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Abstract

Recently, highly sensitive and selective biosensors have become necessary for improving public
health and well-being. To fulfill this need, high-performance biosensing systems based on various
nanomaterials, such as nanoparticles, carbon nanomaterials, and hybrid nanomaterials, have been
developed. Numerous nanomaterials have shown excellent physical properties, including
plasmonic, magnetic, catalytic, mechanical and fluorescence properties and high electrical
conductivities, and these unique and beneficial properties have contributed to the fabrication of
high-performance biosensors with various applications, including in optical, electrical, and
electrochemical detection platforms. In addition, these properties could be transformed to signals
for the detection of biomolecules. In this review, various types of nanomaterial-based biosensors
were introduced, and they showed high sensitivity and selectivity. In addition, the potential
applications of these sensors on the biosensing of several types of biomolecules were also
discussed. These nanomaterials-based biosensing systems have provided a significant
improvement on healthcare including rapid monitoring and early detection of infectious disease

for public health.



1. Introduction

An increase in the social awareness, interest in health care and public safety issue, recently, highly
sensitive and selective biosensing systems have been required [1, 2]. In addition, fast detection
systems are desired to prevent the spread of contagious diseases [3]. To meet these kinds of critical
requirements, several types of high-performance virus detection platforms have been developed
using many nanomaterials that possess unique and multifunctional properties [4-8].

Several nanomaterials have been developed and introduced, such as metal nanoparticle
(MeNP), quantum dot (QD), magnetic nanoparticle (MNP), and carbon nanomaterial (CNM),
which include carbon nanotube (CNT), graphene (GRP), and GRP-QD [9-13]. These
nanomaterials have unique properties, such as optical, plasmonic, fluorescence, magnetic,
mechanical and catalytic properties and a high electrical conductivity [14-16]. On the other hand,
hybrid nanomaterials, including core/shell or alloyed nanoparticles and nanoparticle-modified
carbon nanomaterials, have shown excellent synergistic effects, such as surface-enhanced Raman
scattering (SERS), plasmonic resonance energy transfer (PRET), fluorescence resonance energy
transfer (FRET), magneto-optical (MO) effects, enhanced catalytic properties, enhanced
electrical conductivity and improved mechanical properties [17-20]. In sensing system, these
properties of nanomaterials are key to their function as signal transducers, in which interactions
between a certain nanomaterial and a target virus induce changes in the properties of the
nanomaterial property, resulting in the detection of a specific target virus.

Due to these unique properties, numerous nanomaterials have contributed to the construction
of platforms for the detection of viruses, DNA, RNA and critical diseases with various approaches
[21-23]. MeNPs, QDs and MNPs have been utilized in optical and electrochemical sensing
platforms [24-26], and carbon nanomaterials have been used in electrical and optical detection
systems [27-29]. Hybrid nanomaterials have also been applied in various sensing systems [30-
32], and these nanomaterials can potentially assist in the development of on-site or point-of-care

monitoring systems [33].



In this review, various nanomaterial-based high-performance biosensing systems and the
types of nanomaterial properties that can be adopted as signal transducers for the detection of

biomolecules and viruses are introduced.

2. Plasmonic and catalytic nanoparticle-based biosensing systems

Noble MeNPs such as Au, Ag and Pt NPs have unique optical properties that are characterized
by a strong plasmonic absorbance (Abs) at a specific wavelength, which originates from the
localized surface plasmon resonance (LSPR) effect [34-36]. The wavelength of this plasmonic
absorbance can be tuned through self-assembly processes and the resulting plasmonic coupling
interactions [37-39], and many researchers have the modulated plasmonic properties via structural
alteration of Au or Ag NPs with biomolecules, such as peptides, proteins, and DNA [40-44]. This
tuning ability indicates that the plasmonic absorbance can be used as a signal transducer for the
biosensing of target biomolecules because its wavelength changes with the biomolecule-induced
self-assembly of MeNPs [45, 46].

Zhang et al. detected target DNA by controlling the plasmonic properties of Au NPs using
probe DNA-modified Au NPs [47]. To capture the target DNA, two different types of DNA
probes were respectively introduced on large (40 nm) and small Au NPs (17 nm). In this case, the
probes played the roles of a plasmonic core and satellite for achieving plasmonic coupling
interactions. If the target DNA was present in the system, the plasmonic core and satellite
spontaneously assembled through DNA hybridization as shown in Figure 1A.

After the DNA-mediated assembly process, plasmonic interactions occurred between the
core and satellite, and as a result, the Amax Of the plasmonic absorbance spectrum redshifted.
According to Figure 1B, the Amax redshifted from 521 nm to 582 nm after the target DNA
mediated-assembly process. As shown in Figure 1C and D, before reaction, a single core was
observed by SEM, whereas after reaction, many satellites were observed around a single core. In
addition, as the concentration of target DNA increased from 0 to 1000 nM, the Amax Of the core-

satellite structure redshifted further and saturated at approximately 100 nM target DNA because



of the capacitance of the core Au NP. This result also indicated that the number of satellite Au
NP was controlled by the concentration of target DNA. Interestingly, this system could be reused
following a DNA dissociation process performed by increasing the temperature. Additionally,
Gao et al. demonstrated the detection of target DNA via monitoring of the plasmonic coupling
interactions that occurred with the DNA hybridization-induced assembly of Au NPs [48]. In this
case, two different types of probe DNA-modified Au NPs dimerized to form a Y-shaped DNA
duplex structure between the probe DNAs and target DNA (Figure 1E). Depending on the
concentration of target DNA, the plasmonic coupling interactions in the Au dimer structure also
changed, and as a result, a secondary plasmonic absorbance band appeared at approximately 600
nm (Figure 1F). As the concentration of target DNA increased, the absorbance of the secondary
plasmon resonance also linearly increased, and the limit of detection (LOD) was estimated to be
approximately sub-pM (Figure 1G). The target DNA mediated-Au NP dimer structure was clearly
observed by using SEM and is depicted in Figure 1H.

The change in the plasmonic absorbance could also be one of the measurement factors in the
detection of a virus or DNA. In this case, a magnetophoretic immunoassay was introduced to
demonstrate the efficacy of the detection system [33, 49, 50]. For example, Kim et al. detected
tuberculosis (TB) aG (CFP-10) using Au NPs and MNPs [51]. In this study, the surface of each
NP was modified with a TB-specific antibody (aB) to capture CFP-10 TB aG (Figure 2A). When
the target aG was present in the NP mixture, a sandwich structure formed between an Au NP and
an MNP through a key and lock reaction. During the magnetophoresis process, the aG-mediated
hybrid structures moved toward a magnet, and the Au NPs were ultimately removed from the
mixture (from 1 to 3 of Figure 2B). In other words, the concentration of Au NPs in the mixture
decreased, and the change in the intensity of the plasmonic absorbance was measured as a function
of the target aG concentration. In Figure 2C, the time course of the plasmonic absorbance is shown
for CFP-10 concentrations from 10 pg/ml to 10* pg/ml; as the concentration of CFP-10 increased,
a decrease in the absorbance was observed. Moreover, this magnetophoresis immunoassay

showed a fast response, as the entire detection process was completed within 400 sec.



Additionally, a highly sensitive detection performance was exhibited, and a linear calibration
curve was obtained using the collected plasmonic absorbance at 525 nm in the presence of various
concentrations of CFP-10. The AAbs (AbSimmune — ADbScontror) Was calculated to estimate the
difference in the plasmonic intensity before and after the magnetophoresis immunoassay, and
based on the calibration curve, the LOD of this sensing system was estimated to be approximately
10 pg/ml (Figure 2D). In addition, excellent selectivity against other types of aG and biomolecules
was observed for this system. In another case, target DNA was detected by a magnetophoresis
immunoassay based on the change in the plasmonic absorbance.

The catalytic and enzymatic properties of NP-based biosensing platforms have also been
highlighted due to their rapid sensing process, visualization by the naked eye and high sensitivity
[52-56]. In particular, since MeNPs possess enzyme-like activities, they can be utilized in the
place of an enzyme in an enzyme-linked immunosorbent assay (ELISA) to catalyze and activate
the visualization reagent [57-59]. Ahmed et al. reported the detection of the influenza virus
(HAIN1) through the catalytic and enzymatic activity of a positive Au NPs ((+) Au NPs)-based
colorimetric immunoassay [60]. According to this study, antibody-modified (+) Au NPs
possessed an activity similar to that of peroxidase, so this NP was used as an artificial enzyme
instead of horseradish peroxidase (HRP) during the biosensing process. The reaction between (+)
Au NPs and H20; induced the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB), after which a
blue color was observed because of the oxidized TMB (TMB,x) [61]. The plasmonic absorbance
of the (+) Au NPs was measured at approximately 526 nm, and the size of the NPs was determined
to be approximately 50 nm. Colorimetric detection was demonstrated for several combinations of
mixing components to prove the role of each material. A strong blue color with a wavelength of
approximately 656 nm was observed only with the use of (+) Au NPs conjugated with a specific
antibody against hemagglutinin (HA) (aB 66189), TMB and H,0,, and no color change occurred
in the other conditions. This result indicated that the target virus was detected only in the presence

of the suggested Au NPs, TMB and H,O,. The catalytic (+) Au NP-based colorimetric sensing



system showed excellent selectivity against other types of biomolecules and a high sensitivity
with a low LOD (approximately 10.79 pg/ml).

Noble metal-based core/shell NPs could also play the role of an artificial enzyme. For
example, He et al. reported the detection of interleukin-2 via a Au@Pt core/shell NP-based
immunoassay [62]. In this case, Au@Pt NPs showed a better catalytic activity and stability than
HRP, and this sensing system exhibited a low LOD of 12.5 pg/ml. In other studies, metal ions
were utilized as artificial co-enzymes for enhancing the catalytic activity of Au NPs in
colorimetric detection [63], and as a result, the sensitivity of the catalytic Au NP-based sensing
platform was improved in the presence of metal ions [64-68]. In this case, metal ions and a mild
reducing agent were added to the sensing solution after an antigen-antibody/Au NP conjugation
process, in which the metal ions were reduced and the resulting metal covered the surface of the
Au NPs [63, 67]. This core-shell structure exhibited an enhanced detection performance since the
new metal layer formed on the Au NPs was exposed to and in direct contact with the medium
without hindrance by antibodies or biomolecules, so this new bare metal surface showed enhanced
catalytic activity [69, 70].

With the various strategies described above, several plasmonic and catalytic NP-based
detection platforms have been developed and introduced to contribute to public health and the

protection against harmful biomolecules.

3. Fluorescent QDs for biosensing systems

Engineered inorganic or organic fluorescent QDs have been frequently applied as signal
indicators in biosensing systems [71-74]. In particular, the fluorescence intensity or properties of
QDs can be tuned through interactions with other types of NPs or CNMs, and interesting
synergistic properties can be obtained, such as PRET and fluorescence (or Forster) resonance
energy transfer (FRET) [25, 75, 76]. Based on these kinds of synergistic properties, several types
of highly sensitive and selective fluoroimmunoassay (FI) has been developed for the detection of

biomolecules and infectious viruses.



The fluorescence intensity of QDs is enhanced by the PRET phenomenon that occurs via
interaction between QDs and plasmonic NPs or CNMs [77]. In this case, the collective effect in
a hybrid structure consisting of plasmonic materials and fluorescent nanoparticles enhances the
fluorescence [78]. To detect viruses, DNA, RNA and biomolecules, PRET-based Fls have been
developed by using several plasmonic nanomaterials, including MeNPs, core/shell NPs, MeNP-
CNMs, inorganic QDs, carbon dots and GRP-QDs [79-83].

Takemura et al. reported the detection of influenza virus through the PRET effect by using
urchin-like Au NPs (u-Au NPs) and inorganic CdSeTeS QDs (Figure 3) [84]. In this system, the
u-Au NPs were utilized as a plasmonic substrate for energy transfer, while the QDs acted as the
fluorescence indicator and captured the target influenza virus. A specific antibody was introduced
on the surface of both NPs, and when the target virus was present in the sensing solution, the two
types of NPs assembled via an antigen and antibody conjugation process to form a hybrid
structure. Subsequently, virus-mediated plasmon energy transfer from the u-Au NPs to the QDs
occurred. Finally, the fluorescence intensity of the QDs was enhanced in the presence of the virus,
and the enhancement in the intensity was correlated with the amount of virus (Figure 3A). The
PRET-based FI for the influenza virus was successfully demonstrated, and its sensitivity was
characterized in deionized (DI) water and a human serum environment (Figure 3B and C). The
fluorescence enhancement was clearly observed in both systems depending on the concentration
of influenza virus, and the fluorescence enhancement factor (fluorescence intensity after PRET-
FI /fluorescence intensity of the initial state = F/Fo) linearly increased with increasing amount of
influenza (Figure 3D). The sensitivity in human serum was lower than that in DI water due to
protein interruption; however, reasonable detection results were obtained with a low LOD of
approximately 0.03 pg/ml in DI water and approximately 0.4 pg/ml in human serum.

Recently, dengue virus RNA was detected through a PRET-based FI by using a Au NP-
alloyed QD hybrid structure with a molecular beacon (MB) [71]. In this study, the sensing
structure was designed so that one side of the hairpin-structured MB was conjugated with a

fluorescence quencher, while the other side of the structure was combined with an Au NP-alloyed



QD hybrid structure. Therefore, before hybridization between the target RNA and MB, the
fluorescence intensity of the QDs was too weak due to the presence of an adjacent quencher, even
though the QDs were conjugated with Au NPs. However, when the target RNA was present in
the sensing system, the loop part of the MB hybridized, and the hairpin structure of the MB
changed to a linear structure. Finally, the fluorescence intensity of the QDs could be recovered
by separation from the neighboring Au NPs, and the fluorescence enhancement factor was
correlated with the amount of target RNA. The detection of various concentrations of dengue
virus RNA was carried out, and a high sensitivity was shown with a low LOD of approximately
20 copies/ml.

MeNP-decorated GRP or CNT (MeNP-GRP or MeNP-CNT) was also applied as a plasmonic
substrate for the detection of viruses by PRET. GRP and CNTSs possess pi electrons, so they can
also have plasmonic properties, and plasmonic coupling can thus occur with the MeNPs located
on the surface of GRP or CNTSs.

Lee et al. reported the detection of influenza virus via Au NP-CNT- and QD-based PRET Fls
[85]. In this study, Au NPs were introduced on the surface of CNTSs via a facile 2-step process in
DI water at room temperature. The Au-CNT structure was observed by TEM (Figure 4A). The
Au NP-CNTs played the role of a plasmonic substrate and induced an enhancement in the
fluorescence of the QDs in the presence of influenza virus (HIN1). A specific antibody was
introduced on the surface of the Au-CNTs and QDs via an ethyl(dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling reaction. The fluorescence
enhancement of the QDs was monitored in the presence of various concentrations of influenza
virus and clinically isolated influenza virus to demonstrate the sensitivity of the system.
According to Figure 4B and C, the fluorescence intensity of the QDs in the presence of influenza
virus and the clinical sample gradually increased as the amount of target virus increased and
showed a high sensitivity and a linear response. The LODs of influenza virus and the isolated real

sample were 0.1 pg/ml and 50 PFU/ml, respectively.
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The detection of the influenza virus was also accomplished by using Au-CNTs and QDs.
When the virus was present in the sensing solution, a sandwich structure formed between the Au-
CNTs and QDs via an antibody and antigen conjugation process, and as a result, green
fluorescence was observed from the CNT structure (Figure 4D and F). Additionally, Au NP-GRP
has been used as a plasmonic substrate in a PRET-based FI to monitor the tuberculosis antigen
CFP-10 [82]. In this case, Au NP-GRP and CdTe QDs were modified with anti CFP-10 aB to
induce the formation of an antigen-mediated sandwich structure, and the fluorescence
enhancement of the QDs was measured in the presence of various CFP-10 concentrations to
demonstrate the PRET-based FI. This approach showed highly sensitive detection with an
estimated LOD of approximately 4.5 pg/ml. In addition, high selectivity against other types of
tuberculosis antigens was observed.

FRET-based Fls have also been investigated for biosensing platforms [86-90]. The FRET
effect is a unique and interesting optical phenomenon that occurs between different types of
fluorescent materials that possess different bandgap energies for fluorescence irradiation [91-93].
In this case, energy transfer takes place from the higher bandgap energy to the lower bandgap
energy through dipole-dipole interactions within the range of approximately 10 nm [94].

The leukemia-related cDNA was detected by using Cadmium telluride (CdTe) QDs and
methylene blue via a FRET-based FI [95]. CdTe NP is well known semiconductor fluorescent
nanomaterial, which was composed of cadmium and tellurium. Shamsipur et al. reported the
modification of a QD surface with probe DNA to capture the target cDNA, and after DNA
hybridization between the target and probe DNA, methylene blue automatically adhered to and
intercalated between the hybridized double DNA strain. After this process, energy transfer
occurred from the CdTe QDs to methylene blue, and subsequently, the fluorescence intensity of
methylene blue at approximately 700 nm increased while that of QD at 599 nm decreased due to
the FRET effect. In addition, the intensity of fluorescence of methylene blue was changed in the
presence of various concentrations of target DNA. In this case, the LOD was calculated from the

increasing ratio of the fluorescence intensity of the methylene blue-based calibration curve to be
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0.15 nM. Similarly, Bhuckory et al. demonstrated a PRET-based FI for the detection of prostate
specific antigen by using QDs and Lumi4Tb [96]. In this case, the donor was Lumi4Th, and the
acceptor was QDs. After the antibody-antigen conjugation process, the fluorescence intensity of
the QD was measured to obtain the calibration curve. The sensitivity showed an LOD of
approximately 4 ng/ml.

The FRET effect also causes quenching of the fluorescence of QDs [97]. In this case, energy
transfer occurs between QDs and MeNPs or a CNM [98-100]. As mentioned above, the surface
plasmon resonance absorbs light energy at a certain wavelength, so the irradiated fluorescence
energy could also be absorbed by the counter nanomaterials, resulting in a decrease in the
fluorescence intensity through quenching. Therefore, the target could be detected through a target
biomolecule-mediated quenching process [101, 102]. Furthermore, if the nanomaterials were
removed or placed farther from the QDs by target biomolecules after the quenching process, the
fluorescence intensity could be recovered, and this strategy could be applied in a biosensing
process [103-105].

Shi and co-workers demonstrated the detection of the mecA gene that is resistant to
antibiotics [106], using GQDs and Au NPs via a FRET-based quenching process [102]. The
GQDs and Au NPs were modified with probe DNAs, and both NPs were conjugated with target
DNA via DNA hybridization. In this case, because the emission wavelength of the GQDs was
approximately 460 nm and the plasmonic absorbance wavelength of the Au NPs was
approximately 520 nm, the wavelengths overlapped, and as a result, energy transfer occurred
between the GQDs and Au NPs. In other words, because the fluorescence energy from the GQDs
was absorbed the by Au NPs, fluorescence quenching occurred. As the amount of target DNA
increased, more GQDs were conjugated with Au NPs, and the fluorescence intensity decreased
further due to the FRET-based quenching effect. Based on this concept, the researchers calculated
the quenching yield from various concentrations of the target DNA. In this case, almost 85 % of
the fluorescence signal was quenched by approximately 100 nM mecA gene, and the detection

limitation of this biosensing system was 1 nM.
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In the other studies, the upconversion nanoparticles (UCNPs) were utilized as fluorescence
donor in the FRET-based biosensing system [100, 107, 108]. Normally, lanthanide or actinide
doped transitional metal structures played as UCNPs, and FI was demonstrated through the energy
transfer from UCNP to specific fluorescence acceptor. UCNPs-based FI showed high sensitivity
and selectivity. For example, Wu et al., had detected carcinoembryonic antigen (CEA) by using
NaYF4:Yb:Er-based UCNP [108]. In this study, fluorescence acceptor was carbon nanoparticle
(CNP). This UCNP was coated with poly acrylic acid (PAA) and then it was modified with CEA
aptamer. Subsequently, CNP was anchored with CEA aptamer which was on the PAA-UCNP in
order to induce the FRET-based quenching of UCNP, then the fluorescence of UCNP was
decreased by CNP. However, when the CEA was introduced to this hybrid system, the
fluorescence of UCNP was recovered because the CNP was released from the UCNP due to the
higher binding affinity between CEA and CEA aptamer than between CNP and CEA aptamer.
The recovery rate of fluorescence of UCNP was dependent on the concentration of CEA. The
linear response was obtained in the range from 0.1 to 40 ng/ml CEA concentration and high

sensitivity was shown by sensitivity test for CEA.

4. Nanoparticle-functionalized CNTs and GRP-based electrical and optical biosensing
systems
CNMs, including CNT and GRP, possess a high electrical conductivity and superior mechanical
properties, so these nanomaterials can be applied in various sensing fields. In addition, NP-CNMs
also have been of interest due to their improved and synergistic properties, such as their enhanced
electrical conductivity, electrochemical properties and mechanical strength, and their SERS effect.
Therefore, NP-CNMs have been widely utilized as electrical, electrochemical, flexible and
wearable biosensors. Additionally, they have been applied in SERS-based biosensors.

Lee and co-workers introduced the detection of norovirus-like particles (NoV-LPs) using a
binary NPs-GRP electrical sensing channel-based biosensing platform [109]. In this study, Au

NPs and MNPs were introduced on the surface of GRP in DI water at room temperature. The
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resulting modified GRP possessed multiple functionalities, such as magnetic, plasmonic, and
electrical properties. To detect the NoV-LPs, Au/MNP-GRP was magnetically deposited on the
surface of a Pt electrode to fabricate sensing channels, after which an anti-norovirus antibody was
introduced on the surface of Au/MNP-GRP via an EDC/NHS coupling reaction. The electrical
conductivity was measured after antibody conjugation and is represented as Ro. Subsequently,
target NoV-LPs were introduced into the system, and the electrical conductivity (Rnov-Lp) Was
measured to determine the change in resistance in the presence of NoV-LPs. In this case, the
resistance of the sensing channel increased after the addition of NoV-LPs into the sensing system,
and as the concentration of NoV-LPs increased, the resistance of Au/MNP-GRP also linearly
increased. The calibration curve was plotted by using the value of ARNov-Lp detection = (RNov-Lp+ag —
Rag)/Ras in the presence of various concentrations of NoV-LPs from 0.01 pg/ml to 1 ng/ml. The
LOD was low with a value of approximately 1.16 pg/mL, and a high selectivity against other
biomolecules was shown.

In addition, influenza DNA and norovirus DNA were detected by using Au/MNP-CNTSs via
a similar approach as in the Au/MNP-GRP case (Figure 5A) [110]. The Au/MNP-CNTs were
magnetically aligned on the surface of a Pt interdigitated electrode (IDE), and then thiol-modified
probe DNA specific for influenza or norovirus DNA was introduced on the surface of the
AU/MNP-CNTs for utilization as electrical sensing channels. Without the application of a
magnetic field, the hybrid structures were randomly located on the surface of the Pt IDE, but those
structures were aligned with the application of a magnetic field, which clearly observed by SEM
(Figure 5B and C). After modification of the AU/MNP-CNTSs with probe DNA, the resistance of
the hybrid sensing channel was measured to obtain the Ry value, and then DNA hybridization
between the target and probe was conducted to demonstrate DNA sensing. The resistance of the
sensing channel was also measured after the DNA hybridization process and is represented as

Rny. The sensitivity of this system was calculated with the equation ARiarget detection = (Rhyb —
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Rpm)/Rpm, and the Au/MNP-CNT-based DNA sensing system showed excellent sensitivity with
an LOD of 8.4 pM for influenza virus DNA and approximately 8.8 pM for norovirus DNA.

NP-CNMs also strongly contributed to electrochemical biosensing platforms [111-114]. Liu
et al. reported that hepatitis B virus genomic DNA (HBV-DNA) was successfully detected by
using tungsten disulfide (WS,)-multiwalled CNT (MWCNT) through an electrochemical
biosensing system [115]. The WS, is well known as semiconducting transition
metal/dichalcogenides material and it showed 2D inorganic structure. In this case, the researchers
prepared a glassy carbon electrode (GCE) with WS,-MWCNTS, and then Au NPs were introduced
on this modified hybrid structure to immobilize the probe DNA on the Au-WS,-MWCNT-GCE
structure. When the target virus was present in this system, hybridization occurred, so the target
DNA was conjugated to the surface of the electrode. After that, the researchers used auxiliary
DNA as a linker to induce a hybridization chain reaction between the target DNA and biotin-
avidin-HRP for amplification of the electrochemical signal. The amount of the HRP-based
complex structure was determined by the amount of target DNA, so the electrochemical signal of
hydroquinol oxidation catalyzed by HRP with H,O, was correlated with the target DNA
concentration. The electrochemical signal of catalytic hydroquinol oxidation on the HRP-Au-
WS,-MWCNT-GCE was measured by differential pulse voltammetry (DPV) in the presence of
various concentrations of the target HBV virus DNA. The current decreased as the concentration
of DNA increased, and the LOD was estimated to be approximately 2.5 fM.

By using NP-CNMs, a system that functioned not only as an electrical biosensor but also a
SERS-based optical sensor was developed. Zheng and co-workers conducted mRNA detection
by using AgNP-CNTs via a SERS-based biosensor [116]. In this study, single-stranded DNA was
introduced onto CNTSs to conjugate Ag NPs on the CNT and prepare a SERS-active substrate. In
addition, the researchers detected miR-21 mRNA, which is a potential cancer marker. After
interaction between miR-21 and the Ag NP-CNTs, an enhanced Raman signal was collected at
approximately 1605 cm™. In this case, the Raman intensity increased as the target mRNA

concentration increased, and excellent sensitivity was obtained for various concentrations of miR-
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21. The LOD was estimated to be approximately 5 pM, and a high selectivity against other types
of miRNA was observed for this sensing system. Together, these reports show that these
multifunctional hybrid carbon nanomaterials can be applied as signal transducers for various types

of biosensors.

5. Conclusions

In order to detect dangerous and infectious diseases and to develop the effective diagnosis,
many kinds of nanomaterials have been utilized for high-performance biosensors. In
addition, based on their properties and functionalities, various detection techniques have also been
investigated for the development of novel biosensing platforms. Several biomolecules, such as
viruses, antigens, DNA, RNA and proteins, have been successfully detected and monitored by
using NP-, CNM-, and hybrid nanomaterial-based biosensors through signal transduction of
optical, electrical, and electrochemical sensing signals. Therefore, nanomaterial-based biosensors
were shown to exhibit good potential for application in promising detection systems, which will

be beneficial for public health and society.
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Figure legend

Figure 1. Target DNA sensing performance by plasmonic coupling interaction between Au
NPs. A) Schematic illustration of the construction of target DNA-mediated self-assembly of
Au NPs, B) difference in plasmonic properties between the core and core-satellite structures,
and SEM images of C) the core particles and D) the DNA-mediated core-satellite hybrid
structures.[47] Copyright (2015) American Chemical Society. E) Mechanism of target DNA-
induced dimerization of Au NPs, F) dependence of the plasmonic absorbance spectrum on the
target DNA concentration (numbers 1 to 6 represent 0, 1 pM, 10 pM, 100 pM, 1 nM, and 10
nM, respectively), G) sensitivity test and H) dimerized Au NP structure in the presence of 10

nM target DNA [48]. Copyright (2013) American Chemical Society.

Figure 2. TB aG detection by magnetophoresis process with Au NPs and MNPs. A) and B)
Detection process of a magnetophoresis immunoassay for CFP-10 TB aG detection using Au
NPs and MNPs, C) time-based plasmonic absorbance changes at 525 nm as a function of the
magnetophoresis time for different CFP-10 concentrations and D) difference in absorbance

monitored from 0 to 10* pg/ml for a sensitivity test [51]. Copyright (2013) Elsevier.

Figure 3. PRET-based FI with u-Au NPs and QDs. A) Schematic illustration of the PRET-
based FI process; fluorescence enhancement as a function of the virus concentration in B) DI
water and C) human serum; and D) calibration curves in the two types of media [84].

Copyright (2017) Elsevier.

Figure 4. Influenza virus detection via PRET based FI using Au-CNT and QDs. A) TEM
image of a Au-CNT and the sensitivity results for the detection of B) influenza virus and C) a
clinically isolated influenza virus sample via PRET-based FI; confocal laser-scanning
microscopy images of the influenza virus-mediated Au-CNT/QD hybrid structure: D)
fluorescence image, E) differential interference contrast (DIC) image and F) merged image

[85]. Copyright (2015) Elsevier.
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Figure 5. Hybrid nanomaterials based electrical biosensing platform. A) Illustration of the
magnetic alignment of AU/MNP-CNTSs on a Pt IDE and SEM images of the AuU/MNP-CNTSs
B) without magnetic field deposition and C) aligned with a magnetic field [110]. Copyright

(2018) Elsevier.
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Figure 3
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Figure 5
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