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ABSTRACT 
Teaching graduate students the entanglements of the interdisciplinary field of electrochemical DNA 

biosensors in microfluidics can be challenging as it involves multiple fields of research strongly 

interacting with each other. Yet, electrochemical biosensors coupled with the improved hydrodynamics 15 

of microfluidics allow for simpler, more affordable, more performant, and portable point of care devices. 

Here, we present a laboratory made electrochemical biosensor and a series of simple experiments with 

a two electrodes setup integrated on a microfluidic channel, that allows graduate students to understand 

the influence of microfluidics on key parameters and how microfluidics and electrochemistry are closely 

intricated to allow enhanced biosensors functionalities. For each biosensors’ features, a theoretical 20 

background is provided enabling a comprehensive report for students and teachers.  
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GRAPHICAL ABSTRACT 

 

KEYWORDS 
Graduates, analytical chemistry, microfluidics, electrochemistry, biosensors, molecular diagnosis, 25 

limit of detection, sensitivity, laboratory instruction 

 

INTRODUCTION 
Graduate students following a research master in nanosciences in general usually continue their career 

into a research setting. They should develop the ability to integrate, transfer, couple several learned 30 

skills like photonics, electrochemistry, reactions at interfaces together and/or within confined spaces/a 

working device. Here, with the example of an electrochemical nucleic acid biosensor on a microfluidic 

chip, we aim at showing the coupling, integration of electrochemistry into a microfluidic chip thanks to 

two techniques which are cyclic voltammetry and Electrochemical Impedance Spectroscopy allowing to 

characterize charge transfer and/or mass transfer. 35 

The working principle of an electrochemical nucleic acids’ biosensor is the identification of a 

target molecule by a probe sequence, complementary to the target in terms of Watson and Cricks 

pairing. This identification is translated into a measurable change. In electrochemistry, the change in 

current is directly measurable without further signal transformation (compared to an optical or 
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fluorescent signal) easing their integration into portable devices. DNA electrochemical biosensors are 40 

converting the pairing of base pairs into an electrical signal as depicted on Figure 1.     

Biosensors are devices composed of an active biological layer on top of a transducer playing the role of 

recognizing element and converting the biological interaction in a measurable signal. For a DNA 

electrochemical biosensor, the biological layer is composed of immobilized DNA on the surface of an 

electrode. Design and analysis of these sensors are asking for knowledge in surface functionalization, 45 

molecular biology, and microfluidics. Usually, in the graduates or undergraduate’s curriculum, these 

courses are taught independently. Yet, it is the coupling between these domains, especially 

electrochemistry in confined, fluidic volumes that allow for high precision (specificity and sensitivity), 

simplicity of use, rapidity and devices that are sufficiently reduced in size (compatible with 

microfabrication techniques and materials) making electrochemical DNA biosensors excellent 50 

candidates for Point of Care diagnosis in a clinical setting. Fluidic channels of micrometric dimensions 

usually yield a sample volume of a few hundred of nanoliters, drastically reducing sample volumes and 

improving the overall hydrodynamics 1–3. 

There are many reports of biosensing’s teaching4 discussing extensively their main features 

such as molecular transport, binding kinetics5, miniaturization, selectivity, specificity, calibration 55 

curve6. This laboratory experiment uses the example of a DNA biosensor to explain the coupling 

between electrochemistry and microfluidics through two main electrochemical techniques CV and EIS. 

 

 1–3. 

 60 
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Figure 1. Schematic of DNA hybridization detection and resulting signal in Cyclic Voltammetry (CV) and Electrochemical Impedance 

Spectroscopy (EIS). Blue curves reflect the probe signal, immobilised on the gold electrode (the transducer). Red curves reflect the 

signal from hybridized target and probe increasing crowding compared to probe signal resulting in decreased faradic current and 

increased capacitive signal. 65 

 

Among all electrode’s material, gold is an easy and smart way to reversibly immobilize a monolayer of 

DNA probes. The self-assembly via thiol termination of DNA monolayer 7 allows, for example, to obtain 

a dense, well defined, and organized layer according to the following reaction 1: 

 70 

 𝑅𝑆𝐻 + 𝐴𝑢 = 𝑅𝑆 ∶  𝐴𝑢 + 𝑒− + 𝐻+  (1) 

 

Such a layer can self-assemble in less than two hours making this material relevant in a home-made 

microfluidic chip with educational purpose.  

While previous published work focuses mainly on microfluidic chip fabrication8–14, this article aims at 75 

providing in-depth theoretical and practical knowledge of electrochemistry coupled with microfluidics. 

This laboratory experiment not only show how flow rates impact electrochemical measurements but 

explain the phenomenon behind it (e.g. the impact of forced convection on the diffusion layer and on the 

biosensor’s detection limit). How the diffusion layer shrinks under forced convection and the 

consequences on biosensor’s detection. More molecules can reach the electrode, the rate of collision 80 

between probes and targets is increased improving the LOD15. In addition, the overall hydrodynamics of 

the redox tracker are improved in terms of charge/mass transport. Chip fabrication can be done 

beforehand. Not many recent publications have addressed advanced electrochemistry that goes hereafter 
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standard analysis of CV curves16–18. To our knowledge, this report is the first one implementing 

Electrochemical Impedance Spectroscopy in a laboratory experiment. 85 

 

The first objective of this practical workshop is to provide students with a specialized theoretical 

background on all aspects of electrochemical DNA biosensors in microfluidics: diffusion/convection, 

chemical reaction, detection system with the presentation of two complementary analysis techniques 

Cyclic Voltammetry and Electrochemical Spectroscopy Impedance under flow hydrodynamics. The 90 

second objective is to provide, thanks to the example of an electrochemical nucleic acids biosensor, 

hands-on experiments to understand the coupling between microfluidics and electrochemistry: 

improved hydrodynamics, diffusion and charge transfer parameters. 

General principles of electrochemistry19 and microfluidics12,20,21 (mass transport, chemical 

kinetics) should be acquired prior to this laboratory experiment. This practical workshop could be 95 

addressed to high level undergraduates or postgraduates. 

 

 

TEACHING MATERIAL 
This article has been implemented in a class of Master level students. SI – 1 materials detail 100 

theoretical background concept valuable to offer preliminary context, detailed list of reagents and 

equipment. 

DESIGN AND CHARACTERIZATION OF THE MICROFLUIDIC CHIP 
 

Simple and well-known microfabrication techniques are used for sensor fabrication to reduce complexity 105 

and cost. The 2-electrodes configuration in the electrochemical cell reduces the number of connections 

and therefore the size of the device. Nevertheless, sensor fabrication asks for basic cleanroom facilities. 

Electrochemical devices can be incorporated onto disposable substrates (plastic, paper, textile,…) but 

PDMS is the easiest way to mould microfluidic channels and is available in most laboratories 

compared to polymer photoablation, glass etching or 3D printing19 for example. 110 
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All details about chemicals, materials and detailed experimental procedures including student’s 

handout are provided in the SI-1 

 

A Design of the microfluidic chip 

 115 

This microfluidic device was made in the clean room facilities of the Centre of Nanosciences and 

Nanotechnologies (C2N, Palaiseau, France). The key steps of the microfabrication are extensively 

detailed in 22,23 and sum up on Figure 2. The counter electrode (CE) is positioned after the working 

electrode (WE), following the direction of the flow, to favor DNA immobilization and capture on the WE. 

The CE is 66-fold larger than the WE. Thus current density variations are lower than on the WE and it 120 

can be considered as a pseudo reference. Hydrodynamic conditions related to the fluidic channel and 

mass transport towards the electrodes are described in the SI-1. 

 

Figure 2. Microfabrication key steps: inverted optical lithography, Ti/Au metallization, PDMS fabrication and bounding (not shown here). 

 125 

The lithographic masks were designed using the L-Edit or KLayout software (Figure 3 gives an 

example with the KLayout software). 
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Figure 3. KLayout drawing of the channel mask (blue) aligned with the electrode mask (pink). 

 130 

The device consists of two parts, as depicted on Figure 4. The lower section bears the gold 

microelectrodes patterned on a glass substrate. The upper part contains the fluidic channel in PDMS. 

 

Figure 4. Schematic representation of the microchannel electrodes (not to scale). Detection area and fluidic channel microelectrodes with their 
dimensions. WE stands for working electrode (width w=300µm, length xe=30µm). CE stands for counter electrode (width w=300µm, xe=2mm). 135 
h corresponds to the fluidic channel height.  

 

Complete procedure to manufacture the electrochemical microfluidic device is described in SI-1. 

 

 140 

B Microfluidic chip characterization 

 

Hazards 

The chemicals used are not hazardous, and the use of PPE (lab coat, goggles, and gloves) is sufficient. 

Although ferricyanide/ferrocyanide redox couple exhibit low toxicity, care must be taken while 145 

disposal of potassium ferricyanide as it reacts with acids to form cyanides. 
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OVERVIEW OF LABORATORY PROCEDURE 150 

 

The complete set up is shown on Figure 5. The electrochemical workstation controlling the potential 

and frequency is connected to the microfluidic chip thanks to an in-house 3D printed chip holder. The 

solution is inserted into the chip thanks to tubing and controlled by a syringe pump. 

 155 

Figure 5. Set up including A. The Gamry 600+ electrochemical workstation. B. The chip holder 3D printed in-house. C. The microfluidic chip 
bearing 3 microfluidic channels and 2 couples of WE, CE as seen on D. and E. the syringe pump for flow control.   

 

Characterization of the microfluidic chip is done with the redox couple [FeIII(CN)6]3-/[FeII(CN)6]4- on a 

gold working /counter electrode couple in cyclic voltammetry and electrochemical impedance 160 

spectroscopy investigating the surface properties, as the surface modification resulting from DNA 

functionalization. 

The electroactive redox couple [FeIII(CN)6]3-/[FeII(CN)6]4- is associated to a one electron transferred 

reaction, as shown by the following equation 2: 
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[𝐹𝑒(𝐶𝑁)6]3− + 𝑒− = [𝐹𝑒(𝐶𝑁)6]4− (2) 165 

Supplies and equipment are summarized in the SI-1 

In the experimental section detailed with the students’ handout in the SI-2, the steps to characterize 

the sensor are described by the drawing and analysis of cyclic voltammetry curves (I/E curves) and 

Electrochemical Impedance Spectroscopy curves (EIS curves). 

 170 

 

Then, by testing different flow rates the hydrodynamics in the fluidic channel microelectrodes can be 

analyzed both in CV by comparing the value of the diffusion plateau to the expected theoretical value 

(given by the Levich theory) and discussed the potential deviation and EIS 

 175 

After chip characterization, students were asked to functionalize the electrodes with nucleic acids 

and to characterize the biosensor in terms of faradic and capacitive current. 

 

 

LEARNING OUTCOMES 180 

 

At the end of the laboratory procedure, students will be able to refresh their knowledge of cyclic 

voltammetry, gain a first approach of electrochemical impedance spectroscopy and characterize the 

electrochemistry/microfluidics coupling: 

• Select a relevant scan rate for CV 185 

• Identify diffusion / faradic phenomenon 

• Identify different characteristics of the EIS curve 

• Differentiate a static from a dynamic regime in EIS 

• Assess flow impact on CV and EIS curves and link it to the theory 

Assess the success of electrodes functionalization with short nucleic acids based on CV curves 190 
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RESULTS AND DISCUSSION 
 

Examples of CV and EIS curves obtained under flow, on gold ultramicroelectrodes are given on Figure 195 

6. To assess the hydrodynamics of the fluidic channel, increasing flow rates are introduced in the 

device with a syringe pump.  

Figure 6A depicts sigmoid curves with an equilibrium potential set at 0 V as both electrodes are made 

of gold and are immersed in the same electrolyte. These characteristic S-shaped curves are typical of a 

fast redox system under laminar flow. 200 

Electron transfer can be characterized qualitatively by comparing slopes at different flow rates. Indeed, 

the classical equation as reported in this excellent teaching material from Gonzalez et al.24 cannot be 

applied in this case as diffusion is not strictly planar on ultramicroelectrodes and not semi-infinite in 

confined spaces25. 

The diffusion can be characterized by measuring the limiting current plateau. The limiting current 205 

plateau characteristic of the diffusion phenomenon is flow dependent. Indeed, the diffusion layer near 

the ultramicroelectrode shrinks, under the influence of the forced convection15. 

The limiting diffusion current of a thin rectangular microelectrode of width ω and length xe, placed 

perpendicularly to the flow direction is given by the limiting current or Levich current, Equation 3: 

Ilim = 0.925. n. F. c∞. D
2

3⁄ . xe

2
3⁄
. ω. (

4Fv

h2.d
)

1
3⁄

 (3) 210 

 

n stands for the number of electrons exchanged, F the Faraday constant (96 485 C mol-1), c∞ the 

concentration of electroactive species (mol cm-3) and D the diffusion coefficient of the electroactive 

species (cm² s-1). h and d refer to the channel height and width, respectively. 

The diffusion layer building from the microelectrode’s leading edge (x=0) must remain very small at its 215 

leaving edge (x=xe) for the Levich equation to remain valid. 

Details on the obtention of this equation can be found in the SI-1. 
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To compare with the theory, the current of the reduction or oxidation plateau current can be 

normalized with the expected Levich current and plotted against the volumetric flow rate as shown on 220 

Figure 6. Instructors can refer to the provided spreadsheet “I limit calculations” to implement flow 

rates and experimental currents. 

Figure 6B displays high frequency electrode impedance spectroscopy with a frequency range of 1MHz 

to 0.1 Hz in potentiostatic mode allowing to describe the system in terms of capacitive (electrochemical 

double layer, Cdl), faradic contribution (charge transfer resistance, Rct) and diffusion ( diffusion 225 

resistance, RD). Characteristics (Rct, Re, RD, Cdl) can be estimated from these curves. By taking the high 

frequency intersection, Re can be estimated as the electrolyte resistance (ohmic drop) around 2 kΩ. By 

comparing the diameter of the second loop, flow impact can be estimated on the diffusion (as forced 

convection increases, the diffusion layer shrinks, and RD decreases). The calculation of the Rct and RD 

asks for a modelling using the modified-Randles equation (see SI-1). As an example, parameters with 230 

the same set up can be found in Poujouly et al.26, published by our group. RD is the only parameter 

that should vary with the flow.  

 

Figure 6. A. Example of limiting current intensity response of a WE microchannel electrode vs. flow rates. B. Example of potentiostatic 
electrochemical Impedance spectroscopy response vs. flow rates. Frequencies range from 1 MHz to 0.1 Hz. AC signal excitation = 100 mV. 235 
DC = 0 V. Eight flow rates are displayed here from 0.01 µL/s to 1 µL/s. The electrolyte is composed of 20 mM of an equimolar solution of 
[Fe(III)(CN)6]

3-/[Fe(II)(CN)6]
4- in 0.5 M NaCl. The selected CV scan rate is 10 mV/s. 
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Figure 7. Example of limiting current ratio between experimental current Iexp and calculated theoretical current obtained from the Levich 240 
equation I Levich. Ratio is given as a function of the volumetric flow rate Fv to the power of 1/3. 

 

Figure 8 shows an example of electrodes functionalization with a sequence of 20 nucleotides modified 

with a thiol at the 5’ end. 

 245 

Figure 8. Example of cyclic voltammetry curves obtained before (blue – bare gold) and after (red) functionalization with a single-stranded DNA 
probe at 10-6 M modified with a thiol end. 

 

Thiols spontaneously absorb on gold substrates building self-assembled monolayers SAMs according 

to Equation (1). Currents can be compared before and after functionalization to assess its success. 250 

DNA is composed of a sugar phosphate backbone. The negatively charged backbone prevents the 
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diffusion of the [Fe(III)(CN)6]3-/[Fe(II)(CN)6]4- negatively charged redox complex towards the electrode 

thus reducing current compared to a bare electrode27,28. CV curves show an apparent decrease in 

charge transfer (quantitative). The apparent decrease origin is still under investigation. 

 255 

IMPLEMENTATION AND ANALYSIS OF THE COMPREHENSION OF THE STUDENTS 
 

This practical workshop was successfully implemented during a 3-hour session with 21 graduate 

students from the Quantum, light, materials and nanosciences (QLMN) Master 2 of Paris-Saclay 

University (France). Students who follow this Master usually continue their career into research 260 

whether public research in academic settings or private research in R&D or research centers. 

The first hour was devoted to theoretical and technical aspects described in SI-1. Then experiments 

were presented, and students could handle the microfluidic chips. Beforehand, students had 2 weeks 

to prepare bibliography.  

Two strategies were followed to collect data on students’ performance with a google form format. 265 

First students learning was assessed through open questions to analyze if students could grasp some 

of the main concepts developed in this teaching material (microfluidics, electrochemistry, their 

coupling and limiting currents). Then students were asked questions requiring calculations) A 

complete analysis of students’ answers can be found on Figure 9.  Evaluation criteria and list of 

questions are detailed in section “Assessment of students’ learning” in SI-1.With the collected 270 

information and general observation from the practical work, following comments can be drawn: 

• In total 73% of students achieved scores higher than the mean (See Figure 9). This exercise 

was optional and only half the students answered. Assessment could be improved by making 

the questionnaire mandatory. 
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 275 

Figure 9. Overall scores. 

 

• Numerical parameters are well understood apart from 3 students 

• As shown on Figure 10, students who were able to answer in a concise manner (column 

“precision”, the column “sophistication” reports on the complexity of the answer) were usually 280 

the ones that understood the experiments the best. It seems electrochemistry was better 

understood as a concept than microfluidics generating more elusive answers. This point could 

be improved by showing students Comsol simulations that can be found in the “Notes for 

instructors” section from SI-1. 

Experiments with flow rates took a lot of time. Maybe this section can be improved by selecting 285 

fewer flow rates or dividing the work between students.

 

Figure 10. Analysis of students answers to open and numerical questions. 
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 290 

CONCLUSIONS 
This practical workshop aimed at both provide core concepts and handling of key parameters that had 

visual impacts on the output signal thanks to an in-house microfluidic chip functionalized with DNA 

on microelectrodes. Students’ comprehension was satisfactory both on theoretical concepts and 

practical considerations. This workshop sought to provide a model of how a series of simple 295 

experiments can help understand specialized topics that students usually don’t learn together and 

subsequent students’ comprehension evaluation. 
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