for electrical detection 30 

in microfluidic chips have been delayed with respect to the 
improvement of the technology development of µTAS. 
[5],[9],[10],[11],[12],[13] For this challenge, electrochemical techniques 
are more suitable for the detection of ionic species (oxidable or 
reducable) because they have the unique advantage to convert 35 

chemical or electrochemical events into electrical signal response. 
The relevance of electrochemical detection in flow-channel 
microelectrode with the improvement of electrode size fabrication 
has been widely proven, including the use of amperometric or 
voltammetric detections while hydrodynamics of the streaming 40 

electrolyte solution was controlled. [14],[15],[16] According to the 
microchip dimensions such as the size ratios and geometries 
electrode/channel, a steady-state current is reached that is 
ascribed to mass transport limitation. [14],[17],[18],[19] This latter can 
be measured with precision assuming that electron transfer at the 45 

working microelectrode is fast enough. Briefly, the advantages 
for the use of flow-channel microelectrodes include: measuments 
on very small volumes and low quantity of biological sample, the 
ohmic drop of potential decreases since the recorded current is 
low and the improvement of the ratio between faradaic and 50 

charging current since this latter is related to the electrode surface 
area and also because the signal/ noise ratio of the 
electrogenerated species has a strong impact on the detection 
limit. Nevertheless, accurate measurements of electrochemical 
potentials in microchip are most often required to be properly 55 

controlled using a three-electrode set-up which includes a 
reference electrode. Aside from the efficiency in terms of 
sensitivity obtained with this configuration, repeatability and 
reproducibility of results in microchip remain difficult to reach. 
These limitations are due to difficulties encountered to make a 60 

stable reference electrode over time in miniaturized devices. 
Indeed, interferences on the measured signal may occur. For 
instances parasitic processes at the reference electrode surface 
(passivation, adsorption, bubble generation, dissolution…) 
interfere with the signal of interest. Some restrictions were 65 

alleviated by the use of thin-film Ag/AgCl microelectrodes 
compatible with microfluidics for separation and detection in 
microchips. [20],[21] However, the remaining problem with 
Ag/AgCl as reference is its poor stability over time which is 
attributed to partially or totally dissolution of the thin layer 70 
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leading to mixed potentials. 
Since the two-electrode set-up has been used in interdigitated 
microelectodes array strategy for nucleic acids screening [22],[23]or 
in technological conception of DNA biosensors,[24] this paper 
presents a strategy consisting to network a flow-channel with a 5 

band microelectrode as working electrode surrounded by a 
millimetric electrode as counter- electrode. The counter-electrode 
with a surface area about 22-fold greater than that of the working 
microelectrode can be considered as a pseudo reference since its 
current density variation is low in comparison to the one of the 10 

working microelectrode. This aim is reached by the use of 
[Fe(III)(CN)6]3- / [Fe(II)(CN)6]4- redox couple in flow-channel 
microelectrode during the labelling and detection steps in order to 
set an equilibrium potential at 0 V as both microelectrodes are in 
platinum (Figures 1A-C). 15 

The fluidic microdevice with two-microelectrode set-up was 
validated by using a previously well-tested differential pulse 
voltammetric (DPV) detection protocol of multi-labelled 
synthetic peptide (PN) of interest in the diagnosis of familial 
transthyretin amyloidosis (ATTR). [25] The dimensions (channel 20 

width and height) of the PDMS microchannel indicated in Figure 
1C have been selected in order to establish a laminar flow and 
designed using soft fabrication technique, while hard fabrication 
techniques have been used for integrating several pairs of two 
electrodes networks in the same microchannel for multi-detection 25 

purposes (Figure 1B-C).  

 

 

 

 30 

 
Figure 1 A. Picture of several pairs of two microelectrodes networks 
located on the microchannel junction for multi-detection possibility. The 
fluidic microchannels allowing the sample injection with several 
configurations (inlet 1, 2, 3). B. Schematic view of the detection area with 35 

a pair of microelectrodes (CE: counter electrode, WE: working electrode). 
The fluidic channel, WE and CE microband electrodes characteristic 
dimensions: h, d, w, xe and l are indicated and the B scheme is not to the 
scale. 

2 Materials and methods 40 

2.1 Chemicals 
Naphtalene-2,3-dicarboxyaldehyde (NDA), potassium cyanide 
and boric acid were purchased from Sigma-Aldrich (Saint-
Quentin Fallavier, France). Methanol and sodium hydroxide were 
obtained from VWR (Fontenay-sous-Bois, France). The 22-aa 45 

synthetic peptide (PN)  (N-term 
TSESGELHGLTTEEEFVEGIYK C-term) mimicking a tryptic 
fragment of interest for the diagnosis of ATTR was obtained from 
Genepep (Prades-le-Lez, France). 
 50 

2.2 Peptide labelling conditions 
PN was covalently labelled with NDA, an amine-reactive dye 
with fluorogenic and electroactive properties. The protocol of the 
labelling reaction was previously optimized and published 
elsewhere using both capillary electrophoresis coupled with laser-55 

induced fluorescence detection (CE-LIF) [26],[27] and DPV 
detection. [25] In brief, optimal conditions for DPV detection were 
obtained when [NDA]total /[amino acid or peptide]=100 and 
[NDA]total/[CN-] ratio =1 with an incubation time of 15 min in 
100 mM borate buffer pH 9 at room temperature. DPV 60 

experiments were carried out in traditional three-electrode cell to 
characterize NDA-labelled PN with a glassy carbon electrode as 
WE. These experiments highlighted that the labelled PN could be 
detected at low concentration (LOD = 5 µM). The oxidation 
peaks for the N-2-substituted-1-cyanobenz-[f]-isoindole 65 

derivative (CBI) have been observed at 0.55-0.7 V/SCE. DPV 
experiments showed also that the two NH2 groups of PN 
(aliphatic ε-NH2 of C-term Lys and N-term Thr) can be tagged to 
form both di-tagged and mono derivatives (CBI-
TSESGELHGLTTEEEFVEGIYK-CBI), which were detected at 70 

0.55 V/SCE and 0.69 V/SCE, respectively. [25] 

 
2.3 Microchip Network 
The designs of the lithographic masks have been done with the L-
Edit software (from Tanner EDA). To fabricate the microchip we 75 

used two masks, one to surface the fluidic microchannels and the 
second one for the electrodes. Both masks have been first printed 
on a plastic slide at high resolution (selba Switzerland). All 
lithographies have been carried out with a Karl Suss manual mask 
aligner MJB3 (Süss Microtec). To increase the reproducibility of 80 

the two lithographic steps, we transfered the patterns of the 
plastic mask onto glass wafer bearing a 150 nm layer of 
chromium. An inverted lithography by UV irradiation of AZ5214 
(from MicroChemicals, Germany) has been done prior to a 
chrome etch to build the chromium master masks. All substrates 85 

were always cleaned with piranha solution (50/50 v/v of 
H2SO4/H2O2 - caution this solution may lead to exothermic 
reaction with projections) for 20 min and then abundantly rinsed 
with deionised water. The 500 µm thick borosilicate glass 
rectangular slides (from Opticad, France) have been cleaned and 90 

spin-coated with AZ5214 to pattern the electrodes and the 
electrical junctions with square contact with a 5 Å thick layer of 
titanium and 250 Å of platinum by a classic lift-off process. The 
fluidic network is obtained from a master mold made with SU-8. 
The fabrication of this master mold is started with the cleaning of 95 

the silicon wafer and lithography of a 16 µm thick layer of SU-8. 

GLASS 

d = 310 µm 

h = 58 µm 

xe = 56 µm 

w = 200 µm CE 

l = 1228 µm 
FV 

B 

WE 

PDMS 

A 
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A 1 cm thick layer of PDMS is poured onto the SU-8 master 
mold to get a negative replica after overnight curing at 70°C of 
the fluidic network. The PDMS and the glass substrates with the 
electrodes are washed with isopropanol and dried with nitrogen. 
Then the PDMS part is treated with nitrogen plasma to favour the 5 

adhesion of the PDMS onto the glass slide. The manual 
alignment of the PDMS and electrodes is done under binocular 
for the correct positioning of the electrodes in the microfluidic 
chips. 
 10 

2.4 Apparatus 

Electrochemical measurements were performed by using a 
Biologic SP-300 electrochemical analysis system with EC-lab 
software. Experiments were performed with a two-electrode cell 
configuration. The counter-electrode and the working electrode 15 

were both in platinum (Pt) with areas equal to 30.57×10-4 cm2 and 
1.38×10-4 cm2, respectively. The scan rate used for cyclic 
voltammetry experiments was varied from 1 mV. s-1 to 100 mV. 
s-1. Differencial pulse voltammetry parameters as modulation 
time (100 ms), modulation amplitude (7.5 mV) and scan rate (25 20 

mV. s-1) have been optimized to obtain well-defined analytical 
curves. These latters were all corrected by eliminating the DPV 
background response that is recorded on a blank solution.  

3. Results and discussion 
3.1 Hydrodynamic conditions in flow-channel microelectrode 25 

Hydrodynamic voltammetry in flow-channel electrode was 
introduced by Compton et. al. [14] Indeed, the use of a rectangular 
channel comprising a microband electrode under laminar flow 
conditions allows to achieve a mass-transport limited current 
flowing at the electrode (see Figure 1C). The parameters to be 30 

optimized are then: the scan rate and the flow rate in flow-
channel electrode. Experimentally, the flow rate imposed by the 
syringe pump leads to a forced axial convection. The work of 
Levich [28] had predicted this behaviour in the case of a channel 
electrode type where intensity of the transport limited current was 35 

expressed as follows in equation 1 obtained from the only axial 
convection and normal diffusion to the electrode: 

 

31
323/2

lim ²
4925.0 








=

dh
F

wDxnFCI v
e

 (1) 

with: n, the number of electrons exchanged, F, the Faraday 
constant (96485 C), Fv, the volumetric flow (in cm3.s-1), C, the 40 

concentration of electroactive species (mol.cm-3) and D the 
diffusion coefficient of the electroactive species (cm2.s-1); xe, w, h 
and d, values of dimensions (in µm), are indicated in Figure 1C. 
 
Based on this theoretical relationship, experiments were carried 45 

out in our designed two-microelectrode device by adding an 
equimolar solution of 2 mM [Fe(III)(CN)6]3- / [Fe(II)(CN)6]4- 
redox couple in 0.1 M KCl pumped under laminar flow. Initially, 
the scan rate was optimized for steady-state current response. For 
that, a low flow rate of 0.05 µL. s-1 was used while scan rate was 50 

varied from 1 to 100 mV. s-1. The obtained voltammograms show 

current plateaus for scan rates below 25 mV. s-1 (Figure 2A). This 
well-known voltammogram shape was observed as the diffusion 
mode at the working microelectrode is in quasi steady-state, 
whereas most typical cyclic voltammograms shape were observed 55 

with the presence of an oxidation peak and a reduction peak from 
25 mV. s-1 to 100 mV. s-1 (Figure 2A). This transition is due to 
the passage from quasi-steady state to a planar diffusion. As 
expected, the obtained current intensity response was scan rate 
dependent because the forced convection controls the shape 60 

geometry of the adjacent diffusion layer on microelectrodes. 
[14],[18],[19],[29],[30] 
 

 
Figure 2. A. Scan rate dependence of the cyclic voltammetric response of 65 

WE microband electrode in the described flow channel (see Figure 1C) 
using 0.05 µL. s-1 as fixed value of flow rate (only three scan rates 1, 25 
and 100 mV. s-1 are displayed) with an equimolar solution of 2 mM 
[Fe(III)(CN)6]3- / [Fe(II)(CN)6]4- in 0.1 M KCl. B. Volumetric flow 
dependence of the transport limited current measured at WE 70 

microelectrode using 1 mV. s-1 as fixed scan rate (where quasi steady-
state voltammograms are reached) in the same solution composition. 
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Squares: experimental values on plateaus. Dotted line: fit using Levich 
plot (Equation 1 in the text). 

In the following experiments, the selected 1 mV.s-1 scan rate was 
fixed leading to quasi identical forward and backward waves (6 
mV maximum gap). Then, the current plateau variation was 5 

measured with flow rates which vary from 0.02 μL. s-1 to 0.3 μL. 
s-1. As displayed in Figure 2B, current plateau variation according 
to the volumetric flow to the power 1/3 was in agreement with the 
Levich plot behaviour (Equation 1) using a linear fit equation: Ilim 
= 2.89×10-8 +1.88×10-6 Fv

1/3 with a good correlation coefficient 10 

(R = 0.994). 

 

3.2 Difference pulse voltammetric PN peptide detection into 
microchip in presence of redox couple as reference 

The flow rate was also optimized for the DPV experiments for 15 

which the optimum flow rate at 0.05 µL. s-1 was found suitable 
for the detection step in the presence of the redox couple. Two 
different ratios [Fe(III)(CN)6]3- / [Fe(II)(CN)6]4- were used: a 
ratio of 1 (ferricyanide and ferrocyanide in equimolar amounts) 
and 0.25 (0.125 mM ferricyanide and 0.5 mM ferrocyanide 20 

concentration in excess). The Nernst equation as follows in 
equation 2 can be used to predict the Nernst equilibrium potential 
for the redox couple, Eeq. 
 

[ ]
[ ]






+= −

−

−− 4
6

3
60

)(/)( )(
)(log059.04

6
3

6 CNFe
CNFeEE

CNFeCNFeeq
 (2) 25 

Indeed, the potential of [Fe(III)(CN)6]3- / [Fe(II)(CN)6]4- redox 
couple is expected at 0 V for a ratio of 1, while it must be located 
at -0.036 V when the ratio is 0.25. Figure 3 shows the oxidation 
peaks obtained for the DPV detection with the labelled peptide 
PN-CBI in the presence of both [Fe(III)(CN)6]3- / [Fe(II)(CN)6]4- 30 

ratios. The PN-CBI peak characteristic is observed at 0.4 V with 
the both ratios while reference peak of ferrocyanide has been 
shifted to the negative potential of 0.034 V when the 0.25 ratio 
was used (see Figure 3 and Table 1). The values for the peaks 
potential are close to the expected values which were estimated 35 

using the Nernst equation. 

 
Figure 3. DPV of the peptide labelling with 2.5 mM NDA 25 µM PN 
(molar ratio 100), NDA / KCN = 1 and the presence [Fe(III)(CN)6]3- / 
Fe(II)(CN)6]4- redox couple as potentiel reference in buffer 100 mM 40 

borate pH 9 / MeOH (50/50 v/v). Blue curve with 0.125 mM 
[Fe(III)(CN)6]3- / 0.125 mM [Fe(II)(CN)6]4- molar ratio 1 and black curve 
0.125 mM [Fe(III)(CN)6]3- / 0.5 mM [Fe(II)(CN)6]4- molar ratio 0.25. 
Scan rate 25 mV. s-1 modulation time 100 ms modulation amplitude 7.5 
mV under a flow rate of 0.05 μL.s-1. 45 

The detection of the labelled peptide was carried out three times 
for each [Fe(III)(CN)6]3- / [Fe(II)(CN)6]4- ratio. The peak 
intensity of the PN-CBI with the two ratios was found at 
(4.5±0.5) ×10-11 A. The values are listed in Table 1 for the 
oxidation potential peaks with means and standard deviations 50 

calculated with three experiments.  

Table 1. Values of oxidation peak potential and potential difference 
between Ep PN-CBI and Ep Fe(III) / Fe(II) according to the used ratio, i. e. with 
0.125 mM [Fe(III)(CN)6]3- / 0.125 mM [Fe(II)(CN)6]4- molar ratio 1 and 
0.125 mM [Fe(III)(CN)6]3- / 0.5 mM [Fe(II)(CN)6]4- molar ratio 0.25. 55 

ratio # Ep PN-CBI 
(V) 

Ep FeIII/FeII
  

 (V) 
∆Ep 

(V) 
 
 
 
 

1 

1 0.414 0.009 0.405 

2 0.408 0.008 0.4 

3 0.413 0.012 0.401 

mean 0.412±0.003 0.009±0.004 0.402±0.003 

 
 
 

0.25 

1 0.414 -0.039 0.456 

2 0.396 -0.021 0.417 

3 0.419 -0.043 0.462 

mean 0.415±0.02 -0.034±0.01 0.44±0.03 

 

The obtained peak potential difference is equal to average values 
of (440 ± 30) mV and (402 ± 3) mV when ratio 0.25 and 1 was 
used, respectively. Although ratio 1 leads to least standard 
deviation on peak potential position, the non equimolar ratio can 60 
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be viewed as a advantage in some cases, for instance, where a 
high peak difference is sought for a better separation and 
therefore a higher peak resolution between reference and analyte. 
This results confirm that the detection scheme in flow-channel 
with two microelectrode set-up using redox couple as reference is 5 

equally suited than three microelectrodes set-up. Thereafter the 
methodology with non equimolar ratio will be maintained and 
optimized in the next experiments. 

The detection limit was sought in the microfluidic device by 
maintaining the NDA / PN and NDA / KCN ratios constant. The 10 

experiments were repeated three times for each PN concentration. 
The microchannel was washed between each detection step by 
rinsing with deionized water and a reference curve (only Fe(III) / 
Fe(II)) was made to check the measurement reproducibility. The 
composition of the peptide samples is shown in Table S1 (see 15 

supplementary material). Briefly, for low concentrations of PN, 
[Fe(III)(CN)6]3- and [Fe(II)(CN)6]4- concentrations were 
decreased to better observe the peak of the di-labelled PN. This 
permits to enhance peak intensity of the di-labelled peptide in 
comparison to ferrocyanide peak reference. The obtained PN-CBI 20 

peak intensity was plotted against PN concentration added in the 
sample preparation (Figure 4). It has been also observed that the 
obtained PN-CBI peak intensity corresponding to low 
concentrations were overestimated as the PN concentration 
decreases in samples. Indeed, the peaks become broader as 25 

previously observed in macrosystem with DPV detection. [25] 
This behaviour was attributed to the mono-labelled peak PN-CBI 
oxidation which has the effect of increasing the intensity of the 
global peak intensity. A deconvolution fit is displayed in Figure 5 
for 0.1 µM PN added. The peaks obtained were then 30 

deconvoluted into two DPV peaks located at 0.38 V and 0.5 V 
corresponding to the di- and mono-labeled peptide detection, 
respectively. This observation is in accordance to previous 
experiments with mass spectrometry and separating techniques. 
The labelling reaction has been extensively characterized as 35 

shown in previous paper. [25],[27] 

 

 
Figure 4. Calibration curve for PN-CBI detection using DPV in the flow-
channel microelectrode device. Circles: experimental current intensity 40 

around 0.4 V for each experimental DPV at various concentrations from 1 
µM to 25 nM (see supplementary material for samples preparation and 
ratios). The first three points were corrected using peak global 
deconvolution according to Figure 5. The linear fit: regression coefficient 
= 0.99, slope = 1.36×10-10 A µM-1 (sensitivity). 45 

 
Figure 5. Peak intensity deconvolution at low concentration level (0.1 µM 
PN total concentration in sample) highlighting the interference of the 
mono-labeled detection (0.5 V) on enlargement peak obtention (0.38 V). 
DPV of the di- (gold) and mono- (cyan) labelled peptide detection using 50 

0.01 mM NDA / 0.1 µM PN molar ratio 100, NDA / KCN = 1, 0.025 mM 
[Fe(III)(CN)6]3- / 0.05 mM [Fe(II)(CN)6]4- molar ratio 0.5 in buffer 100 
mM borate pH 9 / MeOH (50/50 v / v). Scan rate 25 mV s-1 modulation 
time 100 ms modulation amplitude 7.5 mV under a flow rate of 0.05 μL.s-

1.  55 

A detection limit of 25 nM in the microfluidic chip was obtained 
for a current of 10 pA. This detection limit was 10-fold less than 
that obtained in macrosystem with a traditional three-electrode 
set-up [25] and over 100-fold less than that obtained with CE-LIF 
detection.[27] Moreover, the stability of the detection signal with 60 

the used protocol is similar to the one found in conventional 
system of 3-electrodes where we found of lost a 20% (signal 
intensity) after 24 hours while no signal is detectable using an 
optical detection under the same storage conditions. The 
detection limit was 25 nM labelled peptide while reproducibility 65 

and sensitivity are equal to 5% and 1.36×10-10 A.µM-1 by 
considering the three pairs of electrode per channel and similar 
for inter-device, respectively. For comparison, the detection limit 
of the labelled glycine with the NDA was determined by Yassine 
et al. [31] in PDMS/Glass microfluidic chip with LIF detection at 70 

40 nM with good reproducibility and a standard deviation of 1 to 
2% was obtained for the peak intensity. Wang et. al [32] have 
obtained a detection limit of 3.2 µM for labelled arginine and 7.4 
µM and 3.5 µM for labelled phenylanalanine and labelled glycine 
with amperometric detection in a microfluidic chip, respectively. 75 

They indicated detection with a good reproducibility through the 
obtained standard deviation between 3.1 and 3.5%. To conclude, 
our presented methodology is equally suitable for fast labelling 
and detection with similar sensitivity and reproducibility. 

 80 

Conclusions 
Previous works have demonstrated the feasibility of monitoring 
voltammetric waves using flow-channel electrode [14],[25] or 
interdigitated microelectodes array strategy with two-electrode 
set-up. [22],[23] However, this present study with the associated 85 

detection scheme highlights an original two-microelectrode 
system for chip multi-use in the detection of ultralow 
concentration of peptide using a well-tested optical label. The 
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experimental results underline the analytical performance of this 
alternative with very good reproducibility and negligible 
variation of the signal without the need to implement a third 
electrode as reference. As portrayed the threshold of detection is 
in the nanomolar concentration range. Advantages of this 5 

configuration can be extended in many analytical or bioanalytical 
fields as end-column detectors in electrophoretic or 
chromatographic separation in miniaturized chips.  
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