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Abstract

Quantum dots (QDs) are synthetic semiconductor nanocrystals with unique optical and electronic properties due to their
size (2-10 nm) such as high molar absorption coefficient (10—100 times higher than organic dyes), resistance to chemical
degradation, and unique optoelectronic properties due to quantum confinement (high quantum yield, emission color change
with size). Compared to organic fluorophores, the narrower emission band and wider absorption bands of QDs offer great
advantages in cell imaging and biosensor applications. The optoelectronic features of QDs have prompted their intensive
use in bioanalytical, biophysical, and biomedical research. As the nanomaterials have been integrated into microfluidic
systems, microfluidic technology has accelerated the adaptation of nanomaterials to clinical evaluation together with the
advantages such as being more economical, more reproducible, and more susceptible to modification and integration with
other technologies. Microfluidic systems serve an important role by being a platform in which QDs are integrated for
biosensing applications. As we combine the advantages of QDs and microfluidic technology for biosensing technology,
QD-based biosensor integrated with microfluidic systems can be used as an advanced and versatile diagnostic technology in
case of pandemic. Specifically, there is an urgent necessity to have reliable and fast detection systems for COVID-19 virus.
In this review, affinity-based biosensing mechanisms which are developed with QDs are examined in the domain of
microfluidic approach. The combination of microfluidic technology and QD-based affinity biosensors are presented with
examples in order to develop a better technological framework of diagnostic for COVID-19 virus.
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1 Introduction

Quantum dots (QDs) are semiconductor nanocrystals which
show unique optical and electronic properties due to their size
(2-10 nm). The size of QDs is smaller than the Bohr radius,

< Levent Trabzon
levent.trabzon @itu.edu.tr

Nanosicence and Nanoengineering Department, Istanbul Technical
University, Istanbul, Turkey

Nanotechnology Research and Application Center — ITUnano,
Istanbul Technical University, Istanbul, Turkey

MEMS Research Center, Istanbul Technical University,
Istanbul, Turkey

Department of Chemistry, Istanbul Technical University,
Istanbul, Turkey

Faculty of Mechanical Engineering, Istanbul Technical University,
Istanbul, Turkey

which quantizes energy levels and as a result, QDs exhibit
very different optoelectronic properties from bulk materials
due to quantum confinement effect. So far, QDs have been
intensively used in important research areas such as
bioimaging [1, 2], diagnostic [3], drug imaging [4], and bio-
molecular interactions [5—8].

Many of the organic dyes and protein-based fluorophores
have serious chemical and photophysical problems such as
photochemical changes, pH sensitivity, and short-term stabili-
zation in aqueous medium. These problems restrict the effec-
tiveness of organic fluorophores in cell imaging and biosensor
applications. In general, fluorophores have narrow absorption
and wide emission bands. However, the narrow emission bands
and symmetrical bands in the wide absorption spectrum of QDs
offer great advantages in cell imaging and biosensor applica-
tions compared to organic fluorophores. These features of QDs
can be used to trace multiple biological targets simultaneously
without need of complex instrumentation. To mention other
advantageous properties of QDs, they have higher quantum
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efficiency as well as the higher molar absorption coeffi-
cient (10-100 times) compared to organic dyes and
have wider Stokes shifts. QDs also offer some advan-
tages in electrochemical applications with their semiconduc-
tor features; electrochemical luminescence (ECL) emission
ability, effective redox ability, and low power requirements
in applications [9, 10]. All these superior physical and chem-
ical features of QDs have led to their intensive use in
bioanalytical, biophysical, and biomedical research [11-13].

Another important research field benefiting from the opto-
electronic and electrochemical advantages of QDs is biosen-
sor applications. In recent biosensor studies, trend toward
using QDs instead of the fluorophores is increasing. QDs are
preferred to develop both optical and electrochemical trans-
duction systems in affinity [14—16] and catalytic [17-19] bio-
sensor applications. Integration of a biosensing mechanism in
the microfluidic system brings an innovative approach to bio-
sensor applications. Design of microfluidic systems and dif-
ferent microfabrication methods enhance biosensor perfor-
mance and comfort of use by increasing sensitivity, decreas-
ing response time, multiplexed detection, being portable,
miniaturizable, small amount sample requirement, and being
allowed integration multiple transduction systems.

The technology of microfluidic would make it possible to
accelerate the use of nanoparticles in clinical evaluation with its
advantages of being economical, reproducible, and susceptible
to modification and integration with other technologies [20,
21]. Microfluidic systems are the evaluation of microfluidic
disciplines and microsystems based on the use and/or transfer
of fluids in various mechanisms in devices with an inner size of
pum range [22, 23]. This obtains controlled diffusion within the
microsystem, stable, and homogeneous liquid-liquid interface
interactions in cellular dimensions. A combination of integrated
microfluidics systems has also revealed the field of “Micro
Total Analysis Systems (LTAS)”, in different words “On-
Chip Laboratory (Lab-on-Chip-LoC) technology [24, 25]. By
using advanced microfabrication techniques with LoC technol-
ogy, protocols that can be realized in macro-scale laboratory
conditions are used in micro-scale by using microfluidic chan-
nels, micro-mixers, micro-heaters, micro-valves, and micro-
pumps together on the chip [26]. Thus, the development of
portable, automatic, and fast-responsive devices has become
possible with the improvement of LoC technologies in recent
years. The downsizing of devices also reduces the use of fewer
ingredients for an experimental procedure that can be devel-
oped in the chip and also contributes to a homogeneous and
standard synthesis formation. The desired processes have been
developed by designing microchannels suitable for the elec-
trodes and patterned surfaces, modifying them in various appli-
cations, and with various nanomaterials [20].

Thus, it is an advisable approach to combine the advan-
tages of QDs with microfluidic system technology in order to
obtain unique and versatile platform in biosensor applications.
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Mass transfer in short diffusion distance in the microfluidic
system and the large surface area/volume ratio of the QDs
enable to reduce response time of the optical sensor and in-
crease sensitivity of sensor [27]. In this perspective, there are
some very recent attempts for Covid-19 detection, such as
developing affinity-based optical biosensors with QDs in a
lateral flow immunoassay to detect IgG/IgM which are spe-
cific for SARS CoV-2 [28, 29]. In this review, considering all
the advantages of QDs and microfluidic systems, we present a
holistic perspective by reporting the related studies on the use
of QDs with microfluidic systems and affinity biosensors.
Thus, a new approach would be established in order to devel-
op the point-of-care (PoC) field for diagnostic in pandemic
times.

For the sake of completeness, we will explain important
features of bioelements in biosensing in the first section, and
then the use of QDs in microfluidic system is discussed in
terms of affinity sensing with a focus of optical and electro-
chemical approaches in the second part, and design and fab-
rication issues of QD-based affinity sensors will be given in
the last section. Moreover, the use of microfluidic system with
QDs to diagnose COVID-19 will also be elaborated in the
corresponding sections with a future perspective at the end.

2 Affinity biosensors

A biosensor is an analytical detection device that converts
physicochemical changes on its transducer part to quantifiable
signal by electronic parts of it. The transducer part of biosen-
sors is modified by bioelements that interact with an analyte
which is desired to be detected, wherein the result of this
interaction appears as a physicochemical change like electri-
cal, optical, mass, or thermal change. In terms of affinity bio-
sensors incorporating affinity-based bioelements which are
immobilized on or near the transducer, bioelements can re-
versibly detect analytes with a high selectivity and affinity
nondestructively [30, 31]. The principle of affinity biosensors
is a stable and selective formation between an appropriate
analyte—bioreceptor which gives a response signal by a trans-
ducer. Bioelements that are incorporated in affinity biosensors
are commonly antibody—antigen, oligonucleotides, aptamers,
and molecularly imprinted polymers. Phages, molecularly
imprinted polymers (MIPs), aptamers, and peptide nucleic
acids (PNAs) are used as new generation of affinity
bioelements. These receptor molecules are used in various
types of transducers to analyze the interaction; such as quartz
crystal microbalance (QCM), surface plasmon resonance
(SPR), surface acoustic wave, fluorescence spectroscopy, total
internal reflection fluorescence, amperometry, potentiometry,
and impedance spectroscopy [32]. Bioelements, which are
commonly used in biosensing, will be briefly introduced in
the coming sections.
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2.1 Antibody-antigen interaction-based biosensors

Antibodies are proteins that are produced in response to
foreign substances (antigens), such as toxins, drugs, virus
particles, and bacterial toxins. Production of antibodies is
based on animal immunization by white blood cells against
the antigen. Limitations of using antibodies due to their
protein structure are pH, temperature sensitivity, short shelf
life, and easy degradation. They can be integrated with a
variety of biosensor applications at appropriate conditions.
Biosensors developed by antibody—antigen interaction are
called immunosensors and various transduction methods
have been used in immunosensor studies such as optical,
electrochemical, mass-based transduction. Commercially
available and most frequently used immunoassays are
enzyme-linked immunosorbent assay (ELISA), radioim-
munoassay, and chemiluminescent immunoassay [33, 34].

2.2 Nucleic acid-based biosensors

The principle of the nucleic acid-based biosensors lies in
hybridization between complementary and template
single-stranded deoxyribonucleic acid (ssDNA) or ribonu-
cleic acid (ssRNA). Due to the hybridization characteris-
tics of oligonucleotide probes, they are immobilized on a
transduction platform to be hybridized with the target se-
quence. Other nucleic acids are PNAs which are synthetic
oligonucleotide analogs that exhibit superior hybridization
characteristics and improved chemical (wide range of
temperatures and pHs) and enzymatic stability, therefore
making them more feasible than DNA [35]. Since more
durable and stable biosensors are developed with artifi-
cially synthesized PNA sequences, various transduction
methods have been integrated with PNA in affinity sen-
sors [36, 37].

2.3 Aptamer-based affinity biosensors

Aptamers are either ssDNA or RNA and peptide molecules
that are capable of binding to a wide range of target proteins
with high affinities and specificities. Aptamers show expo-
nential expansion with significant advantages for affinity
biosensing applications. They undergo a significant confor-
mational change in the three-dimensional structure and
folding pattern upon binding to the target. As an alternative
to natural antibodies, aptamers possess high affinity and
specificity. Aptamers can be easily modified with a variety
of functionalities such as fluorescent labels, biotin, and en-
zymes; it makes possible to have the design of flexible
sensing platforms in addition to some advantages which
are less expensive, more stable, and easy synthesis [38].

2.4 Molecularly imprinted polymer-based biosensors

MIPs are described as plastic antibodies, because of their
selectivity against an analyte. Polymerization around the
template molecule is attributed to the process of “molecular
imprinting”. After molecular imprinting process, template
molecules are rinsed from polymer structure to obtain a
well-defined complementary cavity to template molecule
on the surface of the polymer structure. The advantages of
MIPs involve their high chemical and physical stability in
that they hardly decompose or they demand no specific
storage conditions. Therefore, in affinity biosensor applica-
tions, MIPs are preferred increasingly [39]. There are also
some drawbacks of MIPs; such as, leakage or incomplete
removal of the template, random distribution of binding
site, nonhomogenous morphology, and slow mass transfer
[40].

3 Integration of an affinity biosensor
by quantum dots in microfluidic system

In an affinity biosensor construction by QDs in microfluidic
system, conjugation between QDs and bioelement is a very
critical step. The conjugation of QDs with biomolecules began
by creating a fluorescent label for biological imaging in the early
1990s [41]. Covalent or non-covalent binding approaches are
used for conjugation of biomolecule-QDs. Accepted and fre-
quently applied QD conjugation protocols in bioapplications
are streptavidin/avidin binding to biotin, carbodiimide chemistry
(EDC/NHS binding), and maleimide thiol binding [42]. In
EDC/NHS (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/
N-hydroxysuccinimide) chemistry; EDC binding to the NHS
carboxyl group forms an amide bond between QDs and protein
by creating an intermediate of O-acylurea that replaces first-
degree amines. Amine-bound QDs can also be biotinylated
using the NHS molecule and then they can be easily conjugated
with streptavidin-bound biomolecules. Controlling the orienta-
tion and the number of biomolecules bound on the QD is crucial
in order not to affect the active binding site (affinity) of the
biomolecule [11, 42, 43]. Response mechanisms of conjugated
QDs for an affinity-based interaction are Forster resonance en-
ergy transfer (FRET), bioluminescence resonance energy trans-
fer (BRET), charge transfer (CT), quenching, and electrochem-
ical luminescence [43]. In affinity biosensors, different types of
nanoparticles have been used as labels to enhance the sensitivity
of optical and electrochemical assays. Among these nanoparti-
cles, QDs have been widely used to develop effective optical
and electrochemical biosensing. Sensitivity and reliability were
also increased in the detections with the use of QD-conjugated
bioelements.

It is exemplified by QD-based affinity to show increased
sensitivity of biosensor. Carcinoma embryonic antigen (CEA)
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and «-fetoprotein (AFP) cancer biomarkers are bound to
CdSe QDs by EDC/NHS chemistry and biomarkers are mea-
sured providing a detection linear range of 0.5-500 ng/mL
with fluorescence emission after affinity-based interaction.
Compared with the commercial ELISA kit, high compliance
was detected in the QD-conjugated system with serum sam-
ples and 97.0-107.4% recovery in CEA detection, 93.0—
104% recovery in AFP detection was handled [16].
Detection of Zika virus antibodies was studied by
fluoroimmunological measurement with QDs in 2019 [44].
In this study, interaction with Zika virus antibodies was im-
plemented on polystyrene microplate coated with Zika virus E
proteins. Zika virus antibodies were detected by fluorescence
intensity obtained with secondary antibodies conjugated with
QDs. In the ELISA system, enzymes are conjugated to sec-
ondary antibodies, when the secondary antibody binds to the
target molecule, it differs in enzymatic activity and the color
change is observed on the microplate. However, QDs were
used instead of enzymes in this system to detect Zika virus
antibodies and higher sensitivity was obtained compared to
ELISA tests.

The emission of QDs in different sizes at different wave-
lengths in narrow ranges is used to detect multiple target mol-
ecules which is also defined as QD barcoding in the literature.
H9 avian influenza virus and MHV68 virus were indepen-
dently determined qualitatively with CdTe QDs that emit
green fluorescence light at 535 nm emission wavelength and
orange fluorescence light at 585 nm emission wavelength
[45]. This sensitive sensing mechanism needs a suitable plat-
form to be useful in applicable platforms. Microfluidic sys-
tems can be used as a platform to get highly sensitive QD
integrated affinity biosensor in a virus detection with high
correctness.

Development of an affinity biosensor in microfluidic sys-
tem is very convenient for designs and diversity of integration.
In recent years, microdevices have been developed to detect
smaller pathogens like coronavirus, the human immunodefi-
ciency virus (HIV), and Zika virus [46, 47]. Recently, SARS
CoV-2 polymerase chain reaction (PCR) was performed in
electrochemical microfluidic device with detection of ampli-
fied nucleic acids on a Silicon-based transducer [48]. In an-
other study, an optical microfluidic device was developed to
detect antibodies against SARS CoV-2 (Covid-19) by local-
ized surface plasmon resonance transduction method.
Antibodies against the SARS-CoV-2 spike protein were de-
tected in approximately 30 min in a diluted human plasma
(1:1000), with the limit of detection (LOD) of 0.08 ng/mL
[49]. Fluorescene-Based multiple detection system for IgG,
IgM antibodies and antigen of SARS-CoV-2 were developed
simultaneously in a single microfluidics chip within 15
min [50]. In general aspect, microfluidic devices also offer
multiple advantages such as detection in a shorter duration,
low cost, capacity of multiplexing, no sample pretreatment, as
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well as the system can be integrated with other platforms to
induce higher specificity, sensitivity, and selectivity [51-53]
so that a versatile approach is to be developed to diagnose
pathogenic organisms including Covid-19.

To obtain a comprehensive approach for integration of QD-
conjugated biosensing mechanisms and microfluidic system
to construct an affinity biosensor, optical and electrochemical
transduction methods are also specifically reviewed and
examplified with related findings in Sections 3.1 and 3.2.
Specifically, optical and electrochemical affinity biosensors
with QDs in the microfluidic system research of the last two
decades are reviewed in Table 1. In these studies, active sens-
ing regions were created in the microfluidic system, where
optoelectronic changes occur as a result of the interaction of
the target molecule and QD-conjugated bioelement.

3.1 Optical affinity biosensors by quantum dots in
microfluidic system

In affinity-based biosensor studies with QDs, it has been
shown that a more sensitive and reliable detection can be
made. Conjugation of QDs with biomolecules has been
experimented for protein detection in applications such as
ELISA [75], Western blotting [76], and microarray [77].
Small organic dye molecules are commonly preferred in such
systems. Considering the advantages of QDs, studies have
been carried out to use QDs in the most efficient way instead
of fluorescent dyes. The aforementioned features of QDs
make an optical detection more sensitive, reliable, and give
the ability to make multiple optical detections at the same
time. QDs modified with biomolecules are generally used in
solution or by binding on a solid phase such as microsphere.
Steric hindrance of modified QDs in the solution has created a
trend that it will be more advantageous to use it by depositing
it on a certain support surface. On the other hand, there is a
challenging problem of colloidal stability in the solution, but
microfluidic systems designed with microfabrication tech-
niques create a suitable platform to maintain its stability [20,
27, 57]. When microfluidic system technology is combined
with the advantages of QDs, biosensors capable of optical
detection would be better in quality.

In the study about the development of a lateral flow test, two
different subtypes of Influenza A (HS and H9) were detected at
the same time by conjugating antibodies with QDs [78]. The
test strips were developed with the sandwich-type immunolog-
ical detection principle and integrated into a small portable
device (fluorescent scanner). The fluorescence emission inten-
sity results from interactions between antigen—antibody were
detected in 15 min with the fluorescent scanner. After H5, H9,
and control lines were stimulated with UV at 365 nm wave-
length, QD-conjugated antibodies produced a bright fluores-
cent emission in affinity lines. The limit of detection (LOD)
was determined as 0.016 HAU (hemagglutinated unit) and 0.25
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HAU for H5 and H9, respectively, and matched 100% in
positive/negative results compared to real-time PCR.

Parallel assays are possible in the QD-based biosensor with
a microfluidic system. There is a good example for a parallel
assay in a microfluidic system by QDs [58]. The QD-based
optical biosensor was developed in a microfluidic system that
can detect different genotypes of the hepatitis B virus (HBV).
Biotinylated oligonucleotides were synthesized for HBV ge-
notypes B, C, D, and E then they have been bound to avidin-
functionalized microsphere. Separate sensing chambers were
designed in the microfluidic system for 4 different genotypes
immobilized to the microspheres and these microspheres were
sent to the microchambers. By using QDs as a fluorescent
label, the detection limit in the detection of the synthetic target
ssDNA chain has been reduced to 4 pM. HIV (10°/mL copy)
was detected in the microfluidic system that can separate the
different HIV genotypes after RNA amplification from the
serum and labeling it by QD. This study shows that multiple
detections are possible not only with QDs emitting different
wavelengths but also with microfluidic system design.

Three different cancer biomarkers were detected using
QDs in a microfluidic system [56]. Linear detection ranges
of Nano-bio-chip (NBC) system were 0—100 ng/mL, 0-60
ng/mL, and 0400 U/mL for CEA, Her-2/Neu, and CA125,
respectively. Compared to the QD-based sandwich assay and
ELISA, the results were 1.9 times more sensitive. In the study,
a performance comparison was also made with QD and
fluorophore (Alexa Fluor 488-AF488) in the microfluidic sys-
tem. LODs were measured for CEA with results 0f 0.02, 2.61,
and 1.20 ng/mL for NBC-QD, NBC-AF488, and ELISA, re-
spectively. LODs were measured for Her-2/Neu with results
of 0.27, 3.70, and 1.50 ng/mL for NBC-QD, NBC-AF488,
and ELISA, respectively. The sandwich assay developed with
QDs has been shown to give better results for the detection of
target molecules at very low levels.

A bead-based array was developed that can detect adeno-
sine and cocaine in parallel in the microfluidic system [61].
Microbeads were functionalized with HRP (horseradish per-
oxidase) and aptamers specific to adenosine and cocaine,
modified electron rich proteins, and streptavidin-conjugated
QDs, gold nanoparticles (AuNPs). This multi-functional de-
sign provides a signal in dual amplification. Electron rich pro-
tein structure is constructed with casein modified by covalent-
ly coupling with 4-OH-PPA-NHS (3-(4-Hydroxyphenyl)
propionic acid N-hydroxysuccinimide ester). The 3'-biotin
modified aptamers and biotinylated4-OH-PPA-casein conju-
gates were bond to polystyrene beads. Microparticles func-
tionalized with different aptamers were entrapped in different
microchambers. Then, HRP solution with AuNPs as capture
probe was passed over beads in order to induce hybridization
with aptamer. After the washing steps, biotin-conjugated ty-
ramine and peroxidase enzyme substrate, H,O,, were sent in
microflow. In the last step, streptavidin—QD conjugate was

sent for labeling and the fluorescence intensity was checked
with a fluorescence microscope. A catalytic reaction was car-
ried out in peroxidase substrate solution and a reporting step
was followed using the streptavidin-conjugated QDs.

As stated in the examples, QDs are generally used as label-
ing agents in optical-based biosensors. In order to observe the
interaction of QD-labeled biomolecules with the target mole-
cule in the microsystem, it was necessary to create a detection
zone. In some studies [62, 67], biomolecules and target mol-
ecules are attached to magnetic particles that are held in a
certain place with a magnet by using superparamagnetic par-
ticles in immunomagnetic separation technique. Magnetic
particles are entrapped in the detection zone by an externally
applied magnetic field in the microfluidic system. The target
cells were interacted with antibody-conjugated QDs, and
antibody-bound superparamagnetic particles have flowed
through two different inlets of the microsystem [62]. A borate
buffer was used to drain unbound QDs. Salmonella
typhimurium bacteria species optically were detected by mag-
netic separation in the microfluidic system with the results of
1.0x10% to 1.0x10” for CFU/mL and LOD 43 CFU/mL for
LOD [67]. QD-MnO,-pAb complex was sent from the 1%
inlet of the microchannel, and the target molecule
Salmonella typhimurium bacteria cells and modified magnetic
nanoparticles (MNPs) by Anti Salmonella typhimurium
monoclonal Ab (mAb) were sent through the 2" inlet of the
microfluidic system for mixing and incubation. Then, the
complex structure of QD-MnO,-pAb-MNP-mAb-
Salmonella typhimurium was kept in the detection zone by
externally applied magnetic field. The optical detection was
achieved by using glutathione (GSH) solution at the 3" inlet.
Thus, with the fluorescence intensity determined by the releas-
ing of QDs from QD-MnO,-pAb-MNP-mAb-Salmonella
typhimurium complex, the amount of Salmonella
typhimurium bacteria was correlated with the intensity of
measurement.

In addition to developing biosensors by observing the fluo-
rescence change after the interaction of the target molecules
with QD-labeled biomolecules in the microfluidic system,
FRET has also been developed using QDs [64, 79-81]. The
occurrence of FRET-based optical change is observed by con-
formational changes in the intermolecular distance of 1-10
nm. Combining the advantages of using FRET-based optical
changes in a molecular assay and the unique properties of
QDs, a more optimum measurement system has been created
[64, 79-81]. QDs are generally used as donor molecules in
FRET assays [60, 82, 83]. In affinity-based interactions with
sandwich assay format, the combination of direct incoming
excitation fluorescence and fluorescence detected by reso-
nance energy transfer is measured. The integration of FRET
assay and microsystem is offered to overcome some of the
challenges with bulk and mesoscopic methods [82]. These
challenges usually consist of passivating the QDs against

oArco g i s acols

QATAR UNIVERSITY @ Springer




196

emergent mater. (2021) 4:187-209

non-specific adsorption, slow kinetics of hybridization (e.g., 1
h), and limited use in practice.

QD-based FRET integration with affinity biosensing is
used to sense proteins, peptides, nucleic acids, and small mol-
ecules by utilizing the affinity between bioelement and ana-
lyte. Analytes or bioelements are labeled by QD-dye or QD-
QD to design a FRET sensing mechanism obtaining donor
and acceptor molecules by QD or dye [82]. There are affinity
binding examples of creating a donor molecule by labeling the
recognition element with QD to create a FRET-based biosen-
sor mechanism; these are nucleic acid hybridization [84], af-
finity binding between transcription factors-double stranded
DNA [85], aptamer-analyte [86], and antibody-antigen [87].
In terms of the microfluidic approach, studies on FRET-based
detection by QDs are very rare. In one of the related studies, an
optical system in a QD-based microfluidic system was devel-
oped capable of detecting breast cancer-specific miRNA and
supporter DNA with time-resolved FRET in which a
fluorophore was monitored over a period of time after a gating
delay at a particular wavelength [81]. In this study, selective
and sensitive results were obtained with the biosensor devel-
oped in serum tests (R?is 0.9408 and 0.9525, for miRNA and
supporter DNA, respectively).

While biomolecules have an optical response by labeling
them with QDs, in some studies, fluorescence emission is
utilized after the target and QD-labeled receptor molecule hy-
bridization by fluorescence quencher role of materials such as
graphene oxide (GO). GO-QD-linked molecules, which are
usually oligonucleotides or aptamers, containing ssDNA
structure, produce fluorescence quenching by 77t stacking.
The reason of quenching is the non-radioactive electronic ex-
citation energy transfer between the QD and GO (FRET pro-
cess), and its large absorption cross-section. When the target
molecule is sent onto the quenched QD-GO-receptor complex
structure, the established quenching is distorted due to the
target molecule-receptor interaction and fluorescence emis-
sion occurs at the correlation of target molecule concentration.
Mesoporous silica nanoparticles (MSNs) were modified with
QDs and aptamers causing fluorescence quenching on GO by
mi—t stacking with ssDNA [63]. Later, the specific interaction
of aptamers in the ssDNA structure with cells of different
concentrations reduced the fluorescence quenching and
caused fluorescence emission proportional to the cell concen-
tration (see Fig. 1). Ara hl protein, which is a peanut allergen,
was detected in the microchannel with GO and QD- conjugat-
ed to the aptamer [64].

3.2 Electrochemical affinity biosensors by quantum
dots in microfluidic system

QDs are most commonly used as labeling agents for bio-
imaging and biosensing to take advantage of their optical fea-
tures and stability; however, QDs have also interesting
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electrochemical properties. To develop both catalytic [88]
and affinity [14, 89, 90] based electrochemical biosensors,
QDs offer some advantages in electrochemical biosensing
near its optical advantages which are sturdy chemical inert-
ness, high detection sensitivity, ECL emission properties, in-
herent miniaturization, and low power requirements [9].
Photoelectrochemical (PEC) sensors have attracted attention
in different areas which are the clinical diagnosis, biological
research, and biodefense applications. In the past few years,
large optical cross-sections and tunable bandgap due to the
quantum size attract prominent attention in electrochemical bio-
sensing platforms. Graphene-QD hybrid materials are examined
in photoelectrochemical changes for sensing applications. In
addition to affinity-based assays, graphene-QD hybrid structures
have also been studied in catalytic measurements [91]. In addi-
tion to graphene, other graphitic nanomaterials and QD-based
hybrid structures are also gaining importance in bio-imaging and
biosensor studies. It was reported that the composite form of 2D
hexagonal Boron Nitride (h-BN) with graphene-QD can be used
as a biological probe for intracellular imaging [92]. QD hybrid
structures with graphitic Carbon Nitride (CN) nanomaterials
change the photocatalytic effect of active sensing surface when
excited in visible light [93]. Thus, the PEC signals of the bio-
sensor are to be amplified (see Fig. 2). In order to highlight this
issue, photoelectrochemical tetracycline (TET) determination
was performed by immobilizing TET binding aptamer to the
hybrid structure formed with graphitic-C3Ny4 (g-C3Ny) and
CdS QDs [94]. In this study, the amount of TET could be de-
termined in the range of 1.0 x 107°-2.5 x 107’ M and the
detection limit decreased to 5.3 x 107 M. A more sensitive
biosensor was developed with the hybrid structure of g-C3Ny
and CdS QDs compared to different methods of TET determi-
nations. Prostate specific antigen (PSA) was detected immuno-
logically by hybrid g-CsNy@Carbon QDs with Cu nanostruc-
tures. Due to the strong coordination between Cu®* jons and the
hybrid structure, a decrease in photocurrent was observed in
proportion to the amount of Cu bound to PSA. When the
ELISA test was compared with the new biosensor with a linear
measuring range of 0.02-100 ng/mL and LOD of 5.0 pg/mL,
results are matched successfully [95]. In another study, by using
the quenching of the PEC signals on the CdS@g-C3;N,4 hybrid
structure by means of Cu”* ions, a linear detection range of 1.0 x
107"'-5.0 x 10 %g/mL and LOD of 4.0 pg/mL was achieved in
the immunological detection of PSA [96]. The electrochemical
detection method was also used for heavy metal detection,
which can be reduced with a certain voltage and accumulated
on the electrode. Then, reoxidation of these ions induces
voltammetric signals which are interpreted as the presence of
heavy metal. Based on this principle, the receptor molecules
labeled with QDs containing heavy metals in their cores, which
are usually DNA, aptamer or an antibody, can be determined by
stripping voltammetric analysis by detecting the QDs bound on
the target molecule concentration [97-100]. When QDs which
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Fig. 1 Fluorescence photographs of probes incubated with different
concentrations (a) MCF-7 cells (from a to e: 180, 2 x 103, 2 x 10%, 10°,
and 2 x 10° cells/mL, respectively), (b) HL-60 cells (from ato e: 210, 3 x
10%,3 x 10%, 3 x 10°, and 3 x 10° cells/mL, respectively), and (¢) K562
cells (from a to e: 200, 10°, 2 x 10* 2 x 10°, and 2 x 10° cells/mL,
respectively). Fluorescence emission change after quenching QD fluores-
cence with GO structure at the end of hybridization of aptamer and cells at
different concentrations, (d) MCF-7 cells (from a to h: 0, 180, 500, 2 x
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Fig. 2 PEC signals from F-doped SnO, conducting glass modified with
hybrid structures (a) g-C3Ny, (b) CdS, (c) g-C;N4@CdS. Reprinted with
permission from Ref. [94]. Copyright © 2016, American Chemical
Society
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10%,2 x 10%, 10°,2 x 10°, and 2 x 107 cells/mL, respectively), (¢) HL-60
cells (from a to h: 0, 210, 500, 3 x 10%,3 x 10%,3 x 10°, 3 x 10°, and 3 x
107 cells/mL, respectively) and (f) K562 cells (from a to h: 0, 200, 500,
10%, 2 x 10%, 2 x 10°, 2 x 10°, and 2 x 107 cells/mL, respectively).
Logarithmic calibration curve for (g) MCF-7 cell, (h) HL-60 cells and
(7)) K562 cells. Reprinted with permission from Ref. [63]. Copyright ©
2016 Elsevier

have different reduction potentials are tagged to different sens-
ing molecules, simultaneous multiple detections can be achieved
[101]. In electrochemical affinity-based assays developed by
QD labeling which includes Cd, Zn, Pb in the core, reduction
of jons like Cd** ions to Cd°, Zn** ions to Zn° and Pb** ions to
Pb° from the QDs occurs an accumulation on the working elec-
trode [102]. The further reoxidation of Cd® to Cd**, Zn® to Zn**,
and Pb” to Pb** give the electrochemical response to be used as
a voltammetric analytical signal. It is an acidic solution to release
the metal ions required for the first step. In a QD-labeled sand-
wich assay, when the Cd, Zn, and Pb containing QDs were
dissolved, Cd**, Zn>*, and Pb>" were detected by square-wave
stripping voltammetry to enable the quantification of target mol-
ecules in affinity interaction. In particular, the affinity-based
biosensing is based on QD labels due to an electrochemical
signal by stripping analysis, because QDs exhibit sharp and
well-resolved stripping voltammetry signals with the well-
defined oxidation potentials of the metal components.
Ultrasensitive electrochemical affinity biosensors have been
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developed as nano-tracers with a low detection limit of stripping
analysis [14, 70, 90, 103, 104]. A biosensor to detect PSA pro-
tein and DNA was developed in a microfabricated tin-film elec-
trode using Cd-ion detection by stripping voltammetry tech-
nique after labeling biomolecule with CdSe/ZnS QDs [105].
After microfabrication of electrode on Si wafer by lithography
and Tin sputtering, the sensing area was functionalized with a
biotinylated reporter antibody which is specific to PSA for
sandwich-type immunoassay and biotinylated oligonucleotides
which is used to detect Cs33G mutation of the RET gene.
Streptavidin-conjugated CdSe/ZnS QDs were used for labeling
biotinylated biomolecules and quantification of the analytes was
performed through an acidic dissolution of the QDs. The re-
leased Cd(Il) was analyzed in an electrochemical cell by
square-wave anodic stripping voltammetry as seen in Fig. 3.
Linear detection range for PSA and DNA are 0—50 ng/mL and
0-300 nmol/L, and LODs for each are 0.12 ng/mL and 0.08
nmol/L, respectively.

An electrochemical aptasensor was also reported to detect
fumonisin B1 (FB1) and OTA (Ochratoxin A) at the same time,
based on magnetic beads and CdTe or PbS QDs [106]. The
sensing mechanism is similar to a competitive ELISA [107]. In
the presence of targets, the aptamer prefers to form the target-
aptamer complex structure, thus it results in releasing of
preloaded QD labels from magnetic beads. The number of
QD labels remained on magnetic beads is inversely proportion-
al to the toxin concentration in the sample. Dissolved metal ions
in QDs which are Pb*? and Cd*? easily collected by an external
magnetic field measured by square wave voltammetry stripping
technique. LOD of this sensor was 20 pg/mL and 5 pg/mL for
FB1 and OTA respectively and it was proved to be very effec-
tive for testing in the real sample (maize).

The collaboration of microfluidic technology and electro-
chemistry provides quasi automated measurements. The ad-
vantages of these platforms in comparison with standard pro-
cedures are reduced time of incubation steps, low volume
consumption, miniaturization of whole biosensing concept,
shortening response time, simplicity in usage, enabling to

Tin
Microsensor Stripping

Voltammetry
i | —

measure multi targets [14], and multi analyzer on unique plat-
form [108]. Microfluidic channels could be easily reusable by
flushing and removing the particles then introducing fresh
solutions or solutions of carrier supports [72, 109, 110].

4 Design and fabrication of microfluidic
channels for QD-based affinity biosensors

Optical and electrochemical affinity-based detection studies in
the microfluidic system are reviewed in Table 1 and these de-
signs were examined in details. Design and fabrication details
for affinity-based microfluidic technology as given in Sections
3.1 and 3.2 will be examined in this section. Microfluidic plat-
forms are combination of micro-channels by design for specific
applications. In the fabrication of microchannels, the common
material polydimethylsiloxane (PDMS) which is a silicon-
based organic polymer is used owing to its good elastic prop-
erties, non-toxicity, biocompatibility, optical transparency, non-
flammability, chemical inertness, as well as conformability. In
these studies, an active sensing region was created in the
microfluidic system where the optical changes resulting from
the interaction of the target molecule and QD-conjugated
bioelement occurred or interactions were observed in the chan-
nel with the flow [55]. Optical and electrochemical biosensors
have been developed by modifying the channel surface (depo-
sition of conductive surface, or chemical modifications) in
microsystems or by developing the sensor region with function-
alized carrier solid supports (magnetic particles, polystyrene
microspheres) with an appropriate design in the microchannel
(microwells, microchambers) where a stable active detection
zone is created [15, 54]. A microfluidic system design that
performs optical detection as a result of fluorescent emission
after Ab—Ag—QD interaction on the carrier solid supports is
shown in Fig. 4a. In the microfluidic system developed without
the use of a carrier solid support, the detection zone is activated
in a specific area of channel surface by immobilization tech-
niques. Different channels and sensing regions on the same chip
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Fig. 3 Schematic presentation of the electrochemical immunoassay
procedure. (a) Electrochemical affinity assay for the detection of Cs33G
mutation of RET gene and (b) electrochemical immunoassay for the
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Fig. 4 (a) hlgG injection from the inlet of the microchannel, anti-hlgG
conjugated QD injection and washing step (left), microscopy image of
microchannels (right) Ref. [54]. (b) Protein chip designed by

was developed (see Fig. 4b) to detect more than one antigen in
the microfluidic system [57].

Fluorescent microscope [54, 57], fiber optic system [15,
60, 111], and spectroscopic system integration [55] were also
used to analyze the fluorescence intensity. Figure 5 shows the
integration of the fiber optic detection system into the
microfluidic system tracer to detect the Ab—Ag—QD interac-
tions in the microfluidic system [111]. LED light sources are
integrated onto the system to excite the QDs at a certain wave-
length and fiber optic cables are used to collect the emitted
light beam [62]. Photomicrographs are used to analyze optical
signals from microarray designs [56]. In the design of
microsystems for the detection of target molecules with a
fluorescence-labeled biomolecule, the fluorescence change
resulting from biosensing has recently been made easy to an-
alyze by integrating it with a smartphone video processing
[112].

Fig. 5 Fiber optic system integrated to microfluidic system, light source,
and syringe pump from Ref. [111]

immobilizing antibody to the surface of the PDMS channels. Reprinted
with permission from Ref. [57]. Copyright © 2010, American Chemical
Society

4.1 Development of biosensor by QD in microchannels
or on modified substrates

The signal transduction system of electrochemical biosensors
developed using QDs in the microfluidic system is the similar
approach as being used in traditional electrochemical measure-
ment methods. Commonly used electrochemical transduction
methods are electrochemiluminescence analyzer [89], square
wave voltammetry [14, 70], cyclic voltammetry [70, 89, 108],
electrochemical impedance spectroscopy [73, 89], differential-
pulse voltammetry [108], and chronoamperometry [108].
Optical and electrochemical studies performed directly on the
microchannel surface or inside the microchannel, without using
any carrier support, will be explained with examples in this
section. In the design of the microfluidic biochip shown in
Fig. 6, the microfluidic chip was consisted of two inlets, a
mixing/incubation channel, sensing well, and a capillary pump
[64]. Capillary pumping is an attractive means of liquid actua-
tion because it is a passive mechanism. Flow rate in capillary
action generally depends on viscosity of the liquid sample and
its surface energy. The self-sampling can be generated by these
hexagon-shaped capillary pumping by means of splitting the
capillary action into hundreds of smaller parallel
microchannels. Design of the capillary-driven retarding valve
at the entrance of the mixing/incubation channel avoids air
capture in the microchannel when dispensing the QD-
aptamer—GO probe mixture and the Arahl sample into the
inlets. A zigzag microchannel was designed to mix the samples
in the microchannel efficiently. The sensing well was designed
as a diamond-shaped well which was aligned to the sensing
window of the Si photodiode. PDMS channels were produced
by standard lithography technique and then kept in bovine se-
rum albumin (BSA) solution to prevent the non-specific ad-
sorption of the desired proteins onto the microchannel walls.
Later, oxygen plasma was combined with the glass substrate to
cover the microfluidic system. In this design, reference fluores-
cence density was recorded in the detection zone by introducing
QD-—aptamer probes with a GO solution and Ara hl protein at
standard concentration. Then, when the concentration of the
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Fig. 6 Design of a QD-GO
quenching biosensing system in
microfluidic system. Reprinted
with permission from Ref. [64].
Copyright © 2016 Elsevier

targeted protein changed, the fluorescence intensity was mea-
sured with response characteristics.

An electrochemical biosensor was developed in a
microfluidic system that can analyze two different biomarkers
simultaneously by detecting Cd** and Zn®* ions with square-
wave anodic stripping voltammetry [14]. An immunoassay in
the microreactor is formed by PDMS-GNP composite structure
with two different antibodies labelled QDs and its response is
seen in Fig. 7. PDMS—gold nanoparticles are composed on the
basis of the reductive property of PDMS. PDMS-GNP is
shaped in a series of holes on another composite film to produce
the microreactors integrated with Ag/AgCl reference electrode,
a Pt wire counter electrode, and a carbon fiber working elec-
trode. Affinity reaction occurs between antibodies for cTnl and
CRP, antigens (cTnl and CRP), and QD-conjugated secondary
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antibodies (CdTe QD-anti-cTnl, ZnSe QD-anti-CRP). After
the injection of acidic solution through microreactors, ions from
QDs are released and their transduction is measured by square-
wave anodic stripping voltammetry.

In an electrochemical analysis in the microfluidic system,
electrodes are integrated with microchannels. Electrodes with
a thickness of 4-5 pum are fabricated on the microchannel
surface with screen printing technology and modified with
various immobilization techniques allowing electrochemical
biosensing within the microchannel [70]. In the microfluidic
system, electrochemical deposition methods, chemical modi-
fications, and entrapment of biomolecules on the electrode
with the help of nanoporous membranes [73] also create very
versatile active sensing zone on the electrode surface.

60 High Voltage

w (@
sample reservoir |
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WE CE RE

Fig. 7 (left) Schematic diagram of in situ synthesis of PDMS—GNP composite microreactors and immunoassay analytical procedure based on QD label.
(right) Schematic representation of the electrochemical analysis via the flow injection mode on the microchip Ref. [14]
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4.2 QD-modified carrier solid support-based
microfluidic designs

Optical biosensors have been fabricated by developing the
sensing region with functionalized carrier solid supports
(magnetic particles or polystyrene microspheres) with an
appropriate design in the microchannel (microwells,
microchambers) where a stable active detection zone is cre-
ated [15, 54]. A microfluidic system design that performs
optical detection as a result of fluorescent emission after
Ab—Ag—QD interaction on the carrier solid supports is
shown in Fig. 4a. In this study, hIgG-immobilized micro-
spheres were placed in microchambers and entrapped with
help of the pneumatic valves (negative pneumatic pressure/
vacuum). Entrapment and next step modification can be
obtained in the designed microchambers. The QD-
conjugated anti-hIgG in solution-driven from inlet channel
interacted with the microspheres in the micro chamber then
the UV-induced QDs emitted fluorescent light was mea-
sured [54].

4.2.1 Magnetic carrier particle-based designs

On-chip magnetic bead manipulation designs are also uti-
lized for the development of QD-based electrochemical and
optical biosensors [70]. Magnetic beads into microfluidic
platforms to sense viruses, biomolecules, cells, and envi-
ronmental pollutants have been widely reported in the lit-
erature [113—-116]. Biomolecules to detect analytes have
been labeled mainly with enzymatic and fluorescent labels
for their posterior detection by magnetic beads. In systems
using magnetic carrier solid supports, Ab—Ag—QD interac-
tion was observed on the magnetic particle where they are
held in a certain area of the channel with the help of a
magnet [15]. The detection zone in microfluidic system is
a section of localized magnetic carriers by means of exter-
nally applied magnetic field. As a result of the interaction in
this region, the change in QD fluorescence is detected as
shown in Fig. 8 [62]. Targeted structure of bacteria and
magnetic particles at the detection zone was localized at
the end of long separation chamber with dimensions of
length of 11 mm, width of 3 mm, and height of 1 mm after
passing through mixing and incubation channels [67]. QDs
were released from the complex structure by introducing
GSH into the system from the 3™ entrance and then the
fluorescence intensity of the QDs was analyzed.
Serpentine-shaped microchannel designs aim to mix mate-
rials and enable proper incubation and interaction efficient-
ly [62]. In some studies, it was performed by making vari-
ous patterns like convergence—divergence within the ser-
pentine channel to make micro-mixing even more efficient
as seen Fig. 9 [67].

4.2.2 Polymeric beads as a carrier in microfluidic QD-based
biosensor

A microfluidic system design that performs optical detec-
tion as a result of fluorescent emission after Ab—Ag—QD
interaction on the polystyrene carrier solid supports is
shown in Fig. 4a. Microchamber of 50 um % 50 um square
by area and 30 um by height was designed to entrap a
functionalized polystyrene microbead (10 pm diameter).
The pneumatic gates are manufactured to create a 5 um open-
ing to the bottom of the channel, so that the liquid flows
through the microbead chamber while it cannot go outside
[54]. Polystyrene bead-based biosensor was designed for
DNA detection by QDs by two PDMS slabs [58]. The design
consisted of ten trapping chambers with an independent chan-
nel to confine functionalized microbeads and to inject sample
by a simple microfluidic channel. These ten different trapping
chambers are the individually addressable reservoir for func-
tionalized microbeads with different probes to obtain a plat-
form of simultaneous multiple detections as shown Fig. 10.
Biotinylated target RNAs immobilized on beads are sent to
chambers and then streptavidin-bound QDs flow through the
beads in order to observe any possible fluorescence change.
With this design, different genotypes with few base differ-
ences could be distinguished.

4.2.3 Bead-based microarray systems in microfluidic system

In order to develop a microarray system, microwells are
formed by etching on the microchannel substrate and modi-
fied polystyrene beads are placed inside, and then fluores-
cence density is observed with the help of QDs. In case of
bead-based microarray system design, detection of multi-
antigen is enabled with QDs that emit different wavelengths
by modified different antigens [56, 61].

NBC (Nano-bio-chip) was developed in a microarray
design which was integrated with QDs and the system
was compatible with complex fluids (serum, saliva) [56].
The Si substrate ((100) surface oriented wafers) of the
microfluidic channel has been anisotropically etched to place
agarose beads, which were used as solid-phase support. NBC
simultaneously detected different cancer biomarkers, and
served as a sensitive and specific cancer diagnostic tool for
use with both serum and saliva samples. In Fig 11, NBC
design is explained in details, each bead is individually
located into well on the silicon surface, and bead specificity
was determined by the type of antibody covalently bound to
bead (see Fig. 11a). NBC chip was consisted of precision-
cut layers designed for reagent delivery (Fig. 11b).
Reagents were delivered through the top inlet of the flow
cell apparatus, and passed through the agarose beads and
then nonreactive reagents were accumulated in waste that
was the lower port. The intensity of the fluorescence signal
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Fig. 8 A microfluidic chip design
with magnetic carrier supports
which are collected in the
detection zone by help of external
magnetic force. Reprinted with
permission from Ref. [62].
Copyright © 2014 Elsevier

Inlet

correlated directly to the amount of antigen present in the
sample as shown in Fig. 11d. Nine bead replicates were
captured with a concentration of 1.0 mg/mL antibody, and
three beads were selected as control ones with isotype an-
tibody. Noise was determined by three isotype control
beads, the mean of the nine beads was defined as a signal,
and background signal was determined as output from
biomarker-specific beads in the absence of antigen. In
NBC sensing platform, response time is 27 min, linear de-
tection ranges are 0—100 ng/mL, 0-60 ng/mL, and 0—400 U/
mL for CEA, Her-2/Neu, and CA125, respectively.

4.2.4 QD integrated micro-paper-based analytical device
(uPAD)

As an alternative to PDMS, glass, and PMMA materials,
which are frequently used in microchannel fabrication, paper
microchannels are also preferred due to their advantages

Mixing channel _J

ation channel

Incub:

o

) <4 s

Magnetic bead Monoclonal Abs  MnO:

Polyclonal Abs QDs  Salmonella typhimurium

Qutlet

Detection zone

[117-119]. The most important advantages of these paper-
based microsystems, which are called pPAD (paper-based
analytical device) systems, are the convenience of miniaturi-
zation, automation, and integration, low cost, facile portabili-
ty, quick detection in the field, easy to fabricate according to
other microsystem materials and disposability. And there is no
need for an external drive pump to operate pWPADs, and fluid
flow is driven just by the paper’s capillary force with the aid of
hydrophilic channels. Various transduction techniques in bio-
sensors (electrochemical, optical, surface enhanced Raman
spectroscopy [120], and colorimetry [121]) are integrated with
PAD systems. In the patterning of microchannels,
hydrophobic/hydrophilic surfaces or functionalized surfaces
are frequently fabricated by means of the wax patterning
[122, 123] and screen printing techniques [108]. On the pat-
terned surfaces, optical and electrochemical biosensors have
been developed with the modifications made with QDs. A
design of u-PAD was fabricated to detect three different cells

Fig. 9 A design that allows Salmonella bacteria to be bound with magnetic particles and combined with MnO,-QD complex structure to detect GSH and

QD in the separation chamber of the microfluidic system. Ref. [67]
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Fig. 10 Microfluidic chip with microbead array for virus DNA analysis.
(a) An overview of the microfluidic chip design. (b) A cross section of the
reaction and detection area. (¢) Photograph of the microchip. (d) A

[63]. By modifying MSNs with QDs and aptamers specific for
different cells (MCF-7, HL-60, and K562), qualitative and
quantitative biosensors have been developed in order to mea-
sure different color emissions in separate chambers as shown
in Fig. 12. In this study, an effective fluorescence quencher
role of GO was utilized by modifying the paper-based surface
with GO in order to obtain a visible qualitative response of
optical signals. MSNs modified by QDs and aptamers resulted
in fluorescence quenching on GO by 7—7t stacking with
ssDNA. Then, the specific interaction of the ssDNA structure
in aptamers with the cells prevents fluorescence quenching
and induces fluorescence emission.

In another study, an optical biosensor was developed using
ZnSe QDs to detect Cd** and Pb** ions by combining the
PAD system with ion imprinting technology [68]. lon imprint-
ing was obtained with APTES and tetracthoxysilane (TEOS)
monomers on the glass fiber paper using Cd** or Pb** ions as
templates. After polymerization and elution of the template
ions by an acidic solution, crosslinking around Cd** or Pb**
ions provide the cavity to recognize Cd** or Pb** jons.

10 pm

Samples /
L] —_— |

q* [ 35 um
v

Polystyrene beads

microscope image of the reaction area. Reprinted with permission from
Ref. [58]. Copyright © 2010 Elsevier

5 Future perspective

Infectious diseases have been very fatal and detrimental to
people and their civilizations throughout the history. They
caused high global health and economic challenges in the
last two decades. COVID-19 pandemic has presently af-
fected all aspects of daily life comfort together with
stressed economy and health problems in the world.
Thus, it is extremely critical to deal with any type of
future pathogenic breakthrough in a reliable and manage-
able manner. The best way to struggle against the spread
of an infectious disease is to develop adaptable, cheap,
easy-to-use, portable, accurate, and reliable technological
platforms, so that early detection of infectious diseases
will be achieved in a timely and effective manner. The
prompt adaptability of miniaturized fluidic detection sys-
tems to QD-based biosensor applications may increase
hope for the accelerated development of new detectors
for COVID-19 and different future threads. This is quite
possible, because recent molecular studies on the COVID-
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Fig. 11 (a) SEM images of beads
in anisotropically etched silicon
chip. (b) Chip (iv) is fitted be-
tween double-sided adhesive lay-
er (ii) and cover slip (i) with lam-
inate layers (iii, v, vi) included to
direct fluid flow through PMMA
base (viii) and inlet and outlet
ports (vii). (¢) Sealed LoC as-
sembly. (d) Fluorescent image of
beads after immunoassay includ-
ing negative controls as imaged
with one second of CCD camera
integration (exposure) time.

Reprinted with permission from
Ref. [56]. Copyright © 2009
Elsevier

19 virus have already revealed viral genetic material, viral
proteins, and antibodies of the coronavirus. Unfortunately,
there are few studies of using QDs to diagnose viruses,
including COVID-19, in a microfluidics system through
conjugation of QDs with corresponding biomolecules.
However, it is a very promising, since QD-based biosen-
sor-adapted systems would be designed in a molecular
level in order to capture targeted virus in an efficient
way. Thus, the research and then commercialization are
expected to be materialized in a very short term.
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Moreover, affinity-based biosensors could be designed
in a way that multi-virus detection would be possible
due to flexibility of QD design and fabrication of
microfluidics. The other important features of possible
biosensors for COVID-19 are adaptability to CMOS de-
vices and integration to flexible substrates. Finally, re-
searchers should also consider the adaptability of
COVID-19 diagnostic biosensors to smartphones, there-
fore biosensor-based diagnostic would be commonly uti-
lized in a daily life.

Fig. 12 Schematic representation of QD based p-PAD design and fabrication allowing multiple detection. Reprinted with permission from Ref. [63].

Copyright © 2016 Elsevier
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6 Conclusion

QD fluorophores promise to help overcome some of the chal-
lenges in biosensor applications with their high quantum
yields. QD integration in biosensor applications is highly be-
ing encouraged and the most appropriate platforms are being
developed for the improvement of QD stability and lifetime in
biosensor applications. Microfluidic systems take an impor-
tant place as a platform in QD integration for biosensing ap-
plications. A QD-based biosensor integrated with the
microfluidic system can be used in point of care through its
instrumentality and portability. These portable designs can
provide reliable and fast detection in environmental issues
and the biomedical field. As a critical development in this
field, if the desired detection platform is integrated with QDs
and microfluidic systems, more efficient results can be obtain-
ed in fast and portable detection systems. When we consider
the COVID-19 pandemic that we have been struggling with
recently, it has a great importance to make rapid and wide-
spread detection with high versatility and accuracy. In such an
integration, combined effect of use of microfluidics system
and QDs will help us better understand the importance of their
contributions to deal with pandemic conditions in terms of
PoC techniques.
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