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Abstract
The integration of microfluidics with electrochemical analysis has resulted in the development of single miniaturized detec-
tion systems, which allows the precise control of sample volume with multianalyte detection capability in a cost- and 
time-effective manner. Microfluidic electrochemical sensing devices (MESDs) can potentially serve as precise sensing and 
monitoring systems for the detection of molecular markers in various detrimental diseases. MESDs offer several advantages, 
including (i) automated sample preparation and detection, (ii) low sample and reagent requirement, (iii) detection of multi-
analyte in a single run, (iv) multiplex analysis in a single integrated device, and (v) portability with simplicity in application 
and disposability. Label-free MESDs can serve an affordable real-time detection with a simple analysis in a short process-
ing time, providing point-of-care diagnosis/detection possibilities in precision medicine, and environmental analysis. In the 
current review, we elaborate on label-free microfluidic biosensors, provide comprehensive insights into electrochemical 
detection techniques, and discuss the principles of label-free microfluidic-based sensing approaches.
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Introduction

Microfluidic technology allows the processing of trivial 
amounts of fluids (10–9 to 10–18 L) in microchannels and 
chambers through a laminar flow [1]. Technically, a micro-
fluidic chip consists of an inlet, channel, mixer, valve, and 
outlet (or signal detector). Various inorganic materials (e.g., 

glass, silica, ceramics), polymers (e.g., elastomers, thermo-
plastics, thermosets), and papers are used to manufacture 
microfluidic chips. Of these, polymers and paper have been 
extensively studied because of their processability and 
affordable production. Polymeric organosilicon, polydi-
methylsiloxane (PDMS), and paper are the most widely used 
materials for constructing microfluidic-based microdevices 
[2]. For example, using a highly sensitive paper-based chip 
anchored with zinc-doped carbon dots, copper ions were 
quantitatively sensed through fluorescence detection with a 
low limit of detection (LOD) of 0.018 μg/L [3].

Microfluidic technology allows (i) the separation of different 
analytes with high resolution, (ii) assisted synthesis and func-
tionalization of monodisperse colloidal systems, and (iii) simul-
taneous detection of multiple analytes with a fast reaction time at 
a relatively low cost [4–7]. Additionally, human handling errors 
and the possibility of false-positive results can be minimized/
eliminated with automated microfluidic systems [8]. By integrat-
ing the microfluidic systems with a designated sensing modality, 
a new class of portable detection devices has been developed. 
Such devices can be used as point-of-care (POC) tools for rapid 
analysis of biomolecules in resource-limited samples [9].
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An analytical biosensor can quantify the biological 
response(s) of a bioreceptor through a transducer, which can 
be used as a diagnostic tool in precision medicine. For specific/
selective analysis, various bioreceptors have been used in devel-
oping biosensors. These include antibodies (Ab), nanobodies 
(Nb), aptamers (Ap), molecular-imprinted polymers (MIP), pep-
tides, enzymes, and nucleic acids [10]. Transducers transform 
biological interaction between the bioreceptor and the analyte 
into a measurable signal, which can be optical, electrochemical, 
or mechanical transduction systems. Lastly, the electronic sys-
tem enhances, processes, and displays the quantified signal(s). 
The biosensing devices, as suitable POC tools, offer low-cost 
and fast-response analysis with remarkable LOD values and 
a wide linear response range [11, 12]. Notably, the integrated 
microfluidic electrochemical sensing devices (MESDs) can 
provide label-free detection [13] and real-time analyses of 
biomolecular events/phenomena [14]. Given the significance 
of label-free MESDs in quantitative detection/monitoring of 
molecular markers of diseases, this review provides compre-
hensive insights into their developments and applications.

Microfluidic technology and materials

Microfluidics is the technology of precise control and manipula-
tion of a small amount of fluid using tens to hundreds of molded/
engraved microchannels. Initially, the microfluidic devices were 
fabricated using silicon and glass, while other materials have 
gradually been introduced [1]. Microfluidic devices can be 
fabricated using (i) inorganic materials (e.g., glass, silicon, and 
ceramic), (ii) thermoplastic polymers and elastomers, as well as 
(iii) papers. The materials are selected based on cost, production 
feasibility, detection system, flexibility, electrical conductivity, 
air permeability, optical transparency, nonspecific adsorption, 
and resistance to different chemicals [15].

Silicon and glass

Silicon and glass exhibit some specific features, including sta-
ble electroosmotic mobility, high thermal conductivity, ease of 
metal deposition, and compatibility with organic solvents that 
are routinely utilized in microfluidic devices [16]. However, to 
fabricate more dynamic components of a microfluidic system, 
particularly valves and pumps, elastomers are preferred over 
rigid materials. Unlike glass, silicon is opaque and cannot be 
used in optical detection methods, as such a hybrid system of a 
transparent material (glass or polymer) and silicon can be used to 
overcome this limitation [17]. Neither silicon nor glass possesses 
all the critical properties (especially permeability to gases) to 
operate on living cells [18]. In the fabrication of glass and silicon 
devices, bulk and surface micromachining and buried-channel 
techniques are employed. The former is the popular technique, in 
which the microchannels are formed using patterning processes 

such as wet/dry etching. The channels are then encapsulated by 
bonding to another wafer via fusion, anodic, and adhesive bond-
ing processes. Some studies have presented a process selection 
framework for patterning and bonding processes that can favor 
the microfluidic process flow [19, 20].

Ceramics

Ceramics are inorganic, nonmetallic, and polycrystalline materi-
als with a wide range of attractive functional and structural prop-
erties (e.g., high thermal stability, chemical inertness, mechanical 
strength, and biocompatibility). Ceramic microsystems can eas-
ily be constructed without any need for isolated facilities (e.g., 
clean rooms) and assembled with electronic components such 
as conductive paths and electrodes that enable the development 
of integrated devices for electrochemical systems [8, 21]. Due 
to the ceramic opacity, optical detection in ceramic platforms 
faces serious challenges. Implementing transparent windows for 
localized visual and optical analysis and optical fiber integration 
can be applied to alleviate this issue. Low-temperature cofired 
ceramic (LTCC) can be utilized to successfully fabricate tightly 
sealed monolithic ceramic-based microfluidic systems. However, 
the elevated temperature of the LTCC process is a serious short-
coming that prevents biosensor fabrication using temperature-
sensitive entities such as antibodies, enzymes, and the polymeric 
receptor layer. To overcome this limitation, the biolayer can be 
deposited on the ceramics’ surface following thermal treatment, 
though many biomaterials are not compatible with this approach.

Polymers

Polymers are the most frequently used materials in manufactur-
ing microchips. They offer some major advantages, including 
easy access and fabrication, low cost, and amenability to mass 
production processes such as injection molding and hot emboss-
ing [15]. However, the major issue in polymers’ microfluidic 
application is their low Young’s modulus of the elasticity, making 
the polymeric microchannels susceptible to partial deformation 
and collapse. These materials can be categorized into elastomers, 
thermoplastics, and thermosets [22]. Characterized as polymers 
possessing flexible long chains with their glass transition tem-
perature below room temperature, elastomers can be found in 
almost every industry including healthcare [23]. PDMS is the 
most popular elastomer used in the development of microfluidic 
devices. Unlike other hard polymeric materials like polycarbon-
ate (PC) and poly(methyl methacrylate) (PMMA), PDMS pro-
vides gas permeation that is crucial for long-term cell culture in 
sealed microchannels. Its surface contains dominantly nonpo-
lar methyl groups. Thus, the deposition of water-based debris 
is restricted, which can improve sanitation and clarity, while it 
might result in difficult bonding with different materials and bio-
materials [21]. The resist materials for lithography, especially the 
photoresist SU-8, are typical examples of the thermoset polymers 
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used in microfluidic systems. Polyimide, another important mate-
rial in this class, is a thermally stable and very durable material 
frequently used in microelectronics [24]. Thermoplastic materi-
als can easily be shaped in a thermal process such as molding, 
extrusion, and thermoforming. PC, PMMA, poly(vinyl chloride), 
poly(ethylene terephthalate) (PET), and polystyrene (PS) are the 
most common thermoplastic materials used in the fabrication 
of microfluidic devices [24]. Microchambers and microchannels 
sealed with thermoplastics are not permeable to gas; as such, 
they are not appropriate for long-term cell studies. For surface 
modification of thermoplastic materials, the dynamic coating and 
surface grafting approaches can be utilized.

Paper

Papers exhibit a highly porous structure made of cellulose. In 
paper-based microfluidic devices, aqueous solutions can accu-
rately be transported by the capillary function through the hydro-
philic microchannels restricted by the hydrophobic barriers [25]. 
The use of paper in the microfabrication of chips offers several 
advantages, including (i) passive pumping and transferring of 
fluids in hydrophilic microchannels by the intrinsic capillary 
potential, (ii) separation of particles from samples (e.g., separa-
tion of blood cells), (iii) great possibility for the air permeability, 
(iv) excellent absorbency with high capacity for the reagents 
storage due to the large surface-to-volume ratio, and (v) simple 
fabrication procedure with a great time- and cost-efficiency.

Different methods are used to craft microchannels on paper-based 
devices. In the cutting method, the channels’ boundary is air instead of 
the hydrophobic barrier. In the patterning procedures, the hydrophilic 
channels’ boundary is formed using hydrophobic materials such as 
SU-8 photoresist, PDMS, wax, UV-curable ink, indelible ink, PS, 
hydrophobic silane, acrylic resin, titanium dioxide, alkyl/alkenyl 
ketene dimer, and polyhydroxybutyrate [26]. The wax printing tech-
nique is the most common patterning method, in which a commer-
cially solid-ink printer is applied to the pattern of wax on a paper. The 
most typical detection method in a paper-based device is the simple 
visual colorimetry readout that demands minimal equipment, while 
it is not a quantitative approach. As a cheap material, paper can be 
used for the mass production of disposable bioassay systems. Depend-
ing on the endpoint application, paper can be combined/modified to 
develop microdevices for specific detection purposes [18].

Label‑free electrochemical microfluidic 
devices

Electrochemical biosensors can technically be constructed 
by modifying electrode surfaces (e.g., Ag, Au, Pt, car-
bon, or graphite-based conductors) with biorecognition 
elements (e.g., Abs, Aps). These analytical methods can 
quantitatively detect the analyte concentration based 
on potential or current changes that result in biological 

interactions at the biomolecule/transducer interface under 
applied potential or current impulses. In comparison with 
other calorimetric and optical biosensors, electrochemi-
cal biosensors have rapidly been developed due to their 
high sensitivity, low cost, ease of miniaturization, and 
simplicity in application. Further, different types of elec-
trochemical labels have commonly been used in some 
electrochemical biosensors including metal ions, quantum 
dots, redox agents, redox-active polymers, and enzymes 
with a detectable product [27–40]. Labels are usually used 
in sandwich-type biosensors for routine clinical diagnosis 
such as enzyme-linked immunosorbent assay (ELISA). 
The label-based biosensors are composed of a biorecep-
tor, a signal label, and a measurement instrument [41]. 
The label-free sensing systems present direct data of the 
bioreceptor-target interaction based on the alteration in 
the redox probe’s interfacial electron-transfer kinetics. As 
shown in Fig. 1, the [Fe(CN)6]3−/4− is the most common 
classical redox couple that is utilized as standard electro-
active species in electrochemical measurements [42].

The integration of label-free techniques with microfluidic 
technologies provides a robust and sound approach for detect-
ing biomolecules, for which electrochemical techniques such as 
the electrochemical transistor, impedance spectroscopy (EIS), 
voltammetry, and chronoamperometry can be used (Fig. 2).

Electrochemical transistor

The organic electrochemical transistor (OECT) is an organic 
thin-film transistor (OTFT) that has extensively been studied. 

Fig. 1   The suggested mechanism of the interaction between the gold 
electrode and [Fe(CN)6]3−/4−. ß1, ß2, and ß3 correspond to the cumu-
lative formation constants for Fe(CN)6

4−, Au(CN)2
−, and Fe(CN)6

3−, 
respectively. Adapted with permission from [42]
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The OECT offers high sensitivity to chemical and biological 
analytes, low operation voltage, and high stability in the aqueous 
environment (Table 1).

OECT can also be readily integrated with microfluidic 
systems [43, 44]. Lin et al. developed a label-free biosensor 
to detect an arbitrary DNA oligo-nucleotide using an OECT 
based on poly(3,4-ethylene dioxythiophene):poly(styrene 

Fig. 2   Schematic representation 
of electrochemical methods and 
microfluidic fabrication materi-
als for the design of label-free 
electrochemical microfluidic 
devices. PDMS: polydimethyl-
siloxane, PMMA: poly(methyl 
methacrylate), PC: polycarbon-
ate, SU-8: bisphenol A Novolac 
epoxy-based negative photore-
sist

Table 1   Selected microfluidic label-free electrochemical transistor

PDMS polydimethylsiloxane, Pt NPs platinum nanoparticles, GOx glucose oxidase, PEDOT:PSS poly(3,4-ethylenedioxythiophene):poly(styrene 
sulfonic acid), ssDNA single-stranded deoxyribonucleic acid, Lox lactate oxidase, Cox cholesterol oxidase, miRNA micro ribonucleic acid, SiNW 
silicon nanowires, PNA peptide nucleic acid, DHA/AQ active redox system composed of 9,10-dihydroxyanthracene/9,10-anthraquinone

Analytes Materials Electroactive spe-
cies

Electrode type LOD Linear range Sample Probe Ref

Glucose PDMS H2O2 Pt NPs gate elec-
trode

0.1 μM - Glucose solutions GOx [43]

Arbitrary ssDNA PDMS PEDOT:PSS Au gate electrode 10 pM - Solutions ssDNA [45]
Glucose lactate 

cholesterol
PDMS Ferrocene-

PEDOT:PSS
Au planar gate 

electrode
10 μM 

(glu-
cose)

50 μM 
(lactate)

10 μM 
(choles-
terol)

0.02–1 × 10−3 
M (glucose)

0.1–2 × 10−3 M 
(lactate)

0.01–0.7 × 10−3 
M (choles-
terol)

Saliva GOx
LOx
COx

[44]

miRNA Silicon - SiNW arrays 1 fM - Total RNA 
extracted from 
Hela cells

PNA [46]

Glucose PDMS H2O2 and DHA/AQ SiNW - - Bacterial media GOx [47]
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sulfonic acid) (PEDOT:PSS) as the active layer in a flexible 
microfluidic device [45]. The devices were fabricated on an 
adaptable PET substrate and integrated with a PDMS-based 
microfluidic system. The ssDNA probes were immobilized 
on the surface of the Au gate electrode. The electrochemi-
cal signal was created via the hybridization of the ssDNA 
probes with target DNA. Finally, the resulted current was 
amplified by the designed platform. The proposed biosen-
sor showed a good target sensitivity at an LOD of 10 pM. 
As such, this label-free flexible microfluidic DNA sensor 
was proposed as an overly sensitive, low-cost, and dispos-
able tool to detect the hybridization of DNA at concentra-
tions as low as 1 nM (Fig. 3A). Additionally, a label-free 

hybridization system for the direct detection of miRNA was 
applied to facilitate the detection process and eradicate the 
need for tagging/labeling steps [46]. Peptide nucleic acids 
(PNA), as bioreceptor, were immobilized on the surface of 
the n-type silicon nanowire (SiNW) array device to enhance 
the efficiency of hybridization. Thereby, a combination of 
SiNW field effect-based biosensors and a label-free direct 
detection methodology was reported to lower the LOD to 
femtomolar concentrations, which is desirable for the early 
detection of miRNA in cancer diagnostics (Fig. 3B).

Various approaches have been proposed to monitor the 
growth of biofilms, assess their susceptibility to drugs, and 
overcome the emergence of biofilm and infections. For 

Fig. 3   Integration of microfluidics with an electrochemical transistor 
for metabolite sensing. (A) Organic electrochemical transistors inte-
grated microfluidic system for label-free DNA sensing. (a) Schematic 
diagram of an OECT integrated into a flexible microfluidic system. 
(b) The flexibility of device at both sides. The performance of the 
device demonstrates a tiny change when the device is bent to both 
sides. Adapted with permission from [45]. (B) Ultrasensitive detec-

tion of miRNA via the label-free direct hybridization assay. Adapted 
with permission from [46]. (C) Extracellular bacterial metabolic anal-
ysis by silicon-based microfluidic redox-reactive nanoFET biosensor. 
The biosensor reversely oxidized or reduced in the present H2O2 or 
diethyl hydroxylamine (DEHA), respectively. Adapted with permis-
sion from [47]. OECT: organic electrochemical transistor, FET: field-
effect transistors
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example, a silicon nanowires field-effect transistor (SiNW-
FET) microfluidic device, with an active redox system con-
sisting of 9,10-dihydroxyanthracene/9,10-anthraquinone, 
was developed to monitor the metabolic activity of biofilms 
based on glucose consumption in high-ionic-strength solu-
tions. This nanobiosensor could monitor the production 
of H2O2 from glucose under enzymatic oxidase reactions. 
Thus, the nanobiosensor was proposed as an automated, 
label-free, real-time, and sensitive system for the detection 
of metabolites in very low samples in the natural environ-
ment (Fig. 3C) [47].

Electrochemical impedance spectroscopy

According to Ohm’s law, the ratio of voltage to current (Z 
= V/I) is called electrical impedance (Z) [48]. In EIS, this 
physical variable has been applied to monitor the surface 
impedance alterations from the binding of a target mol-
ecule to an immobilized probe at the electrode’s surfaces 
[49]. This approach has several advantages, including cost-
efficiency, miniaturization, low power consumption, and 
label-free operation (Table 2). Therefore, EIS biosensors 
exhibit impressive potential in POC and other applications. 

Fig. 4   Label-free impedance detection of biomarkers in a microflu-
idic platform. (A) The diffusion-based biosensing approach for (a) 
macro-scale biochips and (b) microfluidic-based biochips with the 
reflective boundary provided in the microfluidic biochips. Adapted 
with permission from [9]. (B) Microfluidic valved chip, showing (a) 
the fabricated arrayed electrochemical chip, (b) top valve configura-
tion and the bottom assay channels, (c) entire assembled device, (d) 
vertical (top) and horizontal (bottom) valve configurations, and (e) 
valve actuation via the hydraulic channel to pinch off the microfluidic 
assay channel. Adapted with permission from [53]. (C) Three-layered 
microfluidic chip formed of the valve channel layer, thin membrane, 

and microfluidic channel, showing the push-down thin membrane for 
closing and opening the microfluidic channel. Adapted with permis-
sion from [12]. (D) Centrifugal microfluidic platform, showing (a) 
different regions on the disc, (b) sample layered over Ficoll at 600 
rpm, (c) blood fractionation completed at 1500 rpm, and cancer cells 
layered at the interface between the Ficoll layer and the plasma, (d) 
siphon priming and extraction of the target cells, and (e) wash buffer 
released and subsequent electrochemical impedance detection. The 
centrifugal force direction, as indicated by the arrows. Adapted with 
permission from [54]
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Quantification and detection of molecules with EIS expe-
rience a growing demand in clinical diagnostics [50, 51] 
including molecular screening [52]. EIS is one of the com-
monly used powerful methods to characterize the hybridiza-
tion of DNA, whose interaction with its immobilized probe 
on the electrode surface repels negative electroactive spe-
cies and affects its diffusion features. The miniaturization 
of the reaction chamber volume to a nanoscale can enhance 
the effect of diffusion on the sensing mechanism. It ampli-
fies the biosensing signal that in turn improves the LOD 
(Fig. 4A) [9]. A lab-on-a-chip (LOC) device with an array 
of separately addressable reaction chambers for the label-
free diffusion-restricted electrochemical analysis of DNA 
hybridization events has been developed. This microfluidic 
LOC consists of two microchannel layers made of PDMS, 
in which the top and bottom layers include valves and assay 
channels, respectively. This valve-based manipulation 
microsystem was found to improve the repeatability and 
experimental control. Further, a conventional redox couple 
([Fe(CN)6]4−/3−) was used to characterize the electrochemi-
cal performance of the device (Fig. 4B) [53].

It should be noted that the establishment of competent 
biosensing platforms capable of accurate, long-term, and 
continual monitoring of biomarkers and cell population 
dynamics is required to evaluate the tissue or cell biologi-
cal response. Shin and coworkers have developed the label-
free microfluidic electrochemical biosensor integrated with 
a human organoid system for the continual and automated 
analysis of cell-secreted soluble biomarkers [12]. The 
GST-α and albumin were label-free detected using EIS tech-
nique with the LOD of 0.01 and 0.023 ng/mL, respectively. 
Microfluidic valves’ utilization on this chip allows auto-
mated detection and regeneration processes without com-
promising the sensor sensitivity for up to 1 week, where a 
systemically applied drug changes the organoids’ metabolic 
activity (Fig. 4C).

To combine the advantages of lab-on-a-disc (LoaD) plat-
forms and EIS, a highly sensitive label-free electrochemical 
system was designed to detect ovarian cancer cells from the 
whole blood in a fully integrated, automated, multiplexed 
fashion [54]. The combination of capillary-based siphon 
valving strategy with the centrifuge-pneumatic dissolvable-
film valves was used for the automated sample preparation. 
The assay was conducted in the absence of an external pump-
ing device. The anti-EpCAM was immobilized on the self-
assembled L-cysteine on the gold electrode as a bioreceptor. 
The LOD for detecting ovarian cancer cells was about 214 
captured cells/mm2, and the capture efficiency was about 
87%. The buffer electrolyte concentration was adjusted to 
extend the thickness of the electrical double layer; hence, the 
bound cells could interact with the interfacial electric field. 
This electrochemical LoaD platform was shown to parallelly 
conduct five different analyses with a linear dynamic range Ta
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between 16,400 and (2.6 ± 0.0003) × 106 cancer cells/mL 
of blood. It was proposed as the prognostic tool in clinical 
settings, in which the minimum preparation of the sample 
and easy handling are the keys (Fig. 4D).

A POC label-free approach has been described based on the 
EIS microfluidic paper-based analytical device (µPAD) for the 
detection of intact virus particles at clinically relevant concentra-
tions in a short few minutes. The electrode surface’s impedance 
was significantly changed by the interaction of the virus with the 
Ab molecules’ functionalized Au microwires. Additionally, the 
use of a microfluidic platform instead of a classical paper-based 
structure was shown to significantly improve the LOD because 
of the improved mass transport and particles capturing on the 
modified electrodes [55]. Besides, multiplex POC devices have 
been developed for the simultaneous detection of cancer-spe-
cific biomarkers [33]. A paper-based microfluidic device with 
in situ synthesized MIPs and a movable valve was developed 
for the electrochemical detection of carcinoembryonic antigen 
(CEA) using a convenient and continuous flow of fluid through 
the movable valves, which significantly enhanced the perfor-
mance during the synthesis of dopamine MIP layer and bio-
marker detection [56]. Microfluidic devices have been used for 
the label-free detection of bacteria with EIS techniques in agri-
cultural settings and clinical practice. Several types of bacteria 
with different morphology (Pseudomonas putida, Escherichia 
coli K12, and Staphylococcus epidermidis) were successfully 
distinguished based on their different electron charge transfer. 
The label-free impedimetric detection was performed in the 
absence of biological receptors such as antibodies or DNA in 
a portable fashion and a short time of 10 min. The proposed 
platform detected dilutions as low as ∼ 20 CFU/mL in a wide 
linear range of detection of 2.0 × 101–104, 2.0 × 101–105, and 
1.0 × 102–105 CFU/mL for P. putida, E. coli, and S. epidermidis, 
respectively [57]. A nanobridge-based interdigitated electrode 
(IDE) sensor was developed for ultrasensitive detection of mul-
tiple forms of free radicals from various sources, including UV 
radiation, Fenton reaction, and cigarette smoke. The nanobridges 
were placed among the IDEs, which comprised the long single-
strand DNA and wrapped around multiwalled carbon nanotubes 
(MWCNTs). The proposed IDE sensor was successfully used to 
detect the mechanism of DNA damage and/or cleave due to the 
free radicals’ attack [58].

Electrochemical voltammetry

The principle of label-free voltammetric biosensing is based 
on the measurement of generated current from the redox 
reaction of electroactive species at a variable potential [14]. 
The voltage is applied between the working and reference 
electrodes, while the current is measured between the work-
ing and counter electrodes. The data are plotted as current 
intensity versus voltage (the so-called voltamperogram). 
Several forms of voltammetry based on potential alteration 

manner have been introduced and applied in electrochemi-
cal sensing. These include linear sweep voltammetry, cyclic 
voltammetry (CV), differential pulse voltammetry (DPV), 
and square wave voltammetry (SWV) (Table 3).

An electrochemical microfluidic device was developed for 
the detection of cortisol in serum and saliva samples without 
washing steps and labeling the target [59]. Gold nanoparticle 
(AuNP)/graphene-modified glassy carbon electrodes were used 
as a platform. Ap-functionalized AuNPs with high surface areas 
were employed to enhance the analyte’s capture under a 3D dif-
fusion profile. Triamcinolone (TA), as the electro-active cortisol 
mimicking molecule, was pre-bound to the Ap in the presence 
of cortisol. Upon the analysis, the TA displacement from the Ap 
by cortisol and the SWV current was enhanced. Altogether, the 
cortisol concentration acquired from this device was found to be 
comparable with those achieved from other available conven-
tional methods such as ELISA. However, the proposed method 
was operational with significantly smaller sample volumes (< 
1 μL) and a much shorter assay time of 2.5 min in comparison 
to the few hours required for ELISA (Fig. 5A).

A highly sensitive label-free electrochemical µPAD was 
developed to detect CEA in standard and clinical serum sam-
ples [60]. The wax- and screen-printing methods were used to 
fabricate the microfluidic channels and electrodes, respectively. 
The screen-printed carbon working electrode was modified 
using amino-functional graphene (NG)/thionine (Thi)/AuNP 
nanocomposites to increase the sensitivity of the immunosen-
sor. Thionine can generate a current at certain potentials. By 
forming antibody-antigen immunocomplex, the response cur-
rents were decreased with the CEA concentrations. The linear 
ranges of 50 pg/mL to 500 ng/mL and the LOD of 10 pg/mL 
(S/N = 3) were obtained under optimum conditions. Hence, 
this µPAD would provide a platform with high efficiency, 
low cost, and reagent volume for specific, sensitive, and POC 
detection of cancer biomarkers (Fig. 5B).

Dual detection of bisphenol A on µPAD was recently pro-
posed based on the laser desorption ionization mass spec-
trometric (LDI-MS) and electrochemical detection [61]. The 
fabricated device could readily deliver the fluid samples to 
both detection zones without using an external pump. Two 
ballpoint pens filled with MWCNTs and silver nanoparticles 
(AgNPs) ink and plotters were used to print the electrochem-
ical sensor. To further improve the sensitivity, zinc oxide 
(ZnO) was used to modify the LDI-MS and electrochemi-
cal detection zones. Compared to the conventional organic 
matrix, ZnO can change the interferences and enhance the 
electron transfer in LDI-MS and electrochemical sensing 
improving the ionization efficiency. This platform provided 
a dual detection possibility with a LOD of about 0.01 pM for 
LDI-MS and 0.35 µM for electrochemical detection under 
optimal conditions. The detection methods can parallelly be 
applied to improve precision and confidence by utilizing a 
single portable device.
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The combination of electrochemical detection with separa-
tion channels is a promising approach for POC analysis. An 
amperometric sensor coupled with an electrochemical AC 
field applied-microfluidic device was fabricated for simultane-
ous detection of hemoglobin (Hb) and glycated hemoglobin 
(HbA1c) in human blood samples (Fig. 5C). The device was 
developed based on the immobilization of Nile blue (NB) as 

a catalytic redox mediator on the conductive polymer chain of 
poly(2,2′:5′,2″-terthiophene-3′-p-benzoic acid) (pTTBA) inter-
spersed with N, S-doped porous carbon (NSPC) nanocompos-
ite layer. The developed microfluidic sensor provided fast and 
sensitive measurement in the absence of biological receptors 
(enzyme, Ab, Ap, etc.) with linear dynamic ranges of 1.0 × 10−6 
to 3.5 mM and 3.0 × 10−6 to 0.6 mM, together with the LOD of 

Fig. 5   (A) The schematic presentation of patterned electrodes on a 
glass coverslip within a SU8 layer, showing (a) a cross-sectional view 
of the nanoslit geometry, (b) the signal from electrochemical reduc-
tion of triamcinolone used for aptamer-based cortisol detection, (c) 
enhanced square wave voltammetric signal at glassy carbon elec-
trode versus nanomaterial modified electrodes composed of ERGO 
with AuNPs, and (d) RCT resistance at graphene-modified (AuNP/
ERGO) electrodes versus GCE. Adapted with permission from [59]. 
(B) The preparation procedure of (a) N-G/Thi/AuNPs nanocom-
posites on the screen-printed working electrode using paper and its 

modification procedure, which was assessed through (b) CV, and (c) 
DPV. Adapted with permission from [60]. (C) Hb and HbA1c sensor 
fabrication and the detection method, showing (a) schematic illustra-
tion of the device, (b and c) electropherograms obtained for varying 
concentrations of (a) Hb, and (c) HbA1c. Adapted with permission 
from [62]. NG/Thi/AuNPs: amino-functional graphene/thionine/gold 
nanoparticles, ERGO: electrochemically reduced graphene oxide, 
AuNPs: gold nanoparticles, RCT: reduction in charge transfer, CV: 
cyclic voltammetry, DPV: differential pulse voltammetry, LDI-MS: 
laser desorption ionization mass spectrometric, Hb: hemoglobin
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8.1 × 10−7 ± 3.0 × 10−8 and 9.2 × 10−7 ± 5 × 10−8 mM for Hb 
and HbA1c, respectively [62].

Chronoamperometry technique

Chronoamperometry (CHA) is a time-dependent 
voltammetric technique, which has been used as a sensing 
technique in label-free detection solely or together with 
other electrochemical techniques such as CV. CHA is 
one of the simplest electrochemical methods, which is 
an ideal approach for POC application and as a model 
detection method (Table 4). An eyeglass-based microfluidic 
electrochemical device was designed for noninvasive label-
free monitoring of different targets such as glucose, alcohol, 
and vitamins in tears [63]. This wearable microfluidic system 
can be placed outside the eye region. It can be used for real-
time tear collection and monitoring of biomarkers, which can 
eliminate the drawbacks of direct contact of the sensor systems 
with the eye (Fig. 6A). The rapid digital dispensing approach 
was applied to dispense copper oxide-ionic liquid composite 

(CuO-IL) onto an electrochemically reduced graphene-
modified screen-printed carbon electrode (ERGO/SPCE). As 
shown in Fig. 6B, the paper-based sensor demonstrated a linear 
range of 0.01–2.0 mM and the LOD of 0.22 µM for creatinine 
[64]. A variety of label-free CHA microfluidic sensors has 
been developed to determine glucose in the healthcare fields, 
foods, and beverage industries. For instance, a wearable 
microfluidic electrochemical glucose sensor was reported for 
monitoring daily sweat glucose using nanoporous gold (NPG) 
electrochemical biosensor [65]. The NPG electrodes possessed 
a high surface area, high electrochemical catalytic effect, and 
outstanding chemical stability. As a result, an NPG working 
electrode, an Au counter, and Ag/AgCl reference electrode 
were patterned on the 3D micropatterned PDMS substrate 
to provide the sensitivity and mechanical stretchability in the 
nonenzymatic detection of glucose. The 3D micropatterned 
PDMS substrate was used as a stress-absorbing layer during 
stretching. The microfluidic NPG sensor exhibited accurate 
and continuous monitoring of the sweat glucose level with high 
selectivity and sensitivity (i.e., 253.4 μA/cm2/mM), mechanical 

Table 4   Selected microfluidic label-free chronoamperometric biosensors

PDMS polydimethylsiloxane, GOx glucose oxidase, DLC diamond-like carbon, SPCE screen-printed carbon electrode, FCA ferrocenecarboxylic 
acid, CONS cerium oxide nanosheets (exhibit triple-enzyme mimetic activity), PMMA poly(methyl methacrylate), PB Prussian blue, AOx alco-
hol oxidase, Lox lactate oxidase, SPE screen-printed electrode, MIP molecularly imprinted polymer, TMB tetramethylbenzidine, HPR horserad-
ish peroxidase, BChE butyrylcholinesterase enzyme, FAD flavin adenine dinucleotide, GDH glucose dehydrogenase, ITO indium tin oxide, NPG 
nanoporous gold

Analytes Materials Electroactive 
species

Electrode type LOD Linear range Sample Probe Ref

Glucose PDMS, glass, 
silicone

H2O2 DLC thin film 
electrodes

0.5 mM Up to 12 mM Standard 
sample

GOx [95]

Glucose Paper FCA SPCE 0.03 mM 0.1 to 40 mM Urine GOx [96]
H2O2 Glass - Gold micro-

electrode
20 nM 100 nM–20 

mM
Standard 

sample
CONSs [97]

Alcohol, vita-
mins, glucose

Polycarbonate, 
paper

PB SPE/carbon-PB 
ink (alcohol)

SPE/GOx-PB 
ink (glucose)

Bare SPE (vita-
mins)

- - Tear AOx and GOx [63]

Lactate glucose Silicone, 
PMMA, 
PDMS

PB LOx and GOx 
modified PB 
electrodes

50 μM for Glc - Sweat LOx and GOx [98]

Melatonin PDMS Ferricyanide SPE 20 pg/mL - Urine MIP [99]
Alcohol PMMA, 

PDMS, 
silicon

TMB Pt electrodes 4.5 nA 0–1.25 g/L Whole blood AOx and HPR [100]

Creatinine Paper - SPCE 0.22 mM 0.01–2.0 mM Serum Probe-free [64]
Glucose Paper Ferricyanide SPCE 0.33 mM 0.5–50 mM Standard 

sample
FAD-dependent 

GDH
[101]

Glucose PDMS H2O2 Pt-black micro-
electrode

0.05 mM 0.2–43.5 mM Serum GOx [102]

Glucose PDMS Ferricyanide NPG electrode - 0.01–1 mM Sweat Probe-free [65]
H1N1 virus PDMS, glass Ferricyanide Gold 0.5 PFU/mL 1–104 PFU/mL Standard 

sample
Antibody [66]
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durability, precise sample handling, and no degradation after 
1000 cycles of stretching to 30% strain (Fig. 6C) [65]. Singh 
and colleagues reported a reduced graphene oxide (rGO)-based 
electrochemical microfluidic device for the label-free detection 
of an influenza virus, H1N1 strain. The rGO sheets were used to 
increase the loading capacity of Abs onto the electrode surface 
through covalent bonding between the carboxyl end of the rGO 
and the Ab. Ab molecules were immobilized via EDC/NHS 
conjugation chemistry. Three microelectrodes were built on a 
glass material and encapsulated with a PDMS microchannel. 
This device displayed good selectivity and sensitivity towards 

the H1N1 strain. The CHA current was raised by increasing the 
concentration of the virus within the linear range of 1 to 104 
PFU/mL and the LOD of 0.5 PFU/mL (Fig. 6D) [66].

Scientific and technical challenges

Before their translation into clinical applications, some 
imperative scientific and technical challenges of micro-
fluidic-based systems should be fully addressed. These 
may include (i) material limitations (e.g., sensitivity/

Fig. 6   (A) Eyeglass-based microfluidic system, integration of fluidic 
device, and wireless electronics as the eyeglasses with enzymatic 
alcohol detection and signal transduction, in which (a) corresponds to 
the baseline, (b) current change as a result of the captured tear, (c) the 
measured alcohol signal, and (d) drying of the device. (B) A struc-
tured view of the microfluidic system showing (1) top polycarbonate 
membrane, (2) double-adhesive spacer, (3) paper outlet, (4) electro-
chemical sensing system, and (5) bottom polycarbonate membrane. 
The photos of (a) the tear stimulation menthol tear stick, (b) the vol-
unteer applying the tear stick under the left eye, and (c) the entrance 
of the tear into the inlet. The fabrication of the fluidic device through 
(d) adhesive spacer removal from the PET substrate, (e) spacer place-
ment on the bottom membrane, (f) placement of electrode and outlet 
on top of the spacer followed by the top membrane, and (g) mounted 

device on eyeglasses nose-bridge pad. Adapted with permission from 
[63]. (B) Digital dispensing in the fabrication of CuO-IL/rGO com-
posite for nonenzymatic creatinine determination on the paper-based 
microfluidic sensor in human blood serum. Adapted with permission 
from [64]. (C) The structural representation of the fully stretchable 
microfluidic-integrated biosensor patch on the skin, showing (a) the 
fabricated patch mounted on the human skin, (b) conformality of 
the patch, (c) FE-SEM micrograph of NPG electrochemical elec-
trode (top view), (d) 3D micropatterned PDMS substrate, (e) PU 
nanofiber, (f) stretchable cotton fabric, and (g) the layered structure of 
the microfluidic-integrated biosensor patch. Adapted with permission 
from [65]. (D) Integration of electrochemical immunosensor with a 
microfluidic chip for the influenza virus H1N1 detection. Adapted 
with permission from [66]
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quantitation issues in paper-based diagnostics), (ii) issues 
related to the continuous flow microfluidic-based sens-
ing systems, (iii) variation in the functions/behavior of 
fluids containing reagents, (iv) inconsistency in terms 
of interchangeable parts, (v) custom calculations nec-
essary for the modular systems, and (vi) issues related 
to the integration and function of electrodes [67]. Fur-
ther, the scale-dependent effect concerning the Reynolds 
number operation might compromise the applicability of 
the device. Altogether, microfluidic sensing devices are 
delicate systems that need several optimization processes 
to assure the accuracy and reproducibility of the whole 
system.

Conclusions and future perspectives

Microfluidic-based research has dramatically advanced 
since its introduction and integration with electrochemical 
detection methods. The label-free methods, in particular, 
offer robust tools combining different components into 
a single platform to replace the bulky traditional instru-
ments. The recent advancements in microfluidic fabrica-
tion materials and developments in label-free electrochem-
ical microfluidic devices have highlighted their potential 
as POC systems. Silicon and glass have notable applica-
tions in the early developments of microfluidic systems; 
however, they can hardly be used in the construction of 
active fluidic units such as pumps and valves. Polymeric 
materials, PDMS in particular, have gradually become 
much more popular, especially in developing disposable 
and low-cost microfluidic devices. While glass/silicon 
and PDMS materials are commonly utilized for research 
purposes, paper is used as a well-suited material for the 
fabrication of microdevices in resource-limited settings 
and commercial fluidic devices. Moreover, paper-based 
microdevices, which are simple, cost-efficient, and dispos-
able, do not require an external pump. Label-free electro-
chemical microfluidic devices provide substantial analyti-
cal properties and are promising candidates for clinical 
diagnostics. They offer valuable advantages in efficiency 
and cost by simplifying the procedure, reagent consump-
tion, convenience, and analysis time. Many of the devices 
mentioned in this review enable sensitive, specific, and 
low-cost detection of clinically relevant and valid mark-
ers. However, several challenges (e.g., the selectivity of 
the test in complex matrix samples) must be overcome 
before the POC diagnostics can be implemented. MESDs 
can be applied in various crucial fields such as biomedi-
cal studies, environmental monitoring, and POC diagnos-
tics. Nonetheless, some issues (e.g., precision, sensitivity, 
range, manufacturing cost, and user-friendly applications) 
might potentially limit the development and translation 

of the POC systems into real-world applications. So far, 
some progress has been made in multiplex analyses through 
microfluidic technology because of the multimarker basis 
of most diseases, while many advancements need to take 
place to assure the applicability and precision of the analyti-
cal devices. Moreover, it should be noted that the selection 
of the right methodologies might improve the sensitivity, 
portability, and rapid detection of the MESDs. Collectively, 
we envision that the simplified multiplex detection of ana-
lytes in complex settings will be the center of mainstream 
analytical sensing and monitoring with possible emerging 
applications in processing living cells, tissues, and organs.
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