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Recent advances on applications of single-walled
carbon nanotubes as cutting-edge optical
nanosensors for biosensing technologies
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Single-walled carbon nanotubes (SWCNTs) possess outstanding photophysical properties which has gar-
nered interest towards utilizing these materials for biosensing and imaging applications. The near-infrared
(NIR) fluorescence within the tissue transparent region along with their photostability and sizes in the
nanoscale make SWCNTSs valued candidates for the development of optical sensors. In this review, we
discuss recent advances in the development and the applications of SWCNT-based nano-biosensors. An
overview of SWCNT's structural and photophysical properties, sensor development, and sensing mecha-
nisms are described. Examples of SWCNT-based optical nanosensors for detection of disease biomarkers,
pathogens (bacteria and viruses), plant stressors, and environmental contaminants including heavy metals
and disinfectants are provided. Molecular detection in biofluids, in vitro, and in vivo (small animal models
and plants) are highlighted, and sensor integration into portable substrates for implantable and wearable

Received 2nd May 2024,
Accepted 9th August 2024

DOI: 10.1039/d4nr01892c

sensing devices has been discussed. Recent advancements, which include high throughput assays and
the use of machine learning models to predict more sensitive and robust sensing outcomes are discussed.
Current limitations and future perspectives on translation of SWCNT optical probes into clinical practices

rsc.li/nanoscale have been provided.
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Introduction

The need to detect specific molecules has become an increas-
ing demand in healthcare, clinical medicine, food safety,
environmental monitoring, and homeland security." Early
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detection of diseases, health hazards, toxins in aquatic and
terrestrial environments, and stresses in agricultural crops can
help facilitate early treatment, mitigate life-threatening effects,
and preserve aquatic and terrestrial organisms. Nanomaterials
provide unique opportunities to develop tunable molecular
probes for the detection of analytes due to their outstanding
optical, electrical, and magnetic properties."> Among such
nanomaterials are single-walled carbon nanotubes (SWCNTs)
which possess exceptional optical, photothermal, and electri-
cal properties.”® Seminal works from the Smalley and
Weisman research groups on SWCNT structure and their
photophysical properties which include the discovery on
SWCNT band-gap fluorescence,”” unique spectral character-
istics based on their structure,® and their sensitivity to environ-
mental changes® led to an increasing interest in SWCNTs for
their applications as molecular sensors and imaging agents. In
addition, SWCNTs offer the following advantages: (1) high sen-
sitivity due to high surface area-to-volume ratio; (2) non-photo
bleaching fluorescence in the near-infrared spectral window;
(3) fast response time; (4) lower potential of redox reaction and
surface fouling effects; (5) high stability and longer lifetime."?
SWCNTs have many attributes that are ideal for in vitro and
in vivo optical sensing. SWCNTs are highly photostable and
exhibit sustained emission under intense light irradiation
unlike small molecule organic fluorophores which undergo
rapid photobleaching.>'®'" SWCNTs emit within the NIR
region (900-1600 nm) where light scattering and autofluores-
cence from biological tissue are negligible.>'® Furthermore,
SWCNTs are inherently thermally stable, have long shelf-life,
and stable when subjected to body temperatures for longer
periods of time without affecting their physical, chemical, or
optical properties; unlike common small molecule fluoro-
phores and electrochemical sensors.'’"'*> SWCNTs, can occur
as many distinct species (33 different (n, m) species) with
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unique photophysical characteristics,” making these materials
suitable for multiplexed sensing, overcoming the challenges
associated with small molecule optical and electrochemical
sensors.>'%3

This review focuses on the recent advances in applications
of single-walled carbon nanotube-based optical sensors in
the biological and environmental sectors. Several examples of
nanosensors for detection of various classes of analytes such
as hormones, proteins, cancer biomarkers, nucleic acids,
pathogens, and neurotransmitters in biofluids, in vitro and
in vivo are discussed. The review highlights how incorpor-
ation of nanosensors into polymeric matrixes results in
various platforms for portable, implantable, and wearable
sensing applications. An overview of SWCNT structure,
optical properties, and sensing mechanisms are discussed.
Furthermore, we evaluate the status of SWCNT-based sensor
applications, discuss current challenges and provide rec-
ommendations for future sensor developments. The findings
from this review will provide a pathway for further improve-
ments and advancements in engineering efficient optical
probes and sensors.

Structure of single-walled carbon
nanotubes (SWCNTs)

Single-walled carbon nanotubes (SWCNTSs) consist of sp”
hybridized carbon atoms that can be considered as rolling of a
single layer of graphene sheets into hollow cylindrical tubes
with diameters ranging from 0.48 to 2.0 nm (ref. 8) and roll-up
angles and (n, m) integers describe the nanotube’s circumfer-
ence (Fig. 1a).” Based on roll-up angles, SWCNTs can be
chiral.’ The chirality of a nanotube can be described by C}, =
na, + ma,, where the nanotube is rolled-up along the vector Cy,
and |a;| = |a;| = a = V/3ac_c with the carbon-carbon bond
length equaling 0.144 nm.>* Chiral SWCNT structures have
roll-up angles between 0° and 30°. SWCNT structures with roll-
up angles of 0° and m = 0 are “zigzag” structures, and those
with roll-up angles of 30° and m = n are “armchair” structures.’
The chirality of a nanotube can be used to describe character-
istics such as circumference, diameter, roll-up angle, and elec-
tronic structure. The circumference can be calculated by the
following equation:

|Ch| = avn? + nm+ m?

The diameter would then be |Cy|/n, and the roll-up angle
(@) would be the following:

a=tan!
2n+m

Furthermore, the integers (n, m) can indicate whether a
nanotube is metallic, semi-metallic, or semiconducting by
taking the difference of n — m. If that difference is equal to 0
(n = m), the nanotube will have no energy band gap thereby
giving it metallic properties. Additionally, if n # m and the
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Fig. 1 Structure and optical properties of single-walled carbon nanotubes. (a) Scheme of SWCNT construction. The roll-up vector will become the
circumference of the nanotube known as Cy, and is denoted as (n, m).1®® (b) Diagram of electronic states for semi-conducting SWCNTs.*®” Reprinted
with permission from ref. 167. Copyright 2004 Springer Nature. (c) Photoluminescence excitation/emission map of semi-conducting SWCNTs of
various charities.'®® Reprinted with permission from ref. 168. Copyright 2017 American Chemical Society. (d) Through skull NIR fluorescence spectral
imaging of SWCNTSs in mouse brain without craniotomy, (a—c) images and (d—f) spectra.'® Reprinted with permission from ref. 18. Copyright
2015 John Wiley and Sons (e) In vivo NIR fluorescence imaging of ssDNA-SWCNTSs (red) within nematodes. SWCNTs were tracked moving from the
pharyngeal valve to the intestine (i and ii) and moving through the intestinal tract (iii) over time.?° Reprinted with permission from ref. 20. Copyright

2021 Elsevier.

difference is divisible by 3, then the nanotube will have a
small band gap and exhibit semi-metallic properties.>> On the
other hand, if n — m = 1 or 2 then the nanotubes will have a
large sized band-gap resulting in semiconducting properties.

Photoluminescence of single-walled
carbon nanotubes

Semiconducting nanotubes can absorb visible or near-infrared
light and emit near-infrared fluorescence (900 nm-
1600 nm).>** Once a nanotube absorbs a photon, an electron-
hole pair which is also known as an exciton is generated.®
Excitons diffuse between 100 nm and 200 nm along the
SWCNTs axis."*'® Radiative recombination of electron-hole
(e"h") pair induces fluorescence emission in the NIR
region.”'® Fig. 1b illustrates a semiconducting SWCNT’s
density of electronic states, electronic transitions can occur at
E;; (short-wave infrared region), E,, (visible wavelengths), and
E3; (violet or near-ultraviolet region) where an electron is
excited from the valence band to its corresponding conduction
band. Electronic transition from (v,) to (c,) results in E,,
absorption. The electron will rapidly relax non-radiatively until
it reaches the bottom of the conduction band and the hole
reaches the top of the valence band.” Emission takes place

16346 | Nanoscale, 2024, 16, 16344-16375

through the competing radiative decay channel while the elec-
tron-hole pair slowly recombines from the conduction band
back to its corresponding valence band as an E;; transition (¢;
to v1).>*> The absorption of light at a shorter wavelength and
the radiative relaxation of an electron (E;q, E,, E33) from the
excited state back to the resting state at longer wavelengths is
known as photoluminescence (i.e., fluorescence) which occurs
in the NIR region. Each (n, m) chirality has a specific band-gap
where excitation and emission occur at -characteristic
wavelengths.>*” By analyzing these spectral wavelengths via
fluorescence and Raman spectroscopies, a relationship
between chiral index (n,m)/diameter and band-gap was
established.>>® Furthermore, photoluminescence excitation—
emission maps are constructed where the intensity of emission
is plotted against excitation vs. emission wavelengths in the
form of a surface map (Fig. 1c) which is used in the analysis of
SWCNT samples.>"”

One of the major advantages of photoluminescent SWCNTs
includes highly photostable emissions in the NIR range. This
NIR spectral window is where autofluorescence from bio-
molecules in tissues and biofluids are negligible. Diao et al.
and Hong et al. utilized this characteristic of SWCNTs for
through skull imaging of mouse brain and its cerebro-vascula-
ture without need for a craniotomy (Fig. 1d)."®'® These studies
demonstrated imaging in the NIR II window (1000 nm-

This journal is © The Royal Society of Chemistry 2024
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1700 nm) at a depth >2 mm in mouse brain for blood
perfusion.’®'® The resolved vasculature imaging along with
the increased signal-to-background ratios (SBRs) for NIR
spectra (Fig. 1d) demonstrate clear potential for SWCNTs
based probes in in vivo bioimaging.

In regard to photostability, the quantum yields remain
stable under ambient conditions over long periods of photo-
excitation.” Furthermore, SWCNTs are less prone to blinking
(random switching between bright and dark states) under con-
tinuous light irradiation as opposed to inorganic quantum
dots.” Hendler-Neumark et al. utilized non-photobleaching
nature of photostable SWCNTs to study digestive system of
C. elegans nematode.”® NIR fluorescence imaging in vivo
showed that the SWCNTs were eaten by the worms. Tracking
of the SWCNTs in vivo showed their movements from the phar-
yngeal valve through the intestine over time (Fig. 1e). The
results from this study show a high potential for using
SWCNTSs imaging agents for the study of biological processes.

Although SWCNT-based materials provide a great opportu-
nity for development of optical probes, imaging agents, and
sensors, SWCNTs require functionalization for such appli-
cations. Pristine SWCNTs are strongly hydrophobic and
occur in bundles due to their strong hydrophobic (van der
Waals) forces.>*' Within these bundles, irreversible energy
transfer takes place from excited semiconducting SWCNTSs to
metallic SWCNTs, resulting in quenching of nanotube
fluorescence.?® Furthermore, bundled nanotubes are insoluble
in common aqueous and organic solvents and are not biocom-
patible.?” Therefore, functionalization of the nanotube surface
is needed for solubility, biocompatibility, and photophysical
characteristics.>>*?*

Surface functionalization

SWCNTSs can be functionalized by covalent and non-covalent
methods to render nanotubes dispersed into aqueous and
organic solvents.”*"**> Covalent functionalization can occur via
oxidation, halogenation, 1,3-dipolar cycloaddition etc. of
carbon-carbon double bonds on the nanotube surface result-
ing in the formation of carboxylic acid (-COOH) and other
functional groups along the surface of nanotubes.>?® Although
intentional introduction of defect sites appear to retain photo-
physical characteristics of nanotubes (vide infra), a high degree
of covalent functionalization could compromise the nano-
tube’s photophysical properties due to disruption on the con-
jugation along the nanotube surface.>>"?*

In non-covalent functionalization, molecules can physically
adsorb onto the nanotube surface via hydrophobic interactions
or n—7 stacking of aromatic compounds on graphitic surface of
SWCNTs without interrupting the n-conjugated system of
nanotubes.?>*?” Thus non-covalent functionalization method,
which preserves the intrinsic photophysical properties of nano-
tubes, is widely employed to develop SWCNT-based optical
probes, sensors, and imaging agents. The non-covalent
method for preparation of NIR photoluminescent nanotube

This journal is © The Royal Society of Chemistry 2024
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was first reported by O’Connell e¢ al. in 2002 in which nano-
tubes were dispersed in aqueous solution with sodium dodecyl
sulfate (SDS), an anionic surfactant, via vigorous sonication
and centrifugation methods.® The sonication method was
used to provide sufficient energy to disrupt the van der Waals
forces in the bundled nanotubes to allow for individual nano-
tubes to be dispersed in the surfactant solution.>® Subsequent
centrifugation process was applied to remove bundled tubes,
carbonaceous impurities, and any residual metal catalysts,
leaving a supernatant comprised of de-bundled nanotubes
which exhibited NIR fluorescence.>®

The SWCNT suspensions with surfactants such as sodium
dodecylbenzenesulfonate (SDBS), sodium dodecylsulfonate
(SDS), dodecyltrimethylammonium bromide (DTAB) and
cetyltrimethylammonium bromide (CTAB);*® as well as poly-
mers including polystyrene sulfonate (PSS), and poly(vinylpyr-
rolidone) (PVP) have been reported.”®>° The fluorescence of
SWCNTs dispersed with SDBS, SDS, and CTAB were also
reported.”® These dispersant compounds are amphiphilic, in
which the hydrophobic groups interact with the graphitic
surface on nanotubes and the hydrophilic groups render the
aqueous solubility. In the case of surfactants, cylindrical or
hemimicellar micelles are formed around the nanotubes and
the polar head groups provide electrostatic repulsion to
prevent re-aggregation of nanotubes in solution. The surfac-
tants could cover the nanotube surface more or less densely*®
(Fig. 2a). Researchers have also reported random adsorption of
surfactant molecules onto SWCNT surface.*" Polymers could
wrap tightly around the nanotube as a result of their thermo-
dynamic drive to eliminate the interface between the nanotube
and its aqueous medium, while providing electrostatic/steric
repulsion with their hydrophilic/bulky functional group
(Fig. 2d).>° Biopolymers, such as DNA (Fig. 2b),>* phospholi-
pids (Fig. 2¢),*** peptides (Fig. 2e),>*® and polysaccharides
(Fig. 2f),” have been used to solubilize SWCNTs through
similar mechanisms as previously described. For example,
single-stranded DNA (ssDNA) can adsorb onto the nanotube
surface through n—r stacking of the DNA bases with graphitic
side walls of nanotubes while providing electrostatic repulsion
via the negatively charged phosphate backbone (Fig. 2b)
thereby achieving colloidal stability.>**®* Furthermore, bovine
serum albumin (BSA), amphiphilic peptides, and phospholi-
pids have been shown to form complexes with SWCNTs. These
molecules not only provide solubility but can aid in biocom-
patibility of SWCNTs.

The use of synthetic polymers could diversify SWCNT appli-
cations as one could tailor polymer synthesis in order to
provide specific functional properties.*® Studies have shown
polyfluorenes,*®*! polycarbazoles,** conjugated polymers such
as polyarylene ethylenes,*® polyethylene glycol (PEG) deriva-
tives,** and polycarbodiimides (PCD)?*° as good dispersants for
SWCNTs. Some classes of polymer have been noted to selec-
tively disperse SWCNTs based on their diameter and thus have
an application for sorting nanotubes of specific chiralities.*™*?
However, other polymers such as PCDs and PEG conjugated
with various functional groups have been used to enhance

Nanoscale, 2024, 16,16344-16375 | 16347
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Fig. 2 Non-covalently functionalized SWCNT molecular assemblies with dispersants: (a) surfactant-SWCNT dispersion via sodium cholate (i)*° and
sodium dodecyl! sulfate (ii);'’° reprinted with permission from ref. 169 and 170. Copyright 2010 American Chemical Society and 2009 American
Chemical Society. (b) DNA-SWCNT dispersion;®® reprinted with permission from ref. 38. Copyright 2012 American Chemical Society. (c) Lipid-
SWCNTSs dispersion via dipalmitoylphosphatidylcholine (DPPC);>* reprinted with permission from ref. 34. Copyright 2010 Springer Nature. (d)
Polymer—SWCNT dispersion via poly(styrene-co-sodium styrene sulfonate (PS-co-PSS, i)*”* and dioctyl substituted polyfluorene (PFO, ii);¥"? re-
printed with permission from ref. 171 and 172. Copyright 2020 John Wiley and Sons and 2015 American Chemical Society (e) peptide-SWCNT dis-

persion with HexCoil-Ala;*® reprinted with permission from ref. 35. Copyright 2013 American Chemical Society. (f) Chitosan wrapped SWCNT.?”

SWCNT biocompatibility as well as expand their applications
as optical probes and carriers for drug delivery or imaging.®®**~*¢

Recently, researchers have introduced sp® defect chemistry
approach to covalently functionalize SWCNTs while preserving
their optical properties and increasing their quantum yield.
The sp® quantum defects/luminescent defects, also known as
organic color centers (OCC), are created via covalently bonding
aryl or alkyl groups onto sp” lattice on SWCNTs.*”*® A loca-
lized two-level electronic state within the nanotube’s electronic
structure is introduced via OCCs allowing for electronic tran-
sitions of excitons (Fig. 3a). This enables single-photon emis-
sion in the NIR region due to the OCC’s localization and trap-
ping of excitons resulting in significant red-shifting from the
original E; position, generally referred to Ej,.***° Moreover,
functional groups, defect densities, and chemical environ-
ments can affect PL on defect-induced nanotubes.*® This
phenomenon has opened new opportunities for controlled
covalent functionalized SWCNTs for NIR sensing and imaging

16348 | Nanoscale, 2024, 16, 16344-16375

applications. Kwon et al. introduced sp® defects on nanotubes
through aminoaryl functionalized SWCNTs and utilized these
nanotubes in monitoring temperature and pH changes
(Fig. 3b).*° The protonation and deprotonation of the amino
group on the SWCNT defect site resulted in PL changes in
response to pH changes. Using nanotubes in serum media,
the authors demonstrated that this sensor could respond to
pH changes as low as 0.2 pH units over the biologically rele-
vant pH range (pH 4.5 to pH 8.5).*° Furthermore, they discov-
ered a quenching effect in nanotube fluorescence with
increase in temperature (15 °C to 85 °C).*° This study opened
new opportunities for biosensing with OCC-SWCNTs.

SWCNTs as optical nanosensors

For a SWCNT-based nanosensor, the dispersant on the nano-
tube surface acts as a targeting element and nanotube itself

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Organic color center-based SWCNTs sensors. (a) Inducing sp® quantum defects onto sidewall of SWCNT via covalent attachment of an aryl
group.?’” The quantum defect allows for a localized two-level electronic state within the nanotube'’s electronic structure enabling entrapment and
electronic transitions of excitons.*” Reprinted with permission from ref. 47. Copyright 2013 Springer Nature. (b) OCC-SWCNT for monitoring pH and
temperature changes.*® Reprinted with permission from ref. 49. Copyright 2015 American Chemical Society.

acts as a transducer. Thus, a SWCNT-based optical sensor
system comprises three main components: a molecular target-
ing element, a transducer, and a signal processing unit." The
molecular targeting element interacts with the target analyte,
the transducer translates the physical or chemical change that
takes place upon specific molecular recognition, and the
signal processor produces the signal output.' For example, the
surface functional coatings on SWCNTs including DNA,
polymer, lipids, and other small molecules act as the mole-
cular targeting elements to facilitate specific molecular reco-
gnition with the target analytes. Nanotubes are very sensitive
to their local physicochemical environment. Thus, changes in
the surrounding environment including polarity, pH, dielec-
tric, surface charge, etc. can induce fluorescence enhance-
ment, quenching, or red/blue emission wavelength shifts as
shown in Fig. 4.>°° The optical changes are processed by
signal processor which produces the fluorescence spectrum
for observation of emission changes.

Sensing mechanisms

The exciton travels along the nanotube axis, visiting tens of
thousands of carbon atoms during its lifetime.>*
Photoluminescence from the nanotubes occurs when the
exciton recombines through radiative relaxation. The range
that the exciton travels can be affected by factors such as nano-
tube chirality,”" functionalization,’®> and defect density.’
Furthermore, an exciton’s travel can be disrupted through
changes in the local environment such as increase in dielec-
tric, withdrawing of electrons, or reduction in nanotube’s elec-
tron density, nonradiative recombination sites may be induced
resulting in fluorescence quenching.>*® The sensing mecha-
nism of SWCNT optical sensors can be based on the polarity
of the solvent, dielectric environment, charge transfer, and
redox mechanisms (vide infra). Understanding these mecha-

This journal is © The Royal Society of Chemistry 2024

nisms is important as this produces the output needed to
enable sensor function via changes in fluorescence intensity
and/or wavelength.

Fluorescence modulation via solvatochromism

One of the mechanisms of fluorescence modulation is via sol-
vatochromic shift of the fluorescence, which takes place when
a molecule experiences a change in its dipole moment due to
external stimuli/factors upon photoexcitation.>® The solvent
molecules which surround the nanotubes reorient to solvate
the dipole,**>® creating a difference in the solvation energy
between the molecule in the excited and ground states and
causing a solvatochromic shift.>> Choi and Strano studied this
phenomenon on SWCNTs by considering semiempirical
scaling model that describes the spectral shift resulting from
the differences in the exciton polarizability of SWCNT in
various media. A pristine SWCNT is highly polarizable but has
no net dipole moment. A dipolar solvent can induce a dipole
moment and the PL shift is proportional to the difference in
SWCNT polarizability between the ground and the excited
states of E,, transitions. The authors reasoned that the differ-
ence in the polarizability between the ground and excited
states for SWCNT is determined by the polarizability of the
exciton.>® This scaling model was used to explain the observed
PL shifts for SWCNTs in various dielectric environments. The
model could be used to predict solvatochromic shifts of
SWCNTs in various dielectric environments. Silvera-Batista
et al. and Larsen et al. further explored the effect polarity and
dielectric constants have on nanotube fluorescence. It was
reported that SWCNT quantum yield is strongly dependent on
polarity and electrophilicity of a solvent.>*>* Furthermore, sol-
vatochromic shifts are correlated with the extent of SWCNT
solvation.>® For example, nanotube fluorescence will experi-
ence intensity quenching and emission wavelength red shift-

Nanoscale, 2024, 16,16344-16375 | 16349
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Fig. 4 Examples of optical sensing mechanisms: (a) solvatochromic shifting of SWCNT fluorescence via modulation of nanotube surface coverage.
Interactions of surfactant SDBS with ssDNA—SWCNTs allow for increased surface coverage inducing blue-shifting in nanotube fluorescence.’®
Reprinted with permission from ref. 173. Copyright 2018 American Chemical Society. (b) Charge transfer between Triton X-100-SWCNT complex
and phosphomolybdic acid (PMo;,). Anionic dopant PMo;, interactions with nonionic SWCNTSs allow for electron transfer from the nanotube to
PMo;, causing a quenching effect in nanotube fluorescence;>® Reprinted with permission from ref. 58. Copyright 2017 John Wiley and Sons. (c)
Modulation of SWCNT fluorescence via pH changes in aqueous solution with anionic SWCNTSs and artificial sweat with polymer coated SWCNTs;*"*
(d) Oxidation (i) and reduction (ii) interactions with SWCNTSs. Oxidation occurs via adsorption of H,O, onto ssDNA-SWCNTs causing disruption of
excitonic travel thereby quenching fluorescence.®? Reprinted with permission from ref. 62. Copyright 2020 Springer Nature. Reducing agent dithio-
threitol (DTT) adsorption onto SWCNT surface passivates hole-doped defects on SWCNT enabling a brightening effect in NIR fluorescence.>®
Reprinted with permission from ref. 59. Copyright 2011 American Chemical Society.

ing in highly polar solvents while fluorescence intensity solvent polarity and SWCNT fluorescence can be attributed to
enhancement and emission wavelength blue shifting occurs in  the solvent dielectric. When a SWCNT is in a polar solvent,
nonpolar solvents.>>>* The inverse relationship between there is an increase in dielectric screening of the exciton due
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to coulombic interaction by the solvent molecules thereby
reducing radiative exciton recombination.>®">> This was found
to be true for solvents with increasing dielectric constants.>*">
Therefore, changes in the microenvironment surrounding the
nanotube surface, such as surface water molecules displace-
ment in aqueous-suspensions of SWCNTs, can induce fluo-
rescence modulations. Solvatochromic shifts can also be a
result of conformational changes in the polymer that encapsu-
lates a nanotube, or reorganization of small molecules bound
to the nanotube surface. These changes in the coverage of the
nanotube surface could expose or shield the exciton to the sur-
rounding environment,”*”® resulting in a shift in emission
wavelength as demonstrated in Fig. 4a.

Fluorescence modulation via charge transfer

Fluorescence modulation can also occur via charge transfer of
electrons between the nanotube, dispersant, solvent, and ana-
lytes. This can occur via an overlapping of nanotube and
analyte orbitals where electrons are withdrawn from the
n-system of the nanotube surface, creating sites for non-
radiative recombination thereby quenching fluorescence.”>*
The fluorescence modulation through charge transfer include
electron transfer from the top of the valence band of SWCNTs
to the lowest unoccupied molecular orbital (LUMO) of the
analyte,”” decrease in electron density through electrophilic
solvents,* and a functionalizing molecule/dispersant acting as
the electron withdrawing substituent which shifts SWCNT
Fermi levels into the valence band resulting in quenched emis-
sion.”® Hong et al. demonstrated charge transfer by doping
TritonX-100-SWCNTs complexes with phosphomolybdic acid
(PMo,,), a common polyoxometalate that can act as an elec-
tron acceptor.”® Due to the difference in Fermi levels between
SWCNTs and PMoy,, their interactions lead to naturally occur-
ring charge transfer with SWCNTs as electron donors and
PMo,, as electron a\cceptors.58 NIR fluorescence measure-
ments showed quenching of nanotube emissions with the
addition of PMo,, (Fig. 4b). Control experiments, which
included using SWCNTs wrapped with anionic carboxymethyl
cellulose sodium salt (Na-CMC) did not exhibit a quenching
effect in the presence of PMo,,. This was attributed to the
difference in types of the two surfactant/polymer-SWCNT com-
plexes tested. Na-CMC was not able to stabilize the donor-
acceptor hybrid structure due to the negative charge of the dis-
persant repelling the negatively charged PMoj, *® whereas non-
ionic TritonX-100 allowed for stabilization of the donor-accep-
tor structure leading to efficient charge transfer. Thus, this
study demonstrated how charge transfer can be tuned by chan-
ging the surface functionalization and its effects on PL.

Fluorescence modulation via redox reactions

Fluorescence can be modulated through redox reactions on
SWCNTs. For example, it has been reported that reducing
agents such as dithiothreitol (DTT) can enhance nanotube
fluorescence (Fig. 3dii) by passivating hole-doped defect sites
through donation of electrons.’® This enhancement was
reversed by removing the reducing agents, suggesting that
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fluorescence quenching is due to the defect sites which can be
induced by oxidation of the nanotube surface via oxygen
atoms.>*® Fluorescence quenching due to oxidation can occur
through electron transfer from the top of the valence band in
the carbon nanotube to the oxidizing agent (oxygen atom)
reducing nanotube electron density and creating partial posi-
tive charge on the surface.®>®" Thus, the nanotube’s electronic
structure is perturbed, thereby introducing a defect site and
increasing nonradiative recombination pathways. The output
results in quenching and a red shifted fluorescence spec-
trum.®" Lew et al. demonstrated this sensing mechanism by
developing a nanosensor for monitoring wound-induced
hydrogen peroxide (H,0,) signaling in plants.”> SWCNTSs were
functionalized with ss(GT);5 (G-SWCNTs) and exposed to
100 pM H,O0, in vitro. The nanotube’s fluorescence quenched
in the presence of H,0,, which was attributed to electron
transfer from SWCNTs to H,0, because of adsorption onto the
nanotube surface (Fig. 3di). Furthermore, the nanotube’s
response to H,O, was reversible through the addition of cata-
lase which converts H,0O, into H,O and O,. The nanotube
signal recovered to its original brightness within a few minutes
after catalase addition.®

Advances in optical nanosensor
development

SWCNTs-based sensors have been developed for the detection
and imaging of various molecules including neurotransmit-
ters,®® proteins,®*®*> mRNAs,*>®” COVID-19 virus,*® protein
tags and hydrogen peroxide,’>”° lipids,”* and chemotherapy
drugs etc. (Fig. 5a—f). These optical sensors were employed for
studies that involve sensing/detection in solution, in vitro,
in vivo (small animals) and in plants.®””>7?

Detection of steroid hormones

Steroid hormones play an important role in many physiologi-
cal processes including growth, development, energy metab-
olism, and reproduction.”? Imbalance of hormones can lead to
health issues such as diabetes, cancer, infertility, and dysregu-
lation of neurocognitive functions.””””” Thus, monitoring
steroid hormones could help facilitate early disease diagnosis
and treatment. Studies conducted by Zhang et al. and Lee
et al. show that nanotube-based sensors could be utilized for
hormone detection. Zhang et al. reported molecular reco-
gnition of estradiol, a sex hormone that is responsible for
maintaining the female reproductive system, bone mainten-
ance, nitric oxide production, and brain functions,”®”® with
SWCNTs functionalized with rhodamine isothiocyanate-
difunctionalized poly(ethylene glycol) (RITC-PEG-RITC).*® This
was done by screening several synthetic heteropolymers in
which RITC-PEG-RITC-SWCNTs exhibited a quenching in
nanotube fluorescence specific to estradiol. This was hypoth-
esized to be due to desorption of the RITC groups from the
nanotube surface during interactions with estradiol, causing
decreased surface coverage and ultimately quenched nanotube
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SWCNTSs optical response to neurotransmitters via screening a library of

sensors against nine different neurotransmitters.®® Reprinted with permission from ref. 63. Copyright 2014 American Chemical Society. (b) Detection
of protein, albumin, via polymer-cloaked SWCNTs.%* Reprinted with permission from ref. 64. Copyright 2019 Springer Nature. (c) MD simulation
snapshot of RNA-DNA hybridization events for detection of miRNA.%” Reprinted with permission from ref. 67. Copyright 2017 Springer Nature. (d)
Detection of COVID-19 virus spike protein.®® Reprinted with permission from ref. 68. Copyright 2021 American Chemical Society. (e) Adsorption of
protein tag, glutathione-S-transferase (GST), to ssSDNA—SWCNTs.®° Reprinted with permission from ref. 69. Copyright 2020 American Chemical
Society. (f) DNA-SWCNT response to chemotherapeutic drug, cisplatin.'’> Reprinted with permission from ref. 175. Copyright 2017 American

Chemical Society.

emissions.?® Furthermore, it was concluded that the confor-
mation of the polymer on the nanotube surface played a sig-
nificant role in specific molecular recognition. Thus, small
changes in polymer composition or nanotube chirality could
result in a new arrangement of the polymer on the nanotube
surface and yield different binding sites for molecular reco-
gnition to occur. Lee et al. used similar methods to monitor

16352 | Nanoscale, 2024, 16, 16344-16375

steroid hormones in vivo. In this study, a library of amphiphilic
polymers containing acrylic acid (hydrophilic unit), styrene
(hydrophobic unit), and acrylated cortisol were synthesized via
RAFT polymerization for encapsulation of SWCNTs for sensor
development and screening.®' Acrylated cortisol was used as a
template for hormones of similar sizes and shapes to adsorb
onto the nanotube surface. The hypothesis was that when the

This journal is © The Royal Society of Chemistry 2024
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sensor is exposed to free hormones in bodily fluids, the acry-
lated cortisol would desorb from the nanotube surface allow-
ing for a binding site to become available. The adsorption of
free hormones would cause the dispersant polymer to change
its conformation on the nanotube surface thereby triggering a
change in SWCNT fluorescence. The sensor screening against
11 steroid hormones revealed an affinity towards progesterone,
a female sex hormone that plays an important role in men-
struation and pregnancy. Additionally, the optimal nanosensor
for progesterone from the screening assay was then incorpor-
ated into hydrogels. Furthermore, reversibility of the sensor-in
the hydrogel complex was established by exposing to alternat-
ing cycles of 0-100 pM of progesterone in buffer solution. The
sensor’s response recovered to its original baseline and con-
sistently responded with each cycle for hormone exposure. The
sensor, embedded in the hydrogel matrix, also responded to
progesterone in mouse serum. Once the sensor response was
established within the hydrogel matrix, the sensor embedded
in the hydrogel was implanted into mouse models for in vivo
measurements. Two sets of sensor-hydrogels were inserted
into separate 6-8 kDa dialysis bags (one incubated with
100 uM of progesterone and the other in buffer as the control)
to prevent interference from non-specific molecules and these
were implanted subcutaneously in mice. There was an
immediate response from the treated sensor after implantation
with a decreased fluorescence intensity. The change in the
optical response was considered a dilution effect as interstitial
fluid diffused through the dialysis bags and diluted the
amount of progesterone present. Additionally, tissue samples
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were examined for inflammation 28 days after the SWCNT-
hydrogels were implanted in which resolution of the acute
inflammatory response and encapsulation in an epithelioid
cap were observed, demonstrating biocompatibility. This study
demonstrated the development and application of SWCNT-
based progesterone sensor for in vitro and in vivo studies.

Detection of cancer biomarkers

Carbon nanotube-based sensors have been investigated for
cancer diagnosis. This has been done via taking advantages of
specific molecular interaction between an antibody and cancer
biomarkers. A more common approach to develop SWCNT
nanosensor for cancer detection includes conjugating anti-
bodies specific to cancer biomarkers onto the nanotube
surface to facilitate tailored molecular interactions between
the nanosensor and target biomarker. For example, Welsher
et al. conjugated Rituxan, an antibody that recognizes B-cell
lymphoma cells, onto SWCNTs functionalized with polyethyl-
ene glycol (PEG) for detection of B-cell lymphoma.
Additionally, Herceptin, an antibody that recognizes breast
cancer cells, was conjugated onto PEG-SWCNTs for the detec-
tion of breast cancer cells.®” The SWCNT-antibody complexes
were incubated with the B-cell lymphoma and breast cancer
cell lines separately and imaged via NIR fluorescence imaging
in vitro. Each antibody-SWCNT complex exhibited an
increased fluorescence response to their respective cell lines
(Fig. 6a). This study demonstrated how SWCNT-based sensors
can be used to detect cancer cells. Williams et al. reported the
detection of prostate cancer in vitro®** and ovarian cancers®*
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Fig. 6 Detection of cancer biomarkers in vitro and in vivo. (a) NIR fluorescence images of B-cell lymphoma cells (Raji cells) and control T-cell lym-
phoma (CEM) cells in the presence of Rituxan-SWCNTSs (i). NIR fluorescence images of breast cancer cells (BT-474) and control MCF-7 cells in the
presence of Herceptin-SWCNTs (ii).®? Reprinted with permission from ref. 82. Copyright 2008 American Chemical Society. (b) Ab-ssDNA-SWCNT
optical response to the presence of HE4, biomarker for ovarian cancer, via blue-shift in nanotube emissions with increase in HE4 concentration (i).
Schematic of in vivo measurements via NIR optical probe of Ab-ssDNA-SWCNTs in mouse model with various tumor cell lines expressing HE4 (ii).
SK-OV-3 and OVCAR-8 were HE4 negative exhibiting minimal to slight red-shifting of nanotube fluorescence. OVCAR-3 and OVCAR-5 were HE4
positive and demonstrated blue-shifting.®*
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in vivo. To enable the detection of prostate cancer, antibody
conjugated SWCNTs were employed. An antibody for specific
binding of urokinase plasminogen activator (uPA), a biomarker
protein for prostate cancer, was conjugated via carbodiimide
crosslinking chemistry onto SWCNTs functionalized with
amine modified single-stranded DNA (ssDNA). The sensor
exhibited sensitivity to uPA with a limit of detection at 25 nM
in fetal bovine serum (FBS)-enriched media.*® Furthermore,
the nanotube’s response in human whole blood samples
exhibited similar red-shifting in the fluorescence as was
observed in FBS media. The red-shifting was attributed to an
accumulation of electrostatic charge density close to the nano-
tube surface, causing an increase in the dielectric environ-
ment. This study demonstrated the advancement of nanotube-
based sensors for cancer biomarker detection in biofluids.
Williams et al. reported optical nanosensors for ovarian
cancer detection in patient biofluids and in vivo using small
animal models.?® Using the same methodology as men-
tioned, an antibody specific towards human epididymis
protein 4 (HE4), was conjugated onto ssDNA-SWCNTs to
develop Ab-ssDNA-SWCNT nanosensor. This sensor could
detect HE4, an FDA approved biomarker for ovarian cancer
diagnosis, with an LOD between 1 and 2.5 nM in patient bio-
fluids.®* For in vivo studies, the sensor was loaded into a
semi-permeable membrane tube and the sensor construct
was implanted into mice exhibiting ovarian cancer tumors. A
fiber optic probe connected to a NIR spectrometer was used
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for noninvasive measurements of the nanotubes’ optical
responses from within the mouse. The sensor exhibited a
blue-shift in wavelength to HE4 which was consistent with
the results observed in patient biofluids (Fig. 6b). The mecha-
nism behind the spectral blue-shift was hypothesized to be
due to the interactions between the antibody and the protein
biomarker thereby displacing water molecules from the nano-
tube surface. This type of nanosensor constructs show
promise for use in clinical settings in cancer diagnosis and
monitoring therapies.

Detection of pathogens (bacteria and viruses)

Early detection of pathogens could aid in early diagnosis and
treatment of infectious diseases to combat a rise in antibiotic-
resistant infections.®® Niiler et al. designed a library of non-co-
valently functionalized DNA-SWCNT-assemblies that could aid
in the detection of metabolites including lipopolysaccharides,
siderophores, DNases, and proteases released from pathogens
and virulence factors.’® These SWCNT-based sensors were
further integrated into polyethylene glycol-based hydrogels
and the nanosensors were remotely imaged with NIR stand-off
detection (Fig. 7a). The sensor array was exposed to six clini-
cally relevant bacteria which cause post-surgery infections in
artificial joint implants. The optical responses from the sensor
arrays with distinct DNAs on the nanotube surface provided
fingerprinting of E. coli, S. aureus, S. epidermidis, and
P. aeruginosa (Fig. 7a). Furthermore, differentiation between
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Fig. 7 Detection of pathogens. (a) Schematic of SWCNT-based sensors incorporated into hydrogel sensor array for the optical detection of bac-
teria. NIR measurements were conducted remotely via stand-off detection. Optical responses yielded differentiation of bacterial species.®®
Reprinted with permission from ref. 86. Copyright 2020 Springer Nature. (b) Schematic of SWCNT-based sensor for detection of human immuno-
deficiency virus (HIV).¢ Reprinted with permission from ref. 66. Copyright 2019 American Chemical Society. (c) Detection of spike (S) protein from
SARS-CoV-2 virus via DNA functionalized SWCNTs with angiotensin-converting enzyme 2 (ACE2) receptor. The sensor detected S protein through
increased NIR emissions.®® Reprinted with permission from ref. 68. Copyright 2021 American Chemical Society.
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species of bacteria was established. This could aid in timely
diagnosis of bacterial infections.

Shumeiko et al. developed an optical nose consisting of an
array of peptide-encapsulated SWCNTs on a paper substrate
for detection of bacteria.®” Peptides-functionalized nanotubes
were used to develop a wide array of sensors with varying com-
binations of natural and unnatural amino acids in peptides.
Using sixteen different peptides containing tyrosine in
different proportions and positions with aspartic acid, gluta-
mic acid, lysine, and Fmoc-lysine, the authors determined that
peptides containing tyrosine, lysine, and/or Fmoc-lysine with
longer chains dispersed nanotubes at higher concentrations
with enhanced photoluminescence (PL) signals. The sensors
drop-casted onto a paper substrate were exposed to volatiles/
smell from E. coli and K. pneumoniae within bacterial culture.
The sensors exhibited a significant PL increase ranging from
8-22% to both bacterial strains within 60 seconds of exposure
to volatiles. Solvatochromic shifting caused by conformational
changes in the encapsulating peptide could have contributed
to the PL increase. Additionally, repeated exposures to bac-
terial smells were measured to characterize the sensor’s func-
tionality and reusability. After each exposure cycle, the sensors
were allowed to recover to baseline with clear airflow. It was
observed that the recovery signals over 300 seconds from the
sensors allowed for classification between the two bacterial
species tested. Therefore, this method could be advantageous
for conducting rapid diagnostics for early detection of bacterial
infections with optical sensing of volatile organics from
pathogens.

SWCNT-based sensors have also been explored for detec-
tion of viruses. Harvey et al. reported a SWCNT nanosensor for
the detection of human immunodeficiency virus (HIV) in
serum (Fig. 7b).°® The sensor was composed of SWCNTs non-
covalently functionalized with GT;smiR19 a sequence comp-
lementary to target miR19 oligonucleotide.®® The sensor was
exposed to intact HIV particles, SDS, a common surfactant
used in protein denaturation, and target oligonucleotide to
bind to GT15miR19 SWCNTSs, nanotubes showed changes in
optical responses. The proposed mechanism describes that
SDS denatured the HIV envelope and released viral protein,
that could be adsorbed onto the nanotube surface to elicit the
changes. The nanotube’s response was significantly higher in
the presence of complimentary sequence when compared to
addition of oligonucleotide with a non-complimentary
sequence.®® This study could be expanded to detection of
other viruses in serum.

Pinals et al. reported SWCNT-based sensors for the detec-
tion of COVID-19 virus. SWCNTs were functionalized with
DNA and incubated with angiotensin-converting enzyme 2
(ACE2) receptor to passivate the protein onto the nanotube
surface. Virus detection was facilitated by binding the spike (S)
protein to the sensor.®® The nanosensor exhibited enhanced
fluorescence within seconds upon exposure to S protein, where
intensity enhancement occurred overtime and reached 99.6%
enhancement after 90 minutes (Fig. 7¢).®® Control experiments
consisted of exposing the nanosensor to buffer solution

This journal is © The Royal Society of Chemistry 2024
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without target protein. In the control experiment, the nano-
tube fluorescence increased less than 25% after 90 minutes.
The authors then tested the sensor response in serum and bio-
fluids such as saliva and nasal fluid. While the sensor retained
its response in serum, a diminished effect was observed in
saliva and nasal fluid.®® This was attributed to non-specific
protein adsorption onto the sensor surface, causing reduced
recognition of the S protein. To mitigate these biofouling
effects,® passivation techniques were used involving phospha-
tidylethanolamine phospholipid with a PEG chain (PE-PEG)
which only exhibited partial improvement.®® Although this
sensor had a lower sensitivity compared to current COVID-19
detection methods,*® the response was faster compared to
polymerase chain reaction (PCR)-based and non-PCR-based
techniques in sample processing time. Further antifouling
strategies could be investigated to develop nanosensors for a
rapid and sensitive point-of-care diagnosis.

Detection of disease biomarker proteins

Proteins play an important role in many physiological pro-
cesses including pH and fluid balance, regulation of gene
expression, driving metabolic reactions, and immune system
support.®® Proteins can also serve as biomarkers for diseases.
Thus, detection of proteins could aid in disease diagnosis,
facilitate therapies, and help understand biological processes
to gain insights to metabolic and signaling pathways.”
SWCNT-based sensors have been engineered for protein reco-
gnition.”* Landry et al. developed a sensor for label free detec-
tion of individual proteins secreted from various cell lines
including E. coli (bacteria) and P. pastoris (yeast).”> The sensor
consisted of a noncovalently attached aptamer anchor polynu-
cleotide onto (AT),;-SWCNTs. A 53% decrease in nanotube
fluorescence upon exposure to 3 pM of RAP1, a protein vital
for T-cell signaling pathways, was observed. The SWCNTSs’ sen-
sitivity to protein secretion from those microorganisms was
tested via immobilizing the sensors in a microfluidic chamber
and incubating sensors in the presence of induced RAP1
secretion from E. coli (Fig. 8a). A turn-on response from
SWCNTs was observed within 0.5 seconds of exposure to RAP1
in cell lysates. Furthermore, the nanosensor responded to
HIV1 integrase with an increased fluorescence intensity up to
48%. The fluorescence change was attributed to changes in
the dielectric environment during molecular recognition. They
further extended the sensor model to detect HIV1 integrase
from human embryonic kidney (HEK293) cells and yeast cells
- eukaryotic protein expression hosts. Thus, this study pro-
vided a new pathway for studying eukaryotic protein secretion
at the single-cell level.

Corona phase molecular recognition (CoPhMoRe) tech-
niques have also been used to engineer SWCNT-based optical
probes for protein detection. This technique refers to the use
of a compositionally designed heteropolymer that adsorbs
onto a carbon nanotube surface for molecular recognition of a
target analyte. Analyte binding triggers either a SWCNT near-
infrared (NIR) fluorescence intensity change or wavelength
shift.®® Bisker et al. employed CoPhMoRe technique for the
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Fig. 8 SWCNT-based detection of disease biomarker proteins. (a) Brightfield and NIR fluorescence images of (AT);;—SWCNTSs response to RAP1 in
E. coli cell lysates.® Reprinted with permission from ref. 92. Copyright 2017 Springer Nature. (b) Library screening of phospholipid-PEG functiona-
lized and DNA functionalized SWCNTs against fourteen blood proteins via corona phase molecular recognition. Specificity towards fibrinogen (indi-
cated with a white box) was determined.®* (c) NIR fluorescence images of phospholipid-PEG-SWCNTs during clotting process over time. Thrombin,
which catalyzes conversion of fibrinogen into fibrin, was added at 0 seconds.®* (d) Schematic of SWCNT-based insulin sensing from pancreatic cells.
Emission spectra of SWCNTSs in presence of increasing concentration of insulin.®® Reprinted with permission from ref. 98. Copyright 2021 John

Wiley and Sons.

detection of fibrinogen,”® a protein that is associated with
blood coagulation and platelet aggregation. SWCNTs were
non-covalently functionalized with phospholipid-PEG polymer
derivatives and these SWCNT complexes were screened against
fourteen blood proteins.

The screening revealed that functionalized SWCNTs show
specificity towards fibrinogen, which was evident from a
greater than 80% decrease in nanotube fluorescence (Fig. 8b).

It was hypothesized that the arrangement of the polymer on
the nanotube surface and conformation of fibrinogen facili-
tated the molecular recognition. This was confirmed with
atomic force microscopy (AFM) which revealed the fibrinogen
in alignment with the SWCNT axis following adsorption and
quartz crystal microbalance with dissipation. The sensor’s
recognition of fibrinogen was retained in serum environments.
Gerstman et al. expanded this study to monitor the blood
coagulation process in real-time.”* Using the phospholipid-
PEG polymer functionalized SWCNTs, formation of fibrin
from fibrinogen during blood clots studied.
Functionalized SWCNTs were incubated with fibrinogen to
form SWCNT-fibrinogen complex. Then, thrombin was added
to the SWCNT-fibrinogen complex to catalyze the conversion

was

of fibrinogen to fibrin thereby inducing clot formation. The
presence of SWCNTs did not seem to hinder the blood clot for-
mation. Furthermore, clot formation process was monitored
with NIR imaging of SWCNTs in real-time (Fig. 8c). Thus,
these findings could be used to improve diagnostics and thera-
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pies for blood clotting disorders. Jin et al also utilized
CoPhMoRe methodology for detection of interleukin-6 (IL-6)
family of cytokines® using SWCNT sensors. IL-6, a cytokine,
plays an important role in infection processes, neural func-
tions, and healing processes.’>®” Thus, monitoring these
molecules could provide insight on their relationship to
disease processes. Jin et al. reported that polymer constructs of
amphiphilic polymers consisting of styrene-based copolymers
with acrylic acid, styrene sulfonate, and/or diols substituents
adsorbed onto SWCNTs responded to IL-6 in solution.” A
high-throughput screening revealed that among 41 polymer-
SWCNT constructs tested, only two polymer-SWCNT con-
structs showed a dose-dependent response to IL-6. The
CoPhMoRe methodology was further employed to develop
SWCNT-based sensors for monitoring insulin secretion from
pancreatic p-cells.’® Insulin, a peptide hormone responsible
for maintaining blood glucose levels, is secreted from pancrea-
tic p-cells in response to increased blood glucose levels.”®
When secretion of insulin is impaired or defective, diabetes
can develop.'® Understanding pancreatic p-cell mechanisms
could provide important insights for diabetes diagnostics and
therapies. Bisker et al. reported that PEGylated lipid polymer
functionalized SWCNTs could recognize insulin in serum."**
Ehrlich et al. further advanced this study by using nanosensors
to monitor insulin secretion from pancreatic p-cells upon
introduction of glucose (Fig. 8d). Ehrlich et al. used natural
(insulin aptamer) and synthetic (polyethylene glycol conju-

This journal is © The Royal Society of Chemistry 2024
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gated lipid) molecular recognition strategies for nanotube
functionalization and insulin detection.’® It was observed that
both the natural and synthetic polymer-SWCNT complexes
recognized insulin and showed a decrease in fluorescence
intensity by 29% and 16% respectively within 5 minutes of
incubation in conditioned media. Furthermore, the LOD was
0.13 pg mL~" which was determined sufficient for measuring
insulin from pancreatic p-cells following glucose stimulation.’®
Although both SWCNT complexes responded to the presence
of insulin, the synthetic lipid/polymer could be advantageous
over natural aptamers for chemical and thermal stability.
Thus, nanosensors could be instrumental in advancing dia-
betes research for improved therapies.

Budhathoki-Uprety et al. developed polymer encapsulated
nanotube-based sensors for biomarker protein detection. In
this study, a nanosensor was developed for the detection of
albumin in the urine under microalbuminuria, condition
associated with diabetes, cardiovascular diseases, and
cancer.®* Current clinical detection methods for microalbumi-
nuria include immunoturbidimetry (antibody-based) assays,
which require specific handling and storage conditions includ-
ing refrigeration to mitigate reagent degradation.®* Thus, there
is a need for versatile, robust, sensitive, and scalable detection
methods. The polymer used to encapsulate the nanotube was
designed for mimicking albumin-binding with fatty acids via
integration of carboxylic acid functional groups in the
polymer.®* Upon exposure to increasing concentrations of
albumin, a blue shift in emission wavelength and fluorescence
enhancement was observed (Fig. 5b).°* The PL enhancement
and emission wavelength blue-shifting of the nanotubes were
attributed to solvatochromic mechanism. Functionalized
nanotubes with carboxylic acids could interact with fatty-acid
binding sites on albumin creating a more hydrophobic
environment around the nanotube surface and displacing
water molecules from the nanotube surface. The selectivity
and sensitivity in detection were tested by the addition of non-
specific proteins to the sensor, which did not yield as strong of
a response as with albumin.®® Furthermore, the sensor
retained its sensitivity in patient’s urine samples and the func-
tionality was preserved in sensor embedded acrylic paint
material.®* By incorporating the sensor into a solid-state form,
a portable and wearable sensor for the development of wear-
able devices in medical applications could be possible. Thus, a
carbon nanotube-based optical sensor could provide ease of
production, handling, and storage of sensor material as
opposed to detection methods that require antibodies.®*

Detection of MicroRNAs

MicroRNAs (miRNAs) are small, single-stranded, non-coding
RNA molecules that play important roles in regulating gene
expression and cellular functions.'®” Dysregulation of miRNAs
have been linked to cancer, viral infections, cardiovascular
disease, neurological disorders, muscular disorders, etc.'*>
Thus, these molecules could be used as biomarkers for
disease diagnosis. Harvey et al. explored a SWCNT-based
sensor for the detection of miRNAs in vitro and in vivo by har-
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nessing RNA-DNA hybridization events.®” In this study,
SWCNTs were functionalized with a DNA sequence that would
impart colloidal stability as well as consist of a complementary
sequence for hybridization interactions with target miRNA,
miR19 for its role in oncogenesis.®”” Upon incubating the
sensor with the target miRNAs in urine and serum samples,
SWCNTs exhibited a blue shift in wavelength and increased
intensity of nanotube fluorescence specific to miR19. The
mechanism of detection was described as a result of competi-
tive displacement of electrostatic charge and water molecules
from the nanotube surface upon the hybridization event,
thereby causing a solvatochromic shift. Reversibility was also
determined via toehold-mediated strand displacement by
introducing toehold, a single-strand overhang on duplexed
DNA, to facilitate hybridization with a complementary strand.
Once the removing strand was introduced, nanotube fluo-
rescence recovered back to its initial state. Furthermore, in vivo
functionality was established by implanting the sensor into
the peritoneal cavity in mice models. The sensor response was
measured noninvasively via a fibre-optic probe-based system to
evaluate the sensor’s response to increasing concentrations of
miRNA (Fig. 9a). The sensor detected miRNA up to 100 pM
in vivo (Fig. 9b), which is within the physiologically relevant
range.®” Thus, SWCNT-based optical probes can be engineered
for miRNA detection in vitro and in vivo for diagnostic
applications.

Hendler-Neumark et al engineered sensors to detect
miRNAs associated with acute myocardial infarction.'®® Five
sensors were developed by functionalizing SWCNTs with DNA
sequences that were complementary to the target miRNAs.
Upon incubating the sensors with 10 pM of miRNA in buffer,
three out of five sensors responded with increases in nanotube
fluorescence ranging from 22-53%."® The fluorescence modu-
lation was attributed to the hybridization of DNA and RNA
with their complementary sequences, causing conformational
changes of the DNA on the nanotube surface, which could
result in solvatochromic changes on nanotubes. Among those
three sensors, only one sensor retained its sensing ability in
serum environment. The sensor responded to 10 pM of miRNA
with a 125% fluorescence increase. The LOD ranged from 9-81
nM over the nanotube chiralities examined. Additionally, the
sensitivity and specificity were tested by exposing the sensor to
other mutated and random miRNAs. This resulted in low
response from mutated sequences and high specificity towards
the target miRNA in the presence of random sequences in
serum (Fig. 9¢).

Sensing lipids accumulation

Lipid disorders have been associated with neurodegenerative
disorders, cancer, artherosclerosis, liver disease, and lysoso-
mal storage disorders.'”* % Heller Lab developed DNA-func-
tionalized optical reporters for measuring lipid accumulation
in cells and in vivo and studied a long-term biocompatibility of
those sensors in mouse model.”'**™% Jena and Roxbury
et al. developed a sensor that allows detection of lipid flux in
the endolysosomal lumen of live cells.”! By functionalizing
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Fig. 9 Detection of microRNA in vitro and in vivo. (a) Image of NIR probe for measuring sensor response in mouse model. (b) NIR response of
SWCNTs to decreasing miR-19 DNA concentration compared to control oligonucleotide sequence.®’” Reprinted with permission from ref. 67.
Copyright 2017 Springer Nature. (c) microRNA detection in buffer and serum (left — scheme and right — results). SWCNTSs had a specific response to

target microRNA in the presence of random RNA sequences in serum.1%3

(8,6) SWCNTs with ss(GT)s DNA sequence, the authors showed
that the sensor responds to lipids. The sensor responded to
lipid accumulation within the endolysosomal lumen of live
cells via wavelength shift in nanotube fluorescence (Fig. 10a
and b). The mechanism was illustrated with MD simulations
which showed ~19% decrease in the density of water mole-
cules around the nanotube surface upon adsorption of chole-
sterol and sphingomyelin, lipid molecules present in the endo-
lysosomal lumen and cell membrane.”" The quantitative detec-
tion of lipids within live cells was performed via NIR hyper-
spectral microscopy.”" The sensors responded to lipid accumu-
lation in cells with lysosomal storage disorders from a patient
with Niemann-pick type C disease, a disease that causes
abnormal processing of lipids within the body. The results
from single-cell kinetics revealed varying lipid accumulation
rates among different cells.”" The sensor localized within the
endolysosomal lumen of live cells via endocytotic pathways
without hindering organelle morphology, structural integrity,
or function. This study demonstrated the NIR measurements
of lipid flux within live cells which could be used for investi-
gating disease pathways. Galassi et al. advanced this study and
reported measuring lipid accumulation in vivo'® (Fig. 10c).
Using ssCTTC;TTC - (9,4) SWCNTs, the sensors were intra-
venously injected into mice models exhibiting Niemann-pick
type C disease, atherosclerosis, and non-alcoholic fatty liver
disease (NAFLD), all models associated with lipid accumu-
lation disorders. The sensor in each mouse model exhibited a
blue shift in wavelength of nanotube fluorescence and allowed
for monitoring of lipid accumulation ranging from minutes up

16358 | Nanoscale, 2024, 16, 16344-16375

to 6 weeks after injection. This indicates that SWCNT-based
sensors could be used in monitoring lipid flux in vivo which
could help in understanding disease biology and aid in the
drug discovery and development processes.

Recently, Antman-Passig et al. further developed SWCNT-
based lipid reporters by monitoring lipid accumulation intra-
cranially."'® ssCTTC;TTC - (9,4) SWCNTs were directly injected
into mice cerebellum for monitoring of sphingomyelin
accumulation (Fig. 10d). This lipid has been associated with
Niemann-Pick type A (NPA) disease known to cause rapid neu-
rodegeneration and fatality in infants.''® NIR fluorescence
measurements showed a blue-shift in emission spectra from
the nanotubes when compared to the control model, indicat-
ing a higher lipid content in NPA presenting mouse models.
They also investigated the fate of the sensors in brain tissue
via NIR hyperspectral microscopy. It was observed that the
nanotubes did not cause significant cell damage and the
sensors remained near the injection site. This study demon-
strated that nanotube optical sensors could be used to
monitor lipid accumulation in brain tissue providing a
pathway for utilizing optical nanosensors for studying neuro-
degenerative diseases.

Detection of hydrogen peroxide in biological processes

Hydrogen peroxide (H,0,), a byproduct of cellular metabolism,
is a reactive oxygen species (ROS) which plays a crucial role in
cell signaling.'™ Thus, monitoring H,O, can provide better
understanding of cell signaling pathways. Previous studies
showed that the introduction of H,0, to SWCNTs quenches

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Detection of lipid accumulation in cells and mouse models. (a) MD simulation snapshot of (8,6) SWCNTs functionalized with ss(GT)¢ and
adsorption of cholesterol and sphingomyelin onto the sensor surface. (b) Detection of lipid accumulation in cells. Schematics represent lipid
accumulation in cells based on inhibition of NPC1 with treatment of U1866A and inhibition of LAL with treatment of Lalistat 3a2. Hyperspectral
imaging indicates sensor response to lipid accumulation in cells based on the specified treatment.”* (c) Hyperspectral image of ssCTTC5TTC — (9,4)
SWCNTSs response to lipid accumulation of oxidized LDL (oxLDL) in vivo.X%® Reprinted with permission from ref. 109. Copyright 2018 The American
Association for the Advancement of Science. (d) Schematic of injecting ssCTTC3zTTC — (9,4) SWCNTs into mouse brain tissue and hyperspectral
imaging demonstrating wavelength shift of SWCNTSs due to lipid accumulation in brain tissue. Yellow dotted lines indicate injection site.''® Reprinted

with permission from ref. 110. Copyright 2023 American Chemical Society.

fluorescence and the mechanism has been determined via
™2 Jin et al. developed a sensor array consist-
ing of collagen functionalized SWCNTs incorporated into a
thin film for monitoring H,0, flux from epidermal growth
factor receptor (EGFR).""® EGF is expressed in epidermal carci-
noma cells, and when activated by EGFR, H,O, is produced.
The nanotubes responded to the generation of hydrogen per-
oxide in real-time via quenching of nanotube fluorescence.
Bhattacharya et al. sought to use H,O, signals as a technique
for evaluating chemotherapeutic efficacy in pancreatic ductal
adenocarcinoma cells (PDAC)."** Treatment of PDAC with che-
motherapeutic drugs (gemcitabine and irinotecan) produce
H,0, during their cytotoxic activity.'"* Monitoring the real-
time production of H,O, from treatment with chemotherapeu-
tic drugs could be related to tumor cell cytotoxicity and ulti-
mately therapeutic efficacy. SWCNTs were functionalized with
sSDNA, (GT)s, a sequence that is known to detect H,0,.'"
(GT);5-SWCNTs were used for monitoring differences of H,0,
produced from PDACs after treatment with these chemothera-
peutic drugs in vitro and in vivo. As SWCNTs exhibit character-
istic Raman and PL signals which could be sensitive to
changes in their local environment, both Raman and photo-
luminescence measurements were utilized as dual signals to
evaluate the sensor response towards H,O,. Prior study has

redox reactions.

This journal is © The Royal Society of Chemistry 2024

shown that PL on DNA-SWCNTSs decrease upon introduction of
hydrogen peroxide. This type of optical response has been
mainly described as reversible charge-transfer quenching
upon H,0,-SWCNT contact caused by hydrogen peroxide’s
high reduction potential. Furthermore, absorbance of SWCNT
also decreased in response to hydrogen peroxide addition
unraveling the effects of hydrogen peroxide on SWCNT optical
transitions. Since resonant Raman peak intensities couple to
optical transitions, Raman intensity could also decrease with
H,0,. In fact, the DNA-SWCNT hybrids showed reversible alter-
nation in Raman and PL properties in response to hydrogen
peroxide level. Thus, both Raman and PL effects could be used
for detecting hydrogen peroxide. Additionally, a confocal
Raman microscope, which was also equipped to record PL
spectra and Raman spectra was used for in vitro studies to gain
insights on spatial distribution of hydrogen peroxide pro-
duction inside cells. In vitro experiments revealed monotonic
quenching of fluorescence and Raman signals with increasing
H,0, concentrations. In vivo experiments consisted of implant-
ing the sensor in live mice presenting pancreatic tumors via
creating a well inside the tumor and delivering sensor into the
well. The sensor was secured inside the tumor with biological
glue. After implantation, the tumors were treated with gemcita-
bine to induce H,0, production. This led to a 50% decrease in

Nanoscale, 2024, 16,16344-16375 | 16359
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the Raman G-band signals when compared to the untreated
tumor. The Raman signals of SWCNTs were found to be rever-
sibly recovered in gemcitabine-treated mice upon recovery
from the influence of the drug treatment. This technique
could be expanded to evaluate the efficacy of other chemother-
apeutic drugs.

Monitoring enzyme activities

Enzymes facilitate biochemical reactions in the body and are
important for respiration, digestion, muscle, and nerve func-
tions.'*® However, enzyme imbalance can lead to adverse
human health impacts including metabolic diseases, neurode-
generative diseases, and cancer."””"'® SWCNT-based sensors
have been developed for monitoring enzymatic reactions in
real-time."*® Loewenthal et al. developed SWCNT-based nano-
sensors for monitoring cholinesterase activity and inhi-
bition."* A library of DNA-SWCNTs with varying DNA
sequences was exposed to enzymatic reaction which involved
acetylcholinesterase (AChE) and its substrate acetylthiocholine
to identify optimal DNA-SWCNT complexes that facilitate
monitoring the enzymatic reactions. It was found that (GT),5 -
SWCNTs and (T);, - SWCNTs specifically responded to thio-
choline, the hydrolyzed product of acetylthiocholine, via
increases of ~50% and 70% nanotube fluorescence respect-
ively. The LOD was 107-10" U L™ in serum. It was proposed
that DNA conformational changes on the nanotube surface
during recognition of thiocholine could trigger an optical
response from nanotubes most likely due to solvatochromism.
Whereas the other DNA-SWCNTs tested had a smaller and/or
nonspecific response. The sensors were then immobilized on a
coverslip and thiocholine was detected through single-mole-
cule sensor event (individual DNA-SWCNTs) via spatiotem-
poral fluorescence imaging. Furthermore, the presence of
neostigimine, a cholinesterase inhibitor, was distinguished via
diminished fluorescence response by more than three times
less compared to uninhibited enzyme. Basu et al. functiona-
lized SWCNTs with myristocholine (MC), a natural substrate of
cholinesterase (ChE), for the direct detection of ChE in blood
plasma.'®? It was hypothesized that the hydrolysis of MC via
ChE would produce choline thereby inducing fluorescence
signal changes from the nanotube sensor. Upon addition of
5.05 U L' ChE, a dose-dependent quenching in nanotube
fluorescence was observed up to three hours after ChE
addition. This response correlated to the amount of choline
molecules produced from MC hydrolysis. Therefore, the hydro-
lysis of MC by ChE could have induced conformational
changes on the nanotube surface inducing fluorescence modu-
lation. The presence of ChE inhibitors in blood plasma was
determined by the unvaried fluorescence signal revealing the
absence of choline production. Thus, these two studies show
promising results on nanotube-based technologies for moni-
toring enzyme activities in biofluids.

SWCNTs can be used to enhance biochemical assays.
Current methods for monitoring enzymatic reactions include
enzyme-linked immunosorbent assays (ELISAs) and western
blots, which often utilize enzymatic reactions to quantify con-
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centrations of an analyte via visible color change.'**'** Thus,
the sensitivity of these techniques is limited to the visible wave-
length spectrum. Metternich et al. designed nanosensors for
overcoming limitations of ELISAs and western blots."*® Since
SWCNTs are highly sensitive to their local physicochemical
environment, these materials could be used to enhance the sen-
sitivity of the current methods to lower concentrations of
analyte. This study utilized phospholipid-polyethylene glycol
(PEG-PL) and short sequence DNAs to functionalize nanotubes
and used these nanotube complexes to identify their sensitivity
towards f-galactosidase and horse radish peroxidase (HRP) sub-
strates/products. For HRP study, the sensor was incubated in
the presence of HRP, its substrate p-phenylenediamine (PPD),
and reaction product Bandrowski’s base (BB). Sensors for
B-galactosidase sensitivity were incubated with p-galactosidase
and their respective substrates. The HRP sensors responded to
PPD and BB with nearly 164% fluorescence increase and about
87% fluorescence decrease respectively. It was hypothesized
that the enzymatic reactions would cause DNA conformational
changes thereby inducing fluorescence changes from the nano-
tubes. Additionally, the sensor’s detection limit was 50x lower
in concentration of BB compared to the traditional visible
readout. DNA-SWCNTs tested with f-galactosidase had lesser
response. Furthermore, there was a non-linear dependency
between the visible and NIR readouts which was attributed to
the affinity of the substrate/product to the nanosensor. This was
called sensor-based signal amplification and translation.'*> The
signal enhancement of DNA-SWCNTs in response to HRP sub-
strate showed an increase up to 120x compared to the visible
absorption signal. Thus, the substantial signal enhancement
using SWCNTs for NIR readouts in monitoring enzymatic reac-
tions in vitro could help enhance the sensitivity of current bio-
chemical assays for analyte detection.

SWCNT-based optical sensors for plant health monitoring

The increasing world population has necessitated the need for
smart agriculture to ensure adequate food supply. To prevent
the crops from damage, early detection of plant stresses and
diseases is crucial so that timely interventions can take place.
Wu et al. developed nanosensors for monitoring of hydrogen
peroxide, a key signaling molecule associated with the onset of
environmental stress in plants.”® Early detection of environ-
mental stress within the plant can lead to early action to
prevent further damage to the crop.”> SWCNTs were functiona-
lized with DNA aptamer that bind to hemin. Hemin binds to
ferric iron and undergoes a Fenton-like reaction with hydrogen
peroxide. Nanosensors were infiltrated into plant leaves by
applying the nanosensor solution to the underside of the leaf
via gently pressing a syringe against the leaf lamina.”>"*® It
was shown that this optical nanosensor can detect hydrogen
peroxide within the plant physiological range of 10-100 pM.”>
Therefore, the infiltration of SWCNTs into plant leaves seems
to be a viable method for monitoring plant stress in vivo.
Another approach for early detection of plant stress could be
monitoring plant metabolites associated with defense mecha-
nisms. Nifiler et al. reported an array of sensors functionalized

This journal is © The Royal Society of Chemistry 2024
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with ssDNA and PEG-PL polymers for the detection of polyphe-
nols, a class of metabolites that are involved in plant defense
mechanisms against pathogens and herbivores.'?” There is a
general tendency of fluorescence increase for ssSDNA-SWCNTs
and a decrease for PEG-PL-SWCNTSs. Tannic acid, a structu-
rally large polyphenol, was used as a model compound to
study the interaction between tannins and the sensors. With
ssDNA-SWCNTs, PL intensity increased in nM regime and
decreased in the pM to mM range. Such PL changes in
DNA-SWCNTs could be explained based on antioxidant effects
of polyphenols at lower concentration (nM) and aggregation
effects at higher concentration. However, PEG-PL-SWCNTSs
showed a consistent decrease in the PL intensity with polyphe-
nols. It was observed that the PEG-PL-SWCNTs can respond to
polyphenols within the 0-10 pg mL ™" range in plant tissue and
culture medium by exhibiting a significant red-shift and
decrease in nanotube fluorescence. Furthermore, E;; absorp-
tion maximum of PEG-PL-SWCNTs was red-shifted by
approximately 10 nm. The decrease in PL intensity and red-
shifting phenomenon could not be simply explained by classi-
cal antioxidant effects of polyphenols. It was hypothesized that
the strong interaction between the sensor and the polyphenol
analyte could cause changes in solvation effecting exciton
diffusion along the nanotube surface. Furthermore, in situ
detection was enabled by allowing soybean seedlings to grow
on the agar medium that contained embedded sensors. The
soybean roots were then exposed to an elicitor that would
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cause polyphenol production from the embryonic (Fig. 11a).
The sensor response to polyphenol production was determined
with an NIR stand-off imaging system over a 24-hour period.
The results showed that the NIR signal decreased close to the
elicitor-induced area where increased polyphenol secretion
was observed within the first 4-8 h then stabilized over the
remaining 24 h of the experiment (Fig. 11b)."*” This allowed
for direct real-time monitoring of polyphenol production in
plant root systems.

Phytohormones are considered biomarkers for plant stres-
ses. Gibberellins (GA) are plant hormones that regulate various
developmental processes, including stem elongation, germina-
tion, dormancy, flowering, flower development, and leaf and
fruit senescence.’”® Plant stress alters GA expression in the
root system thereby effecting plant growth. Thus, monitoring
changes in GA expression could aid in early detection of plant
stresses. Boonyaves et al. developed nanosensors for the detec-
tion of gibberellins (GA)*® (Fig. 11c). This study employed
CoPhMoRe techniques to identify a sensor that had sensitivity
towards GA molecules. Polymers were custom designed to
facilitate hydrogen bonds with GA while adsorbing to SWCNTs
to provide colloidal stability. After library screening, two
corona phases were identified to have affinity towards two
types of GA compounds with an LOD of 542 nM and 2.96 pM
to GA; and GA, in buffer solution."®® This affinity was most
likely due to a combination of electrostatic interactions, hydro-
gen bonding, and steric interactions between the polymer on
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Fig. 11 Monitoring plant health in vivo. (a) Schematic of PEG-PL-SWCNTs detection of polyphenols in agar medium with plant seedling.*?’ (b) NIR
fluorescence images of sensors responding to pathogen-induced generation of polyphenols over 24 hours. The white triangle indicates point of
wounding, red line indicates line position, scale bar is 1 pM.*?’ (c) Schematic of SWCNT detection of gibberellins hormones (GAz and GA,) in plant
roots under salinity stress.*?® (d) NIR fluorescence images of GAs (i—ii) and GA, (iii—iv) sensors before (t = 0) and after exposure (t = 95 min) to
100 uM of GAz and GA, respectively.’?® Reprinted with permission from ref. 129. Copyright 2023 American Chemical Society.
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SWCNT and GA compounds. Binding of the analyte to the
sensor could cause dielectric environment changes in the proxi-
mity of the SWCNT resulting in solvatochromic shifts. Once
in vitro functionality was established, in vivo capabilities were
tested by infiltrating the roots of basil and Arabidopsis seedlings
by incubating the seedlings in SWCNT-sensor solution over-
night. The seedlings were then immersed in 100 pM of GA and
the sensors exhibited maximum fluorescence changes within
95 minutes of exposure (Fig. 11d). Additionally, GA dynamics
were monitored in Arabidopsis plants by developing a NIR/
Raman fluorimeter to eliminate the need for a reference sensor,
thus expediting data collection. This instrument utilized the
Raman G-band in SWCNTSs to be used as an internal reference
in which the Raman signal would remain unvaried in the pres-
ence of specific and non-specific molecules. The accumulation
and depletion of GA in Arabidopsis plants overexpressing GA or
under salinity stress was detected. This provides a new method/
technology to study GA dynamics in plants.

Detection of bio-electrolyte metal ion, heavy metals and other
contaminants

SWCNT-based sensors have been used to detect contaminants
in water,"®° fish tissues,"*' and model biofluids."**> Exposure
to heavy metals such as Cd**, Pb*>*, Fe**, Hg*", Zn**, and Cu**
present in water can cause health issues including neurode-
generative diseases and cancer.”**'** Wulf et al. developed
SWCNT-based optical sensors using a melanin inspired
polymer to functionalize SWCNTs for the detection and
scavenging of metals ions from aqueous sources.’*® The
polymer contained catechol and ortho-quinone functional
groups to facilitate binding of metal ions. Of the metal ions
tested, a dose-dependent increase/decrease in nanotube fluo-
rescence was observed with Fe®*/Cu®* with concentrations
ranging from 0-100 puM for Fe*" and 0-1.24 uM for Cu*"."*°
Additionally, LODs ranged from 19-413 nM for all metal ions
tested. The accumulation of metal ions close to the nanotube
surface would likely change the dielectric environment thereby
inducing fluorescence changes. Gong et al. developed sensors
for divalent metal ion detection via CoPhMoRe methodology
using DNA-SWCNTs."*' Through the optimization of several
experimental parameters, the authors developed a protocol for
optimal sensing with DNA-SWCNTs. By using these para-
meters, it was shown that DNA-SWCNT corona phases can
differentiate between Mn**, Hg?*, Cr**, and Pb*' in buffer.
Furthermore, these sensors were applied for detection of Hg>"
in fish tissue via portable NIR reader and a paper-based
barcode strip. The nanosensors were deposited onto the sub-
strate and exposed to fish tissue extract spiked with mercury
salts to increase concentration of Hg>". The sensors detected
33 nM of Hg*", which is much lower level compared to the
average mercury content in fish tissues (~1.1 pMm)."*!
Therefore, these sensors could be employed for monitoring
heavy metals for food safety applications. Besides heavy
metals, functionalized carbon nanotubes could be employed
as optical reporters for the detection of potassium ion, a key
electrolyte that plays vital role in cardiovascular, ocular and
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neurological health. Dewey et al. reported optical detection of
potassium ions in simulated biofluids using SWCNT-based
sensors."’® SWCNTs were non-covalently functionalized with
polystyrene sulfonate, FDA approved polymer to treat hyperka-
lemia, and its derivative to allow effective interaction between
potassium ion and the nanosensor. The nanosensor showed a
dose-dependent optical response to potassium ions via PL
increase. The fluorescence changes was attributed to solvato-
chromic changes due to ion exchange and water molecules dis-
placements from nanotube proximity. The optical response
was distinct within 5 minutes of exposure and a limit of detec-
tion was 0.39 mM potassium chloride solution.'”®

The increased use of quaternary ammonium compounds
(QACs), an active ingredient in chemical disinfectants, during
the COVID-19 pandemic has caused increases in human
exposure to these chemicals. Furthermore, QACs have been
associated with adverse health impacts including increase in
inflammatory cytokines, decrease in mitochondrial function,
and disruption of cholesterol homeostasis."*® Recent reports
show that QACs can appear in human milk and blood indicat-
ing these compounds can cross physiological barriers."*® Thus,
sensing technologies could aid to better understand the long-
term fate and human health impacts of these compounds.
Dewey et al. developed nanosensors using bile salts functiona-
lized SWCNTs. For the study, the authors functionalized
SWCNTs with anionic bile salt derivative, sodium cholate (SC)
and zwitterionic bile salt derivative, 3-[(3-cholamidopropyl)di-
methylammonio]-1-propane sulfate (CHAPS) hydrate. These
functionalized carbon nanotubes were used for the detection of
QACs in serum media."** Dose-dependent increases in nano-
tube fluorescence were observed within minutes of addition of
QACs. The LOD for detection of benzalkonium chloride (BAC), a
commonly used QAC, was 0.68 nM."** The detection range was
within the concentration range of BAC that was found in
human blood samples during pandemics. The sensing mecha-
nism was attributed to solvatochromic and dielectric changes
due to lipophilic and electrostatic interactions between BACs
and the nanosensor, causing water displacement away from the
nanotube surface. Since BAC is a commonly used QAC in many
household cleaners and chemical disinfectants, this affinity was
advantageous for future applications in biofluid analysis to gain
insights on exposure and associated health impacts.

Portable and wearable sensing
platforms

While there has been increasing interest in the development
of SWCNT-based optical nanosensors, rendering them into a
portable matrix while maintaining sensor functionality
remains a challenge. This is due to SWCNTs extreme sensi-
tivity to their surrounding environment.®**® Budhathoki-
Uprety et al. addressed this challenge by incorporating their
SWCNT-based sensor into an acrylic paint matrix (Fig. 12a).%*
It was reported that the sensor response was consistent in
solution and when embedded within the polymer matrix in
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Photograph of polycarbodiimide-SWCNTSs in acrylic paint matrix. Sensors

retained response to albumin in urine samples.®* The schematic shows measuring the sensor response using fiber-optic probe. Reprinted with per-
mission from ref. 64. Copyright 2019 Springer Nature. (b) Peptide-SWCNTs on paper substrate and their NIR fluorescent response to trypsin.*” (c)
ssDNA-SWCNTs in fibrous matrix adhered to wound bandage for detection of hydrogen peroxide. SWCNTSs in fibrous matrix responded to increas-
ing concentrations of hydrogen peroxide via quenching of nanotube fluorescence.”® Reprinted with permission from ref. 70. Copyright 2021 John

Wiley and Sons. (d) Sensors incorporated into strain-sensing smart skin on

solid state.®* Furthermore data acquisition could be performed
using a probe-based system as illustrated in Fig. 12a.
Shumeiko et al. utilized peptide-SWCNTs immobilized on a
paper-based substrate for the portable detection of protease
activity (Fig. 12b)."”*” The sensor was drop-casted onto the
paper substrate and adhered to a dipstick which could be
dipped into protease solution. The sensor exhibited a
decreased fluorescence in nanotube emissions in response to
trypsin (a serine protease) in urine at concentrations ranging
from 1-20 pg mL~". This concentration range was relative to
acute pancreatitis. Safaee et al. developed core-shell nano-
fibers comprising ssDNA-SWCNTSs, poly(ethylene oxide), and
poly(caprolactone) PCL to enable a portable and wearable
SWCNT-based nanosensor for the real-time monitoring of
hydrogen peroxide.”” The (GT);s - SWCNTs that were pre-
viously shown to exhibit optical responses to hydrogen per-

This journal is © The Royal Society of Chemistry 2024

an acrylic substrate and their strain-induced NIR response.'*®

oxide, retained their sensing capability within the nanofiber
matrix and when the nanofibers were adhered to a wound
bandage (Fig. 12¢).”° This demonstrates the potential of wear-
able nanosensors for personal health monitoring. Meng et al.
developed a strain-sensing smart skin (S*) consisting of poly
(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) wrapped SWCNTs for
monitoring strain to mitigate structural failures in materials
used in buildings, bridges, aircraft, etc."*®

The nanotubes were suspended in organic solvent and
applied to specimen substrate. To prevent degradation of the
substrate by the organic solvent, a blocking layer and poly-
urethane layer were added in between the substrate and the S*.
Acrylic, concrete, and aluminum substrates were subjected to
strain and NIR emissions from the nanotubes were recorded
as a color-coded strain map (Fig. 12d). The sensors enabled
direct measurement of strain in each of the materials tested.
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Thus, SWCNT-based sensors can be used for monitoring struc-
tural health.

SWCNT sensors embedded into hydrogels matrixes

SWCNT-based sensors have been integrated into hydrogel
matrices for portable and implantable applications. Hydrogels
are three-dimensional polymer networks that are synthesized
via cross-linking of hydrophilic polymers that can retain water
within their network without compromising the structure.’*®
Natural (polysaccharides, collagen, lignin, nucleic acids) and
synthetic polymers (polyethylene glycol, polyethylene oxide,
poly(lactic acid), poly(vinyl alcohol))**® have been used to
create hydrogels that can respond to different stimuli and
mimic extracellular matrices.'*»'** This is advantageous for
biomedical applications such as tissue engineering, cell
culture, and biosensing. Thus, SWCNTs embedded into hydro-
gels could provide a vehicle to impart biocompatibility for
implantable applications. Barone et al first characterized
SWCNTs fluorescent response within poly(vinyl alcohol), PVA
hydrogel matrices."** They observed a red-shifting and decreas-
ing in nanotube fluorescence with increasing cross-linking
density. Furthermore, a reversible photoluminescence shift
from the nanotubes was observed with change in hydration
state of the hydrogel from wet to dry. This was most likely due
to changes in the dielectric environment surrounding the
nanotube as cross-linking densities and hydration states
varied. To test the functionality of the sensor in vivo, apoglu-
cose oxidase, an enzyme that converts glucose into oxygen,
was chemically attached to the PVA hydrogel for molecular
recognition of glucose. The hydrogel-sensor was then
implanted subdermal in a mouse model and exposed to
10 mM of glucose. NIR fluorescence measurements of the
hydrogel-sensor were taken via NIR fluorescence microscope.
NIR measurements showed that the PVA encapsulated nano-
tubes retained their response to glucose in vivo following
implantation.'*? This study demonstrated that SWCNT sensors
incorporated into hydrogel matrix could maintain sensing
functionality in vivo. Since then, researchers have utilized
hydrogels as implantable and injectable sensing materials for
in vivo sensing and imaging applications.®""**'® Iverson
et al. investigated performance optimization of SWCNTs
encapsulated in a hydrogel matrix for in vivo monitoring appli-
cations.'** ssDNA-SWCNTs were encapsulated into alginate
and PEG hydrogels via mixing the nanotubes in alginate or
PEG solution and cross-linked using chemical agents or UV
light respectively. The performance of the hydrogel-sensor in
tissue was evaluated via implantation into chicken breast as a
model animal tissue and the nanotubes were imaged via NIR
microscope. The results showed a detection limit of 5.4 mm
and 5.1 mm in tissue depth for alginate and PEG hydrogels, a
nanotube concentration of 10 mg L™, laser excitation of
785 nm at 80 mW, and 30 seconds exposure for optimal
imaging in animal tissue.'** Lee et al. demonstrated in vivo
functionality of SWCNT-based progesterone sensor embedded
within PEG hydrogels.*" Nifiler et al. developed sensors for
remote detection of pathogens via encapsulating
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DNA-SWCNTs within porous polyethylene glycol diacrylate
hydrogels.®® The porosity of the hydrogels was varied to allow
for diffusion of target molecules and prevent nonspecific inter-
actions. For example, smaller pore sizes were created in
sensors for targeting siderophores whereas hydrogels with
high porosity allowed for sensor interactions with larger
enzymes for detection of virulence factors associated with
Streptomyces griseus and S. aureus. (GT);5-SWCNT-hydrogel
injectables were used to monitor doxorubicin, a chemothera-
peutic drug, in mice."*® Typical implantation procedures
involve surgically implanting SWCNTs in dialysis bags or
hydrogels into animal tissue by subjecting the animal mode