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Microfluidic sensors based on two-dimensional
materials for chemical and biological assessments

Sithara Radhakrishnan,† Minu Mathew† and Chandra Sekhar Rout *

There has been an exponential increase in the number of studies of two-dimensional (2D) layered

materials for sensing applications since the isolation of graphene in 2004. These materials serve as a

supporting substrate and an active sensing element in a variety of health care and environmental

applications due to their exceptional and frequently tunable physical, optical, electrical, and

electrochemical capabilities. Microfluidic sensors are a relatively new technology that shows promise in

health care and environmental applications due to quick response, inexpensive and highly sensitive

analysis with high yield. Due to their appealing electrical and electrochemical properties with a variety of

structural features and fabrication processes, 2D materials are a good contender for microfluidic sensor

applications. As a result, these two-dimensional material-based microfluidic devices can provide a well-

controlled microenvironment for both low-cost point-of-care analytics and advanced chemical/

biological analysis. Different 2D materials for microfluidic sensors and their possible use in various health

care and environmental applications including wearable sensors are critically addressed in this review.

Finally, the challenges and prospects for the future of 2D materials in terms of commercial challenges

and long-term sustainability are examined.

1. Introduction

Sensors are electrical devices that typically offer concurrent
information on the system’s composition by connecting the

recognition element to a transducer.1 A perfect sensor would
have the highest possible throughput, user-friendly selectivity,
and sensitivity, capable of in-field operation, and affordable in
cost. It should also meet the world health organization’s
standards for portable sensors.2 Microfluidic devices, from
these perspectives, are fascinating technologies for accomplish-
ing Lab-on-a-Chip (LOC)-based point-of-care applications.3

Sensors employed in a microfluidic platform are referred
to as ‘‘Microfluidic Sensors.’’ Microfluidics is an entirely new
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field that manipulates fluids in channels as small as tens
of micrometers in diameter.4 The key advantages of these
microfluidic systems include regulated liquid flow, minimal
reagent and sample use, rapid analysis, system compactness
and parallelization, reduced waste generation, along
disposability.5,6 Previously, microfluidics was primarily con-
cerned with incorporating microsensors with fluidic elements
(pumps, actuators and valves, so on) and the miniaturization of
analytical assays. Micro-fabricated structures were then used
to create Micro Total Analysis Systems (mTAS) and LOC. The
significant difference between these two was explained by
Gupta et al., where mTAS refers to integrating the entire
sequence of lab procedures to perform chemical analysis.
In contrast, LOC refers to integrating one or more lab processes
onto a single chip.7

A range of life science areas, including cell biology, genetic
studies, and protein analysis, have benefited from the minia-
turization of these microfluidic devices.8 Current research is
focused on the creation of sensors for microscale measure-
ment. These devices are now primarily used in various fields of
study, including biology, biomedical sciences, chemistry, and
engineering.9,10 Microfluidic devices are not only small but may
also be used as a platform for analysis systems. Combining
the extraordinary features of nanomaterials with microfluidic
sensors improves selectivity and sensitivity and has stimulated
interest in a broad range of applications. Nanomaterials have a
lot of potential in the field because of their biocompatibility,
catalytic efficiency, quantum size effect, electrical conductivity,
Raman spectrum effect, reactivity, surface and interface effects,
and other features of microfluidic sensors.11,12 Nanomaterials
can be used to support nanostructure electrodes or act as signal
enhancers, labels, and label supports in microfluidic sensors.10

Among these gold and platinum nanoparticles are frequently
used as electrodes in microfluidic sensors. Main drawbacks of
metal nanoparticles are their small potential window and fouling/
passivation produced by contact with materials. Compared to
metal nanoparticles, carbon nanomaterials-based electrodes
are more stable over a wide potential range and less prone to
fouling.13 Carbon nanomaterials, including carbon nanohorns
(CNHs), carbon nanotubes (CNT) and carbon nanospheres
(CNSs), have already been proven tremendous success in micro-
fluidic sensors.10 Among these CNTs have received the most
significant attention due to their exceptional mechanical and
electrochemical properties and high thermal and electrical
conductivity. However still, their one-dimensional (1D) nature
poses a significant problem during fabrication.14 Alternatively.
graphene derivatives are gaining popularity among these
carbon nanomaterials due to the higher adhesion offered by
its flat 2D shape and greater availability of active sites.10

Graphene’s unique and exotic features include its ultra-light
honey comb structure with a planar density of roughly
0.77 mg m�2 and super thinness (0.35 nm). Because of these
features, graphene has piqued the interest of many researchers
in the manufacture of microfluidic sensors, and its applications
have already been addressed by Chen et al., Sengupta et al., and
others.5,15 Inspired by these graphene-based microfluidic
sensors in 2015, Yang et al., for the very first time, fabricated
a microfluidic sensor using MoS2 for fluorescent DNA
detection.16 MXene, a novel material recently added to the 2D
material family, may also help overcome existing microfluidic
sensors issues. This material, which has excellent biocompat-
ibility as well as outstanding electrical conductivity, is ideal for
microfluidic sensors.17 The importance of all these 2D materials
in microfluidic sensors is shown in Fig. 1.

Biosensors are advancing due to breakthroughs advancements
in manufacturing processes and device integration; according to
Frost & Sullivan, the global biosensor industry is poised to
increase at a compound annual growth rate (CAGR)of 12 percent
from $17.7 billion in 2018 to $31.2 billion by the end of 2023, up
from $17.7 billion in 2018.18 Given their immense potential for
sensing applications, it’s shocking that two-dimensional (2D)
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materials are still neglected in the field of microfluidic sensors.
Although various publications have detailed the most recent
achievements of graphene-based microfluidic sensors and LOD
for detecting a broad spectrum of analytes from biomolecules to
gases and water pollutants, more research is needed.5,12,15 Further
research is required despite recent improvements in graphene-
based LOD and microfluidic sensors for detecting a wide range of
analytes, including biomolecules, gases, and water pollutants. To
the best of our knowledge, there is no comprehensive literature
review report on the application of 2D material-based microfluidic
sensors and their capacity to detect a broad range of analytes.

Furthermore, MXene, TMD, and MOF-based microfluidic
sensors are new, with no comprehensive review study available.
As a result, a current review concentrating on 2D nanomaterial
microfluidic sensors is needed to highlight the advantages of
2D nanomaterial-based microfluidic sensors and to provide
ideas for further increasing sensor performance/fabrication
for real-world applications. Current breakthroughs in gra-
phene, TMD, MXene, and MOF-based microfluidic sensors will
be discussed in this review, with a focus on biomolecule, water
and gas pollutant detection. Quick and low-concentration
detection using 2D microfluidic sensors are the most appealing
advantages of microfluidic sensors. They enable early contami-
nant detection, early disease diagnosis, and steady environmental
monitoring, as well as time savings for routine low-concentration
examination. We also look at the benefits and drawbacks of 2D
nanomaterial microfluidic sensors and provide recommendations
for future studies in this area. We make a concerted effort to
emphasize the most important work that may be found using
Google Scholar, SciFinder, Web of Science and Scopus. In this

case, a literature search was conducted using the Scopus database
and the keywords ‘‘microfluidic sensor’’ and ‘‘graphene + TMD +
MXene + MOF’’ to select papers for review. The number of articles
published in 2D material-based microfluidic sensors is shown in
Fig. 2.

1.1 Why 2D materials?

In 2007, Pokropivny and Skorokhod classified nanomaterials
into 0D, 1D, 2D and 3D based on their confinement.19,20

Compared to other nanomaterials, two-dimensional materials
have numerous advantages which makes them highly desirable
for their application in microfluidic sensors. Firstly, they have
high surface–area-to-volume ratio, enabling a wide range of
interactions between two-dimensional material and analytes.21

Fig. 1 Importance of 2D materials in microfluidic sensors.

Fig. 2 Number of papers published in 2D material-based microfluidic
sensors.
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This enhanced interaction property was utilized to design and
develop sensors for the quantitative detection of alkali, gas, and
heavy metals to biologically relevant molecules (e.g., lactate,
glucose, DNA and protein).20,22 Further, the high surface to
volume ratio property imparts some additional benefits, including
greater amount of active sites,and easy surface functionalization.
Secondly, 2D materials exhibit a broad spectrum of conductivity,
which can be further fine-tuned by configuration and morphology
engineering, enabling effective signal transduction via a molecular
binding event.23 Additionally, dimensionality engineering metho-
dology can be adopted to tune the inherent characteristics of the
2D materials, such as their fluorescence, conductivity, reactivity,
and magnetic permeability.20 Aside from the above mentioned
benefits 2D nanomaterials are advantageous in terms of their
device integration compatibility.24 Especially, they have excellent
compatibility with the existing ultra-thin silicone channel technol-
ogy, while the integration of the device in 0D materials is difficult,
it is challenging to develop electrical contacts with 1D materials
and miniature devices with 3D materials.25 Finally, we believe that
for future generation microfluidic sensors: the below mentioned
properties of 2D materials will be highly beneficial (1) atomically
thin two-dimensional material nanosheets offer a greater surface
area due to the full surface exposure of the atoms; (2) comparing
the basal plane of two-dimensional materials edge sites is chemi-
cally more reactive; and the open space of van der Waals allows
electrolyte intercalation and (3) with their flexibility and robust
laminar structure, 2D materials could be easily integrated into
microfluidic beds and flexible wearable sensors.22,26

1.2 Fabrication of microfluidc devices

The methodologies usually employed for the manufacturing of
microfluidic sensors can be split into two major groups: top-
down and bottom-up. Top-down involves large-scale patterning
and reduction of lateral dimensions to the nanoscale. Top-down
approaches are further subdivided into three types (i) surface
machining (ii) film/bulk machining and (iii) mold-machining.
Bottom-up techniques use highly regulated chemical reactions to
arrange atoms or molecules to form nanostructures. Table 1

summarizes the advantages and disadvantages of these fabrica-
tion strategies.

1.3 Detection principles of microfluidic sensors

The large-scale integration of numerous microfluidic compo-
nents, such as micropumps, microfluidic mixers, microchannels,
microvalves and other elements to handle and regulate fluids at
the microscale, is involved in integrated microfluidic devices.27

They are widely employed in biological, chemical, and medicinal
research. There have already been numerous thoughtful review
articles on related topics.27–30

In the realm of chemical, biological diagnosis, or analysis on
microfluidic devices, various detection methods are available.
Microfluidic detection methods are divided into three cate-
gories: mass spectrometry methods,31–33 electrochemical34–36

and optical methods.29,37,38 Because of their selectivity and
sensitivity, electrochemical and optical approaches are the
most commonly used. In addition to the basic technologies
mentioned above, methodologies such as acoustical,39,40

nuclear magnetic resonance (NMR)41,42 spectroscopy and
magneto-resistive43 are being combined with microfluidics for
sensing applications. As shown in Fig. 3, the common optical
detection methods include direct detection by detecting light
properties such as absorbance,44 luminescence45–47 and
fluorescence48–50-based approaches, as well as light property
modulation detections like surface plasmon resonance (SPR)
detection.51–53 These techniques often include evanescent
waves,54 fibre optics,30 interferometry,55–57 Raman spectro-
scopy,58,59 SPR and optical waveguides.30

Electrochemical measurements, which are typically used to
detect electroactive species, are based on electrical property
modifications of analyte species that undergo redox reactions.
There are three types of measurements: amperometries,60–62

conductometry63,64 and potentiometry measures.65 The princi-
ples of these methods was already been reviewed.

Mass spectrometry (MS) is capable of performing extremely
selective detection by tracking the route of ions in magnetic
and/or electric fields, revealing the ions’ mass and charge.66

Table 1 Fabrication techniques of microfluidic sensors

Fabrication
techniques Advantages Disadvantages

Chemical wet
etching

Simple process, cheap, high selectivity with controllable etching rate Chemical contamination, orientation dependant,
under cutting and poor repetability

Plasma etching High reproducablilty, easy to control, high feature resolution and no
liquid chemical waste

Poor selectivity, high cost, potential radiation
damage

Soft lithography Low cost, ability to manufacture 3D geometries, and great resolution
(down to a few nm)206

Pattern distortion, prone to defect206

Optical
lithography/
conventional
photolithography

Microscale features benefit from high wafer throughputs207 Typically, a smooth surface is required to begin
with, with chemical post-treatment required207

Injection
molding

Complex geometry, fine details, and 3D geometries are simple to pro-
duce, with a low cycle time, large production, and high automation208

Exclusively used for thermoplastics, expensive
mould, difficult to produce huge undercut
shapes208

Hot embossing Microstructure replication that is cost-effective, precise, and quick, as
well as mass production209

Complex 3D structures are difficult to construct
since they are limited to thermoplastics209

Laser
photoablation

Large format production, rapid210 Limited materials, multiple treatment sessions210
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Its major application is in proteomic investigations for protein
separation and identification based on protein fragmentation
patterns. There are two methods for identifying following
separation. The first method is direct detection, which involves
searching through the database utilising the different types of
proteins obtained. Tandem MS is a more complex method for
obtaining protein fragments/ions for sequence tagging.67 For
this application, numerous MS configurations30,68,69 have already
been designed to connect with microfluidic devices which is
shown in Fig. 3.

Other approaches, such as NMR spectroscopy, have been
investigated for use in microfluidic detection in addition to the
three basic categories. It is a well-developed detection approach
in life sciences and chemistry that makes use of the magnetic
characteristics of nuclei, as well as chemical shift Knight
shift and/or the Zeeman effect, for detection. Biological and
chemical analyte species such as proteins and nucleic acids can
be detected using NMR spectroscopy. However, the low sensi-
tivity of standard NMR detection techniques has limited its
employment in microscale systems. Despite the technological
obstacles, NMR remains a viable alternative to optical or
electrochemical technologies for microfluidic applications:
It does not have the problem of optical accessibility for the ROI,
and the data acquisition time is substantially quicker, making
time-resolved studies more easier; it has superior detection
pervasiveness than electrochemical approaches, which are limited
to electroactive substances. As a result, resolving the weak NMR
signal problem in microsystems, whether by signal augmentation

or better detection instrumentation, will open the door to a wider
range of NMR lab-on-a-chip applications.30

1.4 Applications of microfluidic sensors

Microfluidic sensors have been widely used in various life science
and medical detection reserach and applications. There have
already been numerous thoughtful review articles on related
topics. Gao et al. summarised the applications of microfluidic
chip technology in food safety sensing.70 Its application in
biomedical field was reviewd by Pattanayak et al.71 also in the
field of environmental analysis was summarized by Zhang et al.72

Microfluidic sensors also allow for the creation of quick, sensitive,
and portable diagnostic tools, allowing for the rapid and accurate
identification of a wide range of infections and its application in
pathogen sensing was reviewed by Marihofer et al.73

2. Graphene-based microfluidic
sensors

Due to its outstanding sensitivity to electronic disruptions
when target species (biological, gas or chemical) interact,
graphene is now being researched and developed as biological,
physical, and chemical electronic sensors for targets such as
different biological agents, chemical species, and gases. The
ever-increasing usage of sensors in society and the growing
demand for devices with the following characteristics: high
performance, low power consumption and cost, which is crucial

Fig. 3 Detection principles of microfluidic sensors.
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for portable or distant applications, has motivated these research
endeavors.74–76 The effectiveness of sensing instruments is highly
dependent on the materials used and the design concepts used.
Graphene has enormous potential as a sensor material for
applications such as LOD, point-of-care, environmental, and
industrial monitoring in this regard. Indeed, it has been proposed
that graphene technology could develop low-cost, compact
sensors with previously unimagined capabilities.77 The advan-
tages of graphene-based microfluidic sensors include rapid
diagnosis, real-time detection, low-cost, multi-target analysis,
automation, small sample volume, and higher selectivity and
sensitivity.78 So far, there have been numerous reviews of
graphene-based microfluidic devices. In 2018, Chen et al. pub-
lished the first review of graphene-based microfluidic devices
for different applications such as contaminant detection, virus
and bacteria detection, glucose and protein detection, and
sensor applications. However, research on graphene-based
microfluidic sensors and LOD is still in its early stages, despite
predictions that the point-of-care application will be a hot
topic.79 Chaudhery Mustansar Hussain and Joydip Sengupta
published a review on graphene-based LOD devices the follow-
ing year, attempting to provide insight into point-of-care
devices as well. This paper examines the critical applications
of graphene-based microfluidics, including everything from
detecting chemical food pollutants to detecting retinal electrical
signals and even early stage cancer diagnosis, as well as the
fabrication method for graphene-based LOCs (2). In the same
year M. Materón et al. discussed about graphene based micro-
fluidic and chip devices for detection of biomolecules.78 Wu et al.
published a review on graphene-based microfluidic sensors in
2020, which includes graphene-based microfluidic FET sensors,
optical sensors, and biosensors for chemical and biomolecular
detection.80 Microfluidic sensors based on graphene can be
classified according to applications, such as chemical and bio-
logical analysis and other applications. Biological applications are
further subdivided into those used for diagnostic purposes and
those used for biomolecule detection.

2.1 Graphene-based microfluidic biosensors

Graphene and its oxidized counterparts (such as GO, rGO, and
others) have become critical nanomaterials in the domain of
biosensors, notably in the construction of low-cost optoelec-
tronic devices, due to their unique optoelectronic capabilities.
The research purpose of combining microfluidic technology in
biosensing is to implement additional miniaturized devices
capable of high selectivity and sensitivity, small throughput,
fast response and automated testing. The potential benefits
such as portability and high-throughput analysis are realized by
combining microfluidic technology and biosensing, resulting
in intelligent real-time detection. Graphene nanomaterials
could be used to functionalize and recognize a variety of
biological analytes because biomolecules come in a variety of
sizes.80,81

2.1.1 For cancer detection. The gold standard for tumor
identification, confirmation, and classification is still solid
tissue biopsies, which involve the removal of tumor tissue

and subsequent cytological and histopathological examination.
In any case, the procedure is excruciatingly painful and intrusive
which can also result in Inflammation, bleeding, and the spread
of cancerous cells. Furthermore, the number of samples collected
is insufficient in most cases. Because of tumor tissue’s spatial
and temporal heterogeneity, the results may be inconclusive.82,83

On the other hand, tumor tissues shed various components into
the body fluids, including cells, exosomes, proteins and nucleic
acids, which could serve as tumor biomarkers that provide
information similar to tissue biopsies.84 The current biomarkers
for cancer detection were tabulated by Choi et al.85 Although these
fluid biopsies can be taken from any biological fluid, blood is the
most commonly used because it can detect almost all cancer
types. In contrast, saliva or urine can only detect specific types.
Despite this, identifying biomarkers in small quantities using
blood samples is difficult due to diverse cells and chemicals. As a
result, the advancement of sensitive systems for detecting and
analyzing low concentrations of biomarkers in body fluids is a
way to facilitate personalized medicine for cancer treatment.84

Although microfluidic technologies have a lot of potentials,
combining them with two-dimensional graphene improves the
sensitivity and selectivity of microfluidic sensors and can help
detect cancer biomarkers. In 2012, Cao et al. published the first
graphene oxide (GO) based Förster resonance energy transfer
(FRET) microfluidic chip for cancer cell detection. Because the
aptamer-based microfluidic chip was not producing enough
signals, they were inspired to develop this FRET aptasensing
microfluidic device, which takes advantage of graphene’s
fluorescence quenching and DNA adsorption abilities. This
FRET on biosensing microfluidic chips was an excellent choice
for detecting cancer cells, and the aptamer immobilization and
washing steps could be eliminated. This GO-enhanced micro-
fluidic technology is the first graphene-based microfluidic
sensor with significant sensitivity and selectivity for cancer
cell detection.86 Soon after these studies, Wu et al. developed
microfluidic paper-based electrochemical immunodevices to
detect cancer biomarkers using a signal amplification strategy
obtained by incorporating graphene, HRP, and antibody
co-immobilized silica nanoparticles.87 Although several publi-
cations and review papers based on graphene and graphene
derivatives-based microfluidic devices for cancer detection are
available, we are only discussing recent papers, i.e., those
published between 2020 and 2021.

Wu et al. investigated a high-performance microfluidic
sensor for the early detection of ovarian cancer. This micro-
fluidic sensor is fabricated with a GO-assembled substrate that
helps immobilize the antibody where the large surface area
property of graphene results in enhanced immobilization of
capture antibodies. They designed a microfluidic chip with
multiple parallel channels shown in Fig. 4a and a microprinted
capture antibody barcode above the detection substrate (Fig. 4b).
This captured antibody barcode was then printed over GO sub-
strate. The sample loading chip is made of microwells (Fig. 4c).
Each microwell covers an entire array of the capture antibody
barcode, allowing the immobilized antibodies to capture all ten
biomarkers in the sample material. The biomarker antigen is then
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incubated for 10 minutes with the immobilized antibody before
the fluorescence-labeled detection is specifically conjugated with
the antigen, as shown in Fig. 4d and e. This microfluidic sensor
was able to detect all of the traditional ovarian cancer indicators
and inflammatory factors with an ultra-low detection limit of
roughly 0.01 m mL�1 and 1 pg mL�1. As a result, this microfluidic
sensor can detect ovarian cancer at an early stage. These anti-
bodies all have a specific reaction with the respective biomarkers
in the detection chip. As shown in Fig. 4g, coupled antigen–
antibody pairs have significantly higher fluorescence intensity
than mismatched pairs.88 Niu et al. reported using an antibody-
functionalized GO lab-on-chip device to isolate and analyze
circulating tumor cells (CTC) from the bladder of cancer patients.
They employed a GO chip coated with a biotinylated anti-EpCAM
and anti-EGFR antibody mixture to capture CTCs from whole
blood. Immunofluorescence staining for cytokeratin (cancer cell
marker), DAPI (nuclei), EGFR and HER2 (invasive phenotype
markers), and CD45 (white blood cell marker) were used to count
CTCs in patient samples. CTCs were defined as cells with a DAPI +
CK + CD45-phenotype.89

A growing amount of attention is being paid to combining
the appealing qualities of aptamers with the particular benefits
of electrochemical detection technique. Electrochemistry gives
new avenues for integrating aptamer interactions with the
signal-generating component, allowing for speedy, low-cost
protein diagnostics.90 As a result, an electrochemical approach
for detecting EGFR was created. Using these advantages of
the electrochemical detecting technique, Wang et al. built an
origami-paper-device using graphene nanocomposite. Wax
printing was used to generate the device’s hydrophilic and
hydrophobic regions, which define fluid channels. On the other
hand, the electrochemical electrodes were created using screen
printing (shown in Fig. 5a). By simply folding the paper to allow
valving or flow, the system facilitated sample processing
and detection. Thionine (THI)/amino-functionalized graphene
(NH2–GO)/gold particle (AuNP) nanocomposites were

fabricated as working electrodes (WE) also immobilize apta-
mers via Au–S bonds (Fig. 5b). Here the amino-functionalized
graphene exhibited a corrugated structure and thus resulted in
enhanced surface area of the electrode; hence they can load a
large amount of TFI molecule and AuNP. They presynthe-
sized thiol-modified anti-EGFR aptamers and used a simple
electrochemical detection approach that did not require tag-
ging of either antigen or aptamer. For EGFR, this suggested
aptasensor has a LOD of around 5 pg mL�1 and a linear range
of 0.05 to 200 ng mL�1. The electrochemical response was
shown to be lower when the EGFR aptamer was immobilized on
the electrode surface compared to graphene-modified electro-
des (Fig. 5c). Insulating aptamers appear to have hampered
electron transport, resulting in a reduction in current respon-
siveness. More insulating immunocomplexes would form with
a greater concentration of antigens, resulting in a decreased
electrochemical current. The CV analysis showed that the
electrochemical paper-based aptasensor could be constructed
and operated satisfactorily. Electron transport appears to have
been impeded by insulating aptamers, resulting in a decrease
in current responsiveness. Also, more insulating immunocom-
plexes would form with a higher concentration of antigens,
resulting in a lower electrochemical current. The CV results
demonstrated that the electrochemical paper-based aptasensor
was successfully manufactured and functioned. Similar results
were obtained from DPV, where the modified electrode showed
a DPV response with a peak current of roughly 16.99 mA, which
was lowered to 14.98 mA after aptamer immobilization. This
suggested aptasensor unites low-cost paper-based microfluidic
devices with an electrochemical detection approach that is
extremely sensitive. The origami approach streamlined the
device even more and reduced sample consumption.91 Another
paper-based electrochemical sensor for the early quantitative
detection of pancreatic cancer was recently published by Prasad
et al. Pancreatic ductal adenocarcinoma (PDAC) is another
significant cancer killer. People with PDAC have higher levels

Fig. 4 (a) Substrate for the detection of ovarian cancer biomarker (b) chip was microprinted (c) antibody capturing by the barcode which was printed on
the substrate (d) sample filling chip (e) biomarker antigens caught by antibody barcode (f) fluorescence labeling for detection of biomarkers (g) detection
specificity of the prepared chip. Source: reprinted from Y. Wu, C. Wang, P. Wang, C. Wang, Y. Zhang and L. Han, A high-performance microfluidic
detection platform to conduct a novel multiple-biomarker panel for ovarian cancer screening, RSC Adv., 2021, 11(14), 8124–8133.
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of PEAK1 protein expression than healthy people. A cheap,
disposable, unique yet straightforward paper-based electro-
chemical immunosensor was created to trace the PDAC bio-
marker PEAK1 using a standard sandwich-type immunoassay.
They developed this sensor over paper-based electrodes using a
stencil printing technique. Then GO was simply drop cast over
paper-based electrodes for covalent modification to incorporate
the capturing antibody (Anti-PEAK1). This immunosensing
device uses gold nanoparticle (AuNPs)-tagged Anti-PEAK1 bio-
probes to detect PEAK1. With a LOD of around 10 pg mL�1,
this sensor displayed remarkable sensitivity during PEAK1
detection.92 Torul et al. recently developed another paper-based
electrochemical sensor based on gold nanoparticle/graphene
and Au nanoparticle/MoS2 for the selective and sensitive
identification of miRNA-155 and miRNA-21, which are the most
significantly altered miRNAs in the majority of cancer types.
Torul et al. constructed (Fig. 6a) the hydrophobic barriers of
this paper-based sensor using wax printing, similar to Wang
et al.91 work, and the three-electrode system using a stencil
technique, identical to Prasad et al.92 The sequence of a
complementary miRNA target was identified using differential
pulse voltammetry (DPV) with a thiol-linked synthetic DNA
probe placed onto the working electrode in a redox[Fe(CN)6]
solution. Hybridization was recognized on the paper-based
biosensor based on the difference in redox probe signal in
the presence/absence of miRNA hybridization. Here

hybridization efficiency is calculated using the equation and
using voltammograms given in Fig. 6b and c

HE% ¼ DI
100

Iprobe

(1)

where DI = Ihybrid – Iprobe and the highest HE % calculated was
around 37.1% for miRNA-155 and miRNA-21 target hybridiza-
tion. The LOD was around 0.19 mg mL�1 for miRNA-155,
whereas it was around for miRNA-21. The sensitivity was
reported around 295.3 and 351.1 mA mL mg�1 cm�2 for AuNP/
RGO-modified paper electrode comparing AuNP/MoS2 – modi-
fied paper electrode.93 Using a continuous and straightforward
coating process (Fig. 7a), graphene and poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) modified
paper-based EIS aptasensor were constructed by Yen et al. for
carcinoembryonic antigen (CEA) detection. This glycoprotein
CEA has a molecular mass of almost 180–200 kDa.94,95 It acts as
a tumor marker and is critical in cancer detection and treat-
ment. The presence of high levels of this tumor marker has
been linked to various cancers, including breast, colorectal,
ovarian, pancreatic, lung, and gastric cancers. This low-cost
aptasensor detects CEA in a linear range of 0.77–14 ng mL�1 in
standard buffer solutions and human serum samples. In both
samples, the LOD for CEA was 0.45 ng mL�1 and 1.06 ng mL�1,
respectively.96

Fig. 5 (a) Fabrication procedure of origami paper-based sensor (b) modification process (c) CV and DPV response of the fabricated sensor. Source:
reprinted from Y. Wang, S. Sun, J. Luo, Y. Xiong, T. Ming, J. Liu, et al., Low sample volume origami-paper-based graphene-modified aptasensors for
label-free electrochemical detection of cancer biomarker-EGFR, Microsyst. Nanoeng., 2020, 18, 6(1), 1–9.

Review Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 4

:0
9:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00929j


1882 |  Mater. Adv., 2022, 3, 1874–1904 © 2022 The Author(s). Published by the Royal Society of Chemistry

Since pristine graphene lacks a semiconducting gap, it
cannot be used in electronic devices. As a result, one of the
most practical methods of controlling graphene’s semiconducting
properties is doping.97 Boron-doped graphene is of particular
interest because it can stimulate various chemical and electro-
chemical activities in the graphene basal plane.98,99 Aside from
boron-doped graphene, boron-doped diamond-graphene hybrid
structures were another hotspot in carbon materials research.
However, its use in immunosensors is limited. Hongji et al.
realized this and created a boron-doped diamond (BDD)/vertical
boron-doped graphene (BG) composite film coated with Au
nanoparticle via CVD and electroplating, resulting in a high
surface area and electrocatalytic activity. This immunosensor
was capable of simultaneously quantifying carcinoma antigen
125 (CA 125) and CEA at concentrations of 0.5–100 pg mL�1

and 0.5–100 mU mL�1, respectively, with LOD around
0.15 pg mL�1. The simultaneous detection of CA125 and CEA
was accomplished utilising a sandwich-type signal acquisition
method that employed an electrochemical sensor based on BDD/
Au-VBG as a working electrode, TB and Fc as redox probes, and
Au–TiO2 particles as a carrier.100

BRCA1 and BRCA2 are two specific breast cancer suscepti-
bility genes discovered in human DNA. The BRCA (breast
cancer abbreviation, typically pronounced bracka) genes are

passed down from their parents to men and women. BRCA1
and BRCA2 are tumor suppressor genes that inhibit cancers
from developing when they are activated. BRCA1 and BRCA2
mutations, on the other hand, are responsible for almost half of
all hereditary breast cancer cases. As a result, the early detec-
tion of these genes is crucial. Breast cancer is currently diag-
nosed using mammography, PCR screening, ultrasound and
other methods. However, due to its small size, this tumor is
difficult to detect.101,102 The surface plasmon resonance
approach is now being utilized to collect data of DNA molecular
bonding, allowing BRCA1 and BRCA2 breast tumors to be
immediately detected to address the demand for effective and
precise ways of breast cancer screening. Several methods are
adopted to excite surface Plasmon, including coupling with
fiber optics, prisms, nanoparticles, grating, etc. But increasing
the sensitivity of this type of biosensor is a difficult task. In this
regard, graphene is one of the materials explored extensively
due to its excellent features. This substance has been shown to
boost SPR sensitivity in various studies, both theoretically
and empirically. The review work done by Nurrohman et al.
discussed the latest development in graphene-based SPR
biosensors.103 Taking advantage of the most notable features of
these graphene-based SPR biosensors, Hossain et al. described a
very effective fiber-optic SPR biosensor for monitoring BRCA1 and

Fig. 6 (a) Steps involved in the fabrication of paper-based sensor for detection of microRNAs (b) Voltammogramms in the absence of microRNAs. Source:
reprinted from H.Torul, E. Yarali, E. Eksin, A. Ganguly, J. Benson, U. Tamer, et al., Paper-Based Electrochemical Biosensors for Voltammetric Detection of miRNA
Biomarkers Using Reduced Graphene Oxide or MoS2 Nanosheets Decorated with Gold Nanoparticle Electrodes, Biosensors., 2021, 11(7), 236.
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BRCA2 breast cancer. They used an attenuated total reflec-
tion (ATR) approach to identify deoxyribonucleic acid (DNA)
hybridization and individual point mutations in the BRCA1 and
BRCA2 genes. Fig. 7b depicts the structural layout of this newly
designed graphene-based fiber optic SPR biosensor. This sug-
gested sensor may detect precisely matched and mismatched
DNA interactions between probing and target DNA based on
differences in the SPRF and SPR angle. This graphene-based
SPR biosensor’s improved sensitivity is owing to graphene’s
property to absorb light.104

Biological field-effect transistors (BioFETs) have yet to be
recognized, despite their potential for substantially higher
sensitivity and much faster quantification, with sensing devices
primarily constrained to two-three electrodes electrochemical
biosensors.105,106 Graphene is employed as a sensing material
in BioFETs because of its distinctive electrical and chemical
characteristics. These graphene-based BioFETs exhibit a higher
efficiency when run in an electrolyte gated approach without
solid-state dielectric due to the electric double layer formed
between the graphene and electrolyte.107,108 This electrochemi-
cal gate is more effective than a typical SiO2 back gate with a
thickness of hundreds of nanometers.109 Sotirios et al. reported
an electrolyte gated PCB-based FET DNA for the first time.
To enable label-free DNA sensing, graphene ink was drop-
casted to produce the transistor channel, and PNA probes were

placed on the graphene channel. After a fully inkjet-printing
compatible construction approach, it was demonstrated that
the sensor could specifically recognize the complementary DNA
sequence. The first FET using a PCB was a core board as the
substrate and PCB electrodes as the transistor source, drain,
and gate pads. To maximize downsizing and integration, the
traditional bulky reference electrode is substituted with an
in-plane PCB electrode. This design hasn’t gotten much atten-
tion in the literature. Fig. 8b given here shows that with
reduction of gate voltage Ids value decreases. This identifies
the gate influence on Ids and reveals the graphene’s p-type
behavior. The absence of apparent Schottky barriers at the
graphene–electrode contact is indicated by the linearity of these
curves. The LOD of this PCB-based FET was around 1 nm
calculated using the curve shown in Fig. 8c, which is relatively
high without microfluidic integration and biochemistry optimiza-
tion. Furthermore, ssDNA detection is effective at this range of
concentrations with excellent sensitivity (30.1 mV decade�1). Their
study demonstrate the inkjet printing’s potential to incorporate
semiconductor chips into Lab-on-PCB platforms seamlessly for
the first time. This opens the way for inkjet-printed Lab-on-PCB
platforms driven by printed, electronic circuits with significantly
greater intricacy and processing capacity.110 Niazul et al. sug-
gested a biosensor utilizing a graphene field-effect transistor
(GFET) functionalized with target-binding aptamers for detecting

Fig. 7 (a) Steps involved in the fabrication and modification of electrochemical paper-based working electrode for the detection of CEA. Source: reprinted from
Y.-K. Yen, C.-H. Chao, Y.-S. Yeh, A Graphene-PEDOT:PSS Modified Paper-Based Aptasensor for Electrochemical Impedance Spectroscopy Detection of Tumor
Marker, Sensors., 2020, 20(5), 1372. (b) Schematic illustration of four-layered model for fiber optic SPR biosensor for detection of BRCA1 and BRCA2 breast cancer
genes. Source: reprinted from Hossain MdB, Islam MdM, Abdulrazak L. F., Rana MdM, Akib TBA, M. Hassan, Graphene-Coated Optical Fiber SPR Biosensor for
BRCA1 and BRCA2 Breast Cancer Biomarker Detection: a Numerical Design-Based Analysis, Photonic Sens., 2020, 10(1), 67–79.
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the thrombin protein biomarker using a typical microfluidic
fabrication approach. This sensor was used with microfluidic
devices to produce good sensing performance. The previously
published GFET-based microfluidic sensor, on the other hand,
was not suitable for real-time applications since it lacked LOD
in the picomolar range as well as a detection range in micro-
molecular concentration.111

The nanocomposite of rGO and Cys hydrogels could give an
exciting substrate with large carboxylic groups leading to higher
antibody loading, good stability, and strong surface absorption
ability, leading to increased target molecule sensitivity.112

Singh et al. developed a dual-modality microfluidic sensor for
cardiac myoglobin sensing utilizing this Cys–rGO hydrogel.
A patterned Au was first modified using rGO–Cys hydrogel
before being inserted into a PDMS microchannel via in situ
functionalization with specific cardiac myoglobin (cMb) anti-
bodies utilizing EDC-NHS chemistry. Researchers used dual-
modality performance employing differential pulse voltammetry
and SPR methods to detect the cardiac myoglobin biomarker and
perform the real-time binding kinetic study. They used an SPR
technique in plasmonic detection mode to find out cMb concen-
tration using antibodies-antigen interaction on the surface of the
microfluidic sensor. The surface density of immobilized cMb
molecules above the Cys-RGO hydrogel is determined using the
equation

A ¼ DResponse ½m0�

Conversion factor m0:
mm2

ng

� �� � (2)

where A denotes the surface density of immobilized cMb. Eqn (2)
is used to calculate the quantity of immobilized cMb using this

surface density. Also, the number of cMAbs bound onto the
hydrogel is determined using eqn (3)

Amount = Surface density (ng mm�2) � surface area (mm�2)
(3)

N ¼ Amount ðngÞ
Molar mass

g

mol

� �� 10�9ðgÞ
ng

� 6:022� 1023ðmol�1Þ (4)

The number of cMAb molecules over the surface of this sensor
was around 1.38 � 1015. The SPR angle was also shown to rise
with increasing concentration, which can be attributed to
improved kinetic binding between this cMb and cMb conju-
gated hydrogels. Here DPV sensing of the conjugated hydrogel
sensor shows LOD of 4 pg mL�1 with sensitivity around
196.66 mA ng mL�1 cm�2. In contrast, the SPR sensing exhibited
LOD 10 pg mL�1 with around 42.86 m ng�1 mL�1.113

2.1.2 For biomolecule detection. In vitro analysis requires
particular biomarkers for preliminary disease diagnosis. Small
metabolic molecules such as glucose, dopamine and hydrogen
peroxide (H2O2), which have specific concentrations suggesting
definite pathogenic processes in biotic fluids, could be utilized
as biomarkers to diagnose diseases early.114–116

2.1.2.1 For glucose detection. The Laser induced graphene
(LIG) has been utilized either in its pure state or combined with
other composite materials to create microfluidic prototypes to
detect glucose.117 LIG-based bioelectrodes were used to develop
PDMS-based microfluidic biofuel cells by Prakash et al. This
LIG derived from PI sheets was incorporated into a microfluidic
device made of PDMS using traditional soft lithography. During
the irradiation procedure, the CO2 lasers’ power and speed were

Fig. 8 (a) Printed circuit board-based graphene FET sensor (b) output curves of the graphene electrolyte-gated transistor (c) VDirac shifts for various
complementary and non-complementary target DNA concentrations. Source: reprinted from S. Papamatthaiou, P. Estrela, D. Moschou, Printable
graphene BioFETs for DNA quantification in Lab-on-PCB microsystems, Sci, Rep., 2021, 11(1), 9815.
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tuned. They submerged LIG in a linker solution with 1-ethyl-3-
(3-dimethyl aminopropyl) carbodiimide to bind the glucose
oxidase and lactase on the sensor surfaces. The enzyme solu-
tions were drop-cast on the irradiated surface and left for
2 hours at RT for the immobilization process. PET sheets were
sliced using a Y-shaped microchannel to create the microfluidic
cells. A microchannel structure was built using PDMS template
curing, where this microfluidic cell shows the fluid rate and
power density of around 200 mL min�1 and 13 mW cm�2. Here
electrochemical redox reactions and polarisation processes in
the microfluidic environment contributed to the developed
system’s exceptional performance. This sensors linear range
was around 10–40 mm, and the current increased linearly as
the voltage increased.118 Bipolar electrode (BPE)-based electro-
luminescence (ECL) sensors have recently gained popularity
and recognition due to their high specificity, simple instru-
mentation, good selectivity, lack of background signal and
controllability. This device is very simple to operate with quick
processing and multiplexing. Manish et al. fabricated a com-
pact 3D printed ECL sensor with LIG-based open BPE. Gra-
phene was synthesized utilizing CO2 laser ablation over
polyimide (PI) sheets. They injected H2O2 and luminol into
the microchannels to detect H2O2, and when a sufficient
voltage is given to the driving electrode, a redox process begins.
As a result, on the anodic face of the BPE, an ECL signal is
formed, which may be caught using a smartphone. The reaction
of H2O2 with luminol is as follows

Luminol – e� – H+ Diazoquinone (5)

H2O2 + Diazoquinone Luminolendoperoxide (6)

Luminolendoperoxide N2 + 3-aminophthalate (7)

3-Aminophthalate 3-aminophthalate +hg (8)

The BPE anode was treated with GOX and maintained at room
temperature (RT) for around 5 minutes to detect glucose.
Following that, an equal amount of luminol and glucose was
injected into the channel. With optimizing parameters like pH,
luminol concentration, applied voltage, channel length and so
on, this sensor shows LOD around 0.138 mM and 5.8729 mM for
glucose and H2O2, respectively.119 He also built a LIG-BPE-ECL
sensing platform using the same laser ablation process, but
they made a closed BPE rather than an open BPE. Here
Individual sensing of Vitamin C, vitamin B12, and H2O2 with
linear ranges of 0.5–1000 nM, 1–1000 M and 0.5–100 M with
LOD of 0.109 nM, 0.96 M and 0.303 M were used to verify
the performance of this two-channel BPE-ECL-LIG-C device.
Following that, a three-channel BPE-ECL-LIG-C device was
created and concurrent detection of Vitamin C and Vitamin
B12 was also achieved.120 Instead of these two and three-
channel electrode systems, they validated a LIG-based single
electrode (SE) system for enzymless ECL detection of multiple
analytes. Using this sensor, they carried out the detection of
H2O2, glucose, dopamine and xanthine in the linear range from
0.1 to 70 mM, 0.1 to 70 mM, 0.1 to 100 mM and 0.1 to 100 mM with
a LOD around 1.71, 3.76, 3.40 and 1.25 mM respectively.121

Manish et al. developed an ECL device with a U-shaped bipolar
electrode (U-BPE) for enzymless sensing of different bio-
markers. With LODs around 2.51, 4.36, 4.01, and 5.32 mM, this
ECL sensor was utilized to detect D-glucose, H2O2, choline, and
lactate, among other biological analytes.122

Incorporating conductive materials such as graphite, GO
and carbon nanotubes into chitosan-modified electrodes lever-
aging chitosan’s biocompatibility was a potential strategy to
enhance the selectivity and sensitivity of paper-based electrodes
(mPAD). Using this strategy, Rokemono et al. created a chitosan/
GO modified PAD for paracetamol and glucose electrochemical
sensing by using simple solution casting and UV curing fol-
lowed by coating with carbon paste. Here the impedance results
show that the electron transfer process at the electrode/analyte
solution contact accelerates with increasing analyte concen-
tration. CV experiments show a linear response for analyte
concentrations ranging from 2.5 to 100 M. Furthermore,
regardless of the analyte, the sensitivity of the modified
paper-based electrode rises with a different proportion of GO.
By utilizing electrode coated with chitosan/GO (5 wt%) compo-
sites, the highest sensitivity for paracetamol sensing is 16 mA
mM�1 and for glucose, sensing is around 4.4 mA mM�1.123 Cao
et al. reported a paper-based microfluidic chips in point-of-care
devices (POCD) employing 3D mPAD. Whitesides team’s inven-
tion of 2D and 3D mPADs in which fluid motion occurs inside
diverse microfluidic channel designs due to capillary driving
force inspired them to create this electrochemical glucose
biosensor. Here the aldehyde functionalized mPAD was manu-
factured using periodate oxidation. The new 3D mPAD type
was made utilizing photolithography, whereas screen printing
technically produced 3D paper-based electrodes. This electro-
chemical sensor’s working electrode was made from a Prussian
blue-deposited rGO-tetraethylenepentamine (PB/rGO-TEPA)
composite. In contrast, the counter/working electrode was
aldehyde functionalized and employed to immobilize GOD.
This sensor exhibits LOD around 25 mM over a broad linear
range of 0.1–25 mM. Because of the excellent wettability of this
paper-based electrode, when glucose was dribbled into the
hydrophilic detecting region, it immediately came in contact
with the GOD immobilized in the hydrophilic area, causing a
particular enzyme-substrate interaction to create H2O2, as illu-
strated in the reaction formulae (1) and (2). The produced H2O2

was disseminated over paper by capillary action and reached
the surface of the PB/rGO-TEPA modified electrode almost
quickly. The PB immobilized on the surface of electrode was
reduced to Prussian white (PW) while the electrode was func-
tioning. Because of PW’s excellent electrocatalytic reduction
activity, H2O2 may be reduced, and PW can be oxidized to
regenerate PB, as illustrated in reaction formulae (11) and (12).

GOD(FAD) + Glucose GOD (FADH2) + Glucose acid (9)

GOD (FADH2) + O2 GOD(FAD) + H2O2 (10)

KFe3+ [Fe2+ (CN)6](PB) + e� + K+ K2Fe2+ [FE2+ (CN)6](PW)
(11)
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K2Fe2+ [FE2+ (CN)6](PW) + 1
2 H2O2 KFe3+[Fe2+ (CN)6](PB)

+ OH� + K+ (12)

The use of this rGO-TEPA/PB composite as electrode modifica-
tion materials allows for electron transport between the GOD
and the electrode and considerably amplifies the current signal
and improves reaction sensitivity. As a result, the change in
decrease peak current produced by a change in glucose concen-
tration can be utilized to quantify glucose.124 A graphene-based
field-effect transistor (GFET) has been used as a sensor by
immobilizing bioreceptors on its surface while offering a con-
trolled environment for monitoring and detecting biological/
physiological processes. When an electric field is applied to the
graphene surface, charged molecules induce an electrical reac-
tion in GEFT.125 The GFET has been effectively used to fabricate
a high-performance glucose monitor thanks to graphene’s
enhanced electrical conductivity and unique structure. However,
the commercially available bulk G-FET devices are enzymatic, and
enzyme deactivation commonly compromises the precision and
durability of these devices. Furthermore, they are frequently made
on solid substrates (such as glass or silicon), limiting their
wearability. For non-enzymatic glucose sensing, a flexible ultra-
thin affinity-based G-FET was fabricated by Yao et al. This device
was fabricated on an adhesive support, which allowed it to be
easily peeled off and simplified the operation. The specific pyrene-
1-boronic acid (PBA) was used to functionalize the graphene
channel. When glucose molecules were injected into these gra-
phene channels, electron-withdrawing PBA molecules recognized
them. They formed glucose-boronate ester complexes, which are
electron-rich, causing the conductivity of the graphene channel to
change. This sensor shows a LOD of around 0.1 mM over a broad
detection range of 1–0.5 mM.126 Wiorek et al. fabricated an
epidermal pad for glucose analysis in perspiration that incorpo-
rates temperature and pH correction based on local dynamic
sweat change during on-body measurements. The calibration
parameters are modified to any change in temperature or pH
throughout the athletic exercise using a unique ‘‘correction
technique,’’ and this epidermal glucose biosensor (Fig. 9) has a
linear response range within the physiological amounts of glucose
in sweat (10–200 M). Furthermore, the sensor also has excellent
reversibility, quick response time and good selectivity.127

2.1.2.2 For other small molecules detection. Fishlock et al.
developed a modified electrochemical paper device (e-pads) for
dopamine detection. The electrodes were positioned along the
wax-defined microfluidic channel in this capillary flow device,
using Whatman filter paper as the porous wicking substrate.
The working electrode was implanted directly into Whatman
filter paper using the paper as a precursor for LIG. This LIG is
obtained by treating Whatman filter paper coated with flame-
retardant spray, then treated with CO2 infrared Laser. This
treatment helps to produce a 3D porous graphene network with
high electrical conductivity and high-surface–area. They pre-
pared this counter and working electrode using Laser alongside
the wax defined microfluidic channel where the reference
electrode was prepared using inkjet-printed silver. The prepared

working electrode based on pristine graphene was functionalized
using nitrogen and modified this N-functionalized graphene
using MnO2. This microfluidic devices helps in detection of
neurotransmitters.128

GEFT was fabricated by Schuk et al. to measure the concen-
tration of L-lactic acids in various fluids. Lactate dehydrogenase
enzyme was used to functionalize the active surface of gra-
phene. This work proved graphene’s ability to monitor L-lactic
acid accumulation in human samples, implying that this
material might be employed in more basic and low-cost equip-
ment, such as flexible sensors for POC.129

Cystatin C (Cys C) is a 13 kDa protein made up of a single
120-amino-acid polypeptide chain.130 This serum’s abnormally
high levels have recently been revealed to be a prognostic sign
for various conditions, including neurological problems, cardi-
ovascular disorders, and cancer.131,132 Shalini and Uma Mahes-
wari fabricated a Cys C detecting nano interface electrochemical
immunosensor. A glassy carbon working electrode (GCE) was
modified with nanocomposites of GO-chitosan (GO-Chit), which
was then translated onto a paper-based microfluidic substrate.
They fabricated this paper-based substrate using screen printing
where carbon ink formulation was screen printed over a wax-
coated paper following screen printing of Ag/AgCl paste. Com-
pared with the modified GCE, this paper-based sensor shows a
LOD of 2.6 pg mL�1 with a sensitivity of around 15.5 mA ng�1.133

Yang and his team with the concept of a laser-engraved (LEG)

Fig. 9 (a) Glucose, (b) pH potentiometric and (c) temperature sensor
(d and e) image of microfluidic sensor (f) illustration of microfluidic sensor
attached to the skin. Source: reprinted from A. Wiorek, M. Parrilla, M.
Cuartero, G. A. Crespo, Epidermal Patch with Glucose Biosensor: pH and
Temperature Correction toward More Accurate Sweat Analysis during
Sport Practice, Anal Chem., 2020, 92(14), 10153–10161.
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wearable bio-sensor that could be mass-produced to detect tyr-
osine levels (TYR) and uric acid (UA). A chemical sensor (LEG–CS)
over polyimide for measuring low-level TYR and UA, a physical
sensor (LEG–PS) for temperature and respiration monitoring and
a multi-inlet micro-fluidic module for dynamic sweat sampling
are all included in this device. Electrochemical sensors use
raster engraving, while microfluidic and biological sensors use
vector engraving. This sensor had a sensitivity of 0.61 and
3.50 50 mA mM�1 cm�2 for Tyr and UA, respectively, with LOD
of 0.74 and 3.6 mM. This sensor-relied on LEG exhibited
excellent selectivity at physiologically acceptable levels com-
pared to other sweat studies.134 Stojanovic et al. fabricated a
tiny microfluidic chip to detect ascorbic acid selectively. This
microfluidic channel was created using the xurography proce-
dure with a microfluidic channel between two silver electrodes.
To enhance the conductivity and the electron transfer mecha-
nism, a graphene sheet was placed between the gaps of these
electrodes. The sensing mechanism for this microfluidic plat-
form was based on an increase in overall conductivity as
ascorbic acid concentration increased, resulting in an increase
in capacitive parameters and a decrease in resistive parameters
and an increase in the suggested equivalent electrical circuit135

2.1.3 For pathogen detection. Viral infections are among
the leading causes of serious pandemics and infectious ill-
nesses, resulting in billions of dollars in economic losses each
year and thousands of deaths. In the instance of COVID-19,
global economies were shut down for months, and physical
separation, along with severe changes in the social behavior of
many persons, resulted in a slew of problems for all countries.
As a result, developing a speedy, low-cost, and sensitive viral
detection method is crucial for improving human living stan-
dards while utilizing biomedicine, bioresearch and security
also environmental science. Graphene has emerged as a viable
material for microfluidic biosensor fabrication due to its several
fascinating properties, including exceptional conductivity, ultra-
high electron mobility, and remarkable thermal conductivity.136

As a result, graphene-based analytical LOC and microfluidic
devices have been proven to be capable of detecting a wide
spectrum of viruses, from the decades-old Influenza virus to the
more recent SARS-CoV-2 virus. Recently Sengupta et al., for the
very first time, reviewed graphene-based LOC devices to detect
viruses. This review covers the widest variety of viruses detected by
graphene-based LOC devices, including SARS-COV.137 Because
this section covers most of the current advancements in micro-
fluidic devices for virus detection, we’d want to look into some
recent studies that Sengupta et al. did not include. Recently,
graphene-based microfluidic sensors were successfully used to
detect SARS-CoV-2, prompting researchers to examine current
advancements in graphene-based microfluidic platforms for
Covid-19 detection. As a result, the major thrust after 2019 was
in this area. A powerful urge exists to create a specific and
sensitive assay for detecting antibodies to SARS-CoV-2 virus within
minutes, if not seconds; preferably, within days of infection,
which would be especially valuable in medically deprived areas
if the reading could be done on a smartphone. For identi-
fying infections or antibodies, electrochemical sensing is a

potential approach. In this method, electrochemical transduc-
tion is employed to detect the formation of antibody–antigen
complexes. Aside from assay and antigen protocols, the shape
and surface chemistry of the electrodes employed in an electro-
chemical cell have an impact on specificity, sensitivity, and
detection time. Ali et al. effectively created a 3D device geome-
tries with high aspect ratio ratios for electrodes for covid-19
detection in compared to a 2D planar construction. This device
is built by employing 3D-printing gold micropillar array elec-
trodes with an Aerosol Jet nanoparticle, then functionalizing
rGO nanoflakes and immobilizing antigens over the electrode
surface with an NHS: EDC chemistry. Electrochemical trans-
duction was used to detect antibodies in the fluid by creating
an immunocomplex with antigens over the surface of the 3D
electrode. Antibodies against the S1 virus spike and antigen
RBD were found at analytical sensitivity levels of 1 � 10�12 and
1 � 10�15 m, respectively. This device is generic, and it can
detect biomarkers for various infections such as Zika, Ebola
and HIV.138 Sindre et al. developed a label-free biosensor for
sensitive, fast, label-free, and amplification-free detection of
SARS-CoV-2 using graphene as a working electrode integrated
onto a flex printed circuit board (FPCB). Here SARS-CoV-2
capture ssDNA sequence was coupled with biotin to create a
biotinylated probe, which was then fixed on a graphene surface
modified with streptavidin. The hybridization of target DNA
was accomplished using the sensing matrix that was constructed.
A user-friendly reservoir chamber module was also built to convey
the sample solution to the FPCB device’s working electrode. This
sensor’s effective design boosted its sensitivity and selectivity,
allowing it to detect DNA at concentrations ranging from
100 fg mL�1 to 1 g mL�1. With a small amount of material,
the electrochemical method paired with FPCB allowed for
quick identification of the target sequence (5–20 L). They were
able to get a LOD of roughly 100 fg mL�1.139 Another label-free
impedance biosensor utilizing the screen-printing method was
reported by Ehsan et al. to detect SARS-CoV-2. They demon-
strated a low-cost batch production process for a cellulose
paper substrate. A highly conductive graphene/carbon ink
mixture was screen-printed as a working electrode to immobi-
lize with IgG antibodies in various formats. These formats
include 1-pyrenebutanoic acid succinimidyl ester (PBASE)
direct format and staphylococcal protein A (Prot A) controlled
format shown in Fig. 10, which were both characterized using
electrochemical techniques. Fig. 10 depicts the EIS responses of
this sensor, where both formats show a rise in the Rct semicircle
in the Nyquist plot when the concentration of spike protein
increases. However, in the case of Prot A format, the linear
range was enlarged three times in magnitude of concentration,
which can be attributed to the antibody’s ordered orientation
via Prot A modifications. The EIS sensors given here can
measure concentrations as low as 0.25 fg mL�1, allowing early
identification and isolation of the sick person.140

Other recent articles on graphene-based microfluidic and LOC
sensors for viral detection focus on Hepatitis B virus detection
(HBV). Because of the high death rates linked with cirrhosis,
chronic hepatitis and liver cancer, this is a chronic viral infection

Review Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 4

:0
9:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00929j


1888 |  Mater. Adv., 2022, 3, 1874–1904 © 2022 The Author(s). Published by the Royal Society of Chemistry

that is a serious worldwide health problem. Teengam et al.
created a portable immunosensing sensor based on a smart-
phone that was successful in detecting HBV. The level of HBsAg
was measured via amperometric detection and wireless commu-
nication via a card-sized NFC potentiostat. The HBsAg level was
quantified by amperometric detection using a card-sized NFC
potentiostat as wireless communication. This sensor’s working
electrode was built of screen-printed graphene (SPGE) that has
been modified with gold (Au) nanoparticles to improve sensi-
tivity, and b-cyclodextrin (b-CD) was electropolymerized on the
surface of Au coated SPGE to trap antibodies. The LOD and linear
calibration curve for HBsAg were determined to be 0.17 mg mL�1

and 10–200 mg mL�1.141 They were utilizing the advantages of
Electrochemical paper-based devices (ePADs). Boonkaew et al.

fabricated an ePAD for sequential immunosensing fluid admin-
istration by combining dual flow characteristics (delayed/fast)
into a single paper device for simultaneous determination of
hepatitis C core antigen (HCVcAg) and hepatitis B surface antigen
(HBsAg). The redox reagent was stored in a delayed channel for
future electrochemical experiments, while unbound antigens
were washed automatically in a fast-flow channel. As a result,
the user is unlikely to need the inconvenient multi-step reagent
manipulation technique. The suggested ePAD had a LOD of
1.19 pg mL�1 for HCVcAg and 18.2 pg mL�1 for HBsAg.142

2.2 For chemical analysis

Pumera and his colleagues employed graphene-based nano-
particles in LOC devices for electrochemical detection.143

Fig. 10 (a) Schematic illustration of the fabricated sensor (b) sensor response and corresponding calibration plot using PBASE-mediated and ProtA-
mediated antibody immobilized electrode on graphene. Source: reprinted from M. A. Ehsan, S. A. Khan, A. Rehman, Screen-Printed Graphene/Carbon
Electrodes on Paper Substrates as Impedance Sensors for Detection of Coronavirus in Nasopharyngeal Fluid Samples, Diagnostics., 2021, 11(6), 1030.

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 4

:0
9:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00929j


© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 1874–1904 |  1889

However, they could not identify any advantages to using GO as
an electrochemical sensor in a microfluidics system at the
outset.144 Later, they realized that graphene that had been
electrochemically reduced could be utilized as a sensor with
excellent results. They also suggested that utilizing a graphene-
based electrochemical sensor could increase the detection limits
of other nanomaterials (such as silver nanoparticles).145

Pungjunun et al. created an electrochemical paper-based device
to detect lead Pb(II) and tin Sn(II) in canned foods. They made a
sensor based on bismuth nanoparticles (BiNPs)/screen-printed
graphene electrodes because nanocomposite containing metal
nanoparticles and graphene improves the performances of
electrochemical sensors synergistically. Because their oxidation
potentials are near to each other, simultaneous detection of
Pb(II) and Sn(II) results in an overlapping peak. They were able
to improve the peak separation between these peaks as well as
the signal by adding the surfactant cetyltrimethylammonium
bromide (CTAB). Under ideal conditions, both metals have a
linear range of 10–250 ng mL�1, and the computed LOD (3SD/
slope) for Pb(II) and Sn(II) was 0.44 ng mL�1 and 0.26 ng mL�1,
correspondingly.146 On-chip optical gas sensors that use reso-
nance shifts of cavities to measure molecule concentrations
provide high sensitivity, real-time detection, and a tiny foot-
print. However, such sensors are typically hampered by a
considerable cross-sensitivity problem induced by environmental
temperature variations. To overcome this limitation, Wang et al.
studied a dual-mode graphene-on-microring resonator that could
precisely quantify gas concentrations while being unaffected by
temperature fluctuations. To be more explicit, the modal linear
independent responses may be employed to decouple the effects
of external temperature variations and gas-induced graphene
optical conductivity changes on the effective refractive indices
of TE0 and TE1 modes in the resonator. Using this technology,
they developed a nitrogen dioxide (NO2) sensor with LOD around
0.5 ppm and sensitivity around 0.02 nm ppm�1. Their research
lays the path for developing high-sensitivity, temperature-stable
on-chip optical gas sensors.147

3. MXene-based microfluidic sensors

MXenes and their hybrids have shown a great deal of promise
in the realm of flexible, portable electronics, such as wearable
sensors and microfluidic chips. Because of its flexibility and
robust laminar structure, MXene could be easily integrated into
microfluidic chips and wearable sensors.148 Sensing electrodes
are crucial in the creation of wearable sensors that use the
electrochemical technique. In wearing technology, traditional
metal-based electrodes have been replaced by innovative 2D
materials like MXene to increase sensor performance by
expanding contact area and adding appropriate electrical and
mechanical qualities.149

3.1 MXene-based microfluidic biosensors

3.1.1 For biomolecules detection. Electrochemical bio-
sensors built using the MXene-incorporated microfluidic chip

are relatively new, yet they are quickly gaining popularity.
Li et al. used an alternate approach, a cellulose-paper-based
substrate, to create a highly integrated sensing (HIS) paper to
detect lactate and glucose in sweat. They made this sensor
utilizing a screen-printing approach using MXene/Methylene
blue as the active material and foldable cellulose substrates as
sweat analysis pads. This sensor’s 3D layout optimizes sweat
absorption by limiting fluid gathering and thereby lowering
user discomfort. The fabricated device was made up of a sweat
adsorbing vortex-patterned layer (the layer in touch with the
skin), a 3D electrode layer, and a fast diffusion layer where the
independent 3D position of three-electrode helps in gaining
stability. After folding the aforementioned HIS paper-based
substrate into a multi-layer structure, a well-designed 3D diffu-
sion channel was created by linking hydrophilic regions of
each layer. MXene-incorporated paper-based sensors are pretty
unfamiliar and rapidly emerging. This is the first time such a
revolutionary dual-channel system has been reported. With a
sensitivity of 0.49 mA mM�1 and 2.4 nA mM�1, this HIS electro-
chemical sensor can detect lactate and glucose at the same
time. MXene acts as a highly sensitive interface, in this case,
allowing the biomolecule to be immobilized. In contrast,
its modification with MB allows for charge migration and
improves the sensor’s sensitivity.150

Zhang et al. reported a portable electrochemical patch
sensor for real-time monitoring of potassium [K+] ion concen-
tration in human sweat. They used a layer-by-layer deposition
method over PET substrate to fabricate this unique all-solid-
state [K+] ion-selective electrode based on MXene/MWCNT
hybrid structure. For real-time detection of [K+] ions, this
flexible patch sensor was coupled into a battery-free RF energy
harvesting Near Field Communication (NFC) wireless patch
system. In this electrochemical patch sensor, a microfluidic
channel was constructed utilizing 3D printing technology to
collect human sweat and reduce sensor surface contamination.
This sensor showed a sensitivity of roughly 63 mV dec�1, which
may be amplified to 173 mV dec�1 utilizing NFC, with a
linearity of 1 to 32 mM.151

Another electrochemical microfluidic device for the analysis
of creatinine, uric acid, and urea in whole blood was disclosed
by Liu et al., which can be used to assess bodily conditions
during hemodialysis shown in Fig. 11a. This four-layered
microfluidic device was created for continuous and direct
multicomponent analysis of whole blood. A blood flow channel
was on the top layer, a dialysis membrane was on the second
layer, an isotonic solution channel was on the third layer, and a
detecting chamber with a sensing electrode was on the bottom
layer (screen printed MXene). To enhance the efficiency of this
microfluidic electrochemical sensor, methylene blue (MB) was
loaded onto this screen-printed electrode following immobili-
zation with urease with the help of glutaraldehyde for urea
measurement. The simultaneous detection of many analytes
was achieved thanks to the synergistic effects of MXene electro-
catalysis, enzymes immobilized on MXene and probes/ions
adsorbed by MXene nano-sheets. The microfluidic chip was
carefully designed to suit the requirements of complete blood
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analysis while also allowing for easy electrode replacement for
long-term application. This chip was utilized to test the renal
function in 105 healthy persons, with a gold standard being a
conventional biochemical analysis apparatus. The content of
Cre, urea and UA obtained by the chip method matched that
obtained by the golden approach, and there was no statistical
difference between the two procedures. The electrocatalytic
mechanism of UA in the sensor is depicted in Fig. 11b. MXene
adsorbs UA molecules, which form hydrogen bonds with the
functional groups of MXene, increasing the effective concen-
tration of UA at the electrode/electrolyte interface for subse-
quent electrocatalysis. In the instance of Cr shown in Fig. 11c,
the Cre molecules will be entirely chelated with Cu ions,
especially in the presence of excess copper (Cu) ions, and adsorp-
tion on MXene will be mediated by electrostatic interactions.17

3.2 For chemical analysis

Because of its inherent high hydrophilicity, chemical composi-
tion, and robust electrochemical nature, MXene-based sensors
are a viable option for pollution detection.152 The potential
applicability of MXene-based sensors for environmental appli-
cations has been described in a vast number of reviews. MXene
based Microfluidic sensors for environmental applications,

on the other hand, are still in their infancy. Yang et al. revealed
the first on-chip SERS sensor for gas detection. The use of SERS
in conjunction with microfluidic technology aids in detecting a
tiny trace of gases. The microfluidic channel can consistently
control small gas flow, which helps to overcome the reprodu-
cibility concerns plaguing SERS. Extra adsorption materials
with high surface areas are the most popular technique for
improving the efficiency of a gas sensor. However, when it
comes to microfluidic sensors, such materials restrict the
analyte away from the SERS hotspot while simultaneously
interfering with the microflow. As a solution, they created a
honeycomb-like 3D substrate using layer-by-layer colloidal self-
assembly, which was then translated into a microfluidic chip
using a process they devised. By permitting in situ vortices in
the SERS hot zone to raise detection sensitivity by increasing
molecule residence time. Following this, an ultra-flexible
MXene adhered onto this 3D substrate that serves as a universal
adsorption layer for various VOCs (i.e., explosives-related
indole, odoriferous benzaldehyde and 2,4-dinitrotoluene (DNT)).
Compared to typical lithography-fabricated plasmon-based
sensors, this transfer method helps to minimize manufacturing
costs, which is desirable for practical application. They employed a
standard least-square analysis (CLS) approach to split the SERS

Fig. 11 (a) Schematic illustration of the fabrication of MXene based microfluidic sensor (b) UA detection mechanism and (c) creatinine detection
mechanism. Reprinted with J. Liu, X. Jiang, R. Zhang, Y. Zhang, L. Wu, W. Lu, et al., MXene-Enabled Electrochemical Microfluidic Biosensor: Applications
toward Multicomponent Continuous Monitoring in Whole Blood, Adv. Funct. Mater., 2019, 29(6), 1807326. with permission from John Wiley and Sons.
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spectrum and identify the actual concentration of each constituent
utilizing chromatic barcodes to determine the accurate concen-
tration of these VOCs. This microfluidic sensor exhibited LOD of
around 10 and 50 ppb for DNT and indole.153

4. TMD-based microfluidic sensors

Many nanomaterial-based detectors have been incorporated
into microfluidic systems to improve sensing efficiency, sensi-
tivity, and detection limits.154 TMDs with unique electrochemi-
cal properties, on the other hand, is gaining popularity due to
their atomically thin layered 2D architectures, which allow for
easy device fabrication and patterning. Graphene and graphene
derivative nanomaterials have been studied extensively to offer
ultra-sensitive detection in microfluidic devices, especially
lab-on-chip systems.155 TMDs also have 2D layered structure
compared to graphene with appealing features such as capaci-
tive solid behavior, superior conductivity, and a high surface-to-
volume ratio, making them promising candidates for increasing
microfluidic device performance.155

4.1 TMD-based microfluidic biosensors

4.1.1 For biomolecules detection. Recently, in fluorometric
biosensors, many of the nanomaterials have been reported as
nanoquenchers due to their high quenching efficiencies, high
surface area and good biocompatibilities, such as graphene
oxide,156 gold nanoparticles157 and carbon nanotubes.158 Very
recently, MoS2 nanosheets were reported as efficient dye
quenchers because of their ability to spontaneously absorb
single-stranded DNA (ssDNA) using van der Waals force
between the nucleobases and basal plane MoS2, displaying
high fluorescence quenching ability, which was used for small
molecules and DNA detection.159 The quenching ability of
MoS2 is unstable and would be impacted by oxygen and
moisture present in the atmosphere.160 Besides, like graphene,
the electrochemically active sites can be significantly reduced
due to its aggregation tendency in practical applications.161 It is
critical to conduct studies as soon as possible after synthesizing
MoS2 solution, which isn’t appropriate for a typical DNA test.162

However, the combination of other materials with MoS2 may
circumvent this constraint. A novel microfluidic biosensor
based on MoS2/MWCNT nanocomposite with 3D architecture
was fabricated by yang et al. for the detection of DNA mole-
cules. When compared to MoS2, the generated MoS2/MWCNT
aqueous solution combined with microfluidics shown high
quenching stability for over 75 days, which is acceptable for a
regular DNA test. The microfluidic channels greatly reduce the
sample volume and so Bfmol DNA detection can be displayed
with a detectable fluorescence color in a matter of minutes
using the microfluidic assay. The constructed sensor had a
linear range of 0–50 nM and could detect 1 nM DNA. It enables
high-throughput DNA analysis in a simple and quick manner.
The large scale sensing studies of DNA could be possible by
using the strong quenching stability of MoS2/MWCNT aqueous
system connected with microfluidics, which reduced the time

for sensing studies and thereby describing that MoS2/MWCNT
can be a favorable nanocomposite for fluorimetric sensing.162

A little amount of research has been conducted to investi-
gate the use of TMDs in increasing the performance of analy-
tical LOC microfluidic devices. Considering these facts, Toh
et al. presented simple, cost-effective and sensitive fabrication
of LOC electrochemical microfluidic devices for H2O2 detec-
tion. They integrated group 6 2D layered TMDs (MoS2, WS2,
MoSe2 and WSe2) prepared by t-BuLi exfoliation as detector
surfaces inside the LOC devices via drop-casting method and
evaluated their response for heme-based H2O2 biosensor. The
high activity of the 1T phase is related to the high density of
active catalytic sites on both edges and basal plane, high
conductivity, capacitive behavior and high electrical conductivity,
making them excellent for sensing applications. The exfoliation
with t-BuLi generates single to few-layered TMDs containing
metallic 1T phase. Fig. 12a depicts the chronoamperometric
reactions of this 1T-phase WS2 to varied H2O2 concentrations.
The reduction currents observed with the 1T-phase WS2-based
LOC device outperformed the other 2D TMD materials. They
demonstrated superior electrocatalytic activity, a LOD of 2.0 nM,
a wide range of linear responses (20 mM to 20 nM and 2 mM to
100 nM), and good selectivity for real-time analysis.155

4.1.2 For pathogen detection. Salmonella is a food-borne
pathogen, the causative agent of paratyphoid A fever and poses
a severe threat to human health.163 Several techniques, including
molecular and immunological, for detecting Salmonella, but
these methods face limitations such as expensive reagents and
cross-reactivity.164 The electrochemical process could overcome
all the rules associated with traditional methods. Besides, in this
method, a biological recognition element was also used to
directly bind with Salmonella and change the electrochemical
signal.165 2D materials have recently piqued researchers’ interest
because of their stability, electron transfer kinetics, and large
surface area.166 Because of its large surface area, MoS2 has
sparked a lot of attention, although it has low conductivity.167

Compared to graphene with a too tiny bandgap, the bandgap in
2D MoS2 enables a multifold increase in device sensitivity.168 The
proper tuning of the bandgap in 2D MoS2 is possible via several
methods, whereas in graphene, the modulation of the electronic
band structure is complex.169 Furthermore, when 2D MoS2 is
changed into tetragonal symmetry, its inherent electronic energy
state changes from semiconducting towards conducting, making
it appropriate for bioanalyte detection using electrochemical
techniques.170 Furthermore, compared to other 2D materials
such as graphene, which do not give excellent electrical and
chemical properties, 2D MoS2 is compatible with the typical
electrochemical system.171 Because the 2D electron–electron
correlations between Mo atoms promote the planar electron
transfer behavior, MoS2 with layered structures has distinct
catalytic and electrochemical properties in perpendicular and
plane directions, resulting in differences in electrochemical
behaviors the edge and basal planes.172,173 Singh et al. have
designed positively charged MoS2 nanosheets functionalized with
cetyltrimethyl ammonium bromide for protein conjugation over
microfluidics electrode to detect Salmonella typhimurium.
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Because CTAB provides a positive charge on MoS2 sheets that
forbid aggregation by countering the cohesive energy amid
exfoliated layers, surfactant-assisted exfoliation for the produc-
tion of MoS2 could enable stabilization of exfoliated 2D MoS2.
CTAB-MoS2 NS deposited the patterned indium titanium dioxide
ITO microelectrode using the firm electrostatic contact of posi-
tively charged CTAB-MoS2 NS. After this, a Lab on a Chip plat-
form was developed by incorporating microelectrode with the
PDMS microfluidic device for S. typhimurium detection via elec-
trochemical impedance technique. The developed microfluidic
immunosensor displayed excellent sensing parameters such as
sensitivity 1.79 kO CFU�1 mL�1 cm�2, the wide linear range of
101 to 107 CFU mL�1 and LOD of 1.56 CFU mL�1.174

5. MOF-based microfluidic sensors

MOF-based biosensors have several advantages, such as porous
structures, high catalytic activities, large specific areas, and

ease of functionalization for developing highly efficient sen-
sors. Despite the recent progress in preparing and applying
different types of MOFs, the environmentally friendly synthesis
by controlling their sizes and shapes remains a challenge.
Furthermore, the lack of ease in operation, portability, integra-
tion and rapid assays in synthesized MOF biosensors limits
their broad applicability in environmental analysis, biosensing,
and POC detection, particularly in low resource situations.
This versatile platform allows for rapid analysis, integrated
processing, high portability and analysis of complex bio-
logical fluids with high sensitivity, efficiency and multiplexed
detection. Among these advantages, microfluidics offers a
unique chance for MOFs in controlled synthesis and sensing
applications.175,176

5.1 MOF-based microfluidic bisensors

5.1.1 For biomolecules detection. Impressively, most of the
MOF limitations are the advantages of microfluidic systems.

Fig. 12 (a) LOC based on TMD material for detection of H2O2. Reprinted with R. J. Toh, C. C. Mayorga-Martinez, J. Han, Z. Sofer, M. Pumera, Group 6
Layered Transition-Metal Dichalcogenides in Lab-on-a-Chip Devices: 1T-Phase WS2 for Microfluidics Non-Enzymatic Detection of Hydrogen Peroxide,
Anal Chem., 2017, 89(9), 4978–4985. (2020) American chemical society. (b) Schematic of perfluorooctanesulfonate (PFOS) detection using MOF based
microfluidic sensors reprinted with Y. H. Cheng, D. Barpaga, J. A. Soltis, V. Shutthanandan, R. Kargupta, K. S. Han, et al., Metal–Organic Framework-Based
Microfluidic Impedance Sensor Platform for Ultrasensitive Detection of Perfluorooctanesulfonate, ACS Appl. Mater. Interfaces., 2020, 12(9), 10503–10514.
Permission from (2020) American chemical society. (c) Fabrication of bio-composite containing MOF patterning reprinted with W. Qi, L. Zheng, S. Wang,
F. Huang, Y. Liu, H. Jiang, et al., A microfluidic biosensor for rapid and automatic detection of Salmonella using metal–organic framework and Raspberry Pi,
Biosens. Bioelectron., 2021, 178, 113020. Permission from (2020) American chemical society.
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The integration of MOF-based biosensors on a microfluidic
device can accompany each component providing huge
potential for joined high-performance molecular detection in
different areas. Researchers in past years have ventured to
combine MOFs on microfluidics to develop biosensors benefit-
ing from both MOFs and microfluidics. MOFs can be placed
within microfluidic channels due to high pore volume, surface
area and large functional groups; the MOFs-based microfluidic
sensor can display high analytical performance. Increasing
enzyme stability without affecting their activity is possible
through biomineralization of enzyme in metal–organic-frame
work (enzyme-MOF) composite, which has demonstrated great
promise in biosensing devices.176 Mohammed et al. fabricated
a microfluidic biosensor based on MOFs and enzymes for
glucose detection. However, many enzyme-MOF composites
have focused on encapsulating enzyme particles, limiting
synthesis flexibility for real-world applications due to the
requirement for post-synthesis immobilization over solid sup-
port. Hence, the surface patterning and microfluidic system
integration offer various advantages for developing a diagnostic
sensing device based on the biomineralized enzyme. Polydopa-
mine/polyethyleneimine coating was explored to pattern MOFs/
enzymes in microfluidic channels for biosensors assembly in a
PDMS-based microfluidic device. Fig. 12c depicts a schematic
diagram of the production of bio-composite patterning. They
used a cascade reaction of glucose oxidase and HRP enzymes
on imidazole zeolitic framework-8 thin film to detect glucose.
The ZIF-8/GOx&HRP in situ displayed excellent selectivity and
limit of detection at 8 mM with a wide concentration range from
8 mM to 5 mM for glucose detection. Initially, microfluidic
devices were developed from PDMS or glass were followed by
other polymeric materials such as PVA (poly vinyl alcohol),
PMMA (polymethyl methacrylate), polystyrene, thereby widening
the scope of microfluidic systems.176 Since 2007, microfluidic
paper-based sensors have emerged as a potential platform for
several applications, including resource-limited settings and
POC diagnostics.177–179 Paper as a microfluidic platform offers
various benefits over previously employed MEMS-based nano-
materials because of its ability to absorb aqueous fluids without
active pumping, lightweight, thin, transport, easy to store, stack
and compatible with biological samples and low cost. In 2019
Ilacas et al. developed MOF (encapsulate GOx) based colori-
metric sensor on two microfluidic paper platforms, one lateral
flow assay based and the other based on the well configuration
for glucose detection, followed Michaelis Menten enzyme
kinetics. Furthermore, the LOD differs between platforms;
experiments with the LFA-based platform showed sensitivity
after 0.5 mM glucose, whereas the well-based mPAD was
0.25 mmoL�1. This well-based mPAD platform is constructed
of laminate sheets and multiple layers of wax-printed chroma-
tography paper. The GOx@MOFs species placed between the
paper layers reacted with the glucose and KI solutions flowing
through the device, producing a yellow-brown color. This device
was dried, scanned, and examined, and a relationship between
glucose concentrations and average inverse yellow intensity was
discovered.180 The devices created using MOFs as biomimetic

catalysts should broaden the scope of microfluidic technologies
for multiplex analyte detection.

5.1.2 For pathogen detection. The prevention of food poi-
soning is possible through the rapid screening of contaminated
food. But the time-consuming cell culture prevents on-site
detection using currently available bacterial detection methods;
Eliza lacks sensitivity and PCR requires complex DNA extrac-
tion. Qi et al. fabricated a microfluidic biosensor based on
raspberry pi and metal–organic framework NH2-MIL-101 (Fe)
with biological signal amplification via mimic peroxidase activity
with a self-developed app to evaluate the color image data for the
rapid, automatic and sensitive detection of salmonella. These
MNB–Salmonella–MOF complexes were prepared using the
simultaneous conjugation of target cells with anti-salmonella
polyclonal antibodies modified MOFs and anti-salmonella mono-
clonal antibodies, which were further modified using immune
magnetic nanobeads (MNBs) in a microfluidic chip. The complex
catalyzed the mixture of H2O2 and OPD (o-phenylenediamine) to
form yellow DAP (2,3-diaminophenazine). Finally, the bacterial
concentration was calculated from the catalyst (DAP) analysis
gathered under narrow-band blue light using a raspberry app.
The outcome displayed outstanding ability to detect salmonella
with a LOD of 14 CFU mL�1 and concentration ranging from
1.5 � 101 to 1.5 � 107 CFU mL�1.181 This microfluidic biosensor
was capable of mixing, labeling, separating and detection.
It demonstrated the advantages of using fewer reagents, being
small in size, having a quick reaction time, and operating
automatically to detect foodborne bacteria on-site.

5.2 For chemical analysis

The demand for sensing techniques that simultaneously
provide high selectivity and sensitivity has increased because
of public exposure to environmental, biological and chemical
contamination from anthropogenic or natural sources and
intentional chem-bio threats.182 Developing techniques for
highly selective, ultra-sensitive, and rapid in situ identification
and quantitation of target contaminants could open up new
technical and fundamental possibilities in biological/chemical/
environmental/radiological forensics, as well as earlier disease
detection and diagnostics and POCT applications. It facilitated
the development of affinity-based analytical sensors with two
crucial processes in target detection: (1) selective and prefer-
ential recognition of target from a sample matrix via particular
affinity-based interactions; (2) the conversion of a target
binding process into a measurable spectroscopic, magnetic or
electrochemical response in a transduction step.183 In light of
these findings, a microfluidic impedance sensor based on MOF
was developed for in situ detection of perfluorooctanesulfonate
(PFOS). PFOS is a severe environmental pollutant that belongs
to the per and polyfluoroalkyl substrates class of anthropogenic
compounds. Their widespread civilian and industrial use has
dramatically increased their earth’s abundance. Schematics
of PFOS detection are shown in Fig. 12b. This study used a
synergic technique for affinity-based target capture using a
porous sorbent probe placed on a microfluidic platform to
boost detection sensitivity. A probe made of MOF Cr-MIL-101
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with high pore volume and surface area was used for detection
of PFOS based on the chromium center affinity toward both
sulfonate functionalities as well as fluorine tail groups. This
MOF based sensor integrated with microfluidic platform dis-
played ultrahigh sensitivity for the in situ detection of PFOS, the
LOD was observed as 0.5 ng L�1, which is similar to that of
advanced ex situ techniques.184

6. Other 2D materials-based
microfluidic sensors

The thermodynamically most stable form among the phos-
phorus allotropes is known to be phosphorene or black phos-
phorus. It is one of the potential candidates for biomedical
applications because of its biocompatibility. Degradation is the
major obstacle in using phosphorene in spite of its attractive
advantages. The lone pair of electrons present in phosphorene
reacts with O2 to form an oxide that readily reacts with water to
form phosphoric acid, this leads to Phosphorene degradation.185

Marine algal blooms often grow during the summer months.
Among these phytoplankton comes under harmful algal blooms
(HABs) generate chemically stable compounds which adversely
affect human health. Okadaic acid is a group of biotoxins that
originate as a byproduct of HAB. It is a polyether fatty acid
derivative and has been described as a major toxic compound
in Diarrheic Shellfish Poisoning (DSP). In accordance with
European standards, the maximum threshold level for OA in
seafood is limited to 160 mg kg�1. This low permissible level has
prompted researchers to find out effective detection techniques.
Ramalingam et al. have developed an electrochemical micro-
fluidic biochip for the monitoring of OA. The aptamer-specific
OA was immobilized on the screen-printed carbon electrode
modified with phosphorene-gold nanocomposite synthesized
without a reducing agent via an in situ one-step method. The
signal strength was quantified using a redox pair of potas-
sium ferro–ferri cyanide. The fabricated microfluidic platform
improved the sensitivity, portability, and reaction time. The
developed device consisted of specific channels for sample mix-
ing and incubation. Altogether, the integrated system comprised
of a PDMS microfluidic chip covering an aptamer modified SPCE,
as a single detection module for Okadaic acid. The differential
pulse voltammograms displayed a detection limit of 8 pM with a
linear range between 10—250 nM. The fabricated POCT device
can be used to perform on-farm assays in fishing units.186

Silicon can also form as a 2D honeycomb lattice like
graphene, and it is named as silicene, both forms have some
structural similarities. Even though, the two differ in various
aspects including the presene of most stable buckled structure
of silicene instead of planar structure in graphene and non-
applicable exfoliation method in silicene synthesis because this
allotrope does not freely exist in nature. So, the popular method
to prepare silicene is to deposit Si atoms on a metal substrate.
Amorim et al. presented a theoretical study regarding the inter-
action between silicene and DNA nucleobases and suggested a
possible application as a biosensor. The studies demonstrated

that the thymine and adenine are physisorbed on silicene
instead of guanine and cytosine, which are poorly chemisorbed
via the formation of a Si–O bond. Besides, they studied the
adsorption of DNA based on the electronic properties of sili-
cene, explaining that it is possible to distinguish an electronic
signal due to the strong interaction of guanine and cytosine
with silicene from the poor interaction of adenine and thymine.
The non-equillibrium Greens function method is used to explore
changes in in the transmission and the conductance caused by
adsorption of each nucleobase. These findings suggested that
silicene could be explored as an integrated circuit biosensor as
part of a LOC device for DNA sequencing.187

The nanomaterials integrated on the biosensors have shown
better stability as well as electrical and chemical properties
because the integration further amplify the sensor response
which improves the selectivity and sensitivity of the biosensor.
The semiconducting 2D g-C3N4 has displayed various advan-
tages such as large surface area, better electrochemical reac-
tions, excellent chemical stability, cost effectiveness and a good
source of nitrogen.188 The presence of nitrogen improves the
features of electron donor/acceptor, increases the wettability
with the electrolytes, together with the supply of a large additional
pseudocapacitance189 and exceptional chemical consistency.
Paper electrodes are effective over screen printed electrodes as
they are easily manufactured and cheaper, so making them
appropriate for mass production. They do not corrode easily
because they are unaffected by the conditions of the external
environment, unlike the screen-printed ones. Norovirus is one of
the major causes of intense diarrhoea, high fever, acute pain in
the stomach and gastroenteritis. Traditional method of moni-
toring gave us highly promising results but had disadvantages
including cost effectiveness, selectivity, sensitivity, and reduced
specificity. Rana et al. were chosen graphitic carbon nitride
(g-C3N4) particles for the interface of the paper electrodes.
An electrochemical biosensor comprised of an electrochemical
paper-based analytical device (ePAD) modified with oxidized
graphitic carbon nitride (Ox-g-C3N4) was designed for the
detection of norovirus DNA. The capture probe DNA (PDNA)
modified electrodes were analyzed by CV and DPV, a limit of
detection of 100 fM was observed. A non-complementary DNA
was introduced on the ePAD modified using oxidized graphitic
carbon nitride for testing the response of probe DNA in order to
confirm the specificity of the designed biosensor. The devel-
oped ePAD sensor is simple, specific and needs a minimum
analysis time of 5s.190 The performance of microfluidic biosen-
sors based on 2D materials is shown in Table 2.

7. Next-generation biosensors
7.1. Wearable microfluidic biosensors

Wearable biosensors have got a lot of attention from numerous
fields since they allow body-worn sensors to transmit crucial
data wirelessly. As a result, the Internet of Things (IoT) phe-
nomena has spawned a plethora of opportunities. Wearables
have revolutionized healthcare technology by enabling users’
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diagnosis and prognosis through a minute collection of phy-
siological signals, mechano-transduced forces, or body fluids.
However, this is difficult to implement due to the difficulties in
recovering signals from the human body. Furthermore, the
high benefit requirements on body-worn sensors need them
to be flexible, lightweight, and water-resistant.191 There have
been technological advancements in recent years, such as
incorporating microfluidics in wearables, which are confident
in their ability to overcome some of these issues. Microfluidic
wearable biosensor technologies are the use of microfluidics in
wearable biosensor applications. Microfluidics has numerous
key-value innovations in this area. It primarily develops the
sensing element’s core with microstructures for liquid manage-
ment or storage.192 By allowing accurate adjustment of liquid
amounts, sensing accuracy and reliability can be considerably
increased. This is especially beneficial because human bodily
fluids are frequently released in small quantities. In this
scenario, microstructures require significantly lower liquid
quantities, lowering the patient’s complexity. Aside from liquid
handling, microstructures can also serve as physical containers
for the storage and discharge solutes at regular intervals.
Furthermore, the micropatterned components can act as an
electrical communication route in rigid platforms. These allow
for high flexibility while maintaining high electrical conductivity
in microelectromechanical systems (MEMS).193 This highlights
the novel concept of investigating microfluidic components and
creating wearable microfluidics for continuous healthcare moni-
toring. Also graphene and graphene-like layered 2D materials
such as MXenes, TMDs and MOF have gained immense impor-
tance as supporting substrates and transduction components in a
wide variety of biosensing applications. The unique qualities of
2D materials, such as the high density of active sites over a vast
surface, make them ideal for biosensing applications.194 2D
materials can be tuned to display selective responses toward the
target analytes with excellent sensitivity by surface chemistry
modification via defect engineering or surface functionalization.
2D materials are an essential paradigm of nanomaterials for
health care applications and next-generation biosensors because
of their layer-dependent band structure and the ability to create
heterostructures. 2D materials are useful for sensing applications
that require high sensitivity because of their atomic thinness and
large surface area, which result in a robust response to surface
adsorption process. When combined with tunable band structure,
desirable electrical properties, and a wide range of optical pheno-
mena, these characteristics make 2D materials a strong contender
for biosensing applications.194

Wearable smart contact lenses have piqued the interest of
many people due to their ability to immediately monitor
environmental and physiological information from the body
and eyeball fluids. Smart contact lenses equipped with highly
sensitive glucose sensors could pave the way for continuous
non-invasive monitoring of biomarkers in tears. The integrated
circuit chips or sensors must be biocompatible and stable
compared to the eyeball.195 Transparent and flexible atomically
thin electronic materials, such as mono-to-few-layered 2D TMDs,
could be appropriate building blocks for this application.

The issue, however, lies in the selection of the manufacturing
technique and the same materials. Furthermore, unlike con-
ventional circuit chips and bulk sensors, which are often
sandwiched between lens substrates and coupled to eye
drops via microfluidic sensing ducts,196,197 giving greater
detection sensitivity and straightforward assembly without
interference from blinking. Even though standard smart
contact lens solutions lack biocompatibility, efficient sensor
modalities, mechanical stability, and a specific fabrication
method.

Contact lenses containing multifunctional sensor arrays
with elastic linked nodes, PDMS lens substrate, PI passivation
layers, and ultrathin TMDC semiconductors were developed to
fulfill the aforementioned goals. Here, MoS2 transistors were
used as core sensing material due to their layered dangling-
bond-free surface, high surface area, large surface area, good
biocompatibility, charge transfer properties and tunable
bandgap.159,198–200 An Au-mediated exfoliation and assembly
technique was used to create mono-to few-layered MoS2 sheets
with a lateral dimension of 200 � 100 mm. A thin film of photo
patternable PI with mechanically reinforced MoS2 transistors
and the elastic parts were created using PI mesh structure and
serpentine gold. The vision blocking is avoided by placing the
sensor system close to the outer parts of the cornea. Mechanical
analysis indicated that this design could effectively insulate
devices from catastrophic mechanical deformations while
maintaining high stretchability and the ability to readily trans-
form functional components into diverse shapes of curvatures.
Fig. 13a shows the structural architecture of a smart contact
lens with a serpentine mesh sensor structure that is based on
ultrathin MoS2 transistors. With UV illumination, these thin
MoS2 transistors have a fast response of less than 1 s, high
sensitivity (0.1 mM) and responsivity (4.8 A W�1) for photo-
detection, and a high current on/off ratio (4103).195 They also
confirmed the contact lens system’s light absorption to demon-
strate transparency and performed in vitro cytotoxicity tests to
ensure biocompatibility. Overall, the device features and mate-
rial show that such contact lenses have addressed the needs for
practical applications, providing a simple and new way for
multipurpose contact lens sensor devices. This research creates
a smart contact lens system that is very transparent, easy to use,
and multipurpose. The serpentine mesh sensor device was
installed directly on the lens substrate and maintained real
interaction with the tears. This resulted in a more excellent
performance without obstructing vision or blinking while
remaining mechanically sturdy. Other functional components,
such as power modules for future in vivo research, electrode
arrangements for electroretinography, and antennae for wireless
transmission, can be added more easily thanks to the fabrication
technique and integrated contact lens sensor system.

Electrochemical biosensors play a significant role in sensing
technologies among many wearable biosensors. Sensing elec-
trodes plays a substantial role in the construction of wearable
sensors in this technology. Advanced 2D materials, such as
MXene, have replaced traditional contact surface areas and
introduced appropriate electrical and mechanical properties.201
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Furthermore, the use of MXene in conjunction with biomarkers
for microfluidic wearable electrochemical biosensors has
received little attention in wearable microfluidic systems, but
it is fast gaining traction In this regard, Lei et al. have intro-
duced MXene-based microfluidic wearable electrochemical bio-
sensors for sweat detection. Due to the excellent electrochemical
activity and high conductivity, exfoliated MXene (Ti3C2Tx) with PB
composites displayed higher electrochemical performance than
graphene/PB and CNT/PB composites against H2O2 detection.
In this case, the sensor device has a changeable sensor compo-
nent that can be inserted and replaced with customized sensors
designed to track various analytes such as lactate, glucose or pH
value. The device substrate was composed of superhydrophobic
carbon fiber to produce a tri-phase contact and protect the
connector from sweat corrosion. The sensing performance of
the manufactured device was evaluated using artificial sweat, and
it demonstrated glucose sensitivity around 35.3 mA mm�1 cm�2

and lactate sensitivity around 11.4 mA mm�1 cm�2.202 Fig. 13b
depicts the schematic diagram of the wearable multipurpose
biosensing patch based on Ti3C2Tx/PB composite. The sensor
was also tested for human sweat analysis. The test findings
showed simultaneous lactate and glucose readings with great
sensitivity and reproducibility. A skin-conforming flexible bio-
sensor with three interchangeable sensor units is integrated
onto a single wearable platform in the constructed system. O2

access to the active enzymatic layer is infinite, promising
intense enzyme activity and resulting inaccuracy, ultra-high
sensitivity and a wider linear detection range.

Similarly, Noh et al. reported a new wearable impedimetric
immunosensor comprising a chamber based on Ti3C2Tx-loaded
LBG (laser-burned graphene) flakes 3D electrode and micro-
fluidic channel for the non-invasive detection of cortisol in
human perspiration. To create these elastic and flexible patch
sensors, PDMS was used as a substrate, and LBG was placed
onto the PDMS substrate by removing the PI film. When the
LBG was transferred to the PDMS, a disconnection formed
between the LBG flakes due to transferring and burning, which

mainly influenced the electrochemical sensing response of the
LBG electrode. As a result, a highly conductive MXene was
introduced into the electrode, with good enzyme loading capa-
cities and electrochemical characteristics. The microfluidic
system was constructed using PDMS and a 3D-printed mold.
Sweat was gathered via a patch sensor that was adhered to the
skin with a double-sided adhesive film. Then a hole was created
in the adhesive layer via which perspiration secreted by the skin
is transmitted to the chamber under natural pressure via the
channel. The PDMS/LBG MXene-based patch sensor had line-
arity and LOD around 0.01–100 Nm and 88 pM, respectively,
under ideal conditions.203 Wearable microfluidic biosensors
for sweat analytics offer a viable method for detecting biomar-
kers without invasive testing. Nonetheless, sweat-based sensing
faces several challenges, including short sensor shelf lives
when using these whole working electrodes patterned using
traditional techniques, easy degradation of biomaterials and
enzymes with repeated tests, and limited sensitivity and detec-
tion range of enzyme-based biosensors due to sweat oxygen
deficiency. The performance of microfluidic wearable bio-
sensors based on 2D materials is shown in Table 2.

7.2. Conclusion and future directions

There are several obstacles to overcome to realize microfluidic
wearable biosensors. Microstructure design and electronics func-
tionality are two significant areas of concern. Fig. 14 depicts a
schematic illustration of the general issues of wearable systems
and the practical features of sensing entities. Biosensor wear-
ability is primarily determined by materials that match human
skin’s biological, chemical, and physical attributes. However,
difficulties arise because the human body contains uneven sur-
faces that are tough to remove. Human skin is also viscoelastic
and very deformable. The outer epidermis layer permits fluid
exchange to carry on homeostasis within the body. Finally, the
adverse reaction of the epidermis towards foreign materials or
chemicals, causing discomfort and skin irritation. So, the sensor
material interface demands to consider all these requirements.

Fig. 13 (a) Structure of a smart contact lens with a serpentine mesh sensor system based on ultrathin MoS2 transistors. Source reprinted from S. Guo,
K. Wu, C. Li, H. Wang, Z. Sun, D. Xi, et al., Integrated contact lens sensor system based on multifunctional ultrathin MoS2 transistors, Matter., 2021, 4(3),
969–985. (b) Ti3C2Tx/PB based glucose/lactate and pH sensor developed by Lei et al. (Source: reprinted from Y. Lei, W. Zhao, Y. Zhang, Q. Jiang, J.-H. He,
A. J. Baeumner, O. S. Wolfbeis, Z. L. Wang, K. N. Salama and H. N. Alshareef-, A MXene-Based Wearable Biosensor System for High-Performance In Vitro
Perspiration Analysis, Small 2019, 1901190, with permission from Elsevier).
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To summarise, skin qualities should be compatible with
biosensors while achieving digitalization of bodily information
via specialized mechanical or chemical interactions, or both.
Despite the fact that many of the appealing features of micro-
fluidics/LOC devices have enabled the use of microchip-based
platforms in life science and biology, microfluidic technologies
often increase the performance of existing macroscale assays or
give comparable alternatives.204 On the other hand, they have
not reached their full capabilities due to a lack of new essential
qualities. On the other hand, microfluidics technologies have
lately been adopted to address difficulties that have not yet
been addressed by the traditional laboratory tabletop method.
Skin interfaced wearable biosensors used in sports analytics
and wearable healthcare monitoring are one such example.
Although this sector is still in its early stages, the foundations
are extraordinarily strong; wearable LOC devices are gradually
integrating with traditional techniques like flexible electronics,
microfluidics, biocompatible materials, etc. Wearable biosen-
sors are still in their developing stage with much ability for
improvement in performance (accuracy, reliability, resolution,
durability, limit of detection) and their sensing parameters
(temperature, pressure, pH, force, hydration). Microfluidic
wearable biosensors open up new avenues for improving life
productivity and quality and enabling individual healthcare.
Next-generation microfluidic wearables have the potential to
provide unprecedented sensing, control, and monitoring cap-
abilities. Considering these facts, we predict some potential
and constraints for next-generation wearable systems for clinical
applications.205 Despite many possibilities lying ahead, several
challenges need to be conquered to implement wearable micro-
fluidic sensors for clinical biosensing applications successfully.
Many issues are critical and must be addressed right now. The
extended stability and endurance of different parts of wearable
microfluidics, for example, have yet to be thoroughly described
and presented. At the moment, the majority of the individual

components of wearable microfluidic-based devices are still in the
early stages of research and are constrained to the lab setting.
Additional work and robust characterization are required to get
beyond this early level. These individual elements must go
through a series of accelerated life tests to determine whether
they can resist the wear and tear associated with the continuous
use of wearable gadgets. Furthermore, by combining various
components of wearable microfluidic technology, completely
functionalized wearable devices can be created. Specifically, this
means that the entire sequence of external stimuli collection,
digitalization, evaluation, and data transmission must be com-
pleted without interruption. Complete integration of numerous
functions in conformable, stretchable, and flexible tiny parts is
required.193 These recent papers have highlighted a variety of
prospects for microfluidic wearables along with challenges in the
biosensing area. Finally, we anticipate that ongoing and progres-
sive research in various areas, including material science, electro-
nics, chemistry, and physics, will improve the applicability of
microfluidic wearable biosensors.

Microfluidics and microfluidic wearables have enormous
potential in biomedical applications such as continuous health
diagnosis, monitoring, and therapy. In this paper, promising
research works in sensing based on 2D materials for diverse
health care and environmental applications are highlighted. We
anticipate that these devices will eventually improve and prolong
the quality of life of humans and, ultimately, society as a whole.
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10 L. Reverté, B. Prieto-Simón and M. Campàs, Anal. Chim.
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