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A B S T R A C T

Molecular recognition and detection are the main concerns in the field of biological analysis because they can be
affected by various factors. Single-walled carbon nanotube (SWCNTs)-based optical biosensors have been applied
in this field owing to their high sensitivity, good fluorescence stability, and tissue transparency. Purification of
single-chiral SWCNTs and surface functionalization of SWCNTs are effective strategies for achieving real-time
monitoring and high-throughput screening of biological analytes. Combining these technologies with micro-
fluidic platforms and machine learning algorithms further broadens the application areas of sensors and enhances
their analytical performance and usefulness in complex biological systems. Therefore, this review first discusses
the preparation methods for single-chiral SWCNTs in recent years and introduces covalent and non-covalent
functionalization techniques for SWCNTs, including oligonucleotide chains, peptides, and surfactant modifica-
tions. Subsequently, we systematically evaluate the applications of functionalized SWCNT biosensors for recog-
nizing small molecules, including gas phase composition, neurotransmitters, and reactive oxygen species. These
biosensors have been shown to have high sensitivity and specificity in the detection of a wide range of small
molecules, offering a wide range of possibilities for analyzing volatile organic compounds, signaling molecules,
and reactive oxygen species within biological systems, and providing new ways of gaining insights into the
complex mechanisms of disease progression. Finally, we have analyzed the ability of SWCNT biosensors to
recognize biomolecules in various categories, including proteins, nucleic acids, and lipids. Using these sensors for
clinical disease diagnosis improves the accuracy and timeliness of diagnosis and opens up new ways to improve
patients' prognosis and quality of life. We believe that SWCNT biosensors have great potential for future devel-
opment in biomedicine.
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1. Introduction

The emergence of biosensors can be traced back to the 1960s [1].
They are widely used in disease diagnosis, disease mechanism elucida-
tion, and new drug development because they are sensitive,
high-throughput, efficient, economical, and label-free [2,3]. Recently,
optical biosensors based on fluorescence emissions have been developed.
However, the presence of photobleaching in the UV–visible spectral re-
gion and the inadequacy of visible fluorescence wavelengths to penetrate
optically turbid biological tissues are limiting factors for bioanalysis and
in vivo applications [4]. Therefore, new fluorescent materials must be
developed. Single-walled carbon nanotubes (SWCNTs) are fluorescent
nanomaterials composed exclusively of carbon atoms with a
one-dimensional structure of hollow cylinders formed by the curling of
graphene sheets [5]. They are rich in optoelectronic properties and sur-
face chemistry [6]. Because the graphene sheets can be curled in various
directions, SWCNTs with different chiral structures of SWCNTs could be
formed [7]. The chirality of SWCNTs is represented by two integers (n,
m) derived from the chiral vector Ch ¼ na1 þ ma2, which is generally
expressed as (n, m)-SWCNT [7,8]. SWCNTs can absorb light over a wide
range of electromagnetic wavelengths and emit fluorescence in the
near-infrared region (NIR, ca. λ ¼ 870–2400 nm) [9–12]. Notably, the
absorbed light in tissues such as blood and skin in a limited range of
wavelengths does not overlap with the excitation and emission wave-
lengths of SWCNTs [13]. When irradiated with specific excitation
wavelengths, SWCNTs emit fluorescence in the near-infrared II region,
which is stable and optically transparent without blinking or photo-
bleaching [14–17]. In addition, the large functionalized surface area and
small size of the SWCNTs make them suitable as next-generation
biosensor fluorescent materials for the detection of cellular molecules.

There are three processes for the preparation of SWCNTs: arc
discharge, laser ablation, and chemical vapor deposition (CVD) [18,19].
Currently produced SWCNTs are mixtures of multiple chiralities, result-
ing in fluorescence spectra with overlapping fluorescence signals of each
chirality. This affects the sensitivity and selectivity of biosensors con-
structed from them and hinders multisensing [20]. Although there have
been many studies on controlling the chirality of SWCNTs during the
production process [21,22], the yields and purities of the relevant pro-
duction techniques still fail to meet the requirements of SWCNTs in
practical applications. Recently, researchers have proposed various
methods for the separation and purification of SWCNTs chirality,
including polymer encapsulation [23], density gradient ultracentrifuga-
tion (DGU) [24] and aqueous two-phase extraction (ATPE) [25–27].
Surfactants play an important role in the separation of single-chirality
SWCNTs, and differences in the type and amount of surfactant affect
the complexity and results of the separation [8,20,28,29]. Improvements
in purificationmethods in recent years have focused on the adjustment of
surfactant systems or the adoption of new surfactants to improve the
yield and efficiency of separation and purification. Individual SWCNT
chiralities have different sensitivities to redox phenomena owing to their
distinct bandgaps. Multiple single-chiral SWCNT biosensors could be
integrated into a sensor array platform and combined with mechanistic
learning to achieve high-throughput screening [30].

Purification is an important way for SWCNTs to perform their func-
tions as optical sensors. In addition to purification, surface modification
and functionalization of SWCNTs are also important ways to enable them
to perform various biosensing functions. Common modification groups
include oligonucleotide chains [31], surfactants (sodium dodecyl sulfate
(SDS), sodium dodecylbenzene sulfonate (SDBS), polyethylene glycol
(PEG)) [32], and polypeptide chains [33]. There are two strategies for
surface modification of SWCNTs: non-covalent and covalent.
Non-covalent modification is realized with the help of strong π-π in-
teractions between the modifier and the surface of SWCNTs, which will
not destroy the π-conjugated system on the surface of SWCNTs, and the
optical properties of the SWCNTs themselves can be well preserved [34].
With the energy provided by ultrasound to destroy the van der Waals
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forces between the SWCNTs, the SWCNTs can be dispersed in the system
individually such that the modifier can bind to its surface to form a
complex [35–37]. After the formation of complexes, on the one hand, the
interface between SWCNTs and water can be eliminated to form a ho-
mogeneous dispersion; on the other hand, sites regulated by external
substances can be formed, but the formation of recognition sites is
characterized by randomness [38]. The non-covalent modification of
SWCNTs was first reported by O'Connell et al., in 2002 using the anionic
surfactant sodium dodecyl sulfate to obtain single-walled carbon nano-
tube dispersions by sonication [39]. However, the toxicity of surfactants
is a non-negligible influencing factor in practical applications, particu-
larly in biology. Therefore, the modification of SWCNTs by biomolecules
with high biocompatibility has gradually become mainstream in
non-covalent modification applications, among which single-stranded
DNA (ssDNA) is the most popular. ssDNA has the characteristics of
versatility, and its length and sequence can be designed and synthesized
according to the needs so that the characteristics of dispersed SWCNTs
can be adjusted according to the needs; that is, the variety of the com-
plexes of SWCNTs is enriched, and its properties can be expanded.
SWCNT complexes have been enriched and their functions and applica-
tions have expanded [38]. Covalent modifications are more stable than
non-covalent modifications, and the introduction of new σ-bonds into the
sp2 heterostructures of SWCNTs gives them new optical properties
[40–42]. Covalent bond introduction methods include the reduction of
SWCNTs using diazo ethers, aryl halides, and (bis)diazides, as well as
oxygen doping using ozone, light, polyunsaturated fatty acids, and so-
dium hypochlorite [40,43–45]. However, covalent modification may
affect the optical properties of the SWCNTs because it disrupts their
surface-conjugated structure [46]. Although the introduction of defect
sites during covalent modification appears to preserve the photophysical
properties of the nanotubes, a high degree of covalent functionalization
may still impair these properties because conjugation is disrupted along
the nanotube surface [10]. The suspended SWCNTs can be used to
identify various biomarkers. Researchers have designed recognition
groups for biomarkers and anchored them to SWCNTs to improve their
selectivity. Coatings such as DNA not only stabilize SWCNTs in aqueous
solutions but also confer selectivity to SWCNTs by modulating their
surface coverage and bandgap [30]. The changes in the fluorescence
response induced by variations in the specific local dielectric and elec-
trostatic charge environments of SWCNTs can be used for specific
recognition [47].

In this review, we introduce recent surface modification and func-
tionalization techniques for SWCNTs for biological recognition applica-
tions, including quantum defect and ratiometric fluorescence techniques.
In addition, the biological applications of SWCNT-based optical sensors
for small-molecule recognition and large-molecule recognition are sys-
tematically discussed and analyzed for their application in the study of
disease mechanisms and clinical disease diagnosis. Finally, we present
the development potential of the SWCNT biosensors.

2. Application of SWCNT sensor in small molecules analysis

SWCNTs are a promising nanomaterial for the development of bio-
sensors with high sensitivity, selectivity, and rapid response times. Bio-
sensors based on SWCNTSs have been widely used for the detection of
small molecules, such as volatile organic compounds (VOCs), neuro-
transmitters, and reactive oxygen species. The following section lists
examples of SWCNT sensor applications for small-molecule analyses.

2.1. Determination of gas phase composition

Nanoscale materials have high surface-to-volume ratios and unique
characteristics that enable the detection of trace amounts of target mol-
ecules such as VOCs [48]. SWCNT-based electronic noses have been used
to mimic the human olfactory system, and many achievements have been
made in food, beverage, environmental monitoring, and disease
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diagnostic applications [49,50]. However, there have been few studies
on the detection of VOCs using the near-infrared (NIR) photo-
luminescence spectroscopy (PL) of SWCNTs.

Shumeiko et al. were the first to develop a fully recoverable real-time
NIR optical sensor for detecting VOCs [33]. They drop-cast peptide--
wrapped (6,5)-SWCNT onto polystyrene cuvettes to evaluate the
response of the sensor to acetic acid by introducing an analyte at the
bottom of the closed cuvette. They then screened the only sensor that
responded to low levels of acetic acid (concentrations as low as 0.05 %
(v/v)) to distinguish between different concentrations of acetic acid. The
sensor exhibited a quenching response after the primer acetic acid gas
stream and excellent recovery after the airflow was switched back to
clear air. In addition, they detected excess acetic acid (>1 g/L) in a
complex aroma environment using a silicon-based camera. The results
showed that an increase in the acetic acid content led to a significant
decrease in the PL intensity, demonstrating its application in the detec-
tion of spoilage in wine. Later Shumeiko et al. used nitrocellulose paper
as a substrate for a near-infrared artificial olfactory sensor based on
SWCNTs [51], which is a resource-rich, cost-effective, flexible, dispos-
able, and easy-to-handle material. Different array optical responses were
generated for each analyte, enabling the differentiation of the volatiles.

Recently, a novel methane gas reversible sensor that utilizes fluo-
rescent SWCNTs dispersed in ssDNA molecules and decorated with Pd
nanoparticles was reported [52]. The Pd-(GT)15-SWCNT sensors were
drop-cast onto glass-bottomed Petri dishes. During the experiment, pos-
itive pressure allowed gas flow from the input port to escape through the
normal gap between the lid and the Petri dish. The sensor intensity
increased during CH4 exposure, and the PL signal returned to baseline
levels for some time after switching from CH4 to N2, which shows the
excellent repeatability of the sensor (Fig. 1). The results showed that
higher CH4 concentrations led to a lower response and that sensor arrays
with a more clustered appearance exhibited a higher proportional
response and greater variability. SWCNT-based sensors offer a new
approach to gas phase composition analysis with high sensitivity and low
detection limits, providing a wide range of possibilities for sensing and
analyzing a wide range of odors and complex aromas for a variety of
applications.
Fig. 1. Photoluminescence spectroscopy (PL) imaging on surface regions with evenly
with permission from ref. 52 Copyright 2023 American Chemical Society.
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2.2. Detection of neurotransmitters

Neurotransmitters are signaling molecules used by cells to transmit
information [53]. The detection of dynamic changes in neurotransmitters
with high spatiotemporal resolution is essential for understanding the
biochemical signaling between cells [54]. However, the real-time
detection of neurotransmitters, such as serotonin and dopamine, with
high spatiotemporal resolution remains a challenge for traditional sen-
sors and methods. SWCNTs fluoresce in the NIR region without bleach-
ing, overcoming the challenges of neurotransmitter detection and
providing high spatiotemporal resolution [55].

2.2.1. Serotonin
Serotonin is a neurotransmitter responsible for regulating brain ac-

tivity and is involved in many other important biological functions of the
immune system [56]. The development of molecular imaging tools for
direct visualization of serotonin will greatly contribute to the study of its
role in neuropsychiatric disorders such as depression [57,58]. Meshkat
et al. [59] used an exponential enrichment (SELEX) strategy to design a
serotonin-selective nanosensor (NIRSer) based on SWCNTs functional-
ized with a serotonin-binding DNA aptamer (SerApt). SerApt is wrapped
in a non-covalent manner around the enriched (6,5)-SWCNT, producing a
corona phase that disperses highly hydrophobic SWCNTs in an aqueous
solution. NIRSer has provided new insights into the release of serotonin
from human platelets owing to its high sensitivity and selectivity.

Inspired by the SELEX strategy, Sanghwa et al. designed the SELEC
strategy to rapidly screen a large library of ssDNA-SWCNT constructs by
exponential enrichment on the surface of the SWCNTs, which can
improve the selectivity for small-molecule analytes [60]. A screened
SWCNT sensor (nIRHT) is highly sensitive to 5-HT neuromodulators with
a ΔF/F0 of 1.94 � 0.06 in phosphate-buffered saline (PBS), ΔF/F0 up to
2.45 � 0.07 in a CSF. The nIRHT nanosensor was fixed to an
APTES-treated slide and placed in a flow chamber using a syringe pump.
The nanosensor chamber was exposed to 100 μM 5-HT in PBS for three
cycles, followed by rinsing with PBS only, and ΔF/F0 returned to the
initial value, indicating that the nIRHT nanosensor is reversible. Subse-
quently, Payam et al. used the database generated by the SELEC method
deposited SWCNTs (A–C) and with some degree of aggregates (D–F). Reprinted
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to build a machine learning (ML) model to predict a series of DNA that
have a strong optical response to the neurotransmitter serotonin [61].
The combination of the highest-quality neural network classifier (con-
volutional or artificial) and the ensemble prediction of SVM regression
models resulted in the best prediction of both high- and low-response
series. The ML model was used to screen out five DNAs, all of which
had a higher response than the sensors previously identified using only
the highest abundance serial (ΔF/F ¼ 1.9) in the R6E SELEC library. ML
methods can rapidly identify DNA series that respond well to the analyte
of interest and can significantly accelerate the development of technol-
ogies that rely on DNA-SWCNT conjugates, including biosensors, bio-
electronics, and chiral separation of SWCNTs.

2.2.2. Dopamine
Aberrant dopamine (DA) signaling has a causal relationship with

various brain diseases, including Parkinson's disease, schizophrenia, and
addiction [62–64]. However, it is unclear where DA is released from the
widely branched striatal axons, and how the secretory mechanisms
involved explain these dynamic signals [65,66]. DNA-modified SWCNTs
can be used as powerful DA sensors to image DA release with high
spatiotemporal resolution [67,68]. For example, researchers utilized
fluorescent nanosensor arrays of ss(GT)10-modified (5,6)-SWCNT and
ss(GT)10-modified (6,4)-SWCNT placed below and around neural pro-
genitor cells for label-free imaging of the neurotransmitter DA efflux [69,
70]. The spatiotemporal resolution was used to determine the location
and mechanism of DA release on the cell surface.

However, intensity-based signals are susceptible to external factors,
such as sample movement. To solve this problem, Linda et al. used a
fluorescence lifetime (FLIM) imaging method using ss(GT)10 functional-
ized SWCNTs as a sensor for the neurotransmitter DA and the fluores-
cence lifetime as an SWCNT-based NIR sensor readout [71]. When DA
was artificially added to the HeLa cell system, the fluorescence intensity
of the sensor increased along with the increase in fluorescence lifetime,
which was correlated with the DA concentration using a calibration
curve. Next, they observed sensors on and around the neural progenitor
cell line PC12, in which KCl was added to trigger DA release by exocy-
tosis. The fluorescence time traces showed an increase in the fluorescence
intensity and fluorescence lifetime. The fluorescence intensity curve was
susceptible to the addition of DA or KCl; however, the fluorescence
lifetime trace still showed an increase in fluorescence lifetime after the
addition or release of DA. This result demonstrates the advantages of the
near-infrared fluorescence lifetime of SWCNTs for molecular detection,
which contributes to a deeper understanding of chemical signaling in
complex biological systems.

Another method to solve this problem is to use a fluorescence sensor
with at least two emission signatures: one emission peak as a reference
and the second emission peak corresponding to the analyte of interest
[72]. Chen et al. designed a proportional sensor based on the dual
Fig. 2. Dopamine imaging with poly(ethylene glycol)-phospholipid (PEG-PL)-phen
Reprinted with permission from ref. 73 Copyright 2024 American Chemical Society
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functionalization of SWCNTs [73]. Phenylboronic acid (PBA)-based
quantum defects were incorporated into SWCNTs to selectively interact
with catechol moieties. The PBA-SWCNTs were further modified with
polyethylene glycol phospholipids (PEG-PL) to prevent nonspecific
adsorption, achieve biocompatibility, and modulate selectivity. Cate-
cholamines, such as dopamine, do not affect the intrinsic E11 fluores-
cence (990 nm) of these (PEG-PL-PBA-SWCNT) sensors compared to the
35% reduction in the defect-related E11* emission (1130 nm) and can be
used for ratio sensing. The function was tested in brain slices, and the
fluorescence intensity was significantly reduced when 100 μM DA was
added to the brain slices compared to the control measurement without
DA addition (Fig. 2). Individual SWCNTs within the brain tissue exhibi-
ted slightly different behaviors owing to differences in DA diffusion
through the slices and different locations of SWCNTs.
2.3. Detection of reactive oxygen species

As an indicator of oxidative stress, reactive oxygen species (ROS) is a
high-energy oxygen-containing molecule, including superoxide anion
(O2�–), hydroxyl radical (�OH), singlet oxygen (1O2), hydrogen peroxide
(H2O2), and hypochlorous acid (HOCl) [74,75]. ROS act as signaling
molecules or regulators of transcription factors that affect many physi-
ological processes such as differentiation, proliferation, necrosis, auto-
phagy, and apoptosis, and play key roles in metabolism, immunity,
growth, and differentiation [76]. Excessive accumulation or depletion of
ROS may affect many cell signaling pathways, leading to cellular
dysfunction and the subsequent development of various pathologies
[77].

2.3.1. H2O2
H2O2 is a prominent ROS with relative stability, making it a potential

diagnostic marker for pathological conditions [78]. Owing to its oxida-
tive stress-promoting properties, it can cause many diseases, including
Alzheimer's disease, cancer, and diabetes [79]. Given that H2O2 is a
by-product of many enzymatic reactions, its concentration can be used as
an indicator of biochemical processes. Therefore, it is essential to develop
an accurate and sensitive method for detecting H2O2 in cellular
environments.

Juan et al. used ss(GT)15-wrapped (7,6)-SWCNT (emission ¼ 1131
nm) combined with ss(AT)15-wrapped (6,5)-SWCNT (emission ¼ 984
nm) to construct an H2O2 sensor [80]; the former was quenched in the
presence of H2O2 and the latter was essentially unchanged for H2O2. The
change in H2O2 can be determined using a pair of emission wavelengths,
which is independent of absolute intensity, with a detection limit of up to
100 μM. However, the sensor is not able to achieve the required sensi-
tivity in the plant physiological range of <100 μM. Honghong et al.
developed an SWCNT-based H2O2 sensor [81]. The enriched (6,
5)-SWCNTs were noncovalently functionalized with aptamer DNA
ylboronic acid (PBA)-SWCNT in organotypic corticohippocampal brain slices.
.
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sequences that bound to porphyrins, which allowed the specific binding
of hemin. The HeAptDNA-SWCNT sensor was embedded in the leaves,
and the NIR camera remotely recorded spatial and temporal changes in
NIR fluorescence intensity (Fig. 3). The experimental results showed that
the HeAptDNA-SWCNT sensor could respond to H2O2 in plant leaves in
vivo, with a detection range of 10–100 μM. Based on the
HeAptDNA-SWCNT sensor, Robert et al. designed an H2O2 ratio sensor
using poly(ethylene glycol)-phospholipid (PEG-PL)-modified (7,
6)-SWCNT as a reference for detecting micromolar concentrations of
H2O2 [20]. This improvement increases the selectivity and robustness of
imaging.

The SWCNT-based NIR optical sensors exhibit fluorescence in the NIR
region without biological fluorescence interference, showing great po-
tential for H2O2 sensing in vivo [37]. Yunfan et al. used horseradish
peroxidase (HRP) combined with phenylboronic acid-modified, purified
(6,5)-SWCNTs to detect H2O2 in vivo [82]. The concentration of H2O2
detected by the sensor ranged from 5.0 μM to 40 μM, with an interval
linear index of R2¼ 0.997 (limit of detection (LOD)¼ 0.85 μM, S/N¼ 3),
and the feasibility of this method was demonstrated by the addition of
exogenous H2O2 to HeLa cells. The proposed stable and robust NIR
fluorescent probe can be used in subsequent biosensor research to reduce
the interference of the biological matrix in this region.

2.3.2. Nitric oxide (NO)
NO is a small free radical molecule biosynthesized by nitric oxide

synthase (NOS) that plays a key role in various physiological and path-
ological processes, such as maintaining vascular homeostasis, regulating
cardiovascular function, and maintaining the functional integrity of
neurovascular units [83,84]. However, the concentration of NO in or-
ganisms is low, ranging from 1 nM to 1 μM, and the half-life is short.
Conventional detection methods are usually aimed at the upstream or
downstream products of NO with low accuracy and sensitivity [85,86].
Therefore, it is important to develop a new detection method to monitor
the dynamic presence of endogenous NO in living cells.

Zachary et al. studied NO production and intracellular signaling using
Fig. 3. In vivo monitoring of plant health by SWCNT sensors for H2O2. Reprinte
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NO sensors based on d(AT)15-DNA-wrapped SWCNTs for the first time
[87]. This sensor is readily internalized by A375 melanoma cells via
macropinocytosis, exhibiting a low background signal and high
signal-to-noise ratio, allowing real-time detection of intracellular
spatiotemporal NO. The prodrug JS-K was utilized in A375 melanoma
cells to generate exogenous intracellular NO concentrations to verify the
sensor's response to external NO. Endogenous NO from vascular endo-
thelial growth factor (VEGF)-stimulated human umbilical vein endothe-
lial cells was measured. The nanosensor demonstrated intracellular
detection of NO and provided a deeper understanding of the function of
intracellular NO in cellular signaling. Juan et al. used PVA-(6,5)-SWCNT
(emission ¼ 1004 nm) mixed with ss(GT)15-(7,6)-SWCNT (emission ¼
1135 nm) as ratiometric sensors for NO detection by quenching the
response [80]. PVA was able to prevent NO from interacting with the
surface of carbon nanotubes, and thus the NIR fluorescence of the
PVA-(6,5)-SWCNT did not change significantly as expected in the pres-
ence of 500 μMNO and the NIR fluorescence intensity of the ss(GT)15-(7,
6)-SWCNT decreased substantially. A ratiometric sensor was used to
detect NO in living plant tissues, demonstrating the robustness of the
SWCNT-based sensor, which improved the sensitivity and selectivity of
sensors in living tissues.

To lower the LOD, Jakob et al. constructed an ss(AT)15-(6,5)-SWCN
fluorescence sensor to detect low concentrations of NO [88]. The con-
centration of NO was determined by analyzing the difference between
the initial and final signal intensities after the addition of the NO solu-
tion; the detection range was 0.1–10 μM. Next, they compared the slope
of the fluorescent signal with NO concentration to get a much better fit of
the data at low concentrations, creating a NO sensor in the range of 0–10
μM. Ramazan et al. developed a biosensor with high selectivity for NO,
achieving a detection limit of 1.24 μM through the modification of the (7,
6)-SWCNT surface with (AT)30 [89]. These methods improve the function
of SWCNT sensors, allowing the quantification of NO in both a spatial and
temporal fashion at low concentrations. The detection of other small
molecules is shown in Table 1.
d with permission from ref. 81 Copyright 2020 American Chemical Society.



Table 1
Detection of small molecules.

SWCNT Modification Target Limit of
Detection
(LOD)

Ref.

Enriched
(6,5)-
SWCNT

Glucose oxidase
(GOx)

Glucose 3–30 mM [90]

Purified
(6,5)-
SWCNT

3-carboxy-5-
nitrophenylboronic
acid

Glucose 1.7 μM [82]

Enriched
(7,6)-
SWCNT

GOx(70C)-PM Glucose 1–10 mM [91]

(7,6)-
SWCNT

Apo-glucose oxidase
(apo-GOx)

Glucose 42 μM [92]

Purified
(6,5)-
SWCNT

N,N-diethyl-4-
aminoaryl
OCC-DNA

pH [93]

(6,5)
-SWCNT

sodium dodecyl
sulfate (SDS), sodium
dodecylbenzene
sulfonate (SDBS), SC

pH [94]

(9,4)-
SWCNT

FmocYOx Metal-ion 19–536 nM [95]

(10,2)-
SWCNT

C16–Polyethylene
glycol (PEG) (2000
Da)–ceramide

Insulin 180 pM -
3.5 μM

[96]

(6,5),(9,5)
and
(8,7)-
SWCNT

ss(ATTT)7 D-2-
hydroxyglutarate
(D2HG)

0.256–432
mM

[7]

Enriched
(6,5)-
SWCNT

Peptide Bombolitin II Picric acid [97]

Acid-
modified
SWCNT

A08min aptamer Ochratoxin A
(OTA)

14 nM [98]

(7,6)-
SWCNT

p(AA53-ran-S22-ran-
AC4) polymers

Progesterone 5–100 μM [99]

(6,5)-
SWCNT

p(AA197-ran-AC5)
polymers

Steroid 10–200 μM [99]

(6,5)-
SWCNT

ss(ACCA)7 Ascorbic acid [100]

(6,5)-
SWCNT

ss(AC)15 Riboflavin [100]
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3. Detection of biological macromolecules for diagnostic
purposes

Biomolecules are fundamental for life and play important roles in
various biological activities and metabolic processes. SWCNTs can be
used to analyze not only small molecules but also largemolecules, such as
proteins, nucleic acids, enzymes, and lipids. Examples of recent appli-
cations of SWCNT sensors in biomolecules are listed below.
Table 2
Detection of other proteins.

SWCNT Target

A palmitic acid group Serum albumin
M13 bacteriophage and anti-bacterial antibody F’-pili and bacterial antig
PEG─phospholipid heteropolymers 18:0 PEG1000 PE(N) 14:0
PEG2000 PE(S)

Nucleocapsid (N) and spi
protein of SARS-CoV-2 H

Biofilm extracellular polymeric substances (EPS) Hydrolytic enzyme on EP
Single-stranded DNA Thiocholine
single-stranded DNA (TAT)6 modified via a 30 primary amine
functional group and monoclonal anti-uPA antibody

Urokinase plasminogen a
(uPA)

M13 bacteriophage carrying a modified peptide SPARC protein
Single-stranded DNA Ovarian cancer serum bio
Peptide Protease (Trypsin proteas
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3.1. Detection of protein

Proteins are important biomolecules that constitute human cells and
tissues and are the main bearers of life activities. Studying the role of
proteins in disease processes is very important for the development of
medicine.

3.1.1. Albumin
Proteins are common biomarkers such as cardiovascular diseases

[101], cancer [102] and neurodegenerative diseases [103]. Abnormally
high concentrations of albumin in human urine can be used to diagnose
diseases such as diabetes [104], cardiovascular disease [105] or cancer
[106]. Budhathoki-Uprety et al. developed a rapid and convenient
antibody-free assay to detect trace amounts of albumin in urine using
carboxylate-functionalized polycarbodiimide-modifying SWCNTs [107].
The fluorescence response of the sensor to albumin was significantly
different from that of potentially interfering proteins (e.g., transferrin
and degraded albumin), with a sensitivity of 3 mg/L, which is compa-
rable to that of the commonly used immunoturbidimetric assay in the
clinic (sensitivity of 1 mg/L), and was responsive to trace albumin in a
clinical urine sample (Fig. 4). The researchers incorporated the sensor
into an acrylic mixture to create a portable sensor that still responded to
albumin, providing new ideas for clinical applications and wearable
device development. The designed polycarbodimide polymer mimics the
albumin-bound fatty acid crystal structure and specifically binds to al-
bumin. This design, based on specific binding to the recognition group,
can inspire sensor design.

3.1.2. Interleukin-6 (IL-6)
IL-6 is a key component in the progression of inflammatory diseases,

and the timely determination of elevated IL-6 levels can help physicians
diagnose and intervene in conditions such as cardiovascular disease,
cancer, and autoimmune diseases. Established assays require long incu-
bation periods, trained personnel, and proper instrumentation, and
emerging optical nanosensor tools have reduced selectivity and sensi-
tivity for complex biological fluids. Pooja et al. screened eight sensor
passivators, including proteins, polymers, and PEG-modified phospho-
lipids, and hypothesized that the ability of a passivation agent to screen
for nonspecific interactions correlates with its ability to form a stable
corona around the nanotube complex [108]. Stronger interactions be-
tween a specific passivation agent and the SWCNT surface led to a greater
change in the wavelength of the center of the SWCNT absorption peaks.
According to the obtained results, the preparation of SWCNT sensors for
IL-6 passivated by PLK and BSA led to the detection of IL-6 in human
serum at concentrations as low as 25 pg/mL, which is 1352-fold lower
than that previously reported (Fig. 5). This study provides new ideas for
the application of SWCNT sensors in complex environments of biological
fluids and improves their selectivity and sensitivity, thus expanding their
clinical applications.
Related diseases Limit of Detection
(LOD)

Ref.

Kidney and liver-related diseases [110]
en Bacterial infections [111]
ke (S) Severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2)
48 fM (nucleocapsid
protein)
350 pM (spike
protein)

[112]

S Nosocomial infections [113]
Neurodegenerative diseases and cancer 10�3

–10�1 UL�1 [114]
ctivator Prostate cancer Close to 17 nM [115]

Ovarian cancer [116]
markers Ovarian cancer [117]
e) Pancreatic cancer and pancreatitis Less than 1 μg/mL [118]



Fig. 4. Sensor response to interferents and its mechanism. a Emission intensity response of the nanosensor to various proteins. b Emission wavelength response of the
nanosensor to protein interferents. c Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) gel where: lane 2 contains albumin at pH 7 incubated at
room temperature (ambient temperature) for 30 min; lane 3 contains albumin incubated at pH 2 in PBS at room temperature (ambient temperature) for 30 min
followed by neutralization; lane 4 contains albumin incubated in urine at pH 2 for 30 min followed by neutralization. d Emission intensity response of the nanosensor
to intact albumin (bars 1–2, corresponding to lanes 2–3, respectively, in panel c) and degraded albumin (bar 3, corresponding to lane 4 in panel c). e Emission
wavelength response of the nanosensor to intact albumin (bars 1–2, corresponding to lanes 2–3 in panel c) and degraded albumin (bar 3, corresponding to lane 4 in
panel C). f A proposed model of albumin interaction with the carboxy-mono-6-deoxy-6-(p-aminophenylamino)-β-cyclodextrin (PCD)-SWCNTs nanosensor. Data in
panels a, b, and d, e present the (9, 4) nanotube chirality. Error bars represent the standard deviation for n ¼ 3 technical replicates. Reprinted with permission from ref.
107 Copyright 2019 Springer Nature.

Fig. 5. Diagram of the proposed mechanism of action for poly-l-lysine (PLK)-induced sensing of interleukin-6 (IL-6) in human serum. Reprinted with permission from
ref. 108 Copyright 2024 American Chemical Society.
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3.1.3. Other disease biomarkers
Yaari et al. developed a sensor platform based on single-walled

SWCNTs multiplexing to diagnose diseases using mechanical learning
[30]. Researchers have used 11 ssDNAs and 12 SWCNTs to prepare 132
ssDNA-SWCNT photoluminescent sensors that fluoresce in response to
the gynecological cancer biomarkers human epididymis protein 4 (HE4),
carbohydrate antigen 125 (CA-125), and chitinase 3-like protein
7

1(YKL-40) (Fig. 6) [109]. This study provides a sensor array platform for
sensing biomarkers and validates the functionality of the platform with
biomarkers present in uterine lavage samples. The platform can be
trained in the future to enable antibody-free detection of other disease
biomarkers. SWCNTs detection of proteins for disease diagnosis has a
wide range of applications, and many excellent results have been
achieved.



Fig. 6. Perception-based nanosensor platform for protein biomarkers. (1) Eleven single-stranded DNA oligonucleotides wrap SWCNT chiralities to form DNA-SWCNT
sensor complexes. (2) The array of sensors is incubated in the sample of interest. (3) The optical response of the sensors is interrogated by high-throughput NIR
spectroscopy. (4) The spectroscopic data are fitted to determine the wavelength and intensity of each sensor emission band. (5) The sensor responses are processed into
a feature vector (FV) training set. A.U., arbitrary units. (6) ML algorithms are trained and validated for each target protein and their combinations. Seq, sequence; CNT,
Carbon nanotubes. (7) Prediction results are evaluated. Reprinted with permission from ref. 30. Copyright 2021 American Association for the Advancement of Science.
Table 2 shows other results not presented in the article.
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3.2. Detection of enzymes

SWCNTs exhibit significant fluorescence in the transparent near-
infrared spectral region of biological entities without photobleaching
or scintillation, making them suitable for low background enzyme ac-
tivity. Their high temporal and spatial resolution properties are partic-
ularly suitable for screening highly specific enzyme activity [37]. The
current strategies of SWCNT biosensors for the detection of enzyme ac-
tivity are: suspension of SWCNT with target enzymes, use of target
enzyme substrates as direct or indirect modifiers of SWCNT, and
tailor-made design of functionalized modifiers of SWCNT, and so on
[119]. Additionally, SWCNT biosensors can be used to monitor enzyme
inhibition.

Coagulation is accomplished through the conversion of fibrinogen
into fibrin chains by thrombin [120]. Currently, prothrombin time (PT)
and activated partial thromboplastin time (APTT) are commonly used to
measure coagulation time [121], they do not provide dynamic informa-
tion about the entire cascade reaction, making it difficult to determine
the root cause of the problem. Gerstman et al. established the real-time
imaging and detection of fibrin clotting based on SWCNTs to visualize
the clotting process [32]. Design of dipalmitoyl dipalmitoyl phosphati-
dylethanolamine (DPPE)-PEG-functionalized SWCNTs were used to
specifically bind fibrinogen, which was tracked by visualizing the
changes in fluorescence (Fig. 7). Microscopic bright-field experiments
showed that the addition of SWCNTs did not affect clot formation. Under
NIR fluorescencemicroscopy, colocalization of SWCNT fluorescence with
fibrin was possible, and this response was observed in 10% fetal bovine
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serum (FBS). The coagulation cascade process was investigated using a
microfluidic device to monitor the DPPE-PEG-SWCNT dynamic fluores-
cence changes. In addition, the cumulative displacement was calculated
by tracking the trajectory of a single beam of SWCNTs, and diffusion was
found to be dependent on the concentrations of fibrinogen and thrombin.
DPPE-PEG-SWCNTs provide a new method for the diagnosis of coagu-
lation disorders that are unaffected by complex environments.

Cholinesterase (CHE) is an important blood biomarker. Currently
developed methods for monitoring enzymes mainly identify relatively
simple enzyme activities in biological environments, rather than
applying them in complex blood environments. Basu et al. directly
assessed the CHE activity and inhibition in plasma using SWCNTs func-
tionalized with the CHE substrate, myristoylcholine (MC) [122]. When
MC was hydrolyzed by CHE to choline and myristic acid, the SWCNT
fluorescence response was reduced and correlated with choline concen-
tration. The contribution of interferences present in plasma to the fluo-
rescence change was negligible, and the LOD was comparable to that of
the gold standard Ellman assay (Fig. 8). The sensor could be used to
monitor the inhibitory effect of CHE in blood using CHE inhibitors and
common organophosphorus salts, which have great potential for medical
use.

Angiotensin-converting enzyme 2 (ACE2) is a key target of COVID-19.
Therefore, rapid and precise detection methods based on the fluorescent
properties of SWCNTs were introduced [123]. Rebecca et al. directly
used ACE2 to noncovalently modify SWCNT, which underwent fluores-
cence changes upon recognition of spike proteins (S proteins), to achieve
rapid detection of severe acute respiratory syndrome coronavirus 2



Fig. 7. (a) Schematic illustration of the fibrin coagulation process. Thrombin catalyzes the conversion of fibrinogen to fibrin, which polymerizes to form a clot. (b)
Fibrinogen binds to dipalmitoyl dipalmitoyl phosphatidylethanolamine (DPPE)-polyethylene glycol (PEG)-SWCNT, resulting in a decrease in fluorescence intensity.
The addition of thrombin leads to clot formation incorporating the DPPE-PEG-SWCNTs. (c) Tracking individual NIR fluorescent DPPE-PEG-SWCNTs during clot
formation shows a gradual slowing down of the SWCNT diffusion following the addition of thrombin. Reprinted with permission from ref. 32. Copyright 2023
American Chemical Society.

Fig. 8. (A) Schematic illustration of hydrolysis of myristoylcholine into myristic acid and choline by cholinesterase. (B) Schematic illustration of the rationale behind
monitoring the hydrolysis of myristoylcholine through the fluorescence emission of the SWCNTs. SWCNTs functionalized by myristoylcholine exhibit a decrease in
their fluorescence intensity upon cholinesterase activity. In the presence of a cholinesterase inhibitor, there is no fluorescence response. Reprinted with permission
from ref. 122 Copyright 2024 John Wiley & Sons.
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(SARS-CoV-2) [124]. The fluorescence response of the S protein in body
fluids is significantly weakened owing to the presence of heteroproteins
in biological fluids, and the sensor was further passivated with PE-PEG to
detect the S protein in saliva and virus transport medium (VTM). Justus
et al. [125], on the other hand, covalently modified SWCNTs by ssDNA to
9

recognize S proteins to detect SARS-CoV-2. Ligated ssDNA sequences
without guanine can serve as flexible recognition probes for binding S
proteins. The sensor showed a stronger specific response and higher
selectivity for S proteins in artificial saliva than the sensor obtained by
noncovalent modification.
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3.3. Detection of nucleic acids

The detection of nucleic acids is one of the early applications of
SWCNTs as biosensors. Jeng et al. used the sensitive fluorescence
response of (6, 5)-SWCNTs to detect single nucleotide polymorphisms
(SNPs), which can be used in diagnostic studies of genetic diseases and
medication differences caused by mutations [126]. SWCNT sensors can
detect viral oligonucleotides without purification, amplification, or la-
beling, thereby guiding the early diagnosis and treatment of viral dis-
eases. However, these results may have been affected by the complexity
of the fluid environment of the organism.

MicroRNA (miRNA) are non-coding, single-stranded, short ribonu-
cleotide sequences that can be used as biomarkers for the early detection
of diseases [127]. Harvey et al. have developed a label-free transient
detection method for ex vivo and in vivo miRNAs [31], overcoming the
limitations of traditional PCR methods. The sensor was encapsulated in
an implantable device and implanted in mice to achieve non-invasive
detection of nucleic acid hybridization in vivo. Based on this study,
portable wearable devices can be developed for real-time in vivo detec-
tion of miRNAs.

Hendler-Neumark et al. fabricated an SWCNT-ssDNA fluorescent
biosensor to selectively recognize miRNAs of acute myocardial infarction
(AMI) [128], which peaks more quickly and speeds up diagnosis [129].
In this study, the SWCNT-miDNA208a sensor was immobilized on poly
L-lysine (PLL)-treated glass-bottomed wells and tested in buffer and
serum using miRNA208a in the presence of mutations, demonstrating
that the specificity of the sensor for miRNA208a was increased using
randommiRNA to miRNA208a ratios. The sensor has high specificity and
selectivity for target analytes in a crowded biological environment and
stands out among the five potential miRNA sensors. The LOD of the
sensor was approximately 10 nM.

3.4. Detection of lipids

Lipids are lysosomal substrates. Current in vivo methods for detecting
lysosomal lipids are scarce and lack specificity. Therefore, a rapid and
non-invasive method for monitoring lysosomal lipids in vivo is required.
Prakrit et al. developed short DNA oligonucleotide-functionalized (8,6)-
SWCNT sensors for the quantitative detection of lysosomal lipids in living
cells [130]. The sensor enters lysosomes via endocytosis and does not
affect cell viability, proliferation, organelle morphology, integrity, or
capacity to digest lipoproteins. This sensor provides a rapid and revers-
ible response to lysosomal lipids and, in combination with spectroscopy,
can also detect lipids. The sensor responds quickly and reversibly to
lysosomal lipids and, in combination with spectroscopy, allows the
high-throughput monitoring of lipids. Researchers have used sensors to
detect lipid accumulation in the endolysosomal organelles of fibroblasts
extracted from a patient with Niemann-Pick type C disease as well as
phenotypic reversal in the same cells after drug treatment. Subsequently,
Thomas et al. used another SWCNT sensor to monitor lipid changes in
Kupffer cell lysosomes in vivo [131]. The researchers modified SWCNTs
using the single-stranded oligonucleotide CTTC3TTC, and the
near-infrared fluorescence spectrum of the sensor was blue-shifted after
monitoring the lipids. The sensor recognizes lysosomal lipid accumula-
tion in living cells induced by different mechanisms, and the spectrum is
reversibly red-shifted when lipids are reduced. The sensor accumulates in
the liver and enters Kupffer cell lysosomes after injection into mice and
can monitor lysosomal lipid changes in mice without causing or exac-
erbating liver inflammation. The sensor can dynamically monitor the
uptake of oxidized low-density lipoprotein by Kupffer cells in vivo and
enable longitudinal detection of lysosomal lipid accumulation in Kupffer
cells, which could be used for drug development in the future.

Cholesterol (Chol) is an essential sterol that maintains the normal
functioning of the body, and the total cholesterol level in human serum is
an important health indicator [132]. Srestha et al. developed a
dual-emitting probe based on oxygen defects enriched with (6,5)-SWCNT
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to detect cholesterol by observing the ratiometric fluorescence changes,
with detection limits in water and serum of 0.28 � 0.01 and 0.72 � 0.05
μM in water and serum, respectively, which is similar to the existing gold
standard for cholesterol detection [133]. SWCNTs with induced oxygen
exhibited changes in the intensity of the E11 and E11* emission peaks,
and thus, changes in the ratiometric fluorescence after encountering
Chol. The ratio readout method is highly selective for Chol and distin-
guishes it from other amino acids, sugars, and steroid hormones. This
defect-integrated, dual-NIR-emitting fluorescence detection method is a
great inspiration for biological applications of SWCNT, which can be
tailored to develop analytes with other biological properties and promote
the development of SWCNT in the field of biosensing.

4. Conclusions and outlook

In this review, we discuss in detail recent research progress in bio-
sensors based on SWCNT fluorescence. We explored the mechanism of
the superior properties of SWCNTs and outlined their applications in the
recognition of small and large molecules. The important role of covalent
quantum defects in enhancing the stability and selectivity of suspended
SWCNT sensors is to provide binding sites for a wide range of modifying
moieties, such as oligonucleotide chains, peptide chains, and surfactants,
which in turn enhance the selectivity and sensitivity of the sensors, even
surpassing the lower LOD of currently available detection techniques.
The current scope of research is no longer limited to the application of
single-response modes, such as dual-emission SWCNT fluorescent sen-
sors. Such sensors use one of the emission peaks as a reference and the
other as a response signal to construct ratiometric sensors that improve
selectivity for bioanalytics. The development of multiple purification and
isolation methods for SWCNT over the past few years has enabled the
simultaneous use of multiple monochiral sensors. Based on this, a
recognition platform was constructed by combining microfluidic and
machine learning methods to achieve high-throughput screening of
cancer biomarkers in complex biological environments. This high-
throughput approach could accelerate the discovery of disease diag-
nostic processes.

In conclusion, biosensors based on SWCNTs have great potential for a
wide range of applications in research on pathogenic mechanisms and
clinical disease diagnosis. In the future, the combination of efficient and
stable purification methods for SWCNTs with new techniques for the
preparation of biosensors is expected to promote a more accurate reso-
lution of disease mechanisms and more efficient clinical disease
diagnosis.
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