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Single-Walled Carbon Nanotube-Based Optical
Nano/Biosensors for Biomedical Applications: Role in
Bioimaging, Disease Diagnosis, and Biomarkers Detection
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Aayushi Randhawa, and Ki-Taek Lim*

1. Introduction
The convergence of advanced nanotechnology with disease diagnosis has

ushered in a transformative era in healthcare, empowering early and accurate
detection of diseases and paving the way for timely interventions, improved

Biosensors have become revolutionary
instruments in diagnostic technology,

treatment outcomes, and enhanced patient well-being. The development of
novel materials is frequently the impetus behind significant advancements in
sensor technology. Among them, single-walled carbon nanotubes (SWCNTSs)
have emerged as promising nanomaterials for developing biosensors. Their
unique optical, electrical, and biocompatibility properties make them
promising candidates for enhancing the sensitivity and real-time monitoring
capabilities of biosensors, as well as for enabling various bioimaging
techniques. Recent studies have demonstrated the utility of SWCNTS-based
biosensors in the real-time monitoring of biological analytes, such as nitric
oxide and hydrogen peroxide (H,0,), with potential implications for disease
understanding and therapeutic response assessment. Moreover, SWCNTSs
have shown promise in bioimaging applications, including fluorescence,
Raman spectroscopy, and photoluminescence imaging of biological samples.
This article delves into the core principles, design strategies, and operational
mechanisms that underpin SWCNTS-bioimaging techniques-based
biosensors. It emphasizes on their unique properties and versatile
functionalization of carbon nanotubes, laying the foundation for their
integration into biosensor platforms and applications aimed at diagnosing a
wide spectrum of diseases including infectious diseases, cancer, neurological
disorders, and metabolic conditions.

crucial in promptly and precisely iden-
tifying illnesses.['3] Integrating biology
and sensor technology has given rise to
sophisticated platforms that capitalize on
the specific interactions between biologi-
cal molecules and recognition elements,
offering unprecedented sensitivity and
selectivity.[1*-¢! The intersection of nan-
otechnology and biomedicine has given
rise to innovative disease diagnosis and
monitoring approaches.'*”] The time-
line of biosensors in disease diagnosis re-
flects a dynamic evolution over several
decades (Scheme 1). The field of biosen-
sors has witnessed remarkable evolution
since its inception in the 1960s, with the
pioneering work of Clark and Lyons, who
developed the first enzyme-based elec-
trode for glucose sensing. This marked
the beginning of biosensor technology,
which integrates biological components
with a physicochemical detector to pro-
duce a signal proportional to the concen-
tration of a specific analyte.l”#] The 1980s
witnessed a landmark achievement with
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Scheme 1. Timeline of biosensor development. Reproduced with permission.['*11 2015, Front. Chem.

the commercialization of glucose biosensors, marking the incep-
tion of biosensors in clinical applications.l’) As technology ad-
vanced, the 1990s saw the diversification of biosensor applica-
tions, extending beyond glucose monitoring to include choles-
terol, lactate, and urea detection. The integration of nanotechnol-
ogy in the late 1990s and 2000s enhanced sensitivity and speci-
ficity, with nanomaterials like nanoparticles and nanotubes be-
coming integral components of biosensor designs. The advent of
SWCNTSs, in particular, has opened new vistas in the realm of
biosensing due to their unique electrical, mechanical, and optical
properties.l1% SWCNTSs are essentially sheets of graphene rolled
into tubes with diameters in the nanometer range, exhibiting re-
markable strength, flexibility, and electrical conductivity. These
properties make SWCNTSs ideal for biosensing applications, as
they can be functionalized with biological molecules to detect
a wide array of targets with high sensitivity and specificity.l”!
The use of SWCNTSs in biosensors represents a significant ad-
vancement in the field, enabling the development of devices that
are more sensitive, selective, and capable of detecting low con-
centrations of biomolecules."! This transition from traditional
biosensor technologies to incorporating SWCNTSs underscores
the continuous innovation and adaptation within the field, aim-
ing to meet the increasing demands for rapid, accurate, and sen-
sitive diagnostic tools. The relevance of SWCNTSs in biosensing
is not merely due to their superior physical properties but also
their compatibility with biological molecules. They can be easily
functionalized with enzymes, antibodies, or nucleic acids, allow-
ing for the specific detection of a wide range of analytes from glu-
cose to cancer biomarkers and infectious agents like SARS-CoV-
2.1891 This versatility has been pivotal in the development of point-
of-care testing (POCT) devices, wearable biosensors, and inte-
grated systems for real-time monitoring of health conditions. The
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integration of SWCNTSs into biosensor designs has thus been a
critical step in the evolution of biosensors, offering new capabil-
ities and expanding the potential applications of biosensors in
healthcare, environmental monitoring, and beyond.[*?} Overall,
the historical development of biosensors from the first enzyme-
based electrodes to the current state-of-the-art SWCNTS-based
devices illustrates continuous innovation and improvement. The
incorporation of SWCNTSs into biosensor technology represents
a significant leap forward, enabling the creation of more sensi-
tive, selective, and versatile biosensing platforms. As we continue
to explore the potential of nanomaterials in biosensing, SWC-
NTSs stand out as a key material that bridges the gap between
traditional biosensor technologies and the future of diagnostics
and monitoring.

Developing sensitive and selective biosensors is crucial for
early disease diagnosis, drug discovery, and environmental
monitoring. Many existing biosensors, such as enzyme-linked
immunosorbent assays (ELISAs) and electrochemical sensors,
often face sensitivity, selectivity, and stability limitations. SWC-
NTSs exhibit a particularly advantageous property for biosensing
applications with near-infrared (NIR) fluorescence. Unlike
visible light, which is often absorbed by biological tissues, NIR
light penetrates deeper, allowing for better detection clearer and
more precise imaging within samples within the wavelength
range of 650-1700 nm, offers a greater depth tissue penetration
and minimal photon scattering, which is crucial for bioimaging
and biosensing in complex biological environments Addition-
ally, NIR fluorescence minimizes background noise caused by
autofluorescence, a phenomenon where biological molecules
naturally emit light in the visible region, potentially interfering
with the signal of interest, thereby compromising sensitivity
and specificity.'%1317] SWCNTSs are commonly described as
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cylindrical structures made of rolled-up graphene.l'®19 They
possess remarkable optical and electrical characteristics that vary
based on their chirality and diameters.?”! The semiconducting
variants of SWCNTSs include inherent energy bandgaps due to
Van Hove singularities in the electronic density of states, which
determine their optical characteristics.[?!! 1) When exposed to
light, these nanotubes exhibit very effective photoluminescence
in the NIR range. This photoluminescence may be adjusted,
remains stable under light exposure, and is influenced by the
surrounding conditions. 2,3) It has recently been shown that
SWCNTSs may be manipulated and isolated to achieve certain
hues of light emission. Variations strongly influence the emis-
sion in the dielectric constant around the SWCNTSs.[1%22] The
high sensitivity of SWCNTSs allows for the detection of per-
turbations at the surface of SWCNTSs at the level of individual
molecules.*?*] This indicates that SWCNTSs can be utilized
as molecular sensors. In addition, the potential to create several
species with varying emission capabilities allows for multiplexed
imaging, which would be valuable for high-throughput screen-
ing (HTS) methods. NIR fluorescence emission is essential for
in vivo applications of SWCNTSs. The highest tissue penetration
of NIR wavelengths allows deeper biological system imaging and
sensing. SWCNTSs are ideal for in vivo applications due to their
NIR fluorescence emission. NIR light (650-1700 nm) is less ab-
sorbed and dispersed by biological tissues than visible light.[?>-2¢]
For deep tissue imaging and sensing, this increases penetration
depth and signal-to-noise ratio. The NIR-II window (1000-
1700 nm) is popular due to its better tissue penetration and
lower background autofluorescence.l??8] Deep tissue imaging
with great spatial resolution and sensitivity is possible with NIR-
II SWCNTSs. SWCNTSs" NIR emission allows non-invasive,
real-time monitoring and imaging of biological processes in deep
tissues, which is impossible with visible-range fluorophores.[22?]

Surface functionalization of single-walled carbon nanotubes
(SWCNTSs) has emerged as a pivotal strategy for achieving
target-specific sensing in complex biological environments. This
approach typically involves modifying the surface of SWCNTSs
with complementary oligonucleotides, thereby enabling the se-
lective detection of DNA sequences. Upon introducing target
DNA, hybridization occurs between the target DNA and the com-
plementary oligonucleotides on the SWCNTS surface.[1021:22]
This interaction leads to changes in the local dielectric constant
around the SWCNTSs, which modulates their fluorescence prop-
erties. Such fluorescence changes serve as a detectable signal, in-
dicating the presence of the target DNA. This mechanism un-
derscores the potential of tailored SWCNTS-based materials to
sensitively and selectively monitor specific substances of inter-
est within complex biological fluids and even in vivo, facilitat-
ing advancements in diagnostics and biomedical research.}% A
thorough and methodical assessment of their mode of action and
potential toxicity is necessary before considering any future clin-
ical use. Indeed, proposals for producing SWCNTSs with safe-
by-design methodologies, such as assuring biocompatibility and
degradability, have been explored. Fadeel et al. (2023) highlight
the importance of considering the entire life cycle of carbon nan-
otubes, from synthesis to disposal, in order to ensure their safety
for human health and the environment. The authors emphasize
the need for a safe-by-design approach that takes into account the
potential risks associated with carbon nanotubes at each stage of
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their life cycle, including the design, production, use, and end-of-
life phases.®! Furthermore, a study by Alidori et al. investigated
the long-term in vivo biocompatibility of SWCNTSs in mice. The
results showed that SWCNTSs functionalized with polyethylene
glycol (PEG) exhibited excellent biocompatibility and did not in-
duce any significant toxicity or inflammation in various organs,
even at high doses and after prolonged exposure. The authors
suggest that the PEG functionalization plays a crucial role in en-
hancing the biocompatibility of SWCNTSs and reducing their po-
tential risks.??] These studies underscore the importance of in-
corporating safe-by-design (Scheme 2).[1021:31.33]

Additionally, we will delve into this technology’s challenges
and prospects, shedding light on translating these biosensors
from the laboratory to clinical settings. As we embark on this dis-
cussion through the amalgamation of carbon nanotubes and flu-
orescent in biosensor development, we invite readers to explore
the intricate world of nanoscale diagnostics, where the conver-
gence of interdisciplinary research has the potential to redefine
the landscape of disease diagnosis and usher in a new era of pre-
cision medicine.3#

2. Properties of SWCNTSs

SWCNTSs are formed by wrapping a single layer of graphene,
just one atom thick, into a cylinder with a specific chirality and
dimension. These characteristics, along with the roll-up vector,
which defines the orientation of the nanotube’s honeycomb lat-
tice, significantly influence SWCNTSs’ physical, chemical, elec-
tronic, and optical properties (Figure 1A,B).*) Larger diame-
ter nanotubes have greater persistence length and smaller level
spacing in their electronic density of states, affecting their op-
tical transitions. The persistence length of carbon nanotubes,
which is a measure of their resistance to bending, has been
shown to increase with increasing nanotube diameter. For ex-
ample, a study demonstrated that the bending stiffness of SWC-
NTSs scales as the cube of their diameter, resulting in larger per-
sistence lengths for nanotubes with larger diameters. Further-
more, the electronic density of states (DOS) of carbon nanotubes
exhibits van Hove singularities, which are sharp peaks in the
DOS that arise from the 1D nature of nanotubes.[**! The spac-
ing between these singularities, known as the level spacing, de-
creases with increasing nanotube diameter. This smaller level
spacing in larger diameter nanotubes affects their optical tran-
sitions, as the energy differences between the van Hove singular-
ities correspond to the optical transition energies. The diameter-
dependent optical properties of carbon nanotubes have been ex-
tensively studied both theoretically and experimentally. For in-
stance, Weisman and Bachilo demonstrated that the optical tran-
sition energies of SWCNTSs are inversely proportional to their
diameter. Similarly, Oyama et al. showed that the optical absorp-
tion peaks of SWCNTSs shift to lower energies with increas-
ing nanotube diameter.*®3”) Additionally, the lattice structure de-
termines the chemical interaction of SWCNTSs with adsorbed
surfactants or polymers, enabling chirality-based separation and
sorting techniques.*® With diameters typically ~1 nanometer
and lengths ranging from 100 nanometers to several microm-
eters, SWCNTSs are 1D, high-aspect-ratio nanocarbon materi-
als possessing large surface areas that can be easily function-
alized. In their unmodified state, SWCNTSs are hydrophobic
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Scheme 2. Schematic representation of SWCNTS-fluorescent biosensor showing its unique properties, functionalization, and applications in disease

detection.

and prone to aggregation due to strong Van Der Waals attrac-
tive forces.3%4% To achieve a colloidal suspension of individually
dispersed SWCNTSs, they are typically non-covalently function-
alized with amphiphilic molecules or polymers through a soni-
cation process. Various biological applications, such as sensing,
drug transport, nanoinjection, phototherapy, imaging, and arti-
ficial actuation, can be made possible for SWCNTSs with ap-
propriate surface functionalization, rendering them biocompat-
ible. SWCNTSs have an effective delivery use because of their
high surface-to-volume ratio, which allows them to carry a signif-
icant cargo burden. siRNA and other oligonucleotides, for exam-
ple, can be delivered universally by SWCNTSs as a drug delivery
system (DDS) with circulation durations varying from minutes
to hours. Drug administration of siRNA has been investigated
in several cell lines concerning target protein knockdown, phar-
macokinetics, toxicity, and anticancer efficacy.[*!l Significant for
gene-silencing applications, SWCNTSs may also enter cells and
release siRNA into the cytoplasm.[*?]

Moreover, recent research has shown that carbon nanotubes
may transfer siRNA and plasmid DNA into a range of model
and non-model plant species without assistance. Semiconduct-
ing SWCNTSs exhibit intense NIR fluorescence emission be-
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tween 900 and 1600 nm and display distinct absorption peaks
from the far UV to the NIR regions, unlike the broad absorption
spectra of organic molecules. These absorption peaks, known as
the E11, E22, and E33 transitions, arise from the van Hove sin-
gularities in the electronic DOS of SWCNTSs due to their 1D
structure.[** The E11 transition falls within the NIR range and
is responsible for the characteristic NIR fluorescence emission
of semiconducting SWCNTSs. The positions of these absorp-
tion peaks depend on the chirality and diameter of the SWC-
NTSs, with smaller diameter tubes exhibiting higher energy tran-
sitions. This unique absorption profile allows for selective excita-
tion and detection, making SWCNTSs attractive for various opti-
cal sensing and imaging applications.I*] Moreover, they display
remarkable photostability, devoid of photobleaching or blink-
ing phenomena (Figure 1C).[*! These exceptional optical prop-
erties, coupled with robust functionalization capabilities, facil-
itate prolonged detection of SWCNTSs within biological sam-
ples, including tissues, blood, and cells, owing to the relative
transparency of these biological media in the NIR spectral range
(Figure 1D). For instance, human blood possesses a narrow op-
tical transparency window between 900 and 1400 nm, permit-
ting light penetration of ~#3-5 cm. While only a few conventional
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Figure 1. SWCNTS as biosensor: Properties, functionalization. A) The chemical environment in the area has an impact on SWCNTS fluorescence.
Emission intensity or wavelength changes can be utilized to report on the interactions between significant biological molecules from various biologi-
cal systems.DNA and other adsorbed biopolymers can modify this interaction. Reproduced with permission.[331 2022, Anal. Chem; B) The spectra are
congested as the virgin nanotube material comprises SWCNTSs with varied configurations (chiralities) that govern their emission spectrum. Repro-
duced with permission.331 2022, Anal. Chem; C) The electronic state density of a single-walled carbon nanotube structure that is semiconducting. The
relevant excitation and emission transitions are shown by solid arrows, whereas nonradiative relaxation is shown by dashed arrows. Reproduced with
permission.[461 2016, NAT. Commun; D,E) Fluorophores, including indocyanine green (ICG), experience swift photobleaching with sustained illumination
(depicted in blue). In contrast, SWCNTS emission (depicted in red) remains stable even under intense irradiation at a high fluence of 1.3 x 107 W m~2
SWCNTSs predominantly fluoresce in the near-infrared range (900-1600 nm, shown in blue), where absorption by blood (depicted in red) and water
(depicted in black) is minimal. Reproduced with permission.[*6! 2016, NAT. Commun; F) Excitation-emission profile of polymer-functionalized SWCNTS

suspension.Reproduced with permission.[*6] 2016, NAT. Commun.

markers exhibit strong absorption or emission within this re-
gion, some suffer from limitations such as low photochemical
stability or poor biocompatibility. Additionally, the physical di-
mensions of SWCNTSs, ranging from nanometers to a few mi-
crons, align with the typical size of biological molecules, enabling
precise targeting and visualization. These remarkable character-
istics make SWCNTSs highly attractive candidates for biomed-
ical imaging, detection, and sensing applications,[*’! and cells,
owing to the relative transparency of these biological media in
the NIR spectral range (Figure 1D). For instance, human blood
possesses a narrow optical transparency window between 900
and 1400 nm, permitting light penetration of ~3-5 cm. While
only a few conventional markers exhibit strong absorption or
emission within this region, some suffer from limitations such
as low photochemical stability or poor biocompatibility. Addi-
tionally, the physical dimensions of SWCNTSs, ranging from
nanometers to a few microns, align with the typical size of bi-
ological molecules, enabling precise targeting and visualization.
These remarkable characteristics make SWCNTSs highly attrac-
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tive candidates for biomedical imaging, detection, and sensing
applications.[*’]

2.1. Electrical Conductivity

CNTs (carbon nanotubes) are renowned for their exceptional elec-
trical conductivity, allowing for the efficient transfer of charge
carriers.[*8%] This property is leveraged in biosensors to enable
rapid and ultrasensitive detection of biological analytes, such as
proteins, nucleic acids, and small molecules. Due to their unique
electrical properties, SWCNTSs are promising for biosensor ap-
plications. SWCNTSs are either metallic or semiconducting, de-
pending on their chirality.’"! As Chirality is the angle and direc-
tion at which SWCNTSs roll the graphene sheet into a tube.[5%>!]
It is characterized by two indices (n and m) that specify the
nanotube’s diameter and graphene lattice angle with the tube
axis. Chirality affects SWCNTSs’ electronic characteristics, de-
ciding whether they are metals, semiconductors, or semimetals.
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Metallic versus Semiconducting Depending on chirality, SWC-
NTSs can be metallic or semiconducting. For instance, SWC-
NTSs are metallic when (n — m) is a multiple of 3, but semi-
conducting otherwise. Electronics and optoelectronics require
precise conductivity control therefore, this difference is critical.
SWCNTS carrier mobility and on-state current vary with chiral-
ity, for example, Type I SWCNTSs (mod (2n + m, 3) = 1) improve
on-state current and carrier mobility with increasing chiral angle
within the same family, while Type II SWCNTSs (mod = 2) do
the reverse. They differ in electronic band structures, which affect
contact barrier height between metal electrodes and SWCNTSs,
junction, and intrinsic resistance.

The mechanisms of SWCNTS fluorescence modulation where
NIR fluorescence is sensitive to the environment, making SWC-
NTSs ideal for biosensing. SWCNTS fluorescence may be reg-
ulated by electron transfer. For instance, the target analyte and
functionalized SWCNTSs can extinguish SWCNTS fluorescence
reversibly. A nonradiative Auger process quenches excitons by
injecting an electron hole into the z-system at the protona-
tion site. SWCNTS fluorescence is responsive to dielectric en-
vironment changes through solvatochromism. This sensitivity
lets SWCNTSs' solvent or biological environment modulate flu-
orescence intensity and wavelength. SWCNTSs with greater di-
ameters in nonpolar solvents have stronger surface-solvent in-
teractions, resulting in stronger solvatochromic changes. Opti-
cal and electrical characteristics of SWCNTSs are affected by
their chirality, including fluorescence. Chiralities affect emis-
sion wavelength and intensity, enabling selective detection and
imaging.

Metallic SWCNTSs have a high electrical conductivity, while
semiconducting SWCNTSs have a lower electrical conductivity
that can modulate the adsorption of molecules.>?! This prop-
erty makes SWCNTSs ideal for use in biosensors, as the change
in electrical conductivity can detect the presence of specific
molecules. For example, SWCNTS-based biosensors have been
developed to detect various diseases, including cancer, diabetes,
and infectious diseases. In a typical SWCNTS-based biosen-
sor, the SWCNTSs are coated with a biorecognition element,
such as an antibody or an enzyme. When the target molecule
is present in the sample, it binds to the biorecognition ele-
ment, causing a change in the electrical conductivity of the
SWCNTS. This change in conductivity can be measured and
used to quantify the amount of the target molecule in the
sample.>’]

SWCNTS-based biosensors have several advantages over tra-
ditional biosensors, such as their high sensitivity, selectivity, and
stability. Additionally, SWCNTS-based biosensors can be easily
miniaturized and integrated into microfluidic devices. As a re-
sult, SWCNTS-based biosensors have the potential to revolution-
ize the field of disease diagnosis.>*]

2.2. Optical Properties

SWCNTS fluorescence is susceptible to environmental factors,
exhibiting alterations in response to changes in pH, ionic
strength, surface functionalization, and even single-molecule ad-
sorption. The fluorescence signal of SWCNTSs is sensitive to
the environment and can be modulated by the interaction of
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the SWCNTS with molecular analytes in its proximity.'!l The
surface functionalization forms a corona phase surrounding the
nanotube scaffold, which mediates this interaction and deter-
mines the fluorescence modulation upon surface binding. Sev-
eral mechanisms can lead to the modulation of the emitted
light upon target binding, including exciton quenching due to
competitive non-radiative decay, a shift in the Fermi level lead-
ing to absorption bleaching, and reorientations of the solvent
dipole moments in close proximity to the SWCNTS due to con-
formational changes of the corona resulting in a solvatochromic
shift.35] However, it is worth noting that the fluorescence of
SWCNTSs may undergo modulation not only upon surface con-
tact but also through mechanisms such as energy transfer, which
may not necessarily require direct surface contact.1%°) SWC-
NTS fluorescence originates from the radiative recombination of
excitons characterized by high binding energy.>! Target bind-
ing can modulate light emission in numerous ways. Compet-
itiveness between non-radiative decay processes quenches ex-
citons. An analyte binding to the SWCNTS surface can intro-
duce novel non-radiative decay channels, such as charge trans-
fer or energy transfer, that compete with exciton radiative decay,
decreasing fluorescence intensity.*®! Studies have shown that
nitroaromatic chemicals block SWCNTS fluorescence and de-
tect neurotransmitters. The SWCNTS’s Fermi level can change
upon target binding, modulating fluorescence.®”! While adsorb-
ing on the SWCNTS surface, analytes can contribute or absorb
electrons, changing the nanotube’s Fermi level. As the Fermi
level shifts, electronic transitions become inhibited or less fa-
vorable, bleaching SWCNTS absorption bands.[*®! Proteins and
metal ions can be detected using this technique. Additionally, tar-
get molecule binding can modify SWCNTS corona phase con-
formation. Changing conformation can realign solvent dipole
moments at the SWCNTS surface, causing a solvatochromic
shift in fluorescence. In detecting biomolecules like DNA and
proteins, binding-induced corona phase conformational changes
shift the SWCNTS emission wavelength. When target binding
modulates SWCNTS fluorescence, a combination of these mech-
anisms may be involved, depending on the analyte and experi-
mental conditions.>®! Their exceptional optical properties make
SWCNTSs ideal fluorescence signal transducers for sensing ap-
plications, offering advantages such as high photostability, neg-
ligible photobleaching, and physical dimensions comparable to
typical target biomolecules (Figure 1E,F). The distinct chirali-
ties of SWCNTSs, which arise from the different ways in which
the graphene sheet can be rolled up to form a nanotube, result
in a range of electronic and optical properties. This diversity in
chiralities enables the development of multiplexed sensing plat-
forms, where multiple analytes can be detected simultaneously
by monitoring the emission of SWCNTSs across different wave-
length channels. A study demonstrated the multiplexed detec-
tion of DNA sequences using a mixture of SWCNTSs with dif-
ferent chiralities, each functionalized with a specific DNA probe.
By monitoring the emission of the SWCNTSs at different wave-
lengths, they were able to detect multiple DNA targets in a sin-
gle sample. Similarly, a multiplexed sensor array based on SWC-
NTSs with different chiralities for the detection of volatile or-
ganic compounds (VOCs) has been developed,['!! The distinct
emission wavelengths of the SWCNTSs allowed for the identifi-
cation and quantification of multiple VOCs in a complex mixture.
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Furthermore, the chirality-dependent emission of SWCNTSs has
been exploited for high-throughput screening and hyperspectral
imaging applications. Roxbury et al. used a library of SWCNTSs
with different chiralities to screen for protein-SWCNTS inter-
actions, enabling the rapid identification of protein targets that
selectively bind to specific SWCNTS chiralities. Giraldo et al.
demonstrated the use of SWCNTSs with different chiralities for
hyperspectral imaging of cellular uptake and intracellular traf-
ficking, allowing for the simultaneous tracking of multiple SWC-
NTS species within living cells.[60:61]

2.3. Tunable Properties

SWCNTSs, with their high-aspect ratio and high surface areas,
can be readily functionalized. Without surface functionalization,
they are hydrophobic and tend to bundle due to strong van
der Waals attraction forces. However, they can be non-covalently
functionalized with amphiphilic molecules or polymers by son-
ication to form a colloidal suspension of individually dispersed
SWCNTSs. This functionalization can render them biocompati-
ble, making them suitable for a wide range of biomedical applica-
tions, including sensing, drug delivery, nanoinjection, photother-
apy, imaging, or artificial actuation.[6263]

The high surface-to-volume ratio of SWCNTSs allows for
a relatively large cargo load, making them efficient for deliv-
ery applications. For instance, SWCNTSs can serve as a uni-
versal drug delivery system for small interfering RNA (siRNA)
and other oligonucleotides. They can penetrate cells and release
siRNA into the cytoplasm, which is crucial for gene-silencing
applications.[®) SWCNTSs have been used as optical sensors
for biomarkers linked with human illnesses, such as various
forms of cancer, glucose levels in diabetics, and H202 in reac-
tive oxygen signaling pathways, by capitalizing on their unique
optical features.[®] SWCNTSs functionalized with nucleic acids
or peptides form stable complexes, even in intricate biologi-
cal environments, demonstrating enhanced thermal stability up
to 200 °C.1%] Notably, SWCNTSs functionalized with DNA se-
quences containing an endonuclease recognition site have been
successfully utilized to investigate restriction enzyme activity by
monitoring their fluorescent emissions. DNA-SWCNTS com-
plexes have exhibited increased fluorescence intensity in re-
sponse to neurotransmitters, enabling the successful detection of
dopamine efflux in neuro progenitor cell cultures and acute brain
slices.[6768]

3. Fluorophore-SWCNTS Interactions in
FRET-Based Biosensors

SWCNTS-fluorescent biosensors have revolutionized our ability
to probe molecular interactions and cellular processes with ex-
ceptional precision and sensitivity.l®7% This section delves into
the foundational principles that underlie the design and func-
tionality of FRET biosensors, with a particular focus on their ap-
plications in disease diagnosis. Bioimaging in disease detection
encompasses diverse techniques, each employing distinct work-
ing principles to visualize and analyze biological structures at var-
ious scales.[7071]
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3.1. Small Organic Dyes and SWCNTSs

Small organic dyes, such as fluorescein, cyanine, and rhodamine
derivatives, can be used as FRET donors or acceptors when cou-
pled with SWCNTSs. Non-covalent interactions, such as z—=
stacking and hydrophobic interactions, primarily govern the in-
teraction between organic dyes and SWCNTSs. When the dye
molecules are near the SWCNTS surface, the excited state energy
of the dye can be transferred to the SWCNTS through FRET, re-
sulting in quenching of the dye fluorescence and enhancement
of the SWCNTS fluorescence.l”273]

The efficiency of FRET between organic dyes and SWCNTSs
depends on several factors, including the spectral overlap be-
tween the dye emission and SWCNTS absorption, the distance
between the dye and SWCNTS, and the orientation of the dye rel-
ative to the SWCNTS surface. By carefully selecting the organic
dye and optimizing the labeling strategy, researchers can design
FRET-based biosensors that exploit the changes in FRET effi-
ciency upon target binding to generate a detectable signal.l7+7’]

3.2. Fluorescent Proteins and SWCNTSs

Fluorescent proteins, such as green fluorescent protein (GFP)
and its variants, can also be used as FRET donors or acceptors
in combination with SWCNTSs. The interaction between fluores-
cent proteins and SWCNTSs is typically achieved through genetic
fusion or chemical conjugation. When the fluorescent protein is
excited, the energy can be transferred to the SWCNTS through
FRET, decreasing the fluorescent protein emission and increas-
ing the SWCNTS fluorescence. The efficiency of FRET between
fluorescent proteins and SWCNTSs is influenced by factors such
as the spectral overlap, distance, and orientation of the fluores-
cent protein relative to the SWCNTS. By engineering fluorescent
proteins with optimized spectral properties and designing appro-
priate fusion or conjugation strategies, researchers can develop
FRET-based biosensors that respond to specific biological events
or analyte binding.[77]

3.3. Quantum Dots and SWCNTSs

Quantum dots (QDs) are semiconductor nanocrystals with
unique optical properties, such as size-tunable emission, broad
absorption spectra, and high photostability. QDs can be used as
FRET donors in combination with SWCNTSs as acceptors. The
interaction between QDs and SWCNTSs can be achieved through
various strategies, such as direct adsorption, covalent linking, or
non-covalent assembly.[”]

When the QD is excited, the energy can be transferred to the
SWCNTS through FRET, leading to a decrease in the QD emis-
sion and an increase in the SWCNTS fluorescence. The efficiency
of FRET between QDs and SWCNTSs depends on factors such as
the spectral overlap, distance, and relative orientation of the QD
and SWCNTS. By exploiting the unique properties of QDs and
designing appropriate QD-SWCNTS hybrid systems, researchers
can develop highly sensitive and multiplexed FRET-based biosen-
sors for various applications.”! The interaction between these
fluorophores and SWCNTSs is governed by various factors, such
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Table 1. Different probes are used in optical biosensors in biomedical applications.
Probe Description Advantages Limitations Refs.
Fluorescent proteins (FPs) Genetically encoded proteins that High specificity, non-toxic, can be Relatively low brightness, limited [167,168]
emit fluorescence upon expressed in living cells. range of emission wavelengths.
excitation with light.
Organic dyes Small synthetic molecules that Wide range of emission Non-specific interactions with [167,168]
emit fluorescence upon wavelengths, high brightness. biomolecules, photobleaching.
excitation with light.
CRISPR/Cas12a probes The sensor, termed Rapid and specific diagnosis. Restricted multiplexing capability [169,170]
CRISPR-SPR-Chip, enables at the current stage of
amplification-free detection of development
target sequences within
genomic DNA
Mechanofluorescent DNA hydrogels DNA hydrogels incorporating Show reversible fluorescence Limited understanding of how to [97,177]
fluorescent dyes, engineered to changes in response to rationally tune the properties of
exhibit strain-dependent mechanical deformation, DNA hydrogels
fluorescence for sensing targeted delivery.
applications.
Epitaxial 111-V/Si vertical Hybrid epitaxial 111-V/Si vertical Epitaxial 111-V/Si heterostructures Lattice constants and thermal [172,173]
heterostructures heterostructures were for silicon photonics and properties between I11-V
fabricated for applications in biosensing semiconductors and Si, which
silicon photonics and optical lead to issues like dislocations,
biosensing cracks, and anti-phase domains.
Quantum dots (QDs) Semiconductor nanoparticles with High brightness, photostability, Potential cytotoxicity, and [71,167]
size-dependent emission broad excitation, and emission biocompatibility issues.
properties. spectra.
Graphene quantum dots (GQDs) Nanoscale sheets of graphene High biocompatibility, low toxicity, Quantum yield is lower than that [174,175]
with photoluminescent good photostability. of QDs.
properties.
Upconversion nanoparticles (UCNPs) Nanoparticles that convert NIR Deep tissue penetration, low Quantum yield is lower than that [176,177)
light into higher-energy visible photobleaching. of QDs.
light.
Genetically Encoded Sensors Engineered sensors developed for Enables real-time monitoring of Affinity limitations for detecting [178]

a wide range of small
molecules, ions, and

cellular events and metabolite
dynamics

analyte levels in different
concentration ranges

metabolites or to report
biophysical processes.

as spectral overlap, distance, and orientation, which influence
the efficiency of the FRET process. By carefully selecting the flu-
orophore and optimizing the labeling or conjugation strategy,
researchers can design FRET-based biosensors that exploit the
changes in FRET efficiency upon target binding to generate a
detectable signal. The unique properties of SWCNTSs, such as
their near-infrared fluorescence and high photostability, make
them attractive acceptors or donors in FRET-based biosensing
applications. (8]

Therefore, small organic dyes, fluorescent proteins, and quan-
tum dots can all be used as FRET donors or acceptors in combi-
nation with SWCNTSs to develop FRET-based biosensors. The
interaction between these fluorophores and SWCNTSs is gov-
erned by various factors, such as spectral overlap, distance, and
orientation, which influence the efficiency of the FRET process.
By carefully selecting the fluorophore and optimizing the label-
ing or conjugation strategy, researchers can design FRET-based
biosensors that exploit the changes in FRET efficiency upon tar-
get binding to generate a detectable signal. The unique proper-
ties of SWCNTSs, such as their near-infrared fluorescence and
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high photostability, make them attractive acceptors or donors in
FRET-based biosensing applications. Table 1 demonstrates dif-
ferent fluorescent probes in biosensors in disease detection and
bioimaging.

4. Surface Modifications and Functionalization

SWCNTS-based biosensors typically consist of biosensors and
sensors, with biomolecules or bio-receptors functionalized on
them. SWCNTSs often function as sensors, where the concen-
tration of the substance being analyzed is transformed into mea-
surable physical signals (such as current, absorbance, mass,
or acoustic variables) detected by the transducer. The various
types of biosensors, those that rely on detecting changes in the
electrical or optical properties of CNTs in response to target
biomolecules, are particularly promising. SWCNTSs, which have
all their atoms on the surface, are anticipated to possess greater
potential than multi-walled carbon nanotubes (MWCNTs) for de-
veloping highly sensitive sensing devices.[8!]
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Figure 2. Fabrication and functionalization of SWCNTSs-FRET for sensing applications. A(a—d)) The schematic illustrates ATPE-enriched nanotubes in
0.1% DOC (orange circles), adding 2% w/w dextran (red). Centrifugal filtration (10 kDa MWCO) is employed to remove surfactant. After the second
wash step, polycarbodiimide wrapping is introduced (blue). Probe tip sonication is performed. Dextran is eliminated using a 100 kDa MWCO cen-
trifugal filter, and the residue is resuspended in DI H20. Images depict the unsorted and rewrapped ATPE-sorted samples of (6,5) and (7,6) nanotube
species.Reproduced with permission.[®1 2021, Nano. Lett.; B) Schematic represetation of the fabrication of a biosensor for detecting DNA. Reproduced
with permission.[17°] 2015. Anal. Chem.; C) Schematic representation of fabrication of viral detection. Reproduced with permission.['3%) 2022, Elsevier;
D) Absorbance spectra show the ATPE product in 0.1% DOC (blue), sorted nanotubes after one wash before poly carbodiimide addition (magenta),
ATPE-sorted, amine-poly rewrapped nanotubes (red), and unsorted, amine-poly wrapped nanotubes (green).Reproduced with permission.[33] 2021,

Nano. Lett.

The chiral-related electrical and optical properties of SWC-
NTSs make them particularly suitable for biosensors since they
offer increased selectivity and feasibility by allowing the choice
of certain semiconducting SWCNTSs.[*] They have notable op-
tical properties influenced by their diameter, chirality, and sur-
face characteristics.l®?) These phenomena, such as photolumi-
nescence (PL), arise from the distinctive interband transition be-
tween van Hove singularities. Most semiconducting SWCNTSs
generate stable NIR fluorescence within the wavelength range
of 800-1600 nm.!*! Binding target molecules on the surface al-
lows for selective modulation of the fluorescence wavelength and
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quantum yield. The NIR window in biological tissue is found
within the wavelength range of 700-1300 nm. Within this range,
the scattering and absorption of blood and tissues can be ef-
fectively disregarded. Thus, SWCNTSs are regarded as a highly
promising option for biological detection due to their unique
properties as advanced optical biosensors.[®* Figure 2 illustrates
the fabrication and functionalization of SWCNTSs for FRET
sensing applications. The schematic (A(a—d)) depicts the step-by-
step procedure, starting with the enrichment of nanotubes using
aqueous two-phase extraction (ATPE) in a 0.1% sodium deoxy-
cholate (DOC) solution, represented by orange circles. A 2% w/w
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dextran solution (red) is added to the enriched nanotubes. Cen-
trifugal filtration with a 10 kDa molecular weight cut-off (MWCO)
removes the surfactant. After the second wash step, polycarbodi-
imide wrapping (blue) is introduced, followed by probe tip soni-
cation. Dextran is then eliminated using a 100 kDa MWCO cen-
trifugal filter, and the residue is resuspended in deionized water.
The images show the unsorted and rewrapped ATPE-sorted sam-
ples of (6,5) and (7,6) nanotube species. The absorbance spec-
tra (D) compare the ATPE product in 0.1% DOC (blue), sorted
nanotubes after one wash before polycarbodiimide addition (ma-
genta), ATPE-sorted, amine-poly rewrapped nanotubes (red), and
unsorted, amine-poly wrapped nanotubes (green), demonstrat-
ing the effectiveness of the functionalization process.®]

4.1. Noncovalent Functionalization

The noncovalent functionalization of SWCNTSs is a flexible
method that can improve their ability to interact with biological
systems and make it easier to attach biomolecules for use in sens-
ing applications. By employing z-7 stacking interactions, SWC-
NTSs can be modified with aromatic biomolecules like DNA, pro-
teins, or aptamers.[#- This modification allows for the specific
and reversible binding of target analytes. Recent research has
shown that noncovalent functionalization can be effectively used
to create optical biosensors that are highly sensitive and specific
in detecting a range of biomolecules, such as proteins, nucleic
acids, and tiny compounds.[*’*3 The noncovalent functionaliza-
tion approach not only maintains the structural integrity of SWC-
NTSs but also guarantees effective signal transmission, render-
ing them very viable contenders for the advancement of optical
biosensing.!**%]

4.2. Covalent Functionalization

The process of covalently modifying SWCNTSs is a reliable
method for customizing their surfaces to improve their com-
patibility with biological molecules. This is particularly useful
in the creation of optical biosensors.”®! Covalent functionaliza-
tion involves the formation of covalent bonds between the SWC-
NTSs surface and the functionalizing molecules. This approach
provides a more stable and robust functionalization compared
to noncovalent methods. Covalent functionalization can intro-
duce specific functional groups onto the SWCNTSs surface, en-
abling the selective attachment of biomolecules for biosensing
applications. However, covalent functionalization can disrupt the
sp2 carbon network of SWCNTSs, potentially altering their elec-
tronic and optical properties. Therefore, careful control over the
extent of covalent functionalization is necessary to maintain the
desired properties of SWCNTSs.>®l For example, by covalently
modifying with carboxylic acid or amino groups, it becomes pos-
sible to link targeted biomolecules like antibodies or enzymes
to biosensing platforms. This ensures a high level of selectivity
and sensitivity.””] Recent studies have emphasized the effective-
ness of covalent functionalization in producing stable and con-
sistent SWCNTS-based optical biosensors. This has shown en-
hanced performance in transmitting signals and achieving lower
detection limits.®]
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4.3. DNA sequence Functionalization

DNA sequences have been widely used for the functionaliza-
tion of SWCNTSs in biosensing applications.!*] The noncovalent
wrapping of SWCNTSs with single-stranded DNA (ssDNA) has
been shown to enhance their dispersibility, biocompatibility, and
stability in aqueous solutions. Moreover, DNA-functionalized
SWCNTSs can be used for the selective detection of comple-
mentary DNA sequences through hybridization, enabling the de-
velopment of DNA biosensors.[*) The use of aptamers, which
are DNA or RNA sequences that can bind specifically to tar-
get molecules, has further expanded the applicability of DNA-
functionalized SWCNTSs for the detection of various analytes,
including proteins, small molecules, and metal ions. Jeng et al.
conducted a study where they applied a DNA sequence to coat
SWCNTS in order to identify single nucleotide polymorphism
(SNP).[1% The manipulation of SWCNTS facilitated the identi-
fication of SNP by observing an enhancement in the emission
energy at the highest fluorescence point in (6,5) nanotubes. Sim-
ilarly, Clément’s research group altered SWCNTS using single-
strand DNA to detect neurotransmitters.l'®] The measurement
of optical signals was conducted using near-infrared fluorescence
emitted by SWCNTSs. An investigation was conducted to de-
tect significant biomolecules in a high-ionic strength solution
(0.5XPBS). The rise in fluorescence intensities was shown to be
inversely proportional to the electric current of the SWCNTSs,
facilitating the identification of biomolecules such as dopamine,
epinephrine, and ascorbic acid.['%2103]

4.4, Protein Functionalization

Proteins, such as enzymes and antibodies, have been used for
the functionalization of SWCNTSs to develop highly selective
and sensitive optical biosensors. The immobilization of proteins
on the SWCNTS surface can be achieved through both nonco-
valent and covalent methods. Noncovalent protein functionaliza-
tion often involves the adsorption of proteins onto the SWCNTS
surface through hydrophobic interactions or electrostatic interac-
tions. Covalent protein functionalization can be achieved through
the formation of amide bonds between the amine groups of pro-
teins and the carboxyl groups introduced onto the SWCNTS sur-
face. Protein-functionalized SWCNTSs have been successfully
employed for the detection of various analytes, including glu-
cose, neurotransmitters, and disease biomarkers.[1%#105] Recently,
researchers Pinals and his team created a nanosensor capable
of detecting the spike protein of the SARS-CoV-2 virus.[1%] In
order to achieve this objective, the authors modified SWCNTS
by attaching the ACE2 protein. The study showed that ACE2-
SWCNTS biosensors maintain their ability to sense in a surface-
immobilized form, displaying a 73% increase in fluorescence
within 5 s of exposure to 35 mg L~! SARS-CoV-2 virus-like parti-
cles.

4.5. Other Corona Phases

In addition to DNA sequences and proteins, other corona
phases, such as enzymes and surfactants, have been used for the
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functionalization of SWCNTSs in biosensing applications. For
example, GOx has been immobilized onto SWCNTSs using a
pyrene-based crosslinker for the development of near-infrared
continuous glucose monitoring sensors. Surfactants, such as
sodium dodecyl sulfate (SDS) and sodium cholate (SC), have
been used to noncovalently functionalize SWCNTSs, improv-
ing their dispersibility and biocompatibility. The choice of the
specific corona phase depends on the target analyte, the desired
biosensing mechanism, and the stability requirements of the
sensor.%]

Therefore, the functionalization of SWCNTSs through non-
covalent and covalent methods, using various corona phases
such as DNA sequences, proteins, enzymes, and surfactants, has
greatly expanded their applicability in biosensing. The rational
design of the SWCNTS functionalization strategy, considering
the advantages and limitations of each approach, is crucial for the
development of highly sensitive, selective, and stable biosensors.

4.6. Advantages of SWCNTSs for Optical Sensing

Optical sensing using SWCNTSs has several distinct bene-
fits. In the emission range of SWCNTSs, the three critical
figures of merit (FOM)—quantum yield, photostability, and tis-
sue transparency—are all present, paving the way for creating
fluorescence-based sensors applied to biology. Quantum yield is
an important parameter that describes the efficiency of the flu-
orescence process in SWCNTSs. It is defined as the ratio of the
number of photons emitted to the number of photons absorbed
by the SWCNTS at a specific excitation wavelength. The quan-
tum yield of SWCNTSs is typically lower than that of conven-
tional fluorophores, such as organic dyes and quantum dots, due
to the presence of non-radiative decay pathways, such as exciton
quenching and energy transfer to metallic SWCNTSs.

It is important to note that the quantum yield of SWC-
NTSs is not dependent on the incoming excitation wavelength,
as the absorption is calculated at the specific excitation wave-
length used for the measurement. However, the quantum yield
of SWCNTSs can be influenced by various factors, such as
the chirality, length, and surface functionalization of the nan-
otubes, as well as the local environment and the presence of
quenchers or enhancers. The quantum yield (¢), defined as the
ratio of the number of photons emitted to the number of pho-
tons absorbed, is a crucial figure of merit for the effectiveness
of fluorescence-based sensors. It is important to note that the
quantum yield of SWCNTSs can exhibit dependence on the ex-
citation wavelength, as the absorption efficiency of SWCNTSs
varies across different wavelengths, affecting the number of pho-
tons absorbed and, consequently, the quantum yield. Therefore,
when designing SWCNTS-based optical sensors, selecting an
excitation wavelength that optimizes the quantum yield is es-
sential for achieving high sensitivity and specificity in analyte
detection.1%®

4.7. Exceptional Sensitivity

The exceptional sensitivity of SWCNTSs in the context of opti-
cal sensing is a key attribute that significantly enhances their
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utility in this field. This heightened sensitivity is evidenced by
their remarkable effectiveness in chemoreceptive sensors, where
SWCNTSs have demonstrated exceptional performance and sim-
plicity. Furthermore, studies have established the high sensi-
tivity of SWCNTSs to molecular charge transfer, highlighting
their extraordinary responsiveness to subtle changes in their
environment.[1%!

Additionally, the unique ability of SWCNTSs to tune their
functional properties through surface modifications further un-
derscores their exceptional sensitivity, making them highly adept
at detecting and responding to environmental changes. More-
over, SWCNTSs are known to exhibit highly enhanced sensitivity
toward absorbates, further emphasizing their exceptional respon-
siveness in the context of gas sensing. This inherent sensitivity
to environmental changes forms the basis for molecular recog-
nition, making SWCNTSs pioneering candidates for optical sen-
sors that rely on the detection of subtle variations for accurate
analyte detection.[110.111]

4.8. Tunable Selectivity

The tailored selectivity for sensing optically is a significant ad-
vantage and contributes to their effectiveness in detecting and
differentiating specific target molecules. This tailored selectivity
is achieved through various methods, such as, Surfactant Mod-
ification: Altering the nature of surfactants has been shown to
efficiently tailor both the selectivity and sensitivity of SWCNTSs
vapor sensors. This method allows for the customization of SWC-
NTSs to selectively detect specific molecules, enhancing the over-
all selectivity of the optical sensing platform.[112113]

Controlled Growth: The selective growth of SWCNTSs with a
certain mean diameter can be achieved by adding appropriate
amounts of specific gases. This controlled growth enables the
customization of SWCNTSs for selective sensing applications,
allowing for the precise detection of target analytes while min-
imizing interference from other molecules.['13114]

Irradiation-Induced Functionalization: Selective irradiation of
absorption features in SWCNTS samples has been shown to
induce structure-specific functionalization, further enhancing
their tailored selectivity for specific analytes. This method offers
a means to customize SWCNTSs to detect specific molecules,
contributing to the overall selectivity of the optical sensing
platform.[114115]

Surface Modifications and Interior Adjustments: The unique
ability of SWCNTSs to modify their functional properties
through surface modifications or interior space adjustments fur-
ther underscores their potential for tailored selectivity in optical
sensing applications. These modifications enable the customiza-
tion of SWCNTSs to selectively detect specific target molecules,
enhancing the overall selectivity and accuracy of the optical sens-
ing platform.[115]

Practical Applications: The tailored selectivity of SWCNTSs
in optical sensing is instrumental in enabling the precise and
accurate detection of intended analytes, making them highly
promising for developing highly selective optical sensors with di-
verse practical applications. This attribute positions SWCNTSs as
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valuable candidates for developing robust and efficient sensing
platforms with a wide array of real-world applications.!!¢]

4.9. Versatility in Practical Applications

SWCNTSs have been utilized as the sensing element in
nanoscale optical biosensors, where their high sensitivity to en-
vironmental changes forms the basis for molecular recognition.
This application highlights the practical versatility of SWCNTSs
in developing highly sensitive and selective biosensors for a
wide range of biological and environmental applications.[116117]
They have also been employed in developing chemo-resistive
gas sensors, where their exceptional sensitivity to environmen-
tal changes has been leveraged to enhance the effectiveness and
simplicity of the sensing platform.['!>1!8] This practical applica-
tion underscores the versatility of SWCNTSs in developing ro-
bust and efficient gas-sensing technologies. The high sensitiv-
ity of SWCNTSs to environmental changes, the basis for molec-
ular recognition, has been pivotal in pioneering their applica-
tion in optical sensors. This foundational role in optical sens-
ing further emphasizes the practical versatility of SWCNTSs
in enabling highly sensitive and selective detection of target
analytes.[10:11]

The versatile and practical applications of SWCNTSs in opti-
cal sensing are evident in their utilization as the sensing element
in nanoscale optical biosensors, their role in enhancing the ef-
fectiveness of gas sensors, and their foundational contribution to
molecular recognition in optical sensing technologies. These di-
verse applications underscore the potential of SWCNTSs to serve
as highly sensitive and selective sensing platforms with a wide ar-
ray of real-world applications.!'!?!

Another crucial factor that contributes to the success of SWC-
NTSs as optical sensors is their surface composition-dependent
fluorescence. The fluorescence of SWCNTSs is highly sensi-
tive to changes in their surface environment, which can be ex-
ploited for sensing applications.l'l The non-covalent function-
alization of SWCNTSs with various molecules, such as DNA,
proteins, or polymers, can modulate their fluorescence proper-
ties, enabling the detection of specific analytes.l?°l For exam-
ple, the adsorption of molecules onto the SWCNTSs surface can
lead to changes in the local dielectric environment, resulting in
a shift in the fluorescence emission wavelength or a change in
the fluorescence intensity.l*>! These changes in the fluorescence
signal can be correlated with the concentration of the target an-
alyte, allowing for quantitative sensing. Moreover, the surface
composition-dependent fluorescence of SWCNTSs can be lever-
aged for the development of ratiometric sensors, where the ra-
tio of the fluorescence intensities at two different wavelengths
is used as the sensing signal. This ratiometric approach can
help minimize the influence of external factors, such as fluctu-
ations in the excitation source or variations in the sensor con-
centration, improving the reliability and reproducibility of the
sensor.35121]

In addition to their surface composition-dependent fluores-
cence, SWCNTSs also exhibit excellent photostability, which is
essential for long-term and continuous sensing applications. Un-
like conventional fluorophores, which can undergo photobleach-
ing upon prolonged exposure to light, SWCNTSs are highly re-
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sistant to photobleaching, maintaining their fluorescence sig-
nal over extended periods. Furthermore, the NIR fluorescence of
SWCNTSs falls within the “tissue transparency window” (650—
1350 nm), where the absorption and scattering of light by biolog-
ical tissues are minimal. This allows for deeper tissue penetration
and reduced background autofluorescence, enhancing the sen-
sitivity and specificity of SWCNTS-based biosensors for in vivo
applications.[122123]

5. Applications in Disease Diagnosis

SWCNTSs have emerged as a promising nanomaterial for the
development of biosensors, particularly in the field of medi-
cal diagnostics. The unique properties of SWCNTSs, such as
their high surface area, excellent electrical conductivity, and op-
tical properties, make them well-suited for the detection of var-
ious biomarkers and pathogens. SWCNTSs-based biosensors
have shown great potential for applications in disease diagno-
sis, offering high sensitivity, selectivity, and rapid response times.
In particular, the use of SWCNTSs as fluorescent probes has
gained significant attention due to their NIR emission, which
allows for deep tissue penetration and minimal background
interference. This has opened up new possibilities for non-
invasive and real-time monitoring of disease biomarkers and
pathological processes. In this review, we will discuss the recent
advances and applications of SWCNTSs-based biosensors in dis-
ease diagnosis, focusing on their use as fluorescent probes.

5.1. Cancer Detection

SWCNTSs are extensively researched for their application in flu-
orescence biosensors aimed at cancer detection.[®] They are em-
ployed to detect various cancer biomarkers and facilitate cancer
screening. Below are some crucial details expanding on the uti-
lization of SWCNTSs in biosensors that rely on fluorescence to
detect cancer: creating adaptable and easily producible biosen-
sors for cancer detection has utilized SWCNTSs as the sensing
component. These biosensors utilize the distinctive characteris-
tics of SWCNTSs to facilitate the identification of certain can-
cer biomarkers, hence aiding the progress of cancer screening
technologies.l Cancer biomarkers have been identified using
fluorescent biosensors based on SWCNTSs, specifically target-
ing the urokinase plasminogen activator (uPA) biomarker associ-
ated with metastatic prostate cancer. This application showcases
the capability of SWCNTSs in facilitating the accurate and spe-
cific identification of crucial cancer markers. As a result, it aids
in early cancer detection and monitoring. Researchers have cre-
ated sensor systems using SWCNTS solutions to identify sev-
eral indicators for gynecologic cancer in uterine lavage sam-
ples. This technique demonstrates the capability of biosensors
based on SWCNTSs to detect many cancer indicators simulta-
neously, hence improving the effectiveness of cancer screening
and diagnosis.['] SWCNTSs have demonstrated the capability
to detect cancer biomarkers with a high level of sensitivity us-
ing surface-enhanced Raman scattering (SERS).['>®* The height-
ened sensitivity of this technology plays a crucial role in enabling
the prompt and precise identification of cancer, therefore enhanc-
ing patient outcomes and treatment effectiveness.!'24]
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SWCNTSs have been employed for in vivo cancer imaging,
showcasing their capability for multimodal imaging and targeted
detection of cancer cells.'®] The distinctive characteristics of
SWCNTSs, such as their ability to absorb NIR light and ex-
hibit strong Raman signaling, have been utilized to facilitate pre-
cise identification and imaging of cancer cells. This highlights
the promise of SWCNTSs in improved cancer detection meth-
ods. Creating adaptable and easily producible biosensors for can-
cer detection has utilized SWCNTSs as the sensing component.
These biosensors utilize the distinctive characteristics of SWC-
NTSs to facilitate the identification of certain cancer biomark-
ers, hence aiding the progress of cancer screening technolo-
gies. SWCNTSs have demonstrated the capability to detect can-
cer biomarkers with a high level of sensitivity using SERS. The
heightened sensitivity of this technology plays a crucial role in en-
abling the prompt and precise identification of cancer, therefore
enhancing patient outcomes and treatment effectiveness.[126:127]

SWCNTSs have been employed for in vivo cancer imaging,
showcasing their capability for multimodal imaging and targeted
detection of cancer cells.'®] The distinctive characteristics of
SWCNTS, such as their ability to absorb NIR light and exhibit
strong Raman signaling, have been utilized to facilitate precise
identification and imaging of cancer cells. This highlights the
promise of SWCNTSs in improved cancer detection methods. To
detect cancer markers, fluorescent biosensors have been used to
detect cancer markers, such as proteins and nucleic acids, in bi-
ological samples. These biosensors can detect cancer markers at
low concentrations, enabling early diagnosis and disease moni-
toring. fluorescent biosensors have been used to evaluate the effi-
cacy of cancer drugs and kinase inhibitors.['?8] These biosensors
can detect drug-resistant cancer cells and evaluate the efficacy
of specific drugs, providing valuable information for clinicians
and physicians to design alternative therapeutic approaches. For
visualization of molecular signaling events, fluorescent biosen-
sors can be used to visualize subcellular molecular signaling
events in real-time, allowing for the identification of novel tar-
geting molecules and pathways and discoveries in clinical cancer
research.['??! Point-of-care devices, such as fluorescent biosen-
sors, can be integrated with microfluidic systems and developed
into portable devices for point-of-care cancer diagnosis and treat-
ment. These devices can provide rapid and accurate results, en-
abling early detection and personalized treatment of cancer. Due
to their high sensitivity and specificity, fluorescent biosensors
have shown great potential in cancer detection and monitoring.
These biosensors can detect specific biomolecules and changes
in the microenvironment associated with cancer cells, enabling
early diagnosis and disease monitoring. They can also be used
to evaluate and visualize molecular signaling events and develop
point-of-care devices for cancer diagnosis and treatment efficacy
of cancer drugs and kinase inhibitors.[***! Optical biosensors op-
erate on the principle of detecting and measuring the interac-
tion between target biomolecules and analytes through photon
measurements (absorbance, reflectance, or fluorescence emis-
sions) rather than electrons (Figure 3A,B). WCNT-based sen-
sors provide the additional benefit of high photostability and low
autofluorescence.['*!! Kim et al. developed a SWCNTS-based op-
tical sensor utilizing the fluorescence property of SWCNTSs for
selective detection of adenosine 5'-triphosphate (ATP) in living
cells (Figure 3C,D). Through the conjugation of luciferase en-
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zyme to polymer-coated nanotubes, spatial and temporal infor-
mation of NIR detection in ATP living cells was achieved, demon-
strating a detection limit of 240 nm.'3% Figure 3E,F shows the
fluorescence emission spectra of DNA-SWCNTS as a donor with
relative intensity in both excited and stable states.

One notable example is the work by Williams et al., who de-
veloped a microarray-based biosensor using SWCNTSs func-
tionalized with DNA aptamers for the multiplexed detection of
cancer biomarkers. The biosensor was able to detect prostate-
specific antigen (PSA), carcinoembryonic antigen (CEA), and
mucin-1 (MUCI) with high sensitivity and specificity, demon-
strating its potential for early cancer diagnosis.['*?] Another
significant contribution to the field was made by Chio et al.,
who developed a machine learning-based approach for the de-
tection of ovarian cancer using an array of SWCNTSs func-
tionalized with quantum defects. The “disease fingerprint” ac-
quired from the near-infrared fluorescence emission spectra of
the SWCNTS array was able to detect high-grade serous ovar-
ian carcinoma in serum samples with 87% sensitivity and 98%
specificity, outperforming the current best clinical screening
test.[133]

In addition to the detection of cancer biomarkers, SWCNTSs
have also been used for the detection of circulating tumor cells
(CTCs), which are important indicators of cancer metastasis. Gao
et al. developed a SWCNTS-based biosensor for the capture and
detection of CTCs using aptamer-functionalized SWCNTSs. The
biosensor exhibited high sensitivity and selectivity, enabling the
detection of CTCs in blood samples from cancer patients. Fur-
thermore, SWCNTSs have been employed for the detection of
extracellular vesicles (EVs), which are secreted by cancer cells
and play a crucial role in cancer progression and metastasis. Zhu
et al. developed a SWCNTS-based biosensor for the detection
of cancer-derived EVs using aptamer-functionalized SWCNTSs.
The biosensor was able to detect EVs with high sensitivity and
specificity, demonstrating its potential for cancer diagnosis and
monitoring.!134]

5.2. Glucose Sensing

SWCNTS-based fluorescent biosensors have been developed to
detect glucose, which has potential applications in medical diag-
nostics and therapeutics.['*] The research and development ef-
forts in this area have demonstrated the potential of SWCNTS-
based sensors for the optical detection of glucose, offering non-
invasive and highly sensitive monitoring capabilities. These
biosensors can be used to monitor glucose levels in blood, saliva,
or urine, providing valuable information for diabetes manage-
ment. Due to their high sensitivity and specificity, fluorescent
biosensors have been used for glucose sensing. These biosen-
sors enable continuous monitoring of glucose concentrations
in real-time. One example of a fluorescent biosensor for glu-
cose sensing is a FRET-based biosensor that quantifies glucose
in culture supernatants of microbial cultivations. The biosensor
consists of a glucose-binding protein sandwiched between two
fluorescent proteins, constituting a FRET pair. Upon d-glucose
binding, the sensor undergoes a conformational change, trans-
lated into a FRET-ratio change. The main advantage of fluores-
cent biosensors for glucose sensing is high sensitivity. These
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Figure 3. Novel approaches for cancer detection involve electrochemical and electronic CNT biosensors. A) A folic acid-targeted cytosensing strategy
employs polydopamine-coated CNTs, enhancing electrochemical detection of cancer cells.Reproduced with permission.l’311 2018, ACS Sens. B) An
electrochemical DNA biosensor for cancer detection utilizes gold nanoparticles/aligned CNTs, as depicted in the schematic representation.Reproduced
with permission.l’311 2018, ACS Sens. C,D) The SWCNTS-based sensor exhibits selective recognition of ATP over interfering molecules such as AMP,
CTP, and GTP, enabling spatiotemporal ATP detection in living cells. The fluorescence of SWCNTS is quenched by the oxidized production of d-luciferin,
oxyluciferin. Fluorescence images of Hela cells with the SWCNTS Luc sensor show quenching after the addition of Lrin (240 um), correlating with ATP
concentration.Reproduced with permission.['*%1 2010, Angrew. Chem.; E,F) The intensity of DNA-D-NT at the donor emission spectra (maximum at 520

nm). Reproduced with permission.['®11 2015, Sensors.

biosensors can detect glucose levels at very low concentrations,
making them suitable for early diagnosis and monitoring of glu-
cose levels in patients with diabetes or other glucose-related dis-
orders. Real-time monitoring: fluorescent biosensors enable con-
tinuous real-time monitoring of glucose concentrations in bio-
logical samples, particularly useful for optimizing insulin ther-
apy in diabetic patients. FRET signals attenuate rapidly when
fluorophore—fluorophore distances reach above 10 nm, making
fluorescent-based glucose biosensors suitable for non-invasive,
in vivo sensing. Integration with microfluidics and portable de-
vices: fluorescent biosensors can be integrated with microfluidic
systems and developed into portable devices for point-of-care glu-
cose monitoring.

The composites of SWCNTSs-fluorescent enable the reversible
manipulation of carbon nanotube aggregation, hence aiding in
advancing glucose affinity sensors that might be used for non-
invasive glucose monitoring. Prototype SWNT-Based Glucose
Sensors: Extensive research has created the first models of glu-
cose sensors that utilize SWNTs, such as enzyme-based and affin-
ity sensors. These sensors encourage alternatives to conventional
flux-based sensors by tackling fundamental issues and facilitat-
ing non-invasive and uninterrupted glucose monitoring. One of
the seminal works in this field was reported by Barone et al., who
developed a SWCNTS-based glucose sensor by immobilizing glu-
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cose oxidase (GOx) on the surface of SWCNTSs. The sensor ex-
hibited a rapid response time, high sensitivity, and a wide lin-
ear range for glucose detection, demonstrating the potential of
SWCNTSs for glucose monitoring.['**] Research has mostly con-
centrated on developing NIR optical glucose sensors using SWC-
NTSs. These sensors utilize the distinctive near-infrared char-
acteristics of SWCNTSs, providing opportunities for improved
glucose monitoring that is both non-invasive and very sensitive.
Adaptable and Direct SWNT-Based Biosensors: A highly adapt-
able biosensor utilizing SWNTs has been detailed, demonstrat-
ing its ease of production and accurate measurement capabil-
ities. This highlights its promising prospects for effective and
efficient glucose sensing in real-world scenarios. More recently,
Aeppli et al. developed a SWCNTS-based glucose sensor using
a novel transduction mechanism based on the redox-mediated
electron transfer between GOx and the SWCNTS. The sensor
exhibited a wide linear range (0.1-25 mwm glucose), high sensi-
tivity, and excellent selectivity, with minimal interference from
common electroactive species in blood.!'*”] Furthermore, Liang
et al. developed a SWCNTS-based glucose sensor using a bio-
engineered GOx enzyme with enhanced stability and activity.
The sensor exhibited a wide linear range (0.5-50 mwm glucose),
high sensitivity, and good stability, with a response time of less
than 10 s.[138
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Using SWCNTSs in biosensors that rely on fluorescence for
glucose detection has demonstrated considerable potential. This
progress encompasses the creation of glucose detection plat-
forms that incorporate composites and produce prototype glu-
cose sensors. The progress made in this field demonstrates the
capability of SWCNTSs to provide glucose monitoring that is
both non-invasive, extremely sensitive, and continuous. This
presents important alternatives to conventional glucose sensing
methods.

Fluorescent biosensors have shown great potential in glucose
sensing due to their high sensitivity, specificity, and real-time
monitoring capabilities. These biosensors can be used for early
diagnosis and monitoring glucose levels in patients with diabetes
or other glucose-related disorders and for integration with mi-
crofluidics and portable devices for point-of-care applications.

5.3. Infectious Disease Detection

SWCNTSs have demonstrated substantial promise in the ad-
vancement of fluorescence biosensors for identifying contagious
illnesses. Multiple research papers and articles have emphasized
using SWCNTSs in biosensing and imaging. This application
allows for quickly and accurately identifying infectious illness
biomarkers, such as viruses and other pathogens. Below are
some essential details explaining the utilization of SWCNTSs in
biosensors that rely on fluorescence for detecting infectious dis-
eases:

Swift identification of SARS-CoV-2 proteins: A study reported
the rapid identification of SARS-CoV-2 spike (S) and nucleocap-
sid (N) proteins using a sensor based on SWCNTS. The sensor ex-
hibited prompt reactions within five minutes and registered very
sensitive detection thresholds for the S and N proteins, highlight-
ing its capability for the swift and precise identification of viral
biomarkers.

A multifunctional biosensor based on SWCNTSs has been
reported. This biosensor is easy to fabricate and analyze. This
biosensor can quickly and accurately identify biomarkers of in-
fectious diseases, aiding in early illness diagnosis and treatment.
Researchers have created an ultrasensitive sensor to detect the
nucleocapsid protein (NP) of SARS-CoV-2 using SWCNTSs. The
sensor exhibited a low detection threshold, making it a viable tool
for precisely identifying viral biomarkers linked to infectious ill-
nesses.

Swift detection of SARS-CoV-2 spike proteins was achieved us-
ing nanosensors based on SWCNTSs noncovalently functional-
ized with the human ACE2 receptor. The nanosensors exhibited
prompt and accurate fluorescence activation upon contact with
the virus, indicating their capability for quick and accurate iden-
tification of infectious diseases. Using SWCNTSs in biosensors
that rely on fluorescence has demonstrated considerable poten-
tial in swiftly and accurately identifying biomarkers of infectious
diseases, such as those linked to SARS-CoV-2 and other infec-
tions. The results emphasize the capability of biosensors based
on SWCNTSs as useful instruments for detecting infections at
an early stage, controlling their spread, and providing treatment
for infectious diseases.

Using SWCNTS-based FRET in bioimaging proves to be a
potent tool, as it enhances SWCNTS brightness, resulting in
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the advantage of higher signals and increased imaging depth
within the tissue.''!l Another significant application of sensors
in healthcare is the detection of pathogens. A collection of highly
sensitive sensors designed for detecting bacterial biomarkers
and infection-associated pathogens (Figure 4A) has been devel-
oped in this context. For one of these sensors, a specific con-
jugation of a small peptide to DNA-covered SWCNTSs facili-
tates surface modification. This modification allows the sensor
to bind and detect lipopolysaccharides, crucial endotoxins, and
subunits of the outer cell wall of Gram-negative bacteria.[3>139140]
Applying surfactant-aided ATPE and subsequent exchange to
this DNA-peptide conjugate resulted in a monochiral (6,5)
LPS(lipopolysaccharide) sensor, sensitive to lipopolysaccharides
(LPS). The fluorescence of this sensor increased notably upon
the addition of Escherichia coli LPS (Figure 4B). To achieve ro-
bust multispectral imaging, such sensors were incorporated into
hydrogels, facilitating the remote detection of pathogenic bac-
teria. The set of nanomaterials was then interrogated at spe-
cific wavelengths (Figure 4C,D) through appropriate filter set-
tings for the presence of bacteria-induced specific alterations in
the fluorescence emission pattern of the nanosensors.['*!] Dif-
ferences in sensor responses were visualized using multivariate
statistics such as principal component analysis (PCA), revealing
distinct clusters, allowing differentiation of two prominent bac-
teria, Staphylococcus aureus and Pseudomonas aeruginosa, as well
as their isolates after 72 h (Figure 4E).

5.4. Neurological Disorders

Fluorescent biosensors have shown potential in detecting and
monitoring neurological disorders. These biosensors can de-
tect specific biomolecules and changes in the microenvironment
associated with neurological disorders, enabling early diagno-
sis and disease monitoring. In biological samples, fluorescent
biosensors have been used to detect neurotransmitters such as
dopamine, glutamate, and acetylcholine.['*?] These biosensors
can detect specific biomolecules associated with neurological dis-
orders, enabling early diagnosis and disease monitoring. Fluores-
cent biosensors have been used to evaluate the efficacy of drugs
for neurological disorders such as Alzheimer’s and Parkinson’s.
These biosensors can detect drug-resistant neurological cells and
evaluate the efficacy of specific drugs, providing valuable infor-
mation for clinicians and physicians to design alternative thera-
peutic approaches.['371%3] Fluorescent biosensors enable contin-
uous real-time monitoring of neurological disorders in biological
samples, providing valuable information for disease diagnosis
and treatment. Development of Point-of-Care Devices: fluores-
cent biosensors can be integrated with microfluidic systems and
developed into portable devices to diagnose point-of-care neuro-
logical disorders. These devices can provide rapid and accurate re-
sults, enabling early detection and personalized treatment of neu-
rological disorders. Due to their high sensitivity, specificity, and
real-time monitoring capabilities, fluorescent biosensors have
shown potential in neurological disorder detection. These biosen-
sors can be used for early diagnosis and monitoring of neurolog-
ical disorders and for integration with microfluidics and portable
devices for point-of-care applications.[143144]
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Figure 4. Detection of pathogen. A) Diagram showing process of bacterial metabolites alter many nanosensors’ fluorescence emission. Reproduced
with permission.[33] 2022, Anal. Chem.; B) In addition to E. coli LPS, monochiral bLPS-(6,5)SWCNTSs respond by increasing their emission. Reproduced
with permission.[33] 2022, Anal. Chem.; C) The tissue phantom thickness affects the fluorescence intensities of the relevant nanosensors.Reproduced
with permission.[33] 2022, Anal. Chem.; D) Incorporating all nanosensors into a functional hydrogel matrix and using NIR stand-off detection of the
corresponding emission by optical filters to create three channels for emissions and colors. Reproduced with permission.['40] 2020, Nano. Commun;;
E) Development, metabolism, and inoculation of bacteria, including various isolates of P. aeruginosa and S. aureus, cause different reactions in the
nanosensors, which are then seen using in situ detection. A remote and hyperspectral bacteria detection approach is created by principal component
analysis of the spectrally encoded sensor responses, which enables unambiguous discrimination after 72 h.Reproduced with permission.3>1401 2020,

Nano. Commun.

One approach for protein detection is to use the natural
binding partner of the target protein as a recognition site on the
SWCNTSs, achieved by using an antibody, an aptamer, or a DNA
recognition sequence to exploit the original protein—protein or
protein-DNA interactions for sensing applications. A label-free
detection was demonstrated in Ahn et al. using nanotubes func-
tionalized with chitosan polymer modified with nitrilotriacetic
acid (NTA) chelator.3314314] Chitosan was utilized owing to the
accessibility of functional groups for additional modification.
The NTA chelated Ni2* and served as a proximity quencher
modulating the SWCNTS fluorescence intensity as a function
of distance (Figure 5A,B). The NTA-Ni?* group can bind to any
hexahistidine-tagged (his-tag) capture protein, which is a natural
binding site for the protein of interest. For example, a his-tagged
protein A bound to the NTA-Ni2* group was used to capture
human immunoglobulin G (IgG). Binding of the target protein
leads to a modulation of the fluorescence intensity, enabling
studying protein—protein interactions, protein glycoprofiles, and
protein quantification.['**! In a study to investigate the impact of
neurotransmitters on fluorescence spectra, solubilized HiPCO
SWCNTSs in different polymers were used.'*”) To determine
fluorescent SWCNTSs adsorbed polymer phases, enabling selec-
tive detection of certain neurotransmitters, such as dopamine.
Kruss et al. used a library of various polymers (n = 30) that in-
cluded phospholipids, nucleic acids, and amphiphilic polymers
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to functionalize and suspend SWCNTSs in order to investigate
how neurotransmitters affect the NIR fluorescence of the resul-
tant band gap (Figure 5C-E). Several corona stages allow for the
specific identification of neurotransmitters.[1#?!

5.5. Metabolic Disorders

SWCNTSs are being used to create fluorescent-based biosensors
that may detect and monitor neurological diseases. SWCNTSs
possess distinct physical and chemical characteristics that make
them very suitable for imaging and sensing the brain’s extracel-
lular space (ECS) and detecting neurotransmitters and other es-
sential biomolecules.'*¢] Below are notable applications and dis-
coveries concerning the utilization of SWCNTSs in biosensors
that rely on fluorescence for the diagnosis of neurological disor-
ders. Due to their advantageous physical and chemical character-
istics, SWCNTSs have been suggested as highly suitable options
for imaging and sensing the brain’s ECS.['*”] SWCNTSs have fea-
tures that make them suitable for viewing, characterizing, and
chemically probing the brain’s ECS. This area of study is mainly
unexplored and holds significant potential for the advancement
of innovative technology.!'*]

Fluorescent nanosensors for neurotransmitter detection:
SWCNTSs have been employed as fundamental components for
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Figure 5. SWCNTS-based protein-protein interaction detection. A,B) Protein sensor array schematic with label-free and fluorescent SWCNTSs, the
SWCNTS solution was functionalized with NTA-Ni2+ to bind his-tagged capture proteins and identify a captured protein interacting with a target protein.
The NTA-Ni2+ groups first used their his-tag residues to immobilize the his-tagged capture proteins. Once a target protein was added to each area and
bound to the appropriate capture proteins, the distance between the Ni2+ quencher and the surface of the SWCNTS shifted, causing a modulation in the
fluorescence; Illustration of the anti-uPA-DNA-SWCNTS complexes. Reproduced with permission.['**1 2011, Nano. Lett.; C-E) Screening of SWCNTS-
polymer conjugates for fluorescence modulation by neurotransmitters, the normalized fluorescence changes (1-10)/10 of different polymer-SWCNTS,
the color-coded heat map shows the conjugates upon adding different neurotransmitters (100 um).Reproduced with permission.[1421 2014, J. AM. Chem.

Soc.

sensors and probes that identify neurotransmitters, such as cat-
echolamines. The adjustable specificity of SWCNTS-based fluo-
rescence sensors has demonstrated potential in detecting neu-
rotransmitters, which might lead to breakthroughs in monitor-
ing localized fluctuations in transitory chemical levels inside
living tissues.[*] Non-Invasive Diagnostics utilizing NIR Fluo-
rescent Sensors: Carbon nanotubes, such as SWCNTSs, are ac-
knowledged as versatile optical biosensors that operate in the
NIR range. These biosensors are crucial for fundamental re-
search and non-invasive diagnostics. The distinctive optical char-
acteristics of SWCNTSs render them highly desirable for the
advancement of non-intrusive diagnostic instruments, particu-
larly those designed to identify biomarkers linked to neurological
illnesses.[149:150]

Overall, the utilization of SWCNTSs in fluorescent-based
biosensors for detecting neurological disorders has demon-
strated considerable potential in several domains, such as seeing
and perceiving the brain’s extracellular space, identifying neu-
rotransmitters, and aiding in the creation of diagnostic instru-
ments that do not need invasive procedures. The results em-
phasize the potential of biosensors based on SWCNTSs as help-
ful instruments for enhancing our comprehension of neurolog-

ical illnesses and enhancing diagnostic capacities in this crucial
area [51.6567,151]
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Fluorescent biosensors have many medical applications, in-
cluding cancer detection, glucose sensing, infectious disease
detection, mechanobiology and ethnopharmacological screen-
ing, tissue-based biosensors, and pH and ion sensing.'?] As
research advances in this field, fluorescent biosensors are ex-
pected to play an increasingly important role in various bi-
ological applications,'*? including medical diagnostics, en-
vironmental monitoring, and fundamental research. Galassie
et al. emphasized the potential of monochiral SWCNTS sen-
sors in healthcare and illness diagnosis, such as cholesterol
detection.'3] One of the earliest instances of chirality-pure
sensors was achieved by DNA-specific SWCNTS wrapping
in conjunction with other purification methods such as ion-
exchange chromatography or ATPE.'** Such constructed de-
vices (Figure 6A) demonstrated a strong affinity for lipids
such as cholesterol or sphingomyelin, likely by direct ad-
sorption on the CTTC3TTC-(9,4)-SWCNTS surface.l'>3] When
taken up by macrophages, hyperspectral imaging observed a
particular blue shift in sensor emission (Figure 6B), demon-
strating the strongest response for the (9,4)chirality.'*! To
map oxidized low-density lipoproteins in vivo (Figure 6C) as
a potential tool for studying and detecting excess disease-
induced lipid buildup in the liver. The poly carbodiimide poly-
mers chosen for functionalization have different zeta potentials
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Figure 6. Sensing lipid accumulation and cellular localization: in vivo to identify metabolic conditions; A) Molecular dynamics simulations of isolated
sDNA-CTTC3TTC-(9,4)-SWCNTSs imply that lipids (cholesterol or sphingomyelin) are adsorbed directly onto the surface of the nanotubes. Reproduced
with permission.[3°1 2022, Anal. Chem.; B) The overlays of transmitted light and fluorescence hyperspectral images demonstrate a specific blue-shift in the
sensor emission wavelength of incubated target lipids.Reproduced with permission.[3*1 2022, Anal. Chem.; C) Fluorescence hyperspectral imaging de-
tects the endo-lysosomal lipid accumulation of oxidized low-density lipoproteins.Reproduced with permission.l1331 2018, Sci. Transl. Med.; D) Separated
fractions of poly carbodiimide-modified SWCNTSs.Reproduced with permission.[33] 2022, Anal. Chem.; E) Co-incubation with nanosensors (left)leads
to an energy transfer, targeting the same organelles, leading to a FRET-like mechanism of fluorescence enhancement of a certain chirality of SWC-
NTSs, enables live cell imaging.Reproduced with permission.[*3] 2022, Anal. Chem.; F) Cellular structure detection with different nanosensor emission
(975-1025 nm emission(magenta),1125-1175 nm emission (green)). Reproduced with permission. (831 2021, Nano. Lett.

((6,5)amine-polySWCNTSsand (7,6)carboxy-polySWCNTSs), re-
sulting in a Coulombic interaction between the primary amine
group and carboxy acid group, leading to aggregation of SWC-
NTSs and thus inter nanotube (exciton) energy transfer.358%153]
Figure 6D shows the segmented regions of SWCNTSs modified
with polycarbodiimide, containing carboxy-poly(7,6)- and amine-
poly(6,5) SWCNTSs.[85:15¢]

Consequently, when cells were treated with both SWCNTS
species, the (7,6)-SWCNTS chirality saw a relative fluores-
cence amplification, while the (6,5)-SWCNTSs were quenched
(Figure GE, left). The FRET effect was not detected when two
cell cultures were treated individually with the two SWCNTS
species and subsequently merged. (6,5)-SWCNTSs had a greater
relative intensity (Figure 6E, right). Furthermore, the selective
application of distinct surface chemistries may be exploited for
multiplexed live cell imaging in various locations. As demon-
strated in Figure 6F (6,5)guanidinium-poly-SWCNTSs are found
in the nucleus of Hela cells (magenta in brightfield), whereas
(7,6)amine-poly-SWCNTSs are found in the cytosolic area (green
in brightfield).[3585153]
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6. Challenges and Limitations

Despite the tremendous promise of CNT-based fluorescence
biosensors for disease diagnostics, several hurdles and con-
straints remain. A complete evaluation would most likely address
these concerns to present a balanced picture of the current state
of technology. Here are some important issues and limits related
to SWCNTS-based fluorescence biosensors:

Biocompatibility Concerns: Potential cytotoxicity and long-
term impacts on biological systems are the primary concern,
especially because biocompatibility is crucial for the safe and
successful diagnosis of CNTs in disease detection. For CN'T5s to
be useful as fluorescence biosensors without endangering pa-
tients, it is crucial to functionalize and alter their surfaces to
make them more biocompatible.'*! Uniform Functionalization:
Achieving uniform and reproducible functionalization of carbon
nanotubes with specific biomolecules can be challenging. In-
homogeneous functionalization may lead to variations in sen-
sor performance, affecting sensitivity and reliability.!*>”] Nonspe-
cific Binding SWCNTS-based biosensors may face challenges as
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proteins and other biomolecules can adsorb onto the surfaces
of carbon nanotubes through weaker interactions like physisorp-
tion, which is not selective and can lead to false signals in biosen-
sors, especially in complex biological samples.'>®1%] Strategies
to minimize nonspecific interactions and improve the selectiv-
ity of the biosensors are essential.l'% The stability of SWCNTS-
based biosensors over extended periods, especially under physi-
ological conditions, is a critical factor for their practical applica-
tions. Numerous studies have demonstrated the appreciable sta-
bility of SWCNTSs in biological samples over a long time, which
is a significant advantage of this nanomaterial. SWCNTSs exhibit
excellent chemical and thermal stability, making them resistant
to degradation in complex biological environments. Their unique
structure and properties contribute to their ability to maintain
sensor functionality over prolonged periods. For example, a study
by Kim et al. demonstrated thata SWCNTS-based glucose biosen-
sor maintained its sensitivity and selectivity for over 30 days when
stored in a physiological buffer solution. Similarly, a SWCNTS-
based DNA sensor showed stable performance for up to 6 months
when stored at 4 °C. The functionalization of SWCNTSs with
biocompatible coatings, such as polymers or proteins, can fur-
ther enhance their stability and biocompatibility, preventing non-
specific adsorption and biofouling. These coatings act as protec-
tive layers, shielding the SWCNTSs from potential degradation
factors in biological environments. However, it is important to
note that while SWCNTSs themselves exhibit excellent stability,
the long-term functionality of the biosensor as a whole may still
be influenced by factors such as the stability of the biorecog-
nition elements, the robustness of the immobilization meth-
ods, and the potential for sensor fouling over time. Interference
and Background Signals: Background signals, interference from
other biomolecules, or environmental factors can affect the accu-
racy and specificity of detection.!'*!] Developing strategies to min-
imize interference and enhance signal-to-noise ratios is essential.
Device Miniaturization and Integration: While there is potential
for point-of-care applications, miniaturizing SWCNTS-based flu-
orescent biosensors and integrating them into user-friendly de-
vices pose engineering challenges. Practical implementation for
widespread use requires addressing device size, portability, and
ease of use.'®?]

Regulatory hurdles in the translation of SWCNTS-based flu-
orescent biosensors from research to clinical applications may
face regulatory challenges. Ensuring compliance with regula-
tory standards and demonstrating the safety and efficacy of
these biosensors are critical for their acceptance in the medi-
cal field. Cost and Scalability: The cost of producing SWCNTS-
based fluorescent biosensors, including the synthesis and func-
tionalization of carbon nanotubes, may limit their widespread
adoption. Scalability and cost-effectiveness are essential for prac-
tical applications, especially in resource-limited settings. Real-
time Monitoring Challenges: SWCNTSs’ NIR fluorescence and
great photostability enable monitoring over time without sig-
nal loss.['®*] Due to their seconds-minutes response periods,
SWCNTS-based biosensors can also capture dynamic chemical
interactions. SWCNTS-based biosensors have made tremendous
progress in real-time monitoring, although there is still room for
development. Improved temporal resolution and sensor design
can capture faster and more subtle biological process changes.!*]
Advanced sensor architectures, signal transduction processes,
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and SWCNTS-based biosensor integration with microfluidic sys-
tems for high-throughput and multiplexed real-time monitoring
are being explored to overcome the remaining obstacles to fully
harness the capabilities of this technology for continuous and
real-time monitoring of intricate biological systems.['®*] These
findings will have substantial consequences for the identification
of diseases, the development of new drugs, and the investigation
of fundamental biological processes.['%1%] In addressing these
challenges, researchers can pave the way for successfully apply-
ing SWCNTS-based fluorescent biosensors in disease diagnosis,
offering highly sensitive and specific early detection and monitor-
ing tools. Ongoing interdisciplinary collaborations and advance-
ments in nanotechnology, materials science, and biology are es-
sential for overcoming these limitations and realizing the full po-
tential of this technology.[*%]

7. Future Perspective and Conclusion

The potential of SWCNTS-based fluorescent biosensors to en-
hance bioimaging and biosensing applications is highly promis-
ing. As the study of this topic progresses, numerous crucial is-
sues require focus and investigation in future endeavors that
should prioritize the improvement of both the sensitivity and se-
lectivity of fluorescence biosensors based on single-walled carbon
nanotubes SWCNTSs. This may need the creation of innovative
surface alterations, the use of composite materials, and the im-
plementation of methodologies to enhance the amplification of
signals. These advancements will enable the detection of analytes
at even more diluted concentrations with greater accuracy. Incor-
porating SWCNTSs into multimodal imaging systems suggests
a promising direction for future study. Researchers can enhance
the capabilities of biological imaging and disease diagnostics by
integrating fluorescence imaging with other modalities like Ra-
man or photoacoustic imaging.

Further investigation into the in vivo uses of biosensors based
on SWCNTSs is crucial. This entails examining the biocompati-
bility, biodistribution, and clearance profiles of these substances
to enable their secure and efficient utilization for the real-time
monitoring of biological processes and the advancement of dis-
eases within live organisms. Translating SWCNTS-based biosen-
sors from the laboratory to clinical settings is of utmost impor-
tance. This will need comprehensive validation studies, the ca-
pacity to scale up production processes, and careful attention to
regulatory requirements to guarantee the safety and effectiveness
of these products for diagnostic and therapeutic purposes. The
utilization of SWCNTS fluorescence biosensors in point-of-care
diagnostic gadgets has the capacity to completely transform the
way healthcare is provided. Subsequent investigations should pri-
oritize the development of portable and user-friendly technolo-
gies that can swiftly and precisely diagnose diseases at the pa-
tient’s bedside or in situations with limited resources.

In conclusion, the distinct optical characteristics of SWCNTSs
have established them as adaptable fundamental components
for advancing fluorescent biosensors, which have extensive im-
plications for applications in bioimaging and biosensing. The
intrinsic properties of SWCNTSs, such as their near-infrared
fluorescence, non-photobleaching characteristics, and wide sur-
face area, provide significant benefits for the accurate and spe-
cific detection of various substances, including biomolecules,
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pathogens, and disease biomarkers. As ongoing research pro-
gresses, there is significant potential for converting biosensors
based on SWCNTSs into practical instruments for illness de-
tection, real-time monitoring, and tailored medication. This ad-
vancement will eventually enhance healthcare outcomes and im-
prove quality of life.
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