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Decreasing the size of a material to the nanometer scale
makes it sensitive to a further decrease in size or a change in
shape. Among the nanomaterials that are currently being
developed, gold nanoparticles are extensively exploited in
organisms because of their good stability and biocompatibil-
ity. However, in biomedical applications that require a
considerably deeper penetration of near-infrared (NIR)
light, in which both blood and soft tissues are highly
penetrable, a different type of gold nanostructure is required.
Surface plasmon resonance (SPR) is a phenomenon in which
free electrons in the nanostructures collectively oscillate and
scatter or absorb the incident electromagnetic wave.[1] Pre-
vious studies have demonstrated various methods of shifting
the SPR of gold nanomaterials to the NIR region and shown
their potential in biological applications. In the NIR region,
tissue transmission is optimal owing to low scattering and
energy absorption, thus providing maximum irradiation
penetration through tissue and minimizing the autofluores-
cence of the non-target tissue.[2] There are many applications
for NIR-absorbing gold nanostructures in biology, and in
particular gold nanorods. For example, gold nanorods can be
applied in plasmon resonance light scattering,[3] Rayleigh
elastic scattering,[4] surface-enhanced Raman inelastic scat-
tering,[5] optical coherent tomography scattering,[6] two-
photon luminescent non-linear imaging,[7] and photothermal
therapy.[8]

Gold nanorods have also received significant attention for
their emerging potential in photothermal therapy. However,
little attention has been paid to the use of nanorods combined

with photosensitizers in photodynamic therapy (PDT), which
is the destruction of cancer cells by the highly reactive singlet
oxygen of the reactive oxygen species (ROS) produced by a
photosensitizing compound and light of an appropriate
wavelength.[9] Gold nanorods couple a hydrophilic and
anionic photosensitizer, indocyanine green (ICG)[10] (Sup-
porting Information, Figure S1), with light from an NIR laser
emitting in the NIR region on the surface of the nanorods to
produce PDT. Furthermore, the excitation and emission
maxima of ICG are similar to NIR wavelengths, thus enabling
ICG-conjugated gold nanorods to be utilized as an effective
contrast agent in biomedical imaging.[11]

Practical applications in the early detection and destruc-
tion of cancer cells using nanomaterials have emerged in
recent years, and the development of multifunctional nano-
materials is currently being pursued. Herein, we propose a
medical diagnosis method that uses a lethal photochemical
destruction reaction and shows that multifunctional ICG-
conjugated gold nanorods can simultaneously serve as photo-
dynamic and photothermal therapeutic agents to destroy
cancer cells. Furthermore, combined PDT and hyperthermia
can more efficiently extinguish cancer cells than PDT or
hyperthermia treatment alone, and the system can also serve
as an effective bioimaging probe in the NIR region.

Gold nanorods with a cetyltrimethylammonium bromide
(CTAB) surfactant coating were synthesized using the seed-
less growth method.[12] To conjugate ICG on the surface,
CTAB was coated on the nanorods with poly(styrene-alt-
maleic acid) (PSMA) and ICG in sequence by an electrostatic
interaction. A TEM image (Figure 1) depicts gold nanorods
with an aspect ratio of approximately 3.8 (length: 35 nm,
width: 9.3 nm). Owing to CTAB, the surface charge of the
nanorods revealed a zeta potential of approximately 39.2 mV.
PSMA polymer was then first hydrolyzed by NaOH to expose
the carboxyl group and then adsorbed on the nanorods by
electrostatic interactions (Supporting Information, Fig-
ure S2). Figure 1 b shows Au-PSMA nanorods with negatively
charged PSMA; the Au-PSMA nanorods have a surface
charge of approximately �10.7 mV. By the p–p stacking

Figure 1. TEM images of a) Au nanorods, b) Au-PSMA nanorods, and
c) Au-PSMA-ICG nanorods.
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interaction of the phenyl groups of PSMA[8d, 13] with that of
ICG, ICG can attach to Au-PSMA nanorods to form Au-
PSMA-ICG nanorods (Figure 1c).

Gold nanorods exhibit two plasmon resonances, namely
transverse plasmon (ca. 520 nm) and longitudinal plasmon
(ca. 800 nm). When PSMA was coated on the nanorods, the
longitudinal plasmon became a broad band and extended up
to 950 nm (Supporting Information, Figure S3). The UV/Vis
spectrum of ICG includes two main peaks at approximately
708 nm (the oligomeric form) and 780 nm (the monomeric
form).[10b, 11b] With ICG conjugation, two more bands
appeared at around 720–770 nm and 830–900 nm. This
change is primarily because the red-shifted absorption of
ICG corresponds to dye aggregation to form dimers and
trimers, and the phenyl groups of PSMA with that of ICG by
p–p stacking interactions.[8d, 13] After red-shifted absorption,
the transverse plasmon of the gold nanorods disappeared.
UV/Vis spectra show the successful conjugation results of
ICG coated on the Au-PSMA nanorods. This study estimated
the average ICG numbers per Au-PSMA nanorod using the
Lambert–Beer law, and measured the absorbance difference
of ICG at 780 nm before and after the ICG conjugation with
gold nanorods. These results show that there was an average
of about 28100 ICG molecules per Au-PSMA nanorod.

To further demonstrate the successful conjugation of ICG,
the Au-PSMA-ICG nanorods were characterized by FTIR
spectroscopy (Supporting Information, Figure S4). The char-
acteristic IR bands show that the PSMA and ICG have been
conjugated well onto the gold nanorod in sequence. EDX and
XRD measurements were also employed to investigate the
properties of the nanorods (Supporting Information, Fig-
ure S5). With these characterizations, the results show that
PSMA and ICG were well-coated on the surface of the
nanorods.

The cytotoxicity of the Au-PSMA-ICG nanorods was then
examined. Cell viability experiments were conducted by
incubating a human lung carcinoma malignant cell line
(A549) with Au-PSMA-ICG nanorods in the dark for 24 h
(all the other PDT experiments involving ICG were also
carried out in the dark).[8b, 14] Cell viability was nearly 100 %,
which is evidence of good biocompatibility (Supporting
Information, Figure S6). We chose an appropriate number
of gold nanorods (5 � 1011) in experiments throughout this
study.

Au-PSMA-ICG nanorods exhibit absorption in the NIR
region (Supporting Information, Figure S3). As such, these
biocompatible Au-PSMA-ICG nanorods might act as photo-
thermal absorbers and photodynamic agents for destroying
cancer cells with an NIR laser. The A549 cell line, which
overexpresses the epidermal growth factor receptor (EGFR)
on the cell surface, was used to study the hyperthermia and
PDT effect of Au-PSMA-ICG nanorods. The western blot
data indeed show that the amount of EGFR on the A549
surface was more than that on the human keratinocyte
nonmalignant cell line (HaCaT), which lacked high expres-
sion of EGFR on the cell surface (Supporting Information,
Figure S7). For specifically targeted NIR photochemical
destruction, anti-EGFR antibodies (AbEGFR) were conjugated
with ICG, Au-PSMA nanorods, and Au-PSMA-ICG nano-

rods. The anti-EGFR antibody (1 mgmL�1) was mixed with
all the materials by a volume ratio Vantibody/Vmaterial = 1. An
electrostatic interaction can occur between the negatively
charged ICG, Au-PSMA nanorods, and Au-PSMA-ICG
nanorods and the positively charged segment of the anti-
EGFR antibodies.[8c,d,f] The photodestruction of A549 cells
treated with Au-PSMA-ICG nanorods was performed using a
continuous-wave diode laser with a wavelength of 808 nm
(output power: 22.5 W cm�2, 1 mm2 laser beam spot area).
The cells were stained with calcium acetoxymethyl ester
(calcein AM) indicator and incubated for another 2 h in the
dark after irradiation to allow ICG to produce significant
amounts of ROS and proceeding PDT.[15] Figure 2 shows the

results of exposing A549 cells to the 808 nm NIR laser for
30 seconds to 3 minutes. The A549 cells treated with ICG, Au-
PSMA nanorods, and Au-PSMA-ICG nanorods without
conjugation of anti-EGFR antibodies showed no loss of
viability (Figure 2a). In contrast, a significant loss of viability,
marked by a lack of green fluorescence, occurs after exposure
of ICG-AbEGFR and Au-PSMA-ICG nanorods-AbEGFR to
treatment for 1 minute, whereas A549 cells treated with Au-
PSMA nanorods began at 2 minutes because of the PDT and
hyperthermia effects (Figure 2b). The cells were incubated
for another 2 h in the dark after irradiation and then again
compared with those observed immediately after irradiation
(Supporting Information, Figure S8). Owing to significant
amounts of ROS produced from ICG and proceeding PDT as
the incubation time increased, this comparison shows that the
proportion of the void region (area of loss of live cells) spread.
On the other hand, different dosage of material-AbEGFR

Figure 2. Photodestruction of A549 malignant cells shown by fluores-
cence. ICG, Au-PSMA nanorods, and Au-PSMA-ICG nanorods a) with-
out and b) with conjugated AbEGFR-treated A549 cells, and irradiated by
an NIR laser (808 nm) at 22.5 Wcm�2 power density. Au nanorods
were delivered in doses of 5 � 1011 Au nanorods. The quantities of free
ICG and ICG conjugated onto Au nanorods were fixed at
2.334 � 10�4

m. The dotted circles indicate the laser beam area. The
cells were stained with calcein AM and incubated for 2 h in the dark
after irradiation; live cells exhibited green fluorescence. Scale bar:
1 mm.
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(dose: 5 � 1011 to 1 � 108 gold nanorods) was also conducted
with the same output power for irradiation for 2 minutes
(Supporting Information, Figure S9a). The Au-PSMA-ICG
nanorod dosage that caused cell death started at 1 � 109 Au
nanorods. However, ICG-treated cells remained alive at the
same dose. Furthermore, the concentration of antibody
conjugated on Au-PSMA-ICG nanorods was explored. The
anti-EGFR antibody (1 mg mL�1) was mixed with Au-PSMA-
ICG nanorods (dose: 5 � 1011 Au nanorods) by a volume ratio
of Vantibody/VAu-PSMA-ICG nanorods = 1:1 to 0.001:1. After the NIR
laser treatment, the void region decreased with the decrease
of volume ratio; moreover, images were revealed a loss of
cancer cell viability beginning at a 0.001:1 volume ratio
(Supporting Information, Figure S9b). As a result, the
amount of antibody on gold nanorods would be related to
the efficiency of photodestruction effect. These results also
indicate that the Au-PSMA-ICG nanorods seemed to
improve the efficacy of PDT and photothermal reactions
compared with ICG and Au-PSMA nanorod treatment alone.

Because ICG generates singlet oxygen when exposed to a
808 nm NIR laser during PDT, direct detection of singlet
oxygen was carried out.[8b,16] After 30 to 120 seconds of laser
exposure, the ICG alone and Au-PSMA-ICG nanorods
exhibited fluorescence (Supporting Information, Figure S10).
The singlet oxygen quantum yield (F~) of ICG and Au-
PSMA-ICG nanorods was also obtained by comparison with a
reference (toluidine blue O, TBO), which was about 0.112 and
0.160, respectively.[17] To summarize these results, the Au-
PSMA-ICG nanorods indeed generated more singlet oxygen
than ICG alone, suggesting that Au-PSMA-ICG nanorods
exhibit greater PDT efficiency. The increase in singlet oxygen
caused by Au-PSMA-ICG nanorods may be due to enhanced
intersystem crossing, increased triplet yield of the photo-
sensitizers, or the metal substrates, resulting in photostability
for the photosensitizers.[8b,16a]

We also examined the temperature dependence of
irradiation time. The NIR irradiation-induced temperature
produced by a 808 nm NIR laser changed for Au-PSMA
nanorods and Au-PSMA-ICG nanorods as a function of
exposure time (Supporting Information, Figure S11). The Au-
PSMA-ICG nanorods increased in temperature rapidly to
around 46 8C after 1 minute of irradiation time. Note that
tumor cells can be destroyed over a temperature range of 42–
47 8C.[8d,18] The temperature curve of Au-PSMA nanorods had
a similar trend, but showed a lower degree of temperature
elevation. In contrast, water had no apparent increase after
laser irradiation. Therefore, Au-PSMA-ICG nanorods are
able to produce more singlet oxygen for PDT than ICG, and
can simultaneously act as effective photothermal mediators.

To better understand the efficiency of the photodestruc-
tion shown in Figure 2, the integrated green fluorescence light
intensity was then divided by the fluorescence intensity of the
control cells, producing cell viability (%);[8d] the laser beam
spot is indicated by dotted circles.[19] Data were expressed as
the mean� standard deviation, and their statistical differ-
ences were assessed by Student�s t test. The control cells
without any treatment were irradiated at the same NIR laser
power and illumination conditions. Without nanorod treat-
ment, the A549 cells showed no damage after laser exposure

(Figure 3); however, the viability of the ICG-treated and Au-
PSMA-ICG nanorod-treated A549 cells fell to approximately
69.4% and 55.4% (p< 0.0001 for the viability compared with

each other), respectively, after 2 minutes of laser exposure.
Viability fell significantly to about 8.3% and 2% (p< 0.0001
for the viability compared with each other) after 3 minutes of
laser irradiation, whereas viability of Au-PSMA nanorods
only decreased to 92.6 % and 69 % for 2 minutes and
3 minutes of irradiation, respectively. Au-PSMA-ICG nano-
rods were better able to kill cancer cells than ICG and Au-
PSMA nanorods for both 2 minute and 3 minute laser
exposure times. The purely additive interaction of PDT and
hyperthermia were calculated using PAdditive = (fA � fB)P0,

[20]

where PAdditive is the final population after an additive
interaction, P0 is the initial population, fA is the cell viability
after PDT treatment, and fB is cell viability after hyper-
thermia treatment. The predicted additive was estimated at
about 65.6% and 5.9% for 2 minutes and 3 minutes of
irradiation, respectively. Cell viability of Au-PSMA-ICG
nanorod-treated cells compared with that of predicted
additive (p = 0.0004 and p< 0.0001 for 2 minutes and
3 minutes of irradiation, respectively) was statistically signifi-
cant. According to these data, there was indeed an additive
effect in the therapeutic efficacy of Au-PSMA-ICG nanorods.
The resulting Au-PSMA-ICG nanorods simultaneously
served as PDT and hyperthermia agents. Combined PDT
and hyperthermia killed cancer cells more efficiently than
PDT or hyperthermia treatment alone, and improved photo-
destruction efficiency as well.

By integration of the advantages of Au-PSMA-ICG
nanorods, multimodal imaging agents with hyperthermia,
PDT, and optical imaging capabilities had great potential in
cancer therapy, diagnosis, targeted molecular imaging, and
the monitoring of the therapeutic effects simultaneously.
Owing to the excitation and emission maxima of ICG in the
NIR region (808 nm excitation, 820 nm emmision), which was
able to avoid relatively transparent media, such as blood and
tissues, and minimize complications from the intrinsic back-

Figure 3. Cell viability estimation of ICG, Au-PSMA nanorods, and Au-
PSMA-ICG nanorods with conjugated AbEGFR-antibody-treated A549
cells by exposure to an NIR laser (808 nm) at 22.5 Wcm�2 power
density. Au nanorod dose: 5 � 1011; 2.334 � 10�4

m of free ICG and ICG
conjugated onto Au nanorods. Gray bars: 2 min laser exposure; black:
3 min. Data expressed as the mean�SD (n = 10). ** p<0.01 by the
Student’s t test.
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ground interference, it is suitable for being utilized as a
contrast agent for biomedical imaging.[10c,11] Figure 4 shows
the images of A549 cancer cells treated with Au-PSMA-ICG
nanorod-AbEGFR and ICG-AbEGFR. A549 cells treated with

ICG-AbEGFR and Au-PSMA-ICG nanorod-AbEGFR without
NIR laser exposure showed ICG and Au-PSMA-ICG nano-
rods were taken into cells and showed significant NIR
fluorescence in the cytoplasm (Figure 4b,c). Although gold
is known to quench other fluorescence, metal-enhanced
fluorescence (MEF) is a phenomenon in which the quantum
yield and photostability of weakly fluorescent species are
dramatically increased owing to the proximity of free
electron-rich metals, such as noble metals. In this condition,
excited state fluorophores behave as oscillating dipoles that
interact with free electrons in noble metals. These interactions
can increase the radiative decay rate of the fluorophores,
resulting in increasing quantum yields, which in turn enhances
the fluorescence of the noble metals. The increasing inten-
sities of ICG are also associated with decreased lifetimes and
increased photostability.[21] We monitored the emission fluo-
rescence intensity of Au-PSMA-ICG nanorods at 815 nm
wavelength and noted it increased about 26% as compared to
that of ICG (Supporting Information, Figure S12). As a
result, the surface noble metals display high chemical stability
and are promising for MEF.[22] Therefore, Au-PSMA-ICG
nanorods in this study may become a powerful tool in medical
diagnostics and imaging applications. Figure 4d,e show that
A549 cells started to undergo PDTand were damaged by NIR
laser irradiation (22.5 Wcm�2 power density for 2 minutes).
The cancer cells depicted the morphology of nuclear cleavage
of DNA (indicated by yellow arrows in Figure 4d,e), and
apoptotic body going to formation. ICG and nanorods exhibit
weak NIR fluorescence images after NIR laser exposure. This
effect could be because the cells were then washed several
times with PBS buffer, according to routine procedures, to
remove ICG and nanorods or efflux from the cytoplasm.
These results also imply that the irradiated cells were indeed
damaged because the permeability of the cell membrane
increased with laser irradiation. With differential interference
contrast (DIC) images merged, the localization of Au-PSMA-

ICG nanorods can be observed inside cells by the fluores-
cence from ICG; moreover, the images showed the cellular
morphology after irradiation (Supporting Information, Fig-
ure S13). Furthermore, the UV/Vis spectra of ICG exposed to
a NIR laser reveal that laser-treated ICG ablated the surface
plasmon resonance. The absorbance of ICG did not obviously
decrease, and there was no change in the color of ICG, even
after 3 minutes of laser exposure (Supporting Information,
Figure S14). There was no apparent irreversible degredation
of ICG even using these experimental processes. These results
indicate that the Au-PSMA-ICG nanorods can serve as an
effective and stable bio-nanoprobe to track and monitor the
localization of nanorods interior cells and provide additional
imaging in cellular morphology by laser exposure. This
imaging contrast agent is therefore expected to be applicable
in clinical therapy and diagnosis in the future.

In summary, Au-PSMA-ICG nanorods have been suc-
cessfully prepared to simultaneously serve as PDT and
hyperthermia agents with improved photodestruction efficacy
and to act as an effective bioimaging probe in the NIR region.
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