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ABSTRACT: Despite advances in the medical field, even in the 21st century
cancer is one of the leading causes of death for men and women in the world.
Since the second near-infrared (NIR) biological window light between 950 and
1350 nm offers highly efficient tissue penetration, the current article reports the
development of hybrid theranostic platform using anti-GD2 antibody attached
gold nanoparticle (GNP) conjugated, single-wall carbon nanotube (SWCNT)
for second near-IR light triggered selective imaging and efficient photothermal
therapy of human melanoma cancer cell. Reported results demonstrate that
due to strong plasmon-coupling, two-photon luminescence (TPL) intensity
from theranostic GNP attached SWCNT materials is 6 orders of magnitude
higher than GNP or SWCNT alone. Experimental and FDTD simulation data
indicate that the huge enhancement of TPL intensity is mainly due to strong
resonance enhancement coupled with the stronger electric field enhancement.
Due to plasmon coupling, the theranostic material serves as a local
nanoantennae to enhance the photothermal capability via strong optical energy absorption. Reported data show that theranostic
SWCNT can be used for selective two-photon imaging of melanoma UACC903 cell using 1100 nm light. Photothermal killing
experiment with 1.0 W/cm2 980 nm laser light demonstrates that 100% of melanoma UACC903 cells can be killed using
theranostic SWCNT bind melanoma cells after just 8 min of exposure. These results demonstrate that due to plasmon coupling,
the theranostic GNP attached SWCNT material serves as a two-photon imaging and photothermal source for cancer cells in
biological window II.

KEYWORDS: theranostic platform, hybrid plasmonic CNT, second biological window, FDTD simulation,
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■ INTRODUCTION

Targeted imaging and light induced photothermal therapy
using near-infrared (NIR) light at the second biological window
will be the best option to decrease mortality from cancer.1−6

Theranostic nanoplatform with combined diagnostic and
therapeutic functions promise personalized nanomedicine for
cancer.2−10 It is now well documented that near-infrared (NIR)
light between 750 and 2400 nm can penetrate biological tissues
and blood more efficiently.5−13 As a result, for in vivo bright
cancer imaging and effective light induced photothermal
therapy, first and second NIR biological window light will be
the best option for clinical study.5−13 Due to the larger
penetration depth through skin, tissues, and blood, second NIR
biological window light between 1000 and 1250 nm will be a
better choice than the first biological window.10−16 Despite
huge advances in discovering various types of fluorescence
probes, single-photon fluorescence imaging for biomolecules
using second biological NIR light remains a huge chal-
lenge.15−21 Two-photon luminescence (TPF) imaging has
been introduced in biology and clinical study to solve the above

problem.15−24 But, finding photostable TPF material that
exhibits strong two-photon luminescence efficiency in bio-
logical window II is rare.20−28 The current article reports
plasmon-coupling enhanced, bright two-photon imaging of
melanoma UACC903 cells in biological II window using anti-
GD2 antibody attached gold nanoparticle (GNP) conjugated
single-wall carbon nanotubes (SWCNTs).
Over the past few years it is well documented that

bioconjugated gold nanoparticles are highly photostable,
where photoblinking and photobleaching are minimum during
two-photon imaging.4−7,11,15,17−22 As a result, aptamer/anti-
body or peptide-conjugated gold nanoparticles are very good
candidates for bioimaging in clinical environment.4−7,11,15,17−22

Similarly, we and others have reported that, due to high yield
production at low cost, carbon nanomaterials like SWCNTs
hold great promise for various applications for our
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society.8−10,12,23,24 Since spherical gold nanoparticles do not
have absorption in the second biological window, here we have
used two-photon luminescence spectroscopy to image
melanoma cell selectively. To achieve the goal of very bright
two-photon imaging of melanoma UACC903 cells, plasmon
coupling between metal nanoparticles on SWCNTS template
has been used to dramatically enhance the two-photon
luminescence properties via enhanced light−matter interaction
through plasmon-coupling in “hot spot”, formed by GNP on
the surface of theranostic SWCNTs. In the theranostic
nanomaterials, SWCNTs are used as templates for the
controlled attachment of gold nanoparticles, which are in
close contact, as shown in Figure 1. As a result, several “hot”
sites are generated on theranostic SWCNT surface to increase
the local E-fields heavily, which enhances the TPL signal
significantly. Since it is well documented that the tumor-
associated ganglioside GD2 is overexpressed in melanomas,16

for the purpose of selective imaging of melanoma cell, we have
performed anti-GD2 antibody attachment to the nanomaterials
via GNP assembly. Selectivity has been demonstrated by
performing identical experiments using s normal skin cell line,
human skin HaCaT keratinocytes.
Melanoma has been responsible for more than 75% of skin

cancer-related deaths in the last few decades.25 Since melanoma
is well-known to be an aggressive form of skin cancer that is
highly resistant to conventional therapies,13,25 anti-GD2
antibody attached theranostic SWCNT material can be used
for targeted photothermal killing of this malignant cancer. In
the last few years, it is well documented that gold nanoparticles
are capable of efficient heat generation under illumination with
laser radiation.8,10−13 Clinicians are considering that photo-
thermal optical treatment is an emerging method of treatment
for cancer.8,10−13 To date, most of the photothermal therapy
reported so far involves killing of cancer cells using biological I
window (650−850 nm) NIR light.2−4,8,11,26−30 Driven by the
need to find theranostic material which can be used for
photothermal killing in the second biological window, this
article reports that anti-GD2 antibody attached, gold nano-
particle decorated SWCNTs have the capability to kill 100% of
melanoma UACC903 cells using 980 nm light. Since antibody
conjugated, gold nanoparticle coated SWNTs exhibit strong
NIR absorption through plasmon coupling, reported photo-
thermal killing results demonstrate that 8 min of photothermal
treatment by 1.0 W/cm2 980 nm laser light using laser diode is
enough to kill melanoma UACC903 cells very effectively.

■ MATERIALS AND EXPERIMENTS
Synthesis of Anti-GD2 Antibody Attached Gold Nano-

particle. Spherical GNPs of around 40 nm size were synthesized
from gold chloride (HAuCl4, 3H2O) and sodium citrate using our
reported procedure.4,5,8,13,23 In the next step, to synthesize the anti-
GD2 antibody conjugated GNP, at first we have modified the 40 nm
GNP surface with cystamine dihydrochloride. After that, we have
performed covalent immobilization of the anti-GD2 antibody onto the
amine group of cystamine dihydrochloride conjugated GNP using
glutaraldehyde spacer method as reported previously.31 For this
purpose, at first, 5 mL of cystamine dihydrochloride functionalized
GNPs were dispersed into 0.02 M phosphate buffered saline (PBS)
solution containing 5% glutaraldehyde for 2 h. Initial PBS buffer pH
was kept as 7.4. After that, for anti-GD2 antibody immobilization,
GNPs were incubated with anti-GD2 antibody for 16 h at 4 °C. At the
end, anti-GD2 antibody conjugated GNPs were washed with PBS
buffer several times to remove excess unconjugated anti-GD2
antibody. Next, we have used high-resolution JEM-2100F transmission
electron microscope (TEM) and UV−visible absorption spectrum for

the characterization of anti-GD2 antibody attached GNP as shown
Figure S1A (see Supporting Information) and Figure 1C.

Synthesis of Anti-GD2 Antibody Attached Gold Nano-
particle Theranostic SWCNT. For the synthesis of theranostic
SWCNT, at first, we have prepared water-soluble carboxy function-
alized SWCNT. For this purpose, we have used nitric acid and sulfuric
acid as strong oxidizing agent, as we have reported before.8,23 During
this process, SWCNT tips were chemically functionalized by
carboxylic acid groups as shown in Figure 1A. Thiol PEG amine
(HS-PEG-NH2) was then added to the functionalized SWCNTs by
treating the −CO2H in the presence of EDC (1-ethyl-3-(3-
(dimethylamino)propyl)carbodiamide, HCl) cross-linking agent
under inert medium. For this reaction, the coupling chemistry
between −CO2H group of SWCNT and −NH2 group of HS-PEG-

Figure 1. (A) Scheme showing the synthetic path we have followed for
the development of gold nanoparticle attached theranostic SWCNT.
(B) TEM data showing how gold nanoparticles are in assembly
structure on GNP attached theranostic SWCNT. (C) Extinction
spectra shows how the absorption features vary for carboxylic acid
conjugated SWCNT, amine functionalized GNP, and theranostic GNP
conjugated SWCNT material in water.
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NH2 has been used to develop thiol PEG coupled SWCNT. For this
purpose, carboxylated carbon nanotubes (10.0 mg) were dispersed in
50 mL of Millipore water. Then, 125.0 mg of EDC (1-ethyl-3-(3-
(dimethylamino)propyl)carbodiamide, HCl) and 75.0 mg of NHS (N-
hydroxysulfosuccinimide sodium salt) were mixed into the dispersed
oxidized carbon nanotubes solution at room temperature. After that,
10 mL of MES buffer (zwitterionic N-substituted aminosulfonic acid,
pH 6.1) was added slowly into the reaction mixture followed by
sonication for 15 min. Then 5.0 mg of HS-PEG-NH2 was added
quickly to the solution, and the mixture was stirred slowly at room
temperature for 6 h. The final product (amide-linked thiol-terminated
(PEG-SH) carbon nanotubes) was washed thoroughly with water and
collected by centrifugation (1000 rpm for 1 h). Figure S1B shows the

morphology of water-soluble HS-PEG-NH2 attached SWCNT. Figure
S2A shows the FTIR spectra, where one can find the −SH and −CS
stretching vibrations peaks at 2574 and 1058 cm−1, respectively,32

which indicate the conjugation of HS-PEG-NH2 with SWCNT.
Similarly, we have observed amide vibration band for PEG amine
attached SWCNT at ∼3250 cm−1. The amide I band for PEG amine
attached SWCNT was also observed at ∼1680 cm−1.

In the next step, gold nanoparticles were conjugated with PEG
coupled SWCNTs via the thiol group. At the end, unconjugated
SWCNTS and nanoparticles were separated by centrifuge. FTIR
spectrum as shown in Figure S2A clearly shows the disappearance of
−SH vibration band, which can be attributed to the formation of Au−
S bond as reported previously by Aryal et al.32 The TEM image

Figure 2. (A) Two-photon photoluminescence spectrum from anti-GD2 antibody conjugated SWCNT−GNP theranostic material, anti-GD2
antibody conjugated GNP, and anti-GD2 antibody conjugated SWCNT. NIR light (1100 nm) was used as the excitation source. (B) Plot indicates
linear relationship between two-photon photoluminescence intensity at 775 nm from anti-GD2 antibody conjugated SWCNT−GNP theranostic
material and the square of intensity of 1100 nm excitation laser power (PEX). (C) Plot indicates two-photon luminescence at 775 nm from anti-GD2
antibody conjugated SWCNT−GNP remain same even after an hour of exposure with 1100 nm light. (D) Plot reports FDTD simulated electric field
enhancement |E|2 profiles (arb. unit) for nanoparticle assembly. For our calculation, we have used GNPs particle size as 40 nm, and separation
distance between GNPs are kept as 3 nm. (E) Bar plot indicates very good biocompatibility of anti-GD2 antibody conjugated SWCNT−GNP
theranostic against melanoma UACC903 cells. Even after 48 h incubation with 80 μg of hybrid material, we have observed about 97% cell viability.
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reported in the Figure 1B demonstrates that GNPs are nicely
decorated on the surface of SWCNTs, and it is due to the formation of
Au−S bond on the surface of SWCNT. Figure S4 shows the elemental
mapping for theranostic SWCNTs which indicates that carbon,
oxygen, and gold are present in hybrid materials.
Melanoma UACC903 Cells Culture and Incubation with

Theranostic SWCNT Materials. We have obtained melanoma
UACC903 cells, RPMI-1640 medium to grow melanoma cells and
fetal bovine serum (FBS) from ATCC. We have grown melanoma
cells in a carbon dioxide incubator in ATCC recommended medium.
Experimental details have been reported before.11,13,15 In the next step,
we have measured the amount of GD2 in melonoma cells using an
enzyme linked immunosorbent assay (ELISA) kit. After that,
melanoma UACC903 cells at different concentrations were incubated
with anti-GD2 antibody conjugated gold nanoparticle attached
theranostic SWCNTs for the two-photon imaging and photothermal
killing experiments.
Measurement Two-Photon Fluorescence Spectra from Anti-

GD2 Antibody Conjugated GNP, SWCNT, and Theranostic
Material. For the measurement of two-photon luminescence
spectrum from antibody conjugated theranostic material, we have
used 1100 nm NIR biological II window light from optical parametric
amplifier (OPO), pumped by 100 fs pulse width and 80 MHz
repetition rate Ti:sapphire laser (Coherent, U.S.A.) as an excitation
source. To adjust the polarization of the incident light, we have used
quarter wave plate and a polarizer before sample. For the separation of
two-photon luminescence from the excitation and second harmonic
light, TPL signal was passed through a 810 nm short-pass and 580 nm
long-pass filter. At the end, TPL signal was recorded using CCD
camera (Princeton Instrument) integrated with a monochromator.
Two-Photon Fluorescence Imaging of Theranostic SWCNT

Attached Melanoma Cells. To perform the two-photon imaging
experiment using anti-GD2 antibody conjugated gold nanoparticle
attached theranostic SWCNT bind melanoma UACC903 cells, we
have used multiphoton microscope (FV1000MPE) from NIKON.
Experimental details for two-photon imaging of cells has been reported
before.5,15 We have used 1100 nm light for cancer cell multiphoton
imaging experiments.
Finite Difference Time Domain (FDTD) Simulation. For

electromagnetic wave calculations, we have used the FDTD simulation
software package, as previously reported by us and other
groups.5,30,33,34 For our simulation, we have used absorbing boundary
condition. In our calculation, we have kept the time scale as 4000 fs,
the amplitude of electric field as 1 V/m, and mesh resolution as 0.001
nm.
Theranostic SWCNT Based Photothermal Killing of Melano-

ma UACC903 Cells Using 980 nm Light and Determination of
the Killing Efficiency for Melanoma UACC903 Cells. In our
photothermal therapy experiment using anti-GD2 antibody conjugated
gold nanoparticle attached theranostic SWCNT bind melanoma
UACC903 cells, we have used 980 nm light generated by a portable
laser diode as an excitation light source. For photothermal killing
experiments, the power of the diode laser generated 980 nm light was
kept as 1 W/cm2. After performing photothermal killing experiments
for melanoma UACC903 cells, we have used typan blue and MTT
assay to find the cell viability of melanoma UACC903 cells.
Experimental details for typan blue and MTT assay were reported
before4,8,23

■ RESULTS AND DISCUSSION

The SERS spectrum from theranostic SWCNTs as shown in
Figure S3 shows two main bands. The first one is tangential
Raman allowed optical mode E2g, known as G band, which is
centered around 1590 cm−1. The second band is mainly due to
the defect band, known as D band, which is centered around
1340 cm−1.8−10,22−24 Figure 1C reports the extinction spectra
from water-soluble carboxylic acid conjugated SWCNTs, amine
functionalized GNPs, and GNP conjugated SWCNTs, where
GNPs are in assembly structure. Our observed structureless

absorption features from water-soluble carboxylic acid con-
jugated SWCNTs is well documented in the litera-
ture.8−10,22−24 E11 and E22 transitions of nanotubes are
responsible for the observed structureless absorption fea-
tures.8−10,22−24 On the other hand, spherical GNPs show a
strong plasmon band around 540 nm, which is well
documented in the literature,7,8,10,11,14 and it is due to the
conduction band electrons oscillation.7,8,10,11,14 As shown in
Figure 1C, our experimental results showed that for the
theranostic SWCNT material, the absorption features looks
very broad, starting from 500 to 1200 nm. Since in case of
theranostic SWCNT material GNPs are assembly structure on
SWCNT surface, due to the strong plasmon coupling between
plasmon frequency of each GNP, there is obvious increase in
the extinction at longer wavelengths, which we have observed
in Figure 1C.
Figure 2A reports the two-photon photoluminescence

spectra from anti-GD2 antibody attached GNP−SWCNT
theranostic, anti-GD2 antibody attached gold nanoparticle,
and anti-GD2 antibody attached SWCNT, when we have used
1100 nm NIR light excitation. To find out whether the
luminescence from anti-GD2 antibody attached SWCNT
theranostic was observed is due to multiphoton excitation, we
have performed power dependent experiments using NIR 1100
nm excitation wavelength. For this purpose, 775 nm
luminescence intensities from theranostic SWCNTs were
measured by varying the excitation power, as reported in the
Figure 2B. Reported data confirm that the 775 nm
luminescence intensity is indeed proportional to the square
of the 1100 nm excitation laser power, which clearly indicates
that our observed luminescence is due to two-photon excitation
process. It is very interesting to note that experimental
observation reported in the Figure 2A shows that the two-
photon intensity from theranostic anti-GD2 antibody attached
GNP conjugated SWCNT materials are about 6 orders of
magnitude higher than that of anti-GD2 antibody attached
GNP or anti-GD2 antibody attached SWCNT alone, which is
highly remarkable. The observed very high two-photon
fluorescence from anti-GD2 antibody attached GNP con-
jugated theranostic SWCNT is due to the fact that gold
nanoparticles are in assembled nanostructures on the surface of
theranostic SWCNT materials.
As a result, each GNP plasmon frequency undergoes strong

coupling, which helps to amplify electromagnetic fields
tremendously at the “hot spot”, which we have also confirmed
from theoretical simulation data. Due to the above fact, we have
observed a very broad surface plasmon resonance band, as
reported in Figure 1C. Recent report indicates that the possible
mechanism for two-photon luminescence from gold atom can
be due to the sequential absorption of two photons followed by
recombination of an electron in the sp band and a hole in the d
band.17−24 Since in our experimental condition, 1100 nm
excitation wavelength is in resonance with the anti-GD2
antibody attached GNP conjugated SWCNT theranostic
material absorption spectra, during the excitation process,
gold nanoparticle assembly attached SWCNTs are resonantly
excited by 1100 nm light. Also, since the probability of two-
photon absorption is proportional to the fourth power of the
electric field enhancement, TPL intensity from anti-GD2
antibody attached GNP conjugated SWCNT theranostic
materials is expected to have huge amplification when the
local electric field is strong due to plasmon coupling.
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Next, we have performed FDTD simulation, for theoretical
understanding on how TPL signal enhances, due to the local
field generated by gold nanoparticle assembly via plasmon
frequency coupling. Simulation details have been reported
before.5,30,32 In our theoretical calculation, we have used
spherical GNP with 40 nm particle sizes. We have also kept
separation distance between GNPs as 3 nm for our simulation
calculation. During the calculation, multipolar and finite size
effects, which are very important for the assembly structure,
were incorporated. FDTD simulations results, as illustrated in
Figure 2D, indicate more than 25 times of |E|2 intensity
enhancement for gold nanoassembly containing six particles in
comparison to the monomer gold nanoparticle. As previously
discussed, since the probability of two-photon absorption is
proportional to the fourth power of the electric field
enhancement, around 3 orders of magnitude enhancement of
TPL intensity is expected for nanoassembly, just due the
stronger electric field enhancement. So 6 orders of magnitude
enhancement of TPL intensity for theranostic materials is
mainly due to strong resonance enhancement coupled with the
stronger electric field enhancement.
For multiphoton imaging of biomolecules like cancer cell,

photostability and biocompatibility are the necessary conditions
which need to be evaluated before anti-GD2 antibody
conjugated SWCNT−GNP theranostic material can be used
for multiphoton imaging purpose. As a result, we have
performed photostability experiment for anti-GD2 antibody
conjugated SWCNT−GNP theranostic. From the experimental
data, as shown in Figure 2C, we can conclude that the
photostability of the theranostic anti-GD2 antibody conjugated
material is very good, and as result, we have observed that two-
photon luminescence signals at 775 nm remain almost
unchanged even after 60 min of exposure.
Next, to find out the biocompatibility of anti-GD2 antibody

conjugated SWCNT-GNP theranostic material, we have tested
cytotoxicity using melanoma UACC903 cells. For this purpose,
1.1 × 105 cells/mL of melanoma UACC903 cells were
incubated with 80 μg of theranostic SWCNT material for
different time intervals from 1 to 48 h. After that, we have used
MTT test4,10,11,26,27 to determine amount of live melanoma
UACC903 cells. Our experimental data, as reported in Figure
2E, indicate that even after 48 h of incubation with 80 μg of
theranostic SWCNT material, we have observed 97% of
melanoma UACC903 cell viability.
We have also performed the same experiment with normal

normal human skin cell line, HaCaT keratinocytes, where about
98% cell viability was noted even after 48 h of incubation with
80 μg of theranostic SWCNT material. Cytotoxicity results with
normal and cancer cell lines clearly demonstrate good
biocompatibility of our developed anti-GD2 antibody con-
jugated SWCNT-GNP theranostic materials.
All the above experimental data indicate that our developed

anti-GD2 antibody conjugated SWCNT-GNP theranostic
materials have very good TPL properties and that biocompat-
ibility and photostability are quite good, which clearly shows
that anti-GD2 antibody conjugated SWCNT-GNP hybrid
materials can be promising candidates for NIR light induced
two-photon luminescence microscopy imaging for melanoma
UACC903 cells. For two-photon imaging of melanoma
UACC903 cells, anti-GD2 antibody conjugated SWCNT−
AuNP hybrid materials were incubated with different
concentrations of melanoma UACC903 cells for 30 min.
After that, unconjugated melanoma UACC903 cells were

separated using centrifugation followed by washing with buffer
several times to make sure that unconjugated melanoma
UACC903 cells are completely separated from anti-GD2
antibody conjugated SWCNT−GNP hybrid bound melanoma
cells. Figure 3A is a high-resolution TEM image which indicates

that single melanoma UACC903 cell is conjugated with anti-
GD2 antibody conjugated SWCNT−GNP hybrid. Figures 3B
show the two-photon luminescence image of melanoma
UACC903 cell after binding with anti-GD2 antibody
conjugated SWCNT-GNP hybrid. Bright two-photon imaging
from melanoma UACC903 cells clearly demonstrate that anti-
GD2 antibody conjugated hybrid material can be used for two-
photon imaging of melanoma UACC903 cells in clinical
environment. TPL imaging results, as shown in Figure 3B,
indicate that not only are hybrid nanomaterials localized in the
proximity of the cell membrane but also that they have
penetrated through the cell membrane and localized inside the
cell. It is now well documented35,36 that SWCNT can be
internalized into cells via either the classic endocytic or
nonendocytotic pathways. For the hybrid material developed by
us, due to the big size of GNP assembly on SWCNT surface,
the endocytosis pathway will be the most probable path.
Next, to find out whether anti-GD2 antibody conjugated

SWCNT-GNP hybrid based two-photon luminescence imaging
is selective for melanoma UACC903 cell, anti-GD2 antibody
conjugated SWCNT−GNP hybrids were incubated with 3.3 ×

Figure 3. (A) TEM image showing single melanoma UACC903 cell is
conjugated with SWCNT−GNP theranostic. (B) Two-photon
luminescence image of anti-GD2 antibody conjugated SWCNT−
GNP theranostic attached melanoma UACC903 cells. 1100 nm light
was used as excitation source.
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105 cells/mL normal skin HaCaT cells for 30 min. Two-photon
fluorescence image as reported in Figures S5A−B indicates that
anti-GD2 antibody conjugated SWCNT−GNP hybrid hybrid
material based TPL imaging is selective for targeted melanoma
UACC903 cancer cells.
After successful targeted two-photon imaging of melanoma

UACC903 cell, we have performed NIR light induced
photothermal killing of melanoma UACC903 cells in biological
II window using 980 nm light from laser diode. Targeted
photothermal experiments for melanoma UACC903 cells were
performed using 1 W/cm2 power NIR light. At first we have
performed typan blue and MTT colorimetric assay4,10,11,26,27 as
shown in Figure 4 to determine the amount of live and dead
melanoma UACC903 cells due to photothermal therapy using
biological II window light. Our reported experimental bright-
field inverted microscopic images of melanoma UACC903 cells,
as illustrated in Figure 4B, demonstrated that most of the
melanoma UACC903 cells are dead just after 6 min of 980 nm
light triggered photothermal experiment. On the other hand,
our experimental data, as reported in Figure 4A, show that in
the absence of anti-GD2 antibody conjugated SWCNT-GNP
hybrid material, most of the melanoma UACC903 cell is alive
even after 20 min of exposure at 980 nm light.
Figure 4D shows the results of the MTT test; only 7%

melanoma UACC903 cells were dead in the absence of anti-
GD2 antibody conjugated SWCNT after 20 min of therapy
experiment, whereas about 100% of cells were dead after 8 min

of exposure in the case of theranostic material. Our
experimental photothermal killing data reported in Figures
4C and 4D indicate that only 6% melanoma UACC903 cells
were dead in the case of anti-GD2 antibody conjugated gold
nanoparticle after 20 min of therapy experiment. Observed very
efficient photothermal killing of melanoma UACC903 cells in
the case of anti-GD2 antibody conjugated SWCNT−GNP
hybrid is mainly because the theranostic nanomaterial has a
very strong absorption peak at 980 nm as shown in Figure 1C.
As we and others have reported before, heating properties of
GNPs or their assemblies are based on surface plasmon
resonances overlap with the excitation light source.4,10,11,26,27

When anti-GD2 antibody conjugated GNP or anti-GD2
antibody conjugated GNP attached SWCNTs materials were
illuminated by an electromagnetic field at 980 nm wavelength,
heat was generated on the melanoma UACC903 cells surfaces
due to the consequence of the relaxation of the light from
excited surface via electron−phonon interactions.4,10,11,26,27

This process leads to the heat-up of the surrounding chemically
attached melanoma UACC903 cells. The main criteria for this
to occur is that the 980 nm wavelength of light overlaps with
the SPR absorption band. As shown in Figure 1C, since
SWCNT absorption cross section is very low at 980 nm, the
observed hypothermia effect is also low. Similarly, since anti-
GD2 antibody conjugated gold nanoparticles do not exhibit any
absorption at 980 nm, only 3−6% of cell death were observed.

Figure 4. (A) Bright-field inverted microscopic images of melanoma UACC903 cells after 20 min of exposure by 980 nm light in the absence of anti-
GD2 antibody conjugated SWCNT−GNP hybrid theranostic material. Reported data indicate that cancer cells are alive even after 20 min of 980 nm
light exposure. (B) Bright-field inverted microscopic images of theranostic SWCNT attached melanoma UACC903 cells after irradiation with 980
nm near-IR biological II window at 1 W/cm2 for 6 min. Reported data indicate that most melanoma UACC903 cancer cells are dead after 6 min of
photothermal therapy. (C) Bright-field inverted microscopic images of melanoma UACC903 cells after 20 min exposure by 980 nm light in the
presence of anti-GD2 antibody conjugated GNP. Reported data indicate that cancer cells are alive even after 20 min of 980 nm light exposure. (D)
Plot illustrating the amount of cell viability measured using MTT test for different time intervals of exposure for anti-GD2 antibody conjugated
SWCNT, anti-GD2 antibody conjugated GNP, and anti-GD2 antibody conjugated SWCNT−GNP hybrid theranostic material.
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■ CONCLUSION
In the current article, we have reported plasmon coupling
enhanced selective two-photon imaging and huge enhancement
of photothermal killing of melanoma UACC903 cells in
biological II NIR window using anti-GD2 antibody attached
theranostic GNP conjugated SWCNTs. TPL measurement
using 1100 nm biological II NIR window light indicates that
two-photon intensities from the anti-GD2 antibody attached
theranostic GNP conjugated SWCNT hybrid materials are
almost 6 orders of magnitude higher than anti-GD2 antibody
attached GNP or anti-GD2 antibody attached SWCNTs, which
is highly remarkable. Experimental measurements with FDTD
simulations indicate that 6 orders of magnitude enhancement of
TPL intensity for anti-GD2 antibody attached theranostic GNP
conjugated SWCNT hybrid materials is mainly due to strong
resonance enhancement in plasmon frequency coupled with the
stronger electric field enhancement. Reported experimental
observation shows that long-time photostability and cellular
biocompatibility are very good for anti-GD2 antibody attached
theranostic material. Reported experimental observation shows
that anti-GD2 antibody attached theranostic material based
two-photon luminescence platforms are very selective for TPL
imaging of melanoma UACC903 cells in the second biological
NIR windows. The capability for bright TPL imaging of
selective cancer cells, photostability, and biocompatibility
makes theranostic material a good candidate for TPL imaging
material for cancer.
Selective biological II window NIR light triggered photo-

thermal killing experimental data show that about 100%
melanoma UACC903 cells were dead after just 8 min of
exposure in the case of anti-GD2 antibody attached theranostic
GNP conjugated SWCNT hybrid theranostic material, whereas
reported experimental data indicate that less that 10% of cells
were dead in the presence of anti-GD2 antibody attached GNP
or anti-GD2 antibody attached SWCNT alone. Reported
experimental data demonstrate that due to coupling of plasmon
frequency, the anti-GD2 antibody attached theranostic material
serves as a photothermal source through nonradiative decay
and is also able to act as a local nanoantennae to enhance the
optical energy absorption of anti-GD2 antibody attached
theranostic GNP conjugated nanomaterials. Observed highly
enhanced photothermal effects using anti-GD2 antibody
attached theranostic GNP conjugated theranostic material in
second biological NIR window can have real life applications
for cancer therapy in clinical environment.
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