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ABSTRACT

Textile-based microfluidic biosensors represent an innovative fusion of various multidisciplinary fields, including bioelectronics, material
sciences, and microfluidics. Their potential in biomedicine is significant as they leverage textiles to achieve high demands of biocompatibility
with the human body and conform to the irregular surfaces of the body. In the field of microfluidics, fabric coated with hydrophobic materi-
als serves as channels through which liquids are transferred in precise amounts to the sensing element, which in this case is a biosensor.
This paper presents a condensed overview of the current developments in textile-based microfluidics and biosensors in biomedical applica-
tions over the past 20 years (2005–2024). A literature search was performed using the Scopus database. The fabrication techniques and mate-
rials used are discussed in this paper, as these will be key in various modifications and advancements in textile-based microfluidics.
Furthermore, we also address the gaps in the application of textile-based microfluidic analytical devices in biomedicine and discuss the
potential solutions. Advances in textile-based microfluidics are enabled by various printing and fabric manufacturing techniques, such as
screen printing, embroidery, and weaving. Integration of these devices into everyday clothing holds promise for future vital sign monitoring,
such as glucose, albumin, lactate, and ion levels, as well as early detection of hereditary diseases through gene detection. Although most
testing currently takes place in a laboratory or controlled environment, this field is rapidly evolving and pushing the boundaries of biomedi-
cine, improving the quality of human life.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0222244

INTRODUCTION

In recent decades, researchers have been seeking ways to
reduce the volume of fluids required for analysis and laboratory
work, such as blood and urine, due to the preference for non-
invasiveness1 and patient comfort.2 Basically, only 100 μl3 or even
lower volumes of blood are used per test for laboratory work.
However, a greater volume of blood is collected,4 approximately
3–5 vials, each containing 8.5 ml. The sampling process is currently
guided by the operator’s experience, but this could be minimized
through automation5,6 and miniaturization.7–9 Therefore, microflui-
dics has emerged as a promising solution to address this limitation
in medicine due to the utilization of minuscule amounts of fluids
to extract valuable information.10–13

Over the years, the field of microfluidics has continuously
evolved while maintaining its advantages and addressing its
drawbacks.14–17 This field involves analyzing fluid characteristics
and components in a controlled environment using minimal
volumes of the targeted fluid. The field of microfluidics has found
application in diverse industries, particularly through lab-on-chip
devices, which can swiftly and efficiently detect pathogens in fluids
such as blood.18–22 This platform requires lower volumes of liquids
than traditional laboratory methods, contributing to its efficiency
and detection speed.17

For the past few decades, most researchers have shown interest
in harnessing environmental advantages more through paper-based
and cloth-based microfluidic devices.23–26 This interest has led to
an increased usage of microfluidic paper-based analytical devices
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(μPADs) in numerous applications, such as diagnostics,27–31 envi-
ronmental testing,32 food,33–36 pharmaceutical,37–39 and clinical
samples.30,31,37,40–42 To overcome the short durability of the
μPADs, textile-based analytical devices (μCADs) have gained atten-
tion in biomedical applications.43–46 From 2006, there has been a
steady rise in papers related to textile-based microfluidic devices,
where four papers were published that year. In the following years,
up to 2012, the publication numbers were relatively constant, after
which 11 papers advanced the field of textile-based microfluidics.
Furthermore, 25 papers were published in 2019, followed by 28
papers in 2020, in 2021, 25 papers, and then in 2022, 19 papers
were published. Finally, in 2023, the highest number of papers yet
in this field were published, totaling 37 papers. Moreover, there is a
decrease in the number of publications in the period between 2020
and 2023. As for all of the research in this field, fabrication and
testing in laboratory settings has to be done, which was limited
from 2019 to 2022. More precisely, due to the COVID-19 pan-
demic, there was limited access to laboratories, aside from restric-
tions in terms of the number of people using the laboratory at a
time. With that in mind, a decrease in publications, which require
practical testing, is expected during the pandemic.

Microfluidic textile-based analytical devices (μCADs) or
microfluidic fabric-based analytical devices (μFADs) are a low-cost
alternative to traditional laboratory testing. They were first intro-
duced in 2011 with the aim of enhancing point-of-care testing and
disease screening.47 The concept of μCADs was initially introduced
by Dendukuri and co-workers, using woven silk yarns.47 Since
then, μCADs have continued to evolve and gain attention among
researchers. Various traditional Micro-Electro Mechanical System
(MEMS) fabrication methods, such as photolithography, and other
textile-based methods, such as weaving, stitching, and manual
cutting, have been utilized. Additionally, wax has been commonly
used to create hydrophobic channels for fluid direction.48

The development of simple, rapid, low-cost, and highly sensi-
tive biosensors has contributed to the progress of personalized
healthcare and ultrasensitive point-of-care disease biomarker detec-
tion. This has led to the extensive exploration of biosensor research
and development.49–51 As analytical devices used to detect specific
chemical components in substances, biosensors have naturally
found their way into the field of microfluidics, particularly in devel-
oping microfluidic analytical devices. Moreover, in recent decades,
the integration of electrochemistry in textile electronics has led to
the emergence of textile-based biosensors, which offer promising
advancements in the field of sensor technology.31,46,52,53

The integration of microfluidics and biochemistry has led to
advancements in biosensing. Textile-based biosensors use materials,
such as cotton, neoprene, Gore-Tex, and combinations of polyam-
ide and cotton, as the base for sensing.54–56 Additionally, conduc-
tive materials, such as carbon and its derivatives, silver, and other
conductive materials, are layered onto the substrate to create a
sensing region.54 Electrodes woven from conductive threads and
yarns have been utilized after functionalization.57

The ability of wearable biosensors to monitor vital physiologi-
cal characteristics, such as blood oxygenation, respiration rate, skin
temperature, movement, brain activity, blood pressure, and sweat
composition, ex vivo has garnered significant attention in recent
years.58–63 Wearable biosensors made from textiles demonstrate the

feasibility of creating functional biosensors on fabric, indicating
that textile-based biosensors should also be used for chemical
sensing. However, current wearable chemical sensors are prone to
mechanical damage and often need large rigid electronic compo-
nents.63 Therefore, incorporating these textile-based biosensors in a
closed, microfluidic system should be the next landmark in research
in this field.

The development of microfluidic cloth-based analytical
devices has become crucial at the intersection of diverse multidisci-
plinary fields, including biomechanics, bioelectronics, and portable
sensing, as well as fundamental sciences, such as medicine and
materials science.

Textiles, especially conductive threads, fibers, and yarn, and
those coated with conductive materials, show significant sensing
capabilities, with and without additional functionalization.
Moreover, textile thread coated with wax creates a hydrophobic
path, enabling the traversing of analytes.48 Polydimethylsiloxane
(PDMS) and other materials widely used in microfluidics have a
detrimental effect on the environment and require a harsher fabri-
cation process. In contrast, textiles utilize far more environmentally
friendly fabrication methods.55,64,65

A new avenue in the development of bendable, stretchable, con-
ductive materials in the past decade has been the use of liquid
metals.66,67 More precisely, metal alloys, for example, gallium-based,
are liquid at room temperature, enabling easy moldability and adhe-
sion onto irregular surfaces.67 With that in mind, there has been
much interest in these alloys, especially in the field of microfluidics,
successfully being integrated into micropumps, microvalves, mixers,
and droplet generators.67 Furthermore, their high conductivity has
been an effective sensing parameter in sensorics. Moreover, they have
been used to develop strain, pulse, and motion sensors, which can be
placed on the human body.68–70 Liquid metals can be molded into
microfibers, and they have potential use in textile electronics.68 With
this high diversity in application, liquid metals pose a great research
direction in textile-based microfluidics and even more so, as they have
not yet been used in this field at all.

The primary challenge in microfluidics that limits their appli-
cation in biosensing is the lack of standardization,71 as well as the
difficulties in using a minimal volume of fluids in complex systems
to fully describe specific behavior or to detect the target analyte of
interest.72 Moreover, these problems compound the challenges in
the field of biosensing, creating an even greater obstacle to over-
come.73 It is important to note that one of the main problems in
this field is a lack of experiments that deal with real patient samples
using biosensors. This is evident in the papers reviewed, as the
focus is on the laboratory environment. In addition to current
developments in textile-based microfluidics and biosensors in bio-
medical applications, this will be the main focus of this review.

The main objective of this paper is to identify the gaps in the
application of textile-based microfluidic analytical devices in bio-
medicine. Additionally, it needs to provide an overview of fabrica-
tion techniques and materials used, which can lead to various
modifications and advancements. Furthermore, novel ways of use
and inspiration can be discovered by presenting the diverse applica-
tions of textile-based microfluidic analytical devices.

Figure 1 summarizes this review paper and its crucial struc-
tural points.
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MATERIALS AND FABRICATION TECHNIQUES

In μCADs, cotton fibers are the most common materials used in
their fabrication.55,74–86 Moreover, materials, such as carbon fibers87–89

and cloth,56,90–92 nylon,74,75,93,94 silver,57,95 cellulose,64,65 and polyester
threads,86,96,97 are utilized as well. This is due to the widespread acces-
sibility of cotton, polyester, and nylon used in manufacturing hollowed
fibers. It is important to note that extensive research was done in the
field of thread flow direction in microfluidic devices, where a consis-
tent flow rate on cotton threads of 0.38 μl s−1 was achieved.98 Table I
shows the characteristics and use of these base materials, as well as if
they have been tested in a clinical or laboratory setting. Similarly to
Table I, a graphic depiction of the number of papers published, which
made functional realizations, is shown in Fig. 2.

Furthermore, cost analysis was conducted to better present
these materials’ availability. As of 2024, we have compiled prices of
carbon fibers, nylon thread, carbon cloth, polyester thread, silver
thread, raw cellulose, and cotton. The cost analysis was done by
comparing prices on different sites; therefore, these are approxima-
tions. Carbon fibers cost around €9–€30 per kg, while nylon thread
€10–€20 per km and carbon cloth approximately from €27 to €54
per m2. Furthermore, polyester thread costs between €3 and €10
per km, which, alongside cotton (€1–€2 per kg) and raw cellulose
(€4–€10 per kg), presents one of the cheapest options in the fabri-
cation of cloth-based microfluidic devices. Finally, silver thread has
the highest cost per kg, going from approximately €100 to €200.
These prices are indicators of the availability of the materials;
cotton presents the most common material used in μCADs. On the
other hand, silver thread, even though it is the most expensive
option, its usefulness, as a conductive thread may be a reason for
its wide presence in published papers in Fig. 2.

Different substrate materials have been used in biosensors,
each with their advantages and limitations. Cotton is one of the
most researched and used substrate materials in the field of

biosensors. Being a natural material with wide availability, cotton
has become the most cost-effective substrate material in biosensor
development.74–86 It has good biocompatibility and is suitable for
immobilizing biological elements, such as enzymes or DNA, which
in turn aids in the process of sensing. By providing a non-reactive
and porous surface for effective immobilization, cotton, as a sub-
strate, allows for efficient binding of targeted biomarkers.84,86 On
the other hand, carbon fibers offer unique properties, some con-
trasting the properties of cotton, making the fibers suitable for use
as substrate materials in biosensors.87–89 These properties include
high mechanical strength, excellent electrical conductivity, and a
large surface area, which, similar to cotton, enables efficient immo-
bilization of biological elements and enhances biosensor
sensitivity.87–89 As a synthetic representative, nylon thread has been
found to be useful, especially for its higher chemical and tempera-
ture stability, compared to the aforementioned substrate materi-
als.93,94 As a key component of cotton, cellulose has been used as a
substrate material, having a crystalline structure that gives high
tensile strength.64,65 Its greater insolubility in water and chemical
stability are favorable properties that enable better compatibility
with textiles and easier use on the body. This aspect of cellulose
should be explored more in the future, as it has only been done in
laboratory settings with simulated, artificial analytes.65 One of the
least used materials, silver thread presents an unexplored avenue
for substrate use in biosensors. Moreover, its good temperature,
electrical stability, and antibacterial properties are vital aspects that
contribute to its potential to integrate textile-based microfluidic
biosensors in everyday clothing.

The specific coatings, which are put on substrate materials,
with the aim of making it sensitive to certain biomarkers are specif-
ically related to the targeted analytes of interest. Therefore, those
materials and coatings will be described in detail in the
Applications section of this paper.

FIG. 1. Review summary of the presented review paper on textile-based microfluidics for biomolecule sensing.
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TABLE I. Materials with their characteristics used in textile-based microfluidics.

Material Characteristics Stability
Use in textile-based

microfluidics

Clinical/
laboratory
setting Pros/cons Reference

Cotton Biocompatible; affordable;
lightweight; biodegradable;

95% cellulose; 1.3%
proteins; 1.2% minerals;
can be treated with
polymers for greater

endurance

Good thermal
conductivity

(degrades between
130 and

340 °C); water
absorbability may

affect the functioning
of specific biosensors

Substrate material
for various

biosensors; coated
with wax to create
hydrophobic paths
for liquids; treated;
used as the sensing
part for different
biosensors (e.g.,

adrenaline, mercury,
uric acid, ion, etc.)

Laboratory
setting only

Pros: cheap; good
thermal conductivity

55 and
74–86

Cons: water
absorbability; needs to

be treated with
polymers for better

endurance

Carbon
fibers

High degree of
mechanical strength; high

rigidity; light weight;
expensive; biocompatible

Superior chemical
resistance;

exceptionally little
thermal expansion

Used as the scaffold
for detecting

biomarkers in sweat

Laboratory
setting only

Pros: superior chemical
resistance; high degree
of mechanical strength;

light weight

87–89

Cons: expensive; rigid
Nylon
thread

More resistant to chemical
abrasion than cotton or

silk; cheap;
non-biodegradable and

biocompatible

Good stability over
time; good resistance

to alkalis, but is
susceptible to

destruction in acidic
environments;
thermoplastic

material; degrades
from 240 to 260 °C

Substrate material;
stable for addition

of different
conductive; sensitive
inks; for detecting
alkaloids, antibodies

in blood, and
glucose

Laboratory
setting only

Pros: cheap; resistant to
chemical abrasion

compared to cotton or
silk

74, 75,
93, and

94

Cons:
non-biodegradable; UV

sensitive; heavy
pollutant

Carbon
cloth

Due to their more
complex nature, carbon

cloth is more flexible than
carbon fibers; expensive;

biocompatible

When activated, it is
highly homogenous
during joules effect

heating

Substrate material;
glucose and heavy

ion sensing

Laboratory
setting only

Pros: highly flexible;
biocompatible; highly

homogenous

56 and
90–92

Cons: expensive;
environmental impact;

limited flexibility
Polyester
thread

Not biodegradable;
stretchable; high strength,

durability, and
extensiveness;

hydrophobic nature;
biocompatible

Can deteriorate under
direct sunlight

Substrate material;
reported use in
adrenaline
biosensors

Laboratory
setting and
human

preliminary
test

Pros: biocompatible;
hydrophobic nature;

durable

86, 96,
and 97

Cons: UV sensitive;
non-biodegradable

Silver
thread

Biocompatible; durable;
heat and humidity can

affect its properties; highly
conductive; expensive

Resistant to friction;
stable conductance
values up until

200 °C;
decomposition at
370 °C; oxidation

Modified and
treated with a

chlorine salt; can be
used as a reference
Ag/AgCl electrode

Laboratory
setting only

Pros: highly
conductive; durable;

biocompatible; resistant
to friction

57 and
95

Cons: expensive;
susceptible to oxidation

Cellulose Biocompatible;
biodegradable; cheap; high
tensile strength; crystalline

structure

Do not rapidly
degrade; chemically
stable; insoluble in

water

Used as a substrate
material

Laboratory
setting only

Pros: biocompatible;
biodegradable;

chemically stable; high
tensile strength

64 and 65

Cons: lack of elasticity;
moisture absorption;
shrinkage over time
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Finally, all the previous substrates, as well as the targeted bio-
markers, have only been used in laboratory settings, except polyes-
ter thread. This gap of non-on-patient experiments simulating
real-life settings should be filled and explored in the near future, as
it is a vast plane for improvement.

Noting that the fabrication of μCADs and textile-based bio-
sensors is an interdisciplinary field, there are a myriad of fabrica-
tion methods that ought to be used with the goal of manufacturing
a functional μCADs biosensor, as seen in Table II. From embroi-
dery,55,57 digital and hand-done, 3D printing,74,99,100 screen
printing,48,78,80,101–103 grafting,77 laser utilization,74,79,104 to the use
of functionalization methods, such as immersion,99

coating,93,100,105 evaporation,90 adsorption,48 acid treatment,106

drop casting,65 and deposition,55,75 there is vast potential to be
found in new and modified fabrication methods by bridging these
two fields. In μCADs, one of the main methods of fabrication is the
combination of embroidery and screen printing. More precisely,
screen-printing methods are used to print wax as a non-conductive
and hydrophobic layer onto textile, while with embroidery, conduc-
tive channels are made.55,57 Screen-printing methods are more
common, as the hydrophobic wax layer and the conductive sensing
layer can be fabricated.74,99,100 Of the presented fabrication tech-
niques, screen printing was used the most often, followed by
embroidery, 3D printing, laser utilization, and coating. The least
used fabrication techniques were deposition, immersion, drying,
adsorption, evaporation, acid treatment, and drop casting.

Figure 3 represents a decision matrix based on the cited litera-
ture and Table II. Each fabrication technique was categorized into
one of three groups (high, medium, or low) depending on the crite-
ria (cost, precision, scalability, safety, speed of production, material

versatility, and number of publications). Finally, based on the previ-
ous criteria, application suitability was determined.

APPLICATIONS IN BIOMEDICINE

With the dawn of the Internet of Things (IoT), many develop-
ments have been made in the field of telecommunications, making
it integral in wireless and miniaturized biomedical and healthcare
applications. As an extension to this, IoT has enabled faster ways of
communication in nano-integrated wearable biosensor devices,
especially in healthcare. Biosensors, with their wide applications in
biomedicine, upgraded with 5G in IoT, have enabled further
advancements in telemedicine, as well as in curing, monitoring,
and disease detection.107 As a solution to the need for miniaturiza-
tion but not degrading the characteristics of biosensors, μCADs
have been introduced. These devices can be integrated into textiles,
be wearable, and not obstruct the user’s day-to-day life. Moreover,
in a previous review, functional components, such as microvalves,
micromixers, microfilters, and velocity control elements, were
described in detail. Finally, the future outlook, which gave concern
on stability, automatization, as well as integration of flow control
components, will be addressed, now that a few years have passed.
The development of cloth-based multiplex assays through the fol-
lowing biosensor applications will also be addressed.43

Much interest in recent years has been focused on developing
threads with specific properties, which can be implemented as
transducers in sensing applications. Chemiluminescent detection
systems have been exploited in food analyses through the investiga-
tion of the aforementioned cloth and thread systems.108 This effect
is not only present in the food analysis domain, but it has also

FIG. 2. The percentage of papers published on the materials used in textile-based microfluidics.
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been used in many biosensing applications, such as glucose in
urine and serum detection and the detection of H2O2 in milk.109

With their seamless and non-toxic contact with human skin, tex-
tiles possess the potential to passively and non-invasively harness
information from biological fluids excreted from the human skin.
Most of these biosensors are based on sweat analysis and detecting

specific biomarkers that can indicate an imbalance in the examin-
ee’s system in real-time. Some of these biomarkers are metabolites,
such as glucose, electrolytes, neuropeptides, cytokines, trace ele-
ments, and small molecules, from which significant research has
been done in the field of urea and cortisol detection.110 Through
the investigation of the aforementioned biomarkers, the

TABLE II. Overview of fabrication methods for manufacturing functional μcAD biosensors.

Fabrication
technique Advantage Drawbacks Use in μCADs Reference

Embroidery Digital or hand-done; fast process;
can be used for rapid and mass

production

Thread needs to have a certain
mechanical resistance; thread is
damaged during fabrication

Common practice; used to fabricate
the channels

55 and 57

3D printing Fast and cheap fabrication; easily
modifiable; can be used as an
assistive method for other
fabrication techniques

Spending on the building material;
can be easily destroyed; hard to
print on smaller scales; prone to

variation in size

Used as a mold or an underlying
structure

74, 99, and
100

Screen
printing

Fastest fabrication technique; even
distribution of ink on the

designated area; can be used for
mass production

Limited to the number of molds on
the frame; more material is lost

than in other techniques

Used for creating hydrophilic and
hydrophobic paths

48, 78, 80,
and

101–103

Laser
utilization

Extremely precise fabrication
method; fast

Expensive; dangerous Creates hydrophilic and hydrophobic
paths by activating the photoresist

74, 79, and
104

Deposition Precise control over thickness and
uniformity; creates high-quality

films with good adhesion; suitable
for various materials

Limitation in scalability for large
areas for deposition; expensive and

may require special work
conditions

Good for specific precise
functionalization of certain areas;
good for development of sensor

arrays

55 and 75

Immersion/
drying

Cost-effective; can be used in mass
production; not substrate specific,
high versatility, and applicability

Film thickness and uniformity can
vary; less precise in comparison

with deposition

Can be applied to various fabric
types; used for large-scale

production

99

Coating Simple and cost-effective; versatile;
can be used in large-scale

production

Limited control over thickness of
the coated area; uneven coatings

Used for applying multiple different
layers

93, 100,
and 105

Adsorption Can be applied to complex
structures to little consequence;

simple and cost-effective

Limited process, as it is surface
dependent; requires optimization as
it depends on the materials used;

limited control over uniformity and
thickness

Adsorption is employed for
attaching bio-recognition elements
onto fabric surfaces; useful for

modifying cloth to make it receptive
to specific analytes; practical for
developing cloth sensors with

enhanced specificity through the
adsorption of biomolecules

48

Evaporation High purity of deposited material;
good control over film thickness

Vacuum is needed, especially for
high purity deposition; complex

equipment is needed

Used in creating thin films with
enhanced sensitivity on cloth;

applicable in small-scale settings
where precise deposition is needed

90

Acid
treatment

Effective in functionalization and
surface modification in any way;
can enhance wettability and

adhesion

Dangerous; requires careful
handling; limited control over

specific modifications; if not used
properly, it can result in the
destruction of the material

Complex use, as it can easily damage
the cloth; used to improve the
adhesion quality of the cloth

106

Drop casting Versatile and suitable for a wide
range of materials; cost-effective;

safe

Limited control over uniformity
and thickness; less precise in
comparison to deposition

techniques

Applicable to point-of-care or
on-site sensor fabrication

65
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physiological status of the human body can be tracked, with the
possibility of sending real-time nutritional information, as well as
grading athletic performance, to the examiner or physician.55

When engaging in physical activity, the assessment of sweat loss
could accurately indicate how dehydrated the human body is.
When a person is very dehydrated, their body’s electrolyte concen-
tration will rise, which could result in homeostasis disbalance. To
better understand the interaction between μCADs and various bio-
logical fluids, we present a detailed summary of the key properties
of sweat, blood, and saliva (Table III). This summary includes fluid
composition, typical biomarker content, and the challenges and
advantages of using each fluid in μCADs.

The selection of biological fluids for μCADs significantly
influences sensor design. For example, low concentration of bio-
markers in sweat requires highly sensitive sensors, whereas blood’s
complex matrix necessitates robust separation and detection tech-
nologies. Saliva’s fluctuating pH and enzyme content require
μCADs that can operate effectively under variable conditions.

Keeping in mind the liquids mentioned above, the importance
of the selected biomarkers (glucose, albumin, lactate, uric acid,
ions, and genes) in this section is reflected in their integral part in
the stable functioning of the human body as a whole. The

significance of monitoring and detection of these biomarkers is
as follows:

Glucose: Glucose presents a significant biomarker in the human
body, as its significance stems from the possibility of monitoring
the well-being of patients who have diabetes through it.
Moreover, through glucose and its fluctuation in blood or sweat,
different pathological states can be identified and caught early,
preventing serious complications, which can lead to loss of life.
For example, aside from diabetes, hypoglycemia and hyperglyce-
mia can be monitored through glucose sensing.116

Lactate: Lactate is a key biomarker in biomedicine, essential for
assessing metabolic conditions, exercise physiology, and clinical
scenarios. Lactate levels are crucial for understanding anaerobic
metabolism, especially during high-intensity exercise with
limited oxygen. Elevated levels indicate reliance on anaerobic
pathways, informing training in sports medicine.117

Albumin: Serum albumin levels indicate the health and function of
the liver, as these proteins are produced by it. Moreover, a
decrease in albumin levels can be an indication of inflammation.
Furthermore, low albumin levels can result from rapid fasting or
malnutrition.118

FIG. 3. Graphical depiction of the number of papers using different fabrication methods in textile-based microfluidic biosensors.
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Ion: Ions, especially metal ions, are crucial for functioning underly-
ing biological processes, such as catalysis, osmotic regulation,
metabolism, and cell signaling. For example, ions, such as Na+
and K+, maintain fluid and electrolyte balance. Variations in
levels of these ions can indicate different significant problems in
the human body.119

Gene: Through the development and use of precision medicine,
species identification, and pathogens detection, gene monitoring
and detection have become significant. Monitoring and detecting
genes in clinical practice can provide improved solutions for
accurate diagnosis and precise therapy of different complex and
severe illnesses.120

Uric acid: Uric acid is a major product of purine nucleoside break-
down in humans, primarily excreted through the kidneys with a
concentration of 2–10 mM in sweat. High levels of uric acid can
pose risks for various diseases, such as cardiovascular diseases,
type 2 diabetes, renal diseases, and gout.121

Previously presented applications are still in the investigation
stage and/or done in laboratory settings. They are yet to be exe-
cuted on human volunteers, which provide vast space for research.
The lack of standardization in the field of microfluidics and biosen-
sors is found in this merged field as well. With the growing rate of
publications and research done in the field of textile-based micro-
fluidic analytical devices, standardization should be considered. It
would greatly speed up the fabrication process and leave more
room for the development of sensing and monitoring aspects.
Moreover, the high variability of sensitivities and limits of detection
indicates that there is a consequence of the fabrication process, as
well as the choice of structural elements. Through further testing,
these shortcomings can be evened out.

Despite significant advances in textile-based microfluidic
devices for various biomedical applications, several challenges

remain unaddressed. These include scalability of production pro-
cesses, reaching clinically relevant sensitivity and specificity, integra-
tion with broader healthcare systems for data analysis and
monitoring, and ensuring long-term stability and functionality of the
embedded sensors in diverse environmental conditions. The prohibi-
tive cost of microchip fabrication and poor sensitivity due to small
sample volumes in a microfluidic format poses a challenge.122

Second, the need for complex surface modifications and selective
functionalization of textile materials to create microfluidic channels
with switchable water transport adds complexity to the manufactur-
ing process.123 Additionally, while simple methods, such as painting
hydrophobic zones on cotton cloth, have been proposed for fabricat-
ing microfluidic devices, ensuring dimensional reproducibility and
barrier integrity remains a concern.124 These factors altogether affect
the scalability of textile-based microfluidic device production pro-
cesses, highlighting the need for further research and innovation to
address these challenges and enhance the viability of these devices
for widespread biomedical applications.

Future research should focus on the development of novel nano-
materials that enhance the sensitivity and selectivity of μCADs for bio-
marker detection. Additionally, integrating these devices with wireless
technology could pave the way for real-time health monitoring
systems. Research could also explore the use of biocompatible and
robust materials to ensure that devices can withstand long-term use
without degradation, particularly in wearable formats.

For instance, enhancing the sensitivity of glucose detection in
sweat could greatly benefit diabetes management, while advance-
ments in the detection stability of albumin could improve the mon-
itoring of kidney and liver diseases. Moreover, innovative designs
for ion detection in sweat could lead to better hydration strategies
for athletes and individuals in extreme environments.

Finally, before describing the state-of-the-art and current
trends of the most prolific types of biosensors, it is important to

TABLE III. Summary of key properties of biological fluids of interest used in μCADs.

Biological
fluid Key properties Common biomarkers Challenges in detection Advantages in detection Reference

Active
sweat

Produced during physical
activity; higher protein
content, variable pH

Glucose, electrolytes,
lactate

Variability in sweat rate,
contamination, limited volume

Can provide real-time
information on metabolic

activity

111

Passive
sweat

Produced while at rest;
lower protein content,

more stable pH

Electrolytes, cytokines Less variation, but lower
volume and lower biomarker

concentration

More stable and less
influenced by external

factors

111

Blood High protein content,
neutral pH, contains a

wide range of biomarkers

Glucose, hormones,
proteins (e.g.,
albumin)

Requires anticoagulants, risk of
infection

Broad range of biomarkers,
well-established detection

methods

112

Saliva Moderate protein content,
enzymes, fluctuating pH

Hormones, antibodies,
glucose

Influence of food intake,
diurnal variations

Non-invasive collection,
can be collected easily

113

Urine Contains waste products,
electrolytes, and
metabolites

Creatinine, urea,
electrolytes, drug

metabolites, hormones

Concentration variability,
sample handling, complex

matrix, limited biomarker range

Reflects renal function and
metabolism, easy to collect

114

Interstitial
fluid

Similar to blood plasma
but with lower protein

content

Glucose, lactate,
cytokines, proteins,

cortisol

Collection method, fluid
dynamics, variability, limited

research

Provides localized
biomarker information, less

invasive than blood

115
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emphasize that these systems require energy. With that in mind,
great strides have been achieved in the field of flexible fuel cells,
which have power-storage properties or energy-harvesting methods
implemented in them.125

Textile-based microfluidics have covered many biosensing areas
through the detection of various biomarkers. From that, ion detection
(17 publications) and glucose sensing (14 publications) garnered the
most research interest. Furthermore, lactate, albumin, and uric acid
have lower detection success, as indicated by around five published
papers, per biomarker. Notably, gene detection through textile-based
microfluidic devices has gained interest in recent years.

Glucose detection

Blood glucose level is a crucial sign of diabetes and needs to
be closely monitored for the treatment of the aforementioned con-
dition. The intense regulation of blood glucose concentration in
diabetic patients would be made possible by continuously monitor-
ing the glucose level in vivo, non-invasively. Long-lasting implant-
able sensors lessen the frequency of implantation and replacement,
which in turn decreases patient discomfort. The ability to implant
thread-based sensors in the body with the least amount of invasive-
ness makes glucose measurement intriguing for long-term moni-
toring. Diet and degree of activity impact a person’s blood glucose
levels. Monitoring glucose concentration in perspiration is a
straightforward, non-invasive method to determine the relevant
health status, which is helpful to check the level of the body’s
metabolism and brain activity.80,103

Textile-based microfluidics and biosensors have been widely
used to detect glucose, a vital component in diabetes monitoring.
These devices integrate microfluidic networks and biosensors with
textile materials to measure glucose levels in the body. Microfluidic
networks enable the flow and distribution of fluids, while biosen-
sors respond to specific chemical or biological signals to generate
an electrical output that is proportional to the concentration of
glucose. One of the main advantages of textile-based glucose detec-
tion systems is their comfort and ease of use. These devices can be
integrated into wearable clothing, allowing for continuous and non-
invasive monitoring of glucose levels. Additionally, these devices
have been shown to have a high level of accuracy and reliability,
making them suitable for use in clinical settings. For example, a
study by Chib et al. found that a textile-based glucose biosensor
fabricated on cotton could accurately measure glucose levels in
human sweat with a high degree of reproducibility.126 Furthermore,
the use of textile-based microfluidics and biosensors for glucose
detection has the potential to improve the lives of people with dia-
betes. By providing real-time and continuous monitoring of
glucose levels, these devices can help individuals better manage
their condition and avoid potentially dangerous fluctuations in
glucose levels. In addition, integrating these devices into wearable
clothing eliminates the need for frequent finger pricks, making the
monitoring process less painful and more convenient.126

In all wearable sensors, microfluidic devices must be integrated
to perpetually refill sweat on the sensing electrode during measure-
ment to continuously monitor sweat glucose levels with high precision
over long periods. In developing microfluidic devices for wearable
platform integration with biosensors, it is imperative to attain low

power consumption, small size, and durability. Therefore, to achieve
daily sweat glucose monitoring using wearable electrochemical biosen-
sors, various features must be met, including detection accuracy, sensi-
tivity, stability, user convenience, and cost-effectiveness. These features
ought to be similar to those found in electrochemical biosensor strips
that blood glucose meters utilize. It will take a while before wearable
biosensor systems with all these features are a reality.127 Figures 4(g)
and 4(h) show an example of a wearable system.

Moreover, different approaches have been done for non-
invasive in vivo and in vitro glucose monitoring. Mostafalu et al.
have extensively reported on the usability of thread in the construc-
tion of three-dimensional (3D) microfluidic circuits and systems.129

Adding nanomaterials, such as carbon nanotubes, carbon nano-
powders, polyaniline, and other materials, with their combinations
as well, opens a new avenue for biomarker detection integrated into
microfluidic systems.129

The relevant physiological range of glucose in sweat has a
detection limit of 0.125M and 0.05 mM. Zhao et al. have employed
surface-enhanced Raman scattering and colorimetric sensing
modalities in core-shell structured gold nanorods on fabric-based
microfluidic devices to detect ex situ glucose content detection in
sweat.128 Mathematical formulas were developed to accurately
detect the content of glucose in sweat using data fitting characteris-
tics of samples with known concentrations. The accuracy of this
system in a textile-based sensing band was tested on healthy partic-
ipants in various body positions. The participants’ sweat samples
found 51.86–67.19M of glucose, as seen in Figs. 4(i) and 4(k).128 A
microfluidic cloth-based photoelectrochemical analytical device for
detecting glucose in saliva has been recently introduced.48 It has
been possible to test salivary glucose non-enzymatically, sensitively,
and rapidly by integrating photoelectrochemical μCADs with mul-
tiwalled carbon nanotubes and cadmium sulfide quantum dots.
The cadmium sulfide quantum dots constantly oxidize glucose to
produce an electrical signal for glucose detection when they are in
the presence of an excitation source and glucose. This process
creates a powerful oxidizing electron hole. Furthermore, a linear
relationship with a detection limit of 15.99 nM is found between
the photoelectrochemical signal and glucose concentrations in the
range of 0.05–1000 μM under ideal circumstances. The cloth-based
device also exhibits respectable selectivity, repeatability, and long-
term stability within the detection range. Additionally, the tech-
nique has been used to identify glucose in actual saliva samples,
indicating promising prospects for biochemical uses. A publication
has been done on a one-step polymer screen-printing technique for
creating microfluidic cloth-based analytical instruments. The levels
of albumin and glucose in human serum under control were mea-
sured. According to the results, glucose and albumin levels did not
differ significantly at 95% confidence intervals.103 Aside from uti-
lizing the photoelectric effect,48 the effect of electrochemilumines-
cence was exploited by Liu et al.80 Moreover, glucose determination
has been done with it. This easy-to-use and cost-effective instru-
ment has been efficiently utilized to test glucose levels in clinical
urine and blood samples as well as hydrogen peroxide in milk.80

Even though previous research articles have given significant
resolution, it is important to note that using chitosan/multi-walled
carbon nanotubes/graphene quantum dots-gold nanoparticles, a
higher sensitivity of cloth-based glucose biosensors was achieved.91
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The suggested sensor has been demonstrated to have a large
dynamic range, high detection sensitivity, and respectable selectivity,
repeatability, and stability. Last, the sensor’s validity and usefulness
for detecting glucose in human serum samples are shown.

Microfluidic thread-based electrode systems have also been
used to detect glucose and acetylthiocholine.93 A phosphate

buffered saline (PBS) solution containing glucose oxidase and
potassium ferricyanide as a mediator was dried onto the thread
for the glucose system. For the second system, a solution of acetyl-
cholinesterase in PBS was added to the nylon thread. As a result,
the glucose oxidation’s current production was proportional to
the glucose concentration. The amount of acetylthiocholine

FIG. 4. Different fabrications of textile-based microfluidic biosensors, all in a patch form: (a)–(f ) core-shell structured gold nanorods on a thread-embroidered fabric-based
microfluidic device (a) dependence of voltage from time of the capacitors powered by F-TENG, (b) comparison of biosensing performances between F-TENG and commer-
cial devices for glucose, (c) creatinine, (d) lactate, (e) smart clothing integrated with F-TENG , and (f ) body motion captured by f-TENG. Reproduced with permission from
Zhao et al., Biosens. Bioelectron. 205, 114115 (2022). Copyright 2022 Elsevier. (g) Capillary microfluidics-integrated nanoporous gold electrochemical sensor. (h) Layered
components in the fully stretchable microfluidics-integrated biosensor patch and the FESEM of different parts of the device. Reproduced with permission from Bae et al.,
ACS Appl. Mater. Interfaces 11(16), 14567–14575 (2019). Copyright 2019 American Chemical Society. (i) Illustration view of the embroidered/fabric sensing band and its
interface with skin.128 Reproduced with permission from Zhao et al., Sens. Actuators B: Chem. 353, 131154 (2022). Copyright 2022 Elsevier. ( j) Underlying process of
glucose detection. Reproduced with permission from Zhao et al., Biosens. Bioelectron. 205, 114115 (2022). Copyright 2022 Elsevier. (k) Sensing band as a wearable
device on different parts of the body. Reproduced with permission from Zhao et al., Sens. Actuators B: Chem. 353, 131154 (2022). Copyright 2022 Elsevier.
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supplied to the thread increased directly to the present output of
thiocholine oxidation.

Stretchable fiber-based triboelectric nanogenerators are the
basis for wearable biosensors that Zhao et al. have developed for real-
time sweat analysis and body motion capture.130 A stretchable con-
ductive fiber coated in polyaniline and varnished wires makes up
these nanogenerators. Utilizing the surface-triboelectric coupling
effect—a coupling effect between a triboelectric effect and an enzy-
matic reaction—wearable biosensors can detect glucose, creatinine,
and lactic acid in sweat in real-time, in addition to accurately detect-
ing motion states. These wearables are significant because they can
respond to glucose, creatinine, and lactic acid up to 103%, 125%, and
38%, respectively, without needing an external power source. The
fabricated result can be seen in Fig. 4. Figure 4(a) represents the
circuit configuration powered by the F-TENG, and the time-voltage
dependence of the shown capacitors, while Figs. 4(b)–4(d) show a
comparison between F-TENGs biosensing performances and com-
mercially available devices. An example of smart clothing integrated
with the device as mentioned earlier is shown in Fig. 4(e), and the
results of body motion measurements from the device are shown in
Fig. 4(f). The mechanism of glucose detection utilized in these
devices is represented in Fig. 4( j). The underlying mechanism is
based on the reaction of glucose, facilitated by glucose oxidase, with
oxygen, producing gluconic acid and hydrogen peroxide. Through
measurement of the concentration of hydrogen peroxide, the initial
glucose concentration is calculated.130 For this particular biosensor
application, the sol-gel process was used to manufacture zinc-doped
magnesium oxide nano-flakes, which were then distributed in a chi-
tosan solution to create a nanocomposite thin layer over a carbon
electrode.131 To avoid the degradation or unexpected reactions and
instability of glucose oxidase enzymes,132 copper oxide-based
electrochemical biosensors were developed, which do not utilize
enzymes to detect glucose. These portable biosensors use graphene
paste printed on cellulose cloth. Electrodes were made out of
copper oxide-coated graphene.65 With a sensitivity of 1082.5
± 4.7% μA/mM cm2 on copper oxide-coated glassy carbon electrodes
and 182.9 ± 8.83% μA/mM cm2 on copper oxide-coated graphene
printed electrodes, the developed biocompatible, disposable, and
reproducible sensors demonstrated sensing performance in the range
of 0.1–1mM glucose, making them a strong candidate for future
portable, non-invasive glucose monitoring devices on biodegradable
substrates. One more successful detection method revolves around
the refractive index of glucose. Tang et al. have proposed a cavity bio-
sensor designed and fabricated for the fast detection of glucose con-
centration in serum.104 The purpose of this cavity biosensor is to
quickly detect the amount of glucose in serum. Findings showed that
the suggested biosensor had high detection sensitivity for a refractive
index and that, at a wavelength of 1590 nm, its sensitivity for glucose
was around 0.185 nm/(mg/ml). The cavity biosensor exhibits consid-
erable promise for use in family healthcare for the detection of
glucose concentration in diabetes patients because of its small struc-
ture, high sensitivity, and quick reaction time.

Lactate detection

Lactate detection is based on either the use of lactate oxidase
(LOD) or lactate dehydrogenase (LDH).133 Recent studies have not

yet explored the use of LDH in textile-based biosensors. However,
there are other non-conventional ways lactate has been detected,
such as colorimetric detection,134 graphene-based nanocomposite
materials,57 as well as the use of F-TENG material,130 aside from
LOD.135

Incorporating lactate oxidase-based biosensors in a wearable
textile-based microfluidic device was done by Baysal et al.135 It pro-
vides a non-invasive, semi-quantitative, and rapid way of detecting
lactate levels in simulated sweat solutions. This study was done in a
laboratory setting using artificial sweat. The hydrophilic micro-
channels and reservoirs surrounded by hydrophobic barriers were
created with photolithography. An SU-8 negative photoresist was
used to make the barriers hydrophobic, while the reservoirs were
functionalized by LOD and horseradish peroxidase enzymes.
Textile-based biosensor systems integrated with microfluidics could
assist in expediting the detection process with semi-quantitative
visual inspection, classifying lactate levels into normal (<5 mM)
and high (>5 mM), from a light to dark purple change, with the
starting color being green. Following that, colorimetric detection of
lactate in real human sweat samples was done by analyzing the
influence of enzyme, ABTS, and gelatin ratios, which based on the
lactate level influence the color formation in the microfibrous non-
woven microfluidic system. The biosensor showed a difference
when artificial and real sweat were used.134 Khan et al. reported
that using a three-electrode system in a smart textile biosensor
showed promising results in lactate detection. The working and
counter electrodes were modified with G-PU-RGO-PB (graphite–
polyurethane–reduced graphene oxide–phosphate buffered) paste.
The printed electrodes were fixed to the textile-based biosensor
using embroidered conductive silver yarn. The electrode perfor-
mance was carried out using cyclic voltammetry in a ferricyanide
solution. The system’s transfer function was linear with a relative
standard deviation of ∼0.2%.

Figure 5(a) illustrates the fabrication process, while testing and
evaluating are shown in Figs. 5(b)–5(e) for the modified graphene-
based nanocomposite material used in detecting lactate in human
sweat.56 Figures 5(f ), 5(g), and 5(i) present SEM images of tetrae-
thylenepentamine reduced graphene oxide, XPS spectra of C1s GO
with a fitted curve, and laser scanning microscopic images of a
G-PU-RGO-PB non-coated and coated working electrode with
enzymes immobilized, respectively.56 In Fig. 5(h), the underlying
detection mechanism used in this analytical device is shown.
Similar to glucose sensors [Fig. 4( j)], lactate sensors detect lactate
concentration by measuring the amount of hydrogen peroxide pro-
duced in the reaction, facilitated by lactate oxidase (LOx).

Finally, F-TENG, a stretchable conductive fiber made of
Ecoflex coating with polyaniline and varnished wires, was used for
real-time sweat analysis.130 This textile-based wearable biosensor
was used for glucose sensing but is employed as a lactate acid
sensor in real-time sweat sensing. It is shown in Fig. 4.

Albumin detection

Different ways of albumin detection have been described in
this section. The most common one using a BCG or bromocresol
green solution has been reported by Tasaengtong and Sameenoi103

By utilizing screen printing for fabrication of the microfluidic
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CAD, they have created a method for rapid, one-step detection of
albumin and glucose in human serum. After administration of
albumin, the biosensors sensing area turned yellowish-green signi-
fying the presence of the analyte of interest. Moreover, the results

showed no significant difference at 95% confidence intervals of the
glucose and albumin levels.103

The following articles provide an overview of recent develop-
ments in the field of textile-based microfluidic biosensors that

FIG. 5. Modified graphene-based nanocomposite material for lactate detection in human sweat:56 (a) step-by-step depiction of the fabrication of the lactate detection
system. (b)–(e) Lactate content measurement using amperometry (b) at different concentrations of lactate. (c) as (b) but with addition of human and artificial sweat. (d)
Linear calibration curve for artificial sweat and L-lactate. (e) Differential pulse voltammogram of different concentrations of lactate. ( f ) SEM images of tetraethylenepent-
amine (TEPA) reduced graphene oxide (TEPARGO). (g) XPS spectra of C1s GO with a fitted curve. Reproduced with permission from Khan et al., Biosens. Bioelectron.:
X 10, 100103 (2022). Copyright 2022 Elsevier. (h) Underlying detection mechanism of lactate sensors. Reproduced with permission from Zhao et al., Biosens. Bioelectron.
205, 114115 (2022). Copyright 2022 Elsevier. (i) Laser scanning microscopic images of (left to right) G-PU-RGO-PB noncoated and coated (left) working electrode with
enzymes immobilized (right). Reproduced with permission from Khan et al., Biosens. Bioelectron.: X 10, 100103 (2022). Copyright 2022 Elsevier.
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pertain to the detection of albumin. These articles discuss chal-
lenges and opportunities related to the field of textile-based
microfluidics.136–140 Albumin detection, through the use of textile-
based microfluidic platforms, is of great importance in clinical
application, as it provides a convenient and reliable way to monitor
changes in albumin levels in the body. Albumin is a protein found
in blood plasma and is an important indicator of overall health and
disease. Changes in albumin levels can provide important informa-
tion about a wide range of medical conditions, including liver and
kidney disease, malnutrition, and inflammation. The use of textile-
based microfluidic biosensors for albumin sensing offers several
advantages over traditional diagnostic methods. For example, these
sensors are often flexible, portable, and wearable, making them
well-suited for use in point-of-care settings.136 They also provide
rapid and accurate results, allowing healthcare professionals to
make treatment decisions more quickly. More precisely, Cabot
et al. investigated the movement of albumin, aside from other sub-
stances, traveling on surgical sutures, having a speed of
0.33 ± 0.07 μm/s.137 Additionally, the textile-based design of these
sensors makes them durable and easy to maintain, which is vital
for long-term use.138 The use of textile-based microfluidic biosen-
sors for albumin sensing can potentially transform the way that
albumin levels are monitored in the clinical setting. By providing a
convenient and reliable way to monitor changes in albumin levels,
these sensors can help healthcare professionals make informed
treatment decisions and improve patient outcomes.136–140

The detection limits for albumin sensing using textile-based
microfluidic biosensors vary depending on the specific study and
sensor design. However, these sensors generally have shown the
ability to detect albumin in a range of concentrations with high
accuracy and sensitivity. For example, Ulum et al. reported that the
limit of detection for albumin was 114 mg/l.136 Paul et al., on the
other hand, reported a remarkable limit of detection of 10−4 mg/l,
with the use of zinc oxide nanowires.139 Moreover, Chen et al. in a
different study reported an improved detection limit of 3.5 mg/l.140

These studies demonstrate that textile-based microfluidic biosen-
sors have the potential to detect albumin at low concentrations,
making them suitable for a wide range of clinical applications,
bearing in mind that conventional blood analysis has a limit of
detection of 133 mg/l.136 However, it is important to note that the
exact detection limit may vary depending on the specific sensor
design and the measurement conditions.

In Fig. 6, critical zones from μTAD testing are shown on
Fig. 6(a), where different tested dilutions and mixing of blood are
shown. More precisely, the images (color, gray, and negative) show
the separation of different blood solutions into plasma and formed
elements. Semi-quantitative results of albumin are demonstrated in
Figs. 6(b) and 6(c) (artificial blood) and Figs. 6(d) and 6(e) (sheep
whole blood). Moreover, in Figs. 6(b) and 6(d), bare eye inspection on
thread color changes in time is shown, while in Figs. 6(c) and 7(e),
quantitative color intensity analysis is shown after separation and cen-
trifugation. The underlying mechanism is based on albumin binding
with bromocresol green (BCG). The binding introduces color changes,
which can be measured spectrophotometrically.136

When developing textile-based microfluidic biosensors to
detect albumin, some obstacles can be encountered. For example,
due to its location, it can be challenging to detect albumin without

interference from other components. This is, especially, probable in
non-laboratory clinical settings. Therefore, precise separation needs to
be done beforehand. Moreover, considering this detector’s use in clini-
cal settings, the stability of both the reagent and the sensor can pose
an issue. Calibration and standardization are critical for assuring the
accuracy of albumin detection. However, biosensors for the detection
of albumin have important applications, especially in point-of-care
testing, notably in remote areas of the world. Being made of textile or
thread, their flexible design enables easy cleaning and sterilization on
one hand and continuous real-time monitoring on the other.

Non-woven fabrics, knitted fabrics, and electro-spun nanofib-
ers are widely used in textile-based microfluidic platforms for
albumin detection. For example, some studies have used polypro-
pylene non-woven fabrics for albumin detection in urine and
plasma samples, while others have used electro-spun nanofibers for
highly sensitive and specific albumin detection in serum and
plasma samples. The choice of textile will depend on the specific
requirements of the application, including the desired sensitivity,
specificity, and ease of sample preparation.141–143

Ion detection

The detection of ions in biological fluids, as well as water, is
important in preventing contaminants from entering human
bodies or detecting irregularities in secretions, which ought to indi-
cate a more serious underlying disease. The detection of mercury
and lead ions in water, as well as the detection of sodium in sweat,
has been researched in depth.85

Wang et al. developed a microfluidic device made of both
cloth and paper for simultaneous sensing of mercury and lead ions
in water.77 The aforementioned fusion of paper-based and cloth-
based analytical devices has been achieved through intertwined
synergy between the rotary paper-based microfluidic device and
the sensing cloth-based part. Quantum dots were grafted on the
cotton cloth and modified with polymers to achieve the needed
fluorescence sensing components. Simultaneous detection of Hg2+

and Pb2+ was achieved by a layering paper with hydrophilic chan-
nels and hydrophobic barriers, as seen in Figs. 7(a) and 7(b). In
Fig. 7(c), the underlying mechanism and the functionalization pro-
cedure of a cotton fiber are depicted. The detection mechanism pri-
marily relies on the fluorescence quenching effect resulting from an
electron transfer from quantum dots to targeted metal ions, while
the ion-imprinted polymer plays a crucial role in enhancing the
specificity and sensitivity of the detection of targeted ions. The
preparation process of the sensing area is shown in Fig. 7(c), where
cotton fibers are grafted with amino groups, and then quantum
dots are attached to the surface by amide linkages, creating the
fluorescent sensing area. Furthermore, the ion-imprinted polymer
is applied to the fluorescent area using a sol-gel process. The pres-
ence of template ions causes quenching of the fluorescence signal,
which is restored once the template ions are removed.77

A similar approach was done by Qiu et al. using a photoelec-
trochemical cell aided with ion imprinting, with the goal of testing
divalent mercury ions.85 What differs from the technique, which
utilizes both paper and cloth-based analytical devices, is that wax
screen printing, in addition to carbon-ink screen printing, was
done only on a cloth-based analytical device. However, this
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FIG. 6. Cotton-thread microfluidic device for separation of blood plasma and assay to detect albumin: (a) visual representation of different parameters for quantifying sepa-
ration of blood plasma and assay. Semi-quantitative analysis of albumin by an EDTA treated textile-based microfluidic analytical device: (b) and (c) artificial blood and (d)
and (e) sheep whole blood. Reprinted with permission from Fakhrul Ulum et al., Lab Chip, 2016(16), 1492–1504. Copyright 2016 Royal Society of Chemistry.136
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approach gives an economic and simplistic way of fabrication.
Moreover, this device is portable and low-cost, with the potential
for body use, as well as used in the food industry.

Heavy metal ions, such as copper, nickel, zinc, and silver ions,
on the other hand, have been detected and filtrated with carbon-
cloth integrated microfluidic devices.56 The ionic mixture of copper

and zinc has been reduced as an alloy on the carbon cloth, but
other previously mentioned metals, in a salt form, have also been
detected.

With the goal of perspiration monitoring, Ma et al. have
developed a wearable capillary microfluidic device utilizing a poly-
ester thread. Aside from being a thread-based, wearable, capillary

FIG. 7. Textile-based microfluidic device for separation of Hg2+ ions and Pb2+ ions: (a) illustration of each layer from the top and the detection process of the rotary μCAD.
(b) Illustration of each layer from the bottom and the detection process. (c) Functionalization process and the underlying detection mechanism of the textile-based microflui-
dic device for ion separation. Reprinted with permission from Wang et al., J. Hazard. Mater. 428, 128165 (2022). Copyright 2022 Elsevier.77
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microfluidic device, the presented realization addresses several
drawbacks of conventional on-skin perspiration sensors, such as
skin irritation and lack of precise fluidic manipulation units. An
apparent advantage of this method is the low cost of the used mate-
rials and layering; therefore, there is no direct skin-to sensor
contact, which avoids irritability. In situ collection, transportation,
and analysis of Na+ ions were successful, paving the way for contin-
uous perspiration monitoring and showing the potential of capil-
lary thread-based microfluidic devices.97 Additionally, Quero et al.
developed a novel thread-based microfluidic device that utilizes
electrophoresis with the goal of separating ions (potassium,
sodium, and lithium).96 They achieved good separation efficiency,
with detection limits of 1 μmol/l. Additionally, sensitivity was
raised by covering copper electrodes with an enamel coating that
was 7.5 μm thinner than the original. Threads could be employed
without reducing separation efficiency and detectability for at least
three days (around 20 runs per day).

Gene detection

In textile-based microfluidic sensing, gene detection has been
thoroughly researched, and some successful realizations have been

presented.78,84,144 Screen printing has mostly been done for the
fabrication of these biosensors. DNA, K-ras, and p53 genes have
been detected using different electrochemiluminescence methods.
First, Su et al. have described a cloth-based microfluidic DNA bio-
sensor that can detect specific DNA using label-free proximity
hybridization and electrochemiluminescence.78 When carbon
screen-printing ink is applied to cloth-based electrodes, a foldable
three-dimensional device can be used as a sensing interface for
detecting K-ras genes, as seen in Fig. 8(a). Moreover, different
transfer characteristics can be seen in Fig. 8(b). In Fig. 8(c), the
underlying gene detection mechanism and sensor preparation are
shown. After fabricating the 3D cloth-based device, the working
electrode (WE) was modified to construct the biosensor. First,
MWCNTs-CS was applied to the WE surface and dried at room
temperature, after which glutaraldehyde (GA) was added, incu-
bated, washed with PBS, and air-dried to form a modified electrode
with aldehyde groups. Then, the electrode was incubated with
amino-modified HP-DNA and washed with a Tris−HCl buffer to
remove excess HP-DNA. Finally, a bovine serum albumin (BSA)
blocking buffer was added to block nonspecific binding sites. The
reported linear range is from 0.001 up to 2500 pM, with a detection
limit of 0.13 fM. The device exhibits relatively high sensitivity,

FIG. 8. Cloth-based microfluidic biosensor for ultrasensitive detection of a K-ras gene: (a) cloth-based microfluidic biosensor. (b) Electrochemiluminescence intensity
graphs showing the detection of the K-ras gene, as well as the background noise. (c) Underlying detection mechanism used for gene detection and sensor preparation.
Reprinted with permission from Su et al., Sens. Actuators B: Chem. 296, 126654 (2019). Copyright 2019 Elsevier.78
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stability, reproducibility, and specificity. Another gene that was
detected using a cloth-based microfluidic biosensor employing the
electrochemiluminescence effect is the p53 gene. Moreover, the use
of luminol-gold nanoparticles and hybridization chain reaction
amplification gave a greater detection limit of 0.02 fM. Wax-based
screen printing has been used as the main principle of manufactur-
ing this biosensor. After the dropping of target DNA, signal nanop-
robes, and hydrogen peroxide onto the sensing interface, the
aforementioned p53 gene is detected with the linear range of
0.0001 up to 1000 pM. It was reported that the p53 gene can be
detected in a complex cellular homogenate sample. Zhang et al.
reported the use of magnetic immobilization/enrichment and
CBP-ECL with electrochemiluminescence for cloth-based biosensor
detection of an invA Salmonella enteritis gene.84 The sensitivity is
good, and there is a wide linear range, high specificity, and
stability.

Uric acid detection

As an avenue for detecting different imbalances in the human
body, such as cardiovascular diseases, gout, excessive drinking, and
many more, the detection of uric acid has become a focal point in
biosensor research over the past few decades. Moreover, with the
integration of these biosensors into cloth-based devices, new possi-
bilities have risen.145 In this review section, the focus is on uric acid
detection using microfluidic biosensors based on cloth.146,147

With the accelerated growth of textile-based sensors and its
advances, a cloth-based multiway bipolar ECL biosensor has been
developed with the goal of uric acid detection by Liang et al.83

With optimized conditions, uric acid has been detected from 0 to
1 mM. The intensity of ECL increases linearly in two ranges
(between 0.01 and 0.1 mM, as well as 0.25 and 1mM). The elec-
trodes were wax and carbon-ink based screen printed, with three
functional closed bipolar electrodes (C-BPE) in a single microchan-
nel. After voltage application on the anodes, the ECL is activated
simultaneously. Moreover, aside from the linearity and the limit of
detection of 5.2, 5.3, and 4.9 μM, the ability to detect uric acid in
blood samples, as well as duplex detection of glucose and uric acid,
had been successfully done. Acceptable selectivity, stability, and
reproducibility have been achieved as well. A similar approach to
uric detection in blood had been done by Kuswandi et al.146

Additionally, aside from urea, the developed device has monitored
pH. The thread-paper-based microfluidic device system had been
used for passive and simple monitoring of urea and pH. The afore-
mentioned device has been integrated into a menstrual pad, named
a smart menstrual pad, as it combines a threaded part that handles
the blood samples and a paper part that is sectioned off for the
reaction of plasma with immobilized bioreagents. The smart men-
strual pad gave successful results in agreement with well-confirmed
methods for the detection of pH and urea in menstrual blood, with
the primary goal of kidney function monitoring. The limit of detec-
tion is 72.55 μg/ml. The precision of pH detection is approximately
0.8%, while the precision for urea is around 1.68%, in accordance
with the limit of detection. Similarly to the uric acid biosensor
developed by Liang et al., the smart women’s pad showed signifi-
cant stability, reliability, and selectivity. The calibration curves for
detecting urea and pH in the smart women’s pad showed linearity

over the whole range of acceptable values. However, there is still
room for growth as these biosensors have not been tested on
humans yet, which gives room for certain advancements and draw-
backs in the previously described fabrication and testing processes.

In Figs. 9(a)–9(c), the UV method for the detection of uric
acid is shown. More precisely, these are different strategies for UV
detection of uric acid, employing uricase and the uric acid—TMB
(3,30,5,50-tetramethylbenzidine) system (substitutes hydrogen per-
oxide as a substrate). Uric acid is oxidized by uricase in this
method, producing hydrogen peroxide, which then catalyzes the
oxidation of TMB to produce blue TMBox. A similar inverse
process is shown in Fig. 9(b), where hydrogen peroxide oxidizes
TMB, which then is reduced by uric acid to a colorless TMB.
Figure 9(c) indicates that there is a possibility of oxidation of TMB
through oxidants, such as NaClO.140

Common applications summary

Table IV summarizes all previous applications in μCAD. The
highlighted characteristics are sensing mechanism, sensor charac-
teristics, tested liquids, and limitations.

Other applications

As biomedicine is a broad field, enveloping many different
avenues of medicine and biology, some applications are not as
widely tested as others. Glucose testing, pH testing, sweat analysis,
and albumin detection are commonly done, not only because the
analytes are more available for testing, but the need for monitoring

FIG. 9. Different types of detection strategies for uric acid: (a)–(c) Uric acid
detection based on UV detection.140 Reproduced with permission from Wang
et al., Crit. Rev. Anal. Chem. 50(4), 359–375 (2020). Copyright 2020 Taylor &
Francis Publishing.
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of these biomarkers can be a precursor to changes in the human
body.

The development of microfluidic devices for rapid blood anal-
ysis is one of the main paths of research paths in this area, as pre-
sented before, with the detection of different significant blood
analytes. Furthermore, as plasma separation from blood can yield
significant information about the number of antibodies in the
blood, Shimazu et al. have developed a thread-based microfluidic
device for this means.75 The device was optimized in terms of
applied NaCl concentration in the coated solution and the number
of twisting turns on the used thread. The developed device uses a
sample volume of 2 μl, and the device’s response time is 2.5 min.
Moreover, it can be stored at −20 °C for approximately one month.
The fabrication process of this thread-based microfluidic device is
simple in terms of deposition of NaCl and BSA in PBS solutions,
adding hydrophobic layers. However, BSA is expensive to acquire.75

Rapid blood type analysis, using small amounts of blood, can
expedite the process of treatment in emergency rooms. With this in
mind, Su et al. have developed a cloth-based microfluidic device for
blood type analysis.78 The developed device has achieved high

potential; however, there are limitations in the fabrication results.
For example, such challenges include miniaturization limitations
regarding weaving and photolithography, as their resolution is
∼mm.

A silver thread-based microfluidic platform was developed
with the goal detecting essential oils using impedance spectro-
scopy.93 The range of measurement of variation of electrical param-
eters is between 1 Hz and 200 kHz. Increasing the concentration of
oils decreased the capacitance. However, it increased the resistance,
which in turn increased the overall impedance. This platform can
be used as a way of rapid determination of the type and quality of
essential oils.

Even though, in the fields of wound-care and drug delivery,
which are tightly intertwined, there has not been a significant
amount of crossover with textile-based microfluidics, the develop-
ment of microfibers and integration of conventional microfluidics
in wound-care and drug delivery point to significant overlaps and
implementation of μCAD and μTAD in the aforementioned field.

Wound-care and drug delivery inherently require exact
amounts of liquids delivered in a precise and timely manner to the

TABLE IV. Summary of key properties of common μCAD sensing applications.

Application Sensing mechanism Characteristics Tested liquids Limitations Reference

Glucose
detection

Surface-enhanced Raman scattering;
colorimetry, photoelectrochemical
sensing; electrochemiluminescence;
triboelectric effect; refractive index

Detection limit of 15.99
nM with a linear range
in saliva; detection limit
of 0.125 M and 0.05 mM
in sweat; high sensitivity

Sweat; saliva;
serum; urine

Enzyme stability;
biomarker dependence
from person to person,
reproducibility, and

selectivity

48, 80,
103, 126,

and
128–132

Lactate
detection

Lactate oxidase; lactate serum; urine
nanocomposite transducers;

triboelectric effect

Linear transfer function
with a relative standard
deviation of ∼0.2%;
through colorimetry,
precise classification of

lactate levels

Simulated sweat
solutions;

artificial sweat;
human sweat

Laboratory setting;
non-quantitative
detection; enzyme
stability; real-time

analysis

57, 130,
and

133–135

Albumin
detection

Bromocresol green (BCG) solution;
zinc oxide nanowires
(electrochemical)

Various limits of
detection: 0.0001 mg/l to

3.5 mg/l

Human; serum;
urine; plasma

Stability; calibration;
high variability in

separation; real-time
monitoring;

cross-interference

103 and
136–140

Ion
detection

Fluorescence sensing, quantum dots
and various substances sensitive to

specific ions in liquids;
electrochemical basis mostly

Limit of detection is
approximately 1 μmol/l
for sodium, potassium,

and lithium ions

Water; sweat;
ionic mixtures
with the goal of

filtration

Complex fabrication
process; potential
interference in
non-controlled,

non-laboratory settings

56, 85, 96,
and 97

Gene
detection

Electrochemiluminescence; magnetic
immobilization

High sensitivity; linear
range; detection limit in
the range of fM for

tested genes

Complex
cellular

homogenate

Fabrication; sample FM
setting

78, 84, and
144

Uric acid
detection

Electrochemiluminescence;
electrochemical sensing

Detection range: 0–1
mM., ECL intensity
linear in two ranges:
0.01–0.1 and 0.25–1

mM, Limits of detection:
5.2, 5.3, and 4.9 μM

Blood Laboratory testing only;
complexity of

fabrication; variability in
results

145–147
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wound or the patient himself. Microfluidics presents an adequate
field for these requirements. Moreover, by integrating microfluidics
in textiles, enabling the devices to be portable and directly carried
on the body, automating treatment and delivering prescribed medi-
cines become even more feasible.

The main structural elements for integrating wound-care and
drug delivery systems into textile are microtubes and microfibers,
which can reliably deliver drugs or ointments to the body part in
question. With that in mind, Rahimi et al. developed highly stretch-
able and flexible micro-tubing made of commercially available
Tygon® micro-tubes for fluid transport in wearable applications.148

For the substrate, stretchable polyester fabric was used. Before
embroidering, micro-tubes were cleaned, sonicated, and treated
with oxygen plasma for outer surface functionalization. This was
done to increase the hydrophobicity of the surface. They have pre-
pared the embroidered structures for various wearable applications
by fully mechanically and electrically characterizing them.
Furthermore, they tested the drug delivery performances of the
developed structures, presenting and characterizing functional drug
delivery channels.148 Additionally, bio-inspired one-dimensional
materials, inspired by spider silk and cactus spines, were developed
by Ju et al., with the goal of directional liquid transport.149 By
chemical modification and variation of surface roughness of their
artificially made spider silk and cactus spines, they have accom-
plished one-directional and reversible liquid transport. Moreover,
tunable transport was investigated as well. This accomplishment
can lead to future integration of these artificial, bio-inspired materi-
als in wound-care and drug delivery through textile-based micro-
fluidic devices.149 Similarly to the previous publication, Lin et al.
developed a patterned duplex fabric for innovative wound manage-
ment.150 More precisely, they have used a genetically modified
spider silk protein to create a patterned microarray with a control-
lable size and capillary effect to guide liquid flow to the wound of
interest. Moreover, these microarrays can control fluid flow pump-
free. Finally, they have implemented this modified spider silk
protein duplex fabric on chronic diabetic wounds. The healing
process was monitored by hematoxylin-eosin staining of wound
skin tissues. Wounds treated with the modified duplex fabric
showed a dense regenerated epithelial tissue structure, while immu-
nohistochemistry showed almost no staining on the wounds where
the modified fabric was used.150

CHALLENGES AND SOLUTIONS

Most of the aforementioned textile-based microfluidic analysis
devices have been used in laboratory-controlled settings, which do
not account for the high variability and unpredictability of real-life
applications. Furthermore, there is plenty of room for advance-
ments and research for continuous monitoring of different bio-
markers, such as glucose or albumin. Moreover, the stability and
selectivity of these sensors should be explored as well, as the influ-
ence of other substances can affect the sensing results. Most impor-
tantly, the repeatability of textile-based sensors must be explored,
and how well the process of washing the sensor removes the previ-
ously administered analyte, aside from the question of how much it
damages the device itself.

These obstacles could be overcome by patient testing and sim-
ulations and, of course, with higher amounts of samples. The reus-
ability of textile-based sensors can be improved by adding
hydrophilic layers onto the textile to lower its liquid retention prop-
erties. Furthermore, in terms of fabrication techniques, inkjet print-
ing of hydrophobic layers or even conductive layers on cloth, with
the goal of creating a textile-based microfluidic system, should be
explored. This technique, in contrast to some other fabrication
techniques previously presented, uses significantly less material
during fabrication, aside from being capable of achieving higher
resolution than screen printing, embroidery, and many different
fabrication techniques. Aside from the limitations of textile-based
microfluidic sensors, there are still unexplored avenues of detection,
which could be done. For instance, detecting different microorgan-
isms, bacteria, and viruses could be explored. This has the poten-
tial, as their presence is apparent in excretory fluids, such as sweat,
saliva, and breath.

Textile-based microfluidic analytical devices will benefit from
rapid advancements in the field of artificial intelligence, enabling
the development of point-of-care devices, which can give ready
results and enable rapid testing.151 Additionally, the use of 3D and
4D printing and bioprinting opens up an avenue of fast channel
production on a micro- and nanoscale, enabling more precise and
less variable structure fabrication.151 Nonetheless, printing on such
a small scale comes with its drawbacks. For example, the direction
of the printing process is important, as on a microscale, the place-
ment of filament during fabrication plays a significant role on the
smoothness of the interior walls of microfluidic channels. With
incorporating, already miniaturized microfluidic devices into tex-
tiles, the user will be able to have the device on him at all times,
passively collecting data and evaluating it. On the other hand, the
question of repeatability and reliability of the measured results
needs to be addressed. With the use of small, microliter-sized
samples, these devices are approaching the detection limit for spe-
cific biomarkers, which presents an obstacle in miniaturization and
sensing. Moreover, the variation of biomarkers, from person to
person, can influence the results.152 These aspects concern the
rapid development of textile-based microfluidic analytical devices
and microfluidic sensing as a whole.152 In biosensing in general,
and with that in textile-based microfluidic devices, the occurrence
of false positive results is present. This obstacle should be mini-
mized before commercialization. Aside from that, there is a need
for standardization of these analytical devices, not only in their
production process but in the sample preparation stage, as well as
in the testing stage.152

Furthermore, an important aspect of using microfluidics in
biomedicine is using small quantities of liquids and achieving
precise and accurate results. This is extremely important in drug
detection. A large-area mesh-structured microfluidic gradient gen-
erator for drug testing has been developed.153 This development
could be transferred onto textile, as it has potential to be integrated
into wearables.

FUTURE PERSPECTIVES AND EMERGING TRENDS

As there is an ever-present need for innovative and reliable
wearable devices, textile-based microfluidics can easily, moreover
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naturally flow into this area of innovation and development.
Moreover, when the field of textile-based microfluidics passes on to
on-patient testing, the possibilities of this field will be even more
apparent. Furthermore, the addition of eco-friendly, biocompatible,
and biodegradable materials is of the utmost importance in the
field of electronics, considering the ever-growing amount of
e-waste around the world. Textile-based microfluidics encompasses
this green idea, extending without any obstacles into the field of
green electronics.

Moreover, engineering textile-based microfluidic analytical
devices to be more eco-friendly can be done by employing natural
fibers and materials, such as silk, cotton, and even wool in the fab-
rication process. Developing and upgrading biodegradable poly-
mers to enhance coatings and structural components goes hand in
hand with green electronics. Chemical pollutants can be bypassed
with the use of water-based inks and dyes. Furthermore, in-depth
research has been done on developing edible inks for coatings in
edible electronics. These inks can be repurposed as sensing materi-
als and coatings in textile-based microfluidic devices.154,155

Additionally, wound-care can be revolutionized by textile-
based microfluidic systems, where aside from monitoring the
wound itself, through the presence of different biomarkers in it, the
microfluidic system can deliver needed drugs to the injured area, if
need be.

Finally, with the development of the electronic nose and
mouth, there is a need to develop multiplexed assays that can accu-
rately differentiate between certain types of analytes in fluids. Then,
these textile-based microfluidic devices can move across another
dimension, being fully capable of not only on-patient monitoring
of different biomarkers but their use in environmental monitoring
as well.

CONCLUSION

This review paper has discussed the current trends, challenges,
and potential solutions in textile-based microfluidics for biomedical
applications. As emphasized earlier, research in this field is limited
to laboratory settings. The development of more reliable and stable
microfluidic devices is crucial to facilitate their application to clini-
cal research. Over time, this field may adopt eco-friendly materials
and techniques, including fiber substitutions for conventional plas-
tics and using recycled clothing substrates to enhance sustainability
and reduce costs. Despite progress, many detection capabilities
remain unexplored, and there is untapped potential for transferring
applications from paper-based and conventional microfluidics to
textile-based platforms. Overall, this field offers promising opportu-
nities for future development.

ACKNOWLEDGMENTS

This project has received funding from the European Union’s
Horizon 2020 research and innovation program under the Marie
Skłodowska-Curie Grant Agreement No. 872370.

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Lazar Milić: Conceptualization (equal); Investigation (lead);
Methodology (equal); Writing – original draft (lead). Nor Syafirah
Zambry: Formal analysis (equal); Supervision (equal); Validation
(supporting); Writing – review & editing (equal). Fatimah Binti
Ibrahim: Conceptualization (equal); Methodology (equal); Writing –
review & editing (equal). Bojan Petrović: Conceptualization (equal);
Supervision (equal); Validation (equal); Writing – original draft
(equal); Writing – review & editing (equal). Sanja Kojić:
Conceptualization (equal); Formal analysis (equal); Project adminis-
tration (lead); Supervision (equal); Writing – original draft (equal).
Aung Thiha: Writing – review & editing (lead). Karunan Joseph:
Resources (equal); Visualization (equal); Writing – review & editing
(equal). Nurul Fauzani Jamaluddin: Investigation (equal); Project
administration (equal); Writing – review & editing (equal). Goran
M. Stojanović: Conceptualization (equal); Formal analysis (equal);
Funding acquisition (lead); Investigation (equal); Methodology
(equal); Resources (lead); Supervision (lead); Writing – original draft
(equal); Writing – review & editing (equal).

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

REFERENCES
1W. Li and F. Tse, “Dried spot sampling in combination with LC-MS/MS for
quantitative analysis of small molecules,” Biomed. Chromatogr. 24, 49–65 (2010).
2R. Bowen, G. Hortin, G. Csako, O. Otañez, and A. Remaley, “Impact of blood
collection devices on clinical chemistry assays,” Clin. Biochem. 43, 4–25 (2009).
3P. Feist and A. B. Hummon, “Proteomic challenges: Sample preparation tech-
niques for microgram-quantity protein analysis from biological samples,” Int.
J. Mol. Sci. 16(2), 3537–3563 (2015).
4See https://az.research.umich.edu/medschool/guidance/blood-draw-guidance for
“Blood Draw Guidance”; accessed 28 July 2024.
5H. Shin and M. Markey, “A machine learning perspective on the development
of clinical decision support systems utilizing mass spectra of blood samples,”
J. Biomed. Inf. 39, 227–248 (2006).
6P. Yin, R. Lehmann, and G. Xu, “Effects of pre-analytical processes on blood
samples used in metabolomics studies,” Anal. Bioanal. Chem. 407, 4879–4892
(2015).
7A. Ghidini, W. Sepulveda, C. Lockwood, and R. Romero, “Complication of fetal
blood sampling,” Am. J. Obstet. Gynecol. 168, 1339–1344 (1993).
8S. Berry, J. Stone, M. Norton, D. Johnson, and V. Berghella, “Fetal blood sam-
pling,” Am. J. Obstet. Gynecol. 209, 170–180 (2013).
9D. Chacon-Cortes and L. Griffiths, “Methods for extracting genomic DNA
from whole blood samples: Current perspectives,” J. Bioreposit. Sci. Appl. Med.
2, 1–9 (2014).
10W.-C. Lee, H.-Y. Ng, C.-Y. Hou, C.-T. Lee, and L.-M. Fu, “Recent advances
in lab-on-paper diagnostic devices using blood samples,” Lab Chip 21, 1433
(2021).
11F. Mariani, I. Gualandi, W. Schuhmann, and E. Scavetta, “Micro- and nano-
devices for electrochemical sensing,” Microchim. Acta 189, 459 (2022).
12B. Abdallah and A. Ros, “Surface coatings for microfluidic-based biomedical
devices,” in Microfluidic Devices for Biomedical Applications, edited by X. (J.) Li
and Y. Zhou (Woodhead Publishing, 2013), p. 63.
13L.-S. Qing, T.-T. Wang, H.-Y. Luo, J.-L. Du, R.-Y. Wang, and P. Luo,
“Microfluidic strategies for natural products in drug discovery: Current status
and future perspectives,” TrAC Trends Anal. Chem. 158, 116832 (2022).

Biomicrofluidics REVIEW pubs.aip.org/aip/bmf

Biomicrofluidics 18, 051502 (2024); doi: 10.1063/5.0222244 18, 051502-20

© Author(s) 2024

https://doi.org/10.1002/bmc.1367
https://doi.org/10.1016/j.clinbiochem.2009.10.001
https://doi.org/10.3390/ijms16023537
https://doi.org/10.3390/ijms16023537
https://az.research.umich.edu/medschool/guidance/blood-draw-guidance
https://az.research.umich.edu/medschool/guidance/blood-draw-guidance
https://az.research.umich.edu/medschool/guidance/blood-draw-guidance
https://az.research.umich.edu/medschool/guidance/blood-draw-guidance
https://doi.org/10.1016/j.jbi.2005.04.002
https://doi.org/10.1007/s00216-015-8565-x
https://doi.org/10.1016/S0002-9378(11)90761-3
https://doi.org/10.1016/j.ajog.2013.07.014
https://doi.org/10.2147/BSAM.S46573
https://doi.org/10.1039/D0LC01304H
https://doi.org/10.1007/s00604-022-05548-3
https://doi.org/10.1533/9780857097040.1.63
https://doi.org/10.1016/j.trac.2022.116832
https://pubs.aip.org/aip/bmf


14F. Yu, W. Hunziker, and D. Choudhury, “Engineering microfluidic
organoid-on-a-chip platforms,” Micromachines 10, 165 (2019).
15S. Halldorsson, E. Lucumi, R. Gómez-Sjöberg, and R. Fleming, “Advantages
and challenges of microfluidic cell culture in polydimethylsiloxane devices,”
Biosens. Bioelectron. 63, 218–231 (2014).
16M. Zommiti, N. Connil, A. Tahrioui, A. Groboillot, C. Barbey,
Y. Konto-Ghiorghi, O. Lesouhaitier, S. Chevalier, and M. G. J. Feuilloley,
“Organs-on-chips platforms are everywhere: A zoom on biomedical investiga-
tion,” Bioengineering 9(11), 646 (2022).
17K. Elvira, “Microfluidic technologies for drug discovery and development:
Friend or foe?,” Trends Pharmacol. Sci. 42, 518 (2021).
18A. Thiha and F. Ibrahim, “A colorimetric enzyme-linked immunosorbent
assay (ELISA) detection platform for a point-of-care dengue detection system on
a lab-on-compact-disc,” Sensors 15(5), 11431–11441 (2015).
19Y. Zeng, C. Wu, and Y. He, “Loop-mediated isothermal amplification–based
microfluidic platforms for the detection of viral infections,” Curr. Infect. Dis.
Rep. 24, 205–215 (2022).
20I. Ullah khan, C. Serra, N. Anton, and T. Vandamme, “Production of nano-
particle drug delivery systems with microfluidics tools,” Expert Opin. Drug
Deliv. 12, 547–562 (2014).
21M. McNeely, M. Spute, N. Tusneem, and A. Oliphant, “Symposium on micro-
machining and microfabrication,” Proc. SPIE 3877, 210–220 (1999).
22A. Sayad, F. Ibrahim, S. Mukim Uddin, J. Cho, M. Madou, and K. L. Thong,
“A microdevice for rapid, monoplex and colorimetric detection of foodborne
pathogens using a centrifugal microfluidic platform,” Biosens. Bioelectron. 100,
96–104 (2018).
23H. Manisha, P. D. Priya Shwetha, and K. S. Prasad, “Low-cost paper analytical
devices for environmental and biomedical sensing applications,” in Environmental,
Chemical and Medical Sensors. Energy, Environment, and Sustainability, edited by
S. Bhattacharya, A. Agarwal, N. Chanda, A. Pandey, and A. Sen (Springer,
Singapore, 2018).
24N. Meredith, C. Quinn, D. Cate, T. Reilly, J. Volckens, and C. Henry,
“Paper-based analytical devices for environmental analysis,” Analyst 141,
1874–1887 (2016).
25D. Cate, J. Adkins, J. Mettakoonpitak, and C. Henry, “Recent developments in
paper-based microfluidic devices,” Anal. Chem. 87, 19–41 (2014).
26X. Li, D. R. Ballerini, and W. Shen, “A perspective on paper-based microflui-
dics: Current status and future trends,” Biomicrofluidics 6(1), 011301 (2012).
27M. Puiu, V. Mirceski, and C. Bala, “Paper based diagnostic platforms and
devices,” Curr. Opin. Electrochem. 27, 100726 (2021).
28S. Nishat, A. T. Jafry, A. W. Martinez, and F. R. Awan, “Paper-based microflui-
dics simplified fabrication and assay methods,” Sens. Actuators B: Chem. 336,
129681 (2021).
29A. R. Jangid, E. B. Strong, E. Escamilla, B. A. Lore, N. J. Tod, R. Thiel,
A. W. Martinez, and N. W. Martinez, “Chronometric quantitation of analytes in
paper-based microfluidic devices (MicroPADs) via enzymatic degradation of a
metastable biomatrix,” Inventions 4, 48 (2019).
30L. Brazaca, A. Imamura, R. Blasques, J. Camargo, B. Janegitz, and E. Carrilho,
“The use of biological fluids in microfluidic paper-based analytical devices
(μPADs): Recent advances, challenges and future perspectives,” Biosens.
Bioelectron. 246, 115846 (2023).
31G. Aubry, H. Lee, and H. Lu, “Advances in microfluidics: Technical innova-
tions and applications in diagnostics and therapeutics,” Anal. Chem. 95,
444–467 (2023).
32M. Vazquez-Alvarado, S. Vanasupa, E. Valdez, A. Pama, M. Crowder,
L. Vanasupa, N. Martinez, and A. Martinez, “Evaluation of chromogenic sub-
strates for horseradish peroxidase on paper-based microfluidic devices,” Sens.
Actuators B: Chem. 377, 133028 (2022).
33H. Moulahoum, “Dual chromatic laser-printed microfluidic paper-based ana-
lytical device (μPAD) for the detection of atrazine in water,” ACS Omega 8,
41194 (2023).
34A.-M. Mitrogiannopoulou, V. Tselepi, and K. Ellinas, “Polymeric and paper-based
lab-on-a-chip devices in food safety: A review,” Micromachines 14(5), 986 (2023).

35X. Lin, C. Li, X. Tong, N. Duan, Z. Wang, and S. Wu, “A portable paper-based
aptasensor for simultaneous visual detection of two mycotoxins in corn flour
using dual-color upconversion nanoparticles and Cu-TCPP nanosheets,” Food
Chem. 404, 134750 (2022).
36E. Trofimchuk, A. Nilghaz, S. Sun, and X. Lu, “Determination of norfloxacin
residues in foods by exploiting the coffee-ring effect and paper-based microflui-
dics device coupling with smartphone-based detection,” J. Food Sci. 85, 736
(2020).
37P. Thungon, H. Wang, S. Vagin, C. Dyck, P. Goswami, B. Rieger, and
A. Meldrum, “A fluorescent alcohol biosensor using a simple microPAD based
detection scheme,” Front. Sens. 3, 10 (2022).
38N. N. Le, H. C. Phan, D. M. Dang et al., “Fabrication of miniaturized micro-
fluidic paper-based analytical devices for sandwich enzyme-linked immunosor-
bent assays using INKJET printing,” Appl. Biochem. Microbiol. 57, 257–261
(2021).
39V. Li, B. Udugama, P. Kadhiresan, and W. Chan, “Sequential reagent release
from a layered tablet for multistep diagnostic assays,” Anal. Chem. 94, 10916
(2022).
40K. İçöz, Ü Akar, and E. Ünal, “Microfluidic chip based direct triple antibody
immunoassay for monitoring patient comparative response to leukemia treat-
ment,” Biomed. Microdevices 22, 48 (2020).
41N. Kaur and B. J. Toley, “Tuberculosis diagnosis using isothermal nucleic acid
amplification in a paper-and-plastic device,” in Clinical Applications of Nucleic
Acid Amplification, Methods in Molecular Biology, edited by M. B. Myers and
C. A. Schandl (Humana, New York, 2023), Vol. 2621.
42V. R. Srivastava, R. Kumari, and P. Chandra, “Miniaturized surface engineered
technologies for multiplex biosensing devices,” Electroanalysis 35, e202200355
(2023).
43C. Zhang, Y. Su, Y. Liang, and W. Lai, “Microfluidic cloth-based analytical
devices: Emerging technologies and applications,” Biosens. Bioelectron. 168,
112391 (2020).
44H. Silva-Neto, I. Arantes, A. Ferreira, G. H. M. do Nascimento, G. Meloni,
W. De Araujo, T. Paixão, and W. Coltro, “Recent advances on paper-based
microfluidic devices for bioanalysis,” TrAC Trends Anal. Chem. 158, 116893
(2022).
45S. Ahlawat, R. Bhatia, and B. Kumar, “Impact of thread-based microfluidic
devices in modern analysis: An update on recent trends and applications,” Curr.
Anal. Chem. 19, 281 (2023).
46S. Li, Z. Ma, Z. Cao, L. J. Pan, and Y. Shi, “Advanced wearable microfluidic
sensors for healthcare monitoring,” Small 16, e1903822 (2019).
47P. Bhandari, T. Narahari, and D. Dendukuri, “Fab-chips: A versatile, fabric-
based platform for low-cost, rapid and multiplexed diagnostics,” Lab Chip 11,
2493–2499 (2011).
48X. Mao and C. Zhang, “A microfluidic cloth-based photoelectrochemical
analytical device for the detection of glucose in saliva,” Talanta 238, 123052
(2021).
49C. Karunakaran, K. Bhargava, and R. Benjamin, Biosensors and Bioelectronics
(2015, Elsevier), Vol. 1.
50M. T. Ghoneim, A. Nguyen, N. Dereje, J. Huang, G. C. Moore,
P. J. Murzynowski, and C. Dagdeviren, “Recent progress in electrochemical
pH-sensing materials and configurations for biomedical applications,” Chem.
Rev. 119, 5248–5297 (2019).
51S. Grimnes and Ø. G. Martinsen, “Electrodes,” in Bioimpedance and
Bioelectricity Basics, 3rd ed., edited by S. Grimnes and Ø. G. Martinsen
(Academic Press, 2015), Chap. 7, pp. 179–254.
52D. Agustini, F. Caetano, R. Quero, J. Fracassi da Silva , M. Bergamini,
L. Marcolino-Junior, and D. de Jesus, “Microfluidic devices based on textile
threads for analytical applications: State of the art and perspectives,” Anal.
Methods 13, 4830 (2021).
53A. Bag and N.-E. Lee, “Recent advancements in development of wearable gas
sensors,” Adv. Mater. Technol. 6, 2000883 (2021).
54A. Sinha, Dhanjai, A. Stavrakis, and G. Stojanović, “Textile-based electrochem-
ical sensors and their application,” Talanta 244, 123425 (2022).

Biomicrofluidics REVIEW pubs.aip.org/aip/bmf

Biomicrofluidics 18, 051502 (2024); doi: 10.1063/5.0222244 18, 051502-21

© Author(s) 2024

https://doi.org/10.3390/mi10030165
https://doi.org/10.1016/j.bios.2014.07.029
https://doi.org/10.3390/bioengineering9110646
https://doi.org/10.1016/j.tips.2021.04.009
https://doi.org/10.3390/s150511431
https://doi.org/10.1007/s11908-022-00790-5
https://doi.org/10.1007/s11908-022-00790-5
https://doi.org/10.1517/17425247.2015.974547
https://doi.org/10.1517/17425247.2015.974547
https://doi.org/10.1117/12.359339
https://doi.org/10.1016/j.bios.2017.08.060
https://doi.org/10.1007/978-981-10-7751-7_14
https://doi.org/10.1007/978-981-10-7751-7_14
https://doi.org/10.1039/C5AN02572A
https://doi.org/10.1021/ac503968p
https://doi.org/10.1063/1.3687398
https://doi.org/10.1016/j.coelec.2021.100726
https://doi.org/10.1016/j.snb.2021.129681
https://doi.org/10.3390/inventions4030048
https://doi.org/10.1016/j.bios.2023.115846
https://doi.org/10.1016/j.bios.2023.115846
https://doi.org/10.1021/acs.analchem.2c04562
https://doi.org/10.1016/j.snb.2022.133028
https://doi.org/10.1016/j.snb.2022.133028
https://doi.org/10.1021/acsomega.3c04387
https://doi.org/10.3390/mi14050986
https://doi.org/10.1016/j.foodchem.2022.134750
https://doi.org/10.1016/j.foodchem.2022.134750
https://doi.org/10.1111/1750-3841.15039
https://doi.org/10.3389/fsens.2022.840130
https://doi.org/10.1134/S0003683821020071
https://doi.org/10.1021/acs.analchem.2c03315
https://doi.org/10.1007/s10544-020-00503-6
https://doi.org/10.1007/978-1-0716-2950-5_17
https://doi.org/10.1007/978-1-0716-2950-5_17
https://doi.org/10.1002/elan.202200355
https://doi.org/10.1016/j.bios.2020.112391
https://doi.org/10.1016/j.trac.2022.116893
https://doi.org/10.2174/1573411019666230214112818
https://doi.org/10.2174/1573411019666230214112818
https://doi.org/10.1002/smll.201903822
https://doi.org/10.1039/c1lc20373h
https://doi.org/10.1016/j.talanta.2021.123052
https://doi.org/10.1016/C2014-0-03790-2
https://doi.org/10.1021/acs.chemrev.8b00655
https://doi.org/10.1021/acs.chemrev.8b00655
https://doi.org/10.1016/B978-0-12-411470-8.00007-6
https://doi.org/10.1016/B978-0-12-411470-8.00007-6
https://doi.org/10.1039/D1AY01337H
https://doi.org/10.1039/D1AY01337H
https://doi.org/10.1002/admt.202000883
https://doi.org/10.1016/j.talanta.2022.123425
https://pubs.aip.org/aip/bmf


55Z. Zhao, Y. Kong, X. Lin, C. Liu, J. Liu, Y. He, L. Yang, G. Huang, and Y. Mai,
“Oxide nanomembrane induced assembly of a functional smart fiber composite
with nanoporosity for an ultra-sensitive flexible glucose sensor,” J. Mat. Chem. A
8, 26119–26129 (2020).
56F.-M. Allioux, P. Kapruwan, N. Milne, L. Kong, J. Fattaccioli, Y. Chen, and
L. Dumée, “Electro-capture of heavy metal ions with carbon cloth integrated
microfluidic devices,” Separ. Purif. Technol. 194, 26–32 (2017).
57A. Khan, M. Winder, and G. Hossain, “Modified graphene-based nanocompo-
site material for smart textile biosensor to detect lactate from human sweat,”
Biosens. Bioelectron.: X 10, 100103 (2022).
58X. Wei, L. Zhuang, H. Li, C. He, H. Wan, N. Hu, and P. Wang, “Advances in
multidimensional cardiac biosensing technologies: From electrophysiology to
mechanical motion and contractile force,” Small 16, e005828 (2020).
59W. Dou, M. Malhi, T. Cui, M. Wang, T. Wang, G. Shan, J. Law, Z. Gong,
J. Plakhotnik, T. Filleter, R. Li, C. Simmons, J. Maynes, and Y. Sun, “A carbon-
based biosensing platform for simultaneously measuring the contraction and
electrophysiology of iPSC-cardiomyocyte monolayers,” ACS Nano 16, 11278
(2022).
60D. Xu, J. Fang, and N. Hu, “Multifunctional cardiomyocyte-based biosensor
for electrophysiology-mechanical beating-growth viability monitoring,” in 2021
IEEE 16th International Conference on Nano/Micro Engineered and Molecular
Systems (NEMS), Xiamen, China (IEEE, 2021), pp. 1374–1377.
61M. Booth, S. Gowers, M. Hersey, I. Samper, S. Park, P. Anikeeva, P. Hashemi,
M. Stevens, and M. Boutelle, “Fiber-based electrochemical biosensors for monitor-
ing pH and transient neurometabolic lactate,” Anal. Chem. 93, 6646 (2021).
62Y. Zhang, N. Jiang, and A. Yetisen, “Brain neurochemical monitoring,”
Biosens. Bioelectron. 189, 113351 (2021).
63J. Xu, Y. Fang, and J. Chen, “Wearable biosensors for non-invasive sweat diag-
nostics,” Biosensors 11(8), 245 (2021).
64W. Phamonpon, N. Promphet, S. Ummartyotin, and N. Rodthongkum, “A
dual-lactate sensor for milk spoilage based on modified recycled UHT milk
carton cellulose surface,” J. Clean. Prod. 363, 132519 (2022).
65F. F. Franco, R. A. Hogg, and L. Manjakkal, “Cu2O-based electrochemical bio-
sensor for non-invasive and portable glucose detection,” Biosensors 12(3), 174
(2022).
66M. Baharfar and K. Kalantar-Zadeh, “Emerging role of liquid metals in
sensing,” ACS Sens. 7(2), 386–408 (2022).
67K. Khoshmanesh et al., “Liquid metal enabled microfluidics,” Lab Chip 17(6),
974–993 (2017).
68Y. Yu et al., “Liquid metal-integrated ultra-elastic conductive microfibers from
microfluidics for wearable electronics,” Sci. Bull. 65(20), 1752–1759 (2020).
69S. Jamalzadegan et al., “Liquid metal-based biosensors: Fundamentals and
applications,” Adv. Funct. Mater. 34, 2308173 (2024).
70M. Zhang, X. Wang, Z. Huang, and W. Rao, “Liquid metal based flexible and
implantable biosensors,” Biosensors 10(11), 170 (2020).
71C.-S. Lee, “Grand challenges in microfluidics: A call for biological and engi-
neering action,” Front. Sens. 1, 583035 (2020).
72P. Pattanayak, S. Singh, M. Gulati, S. Vishwas, B. Kapoor, D. Kumar
Chellappan, K. Anand, G. Gupta, N. Jha, P. Gupta, P. Prasher, K. Dua,
H. Dureja, D. Kumar, and V. Kumar, “Microfluidic chips: Recent advances, criti-
cal strategies in design, applications and future perspectives,” Microfluid.
Nanofluid. 25, 99 (2021).
73M. L. Sin, K. E. Mach, P. K. Wong, and J. C. Liao, “Advances and challenges
in biosensor-based diagnosis of infectious diseases,” Expert Rev. Mol. Diagn.
14(2), 225–244 (2014).
74L. Chen, A. Ghiasvand, S. C. Lam, E. Sanz Rodriguez, P. Innis, and B. Paull,
“Thread-based isotachophoresis coupled with desorption electrospray ionization
mass spectrometry for clean-up, preconcentration, and determination of alka-
loids in biological fluids,” Anal. Chim. Acta 1193, 338810 (2021).
75R. Shimazu, K. Tomimuro, Y. Ni, C. Malegori, V. Hamedpour, Y. Hiruta,
P. Oliveri, M. Merkx, and D. Citterio, “Microfluidic thread-based analytical
devices for point-of-care detection of therapeutic antibody in blood,” Sens.
Actuators B: Chem. 352, 131002 (2021).

76N. Chand and F. Mohammed, “Natural fibers and their composites,” in Tribology
of Natural Fiber Polymer Composites (Woodhead Publishing, 2021), pp. 1–59.
77L. Wang, B. Li, J. Wang, J. Qi, J. Li, J. Ma, and L. Chen, “A rotary multi-
positioned cloth/paper hybrid microfluidic device for simultaneous fluorescence
sensing of mercury and lead ions by using ion imprinted technologies,”
J. Hazard. Mater. 428, 128165 (2022).
78Y. Su, Y. Liang, H. Wu, J. Jiang, W. Lai, and C. Zhang, “A three-dimensional cloth-
based microfluidic label-free proximity hybridization-electrochemiluminescence bio-
sensor for ultrasensitive detection of K-ras gene,” Sens. Actuators B: Chem. 296,
126654 (2019).
79B. Xu, T. Qin, J. Zhang, Y. Ding, Y. Su, J. Wu, D. Pan, Y. Zhang, and Z. Shen,
“Cloth-based microfluidic analytical devices by laser-induced hydrophilization
technique,” Sens. Actuators B: Chem. 341, 129998 (2021).
80M. Liu, D. Wang, C. Liu, R. L. Liu, and C. Huijie Zhang, “Battery-triggered
open wireless electrochemiluminescence in a microfluidic cloth-based bipolar
device,” Sens. Actuators B: Chem. 246, 327–335 (2017).
81F. R. Caetano, E. A. Carneiro, D. Agustini, L. C. S. Figueiredo-Filho,
C. E. Banks, M. F. Bergamini, and L. H. Marcolino-Junior, “Combination of elec-
trochemical biosensor and textile threads: A microfluidic device for phenol
determination in tap water,” Biosens. Bioelectron. 99, 382–388 (2017).
82C. Adamo, A. Junger, L. Bressan, J. A. F. da Silva, R. Poppi, and D. P. de Jesus,
“Fast and straightforward in situ synthesis of gold nanoparticles on a thread-
based microfluidic device for application in surface-enhanced Raman scattering
detection,” Microchem. J. 156, 104985 (2020).
83Y. Liang, W. Lai, Y. Su, and C. Zhang, “A novel cloth-based multiway closed
bipolar electrochemiluminescence biosensor for accurate detection of uric acid,”
Microchem. J. 179, 107657 (2022).
84R. Zhang, Y. Liang, Y. Su, W. Lai, and C. Zhang, “Cloth-based closed bipolar
electrochemiluminescence DNA sensors (CCBEDSs): A new class of electroche-
miluminescence gene sensors,” J. Lumin. 238, 118209 (2021).
85M. Qiu, X. Mao, and C. Zhang, “Lab-on-cloth integrated with a photoelectro-
chemical cell and ion imprinting for point-of-care testing of Hg(II),” Sens.
Actuators B: Chem. 361, 131689 (2022).
86N. Yousif, R. Attia, and M. R. Balboul, “Adrenaline biosensors based on r Go/
Ag nanocomposites functionalized textiles using advanced electron beam irradia-
tion technique,” J. Organometall. Chem. 972, 122392 (2022).
87S. Wang, D. Ye, Z. Liu, X. Zhu, R. Chen, Q. Liao, Y. Yang, and H. Liu, “A flex-
ible on-fiber H2O2 microfluidic fuel cell with high power density,” Int.
J. Hydrog. Energy 47, 4793–4803 (2021).
88M. Sekar, M. Pandiaraj, S. Bhansali et al., “Carbon fiber based electrochemical
sensor for sweat cortisol measurement,” Sci. Rep. 9, 403 (2019).
89B. D. S. Deeraj, M. S. Mathew, J. Kuruvilla, and J. Parameswaranpillai, “EMI
shielding materials based on thermosetting polymers,” in Materials for Potential
EMI Shielding Applications (Elsevier, 2019), pp. 101–110.
90T. Guan, S. Shen, Z. Cheng, G. Wu, and N. Bao, “Microfluidic-assembled hier-
archical macro-microporous graphene fabrics towards high-performance robust
supercapacitors,” Chem. Eng. J. 440, 135878 (2022).
91D. Wang, Y. Liang, Y. Su, Q. Shang, and C. Zhang, “Sensitivity enhancement
of cloth-based closed bipolar electrochemiluminescence glucose sensor via elec-
trode decoration with chitosan/multi-walled carbon nanotubes/graphene
quantum dots-gold nanoparticles,” Biosens. Bioelectron. 130, 55–64 (2019).
92A. Subrenat and P. Le Cloirec, “Thermal behavior of activated carbon cloths
heated by joule effect,” J. Environ. Eng. 129, 1077 (2003).
93M. Gaines, M. Gonzalez, K. Uchida, and F. Gomez, “Microfluidic thread-based
electrode system to detect glucose and acetylthiocholine,” Electrophoresis 39,
3082–3086 (2018).
94G. Thilagavathi and V. Subramonia Pillai, “Process control in apparel manu-
facturing,” in Process Control in Textile Manufacturing, edited by A. Majumdar,
A. Das, R. Alagirusamy, and V. K. Kothari (Woodhead Publishing, 2012),
pp. 428–473.
95T. Kojic, B. Kovacevic, A. Sinha, M. Simić, and G. Stojanovic, “Silver thread-
based microfluidic platform for detection of essential oils using impedance spec-
troscopy,” Appl. Sci. 12, 3596 (2022).

Biomicrofluidics REVIEW pubs.aip.org/aip/bmf

Biomicrofluidics 18, 051502 (2024); doi: 10.1063/5.0222244 18, 051502-22

© Author(s) 2024

https://doi.org/10.1039/D0TA09211H
https://doi.org/10.1016/j.seppur.2017.10.064
https://doi.org/10.1016/j.biosx.2021.100103
https://doi.org/10.1002/smll.202005828
https://doi.org/10.1021/acsnano.2c04676
https://doi.org/10.1109/NEMS51815.2021.9451275
https://doi.org/10.1109/NEMS51815.2021.9451275
https://doi.org/10.1109/NEMS51815.2021.9451275
https://doi.org/10.1021/acs.analchem.0c05108
https://doi.org/10.1016/j.bios.2021.113351
https://doi.org/10.3390/bios11080245
https://doi.org/10.1016/j.jclepro.2022.132519
https://doi.org/10.3390/bios12030174
https://doi.org/10.1021/acssensors.1c02606
https://doi.org/10.1039/C7LC00046D
https://doi.org/10.1016/j.scib.2020.06.002
https://doi.org/10.1002/adfm.202308173
https://doi.org/10.3390/bios10110170
https://doi.org/10.3389/fsens.2020.583035
https://doi.org/10.1007/s10404-021-02502-2
https://doi.org/10.1007/s10404-021-02502-2
https://doi.org/10.1586/14737159.2014.888313
https://doi.org/10.1016/j.aca.2021.338810
https://doi.org/10.1016/j.snb.2021.131002
https://doi.org/10.1016/j.snb.2021.131002
https://doi.org/10.1016/B978-0-12-818983-2.00001-3
https://doi.org/10.1016/B978-0-12-818983-2.00001-3
https://doi.org/10.1016/j.jhazmat.2021.128165
https://doi.org/10.1016/j.snb.2019.126654
https://doi.org/10.1016/j.snb.2021.129998
https://doi.org/10.1016/j.snb.2017.02.076
https://doi.org/10.1016/j.bios.2017.07.070
https://doi.org/10.1016/j.microc.2020.104985
https://doi.org/10.1016/j.microc.2022.107657
https://doi.org/10.1016/j.jlumin.2021.118209
https://doi.org/10.1016/j.snb.2022.131689
https://doi.org/10.1016/j.snb.2022.131689
https://doi.org/10.1016/j.jorganchem.2022.122392
https://doi.org/10.1016/j.ijhydene.2021.11.079
https://doi.org/10.1016/j.ijhydene.2021.11.079
https://doi.org/10.1038/s41598-018-37243-w
https://doi.org/10.1016/B978-0-12-817590-3.00006-3
https://doi.org/10.1016/B978-0-12-817590-3.00006-3
https://doi.org/10.1016/j.cej.2022.135878
https://doi.org/10.1016/j.bios.2019.01.027
https://doi.org/10.1061/(ASCE)0733-9372(2003)129:12(1077)
https://doi.org/10.1002/elps.201800348
https://doi.org/10.1533/9780857095633.3.428
https://doi.org/10.3390/app12073596
https://pubs.aip.org/aip/bmf


96R. Quero, L. Bressan, J. A. F. da Silva, and D. P. de Jesus, “A novel thread-
based microfluidic device for capillary electrophoresis with capacitively coupled
contactless conductivity detection,” Sens. Actuators B: Chem. 286, 301
(2019).
97B. Ma, J. Chi, C. Xu, Y. Ni, C. Zhao, and H. Liu, “Wearable capillary microflui-
dics for continuous perspiration sensing,” Talanta 212, 120786 (2020).
98A. Oliveira, D. Araújo, L. Pradela-Filho, R. Takeuchi, M. Trindade, and A. dos
Santos, “Threads in tubing: An innovative approach towards improved electro-
chemical thread-based microfluidic devices,” Lab Chip 22, 3045 (2022).
99M. Shafizadeh, S. Abbasi-Moayed, Z. Hamzei, A. Keshavarz, S. Yousefi,
M. R. Hormozi-Nezhad, and H. Golmohammadi, “Chlorophyll-based wicking
sensing bioplatform coupled with a smartphone-based sample-to-answer analyti-
cal device for on-site detection of picric acid,” Biosens. Bioelectron.: X 11,
100150 (2022).
100D. Lo Presti, D. Bianchi, C. Massaroni, A. Gizzi, and E. Schena, “A soft and
skin-interfaced smart patch based on fiber optics for cardiorespiratory monitor-
ing,” Biosensors 12(6), 363 (2022).
101M. Amouzadeh Tabrizi and P. Acedo, “An electrochemical impedance
spectroscopy-based aptasensor for the determination of SARS-CoV-2-RBD using
a carbon nanofiber–gold nanocomposite modified screen-printed electrode,”
Biosensors 12(3), 142 (2022).
102A. Al Fatease, M. Haque, A. Umar, S. G. Ansari, M. H. Mahnashi,
Y. Alhamhoom, and Z. A. Ansari, “Fabrication and characterization of acute
myocardial infarction myoglobin biomarker based on chromium-doped zinc
oxide nanoparticles,” Biosensors 12(8), 585 (2022).
103B. Tasaengtong and Y. Sameenoi, “A one-step polymer screen-printing
method for fabrication of microfluidic cloth-based analytical devices,”
Microchem. J. 158, 105078 (2020).
104S. Tang, M. Zou, C. Zhao, Y. Jiang, R. Chen, Z. Xu, C. Yang, X. Wang,
B. Dong, Y. Wang et al., “Fabry-Perot interferometer based on a fiber-tip fixed-
supported bridge for fast glucose concentration measurement,” Biosensors 12(6),
391 (2022).
105S. Li, H. Li, Y. Lu, M. Zhou, S. Jiang, X. Du, and C. Guo, “Advanced textile-
based wearable biosensors for healthcare monitoring,” Biosensors 13(10), 909
(2023).
106E. W. Nunes, M. K. L. Silva, J. Rascón, D. Leiva-Tafur, R. M. L. Lapa, and
I. Cesarino, “Acetylcholinesterase biosensor based on functionalized renewable
carbon platform for detection of carbaryl in food,” Biosensors 12(7), 486 (2022).
107D. Verma, K. Singh, A. Yadav, V. Nayak, J. Singh, P. Solanki, and R. Singh,
“Internet of things (IoT) in nano-integrated wearable biosensor devices for
healthcare applications,” Biosens. Bioelectron.: X 11, 100153 (2022).
108B. Al-Mughairy and H. A. J. Al Lawati, “Recent analytical advancements in
microfluidics using chemiluminescence detection systems for food analysis,”
TrAC Trends Anal. Chem. 124, 115802 (2020).
109H. J. Lim, B. Chua, and A. Son, “Bipolar electrochemiluminescence on thread:
A new class of electroanalytical sensors,” Biosens. Bioelectron. 94, 10 (2017).
110F. Gao, C. Liu, L. Zhang et al., “Wearable and flexible electrochemical sensors
for sweat analysis: A review,” Microsyst. Nanoeng. 9, 1 (2023).
111L. Lyzwinski, M. Elgendi, A. V. Shokurov et al., “Opportunities and chal-
lenges for sweat-based monitoring of metabolic syndrome via wearable technolo-
gies,” Commun. Eng. 2, 48 (2023).
112D. Angioni, J. Delrieu, O. Hansson, H. Fillit, P. Aisen, J. Cummings,
J. R. Sims, J. B. Braunstein, M. Sabbagh, T. Bittner, M. Pontecorvo, S. Bozeat,
J. L. Dage, E. Largent, S. Mattke, O. Correa, L. M. Gutierrez Robledo,
V. Baldivieso, D. R. Willis, A. Atri, R. J. Bateman, P. J. Ousset, B. Vellas, and
M. Weiner, “Blood biomarkers from research use to clinical practice: What must
be done? A report from the EU/US CTAD task force,” J. Prev. Alzheimer’s Dis.
9(4), 569–579 (2022).
113L. Melguizo-Rodríguez, V. J. Costela-Ruiz, F. J. Manzano-Moreno, C. Ruiz,
and R. Illescas-Montes, “Salivary biomarkers and their application in the diagno-
sis and monitoring of the most common oral pathologies,” Int. J. Mol. Sci.
21(14), 5173 (2020).

114B. Sequeira-Antunes and H. A. Ferreira, “Urinary biomarkers and
point-of-care urinalysis devices for early diagnosis and management of disease:
A review,” Biomedicines 11(4), 1051 (2023).
115P. P. Samant, M. M. Niedzwiecki, N. Raviele, V. Tran, J. Mena-Lapaix,
D. I. Walker, E. I. Felner, D. P. Jones, G. W. Miller, and M. R. Prausnitz,
“Sampling interstitial fluid from human skin using a microneedle patch,” Sci.
Transl. Med. 12(571), eaaw0285 (2020).
116T. K. Mathew, M. Zubair, and P. Tadi, “Blood glucose monitoring,” in
StatPearls (StatPearls Publishing, Treasure Island, FL, 2024). https://www.ncbi.
nlm.nih.gov/books/NBK555976/.
117M. Certo, A. Libre, W. Lee, and C. Mauro, “Understanding lactate sensing
and signalling,” Trends in Endocrinology & Metabolism 33, 72–725 (2022).
118R. N. Moman, N. Gupta, and M. Varacallo, “Physiology, albumin,” in
StatPearls (StatPearls Publishing, Treasure Island, FL, 2024). https://www.ncbi.
nlm.nih.gov/books/NBK459198/.
119X. Zheng, W. Cheng, C. Ji, J. Zhang, and M. Yin, “Detection of metal ions in
biological systems: A review,” Rev. Anal. Chem. 39(1), 231–246 (2020).
120H. Zhang, X. Liu, M. Liu, T. Gao, Y. Huang, Y. Liu, and W. Zeng, “Gene
detection: An essential process to precision medicine,” Biosens. Bioelectron. 99,
625 (2017).
121R. Singh, T. Singh, and A. Singh, “Enzymes as diagnostic tools,” in Advances
in Enzyme Technology (Elsevier, 2019), pp. 225–271.
122J. U. Khan, A. Ruland, S. Sayyar, B. Paull, J. Chen, and P. C. Innis, “Wireless
bipolar electrode-based textile electrofluidics: Towards novel micro-total-analysis
systems,” Lab Chip 21, 3979 (2021).
123F. Vatansever, R. Burtovyy, B. Zdyrko, K. Ramaratnam, T. Andrukh,
S. Minko, J. R. Owens, K. G. Kornev, and I. Luzinov, “Toward fabric-based flexi-
ble microfluidic devices: Pointed surface modification for pH sensitive liquid
transport,” ACS Appl. Mater. Interfaces 4, 4541 (2012).
124L. Sampad and C. Suman, “Textile handicraft for equipment-free fabrication
of wearable low-cost diagnostic sensors for body-fluid based pathology,”
J. Micromech. Microeng. 33, 034005 (2023).
125Y. Yang, X. Zhu, Q. Wang, D. Ye, R. Chen, and Q. Liao, “Towards flexible
fuel cells: Development, challenge and prospect,” Appl. Therm. Eng. 203,
117937 (2022).
126A. Singh, A. Sharma, and S. Arya, “Human sweat-based wearable glucose
sensor on cotton fabric for real-time monitoring,” J. Anal. Sci. Technol. 13, 11
(2022).
127C. W. Bae, P. T. Toi, B. Y. Kim, W. I. Lee, H. B. Lee, A. Hanif, E. H. Lee, and
N.-E. Lee, “Fully stretchable capillary microfluidics-integrated nanoporous gold
electrochemical sensor for wearable continuous glucose monitoring,” ACS Appl.
Mater. Interfaces 11(16), 14567–14575 (2019).
128Z. Zhao, Q. Li, Y. Dong, J. Gong, Z. Li, and J. Zhang, “Core-Shell structured
gold nanorods on thread-embroidered fabric-based microfluidic device for ex
situ detection of glucose and lactate in sweat,” Sens. Actuators B: Chem. 353,
131154 (2022).
129P. Mostafalu, M. Akbari, K. Alberti et al., “A toolkit of thread-based micro-
fluidics, sensors, and electronics for 3D tissue embedding for medical diagnos-
tics,” Microsyst. Nanoeng. 2, 16039 (2016).
130T. Zhao, Y. Fu, C. Sun, X. Zhao, C. Jiao, A. Du, Q. Wang, Y. Mao, and B. Liu,
“Wearable biosensors for real-time sweat analysis and body motion capture
based on stretchable fiber-based triboelectric nanogenerators,” Biosens.
Bioelectron. 205, 114115 (2022).
131N. Lokar, B. Pečar, M. Možek, and D. Vrtačnik, “Microfluidic electrochemical
glucose biosensor with in situ enzyme immobilization,” Biosensors 13(3), 364
(2023).
132J. M. Harris, C. Reyes, and G. P. Lopez, “Common causes of glucose oxidase
instability in in vivo biosensing: A brief review,” J. Diabetes Sci. Technol. 7(4),
1030–1038 (2013).
133K. Rathee, V. Dhull, R. Dhull, and S. Singh, “Biosensors based on electro-
chemical lactate detection: A comprehensive review,” Biochem. Biophys. Rep. 5,
35 (2015).

Biomicrofluidics REVIEW pubs.aip.org/aip/bmf

Biomicrofluidics 18, 051502 (2024); doi: 10.1063/5.0222244 18, 051502-23

© Author(s) 2024

https://doi.org/10.1016/j.snb.2019.01.168
https://doi.org/10.1016/j.talanta.2020.120786
https://doi.org/10.1039/D2LC00387B
https://doi.org/10.1016/j.biosx.2022.100150
https://doi.org/10.3390/bios12060363
https://doi.org/10.3390/bios12030142
https://doi.org/10.3390/bios12080585
https://doi.org/10.1016/j.microc.2020.105078
https://doi.org/10.3390/bios12060391
https://doi.org/10.3390/bios13100909
https://doi.org/10.3390/bios12070486
https://doi.org/10.1016/j.biosx.2022.100153
https://doi.org/10.1016/j.trac.2019.115802
https://doi.org/10.1016/j.bios.2017.02.029
https://doi.org/10.1038/s41378-022-00443-6
https://doi.org/10.1038/s44172-023-00097-w
https://doi.org/10.14283/jpad.2022.85
https://doi.org/10.3390/ijms21145173
https://doi.org/10.3390/biomedicines11041051
https://doi.org/10.1126/scitranslmed.aaw0285
https://doi.org/10.1126/scitranslmed.aaw0285
https://www.ncbi.nlm.nih.gov/books/NBK555976/
https://www.ncbi.nlm.nih.gov/books/NBK555976/
https://www.ncbi.nlm.nih.gov/books/NBK555976/
https://doi.org/10.1016/j.tem.2022.07.004
https://www.ncbi.nlm.nih.gov/books/NBK459198/
https://www.ncbi.nlm.nih.gov/books/NBK459198/
https://www.ncbi.nlm.nih.gov/books/NBK459198/
https://doi.org/10.1515/revac-2020-0118
https://doi.org/10.1016/j.bios.2017.08.033
https://doi.org/10.1016/B978-0-444-64114-4.00009-1
https://doi.org/10.1016/B978-0-444-64114-4.00009-1
https://doi.org/10.1039/D1LC00538C
https://doi.org/10.1021/AM3008664
https://doi.org/10.1088/1361-6439/acb6a2
https://doi.org/10.1016/j.applthermaleng.2021.117937
https://doi.org/10.1186/s40543-022-00320-x
https://doi.org/10.1021/acsami.9b00848
https://doi.org/10.1021/acsami.9b00848
https://doi.org/10.1016/j.snb.2021.131154
https://doi.org/10.1038/micronano.2016.39
https://doi.org/10.1016/j.bios.2022.114115
https://doi.org/10.1016/j.bios.2022.114115
https://doi.org/10.3390/bios13030364
https://doi.org/10.1177/193229681300700428
https://doi.org/10.1016/j.bbrep.2015.11.010
https://pubs.aip.org/aip/bmf


134A. Kuşbaz, İ. Göcek, G. Baysal, F. Kök, L. Trabzon, H. Kizil, and B. Kayaoglu,
“Lactate detection by colorimetric measurement in real human sweat by
microfluidic-based biosensor on flexible substrate,” J. Text. Inst. 110, 1725
(2019).
135G. Baysal, S. Önder, İ. Göcek, L. Trabzon, H. Kızıl, F. Kök, and B. Kayaoğlu,
“Microfluidic device on a nonwoven fabric: A potential biosensor for lactate
detection,” Text. Res. J. 84, 1729 (2014).
136M. Fakhrul Ulum, L. Maylina, D. Noviana, and D. Wicaksono,
“EDTA-treated cotton-thread microfluidic device for one-step whole blood
plasma separation and assay,” Lab Chip 2016(16), 1492–1504.
137J. Cabot, L. Daikuara, Z. Yue, P. Hayes, X. Liu, G. Wallace, and B. Paull,
“Electrofluidic control of bioactive molecule delivery into soft tissue models
based on gelatin methacryloyl hydrogels using threads and surgical sutures,” Sci.
Rep. 10, 7120 (2020).
138N. Neris, R. Guevara, A. Gonzalez, and F. Gomez, “3D multilayered paper-
and thread/paper-based microfluidic devices for bioassays,” Electrophoresis 40,
296 (2018).
139B. Paul, R. R. Reddy, S. R. K. Vanjari, and S. G. Singh, “Zinc oxide nanowire
modified flexible plastic platform for immunosensing,” in 2016 IEEE SENSORS,
Orlando, FL (IEEE, 2016), pp. 1–3.
140L. Chen, J.-M. Cabot, E. Sanz Rodriguez, A. Ghiasvand, P. Innis, and
B. Paull, “Thread-based isoelectric focusing coupled with desorption electrospray
ionisation mass spectrometry,” Analyst 145, 6928 (2020).
141A. Khan, Md. Niamul Haque, D. C. Kabiraz, A. Yeasin, H. A. Roshid, A.
C. Sarker, and G. Hossain, “A review on advanced nanocomposites materials
based smart textile biosensor for healthcare monitoring from human sweat,”
Sensors and Actuators A Physical 350, 114093 (2023).
142J. Xia, X. Cao, Z. Wang, M. Yang, F. Zhang, B. Lu, F. Li, Y.-H. Li, and Y. Xia,
“Molecularly imprinted electrochemical biosensor based on chitosan/ionic
liquid-graphene composites modified electrode for determination of bovine
serum albumin,” Sens. Actuators B: Chem. 225, 305 (2015).
143Y. ElSaboni, J. Hunt, C. Moffatt, and Y. Wei, “Development of a textile based
protein sensor for monitoring the healing progress of a wound,” Research Square
(2022); see https://doi.org/10.21203/rs.3.rs-1228058/v1.

144H. Wu, Y. Su, J. Jiang, Y. Liang, and C. Zhang, “Ultrasensitive electrochemi-
luminescence detection of p53 gene by a novel cloth-based microfluidic biosen-
sor with luminol-gold nanoparticles and hybridization chain reaction
amplification,” J. Lumin. 226, 117485 (2020).
145Q. Wang, X. Wen, and J. Kong, “Recent progress on uric acid detection: A
review,” Crit. Rev. Anal. Chem. 50(4), 359–375 (2020).
146B. Kuswandi, N. Andriani, and A. S. Nugraha, “Simple monitoring of pH and urea
in whole blood using wearable smart woman pad,” Bioimpacts 12(1), 43–50 (2022).
147Y. Su, W. Lai, Y. Liang, and C. Zhang, “Novel cloth-based closed bipolar
solid-state electrochemiluminescence (CBP-SS-ECL) aptasensor for detecting
carcinoembryonic antigen,” Anal. Chim. Acta 1206, 339789 (2022).
148R. Rahimi, W. Yu, M. Ochoa, and B. Ziaie, “Directly embroidered micro-
tubings for fluid transport in wearable applications,” Lab Chip 17, 1585 (2017).
149J. Ju, Y. Zheng, and L. Jiang, “Bioinspired one-dimensional materials for
directional liquid transport,” Acc. Chem. Res. 47, 2342 (2014).
150B. Lin, L. Yuan, B. Gao, and B.-F. He, “Patterned duplex fabric based on
genetically modified spidroin for smart wound management,” Adv. Healthc.
Mater. 12, 2202213 (2022).
151S. Chamoli and P. Kumar, “Current challenges and future prospects of next-
generation microfluidics,” in Next-Generation Smart Biosensing (Academic Press,
2024), pp. 307–315.
152S. Siavashy et al., “Recent advancements in microfluidic-based biosensors for
detection of genes and proteins: Applications and techniques,” Biosens.
Bioelectron. X 19, 100489 (2024).
153S. Yadav, P. Tawade, K. Bachal, M. Rakshe, P. Gandhi, and A. Majumder,
“Scalable large-area mesh-structured microfluidic gradient generator for drug
testing applications,” Biomicrofluidics 16, 064103 (2022).
154P. Cataldi, L. Lamanna, C. Bertei, F. Arena, P. Rossi, M. Liu, F. Di Fonzo,
D. Papageorgiou, A. Luzio, and M. Caironi, “An electrically conductive oleogel
paste for edible electronics,” Adv. Funct. Mater. 32, 2113417 (2022).
155V. F. Annese, P. Cataldi, V. Galli, G. Coco, J. P. V. Damasceno, A. Keller,
Y. Kumaresan, P. Rossi, I. K. Ilic, B. Kwak, L. T. Kubota, A. Athanassiou, J. Rossiter,
D. Floreano, and M. Caironi, “A sprayable electrically conductive edible coating for
piezoresistive strain sensing,” Adv. Sens. Res. 3, 2300150 (2024).

Biomicrofluidics REVIEW pubs.aip.org/aip/bmf

Biomicrofluidics 18, 051502 (2024); doi: 10.1063/5.0222244 18, 051502-24

© Author(s) 2024

https://doi.org/10.1080/00405000.2019.1616955
https://doi.org/10.1177/0040517514528565
https://doi.org/10.1039/C6LC00175K
https://doi.org/10.1038/s41598-020-63785-z
https://doi.org/10.1038/s41598-020-63785-z
https://doi.org/10.1002/elps.201800383
https://doi.org/10.1109/ICSENS.2016.7808861
https://doi.org/10.1039/D0AN01344G
https://doi.org/10.1016/j.sna.2022.114093
https://doi.org/10.1016/j.snb.2015.11.060
https://doi.org/10.21203/rs.3.rs-1228058/v1
https://doi.org/10.21203/rs.3.rs-1228058/v1
https://doi.org/10.21203/rs.3.rs-1228058/v1
https://doi.org/10.1016/j.jlumin.2020.117485
https://doi.org/10.1080/10408347.2019.1637711
https://doi.org/10.34172/bi.2021.41
https://doi.org/10.1016/j.aca.2022.339789
https://doi.org/10.1039/C7LC00074J
https://doi.org/10.1021/ar5000693
https://doi.org/10.1002/adhm.202202213
https://doi.org/10.1002/adhm.202202213
https://doi.org/10.1016/B978-0-323-98805-6.00009-9
https://doi.org/10.1016/B978-0-323-98805-6.00009-9
https://doi.org/10.1016/j.biosx.2024.100489
https://doi.org/10.1016/j.biosx.2024.100489
https://doi.org/10.1063/5.0126616
https://doi.org/10.1002/adfm.202113417
https://doi.org/10.1002/adsr.202300150
https://pubs.aip.org/aip/bmf

	Advances in textile-based microfluidics for biomolecule sensing
	INTRODUCTION
	MATERIALS AND FABRICATION TECHNIQUES
	APPLICATIONS IN BIOMEDICINE
	Glucose detection
	Lactate detection
	Albumin detection
	Ion detection
	Gene detection
	Uric acid detection
	Common applications summary
	Other applications

	CHALLENGES AND SOLUTIONS
	FUTURE PERSPECTIVES AND EMERGING TRENDS
	CONCLUSION
	AUTHOR DECLARATIONS
	Conflict of Interest
	Author Contributions

	DATA AVAILABILITY
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


