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A Snapshot of Microfluidics in Point-of-Care Diagnostics:
Multifaceted Integrity with Materials and Sensors

Garbis Atam Akceoglu, Yeseren Saylan, and Fatih Inci*

Over four decades, point-of-care (POC) technologies and their pivotal
applications in the biomedical arena have increased irrepressibly and allowed
to realize the potential of portable and accurate diagnostic strategies. Today,
in the light of these advances, POC systems dominate the medical inventions
and bring the diagnostics to the bedside settings, potentially minimizing

the workload in the centralized laboratories, as well as remarkably reducing
the associated-cost and time. In contrast to the conventional technologies,
microfluidics paves the way to create more efficient and applicable POC
diagnostic devices through their inherent fashions such as minute volume of
samples, easy manipulations, shorter assay time, and low-cost production.

In this review, the current status and advancements of microfluidic systems
along with the current limitations in the aspect of POC diagnostic strategies

devices, where engineering, biochem-
istry, molecular biology, and biomedical
technologies are integrated seamlessly
with each other. POC devices have great
advantages due to their portability, size,
accuracy, and low volume of samples.
These advantages are fundamentally
changing the workflow of health care
systems by shortening the turnaround
time, accelerating the clinical decision-
making with early treatment possibili-
ties, and enabling to test individuals at
resource-scarce settings, including but
not limited to disaster areas, remote set-
tings, or physician office with the limited

are elaborated. Further, the integration of novel materials and innovative
sensing platforms to the microfluidic systems are comprehensively evaluated
to address the real-world challenges for diagnosing various maladies at the

POC settings.

1. Introduction

Point-of-care (POC) tests were first used in our lives in the
1960s through the use of strip tests, rapidly measuring blood
glucose levels, and later in the late 1970s, personal diagnosis
became extremely popular among people with the use of
similar strategy in pregnancy tests. Over the next 40 years,
advances in the engineering have increased POC applica-
tions not only in clinical diagnostics, but also in food safety,
environmental monitoring, pharmaceutical industry, military
applications, and biosensing realm.l=3] All these examples
are only snapshots of POC tests reliant on multidisciplinary
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laboratory access. Ultimately, this crucial
direction makes health delivery closer to
the patient rather than the provider. In
addition, even if the patient is not living
in the countryside, the utilization of
POC devices at hospitals has exhibited
a remarkable reduction in the duration of hospital stay due
to the elimination of time-consuming, centralized laboratory
testing.>®l Since the size and portability are great advantages
of POC devices, storage, proper usage, and quality control of
tests are still unmet challenges. For instance, external fac-
tors, e.g., light, humidity, and temperature, hinder the per-
formance of these tests potentially, and thereby, they need to
be controlled comprehensively through regular calibrations,
technical service, and maintenance performed by trained and
experienced personnel, which potentially increase their cost
and complexity, as well as limit their utility at the resource-
constrained settings.”®!

Microfluidics, on the other hand, denotes a unique opportu-
nity by controlling and manipulating the low volume of liquids
(107 to 10718 L) precisely; handling samples easily; offering inex-
pensive and large-scale production with the desired parameters;
modulating surface properties and integrating multiple control
units; and presenting versatile integrity with different sensing
modalities. All these features highlight the potential of micro-
fluidics as a full or integrative unit of POC diagnostic devices.
From the production perspective, there are many microfabri-
cation methods, such as replica molding, nanoimprint lithog-
raphy, SU-8 photoresist, rapid prototyping, microinjection
molding, and plasma processing.’% In these platforms, liquids
can be controlled in microscale membranes, valves, chambers,
reservoirs by mixing or reacting them with each other. More-
over, all these kinds of fashions manipulating the low volume
of liquids are creating great opportunities for POC applica-
tions, where integration, miniaturization, computerization
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consistency, and ease-of-use are highly desired.""" Further-
more, these specific characteristics provide spatiotemporal con-
trol of molecules for leveraging the platforms manageability
and reducing their size for biomedical applications.[t-18]

In the recent literature, we are witnesses of the advances in
microfluidic fabrication methods, platform integration, and
material integration systems that lead to many new microfluidic-
integrated POC devices with various functionalities, and conse-
quently, every year the published reports are increasing swiftly
and continuously. In addition, there is a critical need to cover
all these aspects by considering the big picture on the imple-
mentation and utility of microfluidic systems at the POC set-
tings, as well as their unprecedented integration with materials
and sensor systems. Besides these advances, there are remaining
challenges, which are majorly related to material type and pro-
cessing, as well as biocompatibility and toxicity-type issues. In
this review, we project to bring all these points to the table, and
here, we first emphasize that material integration to the micro-
fluidic platforms leverages the performance of fluidic flow and
presents new features such as stability (chemical and/or mechan-
ical), biocompatibility, conductivity (electrical and/or thermal),
high aspect ratio, resistivity (acid and/or base), and solvent
absorptions (hydrophobicity and/or hydrophilicity). We later con-
tinue with versatility of microfluidic platforms for the integration
with various sensing modalities, and denote recent POC diag-
nostic applications to detect rare number of biomarkers, such as
proteins, antibodies, small molecules, nucleic acids, as well as
whole-cells from clinically relevant fluids. Finally, we overview
the strengths and limitations of microfluidic systems and pro-
vide potential solutions to hurdle these drawbacks.

2. Material Integration

Microfluidics creates a paramount opportunity to study the
behavior of fluids between the range of 10 to 107 L through
channels at microscales and enables microminimize devices
containing chambers and tunnels within the scales of tens to
hundreds of micrometers.'1%-21 The microfluidic systems have
been popularized since the beginning of the 90s2223 for chem-
ical separation applications initially, and in the following years
through technological advancements, these systems have been
applied to distinct research fields, ranging from synthesis?#%’l to
genomics.?® These technological developments are often inte-
grated with “lab-on-a-chip” systems, which can perform accurate
processes faster, cheaper, and more portable with minute sample
volumes compared to the conventional counterparts.*’]

On the other hand, in microfluidics systems, choosing the
right material is one of the most crucial steps, not only for stability
and sensitivity and also for the function of the system. In the last
few years, various materials have been assessed to integrate with
microfluidics; some of them are successful for specific applica-
tions; and some of them are still at the developmental stage.[?82°)
In general, elastomers, thermosets, thermoplastics, silica, glass,
paper, carbon nanotube (CNT), graphene-based, hydrogel-based,
and inorganic materials are used as a substrate in these systems.
Mostly, manufacturing methods for these materials can be i) soft
and hard lithographical methods, ii) thermomolding, iii) high-
and low-temperature process, and iv) thermal and chemical exfo-
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liation. In particular, for the biosensing platforms at the POC set-
tings, a well-aligned and precise combination of both materials
and biomolecules is the key to achieve an efficient detection due
to the issues on biocompatibility and variable viscosity of biospeci-
mens. In the following sections, we will comprehensively elabo-
rate on all these materials and their integration with microfluidic
systems, and prvide a detailed comparison list in Table 1.

2.1. Polymeric Materials
2.1.1. Elastomer

Elastomers provide a unique structural capability to reshape their
molecular conformity under external forces such as stretching
or compressing. This reshaping condition is temporary, and it
can easily return its original shape without any physical tears
or breaks due to its high number of crosslinked bonds in the
structure. Basically, the pre-polymers of elastomer are thermally
cured at temperatures between 40 °C and 70 °C, and they can be
cast using photoresist templates at the resolution of nanometer-
scales.’% Among other polymeric materials, elastomers hold a
notable impact in terms of low-cost production, ease-of-microfab-
rication, and high resistance under various harsh conditions."
As an example, polydimethylsiloxane (PDMS) is well-known
and characterized elastomer in microfabrication processes and
applied to multiple biological applications.l’'32 To create func-
tional microfabricated platforms, the soft-lithography method is
widely used to combine two or more PDMS layers, constructing
multiple units, such as interconnected reservoirs, integrated
valves, and enclosed microchannels. Through PDMS valves, a
high level of complexity and control of fluidic transportation is
enabled for high-throughput applications, such as single-cell anal-
ysis, genetics, and sensor systems.?3334 At the molecular level,
PDMS consists of a Si-O backbone structure, creating a porous
matrix that provides gas permeability and material transport, as
well as it is mostly utilized in biological applications at cell cul-
tures, cell screening, or biochemical assays due to their biocom-
patibility property.’® However, nonspecific and noncontrollable
molecule absorption at channel walls, liquid evaporation, and
subsequent gradient formation through evaporation and internal
flow hinder its broad applicability and utility for biological appli-
cations.**=38 Another limitation of PDMS material is its channel
deformation and acid/base resistivity problems.?*3% While there
are limiting factors, it is obvious that PDMS is still one of the
most utilized materials in microfluidic devices, where cellular
entities are integrated.**!l Recent studies support our perspec-
tive, and nowadays, PDMS has been utilized to develop flexible
electronics, impacting the innovation of bendable, wearable, and
stretchable electronics, including smart bandages, which are inte-
grated with biosensors to monitor health status.[24

2.1.2. Thermosets
Thermosets are mostly used in negative photoresist applica-
tions for the fabrication of microfluidic systems.*! In gen-

eral, heat, light, ultraviolet, and other radiation-related effects
form strong crosslinking during the fabrication. This curing
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Table 1. Evaluation of material types in terms of fabrication strategy, functionality, and limitations.

Material type Fabrication strategy Transducer Valve Channel Limitations Ref.
Elastomer e Stretching - 4 v e Nonspecific and noncontrollable [29-31,33,34,36-39]
e Compressing molecule absorption
e Soft lithography e Liquid evaporation and acid/base
resistivity issues
Thermosets e Radiation-related strategies - v - e Fabrication cost [46,49]
e Brittleness
e Limited integration
Thermoplastics e Thermomolding - - v e Expensive [46,58,59]
e Requires metal or silicon templates
e Limited conformal connection
e Not easy adaptation to cell-based studies
Hydrogels e Physical or chemical crosslinking - - v e Limited stiffness properties [61,63,316-319]
e Requires expensive instrumentation
e Production processes are not scalable easily
Silica and glass e Microfabrication techniques v v e Expensive and time-consuming [83,90]
fabrication process
e Highly fragile with low flexibility
e Challenges in chemical modifications
Ceramic e Firing in akiln - - v e Complex sintering behavior [93,94,320]
e Variable thermomechanical properties
are needed for each parameter
e Chemical incompatibility
e High production cost
e Unstable shrinkage properties
Paper e Lithographic methods - - v e Cellulosic fibers may fill channels to [109,113,114,120,121]
e Cutting and/or printing methods prevent wicking flow
e Low-throughput and semiquantitative
detection
Carbon nanotubes e  Electric arc discharge - - v e Bio-safety issues [122,138-143]
e Laser ablation e Need for harsh chemicals
e CVD process
Graphene e Scotch tape method v - - e Use of explosive and toxic chemicals [145,242,321-324]

e Thermal and chemical exfoliation
e CVD process

o Difficult to dissolve in water and common
organic solvents

e Paucity of methods to obtain graphene
materials with appropriate structure and
properties

process is an irreversible chemical reaction, and it creates a rigid
structure that cannot reshape the original structure like elasto-
mers.® After curing, thermosets become optically transparent,
structurally strong, and high resistance to high temperatures
and chemical solvents. These acquired features make thermo-
sets notable materials for microfluidic tools, especially in optical
sensor designs.[] In the microfluidic realm, the SU-8 photore-
sist material is a well-known thermoset, containing 8 epoxy
groups in the structure, and can be easily patterned and coated
within a range of nanometer to millimeter scale.*=% In con-
trary to elastomers, the strong and rigid structure of SU-8, how-
ever, causes large internal stress and makes them highly brittle
that cannot be integrated with joint parts and units of microflu-
idic systems such as diaphragm valves. Fabrication cost is also
another obstacle for their large-use in microtechnological appli-
cations.*)] Recently, Schmidt et al. fabricated a free-standing
and flexible SU-8-based microfluidic sensor, measuring the
impedance spectrum of distilled water and ethanol mixture in
the concentration range of 2-10% (Figure 1A).Y The results of
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the complex impedance and phase measurements showed a
frequency range of 10 kHz-10 MHz, and this design enabled
to create a reduced-scale sensing device, revealing an innova-
tive way of miniaturization for POC applications. Overall, their
brittle structure and limited integration with joint parts restrict
the integration of thermosets partially with up-to-date systems
and applications, such as wearable microfluidics and fully con-
trolled chip-based genomic studies.

2.1.3. Thermoplastics

Thermoplastics belong to the polymers family with many dif-
ferences compared to elastomers and thermosets. For instance,
they can be reshaped after being cured, and even if you reheat
and reshape them again multiple times, their chemical and
physical stability will remain constant for different pressure and
temperature levels. They also provide a soft structure at glass

transition temperatures (Ty), enabling them more processable

© 2021 Wiley-VCH GmbH
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Figure 1. A) A flexible SU-8-stemmed microfluidic sensor for monitoring the impedance spectrum. Reproduced with permission.’!l Copyright 2016,
Copernicus Publications. B) Fabrication steps of Teflon microfluidic device under certain pressure and heat. Reproduced with permission.[’? Copyright
2011, Proceedings of the National Academy of Sciences of the United States of America. C) Fabrication steps of liquid glass material from photocurable
amorphous silica nanocomposite. Reproduced with permission.® Copyright 2016, Wiley-VCH.

for molding and bonding applications. Typical thermoplastics
used in microfluidics include polycarbonate (PC), polyethylene
terephthalate (PET), polystyrene (PS), polymethyl methacrylate
(PMMA), and polyvinylchloride (PVC).[!

Thermoplastics are fabricated by the thermomolding method,
which provides an opportunity for mass-production (thousands
of replicas) at reduced costs, yet it requires templates in metal
or silicon for operating at high temperatures. Despite an excel-
lent fashion for mass-production, they are not cost-effective for
prototyping.®l Although there are some rapid versions of this
method for prototyping, they are limited to thermoplastics only.
Recently, the current curing process has been updated, thereby
it would be applied to all types of thermoplastics.’”? Ther-
moplastics offer substantially low-cost raw material/manufac-
turing. Further, they show good mechanical stability, acid/base
resistivity, and their water and organic solvent absorptions are
very low, making them good biocompatible material for bioana-
lytic assays.[>%] Additionally, applications like oxygen plasma
treatments covalently modify thermoplastic surfaces and make
them more stable compared to other polymers, such as PDMS.
Through these adjustments, they can be integrated easily with
electrodes for digital microfluidics.*%l

Teflon materials are known for their nonstickiness, inert-
ness, and antifouling properties, and they can be turned into
microfluidic devices due to their thermally bonding properties
(Figure 1B)B? Perfluoroalkoxy (TeflonPFA) and fluorinated eth-
ylene propylene (TeflonFEP) are some examples of thermopro-
cessable microfluidic structures, which show compatibility to
high organic solvents, and provide biocompatibility and anti-
fouling properties. Immobilization of biological materials is
an essential method for biotechnological applications that are
often applied into microfluidics systems to decorate catalytic
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and/or analytic microreactors inside microchannels in order to
increase efficiency and reduce the associated steps for down-
stream analyses. For instance, highly dense microarray patterns
of Pseudomonas putida, Escherichia coli (E. coli), and Bacillus
subtilis were immobilized on perfluoroalkoxy materials. Later,
another integrated system which is coupled with polystyrene-
based microfluidic chip and electrospray ionization mass spec-
trometry, has denoted on-chip protein digestion and online
analysis.””l Under a flow rate of 100 nL min™, 96% of sequence
coverage was obtained inside this immobilized enzymatic
reactor within 8.4 min. Furthermore, this system was able to
detect cytochrome ¢ down to 10 pg mL™

Besides all these properties, we consider some drawbacks for
thermoplastics used in microfluidics: i) thermoplastics cannot
create a conformal connection with other materials, leading to
difficulties at sealing their channels. ii) Their rigid structure
and limited gas permeability also lead to challenges in cell
studies, limiting cellular viability and cell adherence.[58>’)

2.1.4. Hydrogels

Hydrogels create a 3D network composed of hydrophilic poly-
mers with the properties of swelling in the presence of water,
as well as holding water molecules without altering their
structure.] Therefore, hydrogels offer many distinct prop-
erties than that we mentioned in the earlier sections. Briefly,
their most vital feature that distinguishes them from the other
polymers is to absorb hundreds of times of water in respect to
their own mass and being insoluble in water while maintaining
their structure through chemical or physical crosslinking./°!
They can be classified in two major groups according to their

© 2021 Wiley-VCH GmbH
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origins:[ i) natural hydrogels include gelatin, collagen, silk,
agarose, and so on, whereas ii) synthetic polymers are, for
instance, poly-ethylene(glycol) (PEG), poly(vinyl alcohol) (PVA),
poly(n-iso-propylacrilamide) (pNIPAAM), and poly(hydroxyethyl
methacrylate) (pHEMA). In addition, once the 3D of their skel-
eton structure is formed after the polymerization reaction, they
can be utilized in many purposes, including cancer therapy,
drug delivery, sensors, tissue engineering, and adhesive
research.[0062-64 [n hydrogel-based microfluidic systems, recog-
nition elements are typically confined inside hydrogels, which
are encircled by microchannels, creating a sample flow. This
harmonious operation of hydrogels and microfluidic systems
enables the analysis of many different products, and ultimately,
they denote new platforms to maximize their individual advan-
tages. In addition, hydrogels have other features that make
them indispensable, including i) biocompatibility;/®>-8! ii) ease-
of-modification according to the physical size of biomolecules
to be analyzed; iii) responding against external stimuli, such as
temperature, pH, light and electrical stimulus;®% iv) structur-
ally and mechanically resembling extracellular matrix;"® and v)
protecting the biological entities in a 3D network while creating
them in a hydrated environment, which mimics their physio-
logical condition.”*73] Hence, while preventing the degradation
and nonspecific adsorption of these biological entities, hydro-
gels minimize their denaturation and enable to perform their
biological functions for a longer time.’>’+7¢ Through utiliza-
tion of these features, different microfluidic systems have been
established, and for instance, Powers et al. and Lee et al. were
able to measure the kinase activity in the cells by confining the
phosphorylation substrate inside the hydrogel structure./77®l
This study also examines how cancer cells react to kinase inhib-
itors and enable personalized therapy eventually. As another
example, Piao et al. developed a microfluidic system for sensing
glucose by embedding glucose oxidase (GOx) in poly(ethylene
glycol) diacrylate (PEG-DA) synthetic hydrogels.””! In this
system, they were able to determine glucose concentrations
by the means of fluorescence signals through the production
of droplets, where fluorescent intensities were linearly propor-
tional to glucose concentration up to 3 x 107> m with a detection
limit of 10 x 10® M. Another study was reported by Puch-
berger et al., who modified PEG-DA hydrogels in order to rec-
ognize MMP-9./ This system determines the enzyme activity
by cleaving collagen substrates, and it consequently measures
the intensity of green fluorescence light. As a result, the sen-
sitivity of this device was leveraged by longer incubation time,
and it was able to detect 10 ug mL™" of analytes within 15 min.
Hence, they have depicted the cell counting and colorimetric
protein recognition in the same system. Apart from recog-
nizing bioassays, these systems would be used to perform sep-
aration for the microsized structures. In this way, continuous
operation, small size, shorter analysis time, and low sample
amount can be listed as their advantages. For example, in some
reports, 882 we witness their successful operations for cap-
turing and isolating blood cells when unprocessed blood sam-
ples were applied directly into these systems without the need
for any incubation or centrifugation processes. Our perspective
on hydrogels and their integration with microfluidic systems is
that this mutual interaction is at the beginning, but there are
multiple opportunities as the “low-hanging fruit” in the field;
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for instance, the directed self-assembly of hydrogels on-chip
systems, artificial tissue or organ construction in microfluidic
channels, and 3D printing of specialized hydrogels and micro-
fluidic production in real-time can be listed, but not limited to
these examples.

2.2. Inorganic Materials
2.2.1. Silica and Glass

Silica and glass are the first materials to fabricate capillaries
and microchannels due to their ease-of-mass production, high
availability, and their facile microfabrication techniques.®* Typ-
ically, they processed with standard photolithography methods,
applying a thin layer of photoresist to a wafer surface, and after-
ward, exposing an ultraviolet light to transfer the micro pat-
terns/motifs onto a transparency mask.® In particular, glass
holds multiple advantages since it is reusable, biocompatible,
well-hydrophilic, optically transparent with lower fluorescence
background, and stable surface properties (e.g., wettability, sur-
face adsorption, and surface reactivity), as well as it provides
strong anodic bonding capability that allows great resistance
under high pressures.B>®) Despite these vital capabilities
of glass utilized in microfluidic platforms, today glass is not
the superior material because it requires expensive and time-
consuming fabrication processes, and also, it is highly fragile
with low flexibility.*! There are a few examples of glass-based
microfluidic platforms such as label-free immune detection sys-
tems by creating various PC channels with different colloidal
spheres to detect human IgG protein®! or volumetric bar-chart
chips based on slip chip technologies, which requires only a
facile fabrication method, and it does not require any bonding
steps or pumps or valves, denoting very suitable material for
resource-scarce settings.??l Recently, a liquid form of glass was
produced through a photo-curable amorphous silica nanocom-
posite (Figure 1C), potentially accelerating the prototyping and
fabrication of microstructures on-chip platforms, and at the
same, reducing the cost and the need for clean-room infrastruc-
ture or any hazardous chemicals./®4

Despite new fashions introduced to the glass or silica mate-
rials, their rigidity and existing difficulties to chemically modify
their structures are remaining challenges for microfluidics.
On the other hand, clear transparency on glass materials is
essential for the applications of optical sensing strategies, and
further investigations in making them more flexible and chem-
ically active would open new horizons for this realm.

2.2.2. Ceramic

Low temperature co-fired ceramics (LTCC) are aluminum
oxide-based materials with laminate sheet structures. This
material provides notable resistance to high temperatures, and
it can be produced with complex 3D shapes for packaging of
integrated circuits and other systems in package components
for a long time.’** In recent years, LTCC has offered sev-
eral advantages over the inorganic and polymer materials, and
accordingly, it has been applied to the microfluidic research
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due to its unique fashions, including cost-effective, facile, and
efficient production of numerous layers in 3D complex struc-
tures; no need for a clean room facility with the utilization of
corrosive and toxic reagents in the production line; chemically
inert; and most importantly, good biocompatibility.*+*! LTCC
thus provides critical aspects over the materials commonly
used in microfluidic systems, e.g., glass, silicon and polymers.
LTCC-stemmed microfluidic systems have been expended to
a variety of applications, including cell culture analysis, envi-
ronmental, microreactors for PCR applications, and biosen-
sors.”%l For instance, Vasudev et al. have developed a fully
automated microfluidic system-based on LTCC and they inte-
grated this system with interdigitated electrodes, functioning as
an electrochemical sensor.% To detect cortisol, the electrodes
are modified with self-assembled monolayers and embedded
in 3D microfluidic channels. The sensor on this system have
exhibited a linear range between 36 pg mL ™ and 36 ng mL™! (10
x 10712 M~100 x 10~ M) and a sensitivity of 0.207 mA m~.. This
study demonstrates an inexpensive microfluidic system com-
posed of LTCC as a promising POC system for the detection of
biomolecules. In the near future, we foresee the effective and
broader use of LTCC-based systems for such applications.

2.3. Paper

For decades, paper-based lateral-flow assay (LFA) has been
one of the most employed strategies in the biosensing
realm.[0 After Martinez and co-workers introduced the first
paper-based microfluidic system (UPAD) for chemical anal-
ysis, this material has provided more practical applications
in the fields of diagnostics and biosensing.[02-198 Briefly,
UPADs create hydrophobic patterns as barriers on hydro-
philic paper substrates to avoid liquid motion, thus serving

A)

www.advmattechnol.de

as a channel network.[0219-12] Fyndamentally, these patterns
and channel fabrication methods can be classified: i) litho-
graphic methods, including laser treatment, inkjet etching,
photolithography, and wet etching; and ii) cutting and
printing methods such as wax printing, paper cutting, and
shaping, ink stamping, plasma treatment, screen-printing,
chemical vapor-phase deposition, inkjet printing, hand-held
corona treatment, flexographic printing, plotting, and lacquer
spraying (Figure 2).1091314 [n the biosensing and biomedical
engineering fields, the paper as a substrate has been deployed
to an enzyme-linked immunosorbent assay (ELISA) format to
detect a variety of proteins,l'%? viral antigens," eukaryotic
cells,'21 and bacteria.'!®l Further investigations denote that
paper-based substrates were also be integrated with light-emit-
ting diodes (LEDs) for fluorescence measurements.'’) Com-
pared to the other microfluidic supplies, such as glass, silicon,
or polymer substrates, paper-based platforms offer flexible,
disposable, user-friendly, rapid, low-cost, biocompatible, and
robust solutions to the field."*18] Particularly, nitrocellulose
and cellulosic fibers in paper structures enable natural capil-
lary function without the need for any external assistance.!'"”]
However, at the closed channel systems, these fibers fill chan-
nels and prevent wicking flow. By fabricating open channels,
paper-based microfluidic platforms overcome some of these
challenges.[120:121]

On the other hand, we here remind that low-throughput,
semiquantitative detection, and less capability for large sample
volumes are still bottlenecks to broaden their applications in
the field. In addition, printing strategies are easy manipula-
tion strategies for paper-based platforms, generating channels
and constraining assay volume. In the experimental design,
the intrinsic roughness of the paper, however, needs to be
re-considered for the smooth and efficient flow of fluids, and
otherwise, reproducibility of the assay would be hindered.

D M)
"N
Ce%.

Figure 2. Paper-based microfluidic devices with various fabrication methods. A) Wax stamping and movable type printing, B) wax dipping, C) screen-
printed wax device and the demonstration of electrodes, D) a stencil-assisted wax drawing, E) wax printing, F) inkjet etching of polystyrene in paper,
Q) inkjet printing of alkyl ketene dimer (AKD), H) flexographic printing of polystyrene, 1) photoresist patterning via screen-printed electrodes, J) computer-
operated knife cutting in nitrocellulose, K) hollow channels using a laser-cut strategy, L) the deposition of vapor-phase polymer, and M) through chemical
modifications with alkylsilane self-assembling and UV/Oj; patterning. Reproduced with permission."®l Copyright 2015, American Chemical Society.
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2.4. Carbonaceous Materials
2.4.1. Carbon Nanotbes (CNTs)

Today, CNTs have been utilized in the fabrication and applica-
tions of many modern technological devices because of their
ultrasensitivity, inexpensive production, easy functionality,
and facile use. Basically, they are produced by high tempera-
ture (e.g., electric arc discharge, laser ablation, etc.) and low
temperature (CVD) processes.?2l With the development of
microfluidic systems and the need for new materials, CNTs
have garnered more attention in this realm, especially owing
to their electrical and thermal conductivity, high aspect ratio,
chemical and mechanical stability, and superhydrophobicity
features. Their superhydrophobic feature enables the great
control in analytes that are difficult to dissolve in aqueous solu-
tions for fluid flow by minimizing the contact surface between
the channels. Moreover, for instance, if CNTs are designed in
patterned arrays of hexagonal pillars at different size, their
potential difference between surrounding electrolyte will never
exceed the overpotential for electrolysis. This will avoid bubble
formation and vastly increase the electrical field strength. This
situation is very suitable for electroosmotic pumping of liquids
with field strength up to several kV cm™.[123-123]

Furthermore, the CNT surfaces can be easily functional-
ized with multi-label strategies (antibodies,'?*'?/ proteins,28l
aptamers,?”) enzymes,!3% polymers, and transition metal hexa-
cyanoferrates.3"133)) through surface chemistry approaches
in order to enable the sensitive detection of biomarkers with
the detection limit of 100 amol mL™ (4 pg mL™) for prostate-
specific antigen (PSA) and 25 x 107 m (0.5 pg mL™) for inter-
leukin-6 calf serum.3*135 Due to their selective permeability
and hollow structure, CNTs are also engineered to separate
undesired substances from microfluidic channels in order
to increase specificity, concentrate samples, and also leverage
their sensitivity.'3®! For example, Garcia and Sansom evalu-
ated membrane-spanning SWCNTs by using transportation of
various ions like calcium, potassium and chloride. This study
concluded that the overall selectivity was mostly affected by the
net charge of the CNT filters.['%”]

Regarding CNTs, we point out some concerns: i) bio-safety
issues limit their utility in wearable sensors and drug moni-
toring systems,30 and ii) they also require harsh chemicals
to be modified and integrated with biomedical devices.*-143]
All these arguments create fabrication and application-wise
challenges for their integration into microfluidic and sensor
systems.

2.4.2. Graphene

Graphene material—2D honeycomb lattice with a single atomic
layer, has garnered great attention in the fields of biomedical
engineering, biosensing, medical diagnostics, industry, and
environmental engineering due to its electronic, thermal, and
mechanical features.™ Depending on the production tech-
niques, including scotch tape method, thermal and chemical
exfoliation or CVD, graphene can be obtained in a pristine or
oxidized form. However, unlike pristine graphene, an oxidized
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form of graphene (graphene oxide (GO)), is especially preferred
since structural defects and functional groups on the GO sur-
face offers an ideal material for electrochemical-based bio-
sensing applications."’! Furthermore, it provides versatility to
immobilize biological and polymeric probes, such as DNA, pro-
teins, amino cyclodextrin, or betapoly-i-lysine,*#) and also
enables the detection of biochemical analytes, e.g., hydrogen
peroxide, glucose,™ dopamine, and DNA molecules.>153]
Besides covalent bonding, hydrophilic and 77 interactions
can also be utilized in these systems regardless of altering the
intrinsic properties of graphene material. ¥ In addition, gra-
phene denotes good biocompatibility, chemical inertness, and
high electrical conductivity, which are key features to create bio-
sensing tools and diagnostic platforms for POC testing.[>>-18]

As an example, screen-printed electrodes (SPE) have been
largely utilized in graphene-based POC devices.>131 As
another example, Li et al. developed a portable, highly sensi-
tive, disposable, and low-cost sensing transducer platform
using a modified film (i.e., nafion—graphene composite film),
which was fabricated based on screen-printing of carbon elec-
trodes, and this platform was employed to detect HIV-1.1160]
Recently, a (poly(3,4-ethylenedioxythiophene):poly(styrenesulf
onate) (PEDOT:PSS)) and rGO coated paper was developed as
a disposable electrochemical sensor in order to detect carcino-
embryonic antigens via the target-induced proximity hybridi-
zation.'® Here, SPE systems were also successfully modified
with graphene/polyaniline/Au/glucose oxidase nanobiocom-
posities and combined with paper-based devices in order to
determine glucose levels in whole blood samples.[?] Besides
paper-based devices, graphene materials were also coupled with
metal nanoparticles and aptamers for improving the sensitivity
and selectivity of biosensors.['®3!

Looking back over the past decade, graphene is still one of
the most employed substrates at biosensing platforms, espe-
cially in electrochemical sensors, as it provides high stability,
sensitivity, and specificity properties when coupled with bio-
molecules. Among the other fabrication methods, SPE fabrica-
tion holds a great impact due to the facile application and low-
cost production.'*1’l Furthermore, graphene integrity with
plasmonic and photonic structures provides metamaterials,
boosting their optical properties and potentially enhancing their
sensitivity and analytical assay performance remarkable.[108.169]
All these features indicate that we are at the beginning of the
graphene journey in microfluidics and sensing modalities, and
their integration with flexible materials would accelerate and
potentially dominate their utility in wearable diagnostics sys-
tems in the near future.70171

3. A Recent Update in Microfluidic Fabrication:
3D Printing

Along with the aforementioned materials, we have introduced
the existing fabrication methods, such as replica molding,
nanoimprint lithography, SU-8 photoresist, rapid prototyping,
microinjection molding, and plasma processing. However, all
these conventional methods impede significantly with lengthy
production, imprecision, high-cost, and difficulties in design
changes.['? In addition, the materials used by the conventional
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means, have some weaknesses; for instance, PDMS has surface
adsorption that increase nonspecific binding in sensor and cell-
based applications, and solvent swelling that limits the cellular
growth for a long period of time; PMMA or cyclic olefin copol-
ymer has limited gas permeability and high rigidity.”?! In this
regard, the 3D printing strategies have revitalized the current
practice in microfluidic fabrication recently.'”?! Through many
investigations, some of the challenges associated with microflu-
idic fabrication have been addressed by the 3D printing plat-
forms and designing tools. Briefly, the 3D printing strategy
i) enables rapid and modular design through easy-to-use 3D
computer-aided design (CAD) software; ii) allows facile design
and rapid prototyping compared to lithographic methods;
iii) reduces time to fabricate the devices; iv) decreases the total
cost; v) requires less number of steps (basically design, process,
and cleaning); vi) eliminates the need for clean-room facilities;
vii) facilitates to share the design parameters more conveni-
ently; viii) provides opportunities to select a variety of resins;
and ix) presents more flexibility to gain benefits to the base-
materials, such as antifouling, biocompatibility, and porosity
that are crucial for sensor and cell-based studies.[7174

3.1. 3D Printing-based Fabrication Methods

On the other hand, millifluidics is one of the well-developed
areas by the 3D printing strategy.”’] Here, the structures are
implemented in large microfluidic to millifluidic devices,
sizing more than 200 um, and they are fabricated by stereo-
lithography (SLA), fused deposition modelling (FDM) or Pol-
yJet (P]) 3D printers. The first approach, i.e., SLA, utilizes a
UV laser or a different light source to allow polymerization in
a photosensitive resin complex. The light source can be either
i) a single-point laser illuminating every voxel separately or ii)
a digital micromirror-array device (DLP) to enable the curing
of the whole layer concurrently.V! Layer-by-layer construc-
tion of the structures takes the place once the cured resin is
accommodated up or down, and the next layer is processed
accordingly.'”7l Recent advances have introduced their updated
versions, and two-photon polymerization (2PP), for instance,
utilizes femtosecond laser pulses to persuade crosslinking
of the material, addressing the need for layer-by-layer forma-
tion through the nonlinear nature of the process, and it also
provides the channel features down to the nanoscale.l”®] Con-
tinuous liquid interface printing (CLIP)—a recently developed
SLA method, presents high-speed processing and allows to
construct structures continuously in z-axis by using an oxygen-
permeable membrane on the bottom of the resin vat.[7617
Since oxygen prevents the polymerization of the resin, the pro-
cess forms a dead-zone that limits the printing process from
sticking to the vat, and the thickness of dead-zone is reliant
on the speed as slower speed results in thicker means. On the
other hand, the resolution is mainly limited to the light absorb-
ance of resin as the printing is associated with the penetration
depth, 721761791 thereby higher resolution requires more time
for proper formation. By altering the incident light intensities,
tunable dead-zone regions is formed by this methodology.!'®"!
CLIP holds great potential to manufacture the means in bulk,
yet there is a great need to produce microfluidic-type devices as
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the method requires more resolution to achieve such dimen-
sions and to create enclosed features.[”2] Some of these chal-
lenges have been solved by illuminating a rotating volume of
photosensitive material with a dynamically evolving light pat-
tern, termed as tomographic reconstruction.' This strategy
was capable of producing features as small as 300 um in spe-
cialized acrylate polymers; it was able to print soft objects into
a gelatin methacrylate (GelMA)-based hydrogels, and also fabri-
cate the objects in centimeter-scale within 30-120 s.

The second method, i.e., FDM, utilizes a heated-nozzle to
deposit a molten thermoplastic in a layer-by-layer formation. On
the course of the process, the material combines with the ear-
lier layer and becomes cold to form a solid state, thereby multi-
layers are likely constructed, and diverse materials can be used
in the process.'®? The resolution is often limited to the motor
control, reproducibility of filament extrusion, surface stria-
tions and roughness. The PJ, the latter strategy, employs inkjet
print-heads to jet two materials (i.e., a photosensitive build
material and a sacrificial supporting material) to construct
layer-by-layer structures.[”®) Once a layer is completed, the first
material is cured by an UV exposure, and it is prepared for the
next layer until the completion of the entire process and the
removal of the sacrificial wax. This strategy hence enables to
deposit a multitude of materials within the same run.!'®3 Con-
sequently, the FDM and P] methods share similar obstacles,
and they have been explicitly indicated by an earlier review.!'84
In this review, we plan to summarize some of the vital chal-
lenges and their potential solutions. i) The feature size could
be improved by decreasing the size of nozzles in FDM or the
size of droplets produced in PJ, and also, these updates possibly
improve the surface roughness. ii) The materials hold critical
role in FDM and PJ printing. For instance, flexible and stretch-
able materials composed of urethane diacrylate along with a
linear and semicrystalline polymer were printed, and the device
presented shape memory and self-healing fashions.!'% Further
investigations were attempted to benchmark the auto-fluores-
cence, transparency, biocompatibility, leakage, and the channel
dimensions of the produced devices.3®1%] However, the other
challenges come to the table, which are iii) the removal of sup-
port material once the completion of the channel formation,
and also, iv) commercially available support materials are not
optimized for clearing in micrometer dimensions, whereas the
removal process is achieved mainly through flushing, sonica-
tion, and/or heating processes for many hours.["7?

3.2. Basic Units in Millifluidics Developed by the 3D Printing

The printing methods are selected according to the dimensions
of the structures in millifluidics. Devices developed by one of
these methods can include either passively or actively controlled
units.72 Passive millifluidics, for instance, contains units such
as channels, reservoirs, fluid control units, and fluidic mixers
that are not integrated with the external sources to stimulate
the system. As an example, a new extension of laminar flow
patterning was demonstrated using Darcy flow within a 3D
hydrogel.'®8 Basically, the researchers developed a three-inlet
device filled with collagen, and the concentration profile was
fine-tuned by the inlet pressures, enabling the solutions to be
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travelled within 50 um accuracy inside the gel that were fur-
ther validated with fluorescent polysaccharides. Moreover, they
updated the device by including an extra two inlets to control
the concentration profile in vertical position, thereby showing
an easily extensible method to manage the concentration profile
in 3D. In the future, this method would have a vital impact to
mimic drug delivery applications on a chip. In a different study,
a 3D-printed capillary circuit (3D-CC) platform was developed
to analyze blood viscosity through hand-powered device opera-
tion.'® In the design, there were parallel capillary networks to
compare the volumetric flow rates of the control and the test
fluid, as well as graduated fluidic chambers to allow naked-eye
readout. The device was first characterized with Newtonian
fluids (e.g., glycerol and canola oil) spanning from 4.8-71.2 cP
of fluid viscosities, and later on, the researchers validated the
system with whole blood under controlled shear-rate settings
(48.5-482.1 s7) through a simple operation, such as withdrawing
and pushing the plunger of a syringe, presenting a cost-effec-
tive and facile method that would be an alternative to the con-
ventional viscometers, and also, being implemented easily to
multiple field settings. Moreover, it is worth to highlight that
materials used for developing passive millifluidic devices is the
most vital parameter, and their surface features, such as rough-
ness, transparency, and sealing, are the key players in the fab-
rication although the smoothest surfaces are developed by SLA
method with the best resolution parameters.

The second regard, i.e., active millifluidics, requires external
sources to stimulate the system, containing active valve and
pump units. The valves in active millifluidics have different con-
figurations; for instance, deflected membranes for driving the
fluid flow,™ rotating valve system,®!l and the ones powered by
an evaporating liquid vapor pressure.”?l All these valve means
are actively integrated with external pressure or pump systems,
and their size are mostly within the range of >1 mm, leading
to notable dead-volume. The droplet generators are the other
important active features, and they are benchmarked through
the output parameters, such as the size, homogeneity, and layer
features of droplets.>!% Droplet generation on microfluidics
have garnered great interest in cell-focused researches, such as
cell encapsulation,’! organ-mimicking structures 'l amplifica-
tion of genetic materials,'®! drug delivery/release assays,!%8-200
and so on. For instance, a 3D printed device was developed to
produce sub-millimetric hollow hydrogel spheres, encapsu-
lating cells and mimicking extracellular matrix (ECM) with a few
micrometers of thickness.?! Alginate hydrogel-stemmed spher-
ical capsules were produced through multilayered jet, which was
generated through co-extrusion of a coaxial flow device. In these
capsules, human neural stem cells (h1NSC) derived from human
induced pluripotent stem cells (hIPSC) were encapsulated, and
the inner walls of the capsules were decorated with a continuous
ECM layer that was tethered to the hydrogels to imitate the basal
membrane of the cellular niche. Due to the sufficient mimicking
capacity of the capsules, hNSCs were further differentiated into
neurons with appropriate cell viability. Consequently, this study
demonstrated how 3D printed device could form cell encapsu-
lating hydrogels with multilayers of continuous ECM-type mate-
rials, as well as it provided a notable potential to broaden the field
of cell encapsulation technology with more sizable and batch
manufacturing process.
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Since the limited number of support materials are allowed
to use in the commercial printers, and the customized mate-
rials can break their warranties as expressed by the compa-
nies, the advancements in new materials production is limited
to the research settings mostly. Given the low demand in new
material use as the manufacturers have pointed out, there is
a self-defeating cycle for developing new supports or resins.
Such attempts would improve the current status and the
removal of support material or resins could be performed
through different mechanisms reliant on solubility, melting,
or viscosity.

Overall, 3D printing of microfluidic devices has revolu-
tionized the field by introducing more rapid and inexpensive
fashions, and at the same time, keeping the potential for bulk
production with repeatable structures, thereby it also paves the
way for the commercialization of these devices. Considering
that PDMS and soft lithography techniques has taken more
than two decades, which the 3D printing has already been
there for a short period of time and served as their succession.
Advances in manufacturing and nanotechnology revolution
have accelerated the 3D printing strategies in terms of instru-
mentation and material types as the earlier microfluidic strate-
gies have not seen before. With rapid updates in this strategy,
we anticipate that the 3D printing strategy would take the lead
in the microfluidic realm, yet some points need to be re-vis-
ited on the course of the development. First, the expansion of
material types and their facile processes would be crucial in
rapid deployment of this strategy to not only microfluidics, and
also many different fields. There have been significant efforts,
and some of them were stated above, however these methods
need to be simplified for the researchers, and ultimately for the
end-users in prototyping and manufacturing stages. Second,
more accurate dissemination of the instrument would help
producing the microfluidic devices with the advertised resolu-
tion rates. Third, more efforts would be needed for appropriate
material processing during the application. For instance, in the
analytical applications, the apparent impediment of 3D printed
microfluidics is the low transparency,?°22%%1 minimizing their
utility in the integration of optical sensors. Recent advances
have tackled this issue through alterations in printing orien-
tation,[” achieving sufficient transparency (transmittance =
80%). Such improvements in the protocols would be standard-
ized, and maybe, the default parameters would be integrated
with the software, hence enabling easy adaptation. Fourth, the
expansion of different materials to all 3D printing instrument
would increase the standardization of the technique. There-
fore, sharing the design parameters would be only step for
bulk production at different sites. In addition, increasing the
versatility of CAD-stemmed software would have significant
role at this step. Currently, we are at the stage of characteriza-
tion and material adaptation to this strategy, and we expect that
for less than a decade, the 3D printing would be dominant in
the microfluidic fabrication along with intersected applications
at the fields of biology, medicine, and materials science, as well
as together with well-aligned interactions between commer-
cial vendors and end-users for further developments in hard-
ware and software domains. All these potential improvements
would be “game changers” to make microfluidics more acces-
sible to both researchers and end-users in a variety of fields.
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4. Sensor Integration

Besides a large versatility of material types in their fabrication,
another excitement is the integrity of microfluidics with mul-
tiple platform technologies due to its modular design as a key
compartment in platform development. Since microfluidics is
an enabling technology for POC diagnostic tools, a vast majority
of recently developed sensing modalities have benefitted from
their microscale capability in terms of sampling, automation,
control on minute volume scales, high-throughput, thereby
amplifying their attention on the applications of POC diag-
nosis.24205] In this section, the integration of advanced sensing
modalities and smart technologies with microfluidic devices is
reviewed profoundly.

4.1. Plasmonic and Photonic Sensors

While reducing material size into micro- and nanometric-
scales, unique and striking modalities have often been unveiled
in a large variety of materials, including plasmonic surfaces,
nanoplasmonic noble particles, photonic crystals, and quantum
dots.[29-298] Their integration with enabling technologies such
as microfluidics and their practical applications to real-world
problems are of paramount significance for the scientific
realm, technology, medicine, and industry. As an example, the
collective oscillation state of conduction electrons on a metal
surface creates a distinctive sensing phenomenon termed
“surface plasmons.”?%! Basically, these plasmonic materials
are produced with a variety of metal surfaces (mostly gold and
silver)2¥ along with altering surface geometries and com-
bining different materials that form metamaterials. At the close
vicinity of a metal surface, a local electromagnetic wave is gen-
erally amplified by a coupling unit, such as a prism, waveguide,
and grating. Furthermore, surface plasmon frequency is moni-
tored through absorption, scattering, transmission, and photo-
luminescence, enhancing its applicability to different sensing
strategies.!212 Particularly, planar metal-deposited surfaces,
nanohole arrays, nanostructures, and nanocavities denoting
umpteen applications in biomedical engineering, are primarily
utilized in biosensing and clinical diagnostic purposes due to
high sensitivity to the dielectric interface upon the binding of
biotargets to the sensor surface.?¥] Considering the need for
well-equipped infrastructure in the fabrication, researchers
have recently focused on commercially available off-the-shelf,
such as digital versatile discs (DVDs) and compact discs (CDs),
being already designed as a slab array with a certain period
and dimension.?" Despite all these features, we need to con-
sider some obstacles including labor-intensive fabrication tech-
niques, associated costs, the hindrance with a refractive index
of biological samples, and surface passivation. All these points
are still drawbacks for the frequent utilization of these sensors
at POC settings.

On the other hand, noble nanoparticle-based methods—
the other plasmonic phenomenon, trap the light wave within
conductive nanoparticles comparable or smaller than the
wavelength of light, thereby resulting in i) an enhancement
of electric field at the close vicinity of the nanoparticle surface
and ii) maximum optical absorption at the plasmon resonant
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frequency.”"® By constructing nanoplasmonic surfaces on-chip
formats, researchers were able to detect a variety of biomole-
cules, cells, bacteria, and viruses from clinically-relevant fluids
with high sensitivity.?16-28] As a recent example, an opto-micro-
fluidic platform was relied on the gold nanospikes fabricated
by electrodeposition and integrated with a microfluidic chip.?!!
The platform was able to detect the presence (qualitative detec-
tion) and level of antibodies specific to the SARS-CoV-2 spike
protein (quantitative detection) in 1:1 diluted human plasma
samples (1 uL of human plasma and 1 mL of buffer solution)
withinaround 30 min. With label-free detection, the platform
was able to reach the detection limits down to around 0.08 ng
mL™ (=0.5 x 1072 m), which was lower than the clinical limit.
Although the system was capable of real-time monitoring and
low detection limit, it provided a restricted linear dynamic
range around two or three orders of magnitude. Although ease-
of-synthesis and diverse functionalization options make nan-
oparticle-type systems versatile in biosensing and diagnostic
applications, colloidal stability can be interfered with harsh
chemicals during functionalization, leading to particle aggrega-
tion in solution or on the surface. Many efforts have altered this
undesired property into a naked-eye detection (e.g., juxtaposed
aggregation, nanoparticle growth in size, and charge altera-
tion), creating a nonconventional strategy that improves cur-
rent ELISA-based assay performance.?2022ll Recent outbreak,
i.e., COVID-19 pandemic, has also increased the attention on
the naked-eye detection strategies.??2 For this manner, gold
nanoparticles were modified with thiol-terminated antisense
oligonucleotides (ASOs) targeting N-gene (nucleocapsid phos-
phoprotein) of SARS-CoV-2 and provided the results within
10 min. The strategy was very simple and effective through an
agglomeration process when the target RNA was captured by
the thiol-modified ASO-capped gold nanoparticles, and more-
over, this agglomeration strategy was tuned and amplified with
the addition of RNaseH that cleaved the RNA strand from the
RNA-DNA hybrid, leading to a visually detectable precipitation.
Selectivity was examined through the presence of MERS-CoV
viral RNA, and the limit of detection was observed as 0.18 ng
uL™ of SARS-CoV-2 RNA.

One outstanding fashion of optical sensing systems is to
unify multiple modalities with distinct detection strategies. As
aforementioned, while applying them to biosensing purposes,
all these procedures have critical bottlenecks, i.e., either the
interference caused by inherent optical properties of biospeci-
mens; the difficulties on the synthesis and modification of nan-
oparticles or the requirement of signal amplification. Obviously,
these systems require more effort to bring multiple disciplines,
including materials science, surface chemistry, and physics,
and therefore, they provide very unique detection capabilities
with low detection levels and high detection ranges.

4.2. Micro/Nanomechanical and Acoustic Sensors

Inspiration by unique machines in living organisms, such as
mechanical sensing units in plants and human glabrous skin,
have guided researchers to create micro- and nanomechanical
devices that sense biological processes at cellular and molecular
levels by measuring forces, displacements, and mass changes
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in a variety of conditions with a single-molecule/single-cell
sensitivity.??)l These sensors can be mass-produced through
standard wafer-scale semiconductor processing techniques.
They measure the mass down to zeptogram-scale in vacuum
and nanogram resolution in fluidic conditions;??¥ monitor
minuscule forces in biological interactions down to =10 pN,
and exhibit fast response times that enable to screen biological
processes within the timescales of milliseconds.??!! Principally,
mechanical sensors can be classified into two major groups:
i) Surface-stress mechanical sensors monitor the quasistatic
deflection of a cantilever, caused by the binding events on a
sensor surface. They are sensitive to monitor the binding of
proteinsi??! and nucleic acids,??°) as well as conformational
changes??’l and cellular motion for antibiotic testing of bacte-
rial infections.??! ii) Dynamic-mode mechanical sensors (non-
quasistatic) oscillate with a resonance frequency and measure
minute changes when biotargets bind to a cantilever surface.
These sensors can be operated in a humid/gas-phase and fluid-
phase condition (detection in vacuo), as well as they, measure
continuously in fluid and utilize suspended microchannel
resonators.[?2]

We here highlight that an ideal biosensing strategy takes
place in fluidic conditions in which biotarget and recognition
units on the sensor properly interact with each other. Detection
in a fluid is a simpler and direct measurement, but mechan-
ical and acoustic sensing in situ is notably hindered by viscous
damping.?? To circumvent this parasitic effect and achieve
very low detection resolution on these sensors, a hybrid detec-
tion strategy, removing the sensor from fluid and detecting in
vacuo, is applied. However, replacing and desiccating sensors
makes these bioassays cumbersome and this strategy is prone
to false-positive results due to measurement artifacts.??3]
Although labeling biotargets captured on the sensor help dimin-
ishing false-positive results, this increases assay time and cost, and
requires labor-intensive operation by trained personnel that
limit their deployement to the POC and point-of-need settings.
Another bottleneck—not only for mechanical sensors, but also
for the others, is nonspecific binding since the number/concen-
tration of biotargets in biological specimens (e.g., serum, blood,
and sputum) is many orders of magnitude lower than the other
molecules, cells, and proteins in the sample. Although pre-
concentration with or without concurrent immuno-affinity
depletion can help to reduce the effect of nonspecific binding,
sample processing is still a cumbersome step in the detection.
To address these challenges, the ultimate mechanical sensors
will ideally be integrated with precise microfluidic sample han-
dling, multiplexing, and automation for complex processing
protocols. Cells and cellular entities are, for instance, caged in
microchannels with pico to nanoliter volumes,2*¥) maintaining
biotargets from individual cells that enable mechanistic control
for biosensing in situ. As an example, a bi-material microcan-
tilever was integrated with a microfluidic channel, which was
functionalized with receptor molecules specific to bacteria
passing through the channel.?3! The platform provided two dif-
ferent detection modes: i) the captured bacteria inside the can-
tilever altered the resonance frequency due to their mass and
also deflected the cantilever because of the adsorption stress;
and ii) furthermore, the bacteria was excited through infrared
radiation (IR) and thereby the cantilever was deflected due
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to the proportion to the infrared absorption of the bacteria,
denoting selectivity through a nanomechanical infrared spec-
trum. With this platform, the researchers demonstrated single
bacterium detection per UL, and more examinations on antibi-
otic susceptibility were performed while exposing ampicillin
and kanamycin to Escherichia coli, providing distinct responses
to different anti-microbials.

In fact, the micro-/nanomechanical sensors have capabilities
to detect a single organism or molecules, yet their laborious and
expensive fabrication, extremely sensitive to the environment
causing high background signals, and the need for specific
conditions are remaining bottlenecks for these sensors. On the
other hand, one of the most renowned and commercially avail-
able mechanosensors, i.e., quartz crystal microbalance (QCM),
monitors the mass load on sensor surfaces in the conditions
of gas, vacuum, or fluid by recording dumping in the resonant
frequency in real-time.?*? By utilizing dissipation mode, they
can also track the alterations in the viscoelasticity of cellular
membranes.[?3223 Although QCM allows detecting biotargets
in situ, the need for an isolation unit to minimize any vibra-
tional forces and temperature changes is still a vital challenge
for their deployments to the POC settings.

4.3. Electrochemical Sensing Modality

Quantification of biological or biochemical reactions is of
utmost significance to convert the biological information to an
easily processed electronic readout. Electrochemical sensors
hold notable potential in this regard, and they have denoted a
vast majority of biosensing applications, such as glucose sen-
sors for daily-use, due to low-cost production, ease-of-use,
portability, facile readout, and simplicity of sensor construc-
tion. Typically, they are inspected under three major means:
i) amperometric readouts for a measurable current; ii) poten-
tiometric measurements for a measurable electrical potential
or charge accumulation; and iii) conductometric readouts for
monitoring conductive properties of a medium between elec-
trodes.?*!l Recent advances in this field have revived other elec-
trochemical sensing strategies, including chronoamperometry,
cyclic voltammetry, impedance spectroscopy, chronopotentiom-
etry, nanowires, and field-effect transistor-stemmed systems.2*’]

Among other biosensing modalities, an enzyme is gener-
ally utilized as a core biological unit on electrochemical sen-
sors in order to catalyze a biochemical reaction and generate
an electrochemical signal. In addition, electrochemical nose/
tongue approaches,?*® affinity-based,?*”! and hybridization-
based strategies(?3¥ are currently taking substantial attention
since designing enzymatic reactions confine to broaden the
applications of electrochemical sensors. For instance, a family
of synthetic and biomolecular-functionalized graphene probes
was designed as an array of electrochemical sensing system—
chemical nose/tongue approach—to distinguish i) different
cell types; ii) cancer cells, multidrug-resistant cancer cells, and
metastatic human breast cells, and iii) artificial CTC samples
with high accuracy.?*% Principally, the sensor surface distinctly
interacts with surfaces of divergent cell types, providing a blue-
print to classify and distinguish different cells. Such differen-
tial affinity strategy was able to discern various cell types at
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levels down to 100 cells, and also with a detection of a single-
cell type. As another example, a microchannel card (u-card)
was decorated with a hybrid polymer nanofiber-multiwalled
carbon nanotube (MWCNT) for selective determination of clini-
cally relevant biomarkers (i.e., acetone and toluene) in exhaled
breath from patients with lung cancer and diabetes.?*! In this
regard, our perspective is that combining a noninvasive sam-
pling strategy into a hand-held detector system will potentially
pave the way for the rapid detection of volatiles at POC diag-
nosis in high-risk group individuals as a screening test that
would accelerate the early diagnosis of diseases.

The sensors reliant on the field-effect transistors provide
high-sensitivity, label-free operation, and chip-scale construc-
tion. In particular, for this aspect, chemical vapor deposition
graphene provides more flexibility to denote the applications
of multiplexed DNA arrays because of its large 2D morphology
readily and possibilities for the top-down fabrication of transistor
arrays. However, DNA sensors reliant on graphene field-effect
transistors have been usually employed at the single-device
level. On the other hand, a study utilizing the chemical vapor
deposition graphene and fabrication of field-effect transistor
arrays with two features demonstrates a new strategy to develop
multiplexed DNA arrays.?! With this design and strategy,
the platform provided a sensitivity down to 100 x 107 wm.
Moreover, in the platform, each graphene acted as an electro-
phoretic electrode, where site-specific probe DNAs were deco-
rated, and these electrodes performed specific detection of
DNA targets on the field-effect transistor. Consequently, gra-
phene as both electrode and transistor demonstrated a crucial
step for multiplexed graphene-based DNA arrays. As another
example, a graphene field-effect transistor was fabricated on Si/
SiO, substrate to detect chlorpyrifos—one of the most utilized
pesticides that impact the nervous system in humans, and the
platform was designed to monitor any changes in electrostatic
potential.l?*l For this purpose, anti-chlorpyrifos antibodies were
first immobilized to the graphene surface, and the nonacti-
vated areas on the sensor were passivated with bovine serum
albumin in order to minimize any nonspecific binding from
the real samples. The platform provided a linear dynamic range
between fm and M, and it was able to detect the pesticide down
to 1.8 x 107 M in the spiked samples, highlighting the utility of
graphene field-effect transistors for the detection of pesticides
in fruits and vegetables.

Despite all these remarkable features of the electrochemical
sensors, we point out that conductivity caused by the nature of
biospecimens is still one of the most significant challenges in
their applications for clinical samples. A handful of years ago,
researchers sought new strategies such as replacing conducting
medium with nonconductive alternatives through a multi-step
procedure, and then, they were able to isolate viral particles
from blood and serum samples using antibody-coated mag-
netic particles.?*}l The captured biotargets were then washed
and lysed with nonconductive solutions, and measured imped-
ance values of viral lysates on interdigitated electrodes on-chip.
The same group further applied this strategy with a multi-target
format and altered the design into a printed electrode sensor on
flexible plastics, thereby accelerating their access and utility for
point-of-need settings.??!l Despite the versatility in the sensor
format, changing the medium with nonconductive solutions
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and the associated procedure hinder its applicability to the
POC settings, where untrained personnel run the experiment
without any specialized, automated equipment.

5. Point-of-Care Diagnosis

Biological targets including viruses, bacteria, cells, proteins,
metabolites, and nucleic acids circulate in bodily fluids such as
blood, saliva, sweat, and urine.?* Detection of these biomol-
ecules via microfluidic-based POC platforms has enabled rapid,
user-friendly, reliable, and robust fashions in biomedical appli-
cations.*®! As working principles and the required functional
modules rely on biological targets, we elaborate on recent appli-
cations in the POC diagnostic platforms and categorize them
into three major classes as proteins, whole cells, and nucleic
acids in the following sections, as well as compared all the plat-
forms according to their properties and analytic performance
(Table 2).

5.1. Protein and Small Molecule Detection

Protein-based biomarkers are often employed for clinical diag-
nosis due to their easy access to bodily fluids. Proteins are
well-known biological entities that are responsible for various
biological functions ranging from enzymatic reactions to hor-
mone synthesis, maintenance of metabolic equilibrium, and
tissue repair.?*! They are also one of the most important
classes of POC biomarkers as their level often reflects the pres-
ence and/or status of certain diseases and disease stages that
commonly need to be diagnosed.l**

In this context, as an example, Rusling’s group introduced
to combine microfluidics with an electrochemical sensor to
achieve protein biomarkers of cancer.?®®! In this study, they
used a molded PDMS channel, which was integrated with a
pump and sample injector. They evaluated the platform with
the detection of PSA and interleukin-6 through an assay sand-
wiching the target biomarkers between superparamagnetic par-
ticle-antibody conjugates and antibodies attached to an eight-
electrode system. Overall, the superparamagnetic particles were
conjugated with =90 K antibodies and 200 K horseradish per-
oxidase labels to obtain efficient off-line capture and high sen-
sitivity, and the system reached the sensitivities of 0.23 pg mL™*
for prostate-specific antigen and 0.30 pg mL™ for interleukin-6
in serum mixtures. On a parallel track, Sardesai et al. fabricated
an electrochemiluminescence sensor, integrated with a micro-
fluidic system in order to detect protein biomarkers (prostate-
specific antigen and interleukin-6) from serum samples.?*]
The system employed three molded PDMS channels on a con-
ductive pyrolytic graphite chip-inserted into a chamber and
interfaced with a pump, switching valve, and sample injector.
Each of the three PDMS channels encompassed three analytical
wells. They also decorated single-wall carbon nanotube forests
with capture antibodies at the bottom of the wells, and accord-
ingly, captured target antigens. Ru(bpy);*-silica-secondary anti-
body was then injected to label the captured antigens on the
array, followed by the injection of sacrificial reductant tripro-
pylamine to produce electrochemiluminescence. The chip was
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Figure 3. An electrochemical sensing method on the microfluidics. A) A single sensor along with the detailed surface chemistry agents and detection strategy,
and B) the eight-sensor immunoarray decorated with the capture antibodies. Reproduced with permission.2*% Copyright 2012, American Chemical Society.

placed into an open-top electrochemiluminescence, measuring
the levels of protein biomarkers down to 100 fg mL™ for pros-
tate-specific antigen and 10 fg mL™ for interleukin-6 in calf
serum. Another study was reported to employ an electrochem-
ical microfluidic system for measuring four protein biomarkers
(Figure 3).2°0 The system had an eight-electrode electrochem-
ical workstation integrated with a microfluidic array system
that measured amperometric changes for the detection. The
microfluidic chip was produced with the molded PDMS on the
top of the electrode array made of eight carbon screen-printed
electrodes with 700 um of diameter. The sealing was enabled
with two PMMA plates, and the top PMMA plate was designed
for the integration of tubings and electrodes (Ag/AgCl: refer-
ence electrode and Pt: counter electrode). The electrodes were
coated with poly(diallyl dimethylammonium chloride) (PDDA),
and they were further modified with glutathione-decorated gold
nanoparticles, where the primary antibodies were immobi-
lized via a surface chemistry approach. The biomarkers were
captured with secondary antibody-decorated magnetic beads,
having streptavidin and horseradish peroxidase complex, and
the captured biomarkers were then isolated using a magnet.
These isolated biomarkers were then applied to the electrode
system, and this study was further validated a protein panel for
accurate oral cancer diagnostics, resulting in an ultralow detec-
tion limit (5-50 fg mL™) for simultaneous measurement of
protein biomarkers including interleukin 6 (IL-6), interleukin 8
(IL-8), vascular endothelial growth factor (VEGF), and vascular
endothelial growth factor C (VEGF-C) in diluted serum. They
also showed a clinical sensitivity of 89% and specificity of 98%
for oral cancer detection in patient serum and control samples,
signifying the multiplexed feature of this system and applica-
bility in biospecimens.

Multiplexed biomarker protein detection holds unrealized
promise for clinical cancer diagnostics due to lack of suitable
measurement devices and lack of rigorously validated protein
panels. As an example, an ultrasensitive electrochemical micro-
fluidic array were optimized to measure a four-protein panel
of biomarker proteins, and validated with a protein panel for
accurate oral cancer diagnostics. Unprecedented ultralow detec-
tion into the 5-50 fg mL™ range was achieved for simulta-
neous measurement of proteins IL-6, IL-8, VEGF, and VEGF-C
in diluted serum. The immunoarray achieves high sensitivity
in 50 min assays by using off-line protein capture by mag-
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netic beads carrying 400 000 enzyme labels and 120 000 anti-
bodies. After capturing the proteins and washing to inhibit
nonspecific binding, the beads are magnetically separated and
injected into the array for selective capture by antibodies on
eight nanostructured sensors. Good correlations were received
with ELISA results for protein determinations in conditioned
cancer cell media, and this further confirmed the accuracy of
this approach. Normalized means of the 4-protein levels in 78
oral cancer patient serum samples and 49 controls resulted
in clinical sensitivity 89% and specificity 98% for oral cancer
detection, demonstrating high utility in diagnosis. Inexpensive,
low cost, easily-fabricated immunoarray provides a rapid serum
test for diagnosis and personalized therapy of oral cancer.
The device is readily adaptable to clinical diagnostics of other
cancers.

As an example of another multiplexed platform, a program-
mable microfluidic platform was reported for the detection of
distinct biomarkers (CA125, HE4, MMP-7, and CA72-4).251
Their programmable microfluidic platform relied on a bead
immuno-analyzer system, which was combined with auto-
mated sample metering, bubble and debris removal, reagent
storage, and waste disposal, and the system was further minia-
turized to the size of a credit card. The platform was validated
with the patient cohorts encompassing early- and late-stage
ovarian cancer along with benign and healthy controls. As a
result, the platform was able to distinguish the stages from con-
trol samples with 68.7% of sensitivity at 80% of specificity. Con-
tinuing from the multifaceted features of microfluidic systems,
Mok et al. presented a digital on-chip platform for protein bio-
marker detection, where the portable platform accommodates
the integrated electronics to handle minute sample volume
(<5 uL) (Figure 4).2°2 In this configuration, the system was
superior able to sense interleukin-6 samples down to 50 x 1072 m
with at least six orders of magnitude linear dynamic range,
which was than that of ELISA results. They further evaluated
the system with Abelson tyrosine kinase activity in the presence
of as low as 100 x 10712 m of the kinase.

In another study, exogenous agents serving as synthetic bio-
markers were employed to detect urinary signals.?>3! The plat-
form included the synthetic biomarkers composing nanopar-
ticles, which were conjugated to ligand-encoded reporters via
protease-sensitive peptide substrates. Upon delivery, the nano-
particles migrate to the diseased spots passively, such as solid

© 2021 Wiley-VCH GmbH
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Figure 4. A) Scheme of the microfluidic platform. B) The images of specifically bound beads in the capture/reaction chamber. C) The image and tech-
nical design of an electrical impedance sensor. Reproduced with permission.[?3 Copyright 2014, Proceedings of the National Academy of Sciences of
the United States of America.
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inlets ports. Reproduced with permission.[?*® Copyright 2012, Nature Publishing Group.
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tumors or blood clots, where up-regulated proteases cleaved the
peptide substrates and liberated the reporters that were cleared
into the urine (Figure 5A,B). With further adaptation into a
paper diagnostic strategy, the researchers tailored the synthetic
biomarkers, targeting specifically to both colorectal cancer (a
representative solid tumor) and thrombosis (a common cardio-
vascular disorder), and they achieved to detect these maladies
in mouse models using their urine samples as low as =1 x 10~°
M within a working linear range of ~1-7 x 10~ m.

Other than a paper format, microfluidic platforms have
been constructed in a hydrogel-paper system for the detec-
tion of small molecules such as cocaine.?> In this case, the
researchers synthesized the hydrogel with trapped glucoam-
ylase using an aptamer as a crosslinker, and monitored the
collapsing behavior of hydrogel and consequently the release
of glucoamylase into the sample, which was followed by the
formation of glucose through amylolysis (Figure 5C,D). Here,
they modified the channel with glucose oxidase and 3,3’-diam-
inobenzidine as the substrate. Accordingly, glucose traveled
along the channel through the capillary action, and it was then
converted to hydrogen peroxide by glucose oxidase. Moreover,
3,3’-diaminobenzidine was converted into brown insoluble poly-
3,3’-diaminobenzidine by horseradish peroxidase, producing
a visible brown bar, whose length was positively correlated to
the concentration of targets as a quantitative measurement of
cocaine in urine samples. The platform was designed on a cas-
cade reaction detecting down to 3.8 x 10° m of cocaine, and it
would be potentially applied to the quantification of other mole-
cules by designing specific aptamers to the target of interest.

In addition, a self-‘powered, integrated microfluidic blood
analysis system was developed to analyze blood.1>> This system
required a minute volume of whole-blood only, and it was able
to remove red and white blood cells, followed by analyte detec-
tion in platelet-containing plasma. Within 10 min, the system
achieved a sensitivity down to 1.5 X 1072 M with 99.9-100%
of blood cell retention in the passive structure. Moreover,
Song et al. presented a multiplexed volumetric bar-chart sensor,
denoting an easy-to-use platform that provides quantitative
results without the need for optical instruments or any data
processing steps.?>®! Through measuring oxygen production
by catalase activity, which was proportional to the concentra-
tion of the analyte, the researchers measured the displacement
of ink along the channels. Rapid quantification of protein bio-
markers in diverse clinical samples was also evaluated using
this volumetric bar-chart sensor (Figure 5E-L). Another inte-
grated on-chip system facilitated the fluid handling and signal
detection on a single platform called “mChip” assay, which was
further validated with HIV samples collected in Rwanda.l>"]
In this design, the researchers achieved to detect HIV bio-
markers using only 1 uL of unprocessed whole blood, as well
as diagnosed both AIDS and syphilis with high sensitivities
and specificities that were comparable to the performance of
benchtop platforms. The platform provided facile sampling
and multiplexed detection strategy. Briefly, the chip surface was
coated with specific antigens to HIV and syphilis, and then the
patient’s whole blood was introduced to the chip. According to
the presence of antibodies against these infections, the antigen-
antibody complex was then labeled with gold-conjugated
antibodies and the signal was further amplified the reduction
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of silver ions on gold nanoparticles, providing both quantitative
and qualitative (naked-eye) detection.

As aforementioned, protein, antibody, or small molecule bio-
markers have been utilized extensively in the microfluidic plat-
forms, which are reliant on conventional PDMS-type, paper
format, and hydrogel-integrated systems. Proteins are small in
size yet more informative agents in disease or health status, as
well as their circulation in the bloodstream or urine, make them
great candidates in noninvasive or semiinvasive diagnostics.2*#2>’]
Despite their facile sampling and high specificity, proteins, anti-
bodies, or small molecule biomarkers might be hindered by the
external factors easily, thereby altering their 3D structures, and
they are no longer detected by the recognition elements on the
microfluidic chips. Therefore, the materials used in microflu-
idic chips need to offer a biocompatible milieu for the detection.
Moreover, due to their small sizes, proteins, antibodies, or small
molecules can easily adhere to nonactivated sites, reducing the
yield efficiency and potentially minimizing the detection perfor-
mance of the sensor on a microfluidic chip. Antifouling agents
help to address this drawback by improving the specificity and
also yield capture and detection efficiency at the same time.l?¢0]
All these points need to be considered before detecting these bio-
markers in any type of microfluidic and sensor platforms.

5.2. Nucleic Acid Detection

Nucleic acids—intracellular carriers of genetic information, play
vital roles in any biomolecular status or disease, as well as they
join circulation to transfer information to other tissues/organs
in the body.[261-263 Simply putting into words, microfluidic-based
diagnostic tools detecting nucleic acid biomarkers focus to mon-
itor the concentrations of deoxyribonucleic acid (DNA) or ribo-
nucleic acid (RNA) in order to assay particular genetic details of
a patient; or to assay nucleic acid sequences, which are unique
to invade pathogens, thereby providing an important opportu-
nity for rapid purification of nucleic acids from blood.?*4 As a
basic principle, target sequences from the sample are captured
on a substrate surface, where specific probes are immobilized
to form a hybridization process that is then converted into read-
able signals via any optical or magnetic reporters.?*l As an
example, Fang et al. depicted a micro-loop-mediated isothermal
amplification system that was designed as an eight-channel
microfluidic sensor.?®l The readout was performed either by
the naked-eye or by measuring absorbance values through an
optical sensor. Within an hour, the platform was able to analyze
target sequences quantitatively with high sensitivity (10 fg of
DNA) and specificity under isothermal conditions.

On a parallel track, Lutz et al. demonstrated a lab-on-a-foil
system for nucleic acid detection through the strategy
of isothermal recombinase polymerase amplification
(Figure GA,B).2°) Interestingly, this system was based on a
foil-based centrifugal microfluidic cartridge that was produced
by blow-molding and sealed with a self-adhesive tape. The
cartridge was combined with the pre-stored liquid and dried
reagents for the fluorescence detection in real-time. They char-
acterized the system with an assay for the detection of the anti-
biotic resistance gene mecA of Staphylococcus aureus. A capillary
siphon and a centrifugo-pneumatic valve were integrated for
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Figure 6. A) The photograph of the microfluidic cartridge containing a foil disc, which is composed of a chamber with a glass capillary and another chamber
with a lyophilisate. B) The step-wise process of the disc is demonstrated. Reproduced with permission.?%6l Copyright 2010, the Centre National de la Recherche
Scientifique (CNRS) and The Royal Society of Chemistry. C) Schematic representation of the workflow in the loop-mediated isothermal amplification (LAMP)
on-chip. The system provides several application and sample manipulations, including i) thermal lysis and hybridization, ii) isolation of pathogen DNA while
applying an external magnetic field, iii) LAMP reaction, and iv) optical detection. Reproduced with permission.?%’] Copyright 2013, Elsevier.

the fluid control, and in this system, the limit of detection was
observed less than ten copies for <20 min. Microfluidic unit
operations enabled the storage and release of liquid reagents,
reconstitution of lyophilized reagents, aliquoting the sample
into independent reaction cavities, and the mixing of reagents
with the DNA samples. According to the report, this system
outperformed the PCR-based platforms in terms of energy effi-
ciency and time-to-result parameters.

Browsing with some examples in the literature, an integrated
microfluidic system was developed to detect DNA molecules
of biotargets captured on magnetic beads followed by the loop-
mediated isothermal amplification process (Figure 6C).2]
Their system consisted of closed microvalves, micropumps,
loop-mediated isothermal amplification reaction chambers,
and wash units, pointing out that the entire process was able
to be performed for the isolation of pathogen DNA, nucleic
acid amplification, and optical detection of the products. This
system could automatically complete the entire process within
65 min with a detection limit of 20 copies. The system perfor-
mance was also benchmarked with the detection of four dif-
ferent pathogens (Streptococcus agalactiae, Koi herpes virus
(KHYV), Iridovirus, and Aeromonas hydrophila) simultaneously.

Overall, detecting nucleic acids requires extensive isolation
systems to prepare the samples; and also needs precise tem-
perature control and specific enzymatic reactions under special-
ized temperatures. However, these are significant caveats that
limit their applicability to the POC settings. Isothermal amplifi-
cation reaction, on the other hand, provides a unique capability
to operate these reactions at a single temperature with high
efficiency.l?®! Operating isothermal reactions on a microfluidic
platform offers multiplexing on a small region, as well as helps
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stability in temperature control. Moreover, with transparent
materials, the microfluidic platforms provide a naked-eye detec-
tion for such nanosized and a rare number of nucleic acids
easily.?®% In addition to the isothermal reactions, the probes
can be immobilized to the microfluidic chips through specific
surface chemistry, e.g., avidin-biotin or chemical linking strat-
egies. However, steric hindrance is still a problem since the
sequence of nucleic acid needs to be within a distance from
the surface for efficient hybridization with the target sequence.
In this scenario, polymeric materials or tethering molecules/
structures like lipid bilayersi?’? exhibit dynamic behavior to
the probe molecules, hence addressing this challenge.??2
Despite their high specificity for disease diagnostics, nucleic
acids are fragile biomaterials, and they require more sophisti-
cated microfluidic systems for precise sample manipulations.
This does not only increase the assay cost and also leads to
remarkable complexity, limiting their operations to the research
laboratories mostly, and therefore, these factors minimize their
utility and applicability to the resource-constrained settings.

5.3. Whole-Cell and Virus Detection

Cells and viruses are the repertoires of protein, nucleic acid,
lipid, and carbohydrate biomarkers, and they provide critical
information on disease diagnostics, disease pathology, tracking
the infection and drug efficacy for clinical research, biological
warfare, disease outbreaks, and food safety. Moreover, this infor-
mation is further validated with downstream analyses, such as
genomics, transcriptomic, and proteomics for the fundamental
research. For instance, Tay et al. reported a microfluidic-based

© 2021 Wiley-VCH GmbH



ADVANCED ADVANCED
SCIENCE NEWS eARGRAR

www.advancedsciencenews.com www.advmattechnol.de

A)

Side _’f Leukocytes
: 1 & Platelets

Blood flow ,.1:

- Centre ;
------ outlet ’ KRG

— Ci Leukocytes
o Platelets

Inlet

Syringe
pump

B)

Platelet and leukocyte margination \°

Neutrophil capture on anti-CD66b coated

@5 Leukocytes o Platelets @RBCs st it v

C) 3. Neutrophil functional assays

Chemotaxis v NETosis %
\ NETosis

quantification

£ - @

1) Cell migration

2) Chemotatic velocity Nuclear degradation

" " HN, nn,

. oc, y
epoxysilane H°°°'§c?/\°’\g il hLE1-11 .

N =\/\/\)°L/\/\/Y\/\/\)LB\( & er NZD N
! i ij J)A JfL (,;:
3 QQ“OO

=

EIS MEASUREMENTS
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array for the bacterial detection (Streptococcus sanguinis). Reproduced with permission.?4l Copyright 2016, Elsevier.
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platform for neutrophil sorting and phenotyping (chemotaxis
and formation of neutrophil extracellular traps) by employing
low blood volumes (Figure 7A~C).17%l In this manner, they puri-
fied neutrophils on-chip from whole blood directly using biomi-
metic cell margination and affinity-based capture, and followed
by this step, they exposed the cells to preloaded chemoattractant
or chemotaxis and formation of neutrophil extracellular traps
stimulant, respectively. After that, they characterized the plat-
form performance by applying healthy and in vitro inflamed
blood samples (clinical risk stratification in a cohort of subjects
with type 2 diabetes mellitus). Herein, they reported that “high-
risk” type 2 diabetes mellitus patients characterized by severe
chemotaxis impairment revealed significantly higher C-reactive
protein levels and poor lipid metabolism characteristics com-
pared to “low-risk” subjects. Moreover, their neutrophil chem-
otaxis responses might be mitigated after in vitro metformin
treatment. Thus, their microfluidic-based platform enabled
the quantification of chemotaxis and formation of neutrophil
extracellular traps in medical applications, and it would be fur-
ther converted into a tool for risk stratification and precision
methods in subjects with metabolic diseases.

As another example, Hoyos-Nogués et al. aimed to develop
a miniaturized microfluidic platform for monitoring Strepto-
coccus sanguinis—one of the most prevalent strains in the onset
of periodontal diseases (Figure 7D).’¥l In this manner, they
synthesized potent antimicrobial peptides derived from human
lactoferrin and covalently immobilized them on interdigitated
electrode arrays. Following the immobilization, they used X-ray
photoelectron spectroscopy and electrochemical impedance
spectroscopy to optimize and characterize the immobilization.
Moreover, they performed the interaction of S. sanguinis with
antimicrobial peptide-coated platforms and obtained significant
changes in the impedance spectra, which were associated with
the presence of bacteria. According to the results, the platform
was able to detect the bacteria at concentrations starting from
10! colony forming units (CFU) mL™ in KCl and 10> CFU mL™!
in artificial saliva. They also carried out the lacking cytotoxicity
of the system for human fibroblasts.

In addition to whole-cell detection, a nanorod-integrated
microfluidic platform was developed for the detection of avian
influenza virus.?””! This system was able to detect viruses spe-
cifically within 1.5 h and provided a low limit of detection value
as 3.6 x 10° EIDsy mL™! (EIDsy: 50% embryo infectious dose)
which was almost 22 times more sensitive than the conven-
tional enzyme-linked immunosorbent assay. Moreover, this
microfluidic-based platform enabled to detect multiple viruses
simultaneously by the spatial encoding of capture antibodies
and provided an alternative tool as a multiplexed pathogen
detection tool, potentially broadening to the other medical
applications with impactful fashions (e.g., low-cost and easy-to-
use) for POC settings.

Overall, conventional and standard methods of whole-cell
and virus detection are often laborious, and turnaround time
takes several hours to days.”’®l From the perspective of POC
applications, along with analytical performance (sensitivity
and specificity), facile user interpretation, stability under oper-
ating conditions, preferably portability and disposability are
required.”7-#8 While focusing on whole-cell and virus detec-
tion, we still need to consider all these check-points.

Adv. Mater. Technol. 2021, 2100049

2100049 (20 of 28)

www.advmattechnol.de

6. Overview: Strengths and Limitations
of Microfluidics and POC Systems

As elaborated with the recent advances in the literature, micro-
fluidics has leveraged the existing POC platforms in terms of
low-sample volume, easy manipulation of fluids, nearly limit-
less integration with any types of sensor, efficient cell sorting
and isolation, as well as enabling tissue/organ environment
along with managing shear and flow parameters as existing
in the native milieu of cells. Despite their significance in this
realm, the success of POC applications is directly proportional
to the material used. Although several attempts have been
done, and many successful results have been reported for the
integration of materials into microfluidic systems, there is still
no perfect material, which is widely applicable to all applica-
tions at the POC settings. Since developing materials for these
systems requires multidisciplinary efforts, continuous coordi-
nation of different fields, such as engineering and biological
and physical sciences, are needed to develop new materials, yet
all produced materials come with its own strength and limita-
tions. To choose the right material for the suitable system has
own checkpoints.

The materials that reviewed in this review are organized in
four main categories along with their intrinsic limitations. The
first group of materials includes inorganic materials, e.g., glass,
silica, and ceramic materials. Although these materials have
high chemical stability, high thermoconductivity, well-charac-
terized surface and insulating properties, and high aspect ratio
forming microchannels, high costs associated with their fab-
rication impede their deployments into the field. Due to their
fragile and brittle properties, these kinds of materials are dif
ficult to process and create components like valves and pumps
for multi-functionality in microfluidics.””l In addition, since
harsh chemicals are used during the processing stages of sil-
ica-based materials, well-protective facilities, specific training,
and well-implemented restrictions to use these chemicals are
required.?®)] Beside these impediments, inorganic materials
other than glass are opaque, and therefore, they are not useful
for microfluidic systems, which are integrated with optical
sensing systems, such as plasmonic or fluorescence modalities.
Despite the suitability of glass for optical sensing systems, it
is prone to breakage and more expensive than other inorganic
materials.?81 Another obstacle that must be overcome for the
deployment of inorganic materials is to increase their oxygen
permeability. Especially, in the cell and tissue engineering-
related research, oxygen permeability is one of the vital parame-
ters that cells can exchange gas from the external environment,
yet this is an existing challenge in the use of inorganic materials
in microfluidics.?82l The second group refers polymeric mate-
rials, such as hydrogels, PDMS, polyfluoropolyethers, PMMA,
PS, cyclic-olefin copolymer (COC), and SU-8. Highlighting
their major features, polymers can i) resist mechanical shocks;
ii) remain transparent at most wavelengths; iii) they are dis-
posable and biocompatible, iv) require less stringent cleaning
techniques; and v) show greater oxygen permeability than inor-
ganic materials. However, these materials mostly show low
resistance to organic solvents, and especially, when aggressive
and polar aprotic solvents are used for filtration, they cannot
be used in food, biotechnology and pharmaceutical industry
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processes.?83] Since the production efficiency of soft lithog-
raphy-stemmed methods is very low, they are not suitable for
these applications, and also, easy evaporation of water from
polymer surfaces can lead to the loss of samples when such
materials are employed.?®+28] Among the other polymers,
hydrogels also display similar limitations, but their analyt-
ical properties such as sensitivity, specificity, and detection
threshold can be improved with new strategies and advanced
technologies.l?®! Besides, polymer materials like PDMS are
not rough or rugged enough, and they hence cause some
issues on the flow profile, such as leakage or pressure differ-
ences in the microfluidic system.?®”] The third group consists
of paper materials, and they denote many advantages such as
highly porous matrix, low-cost, ease-of-assembly, integration
of multiple operation units, disposability, easy storage of rea-
gents in the channel, and facile readout. Paper materials are
however opaque, and similar to silica materials, they cannot
be employed easily in optical sensing systems, particularly in
transmission-based measurements and also in fluorescence-
based measurements due to their high background signal,
interfering the measurements potentially. On the other hand,
the nonuniformity and batch-to-batch variations due to their
intrinsic features are notable impediments. Even, on the same
area of a paper, fibers and textures differ from each other, dra-
matically reducing their accuracy in terms of sensitivity and
the wicking rates of liquids.?®®] Another difficulty can be men-
tioned as coffee-ring effect, which is the tendency of solutes to
accumulate toward the outer edges of the paper while they dry.
This issue leads to nonhomogeneous distribution of analytics,
reaction products, or reagents in the liquid that directly affects
the results. Apart from the coffee effect, drying liquids on the
paper also reduce their shelf-life and activity, because the drying
reagents, such as enzymes, significantly lose their activity, and
they must be re-hydrated each time before their operation,
which require more preprocessing steps and time.[?892% The
final group is carbonaceous materials, including CNTs and
graphene. These materials have remarkable properties such
as ultrasensitivity in sensing systems, inexpensive produc-
tion, easy functionality, high electrical and thermal conduc-
tivity, high aspect ratio, chemical and mechanical stability, and
super hydrophobicity. Mentioning their limitations in the field,
graphene-based systems, for instance, have not turned into a
well-known product in this area yet since there is no well-stand-
ardized and facile way to obtain graphene.[?22% In addition,
due to the close interactions with biological entities, CNT and
graphene need to meet biocompatibility aspects fully before
their implementation. As reported in the literature,?*2%1 CNTs
are trapped in the respiratory system when inhaled directly,
and consequently, they increase pulmonary inflammation by
causing lung fibrosis after their accumulation here.

The POC systems are indicated as an alternative testing or
near-patient testing, and they perform bio-analytical tests out-
side centralized laboratories. This strategy has been imple-
mented for many diseases and health monitoring facets. In
this regard, POC systems have been benefitted extensively from
biosensors and microprocessors, and since the last decades, we
have witnessed the integration of microfluidic platform with
these systems. In principle, POC systems along with the com-
plement platforms like microfluidics exhibit many advantages,

Adv. Mater. Technol. 2021, 2100049

2100049 (21 of 28)

www.advmattechnol.de

including shorter turnaround times, low sample volume, easy-
to-use, potential reduction in workload at hospitals, more rapid
clinical decisions, and more frequent monitoring/screening
the health status or treatment. Despite their well-defined high-
lights, there are some check-points that need to be addressed
for a clear clinical benefit.

At the first glance, sampling at the pre-analytical phase is the
first check-point that requires appropriate sample handling and
collection procedure to minimize sampling-related errors.[?%!
The sampling also needs to be facile for the use of noninva-
sive or semiinvasive strategies. In addition, the biomarkers or
analytes of interest need to be exist in the samples to match
the correlated concentrations that are measured in the clinical
laboratories. In this manner, sometimes, sampling at the pre-
analytical phase require some pre-processing steps to enrich
the biomarker concentration in the specimen, especially in the
complex matrices like blood, urine, saliva, or lavage fluid. This
step minimizes the interference notably caused by the intrinsic
parameters of bio-matrices, such as abundance of different
cells, proteins and lipids.?*” In addition to preprocessing, the
stabilization of clinical samples with chemicals enables precise
measurements.2%8:390.301 The implementation of these systems
to resource-constrained settings or personalized medicine per-
spective is hampered by such extensive procedures along with
multi-step tasks and enrichment devices that lead to complexity
and increase the assay cost remarkably. Second, handling and
maintenance of analyzers is key to obtain accurate results at
every measurement, and therefore, we would have comparable
results with the gold standard methods for proper clinical deci-
sion. Third, other than home-settings or bed-side, the imple-
mentation site of POC systems could span from emergency
rooms, intensive care units, or operating rooms in a hospital
to the primary care units or satellite outpatient clinics.**? The
staff members at hospital and clinic focus predominantly on
clinical care, and however, the training of clinical staff oper-
ating POC systems might be challenging in a such large net-
work. Regular quality controls and ongoing competency main-
tenance of the staff need to be ubiquitous. Fourth, in addition
to the management of training, calibration and maintenance of
the POC systems need to be implemented regularly. In prin-
ciple, POC systems have low-complexity, yet they are designed
in specialized modalities. Any malfunctions in their mechan-
ical/electrical components hamper to obtain reliable results,
and hence, regular control with trained personnel is an obvious
need. Fifth, POC systems provide results in either qualitative
or quantitative ways. Qualitative means are very helpful for
untrained individuals, but the threshold of the positive results
needs to be well-defined considering the clinical decision of the
disease. On the other hand, quantitative results provide more
information and enable easy monitoring on the levels of bio-
markers at different time slots; however, sensitivity and selec-
tivity of this reporting type need to be well-established with the
gold standard method. There is a critical need for further devel-
opment and benchmarking these systems in order to reduce
false negatives and or false positives that provide the results
comparable to the methods operated at the centralized labora-
tories.[298:303303] Ty secure specificity, any possibilities causing
to false positives need to be minimized or eliminated through
application of antifouling agents that protects the nonactivated
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sites on the system from nonspecific binding in bio-matrices. In
addition, increasing the sensitivity can enable high precision in
detection and monitor the levels of analytes even at low concen-
trations. In this regard, signal-to-noise (SNR) plays a vital role
during the translation of sensor performance by reducing the
nose and increasing the signal, and this can enable to measure
the minute alterations in the signals, hence leading to a lower
limit-of-detection. Signal amplification is one way of tuning
the SNR, yet it increases the number of steps and time to per-
form the assay, and generally, it is not a cost-efficient because
of the addition of expensive equipment and/or reagents to the
system. On the other hand, increasing the density of recogni-
tion elements targeting the analytes of interest is another way
to improve the sensitivity, and the cost-associated challenges
however still exist. Sixth, the stability of reagents decorated on
the system is another critical parameter, and enhancing their
stability can prolong the shelf-life, especially for long-term
storage and also implementing them into resource-constrained
settings. Although antibodies provide great affinity to analytes,
they are interfered by external factors like temperature changes
and humidity. Artificial antibodies, i.e., molecularly imprinted
polymers (MIPs), would be an alternative strategy to overcome
from this issue since they provide specific molecular grooves
of target analytes, and hence, mimic probe-analyte interac-
tions.?%! Due to their polymeric nature of MIPs, they can also
prolong the shelf-life and enable longer-term stability. However,
current imprinting strategies need to be revisited to increase
catalytic capability and sufficient selectivity and affinity to the
target analytes. All these aspects impact on the accuracy of
measurement, and a high-fidelity process during the develop-
ment of MIPs could help to solve these existing challenges.[2%!
Seventh, multiplexing provides a very wide window on evalu-
ating the health status of an individual through screening sev-
eral parameters at the same time. However, the readout hard-
ware at the POC systems often has poorer performance than
those at the centralized laboratories considering the cost and
facile use by the end-user. Moreover, interference between dif-
ferent detection slots need to be avoided for proper interpre-
tation of the results, and this might be solved by integrating
several sensors that monitor the signals at the specified sites
only. Nevertheless, while improving the multiplexing capability,
we still need to consider the assay cost and user-interface for
the POC settings. Eighth parameter is the required energy for
proper operation of the system. Especially, in resource-con-
straint settings, the power supply is a key element, and in most
scenarios, the paucity of electrical source hampers the opera-
tion, and also, might cause to significant technical problems
in the hardware. In principle, a POC system is composed of
sample handling unit, sensor unit, signal processing, and data
acquisition, and nearly all these units require power for the
appropriate operation. In this regard, battery-operated systems
are garnered more attention as having external power supplies,
yet their regular maintenance and replacement after long-term
use is the critical challenge to deploy them into these settings.
There are some efforts to integrate rechargeable batteries to
minimize these needs, and however, the toxicity of these bat-
teries (lithium, mercury, lead, and cadmium) is still an obstacle.
There are recent efforts to implement solar, mechanical, or bio-
fuel based energy sources to the POC systems, lowering the
needs for power and at the same time providing continuous

Adv. Mater. Technol. 2021, 2100049

2100049 (22 of 28)

www.advmattechnol.de

and bio-friendly operation.*%8307-3%] Ninth, POC systems have
been not integrated with any documentation systems since they
are performed by individuals. This may lead to insufficient doc-
umentation and difficult comparability of the results obtained
in routine clinical tests.’!% Last years, we have experienced
the integration of cloud systems and the analysis of the results
through online medical platforms, and they would be impor-
tant directions to minimize these issues efficiently.?!]

7. Conclusion

The significance of POC devices has been much appreciated
during the paradigm shift in the health care system from cen-
tralized care to home-based diagnostic platforms since these
devices offer facile use and sampling, short turnaround time,
portability, and high accuracy. In particular, their implemen-
tation in developing countries with huge populations has an
immense impact on reducing the health-associated costs and
reducing the workload at hospitals. During this transition,
especially, microfluidics has impacted greatly on POC devices
through the fabrication of business-card size and automated
systems via conventional, yet continuously updated procedures
by using a small number of materials and low reagent con-
sumption. Moreover, these small devices require only a drop
of biospecimen, which can be taken by individuals with very
basic training like finger pricking or collecting urine. Hence,
these unique characteristics have garnered the attention of
many researchers to use microfluidics in POC devices for
many fields, especially in disease diagnostic purposes. How-
ever, at the beginning of microfluidics research, the designed
POC devices were not considered and focused more on the
perspective of end-users, they were more likely academic
research-stemmed studies. Therefore, these devices could not
make enough impact on any demanded products in the field.
Recent efforts harmonized by engineers, biologists, chemists,
materials scientists, physicists, and medical doctors have not
only altered the fabrication methods due to the notable need
for biocompatibility and inherent features of biospecimens,
but also have provided new strategies for the functionality of
microfluidic devices. At the same time, these mutual interac-
tions have enabled them to exchange their views in order to
make standardized protocols for mass productions, thereby
accelerating their deployment as POC diagnostic tools. Such
interactions have made it possible to produce inexpensive,
accurate, more specific, sensitive, and more end-user-oriented
systems on the industrial-scale. Moreover, microfluidics has
very flexible properties with nearly unlimited integrations
of materials and sensors, thereby signifying its broad use to
multiple fields. There are also some checkpoints for microflu-
idics and POC systems that need to be re-visited before their
translation and utilization into the bed-side, home-setting,
hospitals, and physician offices. We here list them as material
type, physical and chemical characteristics, optical features,
oxygen permeability, resistance to harsh chemicals, flow pro-
file, porous matrix, cost, ease-of-assembly, integration of mul-
tiple operation units, disposability, easy storage of reagents in
the channel, facile readout, batch-to-batch production, shelf-
life, easy functionality, electrical and thermal conductivity, high
aspect ratio, handling and maintenance of analyzers, training,
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calibration, sensitivity, specificity, multiplexing, power supply,
and documentation of the results. Due to immense efforts in
the field, we easily foresee that the existing platforms will be
updated accordingly. For instance, we face pandemics more
frequently in the 21st century, and health systems need more
advance and new technologies more than ever for a quick and
accurate diagnosis to prevent the spreading of diseases to the
communities. Of course, while facing new medical challenges
like today’s pandemic or ongoing health issues such as fertili-
zation problems, 32l microfluidics would provide new solutions
through mutual integration with sensor systems, accelerating
their adaptation to our daily routines for early diagnosis of
diseases and treatment monitoring, as well as improving the
sample processing in research laboratories such as forensic
applications.13-31]
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