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Recent advances on applications of single-walled
carbon nanotubes as cutting-edge optical
nanosensors for biosensing technologies

Hannah M. Dewey, & Ashley Lamb and Januka Budhathoki-Uprety @ *

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
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
have been provided.

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

Nanoscale, 2024, 16,16344-16375 | 16351
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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

View Article Online
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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

a.
&9 Stand-off
. N~ N detection
®e)} ¥
]
i o | N
LED
Bacterial H Tailored
motifs ! single-walled
x carbon nanotube
“y (SWCNT) —
Hydrogel :~~=‘| sensors
: §
& 8
Nz 8 Near infrared (NIR)
. El fluorescent
e sensor array
8 functionalized SWCNTs
+ 1 NIR reference
b.
M
A|{ - /0. -
e
o\ >
/ \ ) 2
¢ 5
AT, €
sy
RSSO
ANY

HIV

>900 nm

View Article Online

Nanoscale

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
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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 