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Single-walled carbon nanotubes (SWCNTs) emit near-infrared (NIR) fluorescence that is ideal for optical
sensing. However, the low quantum yields diminish the sensor’s signal-to-noise ratio and limits the
penetration depths for in vivo measurements. In this study, we perform a systematic investigation of the
plasmonic effects of Ag and Au nanoparticles of various geometries to tune and even enhance the
fluorescence intensity of single-stranded DNA-wrapped SWCNTs (ssDNA-SWCNTs). We observe a
chirality-dependent NIR fluorescence enhancement that varies with both nanoparticle shape and ma-
terial, with Au nanorods increasing (7, 5) and (7, 6) chirality emissions by 80% and 60% and Ag nano-
triangles increasing (7, 5) and (6, 5) emissions by 200% and 240%, respectively. The chirality-dependent
enhancement was modeled using finite element modeling (FEM), which confirms contributions not only
from a plasmon-induced localized increase in electron density but also from the radiative recombination
of dark exciton states from the resulting electromagnetic field. Finally, we demonstrate the application of
these nanoparticles in enhancing the single-molecule fluorescence of individual SWCNTs imaged in a
custom-built confocal setup. The plasmonically coupled sensors show four orders of magnitude greater
sensitivity towards ferricyanide, a model analyte, compared to the non-coupled sensors. Plasmonic
nanoparticles thus provide a tunable means of modulating SWCNT fluorescence to study fundamental
transitions of otherwise forbidden states and to improve the optical sensing performance.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plasmonic nanoparticles are metallic nanostructures with di-
mensions below the wavelength of the incident light. At the reso-
nant frequency, these nanostructures can show extraordinary
optical properties, such as tunable and enhanced light absorption
and scattering. These optical properties can be altered with particle
size, shape, and chemical composition [1e4] across wavelengths
that span from the ultravioletevisible (UV) to the near-infrared II
Tagliabue), dahafa@aut.ac.ir
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(NIR-II) region [5,6]. The optical tunability of plasmonic nano-
particles has enabled applications based on phenomena such as
Fano resonance, near-field coupling and far-field dipole-dipole in-
teractions, surface-enhanced infrared absorption, as well as
surface-enhanced Raman scattering (SERS) and energy harvesting
[7e9].

Among these applications, plasmonic nanoparticles have also
been used to enhance the fluorescence properties of optically
coupled fluorophores [10,11]. The fluorescence enhancement is
achieved by matching the resonant wavelength of the plasmonic
nanostructure with the optical properties of the fluorescent dyes.
Though several studies have shown enhancement for a variety of
fluorophores [12e14], the majority of demonstrations have been
confined to the visible range of the optical spectrum. The tunability
of these nanoparticles for fluorescence enhancement beyond the
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Fig. 1. Schematic of ssDNA-wrapped SWCNT in the vicinity of metallic nanostructures
that contribute to plasmon-enhanced fluorescence. Upon illumination at resonant
wavelengths (red), the metallic nanoparticles show shape, size, and composition-
specific plasmonic effects (blue) for enhancing NIR-II SWCNT fluorescence (green).
(A colour version of this figure can be viewed online.)
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visible range has remained largely overlooked, particularly in the
NIR-II range used for in vivo optical imaging [15].

Single-walled carbon nanotubes (SWCNTs) show distinct NIR-II
fluorescence that has been demonstrated for in vivo imaging and
sensing applications [15e18]. The absorption and emission peaks
vary with the nanotube diameter in accordance with the specific
(n,m) indices corresponding to the nanotube chirality [19,20]. The
NIR-II emissions of SWCNTs lie within the optical transparency
window of biological materials, where the absorption of bio-fluids
and tissues are minimal. Combined with the deep penetration
depths at longer wavelengths and indefinite photostability, these
emissions show exceptional advantages for continuous, deep-
tissue imaging in biological samples [21,22].

One limiting characteristic of SWCNTs is the low fluorescence
quantum yields (QYs), which have been reported to lie in the range
of 0.1e1.5% in aqueous media [20]. Increased QYs would contribute
to deeper imaging penetration depths [23] as well as a possible
increase in the sensitivity of optical nanotube sensors, for which
brighter nanotubes have shown greater sensitivity [24]. While long,
defect-free SWCNTs show the greatest intrinsic QYs, the lack of
scalable, reproducible, and accessible SWCNT synthesis procedures
have limited their availability. Previous approaches for increasing
the QY include metal-enhanced fluorescence [15,25] of SWCNTs
that are immobilized on substrate surfaces. Though these studies
report over a 10-fold increase in fluorescence, the surface immo-
bilization of the SWCNTs limits their use for solution-phase imag-
ing. The addition of reductive brightening agents, such as Trolox,
can also enhance the QY [26], though often at the expense of
increased cytotoxicity and reduced sensor sensitivity [27]. Most
recent endeavors have focused on defect engineering or doping
sites on SWCNTs, which have shown a 20e30% enhancement in
fluorescence [28,29].

An alternative approach for enhancing SWCNT optical proper-
ties is through plasmonic coupling with metal nanoparticles
[30e35]. Plasmonic nanoparticles have been shown to enhance
SWCNT Raman scattering [36e38], and this enhancement has been
demonstrated in SERS imaging and photothermal therapy appli-
cations [37]. Plasmonic Raman enhancements have also been ach-
ieved using DNA instead of metal nanoparticles [39]. Although
several studies have used plasmonic nanoparticles to enhance the
near-infrared fluorescence of various fluorophores [40,41], only a
few studies have reported plasmonic enhancement of NIR-II
SWCNT fluorescence [42e44]. For example, Glaeske et al. [42,45]
examined the effects Au nanorods, reporting up to a 20-fold
enhancement [42]. Despite the impressive enhancements, these
observations were limited to surfactant-suspended SWCNTs that
show limited applications for optical sensing. In addition, Yang et al.
[43] have reported a maximum 10-fold enhancement, in this case
for ssDNA-SWCNTs in the presence of Au nanospheres through
near-field coupling effects. However, the effects of alternative
nanoparticle geometries, particularly those with enhanced local-
ized fields, were not explored. The current literature further lacks a
systematic study that implements a methodical approach to
examining the effect of geometry, composition, and other factors
that are crucial for tuning the plasmonic effects. In particular, the
effects of triangular Ag nanoparticles, which have shown superior
plasmonic properties [46,47], have yet to be reported using
SWCNTs. Such a comparative study is crucial for understanding and
ultimately modeling and predicting the plasmonic effects on
SWCNTs. In addition, and importantly, the application of these
plasmonically enhanced SWCNTs for optical sensing has yet to be
reported.

In this study, we explore the plasmonic enhancement of NIR-II
fluorescence from single-stranded DNA-wrapped SWCNTs
(ssDNA-SWCNTs) (Fig. 1) and apply these coupled conjugates for
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single-molecule sensing. The ssDNA-SWCNTs represent a rapidly
advancing area of research for optical biosensing [48,49] and
chirality separation [50]. We herein study the effects of Ag and Au
plasmonic nanostructures with the spherical, rod, and triangular
morphologies. We further explore the underlying mechanism of
plasmon-enhanced fluorescence using finite element modeling
(FEM) to simulate the effects of nanoparticle geometry and mate-
rial, including near-field effects that have been been confirmed in
previous studies [43].

2. Materials and methods

2.1. Chemicals and nanoparticle synthesis

CoMoCAT SWCNTs were purchased from Chasem, and all ssDNA
sequences used in this study were purchased from Microsynth.
Sodium iodide (NaI), sodium chloride (NaCl), ascorbic acid (AA),
polyvinylpyrrolidone (PVPeK30), sodium borohydride (NaBH4),
chloroauric acid (HAuCl4), trisodium citrate (TSC), silver nitrate
(AgNO3), and sodium hydroxide (NaOH) were purchased from
Sigma-Aldrich. Cetyltrimethylammonium chloride (CTAC) and
cetyltrimethylammonium bromide (CTAB) were purchased from
Acros, and hydrogen peroxide (H2O2) was purchased from Reac-
tolab. All measurements were done in analytical triplicate.

2.2. Preparation of ssDNA-SWCNT solution

The ssDNA-SWCNT solutions were prepared using 0.5e1.0 mg/
mL CoMoCAT nanotubes with a 2:1 ssDNA:SWCNT ratio in the
presence of 0.1 M NaCl. The as-prepared solution was sonicated for
90 min at 1 W followed by centrifugation at 16000 rcf for 4 h to
remove the nanotube bundles. The resulting supernatant was
extracted for further experiments.

2.3. Preparation of nanoparticles

Au nanospheres were prepared by heating 100 mL of HAuCl4
(2.5 � 10�4 M) for 10 min. After boiling, 3 mL of freshly-prepared
TSC (1% in DI water) was added. The solution continued boiling
for 30 min, developing a deep wine red color indicative of nano-
particle formation.
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Ag nanospheres were prepared by adding 50 mL of AgNO3
(0.1 M) and 50 mL of trisodium citrate (0.1 M) while stirring at 500
rpm to enough DI water to yield a total volume of 20 mL. After
30 min, ice-cooled NaBH4 (1.2 mL, 25 mM) was added to the above
solution. The solution became yellow following NaBH4 addition,
indicative of nanoparticle formation. The solution was stirred at
500 rpm for 30 min.

Ag nanorods were prepared by mixing 2 mL of 2.5 mM AgNO3
and 2 mL of TSC (2.5 mM). After thorough mixing, 600 mL of NaOH
(10 mM) was added, followed by the addition of 20 mL of DI water.
600 mL of NaBH4 (10 mM) was then added to the solution while
stirring. After 2 h, 1 mL of this seed solutionwas added to a mixture
containing 0.25 mL AgNO3 (10 mM), 0.5 mL ascorbic acid (AA)
(100 mM), and 10 mL cetrimonium bromide (CTAB) (50 mM), fol-
lowed by NaOH (0.1mL,1M) addition. The resulting red color of the
solution was indicative of nanoparticle formation.

Au nanorods were prepared by stirring HAuCl4 (25 mL, 50 mM)
and CTAB (4.7 mL, 0.1 M) thoroughly until the solution was no
longer turbid. Then, 300 mL of an ice-cold NaBH4 (10 mM) was
rapidly injected under vigorous stirring, and this seed solution was
kept at 30 �C. A growth solution was prepared by mixing CTAB
(10 mL, 0.1 M), HCl (190 mL, 1 M), HAuCl4 (100 mL, 50 mM), AgNO3
(120 mL,10mM) and AA (100 mL,100mM). 24 mL of the seed solution
was added to the growth solution and stirred for 10 min. The
resulting mixture was kept at 30 �C to prevent CTAB crystallization.

Au nanotriangles were prepared using a seed solution, an in-
termediate solution, and a growth solution. For the seed solution,
25 mL of 0.05 M HAuCl4 was added to 4.7 mL of 0.1 M CTAC followed
by the addition of 300 mL of ice-cooled 0.01 M NaBH4. For the in-
termediate solution, 1.6 mL of 0.1 M CTAC was added to 8 mL of DI
water followed by NaBH4 (40 mL, 0.05 M) and NaI (15 mL, 0.01 M)
addition. Finally, for the growth solution, 500 mL of 0.05 M HAuCl4
was added to 40 mL of 0.05 M CTAC followed by the addition of
300 mL of 0.01MNaI. The nanoparticles were synthesized by adding
100 mL of the seed solution to 900 mL of CTAC (0.1 M). 40 and 400 mL
of AA (0.1 M) were added to the intermediate and growth solutions,
respectively, resulting in the transparency of both solutions. 100 mL
of diluted seed solution was added to the intermediate solution,
and 3.2 mL of this resulting mixture was quickly added to the
growth solution. This mixture was incubated at room temperature
for 1 h. The resulting blue color of the solution was indicative of
nanoparticle formation.

Ag nanotriangles were prepared by rigorously stirring mixtures
of AgNO3 (50 mL, 0.1 mM) and TSC (3 mL, 30 mM) in a 100-mL
Erlenmeyer flask. Then, polyvinylpyrrolidone (PVP) (3 mL,
0.7 mM) and H2O2 (120 ml, 30% in DI water) were added at room
temperature. After 15 min, ice-cooled NaBH4 (300 mL, 100 mM) was
injected into the solution while stirring at 600 rpm. After the
addition of NaBH4, the color of the solution changed from colorless,
to pale yellow, to orange, to red, to indigo, and finally, to blue.

In order to remove the byproducts or unreacted species from the
solutions, all of the nanoparticles were washed three times with
acetone and one time with DI water. The particles were then
centrifuged at 16000 rpm for 1 h. The upper 95% of the supernatant
was discarded, and the concentrated particles were extracted and
stored at 4 �C (except for the Au nanorods, which were stored at
30 �C to prevent crystallization of CTAB).

Since the extinction coefficients of the nanoparticles vary with
size and shape, we applied a previously reported technique based
on coupled plasma atomic emission spectroscopy (ICP-OES 5110,
Agilent) to account for variability in nanoparticle concentration in
comparing their plasmonic effects [1,4]. Washed nanoparticle so-
lutions were diluted to have the maximum absorbance of 1 at their
maximum surface plasmon resonance wavelength. 1 mL of each
sample was digested in HNO3 (10%). According to the inductively
164
coupled plasma atomic emission spectroscopy results, the con-
centration of nanoparticles in all cases was between 0.2 and 0.3mg/
L.

2.4. Preparation of nanoparticle-conjugated ssDNA-SWCNTs

Nanoparticle-conjugated ssDNA-SWCNTs were prepared by
mixing 40 mL of a 40-fold dilution of the stock ssDNA-SWCNT so-
lution with 1 mL of nanoparticle solution. Enough DI water was
added to yield a total volume of 60 mL (for a final SWCNT:nano-
particle volume ratio of 40:1). The final concentration of SWCNTs in
the resulting mixture was 20 mg/L, as estimated from the absorp-
tion spectrum (ε780nm ¼ 24 mL mg�1cm�1 [3]). Based on the
nanoparticle concentration analysis described above, the amount of
nanoparticles in the 60 mL solution following ssDNA-SWCNT
conjugation was in the range of 12e18 ng.

2.5. NIR fluorescence spectroscopy

The NIR-II fluorescence spectroscopy and confocal measure-
ments were performed using custom-built setups described in
previous work [51]. The setup consists of a super continuum laser
source and a tunable band-pass filter unit (SuperK Extreme EXR-15
and SuperK Varia, NKT Photonics) that operates between 400 and
830 nm at a pulse frequency of 80 MHz. A short-pass filter (890 nm
blocking edge BrightLine, Semrock) was used to remove NIR re-
flections. The excitation light was directed into a 20 � objective (M
Plan Apo NIR, NA 0.4 air, Mitutoyo Corporation) using silver-coated
mirrors and a dichroic reflector (LP 830 nm, Semrock), resulting in
an illumination spot of 350 � 350 mm. Light emitted from the
sample was collected in the epi-direction and focused onto the
entrance slit of an IsoPlane SCT-320 spectrometer (Princeton In-
struments). A 70 lines mm�1 grating was used to disperse the light,
which was redirected into an InGaAs NIR camera (NIRvana 640 ST,
Princeton Instruments). Measurements were recorded with Light-
Field (Princeton Instruments) and custom-built LabView (National
Instruments) software. The optical system was calibrated with a
NIR calibration source (HL-3plus-CAL-EXT, Omicron Optics) prior to
measurement, and wavelength calibration was performed using
characteristic lines of a mercury lamp (IntelliCal, Princeton In-
struments). The photoluminescence excitation-emission plots were
collected using laser excitation at 500e800 nm with 5 nm steps
with an exposure time of 5 s per step.

2.6. Absorbance, light scattering and TEM characterizations

Absorbance spectra were acquired with a Shimadzu UV/VIS/NIR
scanning spectrometer (3600 Plus) using 50 mL quartz cuvettes.
Light scattering measurements were performed using a Nano
Zetasizer (Malvern). The samples for the TEM images of the
nanoparticles were prepared by dropping 50 mL of each as-prepared
nanoparticle solution on copper grids. The samples were imaged at
200 KV (OSIRIS).

2.7. Finite element modeling (FEM)

We modeled the optical properties of the Ag nanotriangles by
numerically solving a frequency domain wave equation (Eq. (1)) in
the RF (radio frequency) module of COMSOL Multiphysics accord-
ing to our previously established method [52,53] for linearly
polarized illumination (Eq. (2)). The resulting three-dimensional
solution for the electric field was integrated over the nanotriangle
volume to determine the rate of energy absorption, Wabs (Eq. (3)).
This rate was divided by the incident irradiance, Pinc (Eq. (4)) to
obtain the absorption cross section, sabs (Eq. (5)). The frequency-
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dependent relative permittivity εr was determined based on the
work of Johnson and Christy [54]. The relative permeability, mr, was
set to 1, since the magnetic properties of Ag are negligible in the
current system, and Z0 is the impedance of free space. We account
for the frequency-dependent dielectric properties of water as the
surrounding medium [55].
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The tridimensional numerical simulation is based on a
concentric spherical domain model, where a single nanoparticle is
placed in the center, surrounded by a spherical water domain and
enclosed in an ideally absorbing domain with a non-scattering
boundary at the outermost limit. A detailed schematic represen-
tation is given in Fig. S1 in the SI.

Special considerations were taken to apply a classical electro-
magnetic approach for atom-thick systems, like graphene [56,57]
and carbon nanotubes, which can exhibit singularities. We
assumed that the conjugation of SWCNTs in the proximity of the
nanoparticles creates an environment with a higher carrier density:
while the nm-scale size of the carbon nanotubes has a negligible
effect on the plasmonic nanoparticle size, their high electrical
conductivity must still be considered. We thus modified the
frequency-dependent dielectric function of the Ag nanotriangles
(εAg) using a published analytical model [58]. We observed that a
20% increase of the Ag carrier density alters the plasma frequency in
a manner consistent with the experimental results. We thus uti-
lized this modified dielectric function for Ag to model the system in
the presence of SWCNTs.

Since the absorption spectrum of the nanotriangle solution
varies with nanoparticle thickness, we modeled the distribution of
Ag nanotriangle thicknesses by fitting the weighted average sum of
the predicted absorption spectra of the different nanotriangle
thicknesses with the experimental results. We assumed a solution
containing ~1012 particles consisting of eight different thicknesses.
The resulting weighted average spectrum was fitted with a con-
voluted Cauchy-Lorentz and Gaussian envelope peak. The peculiar
blue-shifting and narrowing of the spectrum observed experi-
mentally upon SWCNT conjugation of the Ag nanotriangles was
obtained in simulations by tuning the plasma frequency as
described above to account for a higher carrier density and using
the weighted average coefficients of the eight thicknesses used to
model the absorption spectrum of the Ag nanotriangle solution.
Notably, by imposing a single charge density shift, this model
allowed us to simulate all the experimental observations in the
presence of SWCNTs, including the wavelength shift, intensity in-
crease, and peak narrowing. The same method was applied to
effectively simulate the behavior of Au nanotriangles, nanorods (Ag
and Au) and nanospheres (Ag and Au) in the proximity of SWCNTs.
We note that averaged transverse and longitudinal modes were
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used in the case of nanorods (Ag and Au) and Au nanotriangles,
whereas a single orientation was used for Au and Ag nanospheres
because of the particles’ spherical symmetry. Therefore, this model
accounts for the heterogoenous orientation of the nanoparticles
and their variable effects on the enhancement.

3. Results and discussion

Microscopic images of the spherical, rod, and triangular Ag and
Au nanostructures, along with their respective absorption spectra,
are shown in Fig. 2. The TEM images confirm the distinct nano-
particle geometries for both Ag and Au nanoparticles. The sizes of
the nanostructures were measured using TEM and DLS. The Ag and
Au nanospheres (Fig. 2a) were synthesizedwith diameters of 10 nm
(Fig. S2). The Au and Ag nanorods have a mean diameter of
approximately 6 nm and a mean length of approximately 60 nm
(Fig. S3). The Ag and Au nanotriangles (Fig. 2c) have average edge
lengths of approximately 20 nm with an average nanoparticle
thickness of approximately 8 nm (Fig. S4).

Each of the aforementioned nanoparticles shows distinct
absorbance properties that are in agreement with previous reports
[59] (Fig. 2, right). The 10 nm Ag and Au nanospheres possess a
single-peak dipole plasmon resonance at 400 nm and 520 nm,
respectively, while the nanorods show characteristic dipole plas-
mon resonances (440 and 600 nm for Ag; 540 and 850 nm for Au).
The plasmonic modes of the triangular nanostructures are more
complex; they exhibit dipole in-plane (600 nm for Ag and 680 nm
for Au), dipole out-plane (expected at 500 nm for Ag, which over-
laps with the broad 600 nm peak from dipole in-plane and 600 nm
for Au), and quadrupole in-plane (350 nm for Ag and 520 nm for
Au) plasmon resonances. The absorbance spectrum of ssDNA-
SWCNTs shows different peaks in the 300e1400 nm range corre-
sponding to different SWCNT chiralities. The peaks appearing
below 550 nm are mainly attributed to metallic nanotubes,
whereas peaks in the 600e900 nm and 900e1400 nm ranges are
assigned to the E22 and E11 optical transitions of nanotubes,
respectively. The absorbance spectra of the ssDNA-SWCNTs in the
presence of the plasmonic nanoparticles are distinct from those of
the pristine ssDNA-SWCNTs and those of the nanoparticle solu-
tions. For example, in the presence of Ag nanotriangles, the ssDNA-
SWCNTs show an absorbance peak at 475 nm that appears neither
in the pristine ssDNA-SWCNT solution nor in the Ag nanotriangle
solution. The formation of this peak is consistent with near-field
coupling effects. Such near-field effects is expected for ssDNA-
SWCNTs as the sub-nm DNA thickness is too thin to account for
far-field interactions from the adsorbed nanoparticles, an obser-
vation that is consistent with previous work [43]. In addition, a
comparison of the semiconducting peaks above 800 nm shows a
close overlap in absorbance wavelengths for SWCNTs in the
absence and presence of Ag nanotriangles. The alignment of the
absorbance spectra, namely the lack of red-shifting and broadening
effects at these wavelengths [60e62], indicates the lack of SWCNT
aggregation on nanoparticle addition. These measurements there-
fore confirm the optoelectronic coupling of the nanoparticles with
the individual ssDNA-SWCNTs.

Photoluminescence maps of the conjugated nanoparticle-
ssDNA-SWCNTs hybrids show that plasmonic enhancement of the
NIR-II fluorescence is affected by both nanoparticle composition
and shape (Fig. 3) (see Fig. S7 for the quantitative summary of the
chirality-specific nanoparticle effect), consistent with the effects of
geometric hot spots that can be observed in the near-field. In
agreement with the findings of Yang et al. [43], the 10 nm Au
nanospheres enhances the (6,5) NIR-II fluorescence, whereas the
Ag nanospheres are shown to quench the SWCNT fluorescence
(Fig. 3, top row). As depicted in Fig. 2a, the 400 nm Ag absorption



Fig. 2. TEM images and UVevisible absorbance spectra of spherical (a), rod, (b) and triangular (c) nanoparticles. TEM images correspond to Ag (top left) and Au (bottom left)
nanoparticles, and the corresponding absorbance spectra (right) are shown for the nanoparticles, pristine ssDNA-SWCNTs, and conjugated ssDNA-SWCNTs with the respective
nanoparticles.

A. Amirjani, T.V. Tsoulos, S.H. Sajjadi et al. Carbon 194 (2022) 162e175
peak is blue-shifted relative to the minimum excitationwavelength
of the SWCNTs (575 nm for (6,5) chirality), and plasmonic
enhancement is not observed in the case of Ag nanospheres. The
quenching may therefore be attributed to non-radiative metallic
quenching at short distances from the emitter surface [63]. In the
166
case of Au nanospheres, the fluorescence is enhanced for the (6,5)
ssDNA-SWCNTs, whose excitation maximum (575 nm) more
closely aligns with the peak absorption of the Au nanoparticle at
520 nm. We note that these findings are in agreement with Yang
et al. [43], who similarly reported (6,5) fluorescence enhancement



Fig. 3. Excitation-emission maps for ssDNA-SWCNTs conjugated with spherical (top row), rod (middle row), and triangular (bottom row) nanoparticles. Maps are compared be-
tween pristine ssDNA-SWCNTs (left column), as well as ssDNA-SWCNTs in the presence of Ag nanoparticles (middle column) and Au nanoparticles (right column).
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in the presence of Au nanospheres, as well as previous studies
[42,43] that reported enhancements for fluorophores with red-
shifted excitation maxima relative to the nanoparticle peak ab-
sorption. Negative controls performed in the presence of the
nanoparticle capping agents, metal precursors, and reducing agents
further support the plasmonic-specific enhancement of the NIR-II
fluorescence (Figs. S5 and S6).

Contrary to the nanospheres, both the Ag and Au nanorods were
shown to enhance SWCNT fluorescence (Fig. 3, middle row). The Au
nanorods, in particular, show an 80% and 50% enhancement of the
(7,5) and (7,6) SWCNT chiralities, respectively, which exceed the
corresponding 10% and 12% enhancements achieved by the Au
nanospheres. The dipole resonance of the nanoparticle at 850 nm is
not expected to contribute significantly to the observed plasmonic
effects; contributions from absorption peaks that are red-shifted
relative to the excitationwavelength are considered negligible [64].

Compared to spherical and rod nanoparticles, the strongest
fluorescence enhancement was achieved with triangular Ag
nanoparticles (Fig. 3, bottom row). These nanoparticles show a
general enhancement across the (6,5), (7,5), (8,3), (8,4), (7,6), and
167
(9,4) chiralities. The greatest enhancement was observed for the (6,
5) chirality, which demonstrates a 240% increase in fluorescence
that is over 10 times greater than the less pronounced enhance-
ment achieved with Au nanospheres used in previous studies [43].
Given the dominant role of the (6,5) chirality for nanotube sepa-
ration and single-chirality sensing applications, the preferential
enhancement with the Ag nanotriangles of this chirality poses
significant advantages in the field. Interestingly, although the Au
nanotriangles showed more modest enhancements compared to
the Ag nanotriangles, the fluorescence increase readily surpassed
those of the nanospheres despite the lower absorbance. In addition,
the shape-dependence of this enhancement, which shows greater
enhancements for geometries with pointed, strong localized field
effects such as triangles, is in agreement with the predictions of
Glaeske et al. [64], who verified plasmonic coupling through time-
dependent relaxation measurements. The results are also in
agreement with previous reports of chirality-specific enhancement
of the plasmonic effects [43]; however, in this case, the chirality
specificity can be tuned by engineering the nanoparticle shape and
composition. Together, these observations indicate that the



Fig. 4. Comparison of simulated and experimental absorption spectra. (a) Numerical
modeling of optical properties of Ag nanotriangles before (blue curve) and after
(purple curve) conjugation with SWCNTs. The numbers above each peak correspond to
the modeled thicknesses of nanotriangles in nm. (b) Experimentally obtained absor-
bance spectra of Ag nanotriangles before (black curve) and after (red curve) conju-
gation with SWCNTs. (A colour version of this figure can be viewed online.)
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fluorescence enhancement is due to plasmonic coupling effects
rather than a mere increase in absorption.

The plasmonically-induced fluorescence enhancement
observed in this study can thus be attributed to either (i) increased
pumping of the excited electrons from the ground level (S0) to the
Sk (k > 1) level and/or (ii) a fast de-excitation of the S1 excited
electrons to the ground level (S0) [65,66]. Though previous studies
have confirmed increased relaxation times for the plasmonically
coupled SWCNTs, the enhancement has been primarily attributed
to the increased pumping of the excited electrons [64]. The overall
enhancement factor (Q) can be written as shown in Equation (6):

Q ¼
����EmE0 j2,

grad þ gnon�rad þ gmetal
grad þ gnon�rad

(Eq. 6)

where the E0 is the intrinsic excitation rate of the emitter, Em is the
excitation rate in the presence of plasmonic nanoparticles, and grad;
gnon�rad; and gmetal correspond to the rates of the radiative, non-
radiative, and metal-induced de-excitation pathways, respec-
tively. The latter de-excitation pathway is specific to phenomena
that are only observed in the presence of a metallic surface near the
emitter [64]. Though previous reports were unable to elucidate the
underlying mechanism for the increased pumping and fast de-
excitation of electrons [64], our results similarly indicate that the
hybridization of the SWCNTs with plasmonic nanoparticles results
in an increase in the charge density. In this study, however, we
demonstrate that the extent and chirality specificity of this
enhancement is highly dependent on the morphology of the
nanostructures. This dependency is attributed to the formation of
an electron hotspot near a plasmonic nanoparticle.

To test this hypothesis, we modeled the system using classical
electromagnetics with FEM. As described in the Methods section,
we assumed an altered electron density for nanoparticle-SWCNT
conjugates by modifying the dielectric properties of the Ag nano-
triangles [67,68], and the effects of nanoparticle coupling were
considered negligible for the low nM concentrations used in this
study [69,70]. The broad absorbance peak observed for the Ag
nanotriangles (Fig. 2c, blue) illustrates a distribution of various
modes of Ag nanotriangles with different thicknesses. Fig. S9 shows
the calculated plasmon modes of Ag nanotriangles for eight
different thicknesses with and without SWCNTs. The absorbance
blue-shift is shown to decrease exponentially with increasing
thickness. The predicted absorption peaks of the Ag nanotriangles
of various thicknesses (Fig. 4a, light blue) were weighted to fit the
observed absorbance spectrum (Fig. 4a, dark blue). The same dis-
tribution of nanoparticle thicknesses was assumed when modeling
the absorption spectrum of the nanoparticle-SWCNT conjugates
(Fig. 4a, purple). The higher carrier density of Ag nanotriangles in
our numerical model therefore results in the blue-shifting, nar-
rowing, and increase of the absorption peak, as experimentally
observed in Fig. 4b.

As shown in Fig. S10, while the absorption cross-section de-
creases with decreasing thickness, the electric field enhancement |
E/E0|2 increases with thickness. This enhancement therefore be-
comes more pronounced when the field is confined to a smaller
area [71e73], especially in the vicinity of the plasmonic hot spot.
These observations are in agreement with the predictions of
Glaeske et al. [64] for plasmonically coupled systems. These larger
field enhancements could exert a higher attractive force towards
the polarizable nanotube surface, leading to increased SWCNT
accumulation and a greater change in carrier density [74e76]. In
contrast, the lack of field hotspots for the spherical and rod nano-
structures under these conditions would lead to relatively modest
changes in the absorbance spectra, in agreement with our experi-
mental observations. Whereas the Ag nanotriangles show more
168
than a 200-fold enhancement in the local field, the Ag nanorods, Au
nanorods, and Ag nanospheres only showa 60-fold,18-fold, and 12-
fold enhancement, respectively. We also note this effect to be ma-
terial dependent, since such regions with increased charged den-
sities (i.e. blue-shift of the resonance modes) were not observed for
the Au nanotriangles (Fig. 2c). The dielectric function of the mate-
rial can indeed be responsible for the observed difference between
Ag and Au (e.g. both the imaginary (εi) and real (εr) parts of Ag's
dielectric function are lower than those of Au in the studied range)
[47]. Therefore, the notable blue-shifting from the Ag nanotriangles
is attributed to not only geometric “hot spots” with an enhanced
electric field, but also to the lower value of εr and εi of the Ag
compared to Au.

According to the literature [65,66], the excitation energy (gexci-
tation), or incoupling, of the SWCNTs in the presence of the plas-
monic particles can be qualitatively estimated from the local
electric field enhancement of the plasmonic hot spots and the op-
tical response of the fluorophore (Equation (7)). The dipolemoment
of the fluorophore, mAbs, is directly proportional to the absorbance
of the fluorophore (A SWCNTs), the latter of which can be obtained
experimentally for the SWCNTs.

gexcitation f
���mAbsEj2 ,fA2

SWCNTs*
���Ej2 (Eq. 7)

The emission wavelength intensity (gemission), or outcoupling, of
the SWCNT is determined by the local density of optical states
(LDOS), which is altered in the presence of the plasmonic particles.
If we assume the LDOS to be characteristic of the absorbance
spectrum of the system containing the coupled SWCNTs and plas-
monic nanoparticles (ASWCNT þ NP), we arrive at the following
relation:
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gemission f LDOSfASWCNTþNP (Eq. 8)

Orthogonal vector multiplication between the excitation rate of
the fluorophore (Equation (7)) and the LDOS (Equation (8)) yield
the following two-dimensional spectrogram for numerically
approximating the fluorescence enhancement (FE):

FE¼gexcitation � gemission (Eq. 9)

Therefore, the field enhancement modeled by Equations (7)e(9)
takes into consideration the incoupling effects, as determined by
the altered dipole moment of the fluorophore, as well as the out-
coupling effects arising from the modified LDOS. If we define the
experimentally measured excitation-emission map for the bare
ssDNA-SWCNTs as PLssDNA-SWCNT, then the numerically simulated
fluorescence (NF) can be modeled according to Equation (10):

NF ¼ FE � PLssDNA�SWCNT (Eq. 10)

As shown in the NF plots in Fig. 5, minimal fluorescence
Fig. 5. Predicted excitation-emission maps for ssDNA-wrapped SWCNTs in the presence of
nanoparticle-SWCNT system in order to avoid saturation. PLssDNA-SWCNT and NF refer to exper
simulated fluorescence of the ssDNA-SWCNTs in the presence of nanoparticles, respectively
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enhancement is predicted for the Ag nanospheres and Au nano-
spheres, and the greatest enhancement is predicted for the Ag
nanotriangles, followed by the Au nanorods and Au nanotriangles.
These predictions are in agreement with the experimental obser-
vations shown in Fig. 3 (see Fig. S17 for comparison of experimental
and simulated plots). The Ag nanospheres in particular show the
least enhancement, as their absorption peak lies outside the stud-
ied excitation range (500e800 nm) (Fig. S11).

Despite the overall agreement of the predicted trends with our
experimental observations, we note several key differences. For
example, the metallic quenching effects experimentally observed
for the Ag nanospheres in Fig. 3 are not modeled in this system, and
the perceived quenching shown in Fig. 5 is due to normalization of
the plot relative to the enhanced intensity that is predicted for the
(6,5) nanotube. In addition, the predicted model underestimates
the fluorescence enhancement that is observed experimentally for
the (7,5) nanotube. Since the experimentally measured (7,5) ssDNA-
SWCNT is minimal (Fig. 5, left), this enhancement is attributed to
plasmonic effects beyond the altered electron density contributions
Ag and Au nanoparticles. Each map was normalized by the maximum value for each
imentally measured excitation-emissions map for ssDNA-SWCNTs and the numerically
.
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modeled herein. Indeed, Takase and co-workers observed the
breakdown of electronic wave function selection rules in the
presence of strong electromagnetic fields, such as those generated
by plasmonic effects [77]. This breakdown yields altered opto-
electronic signatures resulting from forbidden and dark exciton
transitions that become enabled on excitation in the radial direc-
tion of the nanotube. Amori et al. [78] further reported enhanced
photoluminescence resulting from dark exciton formation of the
(7,5) chirality. Since the enhancement observed in this study occurs
at the resonant (7,5) E22 excitation and E11 emission wavelengths,
E22 excitation of a dark exciton statemay ultimately non-radiatively
decay to the E11 state prior to radiative recombination. This pro-
posed mechanism is supported by fluorescence emissions spectra
taken at 633 nm excitation (Fig. S18), which shows a weak peak at
1185 nm (~130 meV) that is not assigned to any residual fluores-
cence emission from other chiralities. This peak, which is most
pronounced for the Au nanorods and Au nanotriangles, is in close
agreement with the photoluminescence feature for the K-mo-
mentum dark state of the (7,5) chirality that has been previously
observed and characterized by Amori et al. [78]. In also considering
the short lifetime of the exciton (<100 fs) [79,80], which suggests
relaxation to the E11 state to be favored over alternative scattering-
based recombination pathways, the photoluminescence data
therefore indicate contributions from the activation of dark exci-
tons. These observations support our hypothesis that the deviation
observed for the (7,5) may be accounted for by photophysical
phenomena beyond those modeled in our simulations.

To test this hypothesis, we extended the method presented
above to account for the altered absorption spectrum of the
SWCNTs in the presence of the Ag nanotriangles. Specifically, we
subtracted the absorption spectrum of the Ag nanotriangles from
that of the ssDNA-SWCNTs in the presence of Ag nanotriangles to
obtain the altered SWCNT absorption spectrum shown in Fig. S15.
This modified absorption spectrum can be used to calculate the
efficiency of the E22 to E11 relaxation pathway, g, according to the
relation [81]:

g¼
� ð

E22ðPLEÞ
	 ð

E11ðPLEÞ


�
� ð

E22ðabsÞ
	 ð

E11ðabsÞ



(Eq. 11)

where !Eii(PLE) and !Eii(ABS) represent the integrated areas of the
fluorescence and absorption peaks for the corresponding ii transi-
tions, respectively. As shown in the figure, we observe a relative
decrease in the E22 absorption peak of the (7,5) chirality that is
expected to contribute to an overall increase in the efficiency of
excitons that undergo E22 to E11 radiative decay as opposed to
excitions lost to mechanisms such as scattering. Indeed, as shown
in Fig. S16, the NF calculated from this altered absorption spectrum
is able to capture enhanced fluorescence emissions across longer
wavelengths, including those of the (7,5) chirality, that are observed
experimentally. However, we note that this plot consequently un-
derestimates the observed enhancements across longer excitation
wavelengths compared to the NF plots based on the unaltered
ssDNA-SWCNT fluorescence in Fig. 3.

In addition to nanoparticle material and shape, plasmonic ef-
fects have also been shown to vary with nanoparticle distance
[82e84] and salt concentration [85]. According to the proposed
enhancement mechanism, the SWCNTs must remain in the vicinity
(up to 10 nm) of the plasmonic nanostructures to achieve the
enhanced field effects [84]. To investigate this effect, the distance
between the plasmonic nanoparticle and SWCNT was varied by
coating the nanoparticle surface with PVP, a neutral steric spacer
(Fig. 6a). Previous studies have shown that the thickness of the PVP
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layer increases with PVP concentration due to molecular stacking
[86e89]. In agreement with near-field plasmonic theory, we indeed
observe a decrease in ssDNA-SWCNT fluorescence with increasing
PVP concentration in the presence of Ag nanotriangles (Fig. 6b,
excitation-emission plots are provided in Fig. S12). At sufficiently
high concentrations of PVP, the fluorescence intensity approaches
values that are achieved in the absence of the nanoparticles. These
observations are consistent with previous studies that have re-
ported decreasing plasmonic effects with increasing distance from
fluorophores, including SWCNTs [15,90]. We further note that no
significant fluorescence changes were observed in the absence of
the nanoparticles, confirming that the diminution is due to nano-
particle effects.

To verify the plasmonic dependence on salt concentration, we
monitored the change in SWCNT fluorescence on increasing NaCl
concentrations in the presence of the Ag nanotriangles. As shown in
Fig. 6c, we observe a gradual increase, followed by a stark dimi-
nution, of fluorescence with increasing NaCl concentrations (exci-
tation-emission plots are provided in Fig. S13). The sharp
diminution occurs at NaCl concentrations exceeding 78 mM, which
corresponds to the NaCl concentration at which plasmonic nano-
particles have been shown to undergo abrupt wavelength shifting
[85]. We note that the initial increase observed at lower NaCl
concentrations could be attributed to salt effects on ssDNA-SWCNT
fluorescence. In fact, previous studies have reported increases in
ssDNA-SWCNT fluorescence with increasing monovalent salt con-
centrations for certain DNA sequences in the absence of any plas-
monic nanoparticles [90,91]. Such fluorescence increases have been
attributed to the increase in oxygen exclusion at the nanotube
surface due to tighter DNA wrapping. However, no significant
changes in fluorescence were observed under the conditions
(66e90 mM NaCl range, (AT)15 ssDNA sequence) used in this study.
These observations indicate that the fluorescence changes in the
presence of the nanoparticle are unlikely to be due to the DNA
surface coverage and oxygen exclusion effects reported previously
[91,92].

Previous studies have also shown that DNA sequence plays a
significant role in both SWCNT surface coverage and fluorescence
response [50,93e98]. Consequently, different DNA sequences with
altered surface functionalizations are expected to show variable
responsivities to plasmonic nanoparticles, whose efficacy depends
on SWCNT surface accessibility and distance. To test this hypothe-
sis, SWCNTs were wrapped in A30, C30, and T30, and their fluores-
cence enhancements were compared in the presence of Ag
nanotriangles. As shown in Fig. 6d, whereas the A30, C30, and T30
sequences all showed comparable initial fluorescence intensities
under the tested measurement conditions, the fluorescence en-
hancements vary with ssDNA sequence. These enhancement effects
are also distinct from that of the AT15 sequence, which shows a
higher initial fluorescence intensity prior to nanoparticle addition,
in agreement with previous reports [24]. The plasmonic effect on
the G30 sequence was not studied due to the poor suspension
quality of the nanotube solution (data not shown).

Finally, we demonstrate the applicability of the enhanced fluo-
rescence emission for single-molecule NIR fluorescence imaging of
individual SWCNTs. SWCNT fluorescence is renowned for its strong
sensitivity to the nanotube environment. This sensitivity has
enabled the optical detection NO, H2O2, and most recently, micro-
RNA [16,24,99,100] down to the single-molecule level. The sensi-
tivity limits of these single-molecule sensors have been shown to
depend on the fluorescence quantum yield [26,101].

Although recent developments in NIR confocal microscopy
enable increased single-molecule imaging resolution of individual
SWCNTs, the improved resolution occurs at the expense of signif-
icant fluorescence losses [51], which further compromise the



Fig. 6. The effect of nanoparticle distance, salt concentration, and DNA sequence on the photoluminescence of ssDNA-SWCNTs. (a) Schematic representation of the effect of PVP
thickness on modulating distance between plasmonic nanoparticles and ssDNA-SWCNTs. (b) Fluorescence intensity of (6,5) ssDNA-SWCNT emission peak in the presence of Ag
nanotriangles and varying PVP concentrations (0 - 0. 5 wt % PVP). Control measurements are shown for ssDNA-SWCNTs in the absence of the nanoparticles. (c) Fluorescence
intensity of (6,5) ssDNA-SWCNT emission peak in the presence of Ag nanotriangles and varying salt concentrations (66e90 mM NaCl). Control measurements are shown for ssDNA-
SWCNTs in the absence of the nanoparticles. (d) Fluorescence intensity of (6,5) ssDNA-SWCNTs suspended with AT15, A30, and T30 sequences in the absence (red) and the presence
(blue) of Ag nanotriangles. (A colour version of this figure can be viewed online.)
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sensitivity of the nanosensors. However, as shown in the confocal
NIR images in Fig. 7a, the ssDNA-SWCNTs conjugates show a sig-
nificant enhancement in single-molecule imaging in the presence
of the Ag nanotriangles. A comparison of the corresponding single-
molecule intensities shown in the histograms of Fig. 7b confirms
the increase in the intensity of individual, immobilized SWCNTs
that are not aggregated.

The confocal single-molecule images were further used to
demonstrate the use of the SWCNT conjugates for ferricyanide
detection. Previous reports have shown a fluorescence decrease of
SWCNTs in the presence of ferricyanide [102]. In agreement with
these observations, the average fluorescence intensity of the indi-
vidual SWCNTs is shown to decrease on ferricyanide addition
(Fig. 7c). At high concentrations of ferricyanide (100 mM), the
fluorescence quenching effects become saturated for both the
plasmonically coupled and non-coupled SWCNTs. Under these
saturating conditions, the plasmonically coupled and non-coupled
SWCNTs converge to the same average final intensity, with the
plasmonically coupled SWCNTs demonstrating over a two-fold
reduction in the overall fluorescence intensity compared to the
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non-coupled SWCNTs. At lower concentrations of ferricyanide, the
plasmonically coupled SWCNTs show a concentration-dependent
response to increasing concentrations of ferricyanide. By contrast,
the bare ssDNA-SWCNTs show little to no concentration depen-
dence, reaching a saturated response at concentrations as low as
0.1 mM. The increased sensitivity of the plasmonically enhanced
SWCNTs across analyte concentrations spanning four orders of
magnitude thus motivates their use for sensing.
4. Conclusions and outlook

Metallic nanoparticles offer a tunable approach to modulating
SWCNT NIR fluorescence. By altering the nanoparticle material and
shape, these nanoparticles can be engineered to tune the fluores-
cence of different nanotube chiralities to varying extents. Based on
the FEM results, the chirality-specific fluorescence increase can be
at least partially attributed to a combination of localized near-field
enhancements from geometric “hot spots”, as well as the dielectric
properties of the material. These findings are in agreement with
plasmon theory, which predicts a geometric and material



Fig. 7. Single-molecule confocal NIR photoluminescence imaging of ssDNA-SWCNTs. (a) Fluorescence images of ssDNA-SWCNTs on a glass substrate before (left) and after (right)
hybridization with Ag nanotriangles. Scale bars are 10 mm. (b) Histograms showing frequency distributions of photoluminescence intensities of individual SWCNTs in the presence
and absence of Ag nanotriangles. (c) Average photoluminescence intensities of individual SWCNTs in the presence and absence of Ag nanotriangles with increasing concentrations
of ferricyanide. Error bars represent ±1 S.D. In all images, samples were excited at 640 nm, and emission was collected above 980 nm using a long-pass filter. The 200 brightest 2 � 2
pixelated regions were considered for the histograms and data points shown in (b) and (c), respectively.
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dependence. The theory also predicts a plasmonic dependence on
nanoparticle size [46,103,104]. Although the effects of nanoparticle
size were not experimentally studied in this work, the FEM results
presented herein were able to capture the effects of altering
nanotriangle thickness, which is shown to affect the absorbance
and, consequently, the plasmonic behavior of the system. This size
dependence therefore offers an additional avenue for further tun-
ing the SWCNT NIR fluorescence.

In addition to size, material, and shape, the SWCNT fluorescence
has also been shown to vary with nanoparticle distance, salt con-
centration, and DNAwrapping sequence. Whereas the dependence
on nanoparticle distance and salt concentration is in agreement
with previous observations from other nanoparticle-fluorophore
systems [15,86,90], the plasmonic modulation of SWCNT fluores-
cence with DNA sequence has yet to be reported. Indeed, the DNA
sequence space offers a vast range of possibilities for fine-tuning
parameters such as nanoparticle distance and nanotube surface
exposure in a readily scalable and high-throughput manner.
Although the understanding between DNA sequence and surface
coverage is lacking and efforts to engineer DNA sequences with
desired photophysical effects remain largely empirical, new tech-
niques are being developed to design sequences in a more guided
manner [97,105]. In addition to DNA design, advancements in
SWCNT chirality separation [106] offers a promising avenue for
more precisely controlling the donor-emitter distances in these
non-covalent SWCNT-nanoparticle conjugates. The distribution of
SWCNT chiralities in the mixture used in this study yields a dis-
tribution of DNA coverage, even when the mixture is solubilized
with a single DNA sequence. This distribution results in an inherent
variability in the distances between the ssDNA-SWCNT and
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adsorbed nanoparticles. The various distances and chiralities limit
the applicability of time-resolved and other analyses that require
precise control over donor-emitter separation. The ability to purify
single-chirality SWCNTs would thus enable additional studies that
would allow one tomore preciselymodulate near-field and far-field
effects by more uniformly controlling the donor-emitter distances.

In addition to the experimental agreement with predicted
trends, the plasmonic effects were also captured using FEM. The
modeling results confirm the plasmonic effects on SWCNT fluo-
rescence. Importantly, they also represent a first-of-its-kind
modeling demonstration of a complex system containing a
mixture of NIR fluorophores with distinct bandgaps and excitation-
emission properties. The FEM of such complex systems allows one
to capture the resonance conditions of a given plasmonic nano-
particle by screening the fluorescence effects of different bandgap
fluorophores. Indeed, this ability is exemplified by the chirality-
dependent differences that were modeled and experimentally
confirmed for each of the distinct nanoparticles. The limitations in
themodel predictions, which include omission of quenching effects
due to metal contact and the underestimation of the (7,5) fluores-
cence enhancement, further point to additional photophysical
contributions beyond conventional plasmonic effects. The under-
estimation of the (7,5) fluorescence, in particular, suggests radiative
decay of otherwise forbidden transitions and dark states. This hy-
pothesis is supported by previous studies that have reported the
breakdown of the radiative SWCNT selection rules in the presence
of a strong field and the observed fluorescence peak 130 meV at
633 nm excitation. While the population and de-population of dark
states remain an area of active research [107e109], the model
presented herein provides one avenue for studying such quantum
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phenomena in the presence of a plasmonic field.
From an applications perspective, the fluorescence enhance-

ment from these plasmonic nanoparticles is especially beneficial
for NIR sensing and imaging. In particular, we demonstrate the
single-molecule, confocal NIR imaging of SWCNTs, which has yet to
be reported in the literature. Whereas such imaging applications
are conventionally hindered by low QYs and significant microscope
fluorescence losses, we are able to overcome such challenges
through nanoparticle coupling. Through nanoparticle coupling, we
show up to a 240% enhancement in fluorescence emissions and
increased responsivity of a single-molecule sensor using confocal
microscopy. This demonstration represents just one of many
SWCNT applications that readily benefit from the enhanced fluo-
rescence demonstrated herein.
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