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ABSTRACT: Gold (Au) nanoparticles display enhanced near-infrared (NIR) photo-
thermal effects upon the formation of clusters. We studied the photothermal properties of
Au nanosphere clusters on the single-particle level using photothermal heterodyne
imaging (PTHI) microscopy to understand the enhancement mechanisms. NIR
photothermal responses of Au nanoparticle clusters were found to significantly increase
from monomers to trimers. The averaged PTHI signal intensity of Au nanosphere dimers
and trimers is ∼10 and ∼25 times that of monomers. The NIR photothermal effect of
clustered nanospheres strongly correlates with their longitudinal plasmon mode.
Clustered Au nanospheres were demonstrated to exhibit dual-capability NIR photo-
thermal imaging and therapy of human prostate cancer cells with high efficiency and
selectivity. This strategy can be potentially utilized for simultaneous cancer imaging and
therapy with 3D selectivity.

Photothermal therapy is a minimally invasive treatment
method where agents absorb and convert photon

radiation energy into heat to kill diseased cells of interest.1−4

Gold nanoparticles (Au NPs) are known as excellent
photothermal agents due to their unique physicochemical
properties such as chemical inertness, easy functionalization,
and, most importantly, localized surface plasmon resonance
(SPR).5 SPR arises from the collective oscillation of free
electrons in the conduction band of Au NPs induced by
incident radiation. Au NPs show strong light absorption at
their SPR frequency and high photon-to-heat conversion
efficiencies (>99%), giving rise to excellent photothermal
effects.2,6,7 When performing in vivo photothermal therapy
using Au NPs, it is crucial to tune the SPR to the near-infrared
(NIR) region where tissue transmissivity is optimal. The SPR
wavelength of Au NPs can be tuned by controlling the particle
size, shape, and surrounding environment.8−12 Various
immune-targeted Au NPs with NIR SPR have been employed,
such as nanorods, nanobranches, and nanoshells.6,13,14

However, all of these agents suffer from strong photothermal
background from collateral untargeted NPs, which are
inevitable in real clinical therapy scenarios. Au nanosphere
(NS) clusters serve as an appealing background-free
alternative. Even though discrete Au NSs are known as poor
NIR light absorbers, their clusters are reported to show
enhanced NIR absorption, induced by plasmon coupling.15,16

Plasmon coupling arises when the interparticle separation is

smaller than their size, resulting in red-shifted SPR wavelength
and strongly confined local electric fields in between closely
spaced Au NPs.17,18 By using receptor−ligand interactions,
surface-modified Au NSs can be clustered on the membranes
of target cells, enabling an accurately targeted photothermal
therapy effect. Previous studies showed that cells can be killed
10 times more effectively when Au NPs are attached to the cell
membrane.19

Cells targeted with Au NS clusters are generally difficult to
visualize during the real-time therapy process owing to the
poor emission yield of Au NPs.20 Instead of detecting
photoluminescence, dark-field scattering of Au NPs has been
utilized to detect the targeted cells.6,21 Nevertheless, as a wide-
field microscopy approach, dark-field microscopy lacks the
capability of Z sectioning for imaging. It is therefore appealing
to develop a background-free technique to simultaneously
visualize and kill the cells of interest with 3D sectioning
capability.
Although isolated Au NSs are generally known as poor

photon emitters, their clusters were reported to show strong
two-photon photoluminescence (2PPL) and second-harmonic
generation (SHG).22,23 2PPL- and SHG-based techniques have
been widely utilized in various biological applications with
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advantages of high 3D spatial resolution and deep tissue
penetration.24−26 Because discrete Au NSs show weak 2PPL
and SHG signals, enhanced 2PPL and SHG of the nanoparticle
clusters have been employed as background-free probes for cell
imaging.27,28 However, 2PPL- and SHG-based techniques
require the use of high-cost femtosecond lasers, limiting their
potential applications.
Here we report a low-cost alternative method employing

photothermal heterodyne imaging (PTHI) microscopy. As an
absorption-based imaging technique, PTHI uses nonfluores-
cent probes such as plasmonic nanomaterials as the contrast
agent.29 Our home-built PTHI microscope consists of two
tightly focused collinear continuous-wave NIR lasers. A
modulated laser beam at 750 nm acted as the heating beam,
which was absorbed by the Au NP clusters to result in heat
release and local change of refractive index. The probe beam at
850 nm will be modified by the local refractive index change at
the same frequency, generating the PTHI signal. Enhanced
NIR photothermal responses in the Au NS clusters were
demonstrated at both the ensemble and single-particle levels.
Immunotargeted Au NSs were then selectively attached onto
the membrane of human prostate cancer cells and formed
nanoparticle clusters, giving rise to enhanced NIR photo-
thermal therapy effects and improved PTHI signals for PTHI
imaging. These aptamer-modified Au NSs also displayed high
selectivity toward cancer cells. Because of the use of an NIR
continuous-wave laser source, this strategy offers a low-cost
alternative for potential applications in simultaneous cancer
imaging and therapy with high tissue penetration and 3D
imaging capability.
Citrate-capped Au NSs with a diameter of 70 nm were

prepared by following a previously reported kinetically
controlled seeded growth strategy.30 The detailed preparation
procedure are described in the Supporting Information. The
prepared Au NSs are uniform in size and shape with an average
diameter of 70 nm (TEM in the Figure S1 in the Supporting
Information). The citrate-capped Au NSs bear negative
charges on the surface, and the addition of positively charged
polyelectrolyte, PDDA, will result in the aggregation of NSs
due to electrostatic interactions. Upon the addition of PDDA,
the solution rapidly changed color from red to blue, indicating
the formation of metal NPs clusters. The TEM images
indicated the presence of chainlike nanoparticle clusters of
different sizes including dimers, trimers, and larger clusters.
Plasmon coupling interactions in these nanoparticle clusters
were confirmed by their extinction spectra (Figure 1). The
addition of PDDA resulted in a decrease in the original SPR

band of Au NSs and the appearance of red-shifted broadened
band extending to the NIR region. The extinction in the NIR
region gradually increased with increasing concentration of
PDDA, indicating the formation of nanoparticle clusters with
increasing size and length. The change in their sizes upon the
addition of different amounts of PDDA has been further
confirmed by TEM images and hydrodynamic dynamic light
scattering measurements, as shown in Figures S1 and S2.
The extinction spectrum of Au NPs is a sum of scattering

and absorption components. However, only the absorption
component contributes to the photothermal effect. The change
in the absorption of Au NSs clusters in the NIR region was
monitored by a dual-beam thermal-lens spectroscopy (TLS)
technique. The experimental setup and procedures are
described in the Supporting Information (Figure S3). TLS is
a pure absorption-based technique in which absorbed photons
are converted into heat, causing a local change in the refractive
index to the medium surrounding the nanoparticle, the so-
called thermal lens effect. The probe beam (850 nm) transiting
the thermal lens was focused into a fiber core, which acts as a
pinhole to spatially filter the defocused beam induced by the
thermal lens. The temperature gradient is proportional to the
amount of absorbed photon energy by the samples, which
therefore allows us to determine the change of the absorption
of Au NPs at the heating wavelength. The Au NS clusters
exhibited (Figure 1B) increased photothermal responses at 750
nm as a result of increased degree of coupling. An up to five-
fold increase in the TLS signal was observed when 120 μm
PDDA was added.
According to our calculation, there are ∼98 Au NSs in the

excitation volume (5.76 × 10−15 m3; see details in the
Supporting Information) of our ensemble-based TLS measure-
ments. The observed increased NIR photothermal effect is
thus an ensemble-averaged result of Au NS clusters of different
sizes including dimers, trimers, and larger aggregates. Studies
of photothermal properties of individual Au NS clusters at the
single-particle/cluster level will help us to better understand
the underlying enhancement mechanism.
PTHI was employed to study the photothermal properties of

single Au NSs or their clusters. The detailed experimental
procedures are described in the Supporting Information. PTHI
shares a similar experimental setup as TLS. Instead of
recording an ensemble-averaged change in the signal intensity,
an image was reconstructed by scanning the immobilized Au
NS clusters. A pattern-matching method was employed to
correlate PTHI images of the nanoparticle clusters and their
scanning electron microscopy (SEM) images to identify the
region with the same distributions of the particles. Each bright
spot in PTHI image corresponds to a nanoparticle or cluster in
the SEM image. This procedure allows us to establish the
correlation between the nanostructures of different NPs/
clusters and their photothermal properties. The photothermal
responses of single nanoparticle clusters were quantitatively
evaluated by integrating the PTHI pixel intensities of the
bright spot of a 0.8 × 0.8 μm square region. The final signal
was obtained by subtracting the background from a nearby 0.8
× 0.8 μm region without any nanoparticles. Figure 2 shows the
SEM images of various Au NS clusters as well as their
corresponding PTHI images under 750 nm circularly polarized
laser excitation. Au NS clusters were found to display
significantly stronger PTHI signals than those of the isolated
particles.

Figure 1. (A) Extinction spectra and (B) photothermal signal of
discrete and clustered Au NS solution (in the presence of different
amounts of PDDA). The concentration of Au NSs is ∼22.3pM.
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The correlation between the configuration of various
nanoparticle clusters and their photothermal responses was
studied by inspection of 9 monomer, 12 dimers, and 7 trimers
(Figure 3A). Using the averaged PTHI intensity of 9

monomers as the reference, the averaged PTHI signal of the
dimers and trimers is ∼10 and ∼25 times that of Au NS
monomers, respectively. The variation is due to slight variation
in the size of the metal nanoparticles and gap distance between
them. The highest enhancement of up to 32.5-fold was
obtained for the trimer. Because the PTHI signal is expected to
be proportional to the absorption capability of the nano-
particles, enhanced PTHI signals are therefore attributed to
increased absorption at the heating laser wavelength. Because it
is difficult to measure the absorbance of single particles, finite
difference time domain (FDTD) simulations were performed
instead to calculate the absorption spectra of single nano-
particle clusters (Figure 3B; the simulation method is
described in the Supporting Information). In addition to the
fundamental absorption peak at ∼540 nm, a new absorption
band appears at longer wavelength (peak at ∼690 nm) for the
dimer, which was further red-shifted to 770 nm for the trimer.
On the basis of our simulation results, the absorbance at 750
nm in dimers and trimers was 10.4- and 24.4-fold enhanced,
respectively, over that of monomers, which is in excellent
consistence with the change in the photothermal signals
observed in our experiments. This new peak is a typical feature
of the longitudinal plasmon band of coupled metal nano-
particles.15,31 This new longitudinal band in dimers and linear
trimers can be understood in terms of the plasmon
hybridization theory.32−36 When the particles are coupled,
their resonance evolved into two orthogonal modes, a red-
shifted longitudinal mode and a blue-shifted transverse mode,
similar to formation of J-aggregates and H-aggregates of the

molecular excitonic coupling. The formation of the new band
gives rise to an increased absorption band in the NIR region.
The observed enhanced NIR photothermal effect is strongly

correlated to the longitudinal absorption band in the clusters,
which can be further confirmed by the excitation-polarization-
dependent PTHI results (Figure 4). The monomer shows

weak PTHI signals due to its weak absorption at the laser
wavelength of 750 nm, which was independent of the
excitation polarization. However, the PTHI signal of dimer
was strongly dependent on the excitation polarization (Figure
4). Optimum PTHI signal was observed when the excitation
polarization was along the long axis (θ = 0°) of the dimer. The
PTHI signal gradually deceased when the polarization of the
excitation beam changed from parallel (θ = 0°) to
perpendicular to the assembly axis (θ = 90°), following a
cos2 θ function (Figure 4B). The cos2 θ dependence of the
PTHI signal indicates its strong correlation to the longitudinal
SPR mode, the coupled nanostructure in the NIR region.
Au NPs have been known to display good biocompatibility

and easy surface functionalization. Au NS clusters are expected
to act as excellent NIR photothermal agents with dual
capability of photothermal cancer cell imaging and therapy.
We demonstrated their applications by using the human
prostate cancer cell line, LNCaP, as the target, whereas the
healthy human prostate epithelial cells (PrECs) were used as
the control. The LNCaP cells were reported to overexpress
prostate-specific membrane antigen (PSMA) per cell, which is
significantly higher than the healthy PrEC cells.37,38 To
specifically target and kill the cancer cells, it is crucial for Au
NSs to selectively assemble and form clusters on the
membrane of LNCaP cells. This was achieved by modifying
the surface of Au NSs with PSMA-specific aptamers, A9 RNA.
The successful surface modification has been manifested by the
change in its UV−vis extinction and IR spectra of Au NPs
before and after aptamer medication (see details in Figure S4).
The amount of aptamer on the surface of Au NPs was
estimated to be ∼6400 per particle by measuring the amount
of DNA detached from Au NPs using dithiothreitol (see Figure
S5). For direct comparison, the LNCaP and PrEC cells were
mixed and cultivated in the same Petri dish. The cells were
then incubated with a cell-staining kit (calcein AM and
propidium iodide (PI)) and PSMA-modified Au NSs with a
concentration of ∼10 000 Au NSs per cell. The mixture was
directly used in the studies without washing off free
unbounded nanoparticles in the medium.
The cell viability was evaluated by fluorescence imaging

prior to the photothermal treatment. Calcein AM is a cell-

Figure 2. (A) SEM and (B) photothermal heterodyne imaging under
750 nm circular polarization excitation of Au NS clusters.

Figure 3. (A) Relative photothermal signals of Au NS monomers,
dimers and trimers. (B) Simulated absorption of Au NS monomer,
dimer, and linear trimer using finite difference time domain (FDTD)
method.

Figure 4. (A) Excitation-polarization-dependent PTHI images. Inset
shows the SEM images of the studied Au NS monomer and dimer
(circled). (B) Excitation-polarization-dependent photothermal re-
sponses of a Au NS dimer.
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permeant dye that can only stain the cytoplasm of living cells.
Strong green fluorescence was observed from the cells (Figure
5A,D,G), indicating good cell viability. A laser beam at 750 nm

with power of 2 mW was directed onto the sample plane as the
heating source. The polarization of heating beam was adjusted
to be circular to excite the nanoparticle clusters of different
assembly angles. Another laser beam at 850 nm with power of
2 mW was employed as the probe beam for PTHI imaging.
The overall laser power density was calculated to be 1.06 MW·
cm−2 in the focal area. The photothermal therapy was
performed by scanning a 100 × 100 μm area with 0.2 μm
pixel size and 3 ms exposure time at each pixel. The PTHI
image could be simultaneously recorded. As depicted in Figure
5B,E,H, PTHI images with high contrast were obtained,
denoting the formation of the NS clusters. The PTHI images
show weak background signals from the free isolated Au NSs in
the solution. Figure 5 shows that only the cancer cells give
strong PTHI signals, whereas the living PrEC cells (green
circles) cannot be visualized in the PTHI images. The
capability of selectively imaging cancer cells over healthy
cells can be ascribed to fewer PSMA receptor targets on the
PrEC membrane, which results in fewer aptamer-modified Au
NSs bound to the healthy cell and consequently low PTHI
signals. The specific cancer-cell-targeting capability was also
evidenced by performing the PTHI imaging experiment on the
sample containing PrEC cells only under the same conditions,
in which no PTHI signal was observed (Figure S6).
The photothermal therapy effect was evaluated by using a

red fluorescent cell-staining dye, PI, which is a DNA
intercalator and stains the nucleus of deceased cells only. As
shown in Figure 5C,F,I, all of the cells showing strong PTHI
signals were killed after the scanning. In contrast, the normal
prostate cells PrEC still remained alive. These results indicate
good photothermal therapy efficiency and high selectivity of
these aptamer-modified Au NSs toward the cancer cells. By
using the NIR PTHI microscopy, the Au NS-targeted cancer
cells could be simultaneously imaged/detected with high

contrast and selectively killed with high efficiency. The use of
NIR light allows deep penetration imaging and therapy
treatment due to its coincidence with the biological trans-
parency window in this wavelength range. Similar to two-
photon excitation techniques,39−42 PTHI signal is proportional
to the product of the laser intensity of two NIR beams, which
enables 3D optical sectioning capability with deep tissue
penetration.43

In summary, we have successfully demonstrated a new
strategy of real-time photothermal therapy and imaging with
human prostate cancer cells. The strategy is based on the
significantly enhanced photothermal effect of Au NSs upon the
formation of clusters. Aptamer-modified Au NSs preferentially
target and aggregate onto the membrane of cancer cells. By
using PTHI microscopy, the cancer cells can be selectively
detected and killed with high efficiency. Because of the high
tissue penetration and 3D sectioning of the NIR PTHI
microscopy, this strategy can be potentially utilized for
simultaneous cancer imaging and therapy.
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