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Abstract

Humans have suffered from a variety of infectious diseases since a long time ago, and now a new infectious disease called
COVID-19 is prevalent worldwide. The ongoing COVID-19 pandemic has led to research of the effective methods of
diagnosing respiratory infectious diseases, which are important to reduce infection rate and help the spread of diseases be
controlled. The onset of COVID-19 has led to the further development of existing diagnostic methods such as polymerase
chain reaction, reverse transcription polymerase chain reaction, and loop-mediated isothermal amplification. Furthermore,
this has contributed to the further development of micro/nanotechnology-based diagnostic methods, which have advantages
of high-throughput testing, effectiveness in terms of cost and space, and portability compared to conventional diagno-
sis methods. Micro/nanotechnology-based diagnostic methods can be largely classified into (1) nanomaterials-based, (2)
micromaterials-based, and (3) micro/nanodevice-based. This review paper describes how micro/nanotechnologies have been
exploited to diagnose respiratory infectious diseases in each section. The research and development of micro/nanotechnology-
based diagnostics should be further explored and advanced as new infectious diseases continue to emerge. Only a handful of
micro/nanotechnology-based diagnostic methods has been commercialized so far and there still are opportunities to explore.

Keywords Respiratory infectious diseases - Micro/nanotechnology-based diagnostic methods - Nanomaterials -
Micromaterials - Micro/nanodevices

1 Introduction

Infectious diseases are diseases infected by microorganisms,
such as viruses, bacteria, and fungi, that can enter the human
body [1]. Humans have suffered from multiple infectious dis-
eases in the long history of humankind. The world is currently
facing a tragic past again due to the COVID-19 pandemic and
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tries to overcome it. The importance of research on diagnos-
ing respiratory infectious diseases has become more critical
these days, especially with the onset of COVID-19. Respira-
tory infectious diseases usually result in symptoms related to
the respiratory system, such as coughing or pneumonia. There
have been several widespread infectious respiratory diseases
in the past, but many historians have officially recognized the
spread of influenza that spread from Africa to Europe in 1510
for the first time [2, 3]. In 1580, the expansion of influenza
caused the first severe worldwide epidemic, which begun in
Asia and spread to Africa, Europe, and America. As a result,
many countries in Europe suffered for six weeks, with 9000
deaths in Rome alone [4]. Influenza pandemic has continued
since 1580, but especially Spanish flu infected by influenza A
(HINT1) virus from 1918 to 1920 was one of the most disas-
trous influenza diseases in medical history [5]. The number
of people infected with Spanish flu was estimated at approxi-
mately 500 million worldwide, with deaths of about 50 to 100
million people, even more than deaths of World War I [6]. In
1968, the new influenza A (H3N2) virus started the influenza
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pandemic in Hongkong, and many deaths happened, but it
was fewer than those in 1918 of Spanish flu [7]. However,
the severity of the H3N2 virus continues to be emphasized
because it currently causes about twice as much hospitalization
per year than that of the HIN1 virus [8].

In the twenty-first century, respiratory infectious diseases
became more prevalent in an epidemic area, and the global
spread of the severe acute respiratory syndrome (SARS)
infected by SARS coronavirus (SARS-CoV) began in 2002
in Guangdong Province, China [9]. The middle east res-
piratory syndrome (MERS) also emerged in 2012 through
MERS coronavirus (MERS-CoV) [10]. Both diseases had
lower infection rates than those of previous respiratory infec-
tious diseases; however, they showed high fatality of up to
15% in SARS and 36% in MERS, respectively [11, 12].
These days, people have suffered from COVID-19, which
was originated from Wuhan, China, in December 2019, with
198.34 million infections and 4.23 million deaths worldwide
as of August 1, 2021, according to the ‘Our World in Data’
(https://ourworldindata.org/coronavirus-data).

With the rampancy of these respiratory infectious dis-
eases, the necessity for rapid and accurate diagnosis has
emerged to reduce infection rates and cease the epidemic.
Rather than diagnosing with patients’ symptoms and medi-
cal history in the past, various diagnostic methods such
as gram-stain, pathogen culturing, biochemical tests, and
serology have emerged. In addition, molecular tests, such as
polymerase chain reaction (PCR), reverse transcription-pol-
ymerase chain reaction (RT-PCR), loop-mediated isothermal
amplification (LAMP), and nucleic acid amplification tests,
have emerged and are widely used. They are still actively
developed to increase efficiency. However, there are several
issues: the need for extensive equipment, the possibility of
false results, contamination of samples, etc. Thus, research
on micro/nanotechnology-based diagnostic methods has
been actively performed to tackle the shortcomings of con-
ventional diagnostic methods.

In this paper, we rigorously review respiratory infec-
tious diseases caused by viruses, bacteria, and fungi. Also,
conventional methods for diagnosing respiratory infectious
diseases and their drawbacks are briefly discussed. Then,
micro/nanotechnology-based diagnostic methods, such as
nanomaterials-based, micromaterials-based, and micro/
nanodevice-based techniques are reviewed, and the perfor-
mance of each method are summarized.

2 Respiratory infectious diseases
2.1 Virus-caused

The definition of a virus was defined 50 years after discover-
ing the existence of infectious agents smaller than bacteria
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[13]. A virus is an infectious agent that can only replicate in
a living cell. Most viruses on earth infect microorganisms
such as bacteria and archaeal organisms [14, 15]. Therefore,
every ecosystem that archaeal organisms can dominate is
suitable for viruses to populate [16]. Viruses cause many
respiratory infections in humans, and due to their ability to
mutate, they can easily bring about different complications.

2.1.1 Severe acute respiratory syndrome (SARS)

In late 2002, SARS was reported in the Guangdong Prov-
ince, China. The symptoms are mainly fever, dry cough,
dyspnea, headache, and hypoxemia. The progression of res-
piratory failure can lead to death. SARS-CoV is the agent of
this infection and can be transmitted from human to human
by respiratory droplets [17, 18].

2.1.2 Middle east respiratory syndrome (MERS)

The first case of MERS happened in Jeddah, Saudi Arabia,
in June 2012. This new coronavirus had similarities to the
agent that caused an epidemic of SARS in 2002-2003. The
symptoms of MERS can be fever, cough, chills, sore throat,
myalgia, and arthralgia. MERS can be highly lethal due to
the rapid progression of pneumonia during illness [17].

2.1.3 Corona virus disease-19 (COVID-19)

SARS-Cov-2, which causes COVID-19, belongs to the beta-
coronaviruses, one of the seven subtypes of coronavirus.
Moreover, SARS-CoV-2 is related to the cause of SARS
infection. The initial symptoms of COVID-19 consist of
fever, nasal congestion, fatigue, and the infection's progress
can lead to severe disease with dyspnea and pneumonia [19].
The transmission rate of SARS-CoV-2 is higher than SARS-
CoV [20].

2.1.4 Influenza

Influenza is recognized as an acute respiratory infection
causing epidemics around the globe [21]. Many pandem-
ics were caused by the influenza subtype, such as the Hong
Kong pandemic in 1968 by H3N2 and the pandemic caused
by H2N2 in 1957. Also, in 1918, avian influenza (HIN1)
infection killed approximately 20 million people worldwide
[22]. High fever, cough, headache, upper respiratory illness,
transient muscle pain, pneumonia, coryza, malaise are the
main symptoms of flu caused by influenza [21, 23]. Vaccina-
tion can be an effective measure against influenza. Pandemic
planning and vaccination rollouts are challenging due to the
rapid evolution of influenza [23].
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2.1.5 Bronchiolitis

Respiratory syncytial virus (RSV) is the leading cause of
distressing and life-threatening respiratory infection called
bronchiolitis. This infection usually targets infants and
young children. The infected show sign of coryza, low-grade
fever, tachypnea, hyperinflation, chest retraction, and wide-
spread crackle as well as wheezes. In most of the world,
RSV bronchiolitis occurs in seasonal epidemics [24].

2.1.6 Rubella

The causative agent of rubella was first identified in 1962.
The infection of the rubella virus may lead to mild measles-
like disease. Nevertheless, rubella can result in miscarriage
or congenital rubella syndrome when the rubella virus
infects the fetus. The virus can infect children and young
adults via the respiratory route [25].

2.1.7 Chickenpox (varicella)

Varicella, or Chickenpox, is a highly infectious illness that
causes mild to moderate symptoms. Chickenpox is caused
by the Varicella-zoster virus and, the main symptoms are
the vesicular rash, followed by fever and malaise. Vari-
cella-zoster virus can be spread by droplets and aerosols
from the nasopharynx, as well as skin lesions when rashes
appear. Children in the non-vaccinated population are often
infected [26]. Varicella-zoster virus can be diagnosed by
culture, PCR, clinical diagnosis, and differential diagnosis.
The preferred specimens for the diagnosis methods are skin
scrapings [26, 27].

2.1.8 Measles

Another highly contagious viral infection causing respira-
tory difficulties is measles, also known as rubeola. The
virus can be transmitted through direct person to person or
through sneezing and coughing. Small respiratory droplets
and particles can float in the air. Symptoms of measles are
fever, generalized maculopapular rash, and cough, coryza,
or conjunctivitis. Small white spots on the buccal mucosa,
also known as Koplik spots, are another common symptom,
but they might not be present in some cases. Clinical pic-
ture and laboratory testing are the main methods of measles
diagnosis [28].

2.1.9 Mumps

Mumps, known as a common childhood infection, is a viral
infection, which can be transmitted by aerosols and respira-
tory droplets. Mumps is characterized by swelling of the
parotid gland; however, in some cases, this characteristic is

not present. The complications caused by this disease are
aseptic meningitis, encephalitis, orchitis, and oophoritis.
For the diagnosis of Mumps, clinical diagnosis based on
the parotid swelling can be used, but it is necessary to be
confirmed by laboratory diagnosis such as the serological
test [29].

2.1.10 Croup

Croup is a benign respiratory condition with a low mor-
tality rate. The cause of croup is usually viruses such as
parainfluenza, enterovirus, human bocavirus, influenza A
and B viruses, respiratory syncytial virus, rhinovirus, and
adenovirus. Although bacterial cases are rare, diphtheria and
mycoplasma pneumonia also can cause the infection. Viral
croup symptoms are low-grade fever, coryza, barking cough
and various respiratory distresses [30, 31].

2.2 Bacteria-caused

Bacteria are categorized as prokaryotes. These microscopic,
single-celled organisms have a pivotal role in human lives.
Although some of them are useful for humans, some are
recognized as infectious disease agents.

2.2.1 Tuberculosis

Mycobacterium tuberculosis (MTB) causes tuberculosis.
This infection is contagious and can be transmitted by res-
pirable droplets when coughing. People may have active
or latent infections. The patient shows symptoms such as
cough, chest pain, fatigue, weight loss, fever, shortness of
breath, and night sweats in the active disease. People who
are infected but do not show any symptoms have latent infec-
tion. In this case, the infection is not contagious; however,
there is a risk of developing active tuberculosis [32, 33].

2.2.2 Pneumococcal diseases

Streptococcus pneumoniae bacteria, also known as pneumo-
coccus, can cause pneumonia, meningitis, and febrile bac-
teraemia. This agent can be transmitted by direct contact
with respiratory droplets from patients and healthy carri-
ers. Exposure to pneumococcus can cause transient naso-
pharyngeal colonization. Contiguous spread to the sinuses
or middle ear can lead to pneumococcal meningitis. Also,
the infection is caused by invasion of the bloodstream with
or without seeding of secondary sites [34].

2.2.3 Pertussis

Whooping cough (pertussis) is caused by the bacterial
pathogen Bordetella pertussis. This infection is a highly
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contagious acute respiratory illness. The transmission of this
disease is similar to the other contagious disease. People can
be infected by the respiratory droplets of an infected person
[35]. The symptoms of pertussis are paroxysmal cough with
whooping and vomiting [36].

2.3 Fungi-caused

Fungi can be unicellular yeasts, filamentous as well as mul-
ticellular molds [37]. Although it seems that the majority of
infections are caused by viruses and bacteria, over 300 mil-
lion people have suffered from fungal infections. Among the
1.5 million fungal species that exist, roughly 300 of them are
pathogenic to humans [38]. Fungi grow in warm and humid
conditions; therefore, they infect humans via respiratory,
digestive, and reproductive tracts, as well as genital areas
and other body interfaces. These areas have ideal conditions
for fungi to grow [37]. Candida and Aspergillus are among
the most common causes of serious diseases in humans [38].

Aspergillus niger is a filamentous fungus. When fungal
spores are inhaled, their fragments may attach to the pul-
monary walls [39]. Aspergillus-related diseases can cause
a different variety of disorders of immunity, such as aller-
gic forms of aspergillosis. Invasive aspergillosis can lead to
infection-related death of patients with acute leukemia and
recipients of allogeneic hematopoietic stem-cell transplants
[40].

There are approximately 150 species of the genus Can-
dida [41], one of which is Candida albicans. Candida albi-
cans is a yeast-like fungus that can undergo a morphologic
transition from yeast to hyphal [42]. Two major infections
in humans caused by this yeast are oral or vaginal candidi-
asis, categorized as superficial infections, and invasive can-
didiasis that has high morbidity and mortality rates [43, 44].
However, candida pneumonia is caused by a rare respiratory
infection [45]. Here we summarize major respiratory infec-
tious diseases categorized with a cause in Table 1.

3 Conventional diagnosis methods

Throughout history, humankind has encountered differ-
ent known or unknown infectious diseases. The first step
to confront a disease is the identification and diagnosis of
the infection. In clinical diagnosis, laboratory findings play
an essential role [46]. A specific sample should be taken
from patients’ bodies, and then different tests are performed
on the sample in laboratories. These tests are as follows:
gram-stain, pathogen culturing and biochemical methods,
serology, and molecular tests such as PCR, RT-PCR, LAMP,
and nucleic acid amplification tests [47]. However, multiple
conditions can have similar symptoms. Therefore, a clini-
cian should use patient history and physical examination
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Table 1 Major respiratory infectious diseases caused by virus, bacte-
ria, and fungi

Virus-caused Bacteria-caused Fungi-caused

SARS
MERS
COVID-19
Influenza

Tuberculosis Aspergillosis

Pneumococcal diseases Candidiasis

Pertussis

Bronchiolitis
Rubella
Chickenpox
Measles
Mumps
Croup

techniques, in addition to the clinical findings and patient’s
symptoms to narrow down the causes of the symptoms.
Afterward, a correct diagnosis can be made [48]. This
method, which accompanies clinical findings, is called dif-
ferential diagnosis [49]. In this chapter, two emerging and
gold standard methods used for diagnosing respiratory infec-
tious diseases, such as PCR and LAMP, are discussed.

3.1 Polymerase chain reaction (PCR)

DNA amplification using PCR was introduced in 1983 by
Kary Mullis at Cetus Corporation [50-52]. This method was
originally utilized to amplify human p-globin DNA and pre-
natal diagnosis of sickle-cell anemia [53]. The PCR is an
in vitro method for enzymatic synthesis of specific DNA
sequences, using two oligonucleotide primers that hybrid-
ize to opposite strands and flank the region of interest in the
target DNA [53]. Put into basic terms, PCR is a method that
combines a DNA sample with an oligonucleotide primer,
deoxynucleotide triphosphate, and the thermostable Taq
DNA polymerase in a suitable buffer. After repetitively heat-
ing and cooling the mixture for hours, the desired amount of
amplification can be achieved [53]. By utilizing the PCR, a
specific segment of DNA can be amplified, and up to billions
of copies of that segment can be made rapidly [50, 51, 53].
Although PCR can be utilized to alter a particular template
sequence due to its precision, it is typically used to make
copies of DNA segments and detect the presence or absence
of a specific DNA product. Therefore, PCR is basically a
qualitative method [53, 54].

A newer PCR method has emerged to detect and quantify
the PCR product in real-time while being synthesized [55].
This method is called quantitative real-time PCR. When
quantification of the synthesized product is available, the
alterations of gene expression levels in tumors, microbes,
or other disease states can be analyzed [54].
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Like any other method, PCR has limitations too. Consid-
ering the sensitivity and the capacity of PCR to synthesize
millions of DNA copies, contamination of the sample by
even a trace amount of DNA is a source of potential prob-
lems [53, 54]. Furthermore, some preliminary sequence
data are required to design the primers for PCR. Addition-
ally, the primers used for PCR can anneal non-specifically
to sequences that are similar but not completely identical
to target DNA. Incorporating incorrect nucleotides by the
DNA polymerase into the PCR sequence can be considered
as another limitation [54].

3.2 Loop-mediated isothermal amplification
(LAMP)

Although PCR is praised for its sensitivity, apparent high
simplicity, and other characteristics, clinical and environ-
mental samples can have inhibitors affecting the result of
the PCR reaction. Also, extensive equipment is required to
perform precise temperature cycling [56, 57]. Notomi et al.,
in 2000, have established LAMP as a DNA detection method
to overcome the low amplification efficiency and the above
shortcomings of PCR. LAMP is a novel method to amplify
nucleic acid using only one type of enzyme under isother-
mal conditions in the range of 65 °C [56, 57]. This method
has been used successfully for the detection of infectious
pathogens [58]. Due to the LAMP isothermal reaction, sim-
ple and cost-effective reaction equipment can be used. More
importantly, since the optimal temperature of the enzyme
can be maintained when conducting the reaction, extremely
high amplification efficiency can be achieved. Furthermore,
compared to PCR, it is less likely to observe the inhibition
reaction at the later amplification stage [56].

The target DNA gathered from partially processed or non-
processed samples can be amplified in the LAMP method.
This advantage decreases the reaction time and eliminates
the need for DNA extraction, which is a step that is prone
to contamination [59]. Four primers are used to target six
regions on the target nucleic acid in the LAMP method [60].
At standard LAMP conditions, reverse transcription is pos-
sible, enabling a one-step reaction for both DNA and RNA
targets [57].

One of the drawbacks of LAMP is the primer design since
LAMP primers need to recognize six to eight regions of the
target DNA sequence. Factors such as constraints on the
distances between the primers and requirements on the free
energy of primer binding can lead to difficulty in identify-
ing a suitable primer set for the desired target. Moreover,
isothermal methods such as LAMP are prone to generate
false positives or nonspecific amplification. Although it
is necessary to screen primer sets in advance for potential
interaction, false positives can occur during experimenta-
tion and carry-over contamination. Iterative primer design or

careful tuning of reaction conditions can be utilized to miti-
gate false-positive amplification in clinical diagnosis [57].

One of the key leading ways to enhance public health is to
diagnose infectious diseases at their early stages rapidly. A
medical diagnosis should specify a disease with high accu-
racy; in other words, it should have fewer errors and false
results [61]. New evolving gold standard diagnosis methods
such as PCR and LAMP are establishing; these diagnosis
methods, however, have shortcomings that may limit the use
of the diagnosis or lead to false results. By incorporating
micro/nanotechnology with medical diagnosis, the limitation
of the present diagnosis methods can be overcome. Moreo-
ver, new promising diagnostic techniques are emerging [61].

In the Table 2, performance comparison between PCR
and LAMP for different respiratory infectious diseases has
been made.

4 Micro/nanotechnology-based diagnosis
methods

4.1 Nanomaterials-based diagnostics

Nanodiagnostics is referred to the applications of nanotech-
nology in diagnosis. In recent decades, nanodiagnostics has
contributed significantly to accurate and timely discrimi-
nation and diagnosis of infectious diseases via the unique
physio-chemical and optical characteristics of nanomaterials
[96]. Most of the causing agents of infectious diseases, such
as viruses, bacteria, and fungi, may sometimes lead to an
epidemic outbreak and higher morbidity and mortality [97,
98]. Therefore, the clinical applications of nanotechnology-
based diagnostic methods are gaining importance these
days. This is because of the capability of nanodiagnostics
for rapid, accurate, robust, user-friendly, and cost-effective
detection of clinical samples [99, 100].

The incorporation of nanomaterials in biosensing design
led to a significant enhancement in the sensor’s performance
with a lower limit of detection (LOD) due to their high sur-
face-to-volume ratio. Moreover, because of the small size of
nanomaterials, they present unique physical and chemical
properties different from those of bulk materials [101]. In
recent years, gold nanoparticles (AuNPs), silver nanopar-
ticles (AgNPs), magnetic nanoparticles (MNPs) (e.g., iron
oxide nanoparticles and their hybrids), carbon nanomaterials
(e.g., carbon nanotubes (CNTs) and graphene), and quantum
dots (QDs) have been exploited as promising nanomaterials
in the diagnostic applications. These days, one of the most
appropriate nanomaterials for clinical diagnosis and other
biomedical applications is AuNPs due to their unique prop-
erties, such as favorable biocompatibility, nontoxicity, inert
nature, and unique optical characteristics [96]. On the other
hand, compared to AuNPs, AgNPs have a higher extinction
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Table 2 Performance comparison between PCR and LAMP for diagnosis of respiratory infectious diseases

Agent  Disease Technique Limit of detection  Detection time Specificity Sensitivity References
(LOD) (min)
Virus MERS LAMP 10 copies/uL 35 - - [62]
PCR 10 copies/uL - 100% (95% CI, 100% (95% CI, [63]
91.1-100%) 91.1-100%)
COVID-19 LAMP 6.7 copies/reaction 60 100% 95.07% (95% CI: [64, 65]
0.92-0.98)
90 98.21% (95% CI:
0.96-1.00)
PCR 5 copies/uL - 100% 100% [66]
Mumps LAMP 0.8 pfu/mL 60 - > 0.1 threshold of  [67, 68]
turbidity
PCR 2 pfu/mL - 100% (85.13%— 98.06% (93.19%—  [69, 70]
100%) 99.17%)
Influenza LAMP 1073 pfu/reaction 39 100% 97.5% [71-73]
PCR 1072 pfu/reaction - 95.5% 82.9% [72,74,75]
Bronchiolitis (RSV  LAMP 102 copies/5 pL 60 - 4-12 TCID 50/mL  [75, 76]
A) PCR 1.8 to 2.3 pfu/mL 480 - 0.023 pfu/ml [77,78]
Bronchiolitis (RSV  LAMP 102 copies/5 pL 60 - 4-12 TCID 50/mL  [75, 76]
B) PCR 1.8 to 2.3 pfu/mL 480 - 0.018 pfu/ml [77,78]
Rubella virus LAMP 100-1000 pfu/ 60 - - [79]
reaction
PCR 10 copies/reaction  — 100% 83-95% [79-81]
Bacteria Tuberculosis LAMP 5pg - 94.2% 100% [82, 83]
PCR 4.0 copies/pL - 98.2% 79.1% [84]
Pneumococcal LAMP 10 copies 30 99.3% 100% [85, 86]
PCR 10' DNA copies/mL — 96% (95% CI, 86.5 53.5% (95% CI,40 [87, 88]
t0 99.5%) to 67%)
Fungi Candidiasis LAMP 2x 10! copies/reac- 90 100% - [89]
tion
PCR 1 C. auris cfu/PCR 240 100% 2 cfu/mL [90, 91]
Aspergillosis LAMP 10 conidia/reaction  Less than 60 - > 10 copies [92, 93]
PCR 0.6 Aspergil- - 93.6% 86.1% [94, 95]
lus fumigatus
genomes

coefficient, contributing to better optical sensitivity. Moreo-
ver, they have quantum characteristics (small granule diam-
eter) [102].

Iron oxide nanoparticles are one of the naturally present
nanoforms which have attracted increasing attention in nano-
biomedicine and bio-imaging. They have also been used to
diagnose and detect pathogens because of their facile surface
functionalization with recognition moieties such as antibod-
ies, antibiotics, and carbohydrates [96]. Carbon nanomate-
rials, such as CNTs and graphene, are a good choice for
fabricating sensitive, selective, and low-cost biosensors for
many infectious diseases due to their mechanical, electrical,
and optical characteristics [102]. QDs have been widely used
owing to their unique optical and physical characteristics,
the ability of signal enhancement, inherent miniaturization,
low detection limits, low cost, low power requirements, and

@ Springer

excellent stability against the environment and chemicals.
They also have some advantages over other fluorescence-
based methods such as broad absorption spectra, narrow
emission spectra, slow excited-state decay rates, and broad
absorption cross-sections [103, 104].

4.1.1 Nanomaterials-based diagnostics for viral diseases

Middle East Respiratory Syndrome (MERS) Kim et al. have
presented a label-free colorimetric assay based on a double-
stranded DNA (dsDNA) shielded AuNPs under positive elec-
trolyte (e.g., 0.1 M MgCl,) for detection of MERS-CoV. In
this assay, forming disulfide bonds by hybridizing thiolated
probes with a target restrained the aggregation of AuNPs
by salt and limited the color change for MERS detection
(Fig. 1). This assay can detect MERS-CoV within 10 min
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with a potential LOD of 1 pmol/pL [105]. Layqah et al. have
developed an AuNPs-based electrochemical immunosensor
for the diagnosis of MERS-CoV. For increasing the sensor’s
sensitivity and signal response, an array of carbon electrodes
coated with AuNPs has been used in this study. The MERS-
CoV protein was immobilized to the AuNPs. In the presence
of a fixed concentration of added antibodies in the sample,
there is a competition between the immobilized MERS-CoV
protein and virus particles for binding to the antibody in the
sample. The binding event is detected by measuring the cur-
rent changes of the square wave voltammetry (SWV) signal
by adding the MERS-CoV antigen in different concentra-
tions. In the absence of virus infection, the binding of an
antibody to the immobilized MERS-CoV protein led to a
decrease in the SWV peak. However, less amount of anti-
body binds to the immobilized viral antigen in the presence
of virus particles. The immunosensor can detect MERS-CoV
in 20 min with linear response in the concentrations range
of 0.001-100 ng/mL. It also showed high selectivity in the
presence of other non-specific proteins (Flu A and Flu B)
with a low LOD of 1.0 pg/mL and acceptable stability [106].

Furthermore, a paper-based colorimetric DNA sensor has
been developed for diagnosis of MERS by using a cationic
pyrrolidinyl peptide nucleic acid (acpcPNA)-induced AgNPs
aggregation probe. The presence of a single positive charge
from the lysine at the C-terminus in the acpcPNA probe led
to the aggregation of citrate anion-stabilized AgNPs in the
absence of complementary DNA. However, in the presence
of the MERS-CoV, the formation of the anionic DNA-acp-
cPNA duplex contributed to the AgNPs dispersion because
of electrostatic repulsion, causing a detectable color change.
Under optimized conditions, this device showed a LOD of
1.53 nM. This assay can serve as a point-of-use diagnostic
tool due to its incorporation with a paper-based analytical
device [107].

COVID-19 The recent occurrence of the COVID-19
pandemic caused by the deadly virus (SARS-CoV-2) has
led to the development of several indirect detection assays
using nanomaterials. In this line, there are studies on using
AuNPs for the detection of SARS-CoV-2. For the diagnosis
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In another study, Huang et al. have presented a colloidal
gold nanoparticle-based lateral-flow (AuNP-LF) assay for
on-site diagnosis of the immunoglobulin M (IgM) antibody
against the SARS-CoV-2 by indirect immunochromatogra-
phy method in 15 min [109]. AuNP-LF strips were prepared
by using a coated analytical membrane with the SARS-
CoV-2 nucleoprotein (SARS-CoV-2 NP) for sample capture
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Reprinted with permission from
[105]. Copyright 2019 Ameri-
can Chemical Society
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and conjugated AuNPs with antihuman IgM to form the
detecting reporter. The performance evaluation of this assay
was done by testing serum samples of COVID-19 infected
patients and healthy humans. The results were compared
with the real-time PCR. AuNP-LF assay was able to achieve
results within 15 min and needed only 10-20 pL serum for
each test. This assay exhibited great selectivity in the diag-
nosis of IgM against the SARS-CoV-2 virus with a sensitiv-
ity of 100% and specificity of 93.3%. Li et al. have developed
a rapid and simple point-of-care lateral flow immunoassay
based on AuNPs to detect IgM and IgG antibodies simul-
taneously against the SARS-CoV-2 virus in human blood
within 15 min for diagnosis of COVID-19 patients at differ-
ent infection stages [110]. In this work, AuNPs were conju-
gated with anti-IgM and anti-IgG human antibodies to form
reporter molecules. The applicability of this immunoassay
was confirmed using blood serum samples of 397 PCR con-
firmed COVID-19 patients and 128 negative patients from
eight different clinical sites. The sensitivity and specificity of
this assay were 88.66% and 90.63%, respectively. Compared
to a single IgM or IgG test, the IgM-IgG combined assay kit
showed better sensitivity and utility. In a similar report, a
colloidal gold-based immunochromatographic (ICG) strip
targeting viral IgM or IgG antibody has been developed
for detection of SARS-CoV-2 in whole blood and plasma
samples [111]. The sensitivity of this assay in nucleic acid
confirmed cases were 11.1% at the early stage (1-7 days
after onset), 92.9% at the intermediate stage (8—14 days after
onset), and 96.8% at the late stage (more than 15 days). In
nucleic acid-negative suspected cases, the ICG detection
capacity was 43.6%.

In another work, a combination of a dual-functional local-
ized surface plasmon resonance (LSPR) biosensor with the
plasmonic photothermal (PPT) effect has been developed
for the clinical diagnosis of COVID-19 [112]. Functional-
ized gold nanoislands (AuNIs) with complementary DNA

Fig.3 Schematic representation
for the FET sensor operation
procedure for the diagnosis of
COVID-19 based on gra-

phene as a sensing material.
SARS-CoV-2 spike antibody is
conjugated onto the graphene
sheet by 1-pyrenebutyric acid
N-hydroxysuccinimide ester,
which is an interfacing molecule v
as a probe linker. Reprinted
with permission from [113].
Copyright 2020 American
Chemical Society
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receptors detected the selected sequences from SARS-CoV-2
by nucleic acid hybridization. By generating the thermo-
plasmonic heat on the same AuNIs chip when illuminated
at their plasmonic resonance frequency, better sensing per-
formance was achieved. This biosensor showed a high sen-
sitivity for the selected SARS-CoV-2 sequences (tested over
the concentration range of 0.01 pM-50 pM) with a LOD of
0.22 pM.

Recently, graphene-based biosensors have also been
developed for the diagnosis of the COVID-19 virus. A
graphene sheet coated field-effect transistor (FET)-based
biosensor with a specific antibody against SARS-CoV-2
spike protein was developed [113]. The sensor perfor-
mance was evaluated using antigen protein, cultured
virus, and nasopharyngeal swab specimens from COVID-
19 patients (Fig. 3). In this work, SARS-CoV-2 was suc-
cessfully detected by the fabricated FET sensor in culture
medium (LOD: 1.6x 10! pfu/mL, linear response range:
1.6x10'-1.6 x 10* pfu/mL), and clinical samples (LOD:
2.42x 10* copies/mL). Furthermore, the device exhibited
specificity towards SARS-CoV-2 in the presence of MERS-
CoV proteins.

Furthermore, studies have shown the significant role
of MNPs in monitoring the existence of SARS-CoV-2. In
this regard, a viral RNA extraction method based on pol-
ymer-carboxyl-coated magnetic nanoparticles (pcMNPs)
has been reported for the sensitive detection of the SARS-
CoV-2 through RT-PCR. In the pcMNPs method, by com-
bining RNA binding steps and the virus lysis and into one,
the pcMNPs-RNA complexes were directly introduced into
subsequent RT-PCR reactions (Direct RT-PCR), which gives
a significantly simplified RNA extraction protocol. Due to
the strong interaction between the carboxyl groups, mag-
netic nanoparticles efficiently absorbed the extracted viral
RNA within 20 min, which results in high sensitivity (10-
copy) with high linearity over 5 logs (between 10 and 10°

SARS-CoV-2 spike antibody

COVID-19 FET sensor
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copies) of the gradient for detection of SARS-CoV-2 with a
detection limit of 10 copies. This method can be employed
for developing the early diagnosis of COVID-19 with high
throughput and without any laborious optimization. Moreo-
ver, this can be easily adopted in fully automated nucleic
acid extraction systems [114]. Another research group
also reported a viral RNA-extraction method for diagnosis
of COVID-19 based on the surface-functionalized MNPs
(zinc ferrite nanoparticles) with silica and carboxyl-modified
polyvinyl alcohol. The extraction of the viral RNA from
several specimens through an automation process may be
provided by this method [115]. Ahmed et al. have proposed
a bioassay for detection of Coronavirus using as-prepared
Zirconium quantum dots (Zr QDs) and magneto-plasmonic
nanoparticles (MPNPs) in blood media with higher sensitiv-
ity than conventional enzyme-linked immunosorbent assay
(ELISA) methods. In the presence of the target analyte and
anti-infectious bronchitis virus (IBV) antibodies-conjugated
MPNPs, the anti-IBV antibody of coronavirus was conju-
gated with Zr QDs to form immuno-conjugated QD-MPNPs
nanohybrids, which can be separated by an external magnet
(Fig. 4). In this study, coronavirus was detected by using the
fluorescence properties of these nanohybrids with a LOD
of 79.15 EID/50 pL and linear response in the range of 100
EID/50 pL to 10,000 EID/50 pL [116].

Recently, there is also a study on using lanthanide nan-
oparticles for the diagnosis of SARS-CoV-2. In this line,
Chen et al. have developed a lateral flow immunoassay
(LFIA) based on lanthanide-doped polystyrene nanoparticles
(LPSNPs) for rapid and sensitive diagnosis of anti-SARV-
CoV-2 IgG in human serum within 10 min. To form an
immunocomplex in sample solutions, the anti-SARV-CoV-2
IgG interacted with the nitrocellulose membrane immobi-
lized recombinant nucleocapsid phosphoprotein. Afterward,
for the fluorescence-based diagnosis of anti-SARV-CoV-2,

Fig.4 Schematic illustration

of sensor design: a Zr nano-
particles and reducing agent
keep on the vial; b formation of
Zr QDs; ¢ antibody conju-
gated QDs; d the addition of
antibody-conjugated MPNPs;

e formation of nanostructured
magnetoplasmonic-fluorescent
by the addition of target, then
separated (f); g dispersion of the
nanohybrid-conjugated part and

Ascorbic Acid

Glass vial

the optical properties meas- H
urement (h). Reprinted with ‘E'
permission from [116] g measurement
-
|
—
-
=
400 420 450

Wavelength (nm)

Autoclave

PR———
120°C forlh

the labeled mouse anti-human IgG antibody with LPSNPs
was added to the analyte solution. RT-PCR was used to vali-
date the results of this assay [117].

Influenza (HIN1, H5NI, H5N2, H3N2, and H7N9) In
recent years, there are many reports on the application of
nanoparticles in biosensors for the detection of Influenza A
virus. In this line, Karash et al. have developed an imped-
ance aptasensor for the diagnosis of HSN1 based on AuNPs
for signal amplification. Biotin-labeled H5SN1 aptamer was
bound to the streptavidin, which was immobilized on the
gold interdigitated microelectrode surface. Then polyethyl-
ene glycol blocked the microelectrode to prevent non-spe-
cific adsorption, and the virus was captured by the bound
aptamer, which caused changes in the impedance measured
by an impedance analyzer. By forming a network-like gold
nanoparticle/HSN1-aptamer/thiocyanuric acid, a designed
nanoparticle-based amplifier was implemented to enhance
impedance signal (Fig. 5). Linear relationship between
impedance changes and logarithmic value of H5N1 virus
concentration was observed in the range of 16-0.25 HAU/50
pL. This aptasensor provided a simple, rapid (less than 1 h),
cost-effective, robust, and reliable detection method for
the detection of avian H5N1 virus with LOD of 0.25 HAU
[118].

In another study, a digital single virus electrochemical
enzyme-linked immunosorbent assay (digital ELISA) was
demonstrated for ultrasensitive detection of H7TN9 AIV
based on bifunctional fluorescence magnetic nanospheres
(bi-FMNs) integration with a monolayer AuNPs modified
microelectrode array with digital analysis. In this study,
for separating the H7N9 viruses from complex samples,
bi-FMNs were synthesized by immobilizing alkaline phos-
phatase (ALP) enzyme and polyclonal antibody (pAb).
Moreover, to make a sandwich complex (ALP-FMNs-Ab/
Ag/Ab-AuNP), the target-bound bi-FMNs were added to
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Fig.5 Schematic illustration of the microelectrode-based impedance
assay for diagnosis of avian influenza virus HSN1. (1) Bare micro-
electrode; (2) Immobilization of streptavidin on the surface of micro-
electrode; (3) Bounding of biotinylated HSN1 aptamers to the immo-
bilized streptavidin on the microelectrode; (4) Blocking the electrode
surface with the polyethylene glycol; (5) Bounding of H5SN1 viruses
to the aptamers; and (6) Bounding of the gold nanoparticles-based
amplifiers to the captured H5N1 viruses. Reprinted with permission
from [118]

the AuNP-bound microelectrode arrays. P-aminophenol
(p-AP) was produced by phosphorylation of p-aminophe-
nyl phosphate monohydrate. In this study, the reduction of
Ag™ to Ag’ form, which was deposited over microelectrode
arrays, was induced by the generated p-AP and measured
by linear sweep voltammetry (LSV) (Fig. 6). There is lin-
ear relationship between the average bi-FMNs number per
microelectrode and H7N9 AIV concentrations in the range
of 0.01-1.5 pg/mL. This digital ELISA was applied for
sensitive and accurate diagnosis of H7N9 AIV with a low
LOD of 7.8 fg/mL [119]. Takemura et al. have developed a
specific LSPR-induced immunofluorescence biosensor for
ultrasensitive and rapid detection of HIN1 and H3N2 based
on an AuNP-induced quaternary CdSeTeS QDs fluorescence
signal. This biosensor involved anti-neuraminidase anti-
body-conjugated thiolated AuNPs and anti-hemagglutinin
antibody-conjugated alloyed quaternary 1-cysteine-capped
CdSeTeS QDs. The displaying antigens on the surface of
the influenza virus interacted with “anti-hemagglutinin anti-
body-conjugated QDs” and “anti-neuraminidase antibody-
conjugated AuNPs” and led to induce an LSPR signal in
proportion to different concentration of HIN1 virus. The
detection time was ~5 min after the addition of the target
virus. The sensor showed linear response in the concentra-
tion range of 10-100 pg/mL for HIN1 in DI water and in
human serum, and for clinically isolated influenza virus
(H3N2) in the concentration range of 10-100 pfu/mL. The
LOD for the clinically isolated H3N2 was 10 pfu/mL, while
for the HIN1 virus, the LOD was 0.03 pg/mL in deionized
water and 0.4 pg/mL in human serum [120].
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Fig.6 Schematic representation of the digital ELISA for diagnosis of
H7N9 AIV based on bifunctional fluorescence magnetic nanospheres
(bi-FMNSs) integration with monolayer AuNPs modified microelec-
trode array: a Capture of Single Virus per bi-FMNs and Individual
Separation of Target/bi-FMNs Complexes into microelectrode array;
b Enzyme-Induced Metallization and Digital Analysis. Reprinted
with permission from [119]. Copyright 2018 American Chemical
Society

Fu et al. have also developed CNTs based-chemiresistive
biosensors for label-free detection of HSN1 DNA sequences.
In this sensor, individual CNT connects with the interdigi-
tated metal electrodes. The functionalized CNTs with DNA
probe sequences attached to the sidewalls non-covalently to
detect complementary DNA target sequences of the HSN1
at concentrations ranging from 2 pM to 2 nM within 15 min
[121]. In another work, Tran et al. have fabricated a CNTs
FET-based DNA sensor to detect influenza A virus DNA
[122]. This DNA sensor could detect HSN1 DNA in less
than one minute with a very low LOD of 1 pM. The fabri-
cated sensor showed linearity in a wide detection range of
1 pM to 10 nM with high reproducibility and prolonged shelf
life (producing a 97% output signal after 7 months storage in
pH 7.4 buffer). For label-free electrochemical diagnosis of
the HINT1 virus, Devarakonda et al. have presented a hand-
made paper-based, label-free electrochemical immunosensor
based on silica nanoparticles, single-wall carbon nanotubes
(SWCNTs), and chitosan [123]. In this work, the paper was
modified with a spray of hydrophobic silica nanoparticles,
and stencil-printed electrodes were used. The modified sten-
cil-printed carbon electrodes with SWCNTSs and chitosan
were used to improve the sensitivity of the sensor. These
immunosensors selectively detected the HIN1 virus against
MS2 bacteriophages and the influenza B viruses in 30 min
with a high linearity in the concentration range of 10 to 10*
pfu/mL, and LOD was 113 pfu/mL.

An electrochemical-based dual-sensor platform has been
developed based on using methylene blue-electroadsorbed
graphene oxide (GO) nanostructures modified with mono-
clonal antibodies to induce high electron-transfer proper-
ties for biomolecular diagnosis of HSN1 and HINT1 [124].
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Fig. 7 Detailed illustration of the affinity assay for diagnosis of influ-
enza based on graphene oxide (GO). The interaction of Pyrenebu-
tyric acid-N-hydrosuccinimide ester (PANHS) crosslinker with the

Bio-functional layers of bio-active molecules (chitosan and
protein-A) were employed at the interface of the sensor ele-
ment and antibodies, which synergistically enriched the bio-
activity of immobilized antibodies for the immune complex
formation. The developed immunosensor showed high sensi-
tivity in picomolar level (25-500 pM), a rapid response time
of less than 1 min, and reproducibility with LOD of 9.4 pM
for HIN1 and 8.3 pM for H5N1. In another study, Kinna-
mon et al. have developed a textile screen-printed biosensor
based on silver conductive electrodes and GO transduction
film built upon both nanoporous polyamide and consumer
utility textiles for impedimetric diagnosis of influenza A
virus [125]. On the GO, an affinity assay was constructed to
bring influenza protein-specific antibodies to the sensor sur-
face (Fig. 7). With interactions of antigen with antibody and
by using electrochemical impedance spectroscopy, HIN1
was detected in this study with a linear dynamic range from
10 ng/mL to 10 pg/mL, and LOD of 10 ng/mL.
Multifunctional nanohybrids have created new and
valuable opportunities for biosensing applications. In this
direction, a colorimetric technique has been reported based
on nanohybrids composed of AuNPs and CNTs to detect
the H3N2 virus [126]. The target viruses interacted with
specific antibodies-conjugated Au-CNT nanohybrids after
bound to the wells of a 96-well flat-bottom microtiter. The
detection mechanism of this sensor was based on producing
a unique blue color resulting from oxidation of the chro-
mogenic substrate 3, 3', 5, 5'-tetramethyl-benzidine (TMB)
in the presence of H,O,. The amount of this color devel-
oped was attributed to H3N2 concentration. The dynamic
range of this system for the H3N2 virus was found to be in
the range of 10-50,000 pfu/mL. The fabricated sensor had
a sensitivity of 500 times greater than that of commercial
immunochromatography kits, with a LOD of 3.4 pfu/mL. In
another study, Huang et al. have developed a highly sensi-
tive electrochemical immunosensor with a sandwich-type
immunoassay format for quantification of H7N9 AIV based
on AgNPs-graphene as trace labels in clinical immunoassays

GO allows for subsequent binding of influenza protein and influenza
protein antibody for detection. Reprinted with permission from [125].
Copyright 2018 American Chemical Society

[127]. In this assay, gold electrodes, which were modified
with AuNP-graphene nanocomposites and labeled with
modified antibodies (mAbs), were used to capture target
antigens. The immunoassay was performed with H7-poly-
clonal antibodies (pAbs) that were attached to the AgNPs-
graphene surface (pAb-AgNPs-graphene) to form a sand-
wich complex for LSV-based detection. This immunosensor
showed high signal amplification with a low LOD of 1.6 pg/
mL in a dynamic working range of 1.6 pg/mL—-16 ng/mL.
Lee et al. have presented a plasmon-assisted fluoro-immu-
noassay (PAFI) based on Au nanoparticle-decorated carbon
nanotubes (AuCNTs) and cadmium telluride (CdTe) QDs
for diagnosis of three types of influenza viruses: the Influ-
enza virus A/Beijing/262/95 (HIN1), the Influenza virus/
New Caledonia/20/99IvR116 (H1N1), and the clinically iso-
lated Influenza virus A/Yokohama/110/2009 (H3N2) [128].
The AuCNTs and CdTe QDs were conjugated with specific
antibodies against the influenza virus to cause changes in
conductivity which were measured by LSV (Fig. 8). The
LODs of this biosensor sensor against influenza viruses A/
Beijing/262/95(HIN1) and New Caledonia/20/991vR116
(HIN1) were 1 ng/mL and 0.1 pg/mL, respectively. The
clinically isolated influenza viruses A/Yokohama/110/2009
(H3N2) were detected in the range of 50-10,000 pfu/mL,
with a LOD of 50 pfu/mL. This developed PAFI biosensor
provided robust signal production for diagnosis of influenza
viruses and excellent selectivity and sensitivity.
Bronchiolitis Bronchiolitis caused by Respiratory syn-
cytial virus (RSV) has been recognized as a major global
health challenge, and these days, by applying nanomaterials-
based detection methods, the early diagnosis of them has
been possible. Zhan et al. developed a surface-enhanced
Raman scattering (SERS) enzyme-catalyzed immunoassay
of RSV based on peroxidase substrate 3, 3’, 5, 5'-TMB as
Raman probe molecule for signal detection [129]. Oxida-
tion of TMB by horseradish peroxidase (HRP) resulted in
the production of TMB*. By electrostatic adsorption of
TMB™ on the negatively charged surface of AgNPs, these
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Fig.8 (I) Synthetic schematic for the preparation of Au nanoparticle-
decorated CNT and (II) Schematic illustration for diagnosis process
of influenza virus by using PAFI [128]

nanoparticles aggregated, which caused a strong SERS sig-
nal. The LOD of RSV in this method was 0.05 pg/mL. The
fabricated sensor showed a linear relationship between the
Raman intensity and the amount of RSV in the range of 0.5
to 20 pg/mL. In another study, Zhan et al. have presented a
colorimetric immunoassay for a highly sensitive diagnosis
of RSV based on Hg**-stimulated peroxidase-like activity
of AuNPs—GO hybrids [130]. In the presence of Hg>*, the
peroxidase activity of antibody conjugated AuNP-GO (Abl/
AuNP-GO) was efficiently improved owing to metallophilic
interaction between Hg>*-Au (Fig. 9). The immunocomplex
(Ab2/RSV/Ab1/Hg**-AuNP-GO) formed in the presence
of RSV was detected by TMB catalysis in the presence of
H,0,. In this work, by using the synergistic effect between
GO and AuNPs, the fabricated low-cost sensor showed high
sensitivity, simplicity, and stability for detection of RSV in
the range of 0.1-10 pg/mL in less than 20 min with the LOD
of 0.04 pg/mL.

Rubella virus (German measles) Recently, for the detec-
tion of rubella virus (also known as German measles),
nanozyme probes based on antigen-conjugated Au-Pt core/
shell nanorods (Au@Pt NRs) have been reported [131]. Pt
NRs have been chosen because of their high catalytic activ-
ity. Moreover, because of the easy aggregation of Pt NRs,
gold nanorods (AuNRs) are used as the support for the Pt
to keep them in a well-dispersed state. To provide specific-
ity for antibody molecules, rubella antigen is conjugated on
the surface of the nanozyme. This antigen-conjugated Au@
Pt NRs-based ELISA showed good sensitivity because of
the enhanced catalytic properties of the nanozyme probe.
This sensor detected rubella IgM antibodies in the linear
range from 10 to 10° ng/mL, and the LOD 10 ng/mL. The
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Fig.9 a Procedure for the preparation of Ab-AuNPs—GO conjugates;
b A schematic illustration of the colorimetric immunoassay for diag-
nosis of RSV based on Hg>*-stimulated peroxidase-like activity of
AuNPs-GO hybrids. Reprinted with permission from [130]. Copy-
right 2014 American Chemical Society

reported assay is more stable and robust but less expensive
compared to antibody conjugated HRP. In another study,
a multiplex plasmonic gold platform were used to detect
the rubella virus in saliva, whole blood, and serum [132].
A plasmonic gold film packed with gold nanoislands was
fabricated on glass slides, which had plasmon resonance in
the near-infrared region and abundant nanoscale gaps. In
comparison with commercial kit test results in serum, sen-
sitivity and specificity of rubella IgG in this work in serum,
whole blood, and saliva by plasmonic gold assay were 100%.
Li et al. have also presented a gold magnetic nanoparticle
(AuMNPs) conjugate-based LFIA system for diagnosis of
IgM antibody related to Rubella with high specificity and
sensitivity [133]. To construct a probe, the AuMNPs conju-
gated with an anti-human IgM antibody (p-chain specific)
by modification with poly methacrylic acid. For evaluation
of 41 seropositive and 121 seronegative serum samples, the
AuMNPs-LFIA strips were used, which showed the sensitiv-
ity of 100% (162/162) and the specificity of 100% (162/162).
Furthermore, a thioglycolic acid-capped CdTe QDs based-
fluorescent immunological microarrays for diagnosis of
ToRCH-related antibodies, including Rubella virus, was
reported [134]. In this assay, the microarrays with the five
kinds of ToORCH-related antigens were fabricated by using
CdTe QDs to label the secondary antibodies. Compared
to glass or silicon chip-based fluorescent immunological
microarrays, the results showed that these QDs labeling-
based ToORCH microarrays were much easier with producing
much more stable and stronger signal and shorter detection
time (10-20 min). Compared with the ELISA kits, both sen-
sitivity and specificity of this microarrays exceeded 85%.
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4.1.2 Nanomaterials-based diagnostics for bacterial
diseases

Tuberculosis For the global combating against MTB, there
are still challenges in the fabrication of affordable diagnos-
tic devices with good accuracy, specificity, and sensitivity.
AuNPs coupled with biosensors can offer a feasible solution
[135, 136]. In this regard, the impedimetric sensor based on
gold nanorod embedded 3D graphene nanocomposite was
developed for selective and rapid diagnosis of MTB. This
nanocomposite-based sensor offered high-performance bio-
sensing for detection of DNA in femtomolar concentration
range and wide detection linear range of 10 fM to 0.1 pM.
The results showed that the response time for this DNA sen-
sor is 1 min, and the LOD is 10 fM [99]. In another study,
a single tube system for detecting unamplified MTB DNA
was developed using AuNPs-based fluorescence resonance
energy transfer (FRET) assay [100]. In this study, a linear
relationship was observed between relative fluorescence and
DNA concentration from 40 to10 ng/pL with the LOD of
3 ng/pL, sensitivity of 98.6%, and specificity of 90%. Tsai
et al. have also developed a colorimetric sensor based on
unmodified AuNPs and a paper-based analytical platform for
detection of tuberculosis with a linear dynamic range from
1.95x1072 to 1.95x 10! ng/mL, a LOD of 1.95x 1072 ng/
mL, and a turnaround time of 60 min [137]. Hybridizing
of single-stranded DNA probe molecules with targeted
double-stranded MTB DNA caused changes in the color
of a gold nanoparticle colloid which were monitored by
using the surface plasmon resonance (SPR). For obtaining
rapid parallel colorimetric results with low reagent utiliza-
tion, this label-free gold nanoparticle solution-based MTB
diagnosis method was coupled with a paper-based system
that can be utilized with a smartphone without the need for
sophisticated analytical equipment. In another work, Bai
et al. have developed an electrochemical DNA biosensor to
detect MTB IS6110 fragment within MTB [138]. To gen-
erate signal response without additional redox molecules,
the nanohybrid of decorated AuNPs with fullerene nano-
particles/nitrogen-doped graphene nanosheet (Au-nano-C60/
NGS) was directly used as a new signal tag. Moreover, the
nanohybrid was subsequently labelled with signal probes
to form a tracer label for obtaining signal amplification.
The biosensor showed a broad linear range of detection (10
fM-10 nM) for MTB with a low LOD of 3 fM, with excel-
lent specificity, reproducibility, and stability. It also distin-
guished mismatched DNA sequence and differentiated MTB
from other pathogenic agents.

Biosensors based on carbon nanomaterials, such as gra-
phene, GO, and CNTs, have also been used to diagnose
MTB. In a recent study, Thakur et al. have developed an
electrochemical DNA aptasensor for the detection of MTB
antigen MPT64, based on Poly(3,4-ethylenedioxythiophene)

(PEDOT) doped with functionalized CNTs hybrid platform
[139]. The biotinylated aptamer was immobilized onto
streptavidin attached to -COOH functionalized CNTs via
streptavidin—biotin interaction. In this work, in the pres-
ence of [Fe(CN)6]3'/4' as a redox probe, differential pulse
voltammetry was used for monitoring the electrochemical
signal generated from the aptamer—target molecule inter-
action. The fabricated sensor showed linear response at
a range from 1.0x 10° fg/mL! to 1.0x 107 fg/mL with a
LOD of 0.5+0.2 fg/mL and sensitivity of 152+33.9 pA
fg mL~! cm™ within 15 min. In the mixture of other pro-
teins, aptasensor could detect MPT64 with 95% specificity.
It also showed good stability (for 27 days at 4 °C) and reus-
ability (for 7 times after repeated regeneration with 50 mM
NaOH). A graphene-based portable SPR biosensor to detect
MTB DNA strain was also developed [140]. The presence
of graphene layers plays a major role in the immobilization
of single strain DNA (ssDNA). The gold nano urchin (GNu)
was covalently bond with the ssDNA as the sensing probe
(ssDNA-GNu). Using the drop casted graphene-based sens-
ing layer contributed to simple, low cost, and time-efficient
sensing with very low LOD of 28 fM for complementary
ssDNA target in the salt buffer. In another study, a highly
sensitive electrochemical peptide nucleic acid biosensor
based on functionalized graphene oxide (NH,-GO) com-
posited with CdS QDs has been used for the detection of
MTB [141]. Under the optimal conditions, it showed a linear
detection range from 1x 107! to 1x 10”7 M with a LOD of
8.948 x 10713 M with reaction time of 50 min and excel-
lent sensitivity and selectivity. In addition, the biosensor
differentiated negative and positive samples of MT DNA
sequences from real sample analysis.

Furthermore, there are studies on QDs-based biosen-
sors to detect MTB. In this regard, a sandwich assay via
antigen—antibody interaction based on silica-coated quan-
tum dots (SiQDs) and AuNRs has been developed for MTB
detection based on FRET [142]. Genetically engineered
antibodies GBP-50B14 and SiBP-8B3 were bound to
unmodified surfaces of AuNRs and SiQDs, respectively. The
antigen—antibody interaction was revealed using M. tubercu-
losis-specific secretory antigen (Ag85B). In the presence of
the target antigen, two biocomplexes exhibited a quenching
effect through a sandwich assay (Fig. 10). In this study, a
successful antigen—antibody reaction led to the quenching
effect in the presence of a target antigen. The reported assay
response was in the range of 1 x 107 to 1x 107! pg/mL with
aLOD of 13 pg/mL.

In another study, Zhou et al. have presented a potential-
resolved electrochemiluminescence (ECL) immunosensor
for simultaneous detection of Triple Latent Tuberculosis
Infection (LTBI) Markers (interferon-gamma (IFN-y), tumor
necrosis factor-alpha (TNF-a), and interleukin (IL-2) based
on carbon QDs and CdS QDs [143]. In this work, these QDs

@ Springer



348

Biomedical Engineering Letters (2021) 11:335-365

Fig. 10 Schematic representa-
tion of AuNRs and SiQDs
based-fluorescent analysis
method for the detection of
secreted antigen from MTB
based on sandwich assay via
antigen—antibody interaction.
Reprinted with permission from
[142]

& V.

GBP-50B14
Gold Nanorod (AuNRs)

Sio -
—

SiBP-8B3

Silica-coated QDs (SiQDs)

were integrated onto AuNPs and magnetic beads, respec-
tively, to fabricate ECL nanoprobes with signal amplification
for detection of IFN-y, TNF-a, and IL-2 with high sensitiv-
ity (Fig. 11). Immobilization of these three markers on the
three patterned areas of indium tin oxide electrode facilitated
the capture of markers easily. This sensor detected the mark-
ers at the concentration range of 1.6-200 pg/mL. Moreover,
the LOD for IFN-y, TNF-a, and IL-2 were all 1.6 pg/mL.
The results showed that this multiplexed ECL immunosen-
sor possessed good specificity, reproducibility, and stability
with high sensitivity.

Prneumococcal Disease An electrical conductance detection
of Streptococcus pneumoniae through the simple method of
nanoparticle decoration was reported by Pyo et al. [144]. In
this study, the pneumococcal bacteria were captured between
the interdigitated electrodes by pneumococcal C-polysac-
charide (PnC) antibody. Afterward, the PnC antibodies
conjugated-AuNPs were bound onto an outer membrane of
the bacteria. With the dense decoration, the bacteria surface
became conductive due to the metal nanoparticles, and a
distinctive conductance change between the electrodes was
observed. Therefore, Streptococcus pneumoniae has been
successfully detected in the range of 10-10® cfu/mL with
a lower LOD (10 cfu/mL) compared with the commercial
detection kit.

4.1.3 Nanomaterials-based diagnostics for fungal diseases

Candidiasis Candidiasis remains one of the most serious
healthcare-associated diseases worldwide. Nanoparticle-
based biosensors have been developed for the diagnosis of
Candidiasis in recent years. Villamizar et al. have developed
a FET biosensor based on SWCNTs for detecting Candida
albicans [145]. Functionalized SWCNTSs with monoclonal
anti-Candida antibodies act as specific binding sites for the
adsorption of fungal antigens (Fig. 12). A LOD of 50 cfu/mL
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has been achieved within 1 h. The results showed that this
sensor could selectively detect Candida albicans at low con-
centrations in the presence of Cryptococcus albidus and Sac-
charomyces cerevisiae. In addition, this sensor could facili-
tate early diagnosis of sick patients, which would improve
the administration of adequate drugs and treatments [42].
Furthermore, biofunctionalized upconverting CaF,:Yb,Tm
nanoparticles were used for luminescence detection of
Candida albicans. To reduce luminescence quenching, a
multistep synthesis method was applied to homogenously
distribute the doping ions within the nanoparticle’s volume.
A dedicated biofunctionalization method demonstrated the
suitability of the synthesized nanoparticles as bio-labels for
labelling Candida albicans.
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Fig. 11 Schematic representation and preparation procedure of the
multiplexed electrochemiluminescence immunosensor based on car-
bon QDs and CdS QDs for simultaneous detection of IFN-y, TNF-a,
and IL-2. Reprinted with permission from [143]
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Source

Fig. 12 a Schematic structure of the CNT FET device. b Antigen—
antibody interaction of Candida albicans with a SWCNT function-
alised with anti-Candida antibodies and protected with Tween 20.
Reprinted with permission from [42]

Aspergillosis Detection of invasive aspergillosis (IA)
caused by Aspergillus fumigatus in the miniaturized set-
ting is challenging. Bhatnagar et al. have developed an
electrochemical nanobiosensor for sensitive detection of
IA via detecting the virulent glip target gene (glip-T) in a
miniaturized experimental setting [146]. The designed bio-
sensor is systematically characterized by UV-visible spec-
troscopy, electrochemical impedance spectroscopy, and
cyclic voltammetry. The sensor probe was fabricated on a
gold electrode using 1,6-hexanedithiol, and chitosan stabi-
lized AuNPs mediated self-assembly of glip probes (glip-
P) (Fig. 13). The fabricated biosensor detected glip-T in
less than 20 min with the dynamic range between 1 x 1074
and 1x 1072 M, the LOD of 0.32+0.01 x 10~ M, and
the sensitivity of 93.6 +6.2%. The results indicated that
the developed sensor is easy, rapid, cost-effective, and
generic with good reusability, which makes it a potential
candidate for fabricating a miniaturized hand-held device
for onsite glip-T detection for patients suffering from IA.
In another work, a plasmonic gold nanoparticle-based
system has been developed for the diagnosis of Aspergil-
lus fungal infections [37]. It measured the change in the
shape of gold nanoparticles and generated colored solu-
tions with distinct tonality. In suspensions of gold nano-
particles, a color change from red to blue within 2 min
was observed, which is related to changes in nanoparticle
shape. A decrease in the ratio when the fungi concentra-
tion increased from 1 to 16 cfu/mL was found, with a LOD
of 10 cfu/mL, a sensitivity of 80% and a specificity of 95%
for the diagnosis of athlete’s foot in human patients. This
system would contribute to self-diagnosis and hygiene
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Fig. 13 Schematic illustration detailing of the fabrication and the
detection principle of glip biosensor based on AuNPs for diagnosis of
invasive Aspergillosis. Reprinted with permission from [146]

control in laboratories/hospitals with fewer resources with
a naked eye.

SWCNTs-based sensors have also been used for the
detection of Aspergillus species. Jin et al. have demonstrated
a biosensor for the real-time detection of Aspergillus spe-
cies using SWCNTs-integrated FETs functionalized with
pentameric antibodies that specifically bind to Aspergillus
species [147]. The sensor exhibited good selectivity towards
Aspergillus niger with a low concentration of 0.3 pg/mL, a
detection dynamic range from 0.5 pg/mL to 10 pg/mL, and
high sensitivity without any response to other fungal species
Alternaria alternata.

Here we summarize the performance of nanomaterials-
based diagnosis methods for respiratory infectious diseases
in Table 3.

4.2 Micromaterials-based diagnostics

Micromaterials attract scientific attention due to their con-
trolled release nature, high drug loading and entrapment
capabilities, maximum therapeutic benefits, particle size,
and compatibility [148]. Micromaterials-based diagnostics
offer numerous advantages by improving efficacy and reduc-
ing toxicity. Due to attractive properties and wider applica-
tions, micromaterials such as chitosan microspheres [149],
alginate microspheres [150], gellan-gum beads [151], poly
(adipic anhydride) microspheres [152], poly(D, L-lactide-co-
glycolide) microspheres [153], polypeptide microcapsules
[154], albumin microspheres [155], glutamate microspheres
[156], triglyceride lipospheres [157], 1,5-dioxepan-2-one
(DXO) and D, L-dilactide microspheres [158] have been
used vastly in medical diagnosis and drug delivery. Above
mentioned micromaterials also have important potential
applications in the treatment of a variety of diseases. How-
ever, in this study, we will focus on micromaterials-based
diagnosis for respiratory infectious diseases.
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4.2.1 Micromaterials-based diagnostics for viral diseases

COVID-19 As mentioned in Sect. 2.1, COVID-19 is a res-
piratory infectious disease caused by SARS-CoV-2, which
is currently an international concern. Researchers from all
over the world have come up with their new approach and
method for developing new diagnosis methods to prevent
this pandemic. Li et al. proposed a novel detection method
for COVID-19 by using magnetic and nonmagnetic fluo-
rescent microparticles and compared it with other existing
antibody detection methods [159]. This low-cost magnetic
field-induced self-assembly method has no scattering effect,
relatively low magnetic resistance, and able to detect the
stage of virus infection (Fig. 14). They synthesized magnetic
microparticles and non-magnetic microparticles with the
size of 3 pm and 5 pm from Fe;0, and polystyrene by dis-
persing them into deionized water and magnetic fluid. These
microparticles then were classified as original microparticles
and fluorescent microparticles based on surface modifica-
tions. Using the magnetic field-induced self-assembly pro-
cess, they proved fluorescent microparticles were able to
represent the antibodies for SARS-CoV-2.

Yamada reported the microparticles emerging roles in
the diagnosis of respiratory diseases, including COVID-19
[160]. This study investigated the possible relation of extra-
cellular vesicles based microparticles and their ability in the
diagnosis and treatment of COVID-19. In addition, it showed
that endothelial microparticles present in the blood could be
utilized as biomarkers for better management of respiratory
infectious diseases. Another study by Boukli et al. evaluated
the chemiluminescent microparticle immunoassay (CLMIA)
for the detection of IgG anti-SARS-COV-2 antibodies [161].
This study shows the effectiveness of the CLMIA alinity
I SARS CoV-2 IgG assay over the Liaison SARS-CoV-2
assay to detect the antigen of the virus. They found clinical
sensitivity of the CLMIA was comparatively better than the
Liaison assay. Based on the delay from symptom onset, the
clinical sensitivity of the alinity I assay was 45.2% for 1
to 7 days, 72.6% for 8 to 14 days and 84.4% after 15 days.
There wasn’t a notable change in sensitivity over time after
15 days.

Several studies also showed the clinical application of
CLMIA for SARS-CoV-2 infection diagnosis [161, 162].
These types of microparticles were developed on the basis
of recombinant spike for detecting IgM and total antibodies
(Ab) against SARS-COV-2 in human serum. Chemilumines-
cence microparticles-based methods have higher sensitivity
and provide a flexible choice of serological immunoassays.
The CLMIA delivered higher sensitivity for detecting Ab
in comparison with IgM. Among 206 samples, the posi-
tive rate for Ab was 90.8%, where it was 72.3% for IgM.
The specificity of Ab and IgM detection were 98.9% and
99.3%, respectively. Those studies also demonstrated that

these microparticles have all the potential dominance fac-
tors in establishing a robust standard protocol and helping
to enhance the accuracy and capacity in the detection of
SARS-CoV-2.

Influenza Generally, nanoparticle-based detection meth-
ods for influenza are vast compared to microparticle-based
methods. However, there is the potential for microparticles
shown by recent reports and recognizing the possibility in
the diagnosis of influenza diseases. Chen et al. developed
a colorimetric platform using aptamer-functionalized mag-
netic microparticles to detect the influenza A virus [163].
These magnetic microparticles were synthesized by modi-
fying glucose oxidase (GOx), concanavalin A (ConA), and
AuNPs. These ConA-GOx-AuNPs were implicated in the
H3N?2 virus through the ConA glycan interaction. They
used two different colored AuNPs to determine the H3N2
concentration. This newly developed microparticle-based
colorimetric method provided high efficiency with the high
sensitivity in the detection of target virus. The LOD of this
method was calculated as 11.16 pg/mL and also achieved
semi-quantitative determination by visual detection. A
rapid method for detection of Influenza A and B virus was
reported by Koskinen et al. [164]. Here, they used the Arc-
Dia two-photon excitation (TPX) assay technique and dry
chemistry reagents to form polymer microspheres. Mono-
disperse, carboxyl-modified microspheres with a diameter
of 3.22 +0.08 pm made from cross-linked polystyrene were
used in this diagnosis method. A reference method named
time-resolved fluoroimmunoassay (TR-FIA) was used to
compare the performance and effectiveness of the TPX
technique. The kinetic measurement of the TPX technique
provided the performance as a function of time and indicated
its efficacy in clinical sensitivity as compare with TR-FIA
and PCR. The precision achieved with the ArcDia TPX tech-
nique for influenza virus antigen detection can be regarded
to be excellent than reference methods.

4.2.2 Micromaterials-based diagnostics for bacterial
disease

Pneumococcal diseases Pneumococcal diseases are one of
the major human respiratory pathogens that cause commu-
nity-acquired pneumonia among people of all ages [165].
Microparticle-based diagnosis provides unprecedented
opportunities for the treatment of these diseases. Kim et al.
reported a rapid detection method of Mycoplasma Pneumo-
nia (M. Pneumonia) using highly carboxylated polystyrene
submicron latex microspheres [166]. In this study, M. Pneu-
monia solutions using carboxylated polystyrene particles
with a diameter of 390 nm and 500 nm were formed with
anti-M. Pneumonia. The concentration of the microsphere
was 0.02% v/w. Then immunoagglutination assay and static
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Fig. 14 Schematic representa-
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light scattering were used to detect M. Pneumonia inside
the Y-channel PDMS microfluidic device. Smaller parti-
cles used in this study displayed better detection capability
with a wider dynamic range and reproducible manner. They
showed that the combination of a microfluidic device with
latex immunoagglutination improved the LOD, which was
slightly less than 50 pg/mL. The detection time using this
method was approximately 90 s. The key advantage of this
method is that it is simple and essentially one step. Sam-
ple pretreatment, fluorescent dye, or cell cultures are not
required in this study.

Here we summarize the performance of micromaterials-
based diagnosis methods for respiratory infectious diseases
in Table 4.

4.3 Micro/nanodevice-based diagnostics

As we found in Sects. 4.1 and 4.2, diagnostics based on
nano/micromaterials has several advantages such as high
sensitivity, rapid diagnosis time, and cost-effectiveness
[168]. However, nano/micromaterials-based diagnostics
require further development to become practical applica-
tions in the clinical field. Also, advanced equipment has
been needed for the complicated diagnosis of infectious dis-
eases [99]. This necessity leads to the evolution of micro/
nanodevices, and many kinds of research have been per-
formed using micro/nano-electromechanical systems (M/

@ Springer
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NEMS) and lab-on-a-chip devices with micro/nanofluidic
techniques for diagnosing infectious diseases. In this sec-
tion, we explore the micro/nanodevices that mainly diagnose
respiratory-related infectious diseases.

4.3.1 Micro/nanoelectromechanical systems (M/NEMS)

The method of diagnosing respiratory infectious diseases
using MEMS and NEMS is a field of micro/nanotechnol-
ogy that we need to pay attention to. MEMS are integrated
systems or devices that combine mechanical and electrical
components of microscale (1 mm to 100 nm), and NEMS
consist of nanoscale electrical and mechanical components
of 100 nm or less. Both MEMS and NEMS consist of micro/
nano-sensors, micro/nano-actuators, micro/nanostructures,
and micro/nanoelectronics in a single integrated device
[169]. In addition, micro-sized cantilever, bridge, membrane,
and nanowire, nanorod, and nanotube have been widely used
in MEMS and NEMS biosensors. Herein, the MEMS and
NEMS-based biological sensing applications for diagnosing
respiratory infectious diseases are introduced.

There are two commonly used methods for the fabri-
cation of MEMS devices: surface micromachining and
bulk micromachining [170]. In the surface microma-
chining, thin films of thickness 1-100 pm are deposited,
patterned, and etched to produce MEMS. The substrate
materials such as single-crystal silicon play an important
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role to form a functional component of MEMS in bulk
micromachining which can shape complex 3D configura-
tions. The fabrication process of NEMS can be divided
into two methods: top-down and bottom-up methods. The
top-down method starts with generating a pattern before
nanostructure is made, and includes bulk-, film-, surface-,
and mold-nanomachining. Also, four types of top-down
nanofabrication methods can be utilized. Those are the
following: (1) optical lithography with light beams to
duplicate nanopatterns, (2) beam-based lithography with
a beam directly to make nanopatterns, (3) scanning probe
lithography using the nanoscale tip to interact with sub-
strates, and (4) nanoimprint lithography using a nano-sized
mold to press onto the resist [171]. Nanoimprint lithogra-
phy, which is inexpensive and high-throughput technology,
is used to pattern planar nanostructures and has been used
to develop the fabrication of NEMS devices [172]. The
bottom-up method first assembles atoms and molecules
into nanostructures [173]. The bottom-up nanofabrica-
tion is commonly used with top-down nanofabrication
because it has the disadvantages of randomly distributing
nanostructures by molecule self-assembly [174]. MEMS
and NEMS can integrate multiple functional devices and
signal processing units on a single chip, resulting in minia-
turization of size, minimization of energy and power, high
throughput, and high reliability. In addition, they have the
advantage of being able to manufacture in large quantities,
lowering prices. Therefore, many studies have been con-
ducted based on MEMS and NEMS, and these techniques
confer unparalleled advantages to diagnose respiratory
infectious disease.

Kumar et al. developed the electrochemical biosensor
platform with nanostructured black phosphorus to detect
myoglobin and showed a high sensitivity in the detec-
tion [175]. Choi suggested this electrochemical biosensor
platform in the mini-review paper as the detection method
retaining high sensitivity for SARS-CoV-2 [176]. Huang
et al. proposed a rapid and direct system for detecting SARS-
CoV-2 viruses without sample preparation through nano-
plasmonic resonance sensor chips [177]. Besides, the onset
of COVID-19 has led a company named LUMEX to invent a
microchip RT-PCR system in order to detect SARS-CoV-2.
The new RT-PCR system showed many advantages com-
pared to the conventional RT-PCR procedure in terms of
time/cost-efficiency, lessening space, and reducing human
resources. Lee et al. found a novel diagnostic magnetic
resonance (DMR) platform which contains a micro nuclear
magnetic resonance (1 NMR) chip with micro-coils and a
microfluidic array. They used magnetic nanoparticles for
proximity assay and showed sensitive results in the detec-
tion of Staphylococcus aureus. Through this research, micro/
nanotechnologies in the DMR platform were demonstrated
to be a rapid and portable platform for the detection of

various infectious diseases with multiplexed measurements
[178]. Recently, to overcome the limitations of the multiplex
molecular diagnostic methods that are currently clinically
available such as solid-phase PCR, a plasmonic isothermal
recombinase polymerase amplification (RPA) array chip was
developed for multiplex molecular diagnosis of respiratory
pathogens by Woo et al. Au nanopillars were fully covered
by Au nanoparticles with high density for a plasmonic array
chip. It showed highly enhanced plasmon-enhanced fluores-
cence with long DNA amplicons (~200 bp). The 4-plex plas-
monic RPA array chip successfully showed highly sensitive
and rapid detection of respiratory bacterial DNA and viral
RNA, within 30 min and 40 min, respectively [179]. Lee
et al. developed a paper-based SERS sensor coupled with
PCR, which consists of silver-nanowires on the glass-fiber
filter paper, for the detection of respiratory bacterial DNA.
It showed flexibility and reliability even over 1000 cycles
of bending. For the detection of Mycoplasma pneumoniae
(M. Pne), PCR-coupled paper-based SERS diagnosis showed
enhanced sensitivity with a detection limit of 3.12 pg/uL
of DNA for low-cycle amplified DNAs (10 cycles). They
developed a rapid kit with SERS substrate and successfully
diagnosed M. Pne compared to nontarget gene [180].

4.3.2 Lab-on-a-chip

A lab-on-a-chip (LOC) stands for the miniaturized device
that has chemical and biological processes onto it, and it
was originated from MEMS. LOC technologies include
sensors and arrays, which are non-fluidic small systems, as
well as microfluidic chips [181]. LOC mostly relies on core
technologies such as microfluidics and molecular biology
and can integrate multiple analyzes from DNA sequencing,
biochemical detection to disease screening. LOC devices
have been used for the development of applications in the
biomedical field by detecting viruses and bacteria as disease-
causing organisms, analyzing immunoassays, and monitor-
ing disease states [182].

As LOC has become increasingly popular, microfluidic
techniques have made naturally significant progress [183].
The microfluidic techniques are typically incorporated with
a single operation, such as transportation and mixing for
fluid, detection for the product, storage for reagent, and col-
lection [184]. Figure 15 shows the simple configuration of
the microfluidic chip [185]. The overview method of how
microfluidic devices diagnose virus-based respiratory infec-
tious diseases is shown in Fig. 16 [186]. Regarding the fab-
rication of a microfluidic chip on LOC, conventional meth-
ods (e.g., micro/nano-sized of computer numerical control
machining, laser ablation, and the technology of micro-elec-
tro-mechanical systems) can be used. Also, the state-of-the-
art technologies (e.g., soft lithography, micro/nano mold-
ing, hot embossing, xerography, and printed circuit boards/
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Table 4 Evaluation of micromaterials-based diagnosis for respiratory infectious diseases

Agent  Disease Micromaterial ~ Technique  Dynamic Range Limit of Detection  Specificity Sensitivity — References
Detection ~ Time
(LOD)
Virus COVID-19 Fe;0, & Poly-  Magnetic ~ — - - 90% 80% [159]
styrene field
induced
self-
assembly
Commercial Chemilu- - - - 99% 45.2% for 1 [167]
chemilu- minescent to 7 days,
minescent immuno- 72.6%
microparticle assay for 8 to
14 days
& 84.4%
after
15 days
Influenza ConA-Gox- Colorimet-  12-240 pg/mL 11.16 pg/ 1.5h - - [163]
(H3N2) AuNP ric Assay mL
Influenza Carboxyl Modi- Two photon — 50 ng/ml 25 min ~100% 89% [164]
(Aand B) fied micro- excita-
spheres tions
Bacteria Pneumo-  Carboxylated  Latex 5x107-5x102 pg/ S0pgmL <90 - - [166]
coccal Polystyrene immuno- mL
agglutina-
tion assay
Outlet hole
Antibody
; Aptamer
nlet hole — ARSI ; 5,?3! g;ﬂ?f{ei Magr?etic bead opica
<—————Microchannel Nanoparticle Electrical
3 X Enzyme

/

\

/ «"’,//(/uml\\\\\}\? W
’ y ] ) LR r

Nt

Bioreactor cell

Fig. 15 Configuration of the microfluidic chip. Reprinted with per-
mission from [185]

paper-based methods) are useful for the fabrication of the
LOC device with cost-effectiveness [184].

LOC platforms have great benefits in providing excellent
capabilities of sensitiveness and extensive measurement in
a compact format. The functions consist of sample prepara-
tion, rapid and high throughput, higher sensitivity, reduced
volume of sample consumption, and multi-detection [184,
187]. In particular, microfluidic technology creates millions
of microchannels with electrodes, valves, and electronics to
diagnose respiratory infectious diseases. The microchannel
has a great advantage in that it can manipulate biochemical
reactions even in tiny amounts; hence, the patient's blood can

@ Springer

Electrochemical

etc. :

/

Fig. 16 Methods of the microfluidic chip to detect virus-based respir-
atory infectious diseases. Reprinted with permission from [186]

Sample Sensing Signal

be easily separated for disease screening. The microfluid-
ics technique can also manage small amounts of fluid using
microchannels in the tens to hundreds of micrometers in
size. For this reason, there are many advantages: portability
for field use, low cost, versatility in design, possibility to
integrate with other small devices, and microfluidic chip-
based systems for biological cell research. The microfluidic
system consumes much fewer chemicals and solvents and
can work faster and at a lower cost than conventional sys-
tems; hence, it is widely used in processes that happened
in cell separation, manipulation, PCR amplification, DNA
analysis, etc. Thus, various disciplines are connected to the
microfluidics fields, such as physics, chemistry, engineering,
and biotechnology [188].
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Fig.17 a and b Microflu-
idic chip for the detection of
influenza A, ¢ Procedure of
microfluidic assay. Reprinted
with permission from [193]

=

V =

Nasopharyngeal swab

.

Sample loaded with
lysis buffer onto chip

Zhou et al. detected SARS-coronavirus with the devel-
oped novel platform, which is duplex PCR with a micro-
fluidic chip and microchip [189]. It showed more sensi-
tive results of 17/18 for positive samples than the results
of 12/18 of the conventional RT-PCR. Yu et al. developed
the platform of ZnO nanostructured on the microfluidic
chip to detect avian influenza virus (AIV) and nanorods of
ZnO made the sensitivity of the detection about 22 times
higher than that of the conventional method [190]. Jia et al.
presented a novel PCR platform which is nanofluidic chip
digital PCR (cdPCR) to detect the African swine fever virus
(ASFV) for the first time [191]. For the detection of influ-
enza virus HIN1, a microfluidic chip with polydimethylsi-
loxane microchannels has been newly developed by Singh
et al. using an electrochemical immunosensor based upon
reduced graphene oxide [192]. Cao et al. developed a micro-
fluidic chip using RT-PCR that makes the amplification of
influenza A RNA [193]. The developed microfluidic chip
combined the two processes of solid-phase extraction and
molecular amplification and showed 96% of sensitivity and
100% of specificity. The image for the microfluidic chip and
the sequence of the microfluidic assay are shown in Fig. 17
[193].

For COVID-19, many kinds of research on microfluidic
chips have been studied to detect SARS-CoV-2. Xie et al.
utilized a nano-scale RT-qPCR system on the microfluidic
chip, which is one of the three-step approaches to detect
SARS-CoV-2 and achieved the result of reduced False-Neg-
ative rate with low viral loads with higher sensitivity than
the standard RT-PCR method [194]. Tarim et al. introduced
an effective diagnostic method using microfluidic techniques
to solve the problems of the existing SARS-CoV-2 detec-
tion method, which requires a skilled workforce and expen-
sive equipment [186]. They proved that the microfluidic

="
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PCR channel Outlet

7
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preparation
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1
Heater1 Inlet Waste port RT chamber  Thermocouple

Temperature (°C)
PLH PSSP P S

Concentration

N

Run chip

PCR heat zones

’ Size

Answer read using
capillary electrophoresis

diagnostic device they developed is portable while using
minimal sample volumes, saving time, money, and labor.
Rodriguez-Moncayo et al. developed the multiplexed micro-
fluidic device to measure IgG and IgM against four different
proteins for COVID-19 using serology assay and showed
high-throughput results with a sensitivity of 95% and speci-
ficity of 91% [195]. Beyond diagnosing a single infectious
disease, Huang et al. [196] developed Onestart, which is
a microfluidic chip-based PCR-array system to diagnose
respiratory infection. The Onestart can detect 21 different
respiratory pathogens in an integrated manner that processes
from sample dissolution to real-time PCR at once and has
the advantage of easy operation and short processing time.
The micro/nanodevice-based diagnosis for respiratory infec-
tious diseases is summarized in Table 5.

5 Concluding remarks

As discussed in this review paper, micro/nanotechnologies
have been successfully utilized to diagnose respiratory
infectious diseases. Micro/nanotechnology-based diagno-
sis methods have many advantages compared to conven-
tional diagnosis methods due to their rapid, space/cost-
effectiveness, and accuracy. Micro/nanomaterials-based
diagnostics have shown remarkable development in the
sensitivity and performance of biosensors with a high sur-
face-to-volume ratio of micro/nano-sized materials. Fur-
thermore, micro/nanodevices have been developed for the
complicated diagnosis of respiratory infectious diseases
and applied in the clinical field. Micro/nanodevices based
on LOC platforms with microfluidic techniques also show
high sensitivity, high throughput, and accurate results, as
well as low cost and portability in a compact format. Both
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Table 5 Evaluation of micro/nanodevice-based diagnosis for respiratory infectious diseases

Agent  Disease

Micro/nan-
odevice

Technique

Dynamic range

Limit of detection
(LOD)

Detec-
tion time
(min)

Specificity

Sensitivity References

Virus COVID-19

Influenza

SARS

Coronavirus
(CoV)
229E

CoV 0C43

CoV NL63

Human
metapneu-
movirus
(hMPV)

African
Swine
Fever

Nanoplas-  M/NEMS
monic
resonance

sensor

Microchip
RT-PCR

Nano-scale
qPCR on
microflu-
idic chip

Multiplexed
microflu-
idic device

ZnO
nanorod
integrated
microde-
vice

Microflu-
idic chip
integrated
with RGO-
based
electro-
chemical
immu-
nosensor

Microfluidic

Microfluidic

Microfluidic

Microfluidic

Microfluidic Microfluidic
chip via
RT-PCR
Duplex PCR  Microfluidic
with a
micro-
fluidic
chip and
microchip

Plasmonic M/NEMS
isothermal
RPA array

chip

Nanofluidic  Nanofluidic
Chip Digi-
tal PCR

0to 107 vp/mL

1 to 10* pfu/mL

4.02% 107 mol/L to
4.02x 107 mol/L

370 vp/mL

2.6x 107 copies/
mL

<1 copy/uL

1.6 ng/mL

3.6x 10° EIDs/
mL

0.5 PFU/mL

10% copies/mL

6.67x 1073 mol/L

10% copies/rxn

10* copies/rxn
10° copies/rxn
10% copies/rxn

30.1995 copies/
rxn

15

156

180

50-60

40

40
40
40

91%

100%

94.44%

- [177]

- LUMEX

- [194]

95% [195]

- [190]

- [192]

96% [193]

- [189]

- [179]

86.27%  [191]
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Table 5 (continued)

Agent  Disease Micro/nan-  Technique =~ Dynamic range Limit of detection  Detec- Specificity Sensitivity References
odevice (LOD) tion time
(min)
Bacteria Staphylo- DMR plat- M/NEMS - ~10 bacteria/uL 10 - - [178]
coccus form with
aureus UNMR
chip,
micro-
coils and a
microflu-
idic array
Streptococ-  Plasmonic M/NEMS - 10! copies/rxn 30 - - [179]
cus pneu- isothermal
moniae RPA array
Haemo- chip - 10* copies/rxn 30 - -
philus
influenzae
Chlamydia - 10! copies/rxn 30 - -
pneumo-
niae
Mycoplasma - 103 copies/rxn 30 - -
pneumo-
niae
Mycoplasma PCR- M/NEMS 1 uM to 10 nM 3.12 pg/uL 20 - - [180]
pneumo- coupled
niae paper-
based
SERS

sensor

micro/nanomaterials-based and micro/nanodevice-based
diagnostic methods have been developed and applied for
the detection of various respiratory infectious diseases.
However, there is less research work using micro/nanode-
vices to diagnose respiratory infectious diseases than that
using micro/nanomaterials. Since both fields are devel-
oping rapidly and are still in their early stages, further
research is required to commercialize these technologies.
In the review of nanobiosensors for diagnostics of SARS,
MERS, and COVID-19, the next challenge for nanobiosen-
sors is reported to have wearable and user-friendly features
[197]. In addition, micro/nanotechnologies will need to
evolve further with additive manufacturing techniques,
such as 3D printing, to facilitate the fabrication of micro/
nanodevices for biomedical applications. This evolution
will lead to compact, low-cost, high-performance, and
robust micro/nanodevices to diagnose respiratory infec-
tious diseases.
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