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Abstract

The integration of the electrochemical detection system together with microfluidic technology is an attractive choice for the
construction of miniaturized components in a single platform. Microchannel networks fabricated on conductive substrates
prevent environmental contaminants and require only a tiny (UL or nL) sample for electroanalysis. Microfluidics coupled
electrochemical detection system is particularly advantageous compared to traditional electrochemical sensing systems due
to its flexibility, rapid analysis, low fabrication costs, ease of implementation and disposability. With these electrochemical
sensing platforms, biochemical assays that require complex pre-processing of biological samples can be conducted on a chip.
In this review, a comprehensive overview of the basic concepts of microfluidics and its recent applications in the design of

miniaturized electrochemical sensors for biosensing applications are presented.
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1 Introduction

The early diagnosis of a disease increases the possibilities
for effective treatment and plays a key role in prevention
strategies [1-3]. The presence or occurrence of biomolecules
above their normal levels in human blood affects biochemi-
cal cycles and causes adverse health effects [3—6]. Therefore,
rapid detection and accurate quantification of biomarkers are
very essential for large-scale monitoring programs [7-10].
Monitoring the level of biomarkers in human blood serum
with the help of biosensors is the only way to protect humans
from adverse health effects [6, 11]. Several analytical tech-
niques have been used to detect target analytes in human
blood serum samples, including flow injection analysis,
titrimetry, spectrofluorimetry, surface enhanced Raman
scattering (SERS), high performance liquid chromatography
(HPLC), capillary zone electrophoresis and proton nuclear
magnetic resonance (IH NMR) [4-6, 9]. Nevertheless, these
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analytical methods have a high degree of specificity and sen-
sitivity. Further, these strategies are expensive and require
sophisticated laboratory instruments, sample pre-treatment
and trained personnel [8, 12—14]. The development of an
alternative protocol which minimizes the use of chemicals
and expensive instruments is the need of the hour.

In recent years, the design of hand-held electrochemical
sensing device capable of detecting target analytes in human
blood serum samples received immense attention [1, 4, 5,
15]. Most of the electrochemical biosensors used in the clini-
cal diagnosis are self-monitoring analytical devices in which
working electrodes are designed by tailoring the surface of
electrodes with biomolecules, such as DNA, antibodies and
enzymes [1, 2, 4, 7, 16]. These electrochemical biosensors
can accurately detect target analytes in human blood serum
samples due to the specific interaction between target ana-
lytes and biomolecules [5, 10, 13]. In metal oxide-based
electrochemical biosensor, the analytical performance can
be improved by optimizing several experimental parameters
including scan rate, pH, incubation time, biorecognition ele-
ment loading, concentration of buffer and electrode material.
The biorecognition element is immobilized on metal oxide
nanomaterial, which helps to increase the electron transfer
rate between the biorecognition element and the working
electrode and to improve the sensitivity of an electrochemi-
cal biosensor [2, 10, 12, 13]. However, external sources are
needed to mix reagents and samples (down to microliter)

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41664-019-0083-y&domain=pdf

Journal of Analysis and Testing (2019) 3:3-18

which limit their sensitivity. On the other hand, nanotech-
nology and reliability of biomicrochips have recently gained
much attention in clinical diagnostics. In microfluidic bio-
chip platforms utilizing biorecognition elements as electro-
catalysts, the sizes of electrode material and immobiliza-
tion section play a crucial role in enhancing the system’s
sensitivity for rapid analysis. In microfluidic chip design,
the immobilization section is either a particular portion of
the microfluidic channel or the detection cell itself. In order
to accomplish improved sensing response with low detec-
tion limit in any microfluidic biosensor, stop-flow technique
is used [2, 10, 12, 13]. This method facilitates the simul-
taneous detection of multiple target species from a single
sample by minimizing the number of preparation steps
involved, reagent and sample volume and time required for
the sample analysis.

Notably, the integration of micrometer-scaled fluidic
channels with electrochemical biosensing platform is of
current interest because of its high throughput, sensitivity,
specificity and low detection limit [1, 3, 7, 11, 15, 16]. The
ultimate aim of the microfluidic channel-assisted electro-
chemical sensing device is to restrict the movement of rea-
gents and sample in microchannels and to design lab-on-chip
devices for performing multi-process operations within a
single platform [5, 11, 15]. The micrometer-scaled channels
in these biosensing devices consume low volumes of reagent
and sample solution. As a result, biochemical analyses can
be completed rapidly and the costs associated with the pro-
duction of miniaturized bioanalytical devices become cost-
effcetive [5, 11, 15].

In the literature, there are only very few reviews that
focus on the microfluidic device coupled electrochemical
detection systems [2, 17-24]. Despite these review articles,
a comprehensive overview of the different types of microflu-
idic systems for fabricating electrochemical sensors capable
of detecting target analytes in human blood serum is not
available [2, 17-24]. In this review, we present the basic
concepts of microfluidics and its recent application in the
design of miniaturized electrochemical sensors for biosens-
ing applications.

2 Microfluidics

Usually, microfluidic devices are used to analyse small vol-
umes such as aL. to uL [25-27]. Microfluidics, a technology,
essentially involves planar substrates containing microchan-
nel network with depth (~10 um), width (~ 100 pm) and
length (10 mm), respectively [28—30]. Microfluidics finds
intensive wide variety of applications [31-33]. Often, micro-
fluidics is used in the design and development of microflu-
idic channels for electrochemical sensing of biomolecules
in human blood serum [28-30]. Advances in microfluidics
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have provided strategies for the construction of lab-on-chip
devices that can control microchannel fluidic transport, ena-
bling rapid electroanalysis and allows the user to perform
multi-step reactions with tiny volumes of samples and rea-
gents [31-33].

Usually, the flow of fluids in engineered microflu-
idic devices is highly ordered and non-turbulent in nature
[28-30]. The fluidic phenomena caused by the existence of
diffusion, surface tension and viscosity are usually repre-
sented by dimensionless parameters, which include Peclet
number (Eq. 1), Capillary number (Eq. 2) and Reynolds
number (Eq. 3) [31-33].
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where Pe is the Peclet number, Ca is the Capillary number,
Re is the Reynolds number, y is the surface tension, u is
the dynamic fluid viscosity, v is the mean fluid velocity, /
is a characteristic length in the system and p is the fluid
density. In microfluidic devices, a low Peclet number can
be observed only when diffusion controls convection [1, 17,
23]. Similarly, in the microfluidic system with low Capillary
number, interfacial forces control viscous forces whereas, in
the microfluidic system with low Reynolds number, viscous
forces control inertial forces [28—30]. These fluidic phe-
nomena are vital in the design of microfluidic channels for
electrochemical sensors. Based on the manipulation of fluid
flow through microchannel networks, microfluidic systems
can be classified into four types: (1) continuous-flow-based
microfluidics, (2) droplet-based microfluidics, (3) paper-
based microfluidics and (4) digital microfluidics [1, 17, 23].

3 Continuous-Flow and Droplet-Based
Microfluidics Coupled Electrochemical
Detection System

The concept of innovative design in the fabrication of micro-
fluidic devices originates from channel-based microfluid-
ics [34]. So far, the channel-based microfluidics is the most
extensively studied microfluidic platform in the construc-
tion of microfluidic device coupled electrochemical detec-
tion systems. Extensive research has been conducted on the
translation of electrokinetic flow techniques with the help
of channel-based microfluidics [35]. Channel-based micro-
fluidics is in widespread use; however, the range of solvents
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and reagents used in these microchannel networks is more
limited [36]. One of the main advantages of the system is
that the channel-based microfluidics only requires a high-
voltage—power supply, which enables them to apply different
types of pressure-driven flow controlled by on-chip peristal-
tic pumps [37]. However, the channel-based microfluidics
is particularly disadvantageous because individual reagents
require external equipment to operate [38]. For example,
polymethyl(siloxane) is the most widely used microchannel
device material in the fabrication of microchannel networks
[39].

There are two types of channel-based microfluidics,
namely continuous-flow and droplet-based microfluid-
ics [34]. Channel-based microfluidics operating with low
Reynolds number has been extensively applied for a wide
variety of applications including intricate chemical gradients
[37]. These microchannel devices are employed to combine
immiscible solvents to form emulsions in microchannel
networks. Within a second, the droplet-based microfluidic
system can produce approximately 1000 droplets, which
makes them suitable for sorting applications. The manipu-
lation of individual droplets at high throughput has gained
much attention in recent years; however, the key advantage
of this technology is its throughput rather than individual
droplet manipulation [39].

Usually, electrodes are patterned on a silicon or glass
substrates to design a channel-based microfluidic electro-
chemical detection system [40]. Subsequently, a polymer-
based substrate containing numerous microchannel networks
is bound to the glass substrates. Conventionally, compact
discs, silicon and glass substrates are commonly used in the
construction of electrodes [40]. In few cases, the channel
inlets contain discrete counter and reference electrodes [40].

Messina et al. [41] developed a novel continuous-flow
microfluidic-based immunosensor for sensitive and selective
detection of interleukin-6 in human blood serum samples in
which the anti-IL-6 monoclonal antibodies immobilized on
a 3-aminopropyl modified controlled-pore glass were packed
in a central microchannel of the microfluidic system. Espe-
cially, microfabricated biochip from Plexiglas was equipped
with gold working electrode, platinum wire counter elec-
trode and Ag/AgCl reference electrode. This microfluidic
immunosensor showed a detection limit of 0.41 pg mL™!
with a reproducibility of 6.5% RSD. The electrochemical
detection system coupled with continuous-flow microflu-
idics has received considerable attention in the construc-
tion of miniaturized prostate specific antigen sensors due
to its high sensitivity and small injection volume. For an
instant, Panini et al. [42] proposed a sensitive and selective
analytical method for quantifying prostate-specific antigen
in human blood serum samples by coupling a continuous-
flow microfluidic system with an electrochemical detector.
Panini et al. [42] deposited carbon nanotubes/horseradish

peroxidase/anti-tPSA on the glassy carbon electrode surface
in order to fabricate GC/CNT/HRP/anti-tPSA working elec-
trode in a microfluidic microfabricated Plexiglas biochip.
Under optimized experimental conditions, the fabricated
microfabricated biochip was able to detect prostate-specific
antigen with a low detection limit of 0.08 pg L™ and a repro-
ducibility of 4.5% RSD. In another work, Lin et al. [43]
reported a novel hybrid polydimethylsiloxane-glass chip
for hydrogen peroxide detection. They used droplet-based
microfluidic electrochemical detection system as a platform
for highly sensitive and selective detection of hydrogen per-
oxide with a sensitivity of 1.2 A M~! cm™2, a reproducibility
of 1.1% RSD and a low limit of detection of 0.12 uM.

Glucose detection in the human blood serum with the
aid of electrochemical sensors utilizing bulk electrodes
is broadly discussed topic. However, there have been few
studies investigating the electro-analytical performances
of microfluidic chip-integrated electrochemical glucose
sensor. For an instant, Gu et al. [15] reported microfluidic
microfabricated chip using Pt nanoparticles as an efficient
biosensing platform for the detection of glucose in human
blood serum samples (see Fig. 1). The microfluidic chip was
constructed based on poly(dimethylsiloxane) (PDMS) using
soft lithography and comprised of a tapered tip enclosed
fused-silica capillary with a Pt-black working electrode, a Pt
wire counter electrode and an Ag/AgCl reference electrode.
The resulting microfluidic sensor exhibited a linear response
of up to 43.5 mM glucose with a reproducibility of 2.65%
RSD. The impurities present on the surface of PDMS can
also affect the response of microfluidic sensor. Bubendorfer
et al. [44] recently reported the contamination of PDMS with
residues of antimony containing photoinitiator.

The literature contains numerous proposals for the use
of miniaturized bioanalytical devices in performing elec-
trochemical detection on droplet-based microfluidic plat-
forms. For example, Rattanarat et al. [14] used soft lithog-
raphy technique to fabricate microfluidic microchips for the
detection of 4-aminophenol in various pharmaceutical par-
acetamol products (see Fig. 2). The detection process was
performed electrochemically with the assistance of droplet-
based microfluidic electrochemical sensor. The microchan-
nel networks were patterned to extend the aqueous micro-
droplets to cover all three electrodes, including carbon paste
reference electrode, graphene—polyaniline modified carbon
paste working electrode and carbon paste counter electrode.
The fabricated microfluidic electrochemical sensor showed
good linearity in the range of 50-500 uM of 4-aminophe-
nol concentration with detection and quantification limits of
15.68 uM and 52.28 uM, respectively.

Droplet-based microfluidic microchips coupled elec-
trochemical sensors have also been extensively applied
for quantitative and qualitative analysis of b-glucosamine
products, especially during the manufacturing process. For

@ Springer



Journal of Analysis and Testing (2019) 3:3-18

Fig. 1 a Schematic illustration
of the principle of concentra-
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tion gradient generation. b

Electrochemical sensor based
on microfluidic droplets. ¢ Elec-
trochemical detection of glucose
in a droplet. d Microphoto-
graph of droplet concentration

gradient generation module. B Buffer
Red dye solution was used for

better observation. Scale bar \
1.0 mm. e The average disper-

sion coefficient vs. droplet From

number obtained from three capillary

consecutive injections of 1 mM
hydrogen peroxide. f Current
responses to hydrogen peroxide
produced by the enzyme reac-
tion as a function of glucose
concentration for three different
enzyme concentrations 0.1, 0.5,
1.0 mg L™L. Each was measured
for three repetitive injections
(RSD <5%). g The Lineweaver—
Burk plot for glucose concen-
trations was ranging from 0.2

to 43.5 mM, resulting in a K,
value of 31.06 mM. The inset
shows the current response to
hydrogen peroxide produced

by the enzyme reaction as a
function of glucose concentra-
tion. GOx: 1.0 mg L™, glucose:
1 mM, applied potential: 0.7 V,
total flow rate: 3.6 mL min~!

oil flow rate: 1.2 mL min~",
injection time: 30 s Figures
modified from Ref. [15] and F
used with permission
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example, Suea-Ngam et al. [45] fabricated an integrated
platform consisting of an electrochemical p-glucosamine
sensor and a droplet-based microfluidic microchip for p-glu-
cosamine detection (see Fig. 3). The proposed microfluidic
microchip was fabricated based on PDMS using soft lithog-
raphy technique in which all three electrodes were inserted
into the microchannels of the patterned PDMS plate. The
polyaniline-gold nanoparticles-modified carbon paste was
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used as a working electrode and the bare screen-printed
carbon paste was employed as counter and reference elec-
trodes. The microfluidic electrochemical sensor was shown
to achieve a detection limit of 0.45 mM with a sensitivity of
7.42%x107° Amol™' L em™

Several recent studies have integrated electrochemi-
cal sensors with microfluidic microbiochips to improve
the detection limits of dopamine and ascorbic acid for
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Fig.2 a Schematic of micro-
channels (top) and electrode
patterns (bottom). b An electro-
chemical batch cell (left) and a
microfluidic device comprising
of main channel and confined
channel coupled with micro-
band electrodes (WE working
electrode, CE counter electrode,
and RE reference electrode). ¢
Comparison of cyclic vol-
tammograms of 1 mM 4-AP
obtained from the G-PANI/CPE
and bare CPE at a scan rate

of 0.1 Vs~!. d Cyclic voltam-

mograms of 1 mM 4-AP at the 30 30 D
G-PANI/CPE with various scan
rates in the range of 0.01-0.2
Vs~!. e Peak currents of 4-AP 10 -
as a function of the square root o L
scan rate (v'"%). f Square-wave < =
voltammograms of 4-AP and 2 2
PA (0-0.2 mM) at the G-PANI/ % % -10 |
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quantitative analysis of dopamine and ascorbic acid in
intravenous drug samples. For example, Suea-Ngam et al.
[46] reported a droplet-based microfluidic platform for
chronoamperometric detection of dopamine and ascorbic
acid in millimolar concentrations comprising a main chan-
nel and a confined microchannel with three screen-printed
carbon paste electrodes. The experimental results exhibited
that the microfluidic electrochemical sensor could detect
dopamine and ascorbic acid with detection limits as low as
20 and 70 uM in the concentration ranges of 0.02-3.0 and
0.04-3.0 mM, respectively.

Potential (V) vs. CPE

Many studies have shown that enzyme-modified micro-
electrodes are highly effective in improving the specificity
of droplet-based microfluidic electrochemical devices and
minimizing interferent effects. Itoh et al. [47] performed an
amperometric detection of adenosine-5'-triphosphate (ATP)
using a droplet-based microfluidic device in which reagent
solution and extracts from fish were processed in the form of
microdroplets to determine fish freshness. The microfluidic
device from PDMS substrate was equipped with glycerol
kinase/glycerol-3-phosphate oxidase modified Pt as a work-
ing electrode, a Pt wire as a counter electrode and Ag/AgCl
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Fig.3 a A microfluidic device
consisting of two PDMS layers.
The top PDMS plate contains

a main channel (500 mm

wide and 100 mm deep) and

a confined channel (50 mm
wide, 100 mm deep and 1 cm
long) as a detection window.
The bottom PDMS plate has
three parallel channels (500 mm
wide and 100 mm deep) screen
printed with carbon paste to

be used as working, counter
and reference electrodes (WE,
CE and RE, respectively). The
working electrode was modified
with PANI and AuNPs. The
distance between each electrode
is 500 mm. b A well-like device
with a 0.8 mm punched hole to
serve as a reservoir. ¢, d SEM
images of PANI microfibers
with AuNPs. e Chronoampero-
metric readout of a concentra-
tion series of GlcN from 0

to 5 mM. The inset shows an
example of current measure-
ment of a droplet peak. The
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as a reference electrode. The developed microfluidic elec-
trochemical sensor could rapidly detect ATP in fish extracts
within 20 s.

4 Paper-Based Microfluidics Coupled
Electrochemical Detection System

Paper-based microfluidics involves manipulation of small
volumes of fluids in which paper is used as a substrate
to enable passive liquid transport [48—56]. Paper-based
microfluidic devices are designed to create hydrophobic
and hydrophilic patterns that allow the sample solution to
move within the microchannels [48-56]. Several fabrication
techniques have been used to create hydrophilic/hydropho-
bic patterns on the paper substrate, including flexographic
printing, photolithography, inkjet printing and wax printing
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[48-56]. Paper-based microfluidics coupled electrochemical
detection systems have received considerable attention in
recent years due to their flexibility, rapid analysis, low-cost
design, ease of implementation and disposability [48-56].
Liquid transport through microchannels in paper-based
microfluidic system is particularly advantageous because it
does not require any external driving force to pump liquid
samples [48-56]. For all these reasons, the use of paper-
based microfluidic electrochemical detection system as a
point-of-care testing diagnostic tool has received paramount
attention in the rapid and selective detection of biomarkers
[48-56].

In most cases, pH strips use paper-based microfluidic plat-
form for sensing applications in which the reagent changes
color upon reaction with the target analyte [48-56]. The
sensing element patterned on paper substrates includes some
or all of membranes modified with (1) biomolecules-like
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DNA, antibodies and enzymes, and (2) nanoparticles e.g.,
metal nanoparticles, metal oxide nanostructures, carbon
nanotubes, graphene, quantum dots, hydrogels, polymeric
nanoparticles, etc. [48—56]. In the design and development
of a paper-based microfluidic electrochemical sensor, a
three-electrode system consisting of a working electrode,
a counter electrode and the reference electrode is printed
on the paper [48-56]. Such a pattern on paper substrates
could replace the conventional electroanalysis using working
electrodes such as gold, silver and glassy carbon [48-56].
The common conductive inks employed to create micropat-
terns on paper substrates are carbon and silver/silver chlo-
ride inks [48-56]. The carbon inks are extensively used in
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Fig.4 Schematic of the processes to fabricate a paper-based micro-
fluidic electrochemical immunosensor. a Chromatography paper
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sist-covered paper was irradiated with a UV lamp under photomask.
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the fabrication of counter and working electrodes, whereas
silver/silver chloride ink is utilized in the fabrication of ref-
erence electrode [48-56].

Electrochemical sensors based on paper-based microflu-
idic platform enhance interaction between the target analyte
and the biorecognition element. Cao et al. [31] developed
a paper-based microfluidic coupled electrochemical sensor
using a new nanocomposite consisting of primary signal
antibody, gold nanoparticles and alkaline phosphatase con-
jugated secondary antibody (ALP-IgG/GNPs/Ab,) for highly
sensitive and selective determination of chorionic gonado-
tropin in human blood serum samples (see Fig. 4). Photo-
lithography technique was utilized to fabricate paper-based
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hydrophobic zone, respectively. g Covalently immobilize capturing
antibody to aldehyde groups on hydrophilic zone of SPEs. Figures
modified from Ref. [31] and used with permission
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microfluidic immunosensor. The fabrication of microfluidic
immunosensor comprised two layers: the top and bottom
layers on aldehyde-functionalized paper were screen printed
with carbon and Ag/AgCl inks, respectively, utilized as
working and reference electrodes. The developed microflu-
idic paper-based electrochemical immunosensor displayed
good linearity in the range of 1x 107>~100 TU mL" of cho-
rionic gonadotropin concentration with a detection limit of
0.36x 107 UmL™".

Despite the intense research of constructing low-cost
electrochemical sensors for 17f3-estradiol detection, the size
of macro-working electrodes impedes the research progress
of electrochemical 17f-estradiol sensors. To overcome these

Fig.5 a Overview of the
integrated paper-based elec-
trochemical immunodevice:

(1) microfluidic channel, (2)
filter hole, (3) screen-printed
counter electrodes, (4) screen
printed reference electrodes,
(5) reaction sites, (6) screen-
printed working electrodes. b
Picture of the integrated device
and its specific size. ¢ The
modification procedure of the
working electrode of paper-
based immunosensor. d DPV
responses to different concentra-
tions of 17B-E2 standard solu-
tions in 0.1 M PBS solution,
pH 7.4. e Calibration curve of
the microfluidic paper-based
immunodevice towards 17p-E2.
Figures modified from Ref. [57]
and used with permission
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limitations, Wang et al. [57] fabricated paper-based micro-
fluidic electrochemical 17p-estradiol sensor to investigate
the electrocatalytic behavior of multi-walled carbon nano-
tubes/thionine/gold nanocomposites towards 17f-estradiol
(see Fig. 5). They developed a label-free integrated micro-
fluidic paper-based analytical device using wax printing
technique for point-of-care diagnosis of 17p-estradiol. The
developed microfluidic paper-based sensor exhibited good
linearity in the range of 0.01-100 ng mL~" of 17p-estradiol
concentration with a detection limit of 10 pg mL~".

The commercial glucose sensors have gradually evolved
from electrochemical sensors to paper-based microfluidic
electrochemical glucose sensors, as they require only tiny
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n

(UL or nL) sample for electroanalysis. For an instant, Tran
et al. [58] developed a non-enzymatic glucose sensor based
on single-walled carbon nanotubes (SWCNTs) electrode
modified with gold nanoparticles (see Fig. 6). The SWCNT
patterns fabricated on nitrocellulose membrane were used
as a paper-based microfluidic platform for controlling the
movement of glucose droplets. The cyclic voltammet-
ric response of fabricated microfluidic paper-based elec-
trochemical glucose sensor was found to be linear in the
range of 0.5-10 mM with a detection limit of 148 uM and

Fig.6 a Schematic illustration
of SWCNT patterning on NC
membrane. b FE-SEM images
of wax-printed NC membrane
before SWCNT filtration. ¢
FE-SEM images of wax-printed

NC membrane after SWCNT

filtration. d FE-SEM image

of SWCNT patterned NC .
membrane. e Optical image Wax-printed
of SWCNT patterned NC NC membrane

membrane. Figures modified
from Ref. [58] and used with
permission

rs

a sensitivity of 240 uA mM~!' cm™2. An interesting strategy
for the impedimetric determination of interferon-gamma
by Ruecha et al. [59] is reported, in which paper-based
microfluidic device coupled with label-free electrochemi-
cal impedance immunosensor was used as a sensing plat-
form. The developed paper-based microfluidic device was
constructed using wax printing technique. Subsequently,
the three-electrode system was fabricated by screen print-
ing Ag/AgCl, carbon and graphene modified inks onto the
hydrophilic reservoir. Polyaniline is coated on the surface of

SWCNT solution
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graphene screen-printed paper electrode to construct an elec-
trochemical interferon-gamma sensor. Interestingly, the fab-
ricated electrode is found to be linear in the 5-1000 pg mL ™!
range of human interferon—gamma concentration with a
detection limit of 3.4 pg mL~!.

Recently, microfluidic paper-based alpha-fetoprotein sen-
sors have been actively investigated. Cao et al. [60] used
paper patterned with and without polymerized photoresist
as a microfluidic platform. The paper-based microfluidic
channels were constructed using photolithography technique
and the three electrodes, including carbon counter electrode,
Ag/AgCl reference electrode and graphene oxide-tetraeth-
ylene pentamine/nano-gold working electrode, were screen
printed. The proposed microfluidic immunosensor exhibited
wide linearity in the range of 0.01-100 ng mL~! with a low
detection limit of 0.005 ng mL~".

Up to date, microfluidic paper-based electrochemical sen-
sors for glucose, lactate and uric acid are commonly used
in daily life and are commercially successful as portable
devices. Zhao et al. [61] reported a microfluidic paper-based
electrochemical biosensor array for the detection of lactate,
glucose and uric acid in human blood serum samples. They
utilized solid wax printing technique for fabricating micro-
channels on chromatographic paper. A group of three carbon
microelectrodes were connected to eight microchannels for
the multiplexed detection of lactate, glucose and uric acid in
human blood serum samples. The microfluidic paper-based
biosensor array exhibited excellent analytical performance
comparable to that of existing electrochemical sensing
platforms.

In recent years, many efforts have been made to enhance
the sensitivity of electrochemical adenosine sensors by inte-
grating electrochemical adenosine sensor with microfluidic
paper-based microchips. Liu et al. [62] fabricated a self-
powered origami paper microfluidic device and used it as a
sensing probe for ultralow detection of adenosine in human
blood serum samples. The proposed microfluidic paper-
based device consisted of two fluidic inlets, two layers and
microchannel networks bearing two screen-printed carbon
electrodes, which were fabricated using wax printing tech-
nique. The resulting microfluidic electrochemical adenosine
sensor exhibited a sensitivity of 0.48 pA uM~! with a detec-
tion limit of 11.8 uM.

Electrochemical sensors coupled microfluidic paper-
based systems for the monitoring heavy metal ions such
as cadmium, mercury and lead have become popular in
recent years, where low-cost lab-on-chip sensors have been
developed to meet the challenges of environmental water
monitoring. Nie et al. [63] fabricated a microfluidic paper-
based electrochemical sensor to monitor heavy metal ion
levels in soil and groundwater. In this instance, the device
composed of three electrodes was fabricated on a piece of
polyester—cellulose blend paper by screen-printing Ag/AgCl
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and carbon inks. Similarly, microchannel networks in the
proposed microfluidic device were fabricated using the pho-
tolithography technique. The fabricated microfluidic elec-
trochemical lead sensor displayed a sensitivity of 0.17 uA
ppb~! and a wide linear range of 5-100 ppb.

5 Digital Microfluidics Coupled
Electrochemical Detection System

Digital microfluidics, an advanced microfluidic technique,
enables the manipulation of discrete droplets bearing sam-
ples and reagents on a flat surface [64—69]. In most cases,
digital microfluidics employs a two-plate format in which
droplets are sandwiched between the top and bottom hydro-
phobic substrate plates [64—69]. The digital microfluidic
system contains two different types of electrodes, namely
driving electrodes and counter electrodes. Usually, the bot-
tom plate consists of an array of dielectric covered driving
electrodes that are commonly used to control the shape and
size of droplets [64—69]. On the other hand, in top plate, the
counter electrode is typically made of transparent indium-
tin-oxide (ITO)-coated glass.

The electrical potential applied between dielectric cov-
ered driving electrode and counter electrode generates
electrostatic force which can be used to manipulate the
movement of discrete droplets [64—69]. Furthermore, split-
ting, merging and mixing of droplets can be performed by
controlling the electrical potential between the driving and
counter electrodes [64—69]. These digitized droplet actions
are operated and executed with the help of a computer to
perform multiple steps over a short period of time. Owing
to these reasons, digital microfluidics can be used for a wide
range of applications, including biomolecule analysis, chem-
ical synthesis, chip-based diagnostics and single cell manip-
ulation [64—69]. More specifically, in the design of digital
microfluidics-assisted electrochemical sensor devices, digi-
tal microfluidics depends on electrostatic forces, which is
also defined as “electrowetting” in which Laplace pressure
is used as a result of asymmetric variations in the sample
droplets shape [64—69].

In most cases, the digital microfluidic system has great
advantages over other forms of microfluidics. For instance,
digital microfluidics does not require fittings, intercon-
nects, valves or external peristaltic pumps [64—69]. Further,
manipulation of individual droplets at high throughput can
be accomplished [64—69]. The throughput of digital micro-
fluidics can be remarkably enhanced with the fabrication
of devices developed formed from arrays of thin film resis-
tors. Since there is no clogging of microchannels in digital
microfluidic system, it is widely employed in the design and
development of digital microfluidics coupled electrochemi-
cal detection system. Recently, digital microfluidic technique
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that uses magnetic forces to control solid magnetic particles
has emerged as a powerful tool for controlling movements
of droplets on flat surface [64—69].

Although continuous-flow, droplet and paper-based
microfluidics have been successfully used by many groups,
only a few groups employed digital microfluidics for elec-
trochemical analysis due to its easy manipulation of indi-
vidual droplets and low cost. Recently, Ugsornrat et al. [70]
developed a miniaturized digital microfluidic electrochemi-
cal sensor by integrating electrowetting on dielectric digi-
tal microfluidic biochip with an electrochemical detector.
For effective merging of sample microdroplets and buffer
reagent, Ugsornrat et al. [70] constructed T-junction bear-
ing three microelectrodes at its end. The fabricated digital
microfluidic system consumes a low volume of buffer rea-
gent and plays an active role in chemical analysis.

Ruecha et al. [48] proposed a novel strategy for the detec-
tion of uric acid, dopamine and glucose in human blood
serum samples based on a paper-based active microfluidic
lab on a chip integrated with electrochemical sensors. In
this instance, the microchannels in digital microfluidic lab
on a chip were fabricated by paper- and printing-based
modular techniques. The counter and working microelec-
trodes were screen-printed employing a conductive ink of
carbon nanotubes while the reference microelectrode was
screen-printed using a conductive ink of Ag/AgCl. Ruecha
et al. [48] employed graphene-gold nanocomposites modi-
fied screen-printed electrode for the simultaneous detection
of uric acid, dopamine and glucose. The electrode showed
an excellent electrocatalytic activity towards uric acid,
dopamine and glucose. The response is linear in the ranges
5-400 uM (UA), 1-200 uM (DA) and 0.05-6 mM (Glu) and
has low detection limits of 5 uM (UA), 0.5 uM (DA) and
0.05 mM (Glu), respectively.

Extensive efforts have been put forth to design digital
microfluidic electrochemical sensor system for the simul-
taneous determination of multi-pulmonary hypertension
biomarkers. Lee et al. [71] integrated digital microfluid-
ics with electrochemical detection system for multiple and
simultaneous electrochemical detection of biomarkers asso-
ciated with pulmonary hypertension, namely 8-isoprostane,
low-density lipoprotein, adiponectin and fibrinogen. The
proposed microfluidic electrochemical sensor consisted of
five chambers which can be individually controlled employ-
ing pneumatic microvalves to control the flow movement of
multiple reagents and testing samples. The resulting sensor
is found to be highly sensitive and selective towards pulmo-
nary hypertension-associated biomarkers.

Microfluidic device coupled with complementary metal
oxide semiconductor (CMOS) has been designed to propose
as an electrochemical imaging system [72]. The developed
microfluidic device comprised 64 subarrays in which rec-
tangular reference electrode, 64 pairs of electrodes, 128

C-shaped electrodes and rectangular counter electrode are
enclosed. The outermost layer of microfluidic CMOS bio-
sensor chip consisted of Pt, Au and Ti metal layers to main-
tain biological compatibility and electrical conductivity. The
interdigitated micro-working electrode array coupled with
microfluidic device detected changes in the release of caf-
feine-stimulated catecholamines from live slices of adrenal
tissue with enhanced sensitivity.

Although many research groups have already proposed
electrochemical potassium sensors using three electrode
system, despite their originality of work, they exhibited
poor sensitivity, and require sophisticated laboratory instru-
ments, sample pre-treatment and well-trained personnel. To
develop a low-cost miniaturized electrochemical potassium
sensor with enhanced sensitivity, digital microfluidic device
is coupled with electrochemical potassium sensor. For an
instant, Farzbod et al. [9] integrated potassium selective
sensor array with digital microfluidic platform on a micro-
chip (see Fig. 7). The on-chip fabrication of microelectrodes
involves three steps: (1) electroplating Ag, (2) formation of
AgCl layer and (3) deposition of ion-selective membranes
on microelectrodes. The fabricated digital microfluidic elec-
trochemical sensor detected potassium ion in human blood
serum samples by measuring the voltage difference across
the membrane layer.

The fabrication of digital microfluidics microchip by
screen printing technique and its integration with an elec-
trochemical sensor on a single plate substrate have been
employed for ultralow detection of analytes in human blood
serum samples. Ugsornrat et al. [73] coupled digital micro-
fluidic chip with graphene—carbon screen-printed electro-
chemical sensor for the rapid detection of hydrogen peroxide
with minimal reagent consumption. The digital microfluidic
chip designed by electrowetting on dielectric consists of two
parts: (1) T-junction for merging sample droplets and buffer
reagent and (2) a three electrode system, including a silver/
silver chloride paste reference electrode, a graphene—carbon
paste counter electrode and a graphene—carbon paste work-
ing electrode. The resultant microfluidic sensor could rapidly
detect hydrogen peroxide within 20 s. Another well-executed
demonstration of a digital microfluidic microchip-based
screen-printed electrochemical sensing platform is proposed
by Ugsornrat et al. [74]. They fabricated electrowetting on
dielectric microchip on single plate substrate, includes three
screen-printed electrochemical detectors and a T-junction. In
this, the digital microfluidic device mixed microdroplets of
L-ascorbic acid and buffer reagent and the electroanalysis is
performed. From the experimental results it is evident that
the total analysis time, including microdroplet mixing and
electroanalysis, is less than 20 s.

One of the major demerits of automation of the
digital microfluidic system is the lack of synchroniza-
tion. To overcome this issue, Ezra et al. [75] utilized a
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Fig.7 On-chip ion-selective
electrodes fabrication and
calibration procedure. Step (1)
is dispensing a droplet from Ag
plating solution reservoir and
transporting it to sensor elec-
trode for electroplating Ag on
patterned Au as seed layer, Step
(2) is chemical oxidation of Ag
layer with HCI solution using
EWOD electrode for precise
manipulations, Step (3) is form-
ing a thin layer of ion-selective
membrane on a sensor electrode
and Step (4) is serial dilution for
on-chip calibrating of the sen-
sor. Figures modified from Ref.
[9] and used with permission

microprocessor-based control unit to integrate the digital
microfluidic platform with the electrochemical lactate sen-
sor. The digital microfluidic device consisted of micro-
electrodes, digital and discrete analog components. In this
device, Ezra et al. [75] used a microfluidic multithreaded
control circuit to control two solenoid valve manifolds and
pressure regulators. The proposed microprocessor-based
digital microfluidic system could perform multiple pro-
cesses, including washing, automated sampling and elec-
trochemical lactate sensor calibration. In another work,
Karuwan et al. [67] combined electrowetting-on-dielectric
digital microfluidic device with an electrochemical sensing
system for quantitative analysis of iodide in real samples
(see Fig. 8). The proposed microchip consisted of a T-junc-
tion for merging sample droplets and buffer reagent and a
three electrode system, including Ag reference electrode,
Pt counter electrode and Au working electrode, which were
fabricated on glass substrate by lift-off process. The useful-
ness of the fabricated digital microfluidic sensor towards
iodide is studied by cyclic voltammetry and the electroa-
nalysis is completed within 12 s.

6 Conclusions and Future Perspectives

In this review, we provided a comprehensive overview of
basic concepts of the microfluidic technology and develop-
ments in the fabrication of digital, continuous-flow, droplet
and paper-based microfluidics for biosensing applications.
And also, for each type of microfluidic electrochemical
detection system, the working principles, construction, mer-
its and demerits, basic implementation and state-of-the-art
developments in the detection methods have been described
in detail. Even though these microfluidic electrochemical
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sensors are advantageous for point-of-care testing, there are
still numerous technical challenges remain to be overcome.
For an instant, evaporation of droplets may cause serious
issues in the manipulation of droplet movement. In addition,
retention issues may also alter the sensitivity and selectivity
of an electrochemical detection system, which would lead to
false predictions. Moreover, during the storage process, the
reagents used in the fabrication of microfluidic devices may
inhibit the active sites of enzyme-modified electrodes. At
present, most electrochemical sensing devices employ con-
ventional three electrode systems. Nevertheless, they offer
a high detection limit and, therefore, microfluidic-assisted
electrochemical sensors are preferred.

The following are the three major obstacles that the
conventional techniques failed to address: (1) difficulty in
commercializing liquid polymer (i.e., PDMS), (2) complex
control systems and (3) non-standard user interfaces. How-
ever, 3D printing appears to be the solution to these issues.
It is very cost effective for making microbiochips. Numer-
oous components have been designed to address the needs
of microfluidics. However, till date, 3D printing could not
achieve expected outcome as that of PDMS manufactur-
ing. Although hydrogels such as polyethylene glycol clearly
show promise in this area, biocompatibility needs to be
resolved with techniques like stereolithography and multi-
jet modeling. It is possible that as the 3D printing technol-
ogy advances, almost all the other methods involved in the
manufacturing of microfluidic devices will be replaced. Fur-
thermore, the customized device manufacturing ability and
simple scale-up can possibly popularize 3D printing as one
of the most preferred commercial manufacturing methods.

Despite interesting advancements in the field of elec-
trochemical biosensor, the application of microfluidic bio-
chips as biosensors still has many obstacles, particularly
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Fig.8 a Layout of electrodes
for T-junction EWOD mixer A
device. b Photograph of glass
substrate with photoresist pat-
tern. ¢ Photograph of glass chip
with EWOD silver electrodes,

d Cross-sectional structure of
EWOD chip and e Photograph
of EWOD chip with three elec-
trode system containing gold
(Au) working electrode, plati-
num (Pt) auxiliary electrode and
silver (Ag) reference electrode
at the end of T-junction. Figures
modified from Ref. [67] and
used with permission
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for point of care diagnosis in resource-limited environ-
ments. For instance, several microfluidic biochips often
use complex detection methods and necessitate expensive
external devices and thereby the use of these biosensors
is inappropriate for in vivo and in vitro diagnostic appli-
cations in low-resource environments. Recently, a wide
variety of add-ons and apps have enabled smartphones
to execute complex functions for personal health moni-
toring. There are several reports in the literature on the
use of powerful smartphones for point-of-care and field
diagnosis. The integration of microfluidic sensors with
smartphone technology could improve the performance
of detection system with respect to specificity and sensitiv-
ity. We believe that microfluidic platforms integrated with
electrochemical detectors is important for the scientific
advancements of bio/chemical sensors in the near future.

Glass substrate
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