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Single-walled carbon nanotubes that emit photostable near-infrared fluorescence have emerged
as near-infrared optical biosensors for life sciences and biomedicine. Since the discovery of their
near-infrared fluorescence, researchers have engineered single-walled carbon nanotubes to func-
tion as an optical biosensor that selectively modulates its fluorescence upon binding of target mol-
ecules. Here we review the recent advances in the single-walled carbon nanotube-based optical
sensing technology for life sciences and biomedicine. We discuss the structure and optical prop-
erties of single-walled carbon nanotubes, the mechanisms for molecular recognition and signal
transduction in single-walled carbon nanotube complexes, and the recent development of various
single-walled carbon nanotube-based optical biosensors. We also discuss the opportunities and
challenges to translate this emerging technology into biomedical research and clinical use, includ-
ing the biological safety of single-walled carbon nanotubes. The advances in single-walled carbon
nanotube-based near-infrared optical sensing technology open up a new avenue for in vitro and in
vivo biosensing with high sensitivity and high spatial resolution, beneficial for many areas of life
sciences and biomedicine.
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1 Introduction

Recent advances in nanobiotechnology have offered new
opportunities for imaging, sensing, and therapeutics at
the molecular level. Nanomaterials having a size compa-
rable to biological macromolecules (1-100 nm) and unique
physical and biological properties can transport diagnos-
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tic and therapeutic agents to target areas through
nanoscale biological barriers, mediate molecular interac-
tions, and detect target molecules for diagnostics and
therapeutics [1]. Among nanomaterials, single-walled
carbon nanotubes (SWNTs), with their extraordinary
mechanical, electrical, thermal, and optical properties,
have played an important role in this development [2—6].

SWNTs have attractive optical properties for life sci-
ence and biomedical applications. Their quasi-one
dimensional nanoscale structure provides SWNTs with
intrinsic near-infrared (NIR) fluorescence (900-1400 nm)
within the tissue transparency window, in which the bio-
logical tissue is optically transparent, ideal for their appli-
cations in biological environments (e.g., biological fluids,
cells, and tissue). Their fluorescence is also nonphoto-
bleaching, ideal for long-term sensing and imaging. Since
the discovery of the NIR fluorescence of SWNTs, many
research laboratories have explored how to use such
extraordinary optical properties of SWNTs to develop
nanoscale agents for biological imaging, sensing, and
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photothermal therapeutics with new capabilities, unat-
tainable with conventional fluorophores [2—6]. The ability
to selectively modulate the fluorescence of SWNTSs, for
example, has led to the development of various NIR fluo-
rescence-based SWNT sensors. SWNTs have several
advantages as optical biosensors, including photostable
NIR fluorescence for prolonged sensing in biological envi-
ronments, particularly ideal for in vivo sensing. Further-
more, the high sensitivity of SWNTs to their local physical
and chemical environments, including the adsorption of
molecules, enables detection of analytes at the single-
molecule level.

In this review, we present the recent advances in
SWNT-based optical sensing technology for life sciences
and biomedicine. We first introduce the electronic and
optical properties of SWNTs, with emphasis on their sec-
ond NIR (NIR-II) fluorescence for optical biosensing. We
next discuss the mechanisms for molecular recognition
and signal transduction in SWNT complexes. We then
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present the recent development of various SWNT-based
NIR optical biosensors. Finally, we discuss the challenges
and opportunities for the future development of the SWNT
sensing technology, including the biological safety of
SWNTs for biomedical research and clinical use [3, 6].

2 Structure and optical properties
of single-walled carbon nanotubes

Carbon nanotubes are a high-aspect ratio nanostructure
of sp>-hybridized carbon atoms, conceptually constructed
by rolling up graphene sheets into cylindrical tubes at
a chiral angle (Fig. 1) [7-9]. The number of the layers of
the graphene sheets classifies carbon nanotubes into
single-walled carbon nanotubes (SWNTs; single layer of
graphene) and multi-walled carbon nanotubes (MWNTS;
multiple layers of graphene). SWNTs are a quasi-one-
dimensional wire with diameters of 0.4—2 nm and lengths
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Figure 1. Structure and optical properties of single-walled carbon nanotubes (SWNTs). (A) Schematic of a graphene sheet showing a roll-up vector and

a chiral angle (o) to form a SWNT [12] and scanning tunneling microscopy image of a SWNT (inset) [8]. SWNTs designated (n, m) are conceptually con-
structed by rolling a graphene sheet from (0, 0) to (n, m) along the roll-up vector. (B) Electronic density of states of semiconducting SWNTs with van Hove
singularities [12]. Solid arrows show the optical excitation (E,,) and emission (E,,) transitions. Dashed arrows indicate nonradiative relaxation of the
electron and hole before emission. (C) Fluorescence of SWNTSs at NIR wavelengths (shown in blue) within the tissue transparency window, in which the
absorption of biological tissues is minimal, bounded by blood (shown in red) and water (shown in black) absorption [4]. (D) Fluorescence intensity versus
excitation and emission wavelengths of SWNTSs [12]. (E) Fluorescence spectra of 10 separated (n, m) SWNT species excited at the E,, peak (left) and sepa-
rated SWNTSs by (n, m) structure using single-step nonlinear density-gradient ultracentrifugation (right) [13]. The distinct color bands show layers of
enriched (n, m) SWNT species. Reproduced from [4, 8, 12, 13] with permission.
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of up to several centimeters (Fig. 1A). This quasi-one-
dimensionality renders sharp peaks in the electronic den-
sity of states (van Hove singularities; Fig. 1B) [10-12]. This
electronic structure of SWNTs provides unique electronic
and optical properties. Semiconducting SWNTs absorb
light at photon energy E,, and emit fluorescence at £, ; in
the NIR range of 900-1600 nm (Fig. 1B and C) [4, 11]. The
values of E, and E,, vary with the chiral structure of
SWNTs, designated by the roll-up vector (n, m) that
defines the direction along which a graphene sheet is
rolled to form a SWNT (Fig. 1A). Therefore, semiconduct-
ing SWNTs with different (n, m) structures, thus with dif-
ferent diameters, emit fluorescence at different wave-
lengths (Fig. 1D and E) [11, 13]. SWNTs with n — m = 3k,
where k is an integer, are metallic or semimetallic and do
not fluoresce [11]. Although MWNTs emit fluorescence at
visible wavelengths [14, 15], we will confine our discus-
sion to the use of the NIR band gap fluorescence of semi-
conducting SWNTs for biosensing [11]. With their larger
sizes, MWNTSs can function as a complementary platform
for different biological applications, including intracellular
delivery of large biomolecules (e.g., DNA plasmids)
[16-22].

The optically excited states of semiconducting
SWNTs are excitonic (i.e., form electron—hole pairs) [23,
24]. The excitons have binding energies of up to ~0.5 eV
(e.g., 0.4 eV for 0.8-nm SWNTs with the band gap energy
of 1.3 eV) [23], exciton sizes of a few nanometers [25], and
exciton diffusional ranges of 100-300 nm [26, 27]. The
excitonic nature of optically excited states of SWNTSs pro-
vides a highly sensitive mechanism to modulate the fluo-
rescence of SWNTs through external perturbations (as
further discussed in Section 4) [23].

In addition to NIR fluorescence, SWNTs show strong
resonance Raman scattering [28-33]. The resonance
Raman excitation at the optical transitions (e.g., E11 and
E, transitions) significantly enhances the Raman scat-
tering signals of SWNTs (i.e., resonance enhancement).
The Raman scattering of SWNTs thus varies with their
diameters and chiral structures [34]. SWNTs have multi-
ple Raman scattering peaks, which arise from the differ-
ent vibration modes of SWNTSs, including radical breath-
ing mode (RBM; 100-300 cm™) and tangential mode
(G band; ~1580 cm™) [33, 34]. These Raman peaks are
intense and narrow, with a full width at half-maximum of
less than 2 nm, ideal for multiplexing sensing and imag-
ing and easy to detect in biological environments with
high autofluorescent backgrounds [30, 32, 33].

3 NIR fluorescence of SWNTs
for optical biosensing

The inherent optical properties of SWNTs offer unique

opportunities for optical biosensing (Fig. 1). First, SWNTs
fluoresce at NIR wavelengths (900-1600 nm; Fig. 1C). This
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wavelength range is within the “tissue transparency win-
dow,” in which the optical absorption of biological tissues
is minimal, bounded by hemoglobin and water absorption
(Fig. 1C) [35, 36]. SWNT-based optical biosensors operat-
ed at these NIR wavelengths could outperform conven-
tional optical biosensors operated at visible wavelengths
(particularly for in vivo sensing), because blood, cells, and
tissues are strongly absorbing and autofluorescent at vis-
ible wavelengths. Second, the fluorescence of SWNTs
does not photobleach [28], and the intensity of the fluo-
rescence does not fluctuate [37]. Thus, SWNT-based sen-
sors could persist indefinitely, ideal for long-term sensing.
In comparison, most conventional fluorophores emit fluo-
rescence at visible wavelengths and rapidly photobleach,
limiting their applications. In this section, we discuss
three figures of merit for fluorescence-based biosensors
using SWNTs: signal intensity (quantum yield) in biologi-
cal media, tissue penetration depth (NIR-II fluorescence)
for in vivo sensing, and photostability for real-time, long-
term sensing.

3.1 High signal intensity in the biological medium

The intensity of the optical signal of sensors is a critical
constraint for the design of optical sensors. For biosens-
ing, both the quantum yield of fluorophores and the opti-
cal absorption in the biological environment (e.g., biolog-
ical media, cells, and tissues) determine the intensity of
the optical signal. The quantum yield is the ratio of the
number of photons emitted to the number of photons
absorbed upon excitation. Because the optical absorption
varies with wavelengths, the intensity of the optical sig-
nal emitted by a sensor that can be measured by a detec-
tor I strongly depends on the wavelength of the excita-
tion light and the emitted light: I, = I,¢e #**7, where I, is
the time-dependent intensity of the fluorescence signal,
I, is the intensity of the incident light, ¢ is the quantum
yield, u is the absorption coefficient, which varies with
the wavelength, d is the distance from the surface of the
biological medium (e.g., tissue) to the sensor, k is the
pseudo-first-order photobleaching rate constant, and 7is
the aggregate excitation exposure lifetime [38]. Table 1
shows the estimated values of the apparent quantum
yield ge 2 (ie., Iy/I, or the optical signal that can be
detected outside the human body for a given incident
excitation without considering photobleaching) for com-
mon fluorophores and SWNTs [38]. Despite the high quan-
tum yield, the high absorption significantly attenuates
the fluorescence signal at visible wavelengths; therefore,
the apparent quantum yield of NIR fluorophores and
SWNTs are significantly higher than that of visible fluo-
rophores (Table 1). We also note that the quantum yield of
SWNTs can be as high as 20% [39-41]. The low autofluo-
rescent backgrounds of biological cells and tissues at NIR
wavelengths further benefit NIR sensing, increasing the
signal-to-noise ratio.



Biotechnology
Journal

www.biotechnology-journal.com

Biotechnol. J. 2015, 10

BlOZtec
£~ visions

www.biotecvisions.com

Table 1. Comparison of the apparent quantum yield (QY) of visible and NIR fluorophores in the human whole blood, a dominant absorber in the human

body. Reproduced from [38] with permission.

Fluorescent probes QY (%) Conditions for Excitation 1 (oxygenated) [ (deoxygenated) Apparent QY
QY measurement (nm) (pe 24y
Cy5 27 PBS 620 2 60 3.20x 10728
Fluorescein 95 0.1 M NaOH 496 150 120 5.23x 10718
Rhodamine 6G 95 Water 438 200 105 3.30x 10733
Rhodamine B 31 Water 514 110 190 1.60 x 107131
Indocyanine green 0.266 Water 820 0.96 0.77 4.72x 107
Indocyanine green 1.14 Blood 830 1.01 0.78 1.91 x 1073
Type Il NIR QD 13 PBS 840 1.05 0.78 2.09 x 102
SWNT 1) PBS 1042 0.889 0.12 3.65x1073

QY, quantum yield; PBS, phosphate-buffered saline; QD, quantum dot.
a) Calculated using d =1 cm and an average u.
b) The QY of SWNTSs can be as high as 20% [39-41].

3.2 Optical tissue penetration for in vivo sensing

Optical penetration depth assesses the performance of
optical sensors more completely than absorption alone
(or the apparent quantum yield) for in vivo sensing,
because both scattering and absorption attenuates the
optical signal. Optical penetration depth is defined as
0= (@, (1, + i’ )%, where i, is the absorption extinction
coefficient and (', is the reduced scattering coefficient
[35]. Because of the inverse dependence of scattering on
the wavelength (1, = ", where 4 is the wavelength and
the exponent w varies with the type of tissues in the range
0f 0.22—1.68), the penetration depth of visible fluorophores
is significantly reduced by scattering in tissue [35, 42].
Among NIR fluorophores, experimental and modeling
studies show that the penetration depth can be maxi-
mized in the range of wavelength of 1000-1400 nm
(named the second NIR window or NIR II window) [35,
42-45].

3.3 NIR-Il fluorescence for high-resolution
in vivo sensing

SWNTs fluoresce at NIR-II wavelengths (900-1400 nm)
upon excitation at NIR-I wavelengths (700-900 nm),
whereas most conventional NIR fluorophores fluoresce at
NIR-I wavelengths (700-900 nm). Compared to the con-
ventional NIR-I window, the longer wavelength emission
of SWNTs in the NIR-II window have inherent advantages
for in vivo imaging and sensing, due to reduced adsorp-
tion [46, 47], reduced scattering (1’ = A™) [35, 44], and
negligible autofluorescence (thus, higher penetration
depth in the tissue) [35, 45, 48].

Dai and coworkers [35, 45] compared the effects of
scattering and absorption on the optical signal of indo-
cyanine green and IRDye-800 (NIR I) and SWNTs (NIR II).
SWNTs (NIR II) better preserve image clarity and contrast
with increased depth than NIR-I fluorophores. They also
demonstrated the use of the NIR-II fluorescence of SWNTs

for epifluorescence imaging of vascular structures with
high spatial (~30 um) and temporal (<200 ms per frame)
resolution at 1-3 mm deep in the hind limb of a mouse,
unattainable by conventional NIR-I fluorophores [45]. The
images obtained from the NIR-II fluorescence of SWNTs
show a significantly improved image contrast and spatial
resolution. Another advantage of SWNTs (NIR II) over
NIR-I fluorophores is low autofluorescence (i.e., higher
signal-to-background noise ratio), due to longer exci-
tation (NIR-I) and emission (NIR-II) wavelengths of
SWNTs than NIR-I fluorophores and large Stokes shifts
of SWNTs (up to ~400 nm). The unique NIR-II fluores-
cence of SWNTs also benefits other in vivo applications,
including tumor detection [33, 45, 49-55] and photother-
mal treatment [2, 50, 52, 56].

3.4 Photostability for long-term sensing

The photostability of fluorophores is a limiting factor that
determines the lifetime of optical sensors. SWNTs are
nonphotobleaching, ideal for real-time long-term sensing
[28, 36, 38]. For instance, assuming an error tolerance of
20%, a simple calculation using the time-dependent
intensity of the sensor signal, I = ¢e 2?7, estimates the
lifetime of a sensor to be 7= -In(0.8/k) [38]. This calcula-
tion estimates the lifetime of fluorescence sensors that
use Cyb, ICG, and NIR OD to be 39.1 seconds, 5.4 h, and
2.7 h with the photobleaching rate constant k of 20.52,
0.0412, and 0.0827 h™!, respectively, whereas SWNTs per-
sist indefinitely [38].

4 Sensing mechanisms: Signal transduction
and molecular recognition

The two main challenges in sensor design are molecular
recognition and signal transduction [57]. The ability to
modulate the fluorescence of SWNTs through external
perturbations makes SWNTs unique nanoscale platforms

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Signal transduction and molecular recognition in SWNT complexes. (A) Representative mechanisms for the modulation of the fluorescence of
SWNTs, using charge-transfer (mechanisms | and Il) and solvatochromism (mechanism Il1) [61]. (B) Schematic of the molecular recognition concept
using corona phase complexes on SWNTSs [57]. An amphiphilic polymer adopts a specific conformation when adsorbed on the surface of a SWNT. The
polymer constrained on the surface of the nanotube creates a selective molecular recognition site for a specific molecule. The binding of the molecule on
the molecular recognition site leads to a change of the wavelength or intensity of SWNT fluorescence. (C) Selective recognition of oestradiol using Rho-
damine isothiocyanate-difunctionalized poly(ethylene glycol)-SWNT complexes (RITC-PEG-RITC-SWNTs; top) and riboflavin using boronic acid substitut-
ed phenoxy-dextran-wrapped SWNT complexes (BA-PhO-Dex—SWNTs; bottom). RITC-PEG-RITC-SWNTs and BA-PhO-Dex—SWNTs selectively recognize
oestradiol via fluorescence quenching and riboflavin via wavelength shift, respectively. The polymer structures (top left), schematics (top right) and front
(bottom left) and side (bottom right) views, obtained from molecular dynamics simulations, of the polymer-SWNT complexes, are shown to the left of the
bar charts. The bar charts show the change of the fluorescence of the complexes against a panel of 36 biological molecules. (D) BA-PhO-Dex-SWNT sen-
sors for spatial and temporal imaging of riboflavin live Raw 264.7 macrophage cells. Bright-field and NIR fluorescence of BA-PhO-Dex-SWNT complexes
inside the macrophage cell (left) and time-evolution images showing the redshift of the emission wavelength of the sensors inside the cell upon addition
of extracellular riboflavin (right). Reproduced from [57, 61] with permission.

for NIR optical sensing. Because all atoms of SWNTs are tion events, even allowing for the detection of single mol-
on the surface, SWNTs are highly sensitive to their local ecules [26, 58-60]. In this section, we discuss the mecha-
physical and chemical environment and surface adsorp- nisms for the selective modulation of SWNT fluorescence

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5



Biotechnology
Journal

www.biotechnology-journal.com

(signal transduction) and molecular recognition in SWNT
complexes for optical biosensing.

4.1 Signal transduction:
Selective modulation of fluorescence

Figure 2A shows major mechanisms to modulate the fluo-
rescence of SWNTs [61]. First, adsorption of redox-active
molecules with a favorable reduction potential to the sur-
face of SWNTs induces electron transfer between SWNTs
and adsorbed molecules (mechanisms I and II in Fig. 2A)
[68, 59, 62-67]. The electron transfer affects the fluorescence
spectrum of SWNTs via bleaching of the electronic transi-
tion (via ground-state electron transfer; mechanism I in
Fig. 2A) [63, 64, 66] or quenching of excitons (via excited-
state electron transfer; mechanism Il in Fig. 2A) [64, 65, 67],
depending on the potentials of SWNTs and the adsorbed
molecules (thus depending on the chirality of SWNTSs)
[63-67]. The reversible nature of the bleaching and quench-
ing also allows for a “turn-on” sensing scheme that uses the
recovery of the reduced fluorescence upon binding of ana-
lytes [63-65, 67]. Second, the change of the local dielectric
environment around SWNTs causes solvatochromic shift
(mechanism III in Fig. 2A) [68-70]. The adsorption of ana-
lytes changes the dielectric environment directly by replac-
ing solvent molecules or indirectly by perturbing the con-
formation of polymers that wraps around SWNTs. An exam-
ple is ion-induced conformational transitions of DNA sec-
ondary structures in DNA-wrapped SWNTs that induces
a red shift of the fluorescence of SWNTs [71, 72]. In many
cases, the combination of these mechanisms modulates
the fluorescence of SWNTs [36, 64].

4.2 Molecular recognition

Engineering SWNT complexes can incorporate molecular
selectivity into the above discussed mechanisms for sig-
nal transduction [61]. Direct engineering of polymer-
encapsulated SWNT complexes (both the polymers them-
selves and the interface between the polymers and the
nanotubes) can incorporate molecular selectivity into
SWNT complexes [57]. For example, Zhang et al. [57]
demonstrated molecular recognition using corona phase
complexes on SWNTs (Fig. 2B) [57]. In this work, engi-
neered synthetic heteropolymers constrained on the sur-
face of SWNTs create corona phase complexes that selec-
tively recognize specific molecules through the combina-
tion of analyte adsorption to the surface of SWNTs and lat-
eral interactions with molecules in the adsorbed phase,
resulting in modulation of the fluorescence of SWNTs
(Fig. 2B). To prove this phenomenon, they demonstrated
three examples of heteropolymer—nanotube recognition
complexes for oestradiol, riboflavin, and L-thyroxine and
the prediction of recognition using a thermodynamic
model of surface interactions (Fig. 2C). They also demon-
strated that the complexes can be used as a spatiotem-
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poral NIR optical sensor, as shown by tracking riboflavin
diffusion in murine macrophages (Fig. 2D) [57]. Kruss et
al. [73] also extended this approach to detect neurotrans-
mitters. Another strategy is to use conventional molecu-
lar recognition entities, such as enzymes [64, 74], oligonu-
cleotides [75, 76], aptamers [77, 78], and proteins [79, 80].
Examples include SWNT-based NIR optical sensors for
proteins, small molecules, and glucose (as further dis-
cussed in Section b) [64, 67, 74-81].

Because SWNTs with different chiral structures
respond to the adsorption of molecules spectroscopically
differently (due to their different electronic structures),
SWNTs can function as a multimodal sensor. For example,
Heller et al. [59] demonstrated multiplexed optical detec-
tion of genotoxic analytes using (6, 5) and (7, 5) nan-
otubes. The recent advances in the single-chirality sepa-
ration of SWNTs would fully realize the potential for mul-
tiplexed sensing [13, 51, 52, 82-86].

5 SWNT-based NIR optical biosensors

Many researchers have used the above discussed mech-
anisms for molecular recognition and signal transduction
to develop various SWNT-based NIR optical biosensors. In
this section, we present examples of SWNT sensors for
DNA (detection of DNA structures and sequences), pro-
teins and small molecules (Fig. 3). We also include sensors
that use SWNTs as NIR labels [87]. Table 2 summarizes
these sensors.

5.1 Early development:
Detection of DNA structures and sequences

DNA-wrapped SWNTs are one of the earliest examples of
SWNT sensors. DNA-wrapped SWNTs directly detect
DNA hybridization [75, 76], single nucleotide polymor-
phism (SNP) [88], and conformational polymorphism [71,
72] using the solvatochromic shift [68—70]. For example,
Jeng et al. [75, 76] demonstrated the optical detection of
DNA hybridization using single-stranded DNA (ssDNA)-
wrapped SWNTs. Hybridization of ssDNA on the ssDNA-
wrapped SWNTs with its complement induces a hyp-
sochromic shift of 2 meV with the detection limit of 6 nM.
In this hybridization process, an increase in the coverage
of DNA on the surface of SWNTs changes the local dielec-
tric environment, inducing the solvatochromic shift. The
high sensitivity of DNA-wrapped SWNTs also enables the
differentiation of single nucleotide polymorphism through
the solvatochromic shift from that of a full complementa-
ry strand [88]. Heller et al. [71] also studied the metal ions-
induced transition of DNA conformations from the B-form
to Z-form on the surface of DNA-wrapped SWNTs, which
changes the dielectric environment around the SWNTs.
Using this mechanism, they demonstrated the detection
of divalent metal ions (e.g., Hg*") in whole blood, tissue,

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Examples of SWNT-based NIR optical sensors. (A) Detection of proteins: schematic of a label-free protein microarray that uses SWNT-based NIR
optical sensors and mechanism for signal transduction for label-free detection of protein—protein interactions (left) and heat map of protein—protein inter-
actions between capture protein i and analyte protein j (34 x 34; right) [81]. (B) Detection of insulin: schematic of SWNT-based NIR optical insulin sensors
embedded in a collagen extracellular matrix that measure insulin secreted from pancreatic INS-1 cells (top) and photoluminescence excitation spectra of
the insulin sensors (bottom) in the absence (left) and presence of insulin (470 uM; right) [77]. (C) Detection of NO: preparation of SWNT-based NIR opti-
cal NO sensors (SWNTp,p 4o Middle), using diaminophenyl-functionalized dextran (DAP-dex), from SWNTs suspended in sodium cholate (SWNT; left)
and mechanism for NO sensing via photoluminescence (PL) bleaching by NO (right) [66]. (D) Detection of glucose: schematic of glucose detection using
boronic acid-SWNT complexes via fluorescence (FL) modulation [67]. (E) In vivo sensing of NO. SWNT-based NO sensors (top): DNA oligonucleotide
ds(AAAT), wrapped SWNT (left) and PEG-ligated DNA oligonucleotide ds(AAAT), wrapped SWNT (right). In vivo sensor quenching due to inflammation
(middle): images of the exposed and excised livers of inflamed (RcsX-treated) and control (healthy) mice 30 min after tail-vein injection of PEG-(AAAT),
wrapped SWNTs (200 L injection of 50 mg I”' SWNTs), showing fluorescence quenching in the inflamed mouse. Images of two alginate gels encapsulat-
ing SWNT NO sensors, subcutaneously implanted in mouse, showing recovery of the fluorescence on day 4 (bottom) [100]. Reproduced from [66, 67, 77,
81, 100] with permission.

include enzyme-linked immunosorbent assays (ELISAs),
fluorescence-based protein micro arrays [89, 90], label-
free optical methods [91], microcantilevers [92], and

and living cells, in which the conformation change of
DNA modulates the fluorescence of SWNTs.

5.2 Detection of proteins

Detecting proteins is important for proteomics and clini-
cal diagnostics [87]. Methods for protein detection

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nanowire-based field effect transistors [93, 94]. The gen-
eral goal is to achieve highly sensitive, multiplexed, and
label-free detection of proteins [87]. To improve the sensi-
tivity, Chen et al. [87] used functionalized SWNTs as mul-
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Table 2. SWNT-based NIR optical biosensors for DNA, proteins, and small molecules
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Sensing platforms and mechanisms

Examples

DNA

DNA-wrapped SWNTs; solvatochromic shift

DNA hybridization [75, 76], single nucleotide polymor-
phism (SNP) [88], conformational polymorphism [71, 72]

Protein microarrays

Use of functionalized SWNTSs as multicolor
Raman labels

Protein microarrays (sensitivity down to 1 fM) [87]

Use of SWNT NIR optical protein sensors
in microarrays

Label-free microarray capable of single protein detection
[81]; cardiac troponin T detection [95].

Use of SWNTSs conjugated with antibodies
as a NIR label for immunoassay

Immunoassay [96]

Insulin

SWNTs functionalized with insulin-binding aptamer

Detect insulin in cellular environments [77]

Hydrogen peroxide
(H,0,)

SWNT/collagen NIR optical sensor arrays;
stochastic quenching

Detect H,O, from living cells down to the single-
molecule level [58, 97, 98]

Nitric oxide (NO)

SWNTs functionalized with a diaminophenyl-
functionalized dextran [66], ssDNA [60], PEG-ligated
DNA [100]; quenching sensors

Detect NO at the single-molecule level [60], in living cells
[66, 99], and in mice (in vivo sensing) [100]

ATP SWNTs combined with a conventional ATP assay; Detect ATP temporally and spatially in living cells [74]
redox-mediated quenching

Porphyrin DNA aptamer-functionalized SWNTs Multiplexed detection of plasma porphyrins [78]

Glucose SWNTs functionalized with glucose oxidase [64], SWNT-based NIR optical sensors for glucose monitoring
concanavalin A [79], glucose binding protein [80], [64, 67, 79, 80, 111]
and boronic acids [67, 111]

Genotoxins DNA-functionalized SWNTs Multimodal sensing of genotoxins [59]

Nitroaromatics Peptide-SWNT chaperone sensor

Detect nitroaromatics at the single-molecule level [61]

Riboflavin, thyroxine,

oestradiol molecular recognition

Heteropolymer-SWNT complexes; corona phase

Detect riboflavin, thyroxine, and oestradiol [57]

Neurotransmitters
molecular recognition

Heteropolymer-SWNT complexes; corona phase

Detect neurotransmitters, including dopamine [73]

ticolor Raman labels in protein microarrays. The sharp
Raman scattering peaks of SWNTs and minimal back-
ground interference of the Raman signal improved the
sensitivity down to 1 fM, a three-order-of-magnitude
improvement over typical standard fluorescence-based
protein arrays. Another approach is to directly use SWNT-
based NIR optical sensors in a microarray for label-free
detection of proteins (Fig. 3A) [81]. Using this method,
Ahn et al. [81] demonstrated the analysis of a network of
1156 protein—protein interactions in the staurosporine-
induced apoptosis of SH-SY5Y cells (Fig. 3A). The single-
molecule-level sensitivity of SWNT-based protein sensors
decreased the apparent detection limit down to 10 pM for
an observation time of 600 s. Zhang et al. [95] also used a
similar approach to develop a label-free assay for cardiac
troponin T detection, using chitosan-wrapped SWNTs
conjugated with troponin antibodies. SWNTs conjugated
with antibodies were also used as a NIR label for
immunoassay [96].

In addition to proteomics research, Cha et al. [77]
developed SWNT-based NIR optical sensors that use an
insulin-binding aptamer as a molecular recognition ele-
ment to detect insulin in cellular environments (Fig. 3B).
The sensors selectively modulate the fluorescence of
SWNTs upon binding of insulin by using the photo-
induced charge transfer between the aptamers and
SWNTs. They also demonstrated the detection of insulin
secreted by pancreatic cells when stimulated by glucose
by embedding the sensors in a collagen extracellular
matrix.

5.3 Detection of small molecules

Sensing small molecules is important in understanding
various biological processes at the molecular and cellular
level. In this section, we present different types of SWNT-
based optical sensors for detecting biologically important
small molecules down to the single-molecule level [58-60,

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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97-99]. Detecting reactive oxygen species with spatial
resolution in living systems remains challenging, because
of their low concentration and short lifetime [97, 98]. To
overcome these challenges, Jin et al. [58, 97] developed an
array of fluorescent SWNT sensors embedded in a colla-
gen matrix to detect hydrogen peroxide (H,O,) molecules.
Using the nanosensor array, they measured the signaling
flux of H,0, molecules emitted from human epidermal
carcinoma cells, stimulated by epidermal growth factor, in
real time and with spatial precision. The nanosensor array
was also used to measure the efflux of H,O, generated
from human umbilical vein endothelial cells at the single-
molecule level, when stimulated by vascular endothelial
growth factor A and artificial pro-angiogenic factor,
europium(Ill) hydroxide nanorods [98].

Nitric oxide (NO) is another important cellular signal-
ing molecule, involved in diverse biological processes in
cardiovascular, nervous, and immune systems [60, 66, 99,
100]. However, detecting NO directly and in real time in
biological systems is difficult, because of its large diffu-
sivity and high reactivity with endogenous molecules. To
overcome these challenges, Kim et al. [66] developed a
SWNT-based NIR optical NO sensor by wrapping SWNTs
with a diaminophenyl-functionalized dextran that pro-
vides selectivity for NO, in which the binding of NO with
the dextran—SWNT complex reversibly bleaches the fluo-
rescence of the SWNT through electron transfer from the
top of the SWNT valence band to the lowest unoccupied
molecular orbital of NO (Fig. 3C). The sensor could spa-
tiotemporally and reversibly detect NO produced by
activating NO synthase in macrophage cells at the
nanomolar level. Zhang et al. [60] also demonstrated that
a fluorescence-based SWNT sensing array that consists of
single-stranded d(AT),, DNA oligonucleotide-wrapped
SWNTs selectively detects NO at the single-molecule
level. When exposed to NO, the DNA-SWNT complex
shows a stepwise decrease of the fluorescence of the
SWNTs via exciton quenching, reporting the dynamics of
the adsorption and desorption of single NO molecules.

In addition to sensors for hydrogen peroxide and nitric
oxide, a SWNT-based NIR optical sensor for adenosine
5’-triphosphate (ATP) was reported [74]. This sensor com-
bines the conventional ATP assay that uses luciferase-
mediated bioluminescence with SWNTSs, by conjugating
luciferases on SWNTs, in which a two-step reaction mod-
ulates the fluorescence of SWNTSs, involving the detection
of ATP and generation of a redox quenching intermediate
(oxyluciferin) that quenches the fluorescence of SWNTs.
Pan et al. [78] showed a new integrated spectrophoto-
metry- and fluorometry-based sensing method, using
SWNTs functionalized with porphyrin-binding DNA
aptamers, for multiplexed detection of four porphyrin
species (heme, protoporphyrin, coproporphyrin, and uro-
porphyrin) commonly found in blood. Other examples also
include SWNT sensors for genotoxins [59], nitroaromatics
[61], and neurotransmitters [73]. Understanding the cellu-
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lar uptake and intracellular trafficking of SWNTs is impor-
tant for their intracellular biosensing and other biomed-
ical applications. Given the brevity of this review, we refer
interested readers to other references [101-108].

5.4 SWNTs for in vivo sensing

One of the most promising applications of SWNT-based
sensors is in vivo sensing. SWNTs have unique optical
properties that can solve challenging problems of fluores-
cence-based in vivo sensing. For example, despite their
advantages for in vivo continuous glucose monitoring
(e.g., noninvasive sensing), fluorescence-based glucose
sensors that use conventional visible fluorophores
suffer from lack of optical tissue penetration and photo-
bleaching [36, 109, 110]. To overcome these limitations,
researchers have developed prototype SWNT-based NIR
optical glucose sensors, showing promising results for
long-term in vivo continuous glucose monitoring [36, 38].
For instance, Strano and coworkers demonstrated a series
of SWNT-based glucose sensors with various mecha-
nisms to detect glucose, using glucose oxidase [64, 79],
concanavalin A [79], glucose binding protein [80], and
boronic acids [67, 111] (Fig. 3D). However, SWNT-based
optical sensors for in vivo continuous glucose monitoring
have not yet been demonstrated.

Despite their unique photostable NIR fluorescence,
the use of SWNT-based NIR optical sensors in vivo is chal-
lenging. In vivo sensing requires the simultaneous opti-
mization of multiple factors, including molecular recogni-
tion, signal transduction, high intensity of the fluores-
cence signal, biocompatibility, and in vivo stability [36,
100]. Iverson et al. [100] recently reported a reversible
and selective detection of NO molecules in mice, using
SWNTSs conjugated with polyethylene glycol (PEG)-ligat-
ed DNA oligonucleotides (Fig. 3E). To address the above-
mentioned constraints for in vivo sensing, they synthe-
sized a PEG-ligated DNA oligonucleotide ds(AAAT)., and
wrapped SWNTs with this copolymer, in which the DNA
oligonucleotide provides NO selectivity and the PEG moi-
ety provides biocompatibility and stability in vivo, allow-
ing for in vivo circulation of the SWNT complexes. They
also demonstrated that the NO sensors encapsulated in
alginate can act as an implantable inflammation sensor
for NO detection for more than 400 days without intrinsic
immune reactivity or other adverse responses (Fig. 3E).
This work shows the unique potential of SWNTs for long-
term in vivo biosensing.

6 Concluding remarks

We present the recent advances in SWNT-based optical
sensing technology for life sciences and biomedicine.
Despite great potential of SWNTs for NIR optical biosens-
ing, there are several challenges. A key challenge is to



Biotechnology
Journal

www.biotechnology-journal.com

understand fundamental mechanisms for molecular
recognition, signal transduction, and fluorescence modu-
lation of SWNT sensors at the molecular level. For exam-
ple, a recent study by Zhang et al. [67] that uses corona
phase complexes for molecular recognition, highlighted
in Section 4, shows a new direction to address this chal-
lenge. The design of effective SWNT sensors also requires
an understanding of how to effectively transduce molec-
ular recognition into the modulation of the optical signal
of SWNTs. Because of the experimental difficulties at the
molecular level, numerical modeling and molecular
dynamic simulation, combined with experimental stud-
ies, can play an important role in this development [57,
112].

The next step of the SWNT sensing technology is to
move it from laboratory into biomedical research and clin-
ical use. Although fluorescence-based sensors that use
conventional fluorophores have shown high resolution
and sensitivity in vitro, the scattering and absorption of
optical signal (particularly for visible fluorophores), rapid
photobleaching, and strong autofluorescence back-
grounds in tissues have limited their use in imaging and
sensing in vivo. With their nonphotobleaching NIR fluo-
rescence, SWNTs have shown unique optical properties
to overcome these barriers [45]. However, the use of
SWNTs for in vivo sensing still requires the simultaneous
optimization of multiple factors to achieve both effective
sensing and biocompatibility, including molecular recog-
nition, signal transduction, high quantum efficiency, bio-
compatibility, and in vivo stability [100].

Another important factor for the biomedical applica-
tions of SWNTs is their biological safety in the human
body [3, 6]. Many studies on the biological applications of
SWNTs suggest that the toxicity of SWNTs depends on
the surface functionalization of SWNTs and proper func-
tionalization makes them safe as biomaterials [6, 29,
113-116]. For example, SWNTs functionalized with PEGs,
injected into the bloodstream of mice, have shown no
obvious toxic effects on the mice (evaluated by the
necropsy, histology, and blood chemistry measurements)
[29, 114]. These studies also showed excretion and clear-
ance of PEG-functionalized SWNTs from mice via biliary
and renal pathways. However, the future use of SWNT-
based sensors in biomedicine requires further systematic
and thorough studies on the toxicity of SWNTs.

The in vivo kinetics of SWNTs is another important
factor to understand, including how SWNTs circulate in
the body, whether they accumulate in specific organs,
and whether or not and how they are cleared from the
body [6, 29, 49, 113-115]. Independent studies suggest
that the in vivo kinetics of SWNTs depends on surface
functionalization, such as the length and structure of
functionalizing molecules [29, 113-116]. A study with
individualized, chemically pristine SWNTs, initially dis-
persed with surfactant Pluronic F108, displaced with
blood proteins after being intravenously administrated to
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rabbits, showed a half-life of the SWNTs of 1 h in the blood
stream and significant accumulation of the SWNTs in the
liver (as other nanomaterials) [113]. Another study with
SWNTs functionalized with branched PEG chains, intra-
venously injected into mice, showed the circulation of the
SWNTs in the blood stream for up to 1 day, dominant yet
relatively low uptake in the reticuloendothelial system
(RES) (i.e., liver and spleen), and near-complete clearance
from the main organs in 2 months [29]. This study also
showed that SWNTs functionalized with longer and more
branched PEGs show longer blood circulation and lower
uptake in the RES [29].

Additionally, these translational efforts require stan-
dard procedures to prepare well-characterized, high puri-
ty SWNTs, as the length, degree of aggregation, surface
functionalization, and impurities in SWNTs affect their
toxicity. For instance, ultrapure carbon materials used
inside the human body, such as artificial heart valves, arti-
ficial finger joints, and black tattoos, containing nano-
scale pure carbon black, have not reported safety con-
cerns [6]. Continuous research will overcome these chal-
lenges and realize the full potential of SWNTs as NIR opti-
cal biosensors that can solve challenging problems in life
sciences and biomedicine.

The authors declare no commercial or financial conflict of
interest.
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