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1. Introduction

Accurate and rapid diagnosis of diseases is the most
important technology for the effective treatment of patients.
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A nIR fluorescent single walled carbon nanotube
sensor for broad-spectrum diagnostics
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Detecting chemical and biological molecules that indicate diseases is a prerequisite technology for the
efficient diagnoses and treatment of aging and diseases in living organisms. A variety of nanoscale sensor
materials have been extensively utilized in various diagnoses with their strength in sensitivity. Among them,
near-infrared (nIR) fluorescent single-walled carbon nanotubes (SWCNTSs), especially, have shown attractive
properties for powerful diagnostics as they can ensure sufficient spatial, temporal, or molecular resolution,
tissue transparent fluorescence, and high selectivity based on a wide range of surface functionalization
techniques. This review provides a comprehensive overview of recent nIR fluorescent SWCNT nanosensor
design for versatile diagnostic applications. We discuss how the nIR fluorescence of SWCNTs can be
utilized more efficiently in each diagnostic situation based on distinct SWCNT interfacing strategies
including direct biofluid sensing, hydrogel implantation, and direct injection into the targets. Finally, we
provide a summary of the diagnostic performance and target diseases of SWCNT based nIR sensors and an
outlook on opportunities for possible future research directions.

Conventional diagnosis has primarily relied on clinical
manifestations such as fever, pain, swelling, headache, or
neurological symptoms, etc. However, given a mass of
overlapping symptoms across various diseases, this approach
often poses challenges in making accurate and rapid
determinations. Detecting specific chemical and biological
molecules related to diseases can overcome these limitations
of ambiguity. Recent development of materials science and
nanotechnology has provided a powerful diagnostic platform
based on biomarker detection.” A variety of sensing materials
including organic and inorganic low-dimension materials
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have been researched and developed for diagnostics by
structure and surface modification to enhance the sensitivity
and selectivity for the target biomarkers. Electrical, optical,
and mechanical properties of the sensing materials are
converted to diagnostic signals for on-site users when a
biomarker interacts with the sensor materials.”

Single-walled carbon nanotubes (SWCNTs), in particular,
are an attractive sensor material candidate for various
diagnostic applications due to their unique optical
properties. A SWCNT is a long wrapped graphene sheet
having one-dimensional (1D) structure, classified by a chiral
index meaning the roll-up vector of the sheet. These
chiralities affect the density and energy of electronic states of
SWCNTs, causing them to exhibit metallic, semi-metallic, or
semiconducting characteristics, and consequently determine
optoelectronic properties.> SWCNTs possess E11 and E22
bandgap structures and generate electron-hole pairs, known
as excitons, which can diffuse along their axis, when they are
excited with light.* In particular, semiconducting SWCNTSs
induce excitation to E22 upon absorption of visible light.>°
Through the subsequent rapid decay to E11 and radiative
recombination, semiconducting SWCNTs emit near infrared
(nIR) fluorescence ranging from 800 to 1400 nm with visible
light stimulation.””® This nIR signal from SWCNTs shows
robustness for biomedical imaging applications compared to
conventional organic fluorescent dyes due to their resistance
to photobleaching and tissue transparency achieved by
fluorescence between blood and water absorption in the
visible and infrared region, which facilitates the real-time
and non-invasive in vivo diagnostics based on spatiotemporal
information.® This is hard to achieve with electrical,
electrochemical, or mechanical sensor materials.”*! In
addition, their 1D carbon nanostructure with a large surface-
to-volume ratio significantly enhances sensitivity to target
molecular recognitions and enables
functionalization methods including non-covalent and
covalent strategies for molecular selectivity control (Fig. 1a).
With these strengths, a facile sensing strategy based on nIR
fluorescent SWCNTs called corona phase molecular
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recognition (CoPhMoRe) has been introduced.’” SWCNTs
construct distinct three-dimensional (3D) nanointerface
complexes  according to the  hydrophilicity and
hydrophobicity of polymeric excipients encapsulating the
SWCNT surfaces, which can selectively recognize target
analytes. The SWCNT-analyte interaction can lead to Fermi
level shift, changes in fluorescence intensity, or
solvatochromic shift (Fig. 1b)."?

When antibodies or receptors specific to a biomarker are
covalently attached to SWCNTs, the resulting substances can
serve as sensitive, selective, and solid nanosensors. Here, sp’
quantum defects of SWCNTs can sense metal ions or protons
themselves as well as efficiently serve as versatile anchors for
bioconjugation in specific nanosensor development.*™*° In
addition, various non-covalent surface functionalization
techniques with DNA or polymers can also produce versatile
nanosensor surfaces, which accelerates the assay
development process. For example, sensitive detection of
DNA or micro RNA can be achieved by non-covalent wrapping
of a single DNA oligonucleotide containing a nanotube-
binding sequence and miRNA capture sequences.'”'® These
attractive sensing properties of a SWCNT transducer can be
efficiently utilized for diagnostic application by integration
with sensor devices such as microchips, substrates, or fiber
optics.” The device then detects small molecules, nucleic
acids, proteins, or pathogens in biofluid and enables direct
sensing of the biomarkers without further sensor
implantation (Fig. 1¢).”>*' Real-time in vivo diagnosis can be
achieved with development of a biocompatible substrate such
as hydrogel that can contain SWCNT sensors under humid
conditions, and direct the injection technique of SWCNTs
into living organisms (Fig. 1d). Starting from a mouse model,
the field of application of these biomaterials and sensing
devices has now expanded greatly to animals, marine life,
and even plants.

Despite being applied to such a variety of diagnostic
applications based on unique optical properties, there has
been no comprehensive technological review of SWCNT
sensor based diagnostic applications and material interfacing
strategies so far. This review will summarize recent strategies
about direct biofluid sensing, hydrogel implantation, and
nanosensor injection for diagnostic applications using the
unique optical sensing characteristics of nIR fluorescent
SWCNTs. It will also suggest directions for future
technological development of SWCNT sensors for real-world
diagnostic applications.

2. Direct biofluid sensing using
SWCNTs

Many sensor materials are often used in vitro only due to the
lack of selectivity and sensitivity, requiring direct interfacing
of the sensor materials with the source of the disease from
which the biomarker originates.”> Since SWCNT-based
sensors provide selective molecular recognition sites and
sensitive nIR fluorescence variations at the same time, they

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematics of broad-spectrum diagnostics using nIR fluorescent SWCNT sensors. (a) SWCNT sensor construct based on interface design.
(b) Molecular recognition mechanism of a SWCNT based on fluorescent spectrum variations. (c) Direct biofluid sensing approach of SWCNT
nanosensors. (d) Hydrogel implantation and direct injection approach of SWCNT nanosensors.

can be used for direct sensing of biomarkers from biofluids
such as blood, serum, tears, sweat, or saliva that have been
taken from the human body. In order to use SWCNTs for
direct biofluid sensing, there is a significant need for
practical designs capable of providing selectivity towards
diverse = biomarker molecules within the dynamic
compositions of biofluids. SWCNTs are promising candidates
for direct biofluidic sensing transducers, owing to the
extensive array of functionalization possibilities for the
carbon surface and the inherent robustness of the materials.

Diagnosis based on direct biofluid sensing has been
conducted by either mixing analytes into a synthesized SWCNT
nanosensor solution and observing changes in nIR fluorescence
spectrum intensity or by dropping the analyte onto a substrate
coated with a SWCNT. By pre-screening of the SWCNT library
for selectivity towards specific biomarkers in biofluids, it allows
user to immediately diagnose diseases by detecting signal
changes. Budhathoki-Uprety et al recently developed an
albumin sensor using SWCNT fluorescence for the rapid
detection of microalbuminuria, a critical clinical marker
associated with various diseases including diabetes,
hypertension, cardiovascular diseases, and cancer (Fig. 2a).>* ¢

© 2024 The Author(s). Published by the Royal Society of Chemistry

The SWCNT was functionalized with encapsulation of
polycarbodiimide (PCD) polymer, which was designed to mimic
fatty acid binding to albumin based on the crystal structure.”®
The PCD-SWCNT complexes showed distinct nIR fluorescence
spectra to albumin in the microalbuminuria range with both an
increase in intensity and a hypsochromic shift. The nanosensor
shows limit-of-detection (LOD) down to 3 mg L™, which is
comparable to typical sensitivity of immunoturbidimetry assay
(1 mg L"). Interfering proteins such as transferrin, y-globulins,
and degraded albumin produced either minimal alteration or
exhibited a bathochromic shift instead of hypsochromic shift in
nanotube emission, enhancing the specificity of the biofluidic
diagnostic conditions. In addition, practical testing in human
patients with microalbuminuria demonstrated the reliability
and efficiency of the SWCNT nanosensor when applied to real
clinical urine samples. To explore broader application, the
functionality of the SWCNT nanosensor was examined in a solid
scaffold suitable for application and dried onto surfaces,
resulting in an acrylic-based mixture that preserved sensing
capability. Consequently, a self-sustaining optical sensor paint
emerged, enabling the assessment of microalbuminuria in
patient samples. A deeper investigation into these nIR shifts

Sens. Diagn., 2024, 3, 203-217 | 205
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Fig. 2 Direct biofluid sensing of SWCNTs for diagnostics applications. (a) PCD/SWCNT detects albumin by hypsochromic shift to diagnose

microalbuminuria. Reprinted with permission from ref. 26. Copyright 20

22 Springer Nature. (b) DPPE-PEG/SWCNT for fibrin clotting imaging and

monitoring. Reprinted with permission from ref. 27. Copyright 2023 American Chemical Society. (ci) nIR fluorescence signal heatmap of a PEG/

SWCNT sensor array to detect insulin for diagnosis of diabetes melli
Chemical Society. (cii) PEG/SWCNT array detects insulin through emitted

tus. Reprinted with permission from ref. 31. Copyright 2018 American
nlIR change. Reprinted with permission from ref. 33. Copyright 2021 John

Wiley & Sons. (d) Recognition of SARS-CoV-2S and N protein by a PEG-lipid/SWCNT nanosensor in saliva. Reprinted with permission from ref. 34.
Copyright 2021 American Chemical Society. (e) SWCNT functionalized with ACE2 to detect SARS-CoV-2S protein. Reprinted with permission from

ref. 35. Copyright 2021 American Chemical Society. (f) Perception-based

DNA-SWCNT nanosensor platform acquired through machine learning to

detect a gynecologic cancer biomarker. Reprinted with permission from ref. 36. Copyright 2021 American Association for the Advancement of

Science.

with mechanistic studies could yield valuable insights into the
distinct sensitivity and operational principles of the
nanosensors, potentially leading to significant advancements in
sensor design and functionality.

Blood coagulation plays a crucial role in the defence
mechanism against excessive bleeding when a blood vessel is
damaged. It is possible to diagnose coagulation disorders and
blood clotting-related conditions by sensing the formation of
fibrin clots during the blood coagulation process. Gerstman
et al. have developed a SWCNT based sensing platform to
monitor and image fibrin clotting in real-time (Fig. 2b).>’
Fibrinogen undergoes polymerization and forms fibrin clots

206 | Sens. Diagn., 2024, 3, 203-217

with thrombin exposure. The unique structural characteristics
of dipalmitoylpho-sphatidylethanolamine (DPPE)-poly(ethylene
glycol) (PEG) (5000) corona formed upon adsorption onto the
SWCNT surface, along with the distinctive structure of
fibrinogen, are hypothesized to play a crucial role in molecular
recognition. The 3D structure of fibrinogen, coupled with the
1D structure of SWCNTSs, allows multiple binding sites on the
protein to be near the SWCNT corona, simultaneously. This
interaction is anticipated to be pivotal in the molecular
recognition process.”® The diagnostic approach using SWCNTs
for fibrinogen and thrombin differs from conventional methods
such as PT (prothrombin time) and APTT (activated partial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thromboplastin time) tests, as it provides dynamic information
throughout the cascade, allowing for the assessment of the
coagulation process. The SWCNT is functionalized with DPPE-
PEG to detect fibrinogen by screening assay, which showed
fluorescence intensity decrease depending on fibrinogen
concentrations.*® It is noticeable that the fluorescence emission
of DPPE-PEG/SWCNT remains unaffected by the addition of
thrombin. However, DPPE-PEG/SWCNT becomes part of the
fibrin clots enabling their visualization through two-
dimensional (2D) nIR fluorescent imaging, which offers
spatiotemporal information about the clotting process for the
users. Furthermore, single bundle SWCNT tracking reveals a
gradual slowdown of SWCNT diffusion during the fibrin
polymerization process, with the rates being influenced by both
fibrinogen and thrombin concentrations.>” This strategy
utilizing DPPE-PEG/SWCNT enables the evaluation of the
coagulation process, offering real-time insights throughout the
cascade. It can contribute to blood coagulation research and
promote the development of innovative diagnostic tools of
blood coagulation.

The detection of insulin is essential for diabetes
diagnostics as it preserves the blood glucose level.** In
contrast to glucose, which can be easily monitored
continuously or sampled by the patient whenever needed,
insulin levels are currently not accessible through a
continuous monitoring system so far.>* Bisker et al. designed
18 arrays of PEG-lipid conjugated SWCNTs for selective
insulin detection (Fig. 2¢i).*' Among the array, C16 PEG(2000
Da)-ceramide-SWCNT induces 62% reduction in nIR
fluorescence intensity in the presence of insulin. The corona
phase of C16PEG(2000 Da)-ceramide-SWCNT showed no
priority affinity towards insulin, which was examined by
comparison of isothermal titration calorimetry of heat
released from phosphate-buffered saline (PBS) and insulin
solution. The sensor provides the current detection range
exceeding the physiological insulin concentration of 57-79
pM during fasting and extending up to 430 pM after meals.
Hence, this nanosensor construct can be efficiently utilized
in practical diagnosis if the sensitivity is optimized further.

As a following work, Ehrlich et al. compared SWCNT
sensors for insulin using two different types of surface
functionalization (Fig. 2cii).>®> The first method is using a
natural insulin aptamer and the second method is using C;e-
PEG(2000 Da)-ceramide following previous research.
Although both sensors showed significant quenching
response to insulin, the response of C;6-PEG(2000 Da)-
ceramide-SWCNT is more stable and reproducible since the
polymer chain forms solid 3D interfaces for molecular
recognition. This PEG based SWCNT nanosensor can be used
in a microenvironment of intact pancreatic islets or in the
proximity of an insulin injection site, which shows promising
effectiveness for the diagnosis of diabetes.***?

Detection of viral components including antigens,
antibodies, and nucleic acids is one of the major parts of
diagnostics. To effectively combat the spread of contamination,
a simple yet rapid and effective detection technology is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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essential. Development of SWCNT-based nanosensors has been
recently started for rapid virus detection and diagnosis since
the Coronavirus disease 2019 (COVID-19) pandemic. Cho et al.
developed an artificial antibody-based infectious disease
diagnostic technology using the PEG-lipid corona phase of
SWCNTs, which allows sensing of SARS-CoV-2 antigens without
the need for any antibodies or receptors (Fig. 2d).** To detect
SARS-CoV-2 proteins, PEG-lipids capable of forming an
extensive surface corona were employed, by manipulating the
molecular weight and chain length to induce the differences in
shape and electronic potential of the corona interfaces. A
nanosensor library of PEG-lipid-wrapped SWCNTs was created
by incorporating PEG chains of varying lengths to generate a
diverse set of binding pockets. It varies in chain length from 14
to 18, and in molecular weight from 1000 to 5000. Then, the
library was screened for sensitivity and selectivity towards SARS-
CoV-2 nucleocapsid (N) and spike (S) proteins. The optimized
nanosensor for each protein showed response times within 5.1
min and a detection LOD of 48 fM and 350 pM each. These
nanosensors maintained identical performance for N protein
even under human saliva conditions, which further validated
their potential for on-site applications beyond the laboratory
setting by integrating them into mobile benchtop systems. This
showed the feasibility of simple diagnostic systems for
widespread use on-site.

Pinals et al also developed a SWCNT optical sensor for
SARS-CoV-2 detection based on angiotensin-converting enzyme
2 (ACE2) functionalization, a host protein that exhibits strong
binding capability to the S protein of SARS-CoV-2 and also with
ssDNA (Fig. 2e).”® (GT), was selected due to its ability to yield a
high suspension of SWCNTs and its propensity for the quicker
and more extensive desorption of shorter ssDNA sequences in
the presence of proteins. Unlike previous attempts with
protein-SWCNT conjugate sensors that often used enzymes or
protein, this new nanosensor employs human host cell
membrane protein ACE2 to bind with the SARS-CoV-2 S protein
receptor-binding domain (S RBD), enabling rapid and label-free
protein detection. The nanosensor showed strong fluorescence
enhancement to SARS-CoV-2 S protein within a 90 min
timeframe achieving a LOD of 12.6 nM. The nanosensor was
effectively passivated for S protein detection in saliva and viral
transport medium. Additionally, the nanosensor demonstrated
the capability of rapid detection of S protein and virus-like
SARS-CoV-2 virions within seconds through real-time imaging
by nIR fluorescence microscopy. With this high sensing
performance, the nanosensor can be utilized in practical
diagnosis if the sensor materials are well integrated with mobile
form factors with optical instruments for on-site monitoring.

So far, we have utilized SWCNT nanosensors for diagnostics
through multiple sensor arrays to various analytes. To further
advance this, we can incorporate machine learning to identify
intricacies that may be too subtle or complex for human eyes or
current analytical methods to detect. The SWCNT nanosensor
synthesis and screening process employs a heuristic approach,
necessitating the individual synthesis of each nanosensor
candidate prior to screening, which limits the expansion of

Sens. Diagn., 2024, 3,203-217 | 207
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potential sensor libraries. To improve this bottleneck, research
is increasingly leveraging machine learning to expedite sensor
characterization and discovery.

Yaari et al. developed an ssSDNA-SWCNT nanosensor complex
to detect cancer biomarkers, especially HE4, CA-125, and YKL-
40 (Fig. 2f). A total of 132 different DNA-SWCNT complexes were
synthesized using eleven ssDNA sequences and 12
semiconducting SWCNT species. These nanosensors were then
exposed to laboratory samples and cancer patient uterine lavage
samples. Various machine learning models including support
vector machine (SVM), random forest (RF), and artificial neural
network (ANN) were employed to detect biomarkers. Among
these, RF and ANN with a DNA sequence based feature vector
were chosen due to better performance.®

For biofluid sensing in conjunction with machine
learning, it is essential to have a variety of synthetic molecule
candidates for specific analytes, and an experimental
diversification evolution approach is also very important.
Jeong et al. carried out a high throughput evolutionary study
to identify serotonin, a key neurotransmitter associated with
memory and learning, using a 6-mer (C)6 sequence known
for its affinity to SWCNTs.*” This library, containing over 69
billion unique sequences, facilitated the development of
nanosensors that can be generalized for creating additional
probes for neuromodulators.

Additionally, machine learning models can autonomously
learn the correlation between DNA sequences that elicit
strong unique responses in each sensor and the fluorescence
response to analytes, thereby assisting and improving the
selection of sensor candidates, which can aid in
diagnostics.*® Moreover, this machine learning based sensor
technology offers distinct advantages for clinical uses. It has
the potential to quickly adapt for detecting various diseases
beyond ovarian cancer, addressing issues of biomarker
selectivity in multi-analyte tests, facilitating high-throughput
screening for large populations, and serving as a rapid and
cost-effective screening tool without antibody.*”

3. Hydrogel implantation of SWCNT
sensors

For direct diagnosis within the body and to observe
pathological kinetics in real-time, SWCNTs must be well
interfaced with the target site of the living organisms. If
direct injection of the materials is difficult due to penetration
depth or chemical instability, SWCNTs should be embedded
in a biocompatible substrate and implanted as a module.
Hydrogels, 3D cross-linked porous hydrophilic polymer
materials, have shown very attractive properties for this
SWCNT implantation due to their mechanical flexibility,
diffusion ability, controllable physicochemical properties,
and excellent biocompatibility.">*" Furthermore, hydrogels
can encapsulate various sizes of molecules with loading into
their matrix through the porous structure, enabling selective
penetration of the target analytes based on their specific

sizes.*>*® SWCNTs, especially, provide advantages for

208 | Sens. Diagn., 2024, 3, 203-217
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hydrogel implantation primarily due to their unique
fluorescence properties in the nIR range (e.g. 800-1400 nm).
The overall nIR spectrum encompasses 700-1700 nm and
within the range, fluorophores are often divided into two
sub-regions: nIR-I and nIR-II. Particularly, SWCNTs emit nIR-
II range fluorescence, which possesses superior tissue
penetration abilities. Reduced absorption and scattering by
biological components, such as blood and proteins, in the
nIR-II range allow light to penetrate deeper tissue regions,
and enhance the contrast by non-overlapping with tissue
autofluorescence.***>

The early stage SWCNT hydrogel implantation was
performed by Iverson et al. to detect nitric oxide (NO) as a
biomarker to diagnose transient inflammation.*® NO rapidly
produces reactive oxygen/nitrogen species from reaction with
the superoxide anion and following reactions. If these
reactive species are overproduced in chronic inflammation, it
can cause damage to all types of cellular biomolecules and
even cancer.*”*® For tissue-specific localization of the sensor
and detection of NO in vivo, researchers implanted alginate-
encapsulated (AAAT),-SWCNT sensors into the subcutaneous
tissue of the flanks of mice. They successfully observed nIR
fluorescence quenching associated with a burst of NO due to
gel implantation through fast quenching and multiple-day
fluorescence recovery, prolonged absence of NO and non-
recruitment of macrophages, which are producers of NO.
They also confirmed the long-term durability of the
implanted hydrogel-SWCNT sensor. The gel remained intact
for more than 400 days although the gel morphology slightly
changed due to mice movement, and the fluorescence
intensity was almost maintained with only a 14% decrease.
The importance of monitoring inflammatory responses
continues until recently, more large molecules such as the
interleukin-6 (IL-6) family of cytokines have been detected
using SWCNT nanosensors.*>°

Detection of pathogenic microorganisms such as bacteria
is also pivotal for the early diagnosis of both acute and
chronic infectious diseases. The timely identification
facilitates rapid intervention restraining the progression of
infections, and minimizing associated complications. Nif3ler
et al developed a nIR fluorescent SWCNT hydrogel
nanosensor array and used that for remote fingerprint
identification of clinically important six bacteria species
including S. aureus, S. epidermidis, S. pyogenes, E. faecalis, E.
coli, and P. aeruginosa.®" In particular, by controlling the
concentration of PEGDA, hydrogels with different porosities
were used to match the target analyte size. They integrated
one reference sensor, four generic lower-selectivity sensors,
and four specific sensors targeting virulence factors including
lipopolysaccharides, siderophores, DNases, and proteases.
With a mixture of specific and non-specific sensors,
background sensor responses in the final analysis were
reduced or accounted for. They monitored the unique
fluorescent fingerprint of six pathogens within 24 to 72 h and
clustered different species using multivariate statistical
analysis, a statistical method that reduces high-dimensional

© 2024 The Author(s). Published by the Royal Society of Chemistry
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data to low dimensions while preserving the variance of
multivariate data as much as possible (Fig. 3a).>* It is
noteworthy that sensors were encoded even through below 7
mm thick tissue by using SWCNTs.

Researchers have also developed SWCNT hydrogels for
monitoring of the treatment process, which is after the
diagnosis step, such as the dosing and chemotherapeutic
activity in real-time and in vivo. Through these studies, drug
injection parameters such as drug administration time,
amount, and frequency can be optimized to maximize
treatment effectiveness and minimize harmful cytotoxicity
with nanomaterial design devices.”>>® Son et al devised
encapsulating ss(GGGT);-SWCNT SWCNT with PEG diacrylate
hydrogel for selective detection of the chemotherapeutic
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temozolomide (TMZ) and its metabolite 5-aminoimidazole-4-
carboxamide (AIC) to real-time monitor drug activity in SKH-
1E mice and preserved fetal pig under in vivo conditions.’” In
particular, this research shows the possibility of better
treatment for glioblastoma patients. The current treatment
protocol for individuals with glioblastoma involves surgery to
remove the tumor, followed by simultaneous radiation and
chemotherapy using TMZ.”® The SWCNT embedded hydrogel
showed immediate utility of the device with real-time
chemotherapeutic monitoring in the presence of U-87 MG
human glioblastoma cells and as a subcutaneous implant in
SKH-E1 mice, revealing the concentration, flux and local
metabolic activity.”” Upon injecting 100 uM TMZ into SKH-E1
mice, it was observed that the optical intensity of the sensor
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Fig. 3 Hydrogel implantation approach of SWCNT nanosensors for in vivo diagnostics and treatment. (a) Remote nIR fluorescent fingerprint of six
pathogens and multivariate statistical analysis used to cluster different bacterial species. Reprinted with permission from ref. 51. Copyright 2020
Springer Nature. (bi) Real-time monitoring of TMZ in SKH-E1 mice and (bii) AIC molecules in preserved fatal pig by nanosensor integrated hydrogel
implantation. Reprinted with permission from ref. 57. Copyright 2022 American Chemical Society. (ci) Optical penetration depth of ss(AC);5-(6,5)
SWCNT-hydrogel for detecting riboflavin in skin of catshark (Galeus melastomus). (cii) Implantation site in catshark (Scyliorhinus stellaris) and
subcutaneous tissue surrounding the implant in turtle (Pseudemys concinna). Reprinted with permission from ref. 61. Copyright 2018 American
Chemical Society. (di) In vivo progesterone monitoring with subcutaneous implanted p(AA54-ran-S,,-ran-AC4)-(7,6) SWCNT hydrogel inside of
dialysis bags in SKH1-E mice. (dii) Stable and reversible sensor response under alternating cycles and well-healed tissue imaging after hydrogel
implantation. Reprinted with permission from ref. 68. Copyright 2020 John Wiley & Sons.
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hydrogel increased over time due to the degradation of TMZ
to AIC within the body (Fig. 3bi). Moreover, utilizing the
recently developed wavelength-induced frequency filtering
(WIFF) technique, the sensor can be utilized even when
positioned 2.1 cm beneath the cranium within intact porcine
brain tissue, indicating the significant potential of SWCNTs
for deep-tissue in vivo monitoring (Fig. 3bii).>

The SWCNT embedded hydrogel can be also well interfaced
on marine organisms characterized by wet and rough skin and
dynamic activity. Lee et al. specifically aimed for the monitoring
of riboflavin levels in nine species of aquatic vertebrates.
Riboflavin serves as a precursor for both flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD) which are two
important coenzymes in oxidative phosphorylation.*® Oxidative
phosphorylation is the main metabolic pathway of energy
production in mitochondria, converting ADP into ATP.
Researchers fabricated sensors by encapsulating ss(AC);5-(6,5)
SWCNTs into a biocompatible poly(ethylene glycol) diacrylate
(PEGDA) hydrogel for in vivo riboflavin sensing.®* After hydrogel
implantation, the behaviour patterns in species such as eel,
catshark, turtle, and goldfish exhibited neither impairment nor
erratic patterns, which is indicative of high tolerance to
implants. Moreover, they confirmed the optical penetration
depth in teleosts and catsharks. The SWCNT-hydrogel implants
were discerned up to a depth of 7 mm, showing a distinct
contrast when compared to a nonfluorescent hydrogel
implanted at a depth of 5 mm (Fig. 3ci). Notably, the
implantation site in the catshark was observed to have fully
healed by 33 days post-implantation. In particular, in the
ultrasound images captured 4 weeks after implantation, the
implantation site was identified via a slight change in tissue
structure and echogenicity, but the surrounding tissue was
completely normal (Fig. 3cii). For significant foreign body
reactions, larger changes in architecture and echogenicity will
be found in the periphery of the implant as it becomes
encapsulated.®”®® This research suggests the potential of
SWCNT hydrogels for marine biologging and inspires the
development of wearable and optoelectronic sensor tags using
them.

Recently, much research has been conducted to detect
steroids, which regulate various important functions of the
human body and cause various diseases if dysfunctional.***” Lee
et al. used polymer-SWCNT sensors to detect 11 physiologically
and therapeutically significant human steroids, including cortisol
and progesterone.®® In particular, progesterone determines
female sexual traits such as differentiation, menstruation, and
pregnancy.®® Its dysregulation causes female diseases such as
breast cancer or endometriosis.”””" They overcome the limitation
of relying on the generated library by functionalizing SWCNTs
with self-templating polymers. Acrylated cortisol appendages ware
attached to the polymer backbone composed of hydrophobic
styrene monomers and alkyl chains, and hydrophilic acrylic acid
monomers and carboxylic acid groups. They implanted a 6-8
Koda dialysis bag containing PEGDA hydrogel encapsulating the
optimized progesterone-targeting sensor subcutaneously into
mice, and monitored changes under an in vivo environment
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(Fig. 3di). The reason for using the dialysis bag is that sensitivity
and sustainability are improved compared to not using it.
Subsequent sensor response under alternating cycles and
implanted tissue images support the stability, reversibility, and
biocompatibility of the hydrogel sensor (Fig. 3dii).

Even though significant advances have been achieved with
versatile hydrogel implantation techniques of SWCNTs, several
challenges remain to be overcome for human biomedical
purposes of SWCNTs. The efficiency of encapsulating
hydrophobic nanoparticles in the hydrophilic porous network
of hydrogels is still low.””> In addition, the weak mechanical
properties of hydrogel layers make them prone to tearing and
deforming during animal movements.”* There is also the
possibility of undesired degradation or clearance from the
implantation sites due to the immune reaction from host
organisms.”* If these additional detailed technical points are
addressed, SWCNT-hydrogel implantation could become a
leading candidate for stable and selective real-time diagnostics.

4. Direct injection of SWCNTs into
organisms

Hydrogel based implantation is a very powerful tool for
in vivo diagnostics using SWCNTs, however, for organisms
having thinner tissues than animals including as plants or
insects, it is challenging to insert relatively thick materials
such as hydrogel. In addition, when there is a need to
diagnose following the flow of biofluid inside the animals or
to image only specific precise areas, a direct and precise
injection would be more efficient too. Thus, direct injection
of SWCNT materials would be another powerful interfacing
technique for real-time diagnosis. Injected SWCNTs can
immediately interact with the analyte wave after injection,
which should result in faster and more accurate real-time
responses. With appropriate surface functionalization
compatible with cells or tissues, direct injection of SWCNTs
can pave the way to real-time diagnostics and monitoring for
humans, animals, and plants, heralding a
transformative paradigm in in vivo medical assessments.

One critical infectious disease is endocarditis, a swift and
destructive infection of the heart valves. Infective
endocarditis is notorious with high mortality rates of ~15-
47%, and S. aureus is the most common infective pathogen
related to it.”>’® Bardhan et al innovatively harnessed
SWCNTs as a probe for non-invasive fluorescence imaging of
S. aureus Xen-29 by functionalizing SWCNTs with M13
bacteriophage (M13-SWCNT).”” The probe was enhanced by
conjugating an anti-bacterial antibody to M13-SWCNT,
refining its specificity towards certain F'-negative bacterial
strains.  This complex subsequently  injected
intravenously into mice, localized in the right thigh muscle
at the site of infection, and proved capable of detecting
infectious bacteria with fluorescent imaging.

Metabolic diseases or disorders profoundly impact human
health because the processes are associated with basic
biochemical reactions intrinsic to our physiology. One of the
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major reasons causing metabolic disorders is lipid
accumulation in hepatic cells and tissues, implicated in
diverse pathologies including lysosomal storage disorders,
atherosclerosis, non-alcoholic fatty liver disease (NAFLD),
and drug-induced phospholipidosis (DIPI).”*®° Galassi et al.
detected hepatic lipid accumulation in animal models of the
lysosomal lipid storage diseases, Niemann-Pick disease type
A/B (NPA/B) and Niemann-Pick disease type C (NPC).*' They
used a SWCNT nanosensor to real-time monitor the
accumulation of lipids in Kupffer cells (KCs) of
endolysosomal organelles and the effects of dietary
intervention in mouse models of NAFLD and non-alcoholic
steatohepatitis (NASH). The nanosensor consists of (9,4)
SWCNTs non-covalently conjugated with the single stranded
oligonucleotide CTTC3TTC, allowing SWCNTs to be well
documented in the cells or tissues similar to the process of
PEG ligation. When injected intravenously, the nanosensor
was specifically localized within KCs, and showed
fluorescence changes due to injection of oxidized low-density
lipoprotein.

SWCNT nanosensors have been also applied for in vivo
fluorescence imaging of tumor with direct injection. SWCNTSs
can detect significant tumor accumulation due to the enhanced
permeability and retention (EPR) effect, even in the absence of
specific targeting agents.**®* For in vivo tumor imaging,
Robinson et al. injected long circulating functionalized SWCNTs
intravenously into a mouse with subcutaneous xenograft 4T1
tumors located on the right hind limb.** They coated SWCNTs
non-covalently with relatively large 90 kDa amphiphilic
poly(maleic anhydride-alt-1-octadecene) — methoxy-poly(ethylene
glycol) (C,5-PMH-mPEG). Video-rate fluorescence images based
on the nIR fluorescence of SWCNTs were taken continuously
immediately after nanosensor injection to track SWCNTs
moving through the blood circulation in real time for up to 210
s. Due to extended circulation of SWCNTs and their ongoing
accumulation in tumor spaces because of the EPR effect, there
was a consistent rise in nIR fluorescence in the tumor areas in
all the tested mice, persisting for 72 hours (Fig. 4a).
Furthermore, this research suggests the possibility that further
optimization, such as attaching targeting agents to SWCNTSs,
could enhance tumor uptake.®

As the incidence of degenerative neurological diseases
rises due to the increase in the elderly population, accurate
initial diagnosis and appropriate care intervention are
becoming more important. The most representative
degenerative neurological disease is dementia. Antman-
Passig et al. recently engineered an innovative nIR SWCNT-
sensor to detect amyloid-beta (AB) intracranially in vivo, a
biomarker of the early stages of Alzheimer's disease (AD).*®
The asymptomatic phase of AD is marked by undetectable
structural and molecular abnormalities in the brain, which
include the accumulation of AP, formation of tau tangles,
and neurodegeneration.®”® The AB-functionalized carbon
nanotubes (ABCNTs) selectively respond to AP via
solvatochromic modulation in the nIR emission of the
nanotube.®® The emission spectra of ABCNTs intracranially
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injected into 8-month-old 5XFAD and WT mice showed a
significant blue-shifted effect only in 5XFAD mice. The
researchers also confirmed a localized pool of ABCNTs in the
hippocampus region using nIR hyperspectral microscopy.
Since the nIR hyperspectral system collects the fluorescence
spectra in each point of the field of view, it provides both
spatial and spectral information simultaneously. Thus, it can
diagram the distribution of photoluminescent responses
from in vivo interfaces.”” The immunolabeled hippocampal
section showed high load of AP aggregates in 8-month-old
5XFAD mice (Fig. 4b). By spectrally resolving the region of
ABCNTs, they found a broad distribution of nanotube
emission wavelengths in the 5XFAD mice compared to WT,
and overall blue-shifted (9,4) center wavelength (Fig. 4b). This
research provides insights from deep tissue sections (2 mm)
and offers a technology that allows the exploration of
molecular pathways associated with Ap neurotoxicity during
the progression of AD in living organisms.

When a SWCNT sensor is directly injected into plants, we
can monitor their defence mechanisms triggered by various
factors that cause stress and find things necessary for their
growth.”®> In addition, we can check the soil conditions
about the presence of pathogens, salinity, or drought and
atmosphere in terms of air pollutants by injecting
nanosensors into plants.”>** This is important as global
population growth has increased the demand for food
production, but food production is not keeping up with the
demand.*>"°

Hydrogen peroxide (H,0,), one of the reactive oxygen
species (ROS), is a signalling molecule used in cell-to-cell
communication to enhance and revitalize the defence
mechanisms of plants. However, ROS diffuse very fast with
short lifetime due to their high activity, making it hard for
them to be detected with a sensor. Wu et al. designed a DNA
aptamer based SWCNT sensor that binds with porphyrin
hemin (HeAptDNA-SWCNT).”” They gently pressed the tip of
a syringe to infiltrate the SWCNT nanosensor solution into
the lower side leaves of Arabidopsis thaliana plants, then
confirmed the quenching of SWCNTs caused by H,0, using
nIR optical imaging (Fig. 4ci). SWCNT nIR quenching occurs
when plants are stressed by UV-B stress, intensive light, and
pathogens such as flg22, but in contrast, there is no
significant change with leaf wounding (Fig. 4cii). The
biocompatibility of the SWCNT sensor in plant was
demonstrated by the high similarity in differences in the
percentage of dead «cells and plant photosynthetic
performance before and after injection.

Synthetic auxins including 1-naphthalene acetic acid
(NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D) are used as
plant growth hormones. Rapid detection of these compounds
in plants will improve our knowledge relating hormone
distribution and allow for their more efficient use. Ang et al.
chose 6 cationic polymers for wrapping SWCNTs to enable
electrostatic interactions with anionic plant hormone
analytes, and detect 13 analytes including natural auxins,
synthetic auxins, cytokines, and other plant hormones.’® The
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SWCNT sensor was infiltrated into spinach leaves through
the mid-leaf vein, followed by analyte infiltrations. According
to in vivo monitoring of spatiotemporal distribution, four
analytes namely 3-indole propionic acid (IPA), 3-indole
butyric acid (IBA), NAA, and 2,4-D respond noticeably to each
sensor (Fig. 4d). The sensor targeting 2,4-D showed 51% turn
on response and the sensor targeting NAA exhibited 50%
quenching response.

Soil conditions can sometimes stress plants, triggering the
secretion of plant hormones. Therefore, it is meaningful to
measure the level of gibberellin (GA) in plant roots, but the
molecular structures of various GAs are similar, making it
difficult to distinguish between them. Boonyaves et al. selected
11 polymers with styrene derivative monomers, such as sodium-
styrenesulfonate or vinyl benzyl trimethylammonium chloride,
for SWCNT functionalization to induce hydrogen bonding with
GAs which have carboxyl groups.®® As a result, it was possible to
distinguish between GA; and GA; using the polymers of
S-gluAPM and N-gluAPM. Even after injecting the sensors into
basil roots, the performance was maintained, and fluorescence
response due to GA; and GA, could be confirmed through nIR
imaging (Fig. 4e). These sensors were finally used at high soil
salinity to monitor the effect of salinity on the decrease of
fluorescence intensity.

Plants use polyphenols secreted from leaves and roots to
protect themselves from pathogens and herbivores. Therefore,
when polyphenols are detected, plant stress caused by
pathogens can be numerically confirmed. Nissler et al. found
that various structures of polyphenols could be detected if the
SWCNT surface was non-covalently modified using ssDNA and
PEG-lipid macromolecules with different surface chemistries
and different nucleotide compositions.'” The rationale behind
this approach is that compounds such as tannins have multiple
hydroxy groups and can influence SWCNT sensors to form
strong interaction with polyphenols. To inject the SWCNT
sensors into plants, these sensors were embedded in culture
medium agar and soybean seedlings were grown on it. The
researchers caused embryonic roots to release polyphenols with
a stimulus of pathogen-derived elicitor, a branched B-glucan cell
wall component of the oomycete fungus Phytophthora sojae, and
monitored the intensity change of sensors (Fig. 4f).

Direct injection of SWCNTs into living organisms presents a
complex challenge that must meet biocompatibility
requirements beyond their utilization as imaging agents or
passive delivery systems. Despite extensive research, comparing
biocompatibility results remains difficult due to variations in
the materials, surface chemistry, and biological context being
evaluated.'”" It is essential that SWCNT nanosensors not only
avoid adverse biological interactions but also demonstrate
sustainability within biological systems over long periods of
time in vivo. Oxidative degradation of SWCNTs by immune cells
such as neutrophils and macrophages is an important
consideration in this regard.'>™'%* Researchers suggest that the
path to mitigating unexpected side effects and achieving long-
term stability in sensor applications may depend on the
development of stable biocompatible functionalization

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Tutorial review

strategies."”>™"%” This requires efforts to consider both achieving
sensitivity to specific target analytes through functionalization
and maintaining biocompatibility and robustness in a dynamic
in vivo environment.

5. Conclusions and outlook

We have reviewed the technological advances in the use of

nIR fluorescence of SWCNTs for versatile diagnostics.
SWCNTs with their distinct structure-dependent nIR
emission have shown significant potential for broad-

spectrum diagnostics. A wide range of polymers, DNA,
organic molecules, or small molecules for SWCNT
functionalization are highly desirable as they not only ensure
the reliable dispersion of SWCNT sensor materials in
aqueous solutions but also act as synthetic, non-biological
counterparts to antibodies. This enables them to selectively
identify and bind to specific target molecules. The advent of
advanced recognition techniques including CoPhMoRe
amplifies this potential, paving the way for the development
of biosensors of unparalleled efficacy rooted in diagnostics.
By synergizing these recognition elements with SWCNTs, it
becomes feasible to discern various analytes with remarkable
specificity and sensitivity.

SWCNTs have demonstrated their broad-spectrum
diagnostic efficiency not just under controlled laboratory
conditions but also in real-world applications. Tailored
interfacing methods of SWCNTs including direct biofluid
sensing, hydrogel implantation and direct injection have
demonstrated the transformative potential of SWCNTs as
optical diagnostic tools. We summarized and compared the
detailed sensing performances of SWCNTs with their target
analytes and diseases (Table 1). Their adaptability and
efficacy across these diverse domains accentuate their
robustness and underpin their continued significance in
future diagnostic endeavors. We hope that the readers can
predict the performance range that will be achieved by
combining SWCNTs with a certain construct in advance
based on this information. The versatility of SWCNTs is
evident, and their potential in diagnostic sensor applications
across various sectors is immense and still burgeoning.

However, many challenging issues still remain with the use
of SWCNTs for real-world diagnostics and treatment of patients.
First, diagnostic criteria must be established for SWCNTs based
on accurate statistics from a vast number of tests on actual
clinical samples. To ensure the efficacy of SWCNT-based
diagnostics, it is crucial to establish criteria for sensitivity and
specificity, set quantification limits for biomarker detection,
and guarantee reproducibility and reliability across various
testing conditions. Criteria for biocompatibility and safety are
vital to prevent adverse patient reactions, while calibration
standards and sample handling protocols are essential for
maintaining diagnostic accuracy.'®® The success of SWCNT-
based diagnostics depends on comprehensive clinical validation
that confirms their effectiveness and reliability in diverse
patient populations. In addition, it is prerequisite to have
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Table 1 Sensor constructs and performances of nIR fluorescent SWCNTSs for broad-spectrum diagnostics

Limit of
Diagnosis Diagnosed detection
methods disorder Biomarkers SWCNT construct (LOD) Detection range Ref.
Direct biofluid Microalbuminuria Albumin Carboxylate-poly-carbodiimide 3 mg L™ 1.56 to 100 26
sensing polymers-SWCNT mg L™
Blood coagulation Fibrinogen DPPE-PEG-SWCNT 0.012 5x107to 0.5 27
Thrombin mg mL™" mg mL™"
Diabetes Insulin PEGylated lipids-SWCNT N.A 180 pM to 31
3.5 uM
Diabetes Insulin C16-PEG (2000 Da)-ceramide 1.3 x 107 3.3x10°to 33
SWCNT mg mL ™" 0.3 mg mL™"
(AT);5-Insulin
aptamer-SWCNT
COVID-19 SARS-CoV-2 PEG-lipid-SWCNT 48 tM 1 fM to 10> nM 34
N, S protein 350 pM
COVID-19 SARS-CoV-2 ACE2-(GT)s-SWCNT 12.6 nM 107 to 10° nM 35
S protein
receptor-binding
domain
Gyneclogic cancer HE4 Combination of 12 SWCNT N.A N.A 36
CA-125 species and 11 DNA sequences
YKL-40
Hydrogel Inflammatory disease  Nitric oxide PEG-(AAAT),-PEG 1 uM N.A 46
implantation (AAAT),-PEG in alginate N.A N.A
hydrogel
Infectious diseases Lipopolysaccharides  (GT),-sSDNA-linker-LPS- 12.5 uM 0.2 to 50 uM 51
binding peptide in high
porosity
PEGDA hydrogel
Siderophores Hemin-aptamer-SWCNT in 10 pM 0.08 to 50 uM
low porosity hydrogel
DNases Genomic, denatured calf N.A 11 UN mL " to
thymus (CT) sSDNA-SWCNT 55 ug mL™"
in high porosity PEGDA
hydrogel
Proteases BSA-SWCNT in high porosity N.A 13.5 UmL™" to
PEGDA hydrogel 18 pg mL™
Glioblastoma Temozolomide s5(GGGT);-SWCNT TMZ: 30 uM 107 to 10° M 57
AIC: 14 pM
5-Aminoimidazole- ss(GGGT);-SWCNT in PEG N.A >2.1 cm brain
4-carboxamide diacrylate hydrogel tissue and skull
Oxidative Riboflavin ss(AC),5-(6,5) SWCNT in >7 mm skin and N.A 61
phosphorylation PEGDA hydrogel muscle tissue
Female cancers Progesterone P(AAs ran-S;p-ran-AC,)-(7,6)  N.A 100 x 10°° M under 68
SWCNT in PEGDA hydrogel subcutaneous
in dialysis bag implantation
Direct Endocarditis Staphylococcus aureus M13-SWCNT N.A N.A 77
Nanosensors Niemann-Pick disease, Endolysosomal lipid ssCTTC;TTC-SWCNT N.A 2 to 200 uM 81
injection NAFLD, NASH
4T1 murine breast Xenograft 4T1 tumor C;3-PMH-mPEG-SWCNT N.A N.A 84
cancer
Alzheimer's disease Amyloid-beta Sodium deoxycholate-amyloid- 100 nM in PBS 107" to 10° nM 86
beta-SWCNT 1 uM in 33%
serum
Plant stress Hydrogen peroxide HeAptDNA-SWCNT N.A 1 to 1000 uM 97
Plant growth Synthetic auxins-NAA Cationic poly(N-vinyl 8.2 uM 107" to 10° pM 98
Synthetic imidazolium)-SWCNT, cationic 0.35 uM
auxins-2,4-D fluorene-co-phenyl
polymer-SWCNT
Soil salinity Gibberelling S-gluAPM-SWCNT N.A N.A 99
Gibberellin, N-gluAPM-SWCNT N.A N.A
Stress of plant from Tannic acid ssDNA-SWCNT N.A 107 to 10° M 100
pathogens Genistein PEG-lipid-SWCNT N.A 10%t0o 10" M

synthesis and processing technology that can mass-produce a
specific SWCNT construct with consistent sensing performance
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and physical specifications. We will also need to develop
hardware technology that can consistently combine mass-
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produced SWCNT sensor materials with user-friendly analytic
form-factors. Lastly, it is ultimately necessary to develop
software that can accurately calculate signals measured from
hardware combined with such consistent sensor materials at
high speed. Addressing this, the development of deep learning-
driven methodologies for noise and signal discrimination,
coupled with advanced image analysis techniques, becomes
crucial. Such tasks will require much more effort moving
forward.

Given the diversity and presence of active reference analytes
in various biofluids, future research should explore methods to
enhance the intrinsic selectivity and signal stability of SWCNTs
for diagnostics in complex environments. Furthermore, as
diagnostic applications shift towards the use of hydrogel
integration and nanosensor injections, there is a big need to
address the challenges posed by mechanical noise, which can
significantly reduce the signal-to-noise ratio (S/N).

Since the field has already successfully undertaken the
challenging tasks of elucidating the physical properties of these
very small materials, we believe that the integration of
production processes, hardware, and software will proceed much
more smoothly in near future, and we can truly achieve accurate
and rapid smart diagnostics using these novel materials.
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