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Abstract 

Microchip capillary electrophoresis (MCE) with integrated electrodes to perform 

electrochemical (EC) sensing is a powerful tool for fundamental research and practical 

applications that are increasingly in demand. In this critical review, we discuss the main 

strategies developed over the last twenty years to design complete MCE-EC devices. First, we 

outline all the questions raised by the pioneering research groups regarding the coupling of 

these two techniques in microfluidic devices. Then, we present all the key-solutions, in the 

form of strategies, that our colleagues have cleverly elaborated to make these devices evolve 

into elaborate and relevant tools. These evolutions have mainly focused on the nature of the 

electrodes used, their configuration, the process of their fabrication, their integration and 

positioning in the microfluidic systems and their performance within the integrated devices. 

Particular attention is paid to the adequacy of the materials of the microsystems and the 

electrodes and to the resolution of the electrical interference between the electric fields 

necessary for the electrophoretic separation and the electrochemical detection. Finally, we 

describe significant examples of methodologies for the analysis of complex biological, food 

and environmental samples, highlighting the analytical improvements brought by these MCE-

EC systems. 

mailto:fracassi@iqm.unicamp.br
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List of abbreviation  

 

AE – auxiliary electrode 

BDD - boron doped diamond  

C
4
D - capacitively coupled contactless conductivity detector 

CA - catechol  

CB-NPs - carbon black nanoparticle 

CCD - contactless conductivity detector 

CE – capillary electrophoresis  

CF - carbon fiber,  

CFNE - carbon fiber nanoelectrodes 

CI - carbon ink  

CNT - carbon nanotube electrodes  

CP - carbon paste  

CV – cyclic voltammetry 

CySNO - S-nitrosocysteine  

CZE - capillary zone electrophoresis 

DA - dopamine  

DPV - differential pulse voltammetry 

EC- Electrochemical  

EDS - energy dispersive X-ray spectra 

EOF - electroosmotic flow 

FE-SEM - field emission scanning electron microscope 

GC – glass carbon  

GO - graphene oxide 

GSNO - S-nitrosoglutathione  

HbaA1c mAb - anti-human hemoglobin-A1c antibody  

HTGC - heat-treated glassy carbon 

LC - liquid chromatography 

List of abbreviations  

LOD - limit of detection 

LSV - linear sweep voltammetry   
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MCE - Microchip capillary electrophoresis  

MD – microdialysis 

MW - multi-walled  

ORMOCERs - organically modified ceramic polymers  

PC - polycarbonate  

PDMS – polydimethylsiloxane 

PMMA - polymethyl methacrylate 

POC – point-of-care 

PPF - pyrolyzed photoresist film  

PVAc - poly(vinyl acetate) 

RE – reference electrode 

RMS - Root Mean Square 

RSD - relative standard deviation 

RSNO - S-nitrosothiols  

S/N - signal-to-noise 

SEM - scanning electron microscopy 

SW - Single-walled  

Tg - glass transition temperature 

WE – working electrode 

 

1. Introduction to pioneering studies 

Miniaturization in chemical and biomedical analysis has emerged in recent years aiming 

at surpassing the performance of conventional analytical devices through the reduction of 

reagents, samples, waste, analysis time, production costs and contamination risks, as well as 

designing automated and portable devices that would be used in any part of the world without 

technical expertise or specific experimental conditions. The improvements of chemical 

etching techniques and photolithography have greatly contributed to the emergence of this 

field of research. 

As early as 1979, Terry et al. published a microfabrication strategy using 

photolithographic patterning processes for the integration of a gas chromatograph and a 

thermal conductivity detector onto an entire silicon wafer [1]. This work went unrecognized 

for over a decade before a novel concept was developed by Manz et al. [2] so-called 
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Miniaturized Total Analysis Systems (µ-TAS), which involves sampling, sample pre-

treatment, separation and detection performed within a single microdevice. These 

miniaturized systems had a tremendous impact on different research fields, for instance in 

analytical chemistry, as they deal with very small sample and reagents volumes, high 

resolution and sensitivity separations, low fabrication cost, small footprints and decrease of 

the physical size of the systems (portability) [3]. Among them, particular attention has been 

given to electro-driven separations of target analytes. Indeed, microchip capillary 

electrophoresis (MCE) represents the next generation of miniaturized devices, for the 

separation of complex sample matrices. The fact is that the electrokinetic separations are 

easily miniaturized, require a single high voltage sequencer, and offer a flexible and simple 

procedure and short analysis time [4].  

As concerning the detection step, different techniques can be implemented. Fluorescence, 

which is classically used in microsystems, has several drawbacks, such as native fluorescence 

of the device material and samples, need for sample labelling, and it is limited to compounds 

which fluoresce or are amenable to derivatization with a fluorophore [5,6]. Colorimetry is 

mainly used when a positive/negative diagnostic is required. Mass spectrometry, still difficult 

to couple to a microfluidic system, could help for molecular identification and quantitation. 

Surface Enhanced Raman Spectroscopy is a highly sensitive detection mode but still has a 

poor reproducibility [7]. Infrared is suitable for solid samples analysis since it is not necessary 

to dilute or destroy them to perform the analysis. But it is not suitable for fluidic systems, 

since the samples are in solution, the absorption from the solvent can drastically saturate the 

IR signal [8].  

Electrochemical (EC) detection is a good alternative to be used with both conventional 

capillary electrophoresis (CE) and MCE, which is intrinsically simpler than, for example, 

optical methods. Indeed, an electrical signal is acquired directly without the use of 

intermediate physical parameter, for instance radiation intensity. Also, the detector hardware 

consists of small electrodes and some simple electronic circuits, whereas for mass 

spectrometry a large instrumentation is necessary. And the most notable benefit of EC 

detection is the fact that its advantages when is coupled with CE and MCE systems are 

conserved.  EC detection was first implemented in classical CE, such as silicon and glass 

microstructures integrating separation and detection electrodes into CE capillaries and MCE 

platforms [9–11]. Ultramicroelectrodes can be fabricated directly in the channel platform or 

externally to it, and portable, isolated potentiostats are commercially available. The main EC 

detection modes developed with CE are conductometry and amperometry. Virtanen was the 
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first to develop an electrochemical detector for CE in 1974 [12], reporting a potentiometric 

detector of 200 µm large bore columns. The system was composed by an Ag/AgCl coated 

platinum wire as the WE and the potential was measured with respect to a platinum wire 

pseudo-reference electrode (RE) by a dc Wheat-stone bridge circuit. This detection system 

performed a quantitative study of small inorganic ions such as K
+
, Na

+
 and Li

+
.   

 When it comes to use amperometry and voltammetry for selective and sensitive 

monitoring of redox active target analytes without any derivatization, the electric field 

produced inside the channel for the separation purpose can be of some orders of magnitude 

greater than the one involved in the detection. Thus, there is a need to develop smart technical 

approaches to overcome this challenge in interfacing amperometric/voltammetric detection to 

CE. Walling and Ewing were the first authors to apply amperometric detection to CE [13]. 

They created an electrically conductive porous glass joint in the column near by the end of the 

capillary and the detection was accomplished at the very end of capillary, downstream the 

conductive joint. By this way, the constraints of interfacing high voltage electric fields are 

removed. In other words, conductive joint decouples the electrochemical detector from the 

separation voltage. The authors used a single carbon fiber (10 µm) as WE, which was placed 

at the end of the CE capillary to detect catechol and several catecholamines, with a 5 pmol 

/injection as limit of detection (LOD).  

Besides amperometry and voltammetry, conductivity measurements were also 

developed as they allow monitoring any analyte irrespective of whether it is electroactive or 

not. It gains its acceptance from its universality and is particularly useful for non-electroactive 

species or not readily detectable by UV absorption. The main requirement is that the 

migrating analyte has a conductivity different from that of the carrier electrolyte. Mikkers et 

al. [14] reported the first work using the conductivity measurement as detection mode in CE. 

The authors separated 16 compounds, including organic and inorganic ions, using a narrow-

bore tubes with 200 µm of internal diameter. 

Coupling MCE and EC systems empowers all common advantages related to 

miniaturization, portability, low sample and reagent consumption and high throughput. The 

alliance between microfluidics, MCE and electrochemistry constitutes now an attractive 

approach since it offers a synergistic effect over each inherent feature enhancing their 

potential and offering a unique technology [15,16]. The electrochemical techniques are indeed 

well suited for miniaturization without losses in their analytical performances. Even more 

some of their analytical performances may be enhanced as the processes are confined within 
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the microfluidic structure [17–20].  An illustration of a MCE and EC detection is presented in 

Figure 1.  

 

 

Figure 1. General scheme of an MCE device with integrated electrodes to perform EC detection. 

 

EC detection with integrated electrodes was first used in MCE systems by Mathies et 

al. [21]. The authors published a patent which includes a microfabricated capillary 

electrophoresis with integrated amperometric detection. The device consists of thin-band Pt 

WE (10 µm wide) placed just beyond the end of the separation channel. The channel was 

photolithographically defined to minimize the effect of the separation voltage on the EC 

detection. The distance between the outlet of the separation channel and the WE (detector) 

ranged from ≈ 50 to 1000 µm. This electrode configuration decouples the detector from the 

separation voltage, eliminates the problem of electrolysis (gas bubbles) in the separation 

channel (see more details about the decoupler issues in section 3), and minimizes the 

background noise as well at the WE owing to separation field. It should be noted that in this 

alignment, target species may diffuse into the waste reservoir as they come out the channel 

before being detected, which may lead to band broadening, asymmetric peak shapes, loss of 

resolution, and reduction of the signal intensity as a consequence of the dilution effect. Pt 

wires were included in the reservoirs to provide electrical connections to the separation and 

injection channels in glass substrate. The authors reported then on the first study of a fully 

integrated separation and detection device [22] for the analysis of dopamine, epinephrine, and 
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catechol in less than 100 s and achieved limit of detection LOD’s of 3.7, 6.5, and 12 µM, 

respectively.   

The first study on conductivity detection in microfluidic devices after the introduction 

of the µTAS concept was described in 1998. Both Baldock et al. [23] and Fielden et al. [24] 

reported on a PDMS device with integrated electrodes to perform isotachophoresis to separate 

three anionic dyes (amaranth, bromophenol blue and fluorescein) and transition metal ions 

(Mn, Co and Ni), respectively. These microchips were sealed on top of a printed circuit board 

containing two parallel gold electrodes (100 µm width) as sensing electrodes. Later on, a 

significant contribution to conductivity detection for CE and MCE systems was made by 

Zemann et al. [25] and da Silva and do Lago [26] groups in 1998 by the introduction of the 

capacitively coupled contactless conductivity detector (C
4
D) in capillary zone electrophoresis 

(CZE). In this detection mode, the electrodes are not in direct contact with the solution. In 

2001, Guijt et al. reported the first article on contactless conductivity detector for glass MCE 

[27]. The titanium electrodes (30 µm width) were covered with silicon nitrite layer to perform 

contactless detection. Separation of two short peptides was achieved with a 7 µM LOD for 

each peptide. 

EC detection is however poorly developed in MCE as significant electrical interferences 

may occur.  All the pioneering reported studies mentioned before had to deal with problems 

that complicate the development of coupling between microfluidics, electrokinetic separations 

and EC. Thus, this field of research still faces many challenges to make these devices suitable 

for high throughput microfabrication and routine analytical applications. We address here the 

recent strategies of the last two decades employed to integrate electrodes of various shapes, 

compositions and materials in different microchip formats and materials with a critical 

comparison of their microfabrication process and their inherent advantages and limitations for 

MCE. At the same time, this is a comprehensive review which will highlight the new 

approaches to deal with classical issues provided by MCE-EC systems, such as: 

 How the compatibility of the electrode nature with the substrate of the 

microfluidic device will narrow the options of materials and impact the coupling 

of the techniques.  

 How the three major electrode positioning for amperometric detection (in-, end-, 

and off- channel electrode alignment) will lead the fabrication process.  

This review focuses only on integrated electrodes for detection purpose, the electrodes 

used to provide electrical connections to the separation and injection channels will not be 
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addressed, since most of the approaches use external Pt wires placed into reservoirs to apply 

the separation voltage. The main applications will also be described and analytical features 

promoted by MCE-EC systems will be precisely discussed in the applications section. This 

overview should help the community to select the appropriate device for MCE integrating EC 

detection for diagnostic purposes or to go further in their improvement in light of the critical 

description of the strategies. 

 

2. Electrode materials in microsystems  

On one hand, electrodes in micrometric format offer a significant advantage over the 

classical ones: the diffusion process of analytes at the electrode-liquid interface is different in 

millimetric and micrometric electrodes and leads to an increase in the signal-to-noise (S/N) 

ratio when the electrode size decreases. On the other hand, their integration onto plastic and 

glass chips can impressively enhance the automation, minimizes contamination for high-

throughput screening and point-of-care (POC) devices and has promise for on-site 

investigation. However, the integration of electrodes within the microdevice is challenging 

from the process point of view, as their passivation and clean steps, isolation, geometry and 

position within the microsystems constitute major issues. 

MCE separations were historically manufactured in glass [28] or silicon [29], the use of 

these materials steamed from their compatibility with photolithographic protocols and their 

similarity to fused silica. Currently, these devices are being performed in a diversity of 

materials and formats, including soft polymers such as polydimethylsiloxane (PDMS) [30], 

thermoplastic polymers [31], thermoset polymers [32], hybrid devices [33], photopolymers [34] 

and paper [35].  

The selection of the substrate materials is evaluated through relevant physico-chemical 

properties, for instance UV–vis absorption properties, autofluorescence levels, glass transition 

temperature (Tg), hydrophobicity / hydrophilicity and surface charge density allowing for 

electroosmotic flow (EOF). In addition, the substrates might have to undergo surface 

chemical modifications using solvents or plasma to improve bonding, reduce deformation and 

create specific functional groups. Furthermore, surface modification of the walls of the 

channels can be selected so as to improve electrophoretic separation efficiency by reducing 

analyte-wall interactions and increase EOF control.   

Glass substrate has therefore found widespread use in microfluidic devices owing to its 

surface stability, optical transparency, chemical resistance, electrical insulation, and biological 

compatibility. It was the first substrate to be used to carry electrophoretic separations on a 
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chip as described by Manz et al. [36] and the first material for MCE platform with integrated 

electrodes as reported by Woolley and co-workers[22]. In this later case, Pt electrodes were 

photolithographically patterned onto glass in a 2-electrode configuration using end-channel 

alignment. However, glass microfluidic fabrication procedures are commonly complex, 

requiring specific clean rooms and high temperature to seal the device. 

In order to meet the academic community demand, for inexpensive and easily 

microfabricated microfluidic devices, Duffy et. al. [37] reported an easy procedure to fabricate 

microfluidic systems in a PDMS material. PDMS became then a widely used elastomer in 

early-stage microfluidics research due to its properties, such as optical transparency, ease 

microfabrication (soft-lithography), biocompatibility and possible exchange of oxygen with 

the environment. Liu et. al. [38] were the first to design and microfabricate PDMS device with 

integrated electrodes. The authors illustrated a PDMS membrane which was hermetically 

stuck to the glass wafer with engraved Pt electrodes and manufactured an integrated PDMS-

glass microchip. Soft lithography is nowadays the most common manufacturing process, as it 

is well established in the literature [39,40]. Recently, Coltro’s group [41] proposed a new 

process for cost-effective fabrication of PDMS-MCE devices using poly(vinyl acetate) 

(PVAc) emulsion as photoresist master. The proof-of-concept was demonstrated with the 

electrophoretic separation and C
4
D detection of inorganic cations using Cu strip as sensing 

electrodes. 

The use of polymeric materials shows a great potential to fabricate disposable systems in a 

large-scale high-quality production, since their introduction into industrial use in the 1930s. 

For this reason, much of the microfluidics research targeting commercial applications have 

dedicated their efforts to create devices using rigid polymers, as reported in the reviews by 

Genctick et al. [42] and Tsao[32]. In particular, polymethyl methacrylate (PMMA) is one of 

the most privileged materials as it is well-known from the generation of micro-optical devices 

as a low-cost material compared to silicon or glass substrate, with higher hydrophobicity than 

that of usual plastic materials, and showing a good hydrolytic stability compared to the 

limited stability of PDMS chips. Its main constraint is its low stability at high temperatures 

and high pH-values.  

Microfluidic paper-based analytical device (µPAD) is a concept developed by Whitesides 

[43]. µPADs began as a simple idea with an ambitious goal: replacing substrates such as 

plastic and glass to manufacture cheap microfluidic devices. Paper brings its own inherent 

advantages, for instance low cost, operational simplicity, and ease of acquisition. The 

development of EC paper-based devices has received considerable attention since Dungchai’s 
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et al. [44] publication in 2009. The authors demonstrated a paper-based device integrating 

screen-printed carbon-based electrodes to determinate glucose, lactate and uric acid in 

biological samples. 

The nature of the electrode material is an important issue in MCE-EC. Namely the 

material selection will narrow the number of available substrates which can be used to 

manufacture the device. Also, the use of different materials can be explored to increase the 

selectivity and specificity of MCE, since the electrochemical response is highly dependent on 

the medium, the target analyte and electrode material.  

In this section, readers will find electrodes classified into three main categories: bare 

metal-based electrodes; carbon-based electrodes and chemically modified electrodes. 

Respective information concerning the manufacturing, integration, characterization, and 

intrinsic properties of each material will be given.  

 

2.1 Bare metal electrodes 

The main metal electrodes usually employed in MCE–EC are Pt, Pd, Au, Cu, and Ag. 

Classical lithography techniques can be used to define the electrode area prior to depositing 

the metal onto the surface directly or into an etched channel. Their fabrication is well 

described in the literature. Even if these electrodes are expensive to buy or manufacture, they 

can lead to mass production[45–47].  

A large number of metals require an adhesion layer (usually Ti, Cr, nichrome, or Ta), 

which are metals with high binding strength with oxygen and therefore allow several surfaces 

of materials to adhere onto the underlying substrate. This requirement limits their use with all-

PDMS devices, as the metals fracture due to substrate flexibility [48]. The metal electrodes are 

therefore commonly fabricated on glass substrates coated with chrome and positive 

photoresist. The desired electrode geometry is patterned using a transparency mask and a UV 

radiation. After the development of the photoresist, the underlying chrome layer is etched 

away using chrome etchant.  Using a buffered oxidant, the glass is thus engraved. Finally, a 

thin layer of an adhesion metal is deposited in the engraved part followed by the deposition of 

the desired metal electrode, by sputtering and/or evaporation (Figure 2). The extra metal, 

photoresist, and chrome film are removed to achieve the patterning of metal electrode 

supported on glass. 
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 Figure 2. Assembly of metal electrodes onto a glass substrate; A. Glass substrate covered with a chrome layer and negative 

photoresist; B. A mask with the desired features is placed over the substrate and exposed with UV light; C. The photoresist is 

developed; D. The underlying chrome layer is removed by chrome etchant and the glass exposed is etched to produce a 

trench  by a buffered oxidant.; E. The adhesion metal and/or desired electrode metal is deposited onto the substrate; F. 

Finally, excess photoresist and chrome are removed from the substrate and the metal electrode remains.  

Concerning the deposition of the adhesion metal and/or desired metal electrode, the 

most classical technique is the use of a thin film deposition approach, which is a vacuum 

technology for applying coatings of pure materials to the surface of substrates. The thickness 

of the coatings is commonly in the range of angstroms to microns and the deposited electrodes 

can be of a single material, or multiple materials in a layered structure. Depending on the 

selected electrode material, sputtering or evaporation technique can be employed. 

The sputtering method involves the introduction of a controlled inert gas, such as 

argon, into a vacuum chamber, and electrical energization of a cathode to establish a self-

sustaining plasma. The exposed surface of the cathode contains the material that will coat the 

substrate. The gas atoms inside the plasma turn into positively charged ions, which are then 

accelerated directly into the target metal. The impact promotes the release of atoms of the 

target material which travel to the substrate, condense, and form a thin layer. Gunasekara et 

al. [49] reported the manufacture of dual Pt electrodes in PDMS/glass MCE device. Before the 

sputtering process, the authors created a pattern etched on glass using a buffered oxide 

etchant. When dried, it was then exposed to oxygen plasma in order to promote adhesion of 

the etched glass surface. The glass plate was then placed for the sputtering process and the 

excess metal around the electrode was lifted off in an acetone bath. The lift-off process is 
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widely used for dissolving the underlying positive resist layer, allowing for the patterning of 

the electrode material [50,51]. The metal deposition on substrates other than glass by 

sputtering techniques was also described. Bonabi et al. [52] developed metallization processes 

for organically modified ceramic polymers (ORMOCERs) for microfluidic electrochemical 

assays. The authors optimized all the parameters used for Cr and Pt deposition by sputtering, 

such as DC power, argon flow and time for a better adhesion of the layers. The deposited thin 

film was characterized by measuring its electrical conductivity. The feasibility of the 

developed metallization for implementation of microfluidic was validated by performing the 

determination of acetaminophen using a MCE-EC analytical system. 

As concerning the evaporation process, the source material is evaporated under 

vacuum, allowing vapor particles to be deposited directly onto substrate, where vapor 

condense back to a solid state, forming a functional coating. In high-vacuum evaporation, 

electrical beam or electrical heating is used to melt, and evaporate the target materials. The 

vapor of the target material travels directly to the surface of the substrate, for example a glass, 

and gradually cools down to form a thin film layer [53].   Chen et al. [54] fabricated nanoband 

gold electrodes on SU-8 substrate via photolithography and metal vapor deposition. The 

strategy was to use a negative photoresist without baking step in order to avoid a strong 

bonding between SU-8 substrate and the wafer. After the metal deposition by using a thermal 

evaporator, the Au-coated SU-8 substrate was easily peeled from the wafer and the edge of 

the Au rather than the planar surface was used as a nanoband electrode. A characterization by 

an energy dispersive X-ray spectra (EDS) analysis using a field emission scanning electron 

microscope (FE-SEM) confirmed the gold distribution on the edge of the substrate, with a 100 

nm width of the gold band. Moreover, the authors used an adhesion layer composed of Cr for 

Au electrode. Indeed, Cr (and also Ti) is widely used as an adhesion promoter as it is a more 

reactive metal than Au itself, and thus it increases the mechanical resistance of the electrode 

[55]. 

Although these techniques allow obtaining high resolution (nanoband features can be 

created) and appropriate material deposition for detection (homogeneous deposition), they 

suffer from an important limiting factor which is the substrate heating. Deposition by 

sputtering leads to two main sources of substrate heating: the heat for condensation and the 

kinetic energy of the incident atoms and ions. Due to the heating by energetic atoms and ions, 

sputtering heats the substrate more than evaporation at higher deposition rates. Therefore, this 

technique could not be used for substrates with low glass transition temperature, for instance 

polymers [56].   
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The conventional hot embossing is a process which can be used to pattern the 

electrodes and prepare the microchip polymeric material. Briefly, the process consists in 

placing the substrate, such as a polymer, on a lower plate and a master stamp is attached on an 

upper one. The polymeric substrate is heated above its Tg. Subsequently, a load is applied on 

the substrate through the upper plate and the plates are held for some time then temperature 

and load are reduced, the master stamp is separated from the substrate and the pattern on the 

master stamp is transferred to the substrate [57]. Wei et al. [58] developed a thread-based 

MCE system with 3D detecting electrodes. The authors reported the integration of Cr/Au 

electrodes (300 µm width) in PMMA substrate with hot embossing and sputtering procedure. 

To manufacture the electrodes, prior to the hot embossing process, a piece of thin aluminium 

foil was placed between the master mold and the substrate as a sandwich structure. The 

aluminium foil was used as a demoulding layer that acted as a mask for metal sputtering 

(Figure 3.1). This simple approach allows fabrication of 3D electrodes, resulting in a high 

contact surface area for electrochemical detection and finally enhancing the current response 

without compromising separation efficiency. Figure 3.2 presents the separation of dopamine 

(DA) and catechol (CA) using both 2D and 3D electrode chips. The peaks obtained with 3D 

electrode exhibited a sharp and high current response. Furthermore, S/N ratio increased by a 

factor of five, and the calculated plate number was 1.5 times increased when an MCE is 

implemented with 3D electrodes for detection purpose.    

 

Figure 3. Scheme summarizing the fabrication steps for the thread-based MCE. 1A. In a PMMA substrate a concave master 

mold is fabricated in an Al alloy via micro-CNC machine; 1B.  Before the hot embossing process, a piece of thin aluminium 

foil is placed between the master mold and the PMMA substrate; 1C. The Al foil is used as a mask for metal sputtering. The 

hot embossing process produced protruding EC electrodes, which are covered with the foil after the procedure. The Al foil on 

the third electrode ( (RE) electrode) is then peeled off and sputtered with Cr/Pt layers; 1D. The RE electrode is covered with 

an electrostatic tape, and the others were again sputtered with Cr/Au layers; 1E. The residual Al foil was then stripped from 

the PMMA; 1F. Polyester threads are assembled onto substrate to perform a channel. Electropherograms of a sample 

containing dopamine (DA) and catechol (CA) using a 2A. bidimensional electrode and 2B. three-dimensional electrode[58] .  
Reprint by permission from Spring Nature.   
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The use of epoxy-embedded electrodes to integrate electrochemical detection was 

developed by Selimovic et al. [59] and metal electrodes may be incorporated using this 

technique. Briefly, a metal gold wire (electrode) is placed into the hole of a Teflon mold in a 

vertical orientation (Figure 4A). Following the assembly of the mold and electrode, a 

thoroughly mixed combination of resin and an activator is poured into the mold (Figure 4B). 

When the mixture is cured, the electrode-containing epoxy substrate is removed (Figure 4C). 

The substrate is then polished using a wet grinder to create a useable substrate bearing on its 

underneath a disc shaped electrode (Figure 4D). Finally, the disc electrode surface is 

reversibly sealed under PDMS fluidic network (Figure 4E) allowing its alignment with the 

microchannel. To increase the surface area of the embedded 25 µm diameter electrode (Figure 

4F), gold electrodepositions were performed and then characterized by confocal image 

(Figure 4G). The surface area was determined using cyclic voltammetry (1.54×10
−4

 cm
2
), 

which is considerably larger than the geometrically calculated area (4.9×10
−6

 cm
2
). The same 

procedure can be used for polystyrene-embedded electrodes. This fabrication method allows 

the electrode to be polished before each use for surface cleaning, and a top layer containing 

the separation channels can be aligned on the surface of the substrate.  More recently, Jonson 

et al. [60] reported the same microfabrication embedded electrodes process to integrate a 

carbon-based WE and metal-based decoupler in a single step. The device was employed for 

amperometric detection of dopamine, epinephrine, catechol, and 3,4-dihydroxyphenylacetic 

acid. Whereas the electrode fabrication processes generally report the creation of band 

electrodes, the authors explored the production of disk electrodes.  
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Figure 4. Fabrication of embedded electrodes: A. A gold wire is inserted into the Teflon master mold; B. An epoxy mixture 

is placed into the mold and left to cure; C. The base of Teflon mold is removed from epoxy, with the outer mold still 

remaining; D. The electrode is polished to generate a fresh electrode surface. The device is assembled: E. The epoxy-

embedded electrode is sealed to a PDMS containing the channel; F. Micrograph of a gold pillar electrode; G. Confocal image 

of the pillar electrode (height=27 μm, width=65 μm) [59]. Reprint by permission from John Wiley and sons.   

 

2.2 Carbon-based electrodes 

Carbon-based electrodes are relatively simple to manufacture and are of low cost and 

cheap production processes. They have a large electrochemical potential window, low 

background noise, and less fouling than their metal-based counterparts. Besides this, many 

biologically relevant analytes are organic compounds and, consequently, generate a better 

response at carbon-based electrodes [61]. Thus, this kind of electrode has been extensively 

applied in MCE-EC systems. Several articles present different types of carbon for their 

integration into microdevices, including pyrolyzed photoresist film (PPF) carbon, carbon fiber 

(CF), carbon paste (CP), carbon ink (CI), and boron doped diamond (BDD) electrodes. 

Whereas carbon electrodes are a good choice for detection in microchips made of soft 

polymers, plastics, or hybrid chips, they have limited stability under high temperature and 

pressure conditions used for bonding all-glass devices. 

 

2.2.1 Pyrolyzed photoresist film (PPF) carbon 

PPF carbon is a material which does not present stability issues as the other types of 

carbon. In other words, PPF electrodes can be manufactured on glass substrates using 

photolithographic procedures. First, a photoresist is placed in the pattern of the desired 
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electrode onto a substrate. Then, the substrate with photoresist is placed in a tube furnace 

under an inert gas atmosphere under temperatures up to 1100°C to produce conducting carbon 

films (Figure 5). 

 

 

 

 Although PPF is similar in many ways to a smooth version of polished glassy carbon 

(GC), there are some significant differences which may have substantial electroanalytical 

consequences, to begin with its extraordinary smoothness, with a RMS (Root Mean Square of 

a surface measuring microscopic peaks and valleys roughness) of approximately 1-10 % of 

polished GC [62]. Then, the capacitance and background current are lower than for traditional 

GC. Merged with the ability to produce patterns on a scale of 10 – 20 µm, the near atomic 

flatness of PPF allows production of novel electrode structures, for instance very thin 

electrode layers and interdigitated carbon arrays. However, they do have a low oxygen/carbon 

ratio, leading to slow electron transfer kinetics for some analytes [62]. The physicochemical 

and electrochemical characterization of PPF carbon electrodes were explored by Ranganathan 

et al. [62]. The authors studied electron-transfer kinetics of various redox systems comparing 

PPF surfaces with heat-treated glassy carbon (HTGC) and GC electrodes. Briefly, the PPF 

provides well-defined, but less reversible behaviour than on HTGC or GC for all the redox 

systems investigated (Figure 6). 

Figure 5. PPF carbon electrode assembly: A. Glass substrate; B. A negative photoresist is deposited on the electrode 

substrate; C. A mask with desired features is placed over the substrate and is exposed to UV light; D. The substrate is placed 

in photoresist developer and E. Only the electrode pattern (in photoresist) persists after development; F. Following pyrolysis 

in a tube furnace, a carbon electrode persists on the substrate. Connections are prepared with silver colloidal and copper wire.  
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Figure 6. Voltammetry of Fe3+/2+ and dopamine on PPF and HTGC. All electrode surfaces were cleaned with activated 

carbon in IPA before voltammetry [62]. Reprint by permission from American Chemical Society.   

 

 Saylor et al. [63] published two different microchip substrates (PDMS/glass and 

PDMS/PDMS) employing different microband (33 µm width) electrode materials, PPF and 

CF electrodes, respectively. The authors monitored DA metabolism in a rat brain slice. The 

improvements achieved with the use of PPF electrode were higher sensitivity and lower LODs 

than with CF electrodes, owing to a decrease in background noise. Furthermore, PPF may be 

fabricated into possibly complex microstructures or in uncommon shapes that are not 

amenable to polishing. However, since polishing is unnecessary, mass production of PPF-

based sensors is possible. Although PPF electrodes have several advantages for MCE-EC 

systems, other types of carbon electrodes are more indicated for thermoplastic and polymer 

substrates, for instance CF electrodes. 

 

2.2.2 Carbon fiber (CF) electrodes 

CF electrodes are often integrated into MCE systems by placing the fiber into a PDMS 

substrate taking extreme care not to break the fiber.  A channel whose width corresponds to 

the diameter of the fiber is typically created in a PDMS substrate supported on a glass for 

increased rigidity. The CF is then placed on the trench created in the bottom layer of the 

PDMS chip which is perpendicular to the separation channel and pushed into it, taking 

extreme care not to break the fiber. With the purpose to make connections to the fiber, a Cu 

wire is epoxied onto the glass support, and the fiber and wire are connected by colloidal silver 

[64]. This approach for inserting the fiber into the trench may be laborious and time 

consuming. Thereby, alternative methods for integrating CF in microdevices were also 

described. Cheng et. al. [65] reported the use of carbon fiber nanoelectrodes (CFNE), 

previously described by the group [66], as EC detector in MCE systems (Figure 7A). To 

fabricate CFNE, a glass capillary was pulled on the flame to build a tip. A cleaned CF 
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connected to a copper wire was inserted from the other end of the glass capillary into the tip 

with CF protruding from the tip (Figure 7B). The CF was then flame-fuse-sealed in the tip of 

the glass capillary. The CFNE electrodes were characterized by scanning electron microscopy 

(SEM) (Figure 7C) and by cyclic voltammetry (CV), linear sweep voltammetry (LSV) and 

differential pulse voltammetry (DPV) using ferrocyanide as electrochemical probe (Figure 

7D). The results showed that the CFNEs have excellent electrochemical behaviour and high 

sensitivity. The tip of CFNE can be controlled within the range from 100 to 300 nm. 

 

 

Figure 7. Microfluidic system with CNFE. (A) Configuration of a MCE system with integrated EC detection: (1) sample 

reservoir; (2) buffer reservoir; (3) sample waste reservoir; (4) separation channel; (5) detection cell; (6) working electrode; 

(7) RE electrode; and (8) epoxy; (B) Better view of the outlet of the separation channel coupled with CNFE. (C) SEM images 

of CFNE and tip of a CNFE. (D) Cyclic, linear sweep and differential pulse voltammograms of    1.0 × mM potassium 

ferricyanide in 0.1 M phosphate buffer solution (pH 7.4) obtained with a CFNE; tip diameter, 200 nm [65,66]. Reprint by 

permission from American Chemical Society and John Wiley and sons. 

 

2.2.3 Carbon paste/ ink electrodes 

CP electrodes have been employed for many years for EC detection since their 

introduction by Adams in the 1950s [67]. The first reported use of a CP electrochemical 

detector for microchip electrophoresis was described by Lunte’s group in 2001 [68]. CP 

electrodes have the benefit to be integrated into more rigid substrates, for instance plastic or 

glass, while CF may only be placed in the more malleable PDMS.  

 CP electrodes are manufactured by building a channel in PDMS, PMMA or glass, 

where a mixture of a carbon-based material (graphite and carbon nanotubes) is placed with a 
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binding agent to produce a working electrode.  The binding agent commonly used for 

integration of CP electrodes is oil, but some studies have described the use of microchip 

material itself to improve mechanical ruggedness and substrate compatibility. Regel et al. [69] 

developed integrated graphite/ PMMA composite electrodes with 100 µm width into a 

PMMA substrate. The two parts of the chip were sealed using a solvent-assisted thermal 

bonding method to form the final MCE-EC device. Recently, Gouyon et al. [70] described the 

development of screen-printed graphite/ PDMS band electrodes of 30 µm width into a PDMS 

substrate for amperometric detection in MCE systems (Figure 8A). The PDMS was explored 

by the authors, as this material could be used as a sealing agent between the carbon composite 

electrode and a microfluidic system made of the same polymer, owing to its physico-chemical 

properties, such as covalent bonding ability after plasma surface treatment and elasticity. CV 

(Figure 8B) and SEM (Figure 8C) were used to characterize the microband carbon composite 

electrodes. 
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Figure 8. Development of a screen-printed electrode and its characterization. (A) Scheme of the fabrication of the 3-

electrodes setup made of C/ PDMS mix. (B) Electrochemical characterization by cyclic voltammetry on C/PDMS electrodes 

of (B) 5 mM Ru(NH3)6 
3+ and (C) 1 mM FcMeOH.  WE = C/PDMS 8/8 (w/w) circular, pseudo-RE=Ag-AgCl wire, CE = Pt 

wire. Scan rate 25mV s-1. (D) SEM images of C/PDMS electrode [70]. Reprint by permission from Elsevier. 

  

The CP electrodes may also be manufactured by a commercial printer or a screen-

printing technique. The microchip design is deposited on a screen of polyester or other fine 

mesh, with blank areas coated with an impermeable substance or on a substrate with pattern 

trench. The paste or ink is pressed into the mesh or substrate with a squeegee and onto the 

surface to be printed. The excess may be removed by pressing or/and removing a piece of 

Scotch ®
 tape over the electrodes. Nowadays, this microfabrication technology is well-

established for mass production of thick film electrodes. In addition, silver electrodes and CI 

electrodes also may be produced using this technique, that is helpful to obtain pseudo-RE and 

auxiliary electrodes (AE) [71].   

CI electrodes are popular materials for commercial versions of MCE-EC systems.  As 

discussed before, these electrodes may be fabricated by screen-printing on PDMS [72], glass, 

or epoxy [59] substrates. With the purpose to facilitate the electrical connection to CI 
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electrodes, some groups previously integrated a metal electrode connector in the device by 

sputtering and evaporation. The micromolding structure made by soft lithography techniques 

is aligned and reversibly sealed over the metal connectors, and an ink mixture is aspirated 

through the channels. Mecker and Martin [73] reported this approach to fabricate a 13 µm 

length microband CI electrode with Pd connectors for amperometric detection in 

microdialysis sampling and microchip electrophoresis device. Recently, a novel method to 

fabricate screen printed electrodes was reported by Petroni et al. [74]. Briefly, two pieces of 

adhesive tape were pasted onto an PMMA substrate, at a distance delimiting the electrode 

width. Once established the electrode region with the adhesive tapes, the carbon electrode was 

drawn onto the substrate and subsequently, a layer of CI was gently spread over the delimited 

area. Lastly, the electrode was kept at room temperature to dry, leaving just the CI over the 

acrylic substrate (Figure 9.1). The authors monitored the thickness of the sample by polishing 

SEM images of the carbon electrode surface having various thicknesses that are shown (1.15 - 

4.33 µm) in Figure 9.2 (A-D). Since the CI deposition and electrode polishing steps are 

manually performed, the electrode reproducibility can be a problem. Using the proposed 

method, the thickness layer was 3.18 ± 0.51 µm with an RSD of 11.6% (n = 5). The authors 

characterized the electrodes by performing hydrodynamic voltammograms to set up an 

optimum detection potential value (Figure 9.2.E) for nitrite and ascorbate. These novel 

electrodes provided stable background current and suitable S/N ratio. 
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Figure 9.  Scheme of the electrode microfabrication process: 1A substrate cleaning; 1B adhesive tapes  to delimit the 

electrode area (an office paper mask was used as reference to define the electrode area); 1C handmade deposition of home-

made carbon ink over between the adhesive tape; 1D electrode surface polishing; 1E. revealed electrode through removal of 

adhesive tape; 1F electrical contact made by a copper wire attached with epoxy resin; 1G colloidal silver glue application to 

provide electrical contact between the copper wire and the electrode; 1H alignment of PDMS device over the substrate 

containing the electrode. 2. SEM images obtained from electrode surfaces with different thickness: (A) 1.15 µm; (B) 2.21 

µm; (C) 3.18 µm and (D) 4.33 µm. 2E hydrodynamic voltammograms constructed from electropherograms recorded at 

different detection potentials. Experimental conditions: 5 mM phosphate buffer (pH 6.85) containing 200 µM CTAB; 

injection voltage: -700 V for 6 s; separation voltage: -1200 V [74]. Reprint by permission from Elsevier. 
 

 

2.2.4 Pencil electrodes 

Pencil drawing is the simplest and lowest-cost method for the rapid production of 

carbon-based electrodes on paper. Chagas et. al. [75] published, for the first time, the 

fabrication of a pencil drawn electrode (PDE) on paper platforms to accomplish C
4
D detection 

in a PMMA electrophoresis chips. The electrodes bands (2×2 mm) were printed on the paper 

substrate to delimit the electrode area. Next, PDEs were drawn on the top face of the printed 

area by a pencil. The feasibility of the proposed device was shown with the separation of 

inorganic cations in tear samples. After that, the authors reported the use of PDEs on a paper-
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based MCE-C
4
D device for separation of bovine serum albumin and creatinine, main 

biomarkers in the detection of kidney disease. The authors successfully provided microfluidic 

devices of extremely low cost (less than $0.10) and easy to manufacture, especially to 

integrate the sensitive electrodes [76]. 

 

2.2.5 Boron-doped diamond (BDD) electrodes 

The benefits of BDD electrode material for MCE-EC systems are their ruggedness and 

reproducibility, offering less capacitive currents, a rapid electron transfer kinetics and a wide 

electrochemical potential window. These electrodes are achieved by depositing a thin film of 

BDD on silicon wafers by a high-pressure plasma-assisted chemical vapor deposition system 

with both boron and carbon sources. Subsequently, chemical etching is used to dissolve the 

silicon wafer substrate to produce a free-standing diamond thin film. This film can then be 

glued to the substrate with an adhesive tape. Quick-setting nonconductive epoxy may be used 

for shaping of the WE area [77]. Wang et al. [78] highlighted the attractive behaviour and 

advantages of BDD electrode detector for a MCE system in 2003. The authors compared 

critically the performance of BDD electrode (6.0 × 0.3 mm) in band-shape to a commonly 

used screen-printed electrode in the same operational conditions (Figure 10). One advantage 

is the reduced fouling offered by the electrode, which reflects the negligible adsorption of 

organic compounds at the BDD surface. The BDD detector displays higher stability (Figure 

10A), higher sensitivity (Figure 10B) and lower noise level (Figure 10C) for microchip 

measurements of TNT (2,4,6- trinitrotoluene) response.   
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Figure 10. Comparison of the performances for BDD and screen-printed electrodes. (A) Reproducibility of the detection 

intensity for successive flow injection measurements of 22 µM TNT using (a) BDD and (b) screen printed carbon electrodes. 

(B) Hydrodynamic voltammograms for 66 µM TNT at (a) screen printed and (b) BDD electrodes. (C) Impact of separation 

voltage on the baseline noise for (a) BDD and (b) screen printed carbon electrodes [78]. Reprint by permission from 

American Chemical Society.  
 

2.3 Nanostructured and/or chemically modified electrodes 

Modification of electrode surface is often employed to increase the electronic transfer 

rate, amplify the current signals and/ or improve the selectivity of MCE-EC analysis toward 

specific analytes [79].  EC deposition is a technique widely used for modification of electrodes 

in microdevices using CV. The main advantage of this strategy is that electrodeposition may 

be conducted into the microchip, reducing the number of steps. The electrode is modified by 

immersion in a metal salt solution, which is electrochemically reduced on the electrode 

surface. In the literature, the readers may find several reviews dedicated to electrochemical 

detectors based on nanomaterials [80,81] which cover the impact of nanomaterials to enhance 

detection performance in CE, MCE and microfluidic systems and their application. In this 

section, we address the novelty behind the fabrication process and its impact on the analytical 

performances.  

A gold nanoparticle-modified indium tin oxide microelectrode for amperometric 

detection in MCE was developed by Zhu et al. [82]. The authors optimized the deposition 

conditions in terms of deposition cycles, deposition potential range and scan rate, as well as 



25 
 

 25 

concentration of the electrolyte to obtain high particle density s for the fabrication of a high-

quality sensor.  

Platinization is a popular electrode modification, consisting in an EC deposition of 

platinum black nanoparticles on a platinum or a carbon WE. This type of modification 

improves the electron transfer kinetics for small molecules, for instance reactive and oxygen 

species, and increases the surface area of the electrode. Comparing with bare Pt electrodes, 

platinum black (Pt-black) can provide current magnification about 3 times in case of hydrogen 

peroxide and 6 times for NO2
-
. Pt-black is commonly used for studies involving hydrogen 

peroxide and nitric oxide analyses, also monitoring reactive species from cells in MCE-EC 

systems and in miniaturized sensors [83,84].  

A material which has become popular for modified electrodes is reduced graphene 

oxide. This modification with graphene may be achieved by electrochemical reduction of 

graphene oxide (GO) over the electrode surface with an electrodeposition process in which 

the oxygenated functional groups are removed from GO sheets. Electrode modification with 

GO does not require any specific chemical reagent and is accomplished by the electron 

transfer between GO and the working electrode. This method avoids the use of harmful 

reducing agents such as hydrazine and prevents the formation of intermediates.  We may find 

a few examples of the use of reduced graphene oxide for MCE-EC. Chua and Pumera [85] 

reported the performance of reduced graphene on GC electrodes to detect DA and CA. 

Electrochemically reduced graphene was shown to exhibit higher peak resolution and greater 

separation efficiencies than thermally and chemically reduced graphene, with two-fold 

increment as compared to the bare GC. More recently, Lucca et al. [86] described, for the first 

time, the modification of Pt electrodes integrated into a commercial MCE system by 

deposition of reduced GO for the selective amperometric detection of ascorbic acid in a 

commercial medicine sample. 

Single-walled (SW) and multi-walled (MW) carbon nanotube (CNT) electrodes have 

also been widely employed in EC detection because of their outstanding features such as large 

surface area, reduced surface fouling, and good electron transfer kinetics, which allows to 

enhance the analytical features of the analyses (repeatability, selectivity, sensitivity). The 

surface modification of carbon nanomaterial-based electrodes has been performed by casting 

a drop containing a carbon nanomaterial dispersion on a solid electrode surface. This method 

has an issue with the deposited film, which can be mechanically fragile and the presented 

signal is dependent on two carbon sources, the carbon nanomaterial and the commercial 

transducer [87]. Some new strategies have been reported such as the use of the carbon 
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nanomaterial as exclusive material to improve the analytical response and allow reliable 

studies of the pure nanomaterial. For instance, Martin and Escarpa [88] developed SWCNT 

press-transferred, as a unique conductive material, for EC detection in MCE. The new carbon 

nanomaterial is produced by filtration of SWCNTs on a Teflon filter. The filtered 

nanomaterial is homogeneously press-transferred on a nonconductive PMMA substrate, 

where SW carbon nanotube acts as exclusive transducers. The authors explored the excellent 

properties of carbon nanomaterials for screening melatonin, tryptophan, and serotonin. 

 

3. Electrochemical detection within MCE  

 

3.1 Amperometric detection mode 

Generally, a basic three-electrode (working, auxiliary and reference) system has been 

used, but it can also be implemented in a two-electrode (working and reference) way when 

using working ultramicroelectrodes. Even though amperometry is the most frequently used 

electrochemical method in microfluidic devices, pronounced shortcomings limit its 

applications. First, there is a necessity to improve the reproducibility of the surface of the WE 

and the reproducibility of its position and alignment within the separation channel. Second, 

the high voltage needed for the separation step induces interferences with the low electrical 

field used for the amperometric detection, compromising the obtained results. Thus, different 

strategies to prevent or minimize the interaction of the separation electric field with the WE 

are required. The three major electrode configurations are in-, end-, and off-channel electrode 

alignment.  

 

3.1.1 Off-channel detection 

In this configuration, the current associated with the high separation voltage is 

minimized by a fracture (often called a decoupler or joint) which is made in the capillary and 

grounded prior to the detection area. In other words, the WE is isolated from the separation 

voltage.  Briefly, the decoupler is manufactured by a fracture of the separation channel nearby 

to its end. Then, this region is immobilized in order to increase the mechanical strength of the 

device. A porous membrane is positioned along the fracture, enabling the conduction of the 

current and finally, this device is placed in contact with the grounding separation electrode. 

There are several materials which can be used as membrane: Nafion
®
, porous glass, graphite, 

cellulose acetate and other polymers. In the off-channel alignment, the WE is placed inside 

the channel and the separation electric field        is efficiently moved to ground by a 
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decoupler, promoting the electrical isolation of the detector from the separation voltage. A 

field-free region is created where analytes are pushed straight to the WE by the residual 

hydrodynamic flow produced from the EOF generated up-stream the decoupler. As a result, 

this leads to low background noise and no voltage fluctuations in the WE owing to the 

separation voltage, which can result in low LODs. However, this configuration requires a 

strong EOF to “push” the analytes to the detection electrode. Also the WE and the decoupler 

should be maintained very close to each other to avoid signal broadening and loss of 

resolution (Figure 11).  

 

 

Figure 11. Electrode off-channel alignment used in MCE-EC with a single working electrode. The separation field        is 
moved toward the ground by a decoupler. The analytes are carried toward the WE by hydrodynamic flow produced from the 

EOF. 

 

The main challenge to integrate a decoupler into an MCE-EC system is that the 

decoupler and the WE are typically composed of different materials which may require 

different fabrication methods. The disadvantage of this alignment is the generation of gas at 

the decoupler owing to the production of hydrogen gas at the cathode or oxidation of water at 

the anode, depending on the applied polarity, leading to the formation of bubbles inside the 

channel and consequently disturbing the separation. Metal band electrodes, such as Pd [89] 

and Pt [90], are widely employed as decoupler, as they can absorb the hydrogen gas produced 

at the cathode, minimizing bubble formation. However, no study has yet reported the 

existence of decouplers for a reversed polarity separation, in which the electrode material 

would absorb oxygen gas in MCE-EC systems. 

Beyond the metal-based decouplers, cellulose acetate decouplers have been described 

for MCE-EC. This approach was presented by Osbourn and Lunte [91]. This procedure 

consists in a fracture which is created within the microchannel, then covered by an ion-

permeable membrane, for instance Nafion
®
 or cellulose acetate, and positioned in the ground 

reservoir. Afterwards, the authors described the use of cellulose acetate decoupler which was 
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placed over a part of the separation channel which has been etched to provide an ion path 

(Figure 12A). Using this configuration, noise values as a function of separation current for the 

designed decoupler were evaluated and low background noise (arising from the isolation of 

the detector cell from separation current) up to 60 µA was obtained (Figure 12B). The authors 

reported on operational ability of the MCE device to perform analyses at extremely high 

fields strengths, enabling higher resolution in ultrafast separations (30 s).  In this study, the 

application of 700 V cm
-1

 did not affect the detector (noise levels at or below 1 pA), resulting 

in LOD of 25 nM for DA with a CF electrode, which is a low LOD value for EC detection 

within MCE system (Figure 12C). The separation current is grounded through the fracture 

covered with this membrane. The targeted compounds are pushed from the decoupler 

(fracture) to the WE by the EOF generated in the separation part of the channel [92].  

 

 

Figure 12. (A) Microchip with laser-etched decoupler layout. (A): (1) decoupler holes, (2) detector reservoir, and (3) CF 

electrode. (B) Noise values as function of separation current for the laser-etched decoupler. (C) Electropherogram of the 

injection of (1) 82 nM DA and (2) 500 nM hydroquinone in the MCE-EC system [92]. Reprint by permission from American 

Chemical Society.  
 

3.1.2 In-channel detection 

Martin and co-workers [93] reported on the in-channel detection mode. This approach 

allows the analytes migrating over the electrode while they are in the separation channel, 

minimizing analytes diffusion and resulting in high separation efficiencies, high sensitivities, 

and well-defined peaks. However, this detection mode must have an isolation of the high 

separation voltage from that required for the detection at the WE, which may be achieved by 

using an electrically isolated potentiostat. Indeed, when the electrode is positioned within the 

separation field        (Figure 13), there may be both potential shifts and increase of noise due 

to the separation voltage fluctuations. This results in increased background noise at the 

detector and high LODs, even if the separation efficiency is improved.  
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Figure 13. Electrode in-channel alignment used in MCE-EC with a single working electrode. The separation field        is 
moved toward the ground electrode. The WE electrode is placed between separation electrodes. 

 

To overcome the LOD issue and improve the performance of the amperometric 

detection, Chen and Hahn [94] published a dual electrode/ dual in-channel microchip 

configuration to subtract the background signal. Both electrodes, WE and RE are positioned at 

the same distance from the outlets of two identical channels, one is used as a separation 

channel and the second is used as a “reference” channel. The symmetry of dual channel 

microchips allows the electrodes to experience the same electric potentials and fluctuations, 

and thus the interferences are cancelled out during the measurement of the current between 

the two electrode set-ups (Figure 14).  

Figure 14. 1A. Scheme of a MCE-EC in dual electrodes in-channel configuration. 1B. Photograph of the real 

microchip. Electropherograms of 5 mM dopamine: 2A. in a single in-channel configuration; 2B in a dual in-channel 

configuration; 2C. in a single in-channel, head- to-head WE-RE configuration [94]. Reprint by permission from American 

Chemical Society. 

 

3.1.3 End-channel detection 

End-channel configuration was the first developed configuration and is the most 

common alignment for MCE-EC systems. This alignment explores the strategy of placing the 

WE at the exit of the separation channel, 5–20 μm away from the outlet end (Figure 15). By 
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doing so, the influence of the separation electric field on the electrochemical detection is 

avoided. This configuration is predominantly developed now because of its ease of 

microfabrication but also electrode accessibility and cleaning. But this alignment, in which 

the analytes diffuse into the waste reservoir as they exit the channel before being detected, 

induces a significant broadening of the signals and asymmetry of the peak shapes, which leads 

to loss of separation efficiency and reduction in sensitivity.  

 

 

Figure 15. Electrode end-channel alignment in MCE-EC with a single working electrode. The analytes are widespread into 

the waste reservoir leaded by separation current. The separation field        is moved toward the ground electrode. 

 

 Ertl et al.[95] developed an integrated sheath-flow channel to be placed at 30° angles 

relative to the separation channel (Figure 16A) to focus the fluid stream over the middle of the 

WE (Figure 16B). Consequently, the sheath-flow subtracted the influence of separation 

voltages on end-column detection while preserving optimum performance. The novel device 

consists of an upper glass substrate containing the etched fluidic elements (separation, 

injection, and sheath-flow channels) and a lower glass with the metal electrodes integrated by 

sputtering. The authors used catechol for the evaluation of the performance of this sheath-

flow EC detector. This allowed obtaining efficient detection of the targeted analyte 

(sensitivity = 0.18 nA µM
-1

) and low background-noise level (LOD = 4.1 µM) at distance of 

up to 250 µm from the separation channel outlet (Figure 16C). In addition, the analysis of CA 

as model substance evidenced a linear detector response in the 10 to 500 µM range (Figure 

16D). The absence of sheath-flow support resulted in a significantly low (∼90%) and broader 

signal peaks. 
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Figure 16. The MCE-EC chip with sheath-flow channel (A) Exploded view of a separate channel with integrated sheath-flow 

channels. (B) Electrodes at the detection region visualized under a microscope. (C) Catechol separations presented as relative 

(%) signal changing as a function of electrode distance from the separation channel (100, 150, 200, and 250 µm) calculated in 

the absence and presence of sheath-flow support. (D) Catechol linear range (500, 250, 50, and 10 µM) provided by 3.5-µm-

tall gold-plated WE placed 250 µm from the separation channel exit [95]. Reprint by permission from American Chemical 

Society.  

 

More recently, Guan and Henry[96] reported the implementation of a bubble cell at 

the detection zone to increase the exposed WE surface area to effectively dissipate the 

separation field. With this approach the authors improved detection sensitivity and decreased 

LODs compared with a system without a capillary expansion.  

It should be noted that the end-column electrochemical detector can be manufactured 

in a wall-jet configuration; an electrode having an area of several mm² is being placed 

opposite to the channel [97]. The wall-jet macroelectrode is easily exchangeable, allowing 

fast and convenient replacement if passivated. However, the dependence of the separation 

efficiency upon the detection potential wall-jet macroelectrode was an unexplored subject for 

application studies. Indeed, there was no article dealing with the fundamental issue until 

Pumera et al. [98] reported on the study of the EC response of a wall-jet detector for 

microchip electrophoresis. The authors demonstrated that MCE-EC in wall-jet operates in the 

coulometric mode, also they demonstrated how the detection potential strongly impacts the 

resolution of the signals. 

 

3.2 Conductimetric detection 

Microfluidic devices with electrochemical detection have been mostly based on 

amperometric mode due to its high sensitivity. However, this approach is limited to the 

detection of electroactive species. Conductimetry is a relevant complementary approach since 

it is a universal detection principle, applicable to charge species. Furthermore, conductivity 
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detection remains a direct method for sensing small inorganic and organic ions which lack 

native fluorescence, strong chromophores, or functional groups for derivatization. In these 

detection systems, usually background electrolytes exhibit a comparatively lower specific 

conductance compared to those of the target compounds. Nevertheless, high concentration of 

background electrolytes is required to reduce electro-dispersion effect in MCE. This 

conductometric detection may be accomplished by either direct contact of the solution with 

the electrodes (Figure 17A) or contactless method (Figure 17B) which requires capacitively-

coupled devices applying high frequencies. 

 

 

Figure 17. Comparison between (A) contact and (B) contactless conductivity detection and the usual placement 

of the electrodes in each detection mode [99,100]. Reprint by permission from Elsevier and Royal Society of Chemistry. 
 

3.2.1 Contact conductivity detection  

The drawbacks of this detection mode are (i) unwanted electrochemical reactions at 

the electrodes, (ii) fouling of the detection electrodes and (iii) formation of bubbles. In order 

to avoid them, the authors commonly perform separation with low electric fields. Shadpour et 

al. [101] employed 90 V cm
-1 

separation field, reduced the distance between the electrodes and 

minimized their size in a 16-channel polycarbonate (PC) MCE device. The gold sensor array 

(microbands 60 µm) was lithographically patterned onto a PC cover plate before its thermal 

bonding on the fluidic network. Even though the contact conductivity sensor array was 

successfully developed with simultaneous detection of different samples, the LOD for this 

sensor array was poorer than previous publication using conductivity detection. In order to 

overcome these limitations and consequently improve compatibility between conductivity 

detection and microchip, without using current decouplers, a novel bubble cell detection zone 

(Figure 18A) was designed by Noblitt and Henry[102] in a PDMS microchip with gold-plated 

tungsten electrodes. The group evaluated the separation of inorganics anions with and without 

bubble cell (Figure 18B). The obtained results demonstrated that the bubble cell has a 
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minimal effect on the separation efficiency, and it decreases the separation field in the 

conductivity region reducing the voltage drop between the detection electrodes. So, this 

novelty allowed the use of high separation voltage (600 Vcm
-1

), with reduced background 

noise and short analysis time (Figure 18C).  

 

Figure 18. Microchip with amplified detection by a bubble cell. (A) Bubble cell, 3-fold larger than the separation channel. 

(B) Electropherograms of 25 µM chloride, nitrate, perchlorate, chlorate, and hexafluorophosphate (from left to right), using a 

device without the bubble cell (top) and with a bubble cell (3x the channel size) (bottom). (C) Separation of 50 µM anions 

using a device with a bubble cell at the following separation fields and injection times (top to bottom): -125 V/cm with 2.2s, -

200 V/cm with 1.7s, -325 V/cm with 1.5s, and -450 V/cm with 1.2s [102]. Reprint by permission from American Chemical 

Society. 

 

3.2.2 Capacitively-coupled contactless conductivity detection 

 In 2001, Guijt et al. [27] reported the first article on contactless conductivity detector 

(CCD) for microfluidics. The glass MCE was formed by an etched channel and integrated 

four titanium electrodes covered with a dielectric layer composed by silicon carbide (SiC). All 

four electrodes are 106 µm long, the two inner electrodes are 30 µm wide, the outer electrodes 

25 µm. Unsuccessfully, SiC coating stability was limited to low separation fields (50 V cm
-1

), 

leading to long analysis times and band broadening. Some improvements of the design were 

then accomplished by the same authors, allowing for higher separation voltages (at least 3-

fold) [103]. Tůma et al. proposed a new design for electrodes, easier to achieve, and showed 

that CCD electrodes for CE do not need to be tubular: they can be fabricated in other shapes 

without noticeable influence on the CCD performance [104]. This was an important step to 

move forward manufacturing planar electrodes. A microchip with integrated CCD was 

reported by Pumera et al. [105] who placed two planar aluminium foil strips electrodes which 

were fixed onto PMMA cover plate of a microchip using a common epoxy.  

Currently, CCD is well known as capacitively-coupled contactless conductivity 

detection (C
4
D). The electrodes are placed outside or near to the channel instead of being 

inside, leading to efficient isolation from high electric separation fields, easy replacement of 
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the separation channel or capillary and alignment of electrodes. Kuban and Hauser [106] 

reported a PMMA-MCE with copper electrodes to supervise effects of the cell geometry and 

operating parameters on C
4
D detection within MCE-EC system. The authors used inorganic 

cations to demonstrate that sensitivity and separation efficiency can be improved by applying 

lower frequency, high excitation voltage, short and narrow electrodes arranged in an 

antiparallel configuration and separated by a minimal gap in the C
4
D detection area.  

 More recently, novel approaches have been published describing microfluidic devices 

with integrated electrodes for C
4
D detection using emerging materials. Duarte et. al. [107] 

reported the use of ionic KCl solutions as sensing electrodes for C
4
D detection in PDMS-

based MCE devices. Initially, two detection channels were engraved in parallel orientation 

onto a PMMA substrate and sealed with a thin adhesive membrane. The separation channels 

were fabricated in PDMS by soft lithography and reversibly sealed against the PMMA with a 

polymeric adhesive intermediary membrane (Figure 19A). The authors achieved 

electrophoretic separations of cationic species with good resolution while avoiding laborious 

schemes to integrate electrodes, such as metal deposition or encapsulated electrodes (Figure 

19B). The results achieved for the C
4
D with liquid electrodes (KCl solution 2 M) settle with 

the creative and simple electrical model.  
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Figure 19. Integrated MCE-C4D (A) Setting-up of the device with ionic solutions as sensing electrodes. e1 and e2 consist of 

the excitation and receiver electrodes, respectively. (B) Electrophoretograms of the injection of K+, Na+, and Li+ (300 µM 

each) in water using 2 M KCl as sensing electrodes [107]. Reprint by permission from John Wiley and sons. 

 

4. Applications  

MCE-EC devices have found widespread use in biological, environmental, and food 

applications. In this section, some significant examples of studies that engage these systems as 

fundamental tools to analyse real samples are presented (Tables 1-3). Beyond that, we 

highlight the analytical improvements attained in each methodology.  

 

4.1 Application in analysis of biological samples  

 MCE-EC devices have been employed for several biological applications, such as for 

the quantitation of amino acids, proteins, peptides, DNA and inorganic compounds (Table 1). 

Biological applications focusing on cell analysis were recently reviewed by Lunte’s group 

[108].  In particular, there are several articles by Martin et al. [109] describing PC-12 cells 

analysis using MCE-EC [73,109–111]. The authors developed a PDMS microchip with 

integrated microelectrodes, peristaltic pumps, and injection valves. The combination of 

several analytical steps, such as injection, separation and detection simplify the analysis 

process and the monitoring of the release of neurotransmitters from a PC-12 cell layers 
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immobilized in a collagen coated micropallet. Recently, the authors described a 3D scaffold 

of polystyrene fibers to immobilize PC-12 cell culture, with integrated automated pumps and 

a 4-port injection system in a PDMS/polystyrene MCE. The polystyrene substrate was 

embedded with a Pd decoupler and a CF-WE for off-channel amperometric detection. The 

authors demonstrated the close-to-real-time analysis of multiple molecules released from the 

3D cell culture integrated within the PDMS device[111].  

Scott et. al. [112] reported on a microdialysis (MD) sampling coupled directly on a 

glass-based MCE with amperometric detection. The electrodes were photolithographically 

patterned in an in-channel configuration, the glass was etched, and then the Pt metal was 

deposited by sputtering. In this work, the group developed an on-animal separation-based 

sensor to simultaneously monitor drug metabolism and its behaviour in a freely roaming 

animal. The device was used to monitor the production of nitrite following introduction of 

nitroglycerin into the sheep subdermal tissue. The group compared the results obtained by the 

proposed device with off-line analysis by liquid chromatography (LC)-EC system. Using the 

proposed system, samples from the first probe (implanted subcutaneously into the epidermal 

tissue) were analyzed immediately online by MD-ME-EC, every 60 s, with instantly 

interpretable data, while those from the parallel probe were collected off-line every 10 min in 

a centrifuge tube, stored in a –80 °C freezer for later analysis by LC-EC system.  

 Tsai et al.[113] developed a PMMA/photoresist/PMMA microchip with amperometric 

detection for screening target biological compounds. The fabrication process does not require 

a replicate mold, and the photoresist is used as both side walls of the microfluidic channels 

and an adhesive layer for sealing with a PMMA to cover. The photoresist layer is simple and 

a low-cost alternative to other bonding protocols, which are more demanding, requiring much 

higher temperature and pressure or the employment of surface plasma treatment for adhesion 

of polymeric layers constituting the device. The graphite electrodes were manufactured by 

screen-printed techniques onto PMMA substrate in an off-channel configuration. The 

proposed device was employed to separate uric and ascorbic acids in human urine with high 

analytical frequency (72 injection h
-1

). Furthermore, the novel device attained results similar 

to the reported ones using a PDMS/glass microchip [114] in terms of separation efficiency. 

The rapid identification of target compounds in urine successfully demonstrated the PMMA-

based MCE-EC device is a suitable high-throughput screening system for clinical samples. 

Later, Fernández-la-Villa et al.[115] targeted uric acid in urine samples in patients with gout, 

using a commercially available portable SU-8/Pyrex microfluidic system. This chip were used 
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for more than 60 analysis and cost around 60-70 €, thus the cost per analysis can become 

lower than 1€. 

Meneses et al.[116] evaluated the performance of an in-channel amperometric 

detection strategy combined with a dual channel PDMS/glass MCE system for the 

quantification of organic anions. To produce the Pt electrodes, the glass substrate was 

patterned and developed using a photolithographic method, subsequently the metal was 

deposited by sputtering. The authors explored the performance of both two- and three-

electrode configurations using two different reference electrodes. Moreover, they evaluated 

the effect of electrode placement. Baseline noise obtained in this dual-channel configuration 

(4 pA) was significantly lower than that observed in a single channel configuration (25 pA) 

integrating an in-channel amperometric detection. The dual-channel device was applied for 

nitrite detection in a sheep microdialysis sample, reaching nitrite concentration levels of 68 

µM in 90 min of continuous perfusion of nitroglycerin. 

Schuchert-Shi et al.[117] employed the MCE-C
4
D platform to study kidney 

dysfunctions.. The authors used a PMMA device with two tubular electrodes for an indirect 

detection of urea in human serum blood by determining the ammonium ion. The results 

achieved were compared with conventional CE and with the reference method (standard 

NADH-based photometric method), showing a good correlation with the reference values 

than the ones provided by conventional CE. Moreover, Yang et al. [58] reported a thread-

based MCE system with 3D gold amperometric electrodes for the detection of urea in whole 

blood. The gold electrodes were integrated on PMMA substrate with hot embossing and 

sputtering procedure. Prior to the hot embossing process, a piece of thin aluminium foil was 

placed between the master mold and the substrate as a sandwich structure that acted as a mask 

for metal sputtering. The authors showed that 3D-concaved structured electrodes in an off-

channel configuration enhanced current response and signal-to-noise ratio of the MCE-EC 

system of a factor nine and five, respectively, when compared to the responses of a sensing 

chip integrating conventional 2D sensing electrodes.  

Zhang et al. [118] reported a microchip EC enzyme immunoassays platform with 

amperometry detection to study liver cancer. The Pt electrode was integrated in PDMS/ glass 

hybrid device through depositing a layer of Pt on the glass substrate employing vacuum 

sputtering. The authors reported a sensitive detection of α-fetoprotein and carcinoembryonic 

antigen in patients with liver and colon cancers and healthy subjects. The sensitivity of the 

methodology is comparable with fluorescence detection; the conventional 3,3 ,5,5 -



38 
 

 38 

tetramethylbenzidine spectrophotometric ELISA assay, attending LOD 20 times lower than 

the classical method with shorter analysis and simple operation. 

Regarding the conductivity detection, Song et al. [119] manufactured a device 

dedicated to investigate arthritis through detection of lactate in synovial fluid samples from 10 

volunteers. The microchip is composed by a PMMA part which contains the separation 

channel placed in a lab-made contactless electrode plate, which is basically composed by a 

high-voltage power supply, a CCD detector, and the electrodes. The proposed method was 

compared with a HPLC reference method showing similar results with some advantages over 

the reference method, including short analysis time (<40 s), miniaturization and direct 

detection without time-consuming sample derivation. Also, Chong et al. [120] described an 

MCE-C
4
D system implemented with an online multi-stacking preconcentration technique 

based on field enhanced sample injection and micelle-to-solvent stacking. The authors used a 

glass chip with an MCE chip holder platform with embedded electrodes. The goal was to 

enhance the sensitivity of the detection of vancomycin in human plasma. The optimized 

multi-stacking strategy allowed reaching a sensitivity enhancement factor up to 217. In 

another study, Chen et al.[121] utilized an on-chip sandwich immunoassay with EC detection 

to determine the fraction of hemoglobin-A1c in total haemoglobin of human blood. To 

complement the device, the authors developed a magnetic nanocomposite Au/chitosan/Fe3O4, 

which has a good immobilization ability for anti-human hemoglobin-A1c antibody (HbaA1c 

mAb). The glass device was produced by standard photolithographic and wet chemical 

etching technique, the gold electrodes were fabricated by electroless plating deposition 

method. The HbaA1c mAb/Au/chitosan/Fe3O4 magnetic nanoparticles were then introduced 

into the microfluidic device and then immobilized in the device channel by magnetic field. 

Although the essay platform provided the good analytical results, several assay parameters 

(for instance magnetic field, particle incubation time, and particle synthesis) must be carefully 

optimised and controlled. In the framework of the study of lithium in the treatment of bipolar 

disorders, this compound has to be screened in blood [122], and urine [123] samples using 

MCE-EC devices. Staal[122] et al. reported a POC device for whole blood analysis, consisting 

in a polymeric cartridge with a glass microchip and Pt electrodes integrated by sputtering. The 

authors described significant improvements achieved with this device when compared with 

the first version previously reported including the use of multiple injections of one sample on 

a single chip and integrates data analysis. 

More recently, Duarte et al.[124] reported a SU-8/Pyrex system with integrated Pt 

electrodes in an end-channel configuration, for the separation, decomposition (under metal 
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catalysis) and detection of low molecular weight S-nitrosothiols (RSNO) in a single run 

(Figure 20.1). For the first time, the S-nitrosoglutathione (GSNO) and S-nitrosocysteine 

(CySNO) were separated and quantified via efficient detection of successive nitrite zones 

produced from RSNO after their decomposition by Hg 
2+

 to nitrite for quantification (Figure 

20.2).   

 

 

Figure 20. (1) Separation and quantitation of RSNOs in a MCE-EC: 1A Electrophoretic migration of the RSNOs towards the 

separation channel. Addition of Hg2+ to the BW reservoir 15 s before the end of this step. 1B Inversion of the separation 

potential, which leads to the migration of Hg2+ into the separation channel faster than RSNOs, allowing for RSNO 

decomposition, and migration of the nascent nitrite (in green) towards the electrodes. (2) Electropherograms of CySNO (1 

mM), GSNO (1 mM) and the GSNO mixture (1 mM)/CySNO (1 mM) in blue, red, and black, respectively[124]. Reprint by 

permission from Royal Society of Chemistry. 
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Table 1. Relevant applications of MCE-EC for biological applications. 

Detected 

Analytes 
BGE 

Separation 

Voltage 

Electrode 

material 

Size 

(µm)c Format Detection Detection potential 
Detection 

mode 

System 

(electrodes) 

Concentration 

range (µM) 
LOD 

(µM) 
Ref. 

Dopamine 
boric acid 

/SDS 
280 Vcm

-1 
Carbon ink 13 Microband Amperometry +0.9 V vs. Pt Off-channel 2- 100 to 300 9 [73] 

Dopamine 

boric acid 

/SDS 
700V Carbon ink 10 Microband Amperometry +0.9 V vs. Pt off-channel 2- 

NA 9.3 

[109] 

Norepinephrine NA 7.5 

Dopamine 

TES/SDS 160 Vcm
-1

 
Carbon 

fiber 
33 Microdisk Amperometry +0.9 V vs. Pt off-channel 2- NA 

NA 

[110] 

Norepinephrine 4 

Dopamine 

TES/SDS 330 Vcm
-1

 
Carbon 

fiber 
33 Microdisk Amperometry +0.9 V vs. Pt off-channel 2- NA 

0.6 
[111] 

Norepinephrine NA 

Nitrite PBS -1600 V Pt 15 Microband Amperometry +1.05 V vs. Pt In-channel 2- 2.5 to 25 0.75 [112] 

Uric acid 

PBS 100 Vcm
-1

 graphite 50 Microband Amperometry 10.7 V vs. Ag/AgCl off-channel 3- 10 to 1000 NA [113] 

L-ascorbic acid 

Nitrite 

boric acid/ 

TTAB 
-2.4 kV Pt 15 Microband Amperometry 

+1.1 V vs. 

Ag/AgCl
a 

In-channel 3- 

3.1 to 50 1.44 

[116] 

Nitrite +1.1 V vs. Pt
b
 3.1 to 50 0.58 

H2O2 
+1.1 V vs. 

Ag/AgCl
a
 

NA 7.37 

H2O2 +1.1 V vs. Pt
b
 NA 0.75 

Tyrosine 
+1.1 V vs. 

Ag/AgCl
a
 

NA NA 

Tyrosine +1.1 V vs. Pt
b
 NA 0.14 

Urea 

MES 300 Vcm
-1

 Cr/Au 300 Microband Amperometry -0.23 V vs. Pt Off-channel 3- 

100 to 10000 100 

[58] 

K
+
 

NA NA 

Na
+
 

Ca
2+

 

Mg
2+

 

NH4
+
 

S-nitroso 

glutathione Arginine/ 

acetic acid 
1000 Vcm

-1
 Pt 50 Microband 

Amperometry 
 0.7 V vs. Pt End-channel 2- 130 to 675 20 [124] 

S-nitrosocysteine Conductivity 

Nitrite 
boric acid/ 

TTAB 
1.2 kV 

Pd 40 Microband Amperometry 0.85 V vs. Ag/AgCl End-channel 3- 

NA 

20 

[125] Nitrate 
Cu 1000 band Conductivity    

67 

Nitrite 308 

Carcinoembryonic 

antigen  
Britton-

Robinson/ 

H2O2 

1.4 kV Pt 200 “U”-shaped amperometry 0.5 V vs. Ag/AgCl End-channel 3- 

2.76×10
-6

 to 

3.66×10
-4
 

1.38 

×10
-6
  

[118] 

α-fetoprotein 
7.14×10

-6
  to 

1.14×10
-3
 

1.85 

×10
-4
 

Lactate 
TRIS/HCl/ 

CTAB 
2 kV Pt - microband conductivity - CCD Parallel  540  to 5370  6.5  [119] 

Uric acid 

MES/ 

NaOH/ 

SDS 

1 kV Ti/Pt 50 microband conductivity 0.8V vs. Pt End-channel 3- 20  to 400 10 [115] 

Li
+
 

Lysine/ 

histidine/. 

Tartaric 

acid 

hydroxypro

pylmethylc

ellulose  

 

- Pt 56 microband conductivity - C
4
D Antiparallel  - - [122] 

Li
+
 

Arginine/ 

maleic acid/ 

18-crown-6 

4 kV Copper 35 microband conductivity - C
4
D Antiparallel - 7.5 [123] 

Vancomycin 
Acetic acid/ 

SDS 
1.5 kV - 200 microband conductivity - C

4
D Antiparallel 5.2 to 44.8 0.9 [120] 

 

Urea 

Arginine/ 

maleic acid/ 

18-crown-6 

 

5 kV 

 

- 

 

4000 

 

band 

 

conductivity 

 

- 

 

C
4
D 

 

Antiparallel 

 

2000 to 30000  

 

600 
 

[117] 
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NA = not available 

* tetradecyltrimethylammonium bromide (TTAB), 2-morpholinoethanesulfonic acid monohydrate (MES), sodium dodecyl sulfate (SDS), tris- hydroxymethyl]-

aminomethane (TRIS), Cetrimonium bromide (CTAB). 

*a one single WE electrode 

*b two WE electrodes (dual) 

*c diameter for microdisk or width for microband 

 

 

4.2 Applications in analysis of food  

Table 2 summarizes the most significant examples of CE-EC devices for food 

analysis. In particular, CE with conductivity detection was developed for the quantitative 

analysis of inorganic and organic ions in beverages, either alcoholic or non-alcoholic. Lee et. 

al. [126] reported the production of semi-circular detection electrodes in a glass substrate 

using integration strategies such as sputtering for the deposition of metal electrodes and lift-

off as a standard process. The semi-circular Au electrodes in the head-to-head geometry were 

assembled by the two plates bonding, with metal deposited on the cover plate and within the 

channel of the base plate. The authors compared the results achieved after the injection of 

inorganic cations, using semi-circular electrodes and planar electrodes, giving rise to a lower 

standard deviation (7.8%) for the semi-circular geometry compared to 18.3% for the planar 

one. The proposed device was applied for the screening of inorganic compounds in red wine, 

commercial sports drinks, and drinking waters.   

Recently, Quero et al.[99] proposed a polyester thread-based assembled in a 3D-

printed platform as a novel MCE device with C
4
D detection (Figure 21.1). This 3D printed 

platform was designed with four reservoirs and circular patterns to embrace the copper 

electrodes. The device was employed to screen Na
+
 and K

+
 ions in diet soft drink and regular 

soft drink (Figure 21.2), achieving remarkable LODs (0.50 and 0.69 µM for K
+ 

and Na
+
,
 

respectively), which were similar or lower than those described for C
4
D in silica capillary and 

other microchip devices[127]. This improvement in the detectability is owing to the thin 

isolation layer (7.5 µm) of the polymer that covered the commercial copper wire used as 

electrode, clearly indicating that the smaller the thickness of the isolation layer, the lower the 

electrical impedance of the capacitors formed between the electrodes and the channel 

solution.  

 

Hemoglobin A1c Phosphate  0.6 kV gold 40 microband amperometry 0.5 vs. Ag/AgCl End-channel 3- 
7.35×10

-4
  to 

220 

3.67 

×10
-4
 

[121] 
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Figure 21. Polyester thread-based MCE-EC (1) The3D-printed platform device assembled in an aluminium cage. Top insert : 

injection intersection, down insert : C4D electrodes. (2) Electropherograms of (A) a standard solution of K+ and Na+ (75 μM, 

each); (B) lemon and (C) cola diet soft drinks [99]. Reprint by permission from Elsevier. 

  

Amperometric detection in MCE systems is also widely used to quantitate organic 

compounds in beverages and oils. Du and Fung [128] developed a PMMA-based microchip 

with dual opposite electrodes in an end-channel configuration. The CF electrodes were 

integrated with epoxy using embedded strategy. The authors achieved analytical features, 

such as LODs (0.031–0.21 mg/L), repeatability (2.0–3.3% RSD, n=5), working range and 

recovery rate (94–108%), suitable for peak purity assessment of polyphenols in red wine 

samples. Petroni et. al. [74] reported a hybrid microchip (PDMS/ acrylic) with integrated 

handmade graphite electrodes (3-electrode cell format in an end-channel configuration) using 

a screen-printed approach to separate target compounds in drinking water. The new 

methodology permits to discriminate nitrite from other anions naturally occurring in the 

sample (F
-
, Cl

-
, NO3

-
 and SO4

-2
), thus avoiding any interference. Furthermore, the group 

compared the results from the proposed method with the ones of a reference method and 

performed recovery studies (95.4%) in order to validate the methodology. Aghdam et al. [45] 

reported a hybrid microchip (SU-8/ glass) to separate and detect synthetic antioxidants in 

edible oils by commercial integrated Au electrodes (3-electrode cell format in an end-channel 

configuration). The proposed method was validated by a reference HPLC method. The 

authors applied the paired t-test revealing that there is no difference between obtained results 

with a confidence level of 95%. 
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Table 2. Relevant applications of MCE-EC for food applications 
 

NA = not available 

*2-morpholinoethanesulfonic acid monohydrate (MES), histidine (HIS), propyl gallate (PG), tert-butyl hydro- quinone (TBHQ), and butylated hydroxyanisole 

(BHA). 

*¹ µM  *² mg/L 

*a Diameter for microdisk or width for microband 

 

 

4.3 Application in analyses of environmental samples 

The applicability of MCE-C
4
D systems for screening degradation products in 

environmental samples is widely explored by Wang group [129]. The authors measured 

chemical warfare agent degradation products in natural (river) water using a PMMA-based 

MCE-EC. The Al electrodes (in anti-parallel configuration) were fixed in PMMA substrate 

using a common epoxy glue. Later, the authors detected low-energy ionic explosives and 

nerve agent degradation products using the same microchip with a movable detection cell 

[130]. Ding et. al. [131] have also demonstrated the separation of organophosphonate nerve 

agent degradation products using a PDMS device with embedded electrodes in an anti-parallel 

configuration. Under optimal conditions, the analysis of five compounds was achieved in less 

than 2 min. This new methodology can be applied for on-site monitoring of degradation 

products of chemical warfare agents in water samples. 

The feasibility of amperometric detection in environmental samples was also 

described by Pelle et. al.[132] using a glass/PMMA microchip. The carbon black nanoparticle 

(CB-NPs) electrodes were transferred into the PMMA substrate by pressure (Figure 22.A). 

For the first time, the authors describe a MCE-EC workflow including an external sample 

treatment step for monitoring phenyl carbamate in real environmental samples (river, lake, 

and irrigation waters). The authors achieved analytical features, such as LODs (7–12 μM), 

Detected Analytes BGE 
Separation 

voltage 

Electrode 

material 

Sizea 

(µm) 
Format Detection 

Detection 

potential 

(amperometry) 

Detection 

alignment 

System 

(electrodes) 

Concentration 

range  

LOD 

 
Ref. 

K+ 

MES/HIS 1 kV copper 1000 band Conductivity  C4D Antiparallel 

1.67 – 125¹ 0.5¹ 
[99] Na+ 2.30 – 125¹ 0.69¹ 

Li+ 3.57-125¹ 1.07¹ 
K+ 

MES/HIS 300 Vcm-1 Au NA 
Semi 

circular 
Conductivity  C4D 

Head-to-

head 
NA NA [126] 

Mg2+ 

Ca2+ 

Na+ 

Trans-

Resveratrol 

Borate/ 

β-CD/ 

MeOH 

12 kV carbon‐ fiber 30  
Micro 

disk 
Amperometry 

1.0 V/0.8 V vs. 

Ag/AgCl 
End-channel 

2-

electrodes 

0.28-20² 0.031² 

[128] 
(+)‐ Catechin 0.28-40² 0.11² 

(−)‐ Epicatechin 0.28-40² 0.036² 
Quercetin 0.83-40² 0.16² 
Gallic acid 1.0-80² 0.21² 

Nitrite Phosphate/ 

CTAB 
NA graphite 400  

Micro 

band 
Amperometry  End-channel 

3-

electrodes 

0.5-5 ² 8.2¹ 
[74] 

Ascorbic acid 20-200¹ 12.7¹ 
TBHQ 

Borate 1 kV Ti/ Au 50  
Micro 

band 
Amperometry +1.0 V vs. Au End-channel 

3-

electrodes 

10–100¹ 0.8¹ 
[45] BHA 10–100¹ 1.4¹ 

PG 20–200¹ 4.3¹ 
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relative standard deviation (RSD, n =10) for the peak intensity and migration times below 3% 

and 8 %, respectively, and working range (25–125 μM). These features showed the suitability 

of the press-transferred carbon black nanoparticles detectors for the screening of pesticides 

(Figure 22.B). Significant other applications are summarized in Table 3. 

 

 

Figure 22. (A) Scheme of the carbon black nanoparticulate (CB-NPs)-based electrode onto a PMMA device, with a zoom on 

the CB-NPs electroactive film. (B) Cyclic voltammograms of isoprocarb (red line), carbofuran (blue line) and carbaryl (green 

line) hydrolytic forms at 0.1 mM [132]. Reprint by permission from Springer Nature. 

 

Table 3. Relevant applications of MCE-EC for environmental applications. 

Detected 

Analytes 
BGE 

Separation 

voltage 

Electrode 

material 

Sizec 

(µm)  
Format Detection 

Detection 

mode 
System 

Concentration 

range 

 

LOD 

 
Ref. 

PMPA 

MES/HIS -250 V cm-1 Al 800 band Conductivity C4D antiparallel 0.3-100 ² 0.48-0.86² [129] 
IMPA 

EMPA 

MPA 

CH3NH3
+ 

MES/HIS 208 V cm-1 Al 800 band Conductivity  C4D antiparallel NA NA [130] NH4
+ 

Na+ 

IMPA 

MES/HIS 1.2 kV Al 15000  band Conductivity C4D antiparallel 1.3-4.5² 

4.5 ³ 

[131] 

PMPA 2.0³ 
EDPA 2.0³ 
EMPA 2.9³ 
MPA 1.3³ 

carbofuran 

Borate 1 kV carbon black 0.030d  nanoband 

Amperometry 

+0.70 V vs 

Ag/AgCl 

End-

channel 

3-

electrodes 
25–125¹ 

9¹ 
[132] isoprocarb 7¹ 

carbaryl 12¹ 

 

*Isopropyl methylphosphonic acid (IMPA), pinacolyl methylphosphonic acid (PMPA), O-ethyl-N,N-dimethyl phosphoramidate (EDPA), ethyl 

methylphosphonic acid (EMPA), and methylphosphonic acid (MPA), 2-morpholinoethanesulfonic acid monohydrate (MES), histidine (HIS). 

NA = no available 

*¹ µM  *² mg/L *³ ppm 

*c width  

*d nanoparticles size 

 

Conclusion 

The alliance between microfluidics, CE and EC is an attractive approach since it combines 

synergistically the inherent features of each of these techniques and enhances their potential to 
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overpass the encountered challenges within total analysis microsystems. In this review, we 

addressed the recent advances in MCE-EC configurations, materials and fabrication process, 

focusing on the electrode’s fabrication and their electrochemical performance. The reviewed 

studies clearly show that MCE-EC devices are being a reality. Although almost no devices are 

currently being developed in mass production, the ones we have described here are very 

promising. And it is important now (and urgent) that joint efforts of academic researchers and 

developers (star ups) are dedicated to the study of industrialization and scaling up. The future 

of MCE-EC is also expected to expand thanks to further advancements in automation 

technologies and more importantly the integration of smartphones facilities (Bluetooth, etc.) 

that would enable their use for in-situ analysis to target compounds in near real-time. 
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