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7.1 Introduction

Early diagnosis of diseases is of paramount importance, especially for manag-
ing chronic and asymptomatic illnesses. As such, the synergistic effect of com-
bining nanotechnology with microfluidics can significantly improve biological
diagnosis. Both organic and nonorganic nanoparticles have been used for clini-
cal imaging and disease diagnosis [1]. Target molecules can interact with these
nanoparticles for ultrasensitive detection of some in vivo and in vitro biological
changes. The emergence of microfluidics with the capability of integrating vari-
ous laboratory processes on a single chip, known as micro total analysis systems
(LTAS) or lab-on-a-chip [2-11], has the potential to revolutionize the field of
biological diagnosis.

One strategy to diagnose a disease is to use biosensors for the aim of detecting
biochemical analytes — small molecules, proteins, cardiac, or cancer biomark-
ers — in patients’ blood, urine, or other biological samples [12]. Numerous tech-
niques can be used to create detectable signals for measuring the concentration
or relative quantity of a specific bioanalyte [13]. For this purpose, optical, electro-
chemical, calorimetric, and piezoelectric transducers have been explored, exten-
sively. Optical biosensors have gained attention in biosensing applications where
they are used to study the different properties of targets/analytes and are useful
in real-time and parallel detection assays with high precision [14, 15].

Among the numerous types of optical detection techniques, fluorescent
nanomaterial-based approaches are broadly used in biological, medical, and
drug discovery testing [16]. However, not all fluorescent nanomaterials provide
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robust, stable, or long-term luminosity. They mostly suffer from photobleaching,
low quantum vyields (QYs), and narrow emission spectra. The main problems
associated with fluorescence methods can be addressed by using semiconductor
quantum dots (Qdots) possessing unique optical properties. Their surface is
capable of being modified with various biomolecules making them selective to
different analytes [17, 18]. They can be then used in bulk solution assays (as
colloidal suspension) or solid-phase assays (as immobilized on the surface).
Upconversion nanoparticles (UCNPs) are another type of fluorescent nanoma-
terials that have been used in photoluminescent (PL) detection. UCNPs can be
used for bioimaging, biosensing, and drug delivery [19]. The higher excitation
wavelength of these nanoparticles adds a multitude of advantages to this type
of nanoparticle. The last generation of fluorescent nanomaterials, namely
carbon-based Qdots or simply “biodots,” has generated interest because of their
exceptional properties that are useful in the biomedical imaging [20]. Their
properties include high QY, water bioavailability, multicolor wavelength emis-
sion, and exceptional biocompatibility. Innovative approaches of nanobiosensing
using fluorescent nanomaterials are performed in microfluidic devices. More-
over, because of the movement of flow, the nonspecific deposition of these
nanoparticles is reduced, and their reaction rates with targets are increased in
microfluidic-based assays because of the nanoscale mixing [21].

Microfluidics is an enabling technology that can be employed in numerous
biological studies because of its high-throughput, precision, sample efficiency,
portability, and low-cost production [13, 21-26]. Three types of microfluidics
used in bioanalysis are continuous, droplet-based, and digital microfluidics
(DMFs) [17, 27], each of which has its advantages and disadvantages. Integrated
microfluidic devices combined with multiplexed immunoassays provide an
opportunity for this technology to facilitate point-of-care (POC) diagnostics [28]
for diseases such as cancer [29], malaria [30], or some other abnormalities [31].
Herein, we first describe the functions of Qdots, UCNPs, and biodots; afterward,
the applications of nanoparticles-based microfluidics for disease diagnosis will
be highlighted. Further, we expand upon the new trends in biological diagnosis
platforms by discussing two emerging formats of microfluidics: digital and
paper-based microfluidics.

7.2 Quantum Dot-Based Microfluidic Biosensor for
Biological Diagnosis

Qdots are nano-sized particles with binary compounds of elements with II-1V,
III-V, and IV-VI number of valence electrons and semiconductor materials
that present many advantages over fluorescent proteins and organic dyes. Their
emission spectra are dependent on their size and excitation wavelength, ranging
from ultraviolet to infrared. It is possible to excite multiple Qdots only by single
wavelength [32], which makes them suitable for multiplexed detection assays. In
other words, Qdots absorption spectra cover a broad span of wavelengths. They
have a high QY and long fluorescent lifetime suitable for long-term biological
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assays. Photostability and resistance to photobleaching are also other essential
characteristics of Qdots [33].

Moreover, they can be used as donors and sometimes as acceptors in energy
transfer-based assays because of their unique optical properties. Fluorescence
resonance energy transfer (FRET) is a method for measuring distances as small as
1 nm up to 20 nm. In this phenomenon, the nonradiative energy transfer between
two fluorescent components (called donor and acceptor) is sensitive to the dis-
tance between (d) them where this energy is inversely proportional to the d°
of this distance. The donor needs to be excited by an external light source, and
acceptor’s absorption and donor’s emission range should have an overlap. Beyond
the range of 1-20 nm, no energy transfer occurs [17]. Also, there are several other
methods of energy transfer such as chemiluminescence resonance energy trans-
fer (CRET), which have been described in the literature [32]. Qdots can serve as
donor or acceptor to improve the efficiency of energy transfer, implementing all
aforementioned optical characteristics [34].

Nevertheless, the distance itself is not always the case, especially in biorecog-
nition events. It has been mentioned that if the distance is less than 20 nm,
energy transfer will take place. In this range, a fluorescent-labeled bioanalyte is
coupled to a biofunctionalized Qdot. Therefore, the bioanalyte is detected with
an optical detector. This optical detection is the most common application of
Qdots in biosensing.

7.2.1 Qdot-Based Disease Diagnosis Using Microfluidics

In the bioanalysis with Qdots, these nanoparticles are conjugated with
biomolecules for the detection of analytes. In the case of a disease, the
target analytes can be viruses, antigens, and cancer biomarkers, whose con-
centration is also of interest. As such, in a study, Hu et al. produced stable
antibody-conjugated-Qdots in the aqueous phase and used them in a microflu-
idic chip for multiplexed detection of carcinoma embryonic antigen (CEA)
and a-fetoprotein (AFP) in both sandwich and reversed-phase immunoassays
(Figure 7.1) [35], indicating an excellent capability for POC cancer diagnosis.

In addition to small-volume usage of sample and reagent as well as reduc-
ing the time-to-result provided by microfluidics, this technology allows for bet-
ter manipulation of flow in order to enhance the capture efficiency of targets
onto the biofunctionalized reaction sites. This opportunity is used by Ng et al.
[36] for the detection of QD-labeled SkBr3 (breast cancer) or fluorescein isothio-
cyanate (FITC)-labeled Co0lo205 (colon cancer) cells by capturing them onto both
nanoporous silica anti-EpCAM (epithelial cell adhesion molecule)-coated sub-
strate and the polydimethylsiloxane (PDMS)-stamped areas of this plate inked
with antibody solution (Figure 7.2).

Cancer is not the only field of applicability of the Qdot-based microfluidic
assays. Infectious disease can also be detected or monitored using such assays.
Klostranec et al. [20] proposed an IgG (goat antimouse)-conjugated Qdot
barcode microbead sandwich assay for the detection of HBV (hepatitis B virus),
HCV (hepatitis C virus), and human immunodeficiency virus (HIV) antigens.
A spiked human serum with corresponding antibodies was incubated with the
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Figure 7.1 (a) lllustration of the process of making a two-dimensional array of immobilized protein layers. (b) Schematic of sandwich and reversed-phase
immunoassay with CEA and AFP antibodies and antigens. (c) The dose-response calibration curve for CEA and AFP based on the QD-IgG probes and
microfluidic network chip. The measured concentration ranges from 25 fM to 25 nM with limit of detection (LOD) as low as 250 fM (S/N > 3) for both targets. (d)
CEA concentration in human serum ranging from 25 fM to 250 nM and LOD was 2.5 pM. The presence of serum albumin slightly hinders antibody-antigen
reaction, but still, the tests show better sensitivity in comparison to PBS buffer detection. (e) Three different types of Qdots with green, orange, and red colors
excited only under UV illumination for a CEA concentration of 25 pM. (f) The multiplexed ability of Qdots with red and green emission colors. Horizontal
channels associate with CEA, AFP, and CEA-AFP mixtures from top to bottom, respectively. The perpendicular microchannels 1-3 are filled with red-colored
emitting QD-lgG and 4-6 with green-colored emitting QD-IgG. Source: Hu et al. 2009 [35]. Reproduced with permission of American Chemical Society.
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Figure 7.2 (a) Schematic of stamped nanoporous manufacturing process (microcontact printing). (b) Top view of the resulting substrate. (c)
Immunofluorescence schematic procedure of detection of cancer cells labeled with Qdots or fluorescent dye. The detection of cells whose nuclei were stained
with DAPI was performed by fluorescent microscopy. (d) Side view of the grooved microfluidic device is used to exploit the ability of microfluidics to create
optimal sites for labeled cancer cells and (e) top view of the same device. (f) Optimal site for capturing cells are located where the vertical component of
velocity is downward and significantly enough to push them toward the reaction area. This area is shown in green color. Source: Ng et al. 2013 [36].
Reproduced with permission of Elsevier.
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biofunctionalized Qdots. This assay (Figure 7.3) suggests a fast (less than an
hour) diagnosis with 50 times greater sensitivity compared to FDA-approved
ELISA (enzyme-linked immunosorbent assay) technique, which has many
disadvantages, including high costs and lower multiplexing capability. As the
polystyrene Qdot barcode flow through the focused laser point, a detection
signal is recorded. Then, this output barcode signal is interpreted. The green
signal is associated with the AlexaFluor-488, and the peaks indicate the passage
of every single bead, while red, yellow, and their combination specify the type of
antigen.

Among infectious diseases, influenza virus detection is of paramount impor-
tance because of its severe health complications and the challenges in the virus
classifications. Therefore, a wealth of research has been undertaken to address
these issues. Zhang et al. [37] proposed a simultaneous detection of HINI,
H3N2, and HIN2, as well as subtyping of them, using integrated micromagnet
field microfluidic chip within 80 min interval and LOD of 10-20 nM concentra-
tion of the viruses’ genetic material. The capture probe DNAs (CP-DNAs) were
immobilized on the surface of supermagnetic beads (SMB). These conjugated
probes were then injected into the integrated microfluidic device to react
with the target cDNAs (T-DNAs or DNAs of influenza A viruses) injected
from another side. Each sample was injected through different neighboring
channels that made it possible to analyze the genetic samples of all three viruses
simultaneously. The assay is composed of a sandwich structure composed of
SMB-(CP-DNA), T-DNA, and (RP-DNA)-biotin-(SA-Qdots) serving as the
substrate, target, and detector units, respectively. An ITO heating electrode
controlled the temperature of the assay in order to keep the reaction time of
DNA as low as possible. In this assay, the normalized fluorescent intensities of
T-DNAs in 1 pM solutions were optimized under 45 °C, and the DNA hybridiza-
tion reaction time was 25 minutes. The concentration of HIN1 and HIN2 was
a linear function of fluorescent intensity corresponding to 1-150nM of the
target, while H3N2 concentration was linear between 5 and 150 nM of the target
(Figure 7.4).

Although there are other studies of influenza, virus detection using Qdots and
other microplatforms with more sensitivity and lower LOD [38], low sample
usage, and ultrafast manipulation of targets are still exclusive to microfluidics.

Another application of magnetic beads and Qdots (CdSd/CdZnS) was demon-
strated by Kim et al. [39] for detection of Plasmodium falciparum histidine-rich
protein 2 (pfHRP2), the most common biomarker of malaria, with the aid of
microdroplets. The pfHRP2 antibody was conjugated on the surface of Qdots
and microbeads (MB). The conjugates were then incubated with human serum
containing pfHRP2. After separation of MB-Ab-pfHRP2-Ab-Qdot and elution
of Qdots, fluorescence measurements were performed to determine the con-
centration of HRP2. This process was carried out in an array of six consecutive
wells in a PDMS-based microchip (Figure 7.5) and was compared to a standard
vial-based assay.

Because of economic reasons, animal health is also monitored through the
diagnosis of their diseases, mainly using novel technologies such as microfluidics.
For instance, subclinical ketosis (SCK), a disease that affects the cows’ products
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Figure 7.3 (a) A sample of QdotBs with three different emission colors and fluorescent
emission spectrums. (b) The orange QdotB is composed of a combination of red and yellow
color Qdots, and the bimodal distribution is a sign of that. (c) The three different QdotB
microbeads were conjugated with antigens. Antibody-conjugated dye was added to provide a
fluorescence detection peak at 520 nm. The other peak in the diagram of
intensity-wavelength is related to the corresponding Qdots. (d) An example of the data
detected by a photodetector over 10 seconds intervals for green, red, and yellow channels. An
HBV antigen-conjugated QdotB crossing the laser spot leads to the peak of green and yellow
fluorescent intensity, and red channel signal remains unaffected. Source: Klostranec et al. 2007
[20]. Reproduced with permission of American Chemical Society.
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Figure 7.4 (a) Integrated microfluidic schematic diagram and style of different sample
loading. (b) Side view of the microfluidic device. (c) Schematic configuration of virus detection
and subtyping in the three juxtaposed sandwich assays. (d) The multiplexed detection of the
T-DNA solutions and concentration evaluation for different concentrations of H1, H2, and H9
viruses. (e, f) linear dependence of H1 and H9 fluorescent intensity on a concentration within
1-150 nM solutions and (g) linear fluorescent intensity dependence on H2 concentration in
5-150 nM range. Source: Zhang et al. 2018 [37]. Reproduced with permission of Elsevier.

and health, is mainly diagnosed by measuring p-hydroxybutyrate (PHBA)
concentration in their blood, urine, or milk. Current diagnostic methods are
time-consuming and expensive. On the contrary, a microfluidic device coupled
with biofunctionalized Qdots developed by Weng et al. [40] showed sensitive and
on-farm detection of SCK. The Qdots were modified with adenine dinucleotide
(NAD*). NAD* in the presence of PHBA, as a result of an enzymatic reaction,
was converted to NADH that increased the fluorescence intensity of Qdots
(Figure 7.6). The serum and pretreated milk samples were tested after 3 min



7.3 Upconversion Nanoparticles

Target protein ~ Add MB-Ab Incubate with  Isolate beads Discard Resuspend Elute QD and
in serum and QD-Ab target protein ~ with magnet  supernatant beads measure PL
o
e |8 ® y
s o || @ |0 @’ il 8y
® & & [
+ |l@]e L i
® e o ¢ ©
(a) \
=0=-0=0-0-
(b) glass bottom
2
3 #-3-4
100 &= /
ZE . LAWY
= E
gt /
E .
g r f __J_j/
8 10k f
o E I %
o - .
[ I I | | o L
001 01 1 10 100 { | =
(c) HRP2 concentration (ng/ml) = b ot

W
o
o

n
o
o
3
J

N
o
o

150

Fuorescence intensity (RFU)

Ong 0.1ng0.3ng 1ng 3ng
(d) HRP2 concentration

ST
5D D

Figure 7.5 (a, b) Schematic illustration of viral-based and microfluidic MB-based assays for
detection of pfHRP2 proteins. (c) The vial-based assay results regarding the HRP2
concentration in human serum. The fluorescence intensity and concentration show a linear
correlation between 0.1 and 10 ng/ml. (d) The results of MB-based assay show increased RFU
for the same concentration of HRP2. (e) Simple agitation/mixing process by changing current
direction and (f) translocation of MBs within different wells using PCB. Source: Kim et al. 2017
[39]. Reproduced with permission of American Chemical Society.

=

of incubation in the microfluidic device. The results of serum-based detection
showed a better detection limit compared to those of milk samples.

7.3 Upconversion Nanoparticles

Another type of nanomaterial that has been used in photoluminescence
(PL)-based nanobiosensing approached is UCNP. These nanoparticles have to
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Figure 7.6 (a) Conjugation of NAD+ on the surface of Qdots was performed by immobilization
of them on the 3-aminophenylboronic acid monohydrate (APBA)-conjugated Qdots. NAD+
reduces the amount of fluorescent intensity of Qdots through an energy transfer (ET) process.
(b) lllustration of microfluidic device and photodiode-equipped platform for diagnosis of SCK.
(c) The normalized photodiode intensity versus different concentration of HBA in serum and
(d) milk samples. Source: Weng et al. 2015 [40]. Reproduced with permission of Elsevier.

be excited with a relatively higher wavelength, thus proposing some additional
advantages over Qdots or conventional organic dyes. UV is typically used for
excitation of PL reagents, which inflict damage on living cells in long-term
assays. Moreover, the signal-to-background ratio is usually low in the Qdot- or
organic dye-based assays because of scattering of light by living tissues.

Furthermore, Qdots made by heavy metals may have a toxic effect on cells.
This can limit their application in biological diagnostics. UCNPs, on the other
hand, are excited by near-infrared (NIR) emission in which cells show an opti-
cal transparency window. UCNPs also produce a lower level of phototoxicity
and light scattering [41]. Similar to Qdots, UCNPs can be coupled with FRET
technology, thus improving the sensitivity and selectivity for detection of bioan-
alytes [42]. UCNPs can also be conjugated with different moieties or antibod-
ies to be prepared for biological assays. In one study, Li et al. [43] were able to
detect prostate-specific antigen (PSA) in human serum using luminescence res-
onance energy transfer (LRET) between UCNPs and gold nanoparticles (GNPs).
The UCNP was conjugated with an anti-PSA antibody (donor) to perform a sand-
wich assay in which the fluorescent emission from the UCNP was quenched after
binding with antibody-conjugated GNP (acceptor) (Figure 7.7).
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Figure 7.7 (a) Schematic illustration of PSA detection using LRET quenching between UCNPs
and GNPs sandwiching specific antigens. The selectivity of the test was examined in the
presence of interfering proteins such as IgG and HSA. (b, c) Fluorescence of
antibody-conjugated UCNPs on a glass slide and fluorescence quenching after addition of
antigen and antibody-conjugated GNPs. (d) The ratio of quenched UCNPs and number of total
UCNPs versus the concentration of PSA with LOD of 1.0 pM. The correlation between this ratio
and PSA concentration is found to be linear in the range of 0-60 pM concentration of PSA as
shown in part (e). Source: Li et al. 2018 [43]. Reproduced with permission of American
Chemical Society.

7.4 Fluorescent Biodots

Many investigations are currently underway concerning the imaging of the
biological molecules and cellular components using fluorescent nanomaterials.
The primary trend is to apply such materials in the precise imaging of the
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biological phenomena, which holds promise in the diagnosis and tracking of
various biomolecules. The last generation of fluorescent nanomaterials, namely
carbon-based Qdots or simply “biodots,” has attracted considerable interest
because of their exceptional properties that are useful in the biomedical imaging
[44]. Their properties, including high QY, water bioavailability, multicolor
wavelength emission, and exceptional biocompatibility make them attractive
alternatives for the current toxic Qdots. In other words, biodots possess many of
the properties of Qdots except for their toxicity, which extends the applicability
of these fluorescent nano-sized dots toward in vivo environments, including
sensing, imaging, drug delivery, and theranostics [45].

Biodots were discovered as a by-product in research work on the preparation of
carbon nanotubes [46]. Later, a group dubbed these fluorescent nanostructures
as carbon dots (c-dot). The term biodots was later given to carbon dots pre-
pared from biological sources of carbon such as plant extracts [47]. The primary
driver for the transition from c-dot to biodots was that many nonbiocompatible
compounds were needed to be used in the synthesis of c-dots. Therefore, green
approaches were introduced to minimize the environmental risk and to maxi-
mize the biocompatibility of c-dots. Therefore, green c-dots are called biodots
because of their eco-friendly origin [48]. They are prepared from various natu-
ral sources such as plant materials, animal materials, human hair, or biofluids.
The source may also include pure biomaterials such as vitamins, carbohydrates,
nucleic acids, and proteins [49]. The main feature of biodots is their exceptional
optical properties, including high resistance to the photobleaching, high QY, and
multicolor excitation emission as an agent for multiplex imaging [49].

From the chemistry point of view, biodots are mainly composed of oxygen,
carbon, hydrogen, and nitrogen atoms. Nevertheless, these atoms are organized
in such a way that they can absorb light, be excited, and emit the light in a longer
wavelength, hence demonstrating fluorescent properties. Regarding the source
material for synthesis, biodots show superior properties, as they are synthesized
using natural materials that are cheap and rich in multiple chemical groups,
which provide enough passivation of the surface not to require any doping
modifications [50].

Several approaches have been devised to prepare different types of biodots.
These methods are mainly classified into two strategies: “top-down” and
“bottom-up” [51, 52]. In top-down approaches, the biodots are created by break-
ing down the bulk sources such as multiwalled carbon nanotubes or graphite
materials under harsh physical or chemical conditions [47, 53, 54]. Whereas in
the bottom-up approaches, biodots are synthesized by the association of small
organic molecules, which exist in biological materials such as carbohydrates,
under various conditions. In most bottom-up methods, heat is recruited as the
primary tool for the formation of the fluorescent molecular structures, where
hydrothermal heating, microwave pyrolysis, and ultrasonication are among
frequently used techniques [55—57]. The most suitable method for preparation
of biodots is hydrothermal treatment, which is affordable and straightforward
and uses nontoxic material. The source material is converted to biodots through
a multistage process including dehydration, polymerization, carbonization, and
passivation [58—60] (Figure 7.8).
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7.5 Digital Microfluidic Systems for Diagnosis Detection

One of the main aims of microfluidics is to be utilized as an easy-to-use POC
system for rapid diagnosis and disease detection [61]. DMFs is one of the growing
fields within the microfluidic community with great promise for translation into
the practice [62]. Discrete droplets are manipulated within DMF platforms by
electrostatic forces. Numerous operations can be carried out for droplets in DMF
systems such as mixing, merging, transport, dispensing, and splitting [63]. These
systems do not require any pumps or valves and can handle several droplets while
specific processes are performed, independently. In addition, these devices do
not require any predesigned inlets and outlets, and a specific flow path is not
defined for them. These salient features enable scientists to integrate multistep
immunoassays into a single microfluidic-based POC device [64].

Generally, DMF systems are categorized into two classes: open and closed
systems. In the open classification, droplets are placed on top of a plate where
electrodes are installed at the bottom layer of the device, and each of them can be
controlled individually. Jain et al. investigated the effect of electrode geometry on
the velocity of droplets in an open DMF system. In this study, electrode patterns
with the shape of zigzag-flat, zigzag, interdigital, and square were evaluated
both numerically and experimentally. They realized that the configuration of
the zigzag-flat electrode led to rapid transportation of droplets [65]. Open
DMEF devices are characterized to have access to each droplet from the top side,
facilitating the delivery of droplets to different locations within the device. A
closed system is the one where droplets are surrounded between the top and
bottom plate. As the top layer exists, friction also exists that reduces the droplet
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velocity. Therefore, these devices have a lower droplet velocity compared to
open ones [66]. Unlike the open DMF systems, in closed ones, the grounding is
always the top layer.

In the beginning, the detection mechanism for DMF immunoassay was mainly
optical, where chemiluminescence or fluorescence was used for detection [67].
Miller et al. developed a DMF device that can directly perform heterogenous
immunoassay on the surface of the device [68]. As the heterogenous immunoas-
say was performed on the surface of the device, directly, the need for BSA (for
blocking the surface), beads or magnets, and carrier oil for suspending the media
and movement of droplets were eliminated. The schematic workflow of the device
is illustrated in Figure 7.9a—c.

The detection method was based on the fluorescent signal where FITC-labeled
anti-IgG nanoparticles were used as the detector, and a fluorescence plate reader
was utilized for measuring the fluorescence. By a combination of magnetic
force and DMF, A.H.C. Ng et al. proposed a new platform for particle-based
immunoassay that relied upon chemiluminescent detection [69]. In their
platform, they eliminated the usage of carrier oil, where the reagent volume,
as well as processing time, was reduced to 100 and 10 times, respectively. The
mechanism and schematic illustration of the device is shown in Figure 7.1d-f. In
another work, Choi et al. proposed an automated DMF platform for magnetic
particle-based immunoassays based on chemiluminescent detection [70]. Their
automated platform contained a 90 Pogo pin interface for DMF control, an
integrated, motorized detector for detection, and a magnetic lens assembly that
can facilitate simultaneous (up to eight) DMF magnetic separation. Furthermore,
their platform enabled investigators to gain the efficiency of design of experiment
protocol for optimization of immunoassay performance.

Recently, a DMF immunoassay was developed based on electrochemical
detection [67]. As illustrated in Figure 7.9g, gold sensing and silver count-
ing/pseudoreference electrodes were added to the upper plate. Then, stimulating
thyroid hormone (TSH) was captured by the primary antibody (mounted on
top of magnetic beads), and the captured TSH was recognized by a horseradish
peroxidase enzyme (HRP)-labeled anti-TSH antibody. Afterward, the positive
signal was detected through oxidation of 3,3',5,5'-tetramethylbenzidine by HRP.

Loop-mediated isothermal amplification (LAMP) is an emerging method for
diagnosis and detection because it can be operated at a constant temperature
while maintaining its high efficiency. Thus, the requirements of reaction facil-
ities are simplified, dramatically. The combination of DMF with LAMP can be
considered as the next step toward molecular detection. Wan et al. proposed a
DMF-LAMP system for sequence-specific pathogen detection [71]. In their sys-
tem, they improved their technique in several aspects, including a considerable
reduction in reagent consumption, increasing the sensitivity of the technique
through a short incubation time, and real-time monitoring. Also, Coelho et al.
proposed a specific DMF platform for LAMP-based amplification of c-Myc onco-
gene as a cancer biomarker [72]. Their proposed device had a retrieving reservoir
in which reagent transport, LAMP reaction, and product withdrawal occur.
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7.6 Paper-Based Diagnostics

7.6.1 Structure and Chemistry of Paper

Paper, a planar thin material, is prepared through processing of wood-based
resources such as trees where the cellulose fibers of pulp are squeezed together.
Because of the capillary wicking of water in the paper, it is used as a substrate
for the fabrication of channels and reservoirs in which fluid can flow. Further-
more, the paper is a cheap material, and microfluidic structures can easily be
implemented by using simple desktop printers and heaters. In other words, the
main feature of paper-based microfluidic devices is their exceptional potential
for mass production [73-75].

Therefore, many methods are being developed to fabricate paper-based
microfluidic devices, also known as microfluidic paper-based analytical devices
(LPADs). Nevertheless, the core technique is to print the desired pattern, such
as channels and reservoirs, from a hydrophobic ink on the paper substrates,
followed by curing the printed structure [75, 76].

Different types of papers are used as the device substrate to meet specific
requirements. For instance, papers with smaller pore sizes transport the fluid
more quickly. The difference in the chemical structure is another factor that
affects the selection of paper substrates, where for instance, nitrocellulose paper
is used for the detection of biomolecular analytes [77, 78].

As mentioned earlier, paper-based diagnostic devices have more potential
than non-paper-based devices for upscaling and commercialization. Never-
theless, some disadvantages may hamper their use for accurate detection of
diseases. The main issue is that paper has low mechanical durability, and its
porous structure may interfere with a homogenous biorecognition reaction
that may result in nonreproducible results. Furthermore, it is not a suitable
device for continuous analyses where multiple steps are needed to complete
the biorecognition reaction. Another issue with paper-based (bio)-sensing is
that paper-based readout signals are not as robust as the standard diagnostic
assays. Different strategies are recruited to address some of the above issues. In
order to obtain the maximum efficiency, modification of the texture and surface
of the paper is undertaken to improve the functionality of the device [79]. For
example, in order to increase the speed of the liquid in the device, glutaraldehyde
is used for cross-linking the paper texture. This cross-linking produces smaller
pores in the paper texture and leads to a more rapid liquid mass transportation
[78, 80]. Another strategy for improvement of the physicochemical properties
of paper-based devices is to blend them with other materials such as polymeric
materials including chitosan and plastic. This blending renders more flexi-
bility and durability to the paper while keeping its desirable physicochemical
properties [80, 81].

In order to increase the signal intensity, numerous approaches are being
applied, where incorporation of signal amplification steps is the most common
strategy. These signal amplification steps can be biological, nanomaterial-based,
or a combination of these methods. A typical example of biological signal
amplification is the application of enzymes, such as HRP, in the detection
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process. The main reason for the application of enzymes is that they transduce
a single biorecognition event into a detectable signal through the conversion of
several substrate molecules into detectable products [82, 83].

In other strategies, bimolecular targets, such as nucleic acids, are amplified by
using in vitro nucleic acid amplification methods, where the amount of target
nucleic acid is increased to a detectable level [84—86].

Apart from biological entities, nanomaterials, particularly nanoparticles, serve
as new platforms of signal amplification. For this purpose, nanomaterials can
be used to carry thousands of signal molecules where the recognition event can
trigger the release of these signal molecules, which are traceable as detectable
readouts [83, 87].

In addition to their signal-carrying capabilities, nanomaterials can serve as
artificial enzymes that mimic the function of natural enzymes and can catalyze
a signal amplification reaction similar to that of natural enzymes. Furthermore,
nanomaterials of metallic origin are widely used as microelectrodes to facili-
tate the transduction of the electrochemical signals into the readout zone of
paper-based devices [88].

In recent strategies, a combination of biological and nanomaterial-based signal
amplification methods are used, where the devices can be used for ultrasensitive
detection. A nanobiomaterial of QDs and antibody was used to detect the pres-
ence of Aflatoxin B1, in which application of QD-antibody conjugates was able
to amplify the positive signal 2 orders of magnitude more than GNP-antibody
conjugates [89-91].

7.6.2 Applications of Paper-Based Devices in the Diagnostics

Paper holds promise for fabrication of diagnostic devices owing to the cheap
source, biocompatibility, easy surface functionalization, and potential for
upscaling. Therefore, paper is best suited for application as a substrate for
fabrication of POC diagnostic devices. The application of paper-based devices
as POC solutions adds values to existing POC devices in several ways. Facile
and almost equipment-free mass production of POC devices is the main
contribution of paper-based substrates in the diagnostics industry, which
results in the production of very cheap diagnostic kits. In other words, these
characteristics facilitate dissemination of these diagnostic devices into remote
and underdeveloped areas, which in turn leads to the minimization of disease
burden in such locations through affordable diagnosis [76, 92—94].

The most challenging step in the production of paper-based POC diagnostic
devices is the integration of in vitro diagnostic approaches, such as biosensing
methods, into such devices. Based on the readout signal, mainly optical and
electrical biosensing methods are integrated into paper-based POC diagnostic
devices. Optical biosensing is rather frequent owing to its simplicity, ease of
integration, and compatibility with multiplex readouts. Nevertheless, electrical
readouts are shown to be more sensitive and can be used in reagent-free
detection systems [90, 95-100].

Paper-based biosensing is classified into labeled and label-free categories:

227



228

7 Biological Diagnosis Based on Microfluidics and Nanotechnology

7.6.2.1 Labeled Biosensing

A label is a moiety that functions as a signal molecule while a biorecognition event
occurs. The main reason for using a label molecule is that neither detection target
nor the detection ligand produces a signal during their interaction. Therefore, a
variety of label molecules is conjugated to the ligand, target, or both. Because of
the incorporation of labels in the detection process, labeled biosensing tends to
give a more sensitive signal. However, as the sensing counterparts (target and lig-
and) need to be modified, labeling may negatively affect the activity of the target
and the ligand.

Furthermore, the labeling contributes to a higher fabrication cost. Depending
on the chemical properties of the sensing counterparts and the required accu-
racy, a variety of label molecules is applied. Optical label molecules are the most
commonly used moieties, which are detected visually or by using a reader instru-
ment such as UV-Vis spectrophotometer or fluorescence reading machine. The
optical labels range from small chemical molecules to biomacromolecules, where
a variety of chemistries are applied to acquire the biorecognition signal [101].

7.6.2.2 Label-Free Biosensing

In label-free biosensing, no label is used to produce the signal. Instead, the signal
is produced through changes in the physicochemical properties of either sensor
surface, receptor, ligand, or a combination of these elements. For instance, the
recognition event may lead to changes in light reflection, electron transfer, heat
transfer, etc. [101, 102].

In paper-based microfluidic devices, the paper matrix is used to deposit
the sensing materials including nanomaterials, to produce a target-responsive
matrix. For example, for performing electrochemical analysis, conductive
materials are deposited as electrodes on the paper substrate where the signal
transduction takes place. Lei et al. has deposited a layer of carbon nanotubes,
as nanoelectrodes, on a paper device to perform a sensitive electrochemical
label-free immunoassay of biotin and streptavidin interaction with a detection
limit of 25 ng/ml [103].

The main advantage of label-free methods is their simplicity, where there is no
need for labeling. Moreover, the fabrication cost of the device is affordable, and
more importantly, the labeling does not destroy the biosensing structure.

7.6.3 Integration of Nanoparticles with Paper-Based Microfluidic
Devices

With regard to the exceptional properties of nanomaterials, they are widely inte-
grated into paper-based devices. In this section, we overview the application of a
variety of nanomaterials and their roles in these devices.

7.6.3.1 Gold Nanomaterials

Gold nanomaterials are mainly used in paper-based device detection. These
nanomaterials possess various exceptional optical properties that originate
from the oscillation or resonance of their surface plasmon (SPR). Because the
surface plasmon is sensitive to the refractive index change of the surrounding
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media, it is used to design various plasmonic-based nanobiosensors. When an
object, regardless of its origin, binds to the surface of gold nanomaterials, the
surface plasmon is changed, which gives rise to a change in the optical signal.
The mentioned object can be neighboring nanoparticles or direct deposition
of chemical layers on gold nanomaterials. In its most simple configuration, the
change in SPR can lead to a color change that can be applied for the visual
detection of targets in paper-based devices. In this context, the aggregation and
seed-mediated growth of GNPs are used to detect the analyte. Aggregation of
GNPs induces a color change; similarly, the seed-mediated growth leads to the
amplification of specifically surface-bound GNPs that serve as nuclei of the gold
nanomaterials deposition [104].

As an example of gold nanomaterial-based visual detection, GNPs were used
to detect the presence of tuberculosis bacterium (TB) DNA. The study showed
that TB DNA could induce aggregation of GNPs, which leads to a change in color
in the GNP solution, and the intensity of this color change can be analyzed after
transferring the complete reaction to wax-printed microwells on paper. Later,
the image of each reaction zone is captured by a mobile phone and then ana-
lyzed to quantify the extent of signal intensity. In this work, the paper serves as
an adsorbent to remove the fluid of the reaction (Figure 7.10a) [105].

In addition to infectious disease biosensing, GNP-based signal amplification
was recruited to detect cancer protein biomarkers. In this detection method,
authors report on the application of a gold nanobioconjugate that carries multiple
HRP signal molecules and the recognition antibody. In this work, a nitrocellu-
lose paper substrate was used to blot the sample, followed by the addition of the
as-prepared nanobioconjugate. In the next step, detection is performed based
on the HRP-TMB reaction. Compared to conventional ELISA, this method was
shown to lead to more intense color development, indicating the signal amplifi-
cation of the nanobioconjugate (Figure 7.10b) [83].

In addition to optical detection chemistries, gold nanomaterial-based elec-
trodes have been integrated into paper-based devices to improve the limit of
the detection figure of merits. In some configurations, the electrode was printed
on the paper substrate using screen-printing technology, and microfluidic
structures were fabricated using photolithography. This device has been used to
detect several bioanalytes using oxidase enzyme reactions, in which the electrode
was used to transfer the produced electrons to signal processing parts [107].

7.6.3.2 Fluorescent Nanomaterials
The high sensitivity of fluorescent nanotags has led to the design of ultrasensi-
tive, yet simple paper-based devices that are used to detect minute quantities of
analytes. Nevertheless, in the readout of the nanobiosensing process, a device is
needed that can excite and read the fluorescence signals. This issue, however, has
been partially addressed by analysis of the signals by using smartphone-based
fluorescence detectors.

Qdots [108] and UCNPS [109] are the main classes of the nanomaterials that
have been embedded into paper-based devices. As explained in Section 7.2,
Qdots are tiny semicrystal fluorescent nanoparticles. These nanoparticles have
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Figure 7.10 Integration of nanoparticles with paper-based microfluidic devices for biological
diagnosis. (a) The visual paper-based detection of TB DNA based on the aggregation of gold
nanoparticles. Source: Tsai et al. 2017 [105]. Reproduced with permission of American
Chemical Society. (b) The paper-based signal amplification for the detection of cancer
biomarker. Source: Huang et al. 2018 [83]. Reproduced with permission of American Chemical
Society. (c) The principle of the 3D paper device integrated with Qdots for phycocyanin
detection. Source: Li et al. 2017 [106]. Reproduced with permission of American Chemical
Society.

been used in a variety of paper-based biosensing configurations. In one configu-
ration, an origami-based 3D paper device was used to detect phycocyanin using
molecularly imprinted Qdots. When the phycocyanin migrates toward the Qdots
and binds to them, the emission of the Qdot is quenched compared with the
unbound Qdots, leading to an “on-off” paper-based device (Figure 7.10c) [106].
As discussed in Section 7.3, UCNPs are another class of the fluorescent
nanomaterials which have found many applications in ultrasensitive cellular and
molecular tracking systems. Therefore, they have been applied to detect targets
in paper-based devices because of their exceptionally high QY and prolonged
decay. In a study by He et al., a portable UCNP-based paper device has been
designed to detect cocaine, where an aptamer-based fluorescence-quenching
detection system was applied. In this detection system, GNPs, which had
been preconjugated to the free ends of the cocaine aptamer and UCNPs, were
immobilized on the paper surface. In its unbound form, the GNP was not
located in the vicinity of the UCNP. However, binding of the cocaine to the
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aptamer induced the conformational change of the aptamer, which culminated
its two ends. This culmination led to quenching of the UCNP signal by the
GNP. Therefore, with increases in the concentration of cocaine, the fluorescence
decreased in the microwells of the paper-based device [110].

7.7 Conclusion and Future Perspective

Early biological diagnosis means detecting a marker or markers that manifest
a particular disease before clinical symptoms. Early detection is crucial for
managing chronic diseases such as cancer before further complications. Thus,
an efficient diagnostic assay should possess high sensitivity, high selectivity,
reliable limit-of-detection, and other analytical metrics. The combination of
microfluidics and nanotechnology can lead to the development of highly efficient
platforms for effective biological diagnosis. Microfluidics can hugely affect this
field by high-throughput production and screening of nanoparticle-based diag-
nosis, making nanotechnology more appealing for clinical applications. Qdots,
UCNPs, and biodots are three principal nanoparticles that are used for biosens-
ing and POC applications. In this chapter, we discussed the integrations of these
nanoparticles with microfluidic platforms for biological diagnosis. Furthermore,
we evaluated the applications of two emerging formats of microfluidics, i.e.
DMFs and paper-based microfluidics, for biological diagnosis.

The application of signal quantification methods, such as image-processing
procedures, can be adopted as an efficient strategy to cope with the challenges in
signal quantification, which are generated in the microfluidic devices. Currently,
the integration of nanomaterials and mobile-based image processing technolo-
gies in microfluidic-based diagnostics have opened up a tremendous opportu-
nity for end user scale implementation of analytically robust and fully automated
low-cost devices. The less-developed part of microfluidic-based biosensors is the
absolute quantification of signals, broadening the dynamic range and the multi-
plicity of the devices. It is evident that addressing the above challenges requires
further efforts in the development of novel readout devices that can analyze the
signals in reliable levels and be comparable to standard analytical instruments.
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