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Abstract: Gold nanorods (GNRs) are generally considered to be nontoxic to normal and
cancer cells. They are usually accumulated at lysosomes after entering into cells, forming
GNR clusters in which strong plasmonic coupling between GNRs is expected. We
investigated the photothermal therapy of single cancer cells by exploiting the significantly
enhanced two-photon-induced absorption of GNR clusters naturally created in the lysosomes
of cancer cells. It was revealed numerically that the plasmonic coupling between GNRs in
GNR clusters can effectively enhance the photothermal conversion efficiency. As a result, the
thermal damage of single cancer cells can be induced by using pulse energy as low as ~70 pJ.
In experiments, the locations of GNR clusters can be accurately determined through the
detection of the two-photon-induced luminescence, which is also significantly enhanced, by
using a confocal laser scanning microscope. The photothermal therapy was conducted by
focusing femtosecond laser light on the targeted GNR clusters, generating bubbles and
deforming cell membranes. The photothermal therapy proposed in this work can lead to the
rapid and acute injury of single cancer cells. The dependence of the apoptosis time on the
pulse energy of femtosecond laser light was also examined. Our findings suggest a novel
strategy for the photothermal therapy of single cancer cells with ultralow energy.
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1. Introduction

In recent years, rapid development in the synthesis and characterization of nanomaterials has
stimulated the use of various nanomaterials as cancer nanomedicines [1], including novel two-
dimensional materials that have received intensive studies [2,3]. In particular, self-assembled
targeted nanoparticles have been developed for safer and more effective therapeutic or
imaging applications [4]. For photothermal therapy, however, much effort has been devoted to
metallic nanoparticles because they can strongly absorb electromagnetic waves of different
frequencies, leading to a rapid temperature rise [5-9].

Owing to their superior optical response, thermal conductivity and chemical stability, gold
nanoparticles/nanostructures of different sizes and shapes have been considered as one of the
most important materials for photothermal therapy [10-15]. For example, Sun et al. found that
the salt-induced aggregation of gold nanoparticles in biological media creates highly efficient
and biocompatible photothermal transducers for photothermal therapy and
photothermal/photo-acoustic imaging of cancer cells [10]. In addition, Li et al. observed that
small gold nanorod (GNR) laden macrophages exhibit enhanced tumor coverage in
photothermal therapy [11]. Pan et al. revealed that extremely low NIR activated photothermal
therapy can be realized by using nuclear-targeting GNRs [12]. More interestingly, Aioub et al.
demonstrated that platinum-coated GNRs act as efficient reactive oxygen scavengers that
prevent oxidative damage toward healthy cells during plasmonic photothermal therapy [13].

In general, electromagnetic waves in different spectral ranges, such as X-ray [9], white
light [6], and near infrared laser [7,8,16-24], can be employed in photothermal therapy.
However, near infrared laser is considered as the most suitable one because of the low
attenuation of laser energy when passing through tissues or cells [6,8]. In practice, both
unfocused [9,19,20] and focused [16,17,25] laser beams have been used in the photothermal
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therapy of cells. The photothermal conversion efficiency of metallic nanoparticles is generally
considered as a key issue because the temperature rise necessary for photothermal therapy can
be induced by using low pulse energy if metallic nanoparticles with high photothermal
conversation efficiency are employed. In general, small nanoparticles possess higher
photothermal conversion efficiency because of their low scattering cross sections. The low
absorption cross sections can be compensated by increasing the concentration of
nanoparticles, which can be realized by increasing the uptake of nanoparticles through for
example surface modification [26,27].

In the past decade, GNRs have been the focus of many studies such as nanoscale sensing,
optical data storage, bioimaging, drug delivery, and photothermal therapy [28-31] owing to
their superior optical properties and chemical stability. The existence of longitudinal surface
plasmon resonances (LSPRs) with significantly enhanced electric field and flexible tunability
makes them a promising candidate in bioimaging, biomedicine and photothermal therapy. The
photothermal conversion efficiency of GNRs has been investigated and it was found that
smaller GNRs possess higher photothermal conversion efficiency because the scattering cross
sections of small GNRs are negligible [32]. On the other hand, the cytotoxicity of GNRs has
been extensively studied and GNRs with different aspect ratios are generally nontoxic to
normal cells [33—36]. This characteristic makes them a suitable nanomaterial for photothermal
therapy.

So far, the GNR-based photothermal therapy is generally performed for a large number of
cells and there is no study on the photothermal therapy of single cells which is interesting
from the viewpoint of both fundamental research and practical application. In addition, the
high pulse energy used in the previous studies may lead to the damage of normal cells and
how to realize photothermal therapy with ultralow energy has become an important issue to
be solved.

It has been known that GNRs are naturally accumulated in the lysosomes after entering
into cells [37,38], creating GNR clusters in which strong plasmonic coupling between GNRs
may exist. The existence of strong plasmonic coupling would change dramatically the linear
and nonlinear absorption of GNR clusters, significantly enhancing the two-photon-induced
absorption (TPA) and two-photon-induced luminescence (TPL) of GNR clusters [39].
Therefore, such naturally-formed GNR clusters can be employed to realize the photothermal
therapy of single cells with ultralow energy.

In this work, we investigated the photothermal therapy of single cancer cells mediated by
GNR clusters naturally formed in the lysosomes of cancer cells. The effect of plasmonic
coupling between GNRs in GNR clusters was numerically studied based on the finite-
difference time-domain (FDTD) method. It was found that the TPA and TPL of the GNR
clusters are significantly enhanced, which in turn reduces the pulse energy used in the
photothermal therapy of single cancer cells. We used the TPL emitted by the GNR clusters to
accurately locate the positions of the GNR cluster with the strongest TPA and performed
photothermal therapy by focusing femtosecond (fs) laser light on the targeted GNR cluster.
The dependence of the apoptosis time on the irradiation time and energy was also examined.

2. Experimental details and numerical methods

The GNRs used in the experiments were synthesized by using a modified seedless method
which is similar to that described previously [40]. The as-prepared GNRs were then stabilized
by polyethylene glycol (PEG). The LSPRs of the GNRs were characterized by measuring the
UV-Vis-NIR absorption spectra. The morphology of the GNRs was examined by using
transmission electron microscopy (TEM).

The cancer cells used in the photothermal therapy were human liver hepatocellular
carcinoma (HepG2). They were cultured in a humidified incubator at 37°C with an
atmosphere containing 5% CO,. The culture medium was composed of 89% Dulbecco’s
Modified Eagle Medium (DMEM), 10% fetal bovine serum and 1% penicillin/streptomycin.



Research Article

Optics EXPRESS

The cytotoxicity of GNRs in vitro was evaluated against HepG2 cells by using the
Thiazolyl Blue Tetrazolium Bromide (MTT) assay. In brief, approximately 4000 cells per
well were pre-cultured in a plate with 96 wells for 12 hours. The cells were then incubated
with 100-mL medium containing GNRs for 24 hours. After incubation, 10-uL MTT (5
mg/mL) was added into each well, followed by an additional incubation of 4 hours. Then, the
solution was replaced by 100-mL Dimethyl Sulphoxide (DMSO) to dissolve the formed
formazan crystals. Cell viability (%) was calculated by comparing the absorbance of the
testing wells at 570 nm with that of the control wells containing untreated cells.

For cellular uptake studies, HepG2 cells were seeded in cell culture flasks (~25 cm?) and
allowed to settle overnight. Then, they were incubated with culture media containing GNRs
with different concentrations of 0, 52.2, 78.3, 104.4, 130.5 and 156.6 pM at 37 °C and 5%
CO, for 24 hours. After that, the culture media were removed and the cells were washed three
times with phosphate buffered saline (PBS). The cells were lifted by trypsin (0.025%; Gibco,
Invitrogen, Belgium) and pelleted by centrifugation. For the measurement of the gold (Au)
concentration, the cell pellets were dispersed in 1-mL PBS to determine cell amount. Cell
suspension was dissolved in 2.5-mL aqua regia and modulated into a 10-mL solution after
driving acid. The concentration of Au is analyzed by inductively coupled plasma-mass
spectrometry (ICP-MS) (ICAP-qc, Thermo Fisher) [26]. The number of GNRs within a single
cell can be derived from the volume (10 mL) and GNR concentrations (55-155 pM) of the
culture media, the volume (1.62 x 10™'® cm®) and mass (3.14 x 107" g) of a single GNR, the
concentrations of Au measured by ICP-MS, and the amount of cells.

Apart from ICP-MS, the cellular uptake was also examined by using TEM observation. In
this case, HepG2 cells were seeded in cell culture flasks (~25 cm?) and allowed to settle
overnight. Next, they were incubated with the culture media containing GNRs of 0 or 104.4
pM for 24 hours in a humidified incubator (37°C, 5% CO,). After removing the culture
media, the cells were washed three times with PBS, separated from culture flasks with cell
scraper, and pelleted by centrifugation. Finally, they were fixed in 1% osmic acid for 20
minutes and cut into cell slices for TEM observation at an acceleration voltage of 120 kV.

The photothermal therapy experiments were carried out by using either an inverted
microscope (Axio Observer Al, Zeiss) or a confocal laser scanning microscope (TCS-SPS5,
Leica). In the former case, the femtosecond (fs) laser light from a Ti: sapphire oscillator (Mira
900S, Coherent) with a repetition rate of 76 MHz was focused on the targeted cell by using a
60 x objective lens. The diameter of the laser spot was estimated to be ~1.8 um. The pulse
energy of 1 pJ corresponds to laser fluence of 3.93 x 10 mJ/cm”. The TPL emitted by the
GNR clusters was collected by the same objective lens and directed to a spectrometer for
analysis. The TPL imaging of the cell was carried out by using a three-dimensional
positioning system (P-563.3CD, Physik Instruments). For the photothermal therapy performed
by using a confocal laser scanning microscope, the cells were plated in a confocal culture dish
(5 x 10° cells/well) and incubated for 12 hours. Then, they were incubated by using a culture
medium containing 104.4-pM GNRs for 24 hours. After that, the cells were washed by PBS
for three times and observed in DMEM under the confocal laser scanning microscope. The
wavelength and repetition rate of the fs laser light were 800 nm and 76 MHz. The pulse
energies used for scanning and photothermal therapy were chosen to be 35 and 420 pJ,
respectively. The diameter of the laser spot size was estimated to be ~1.0 um.

The FDTD software developed by Lumerical Solutions, Inc. (http://www.lumerical.com)
was employed to simulate the distribution of electric field in GNR clusters from which the
linear and nonlinear absorption spectra of the GNR clusters can be derived [41,42]. In the
FDTD simulations, non-uniform grids with the smallest grid of 0.2 nm and perfectly matched
layer condition were employed. The COMSOL multiphysics software developed by Comsol
Inc. (http://www.comsol.com) was employed to simulate the temperature distribution inside
the GNR clusters.
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3. Results and discussion
3.1 Linear and nonlinear absorption of GNR clusters

It has been known that GNRs are usually accumulated at lysosomes, forming GNR clusters
after entering into cells. Distinct from isolated GNRs, there exists strong plasmonic coupling
between GNRs in such GNR clusters. As a result, the linear and nonlinear absorption (i.e.,
TPA) will be significantly modified owing to the existence of strong plasmonic coupling.
Since photothermal conversion efficiency is closely related to the linear and nonlinear
absorption, it is necessary to investigate the modification in the linear and nonlinear
absorption induced by the plasmonic coupling presented in GNR clusters.

In Fig. 1, we show schematically the physical model used to study the effects of plasmonic
coupling on the linear and nonlinear absorption of GNR clusters. In Fig. 1(a), 100 GNRs with
random orientations and positions are enclosed in a box with a volume of 300 x 300 x 300
nm’. The background is water with a refractive index of 1.33. The length and diameter of
GNRs are chosen to be 34 and 8 nm, respectively. In this case, the mean distance between
GNRs is much larger than the length of GNRs and the coupling between GNRs is negligible.
In contrast, strong coupling is expected for the GNR cluster in which 100 GNRs are enclosed
in a box with a smaller volume of 200 x 200 x 200 nm’, as shown in Fig. 1(b). In this case,
the mean separation between GNRs becomes comparable to the length of GNRs, which is
typical for the GNR clusters observed in the lysosomes of cells, as will be shown later.
Therefore, we first compare the linear and nonlinear absorption of the two GNR clusters
without and with plasmonic coupling, as shown in Figs. 1(a) and 1(b).

(a) (b)

S=309ﬂm

Fig. 1. Physical models for GNR clusters without (a) and with (b) plasmonic coupling between
GNRs. The volumes of the boxes in which 100 GNRs with random orientations and positions
are enclosed are 300 x 300 x 300 nm® (a) and 200 x 200 x 200 nm® (b), respectively.

The normalized linear and nonlinear absorption spectra calculated for the GNR cluster
with negligible plasmonic coupling is shown in Fig. 2(a). At each wavelength, the electric
field distribution of the GNR cluster was firstly calculated. Then, the linear and nonlinear
absorption of each GNR were derived by calculating the integration of «|E|* and |E|* over the
volume of the constituent GNRs, respectively. The linear and nonlinear absorption of the
GNR cluster were obtained by summing up the linear and nonlinear absorption of all the
constituent GNRs. Similar method has been previously employed to derive the linear and
nonlinear absorption of GNRs [6,43,44].
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plotted in a descending order. The wavelengths of the incident light were chosen at the
nonlinear absorption peaks of the corresponding GNR clusters (i.e., 860 and 1010 nm)

In Fig. 2(a), it can be seen that the linear absorption peak of the GNR cluster appears at
~860 nm, which is basically determined by the LSPR of the constituent GNRs in the absence
of plasmonic coupling. It is noticed that the nonlinear absorption peak appears at the same
wavelength. When plasmonic coupling is introduced into the GNR cluster, both linear and
nonlinear absorption are modified, as shown in Fig. 2(b). In this case, the linear absorption
peak remains nearly unchanged. However, the absorption band is broadened with a shoulder
emerging at ~1010 nm. More interestingly, the nonlinear absorption peak is separated from
the linear one and red shifted to ~1010 nm. The physical mechanism responsible for the
separation of the linear and nonlinear absorption peaks has been described in detail in a
previous publication [39]. Basically, multiple absorption peaks begin to appear in the linear
and nonlinear absorption spectra of GNRs once the plasmonic coupling is introduced. For
strong plasmonic coupling, the nonlinear absorption spectrum of the GNR cluster becomes
dominated by the absorption peak at the long wavelength side of the LSPR. It is because that
the nonlinear absorption is proportional to |E|* and the stronger electric field leads to a larger
red shift in the absorption peak. In Fig. 2(c), we present the statistics for the nonlinear
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absorption of the 100 GNRs in the two GNR clusters. It can be seen that the nonlinear
absorption of the GNR cluster with strong plasmonic coupling is dominated by a few GNRs
with significantly enhanced TPA. In the GNR cluster with plasmonic coupling, the TPA of
the GNR with the largest value is enhanced by a factor of ~8.3 as compared with that of the
isolated GNR with the largest value, as shown in Fig. 2(c).

3.2 Enhanced temperature rise in GNR clusters

Understanding the heat generation and temperature rise in GNR clusters is crucial for the
photothermal therapy of single cells mediated by the naturally created GNR clusters. Upon
the irradiation of fs laser light, a transition of electrons from the d band to the sp conduction
band of Au can be induced in GNRs by simultaneously/sequentially absorbing two photons
[45—48]. Heat is generated when hot electrons relax from the high-energy states to the low-
energy states just above the Fermi level. The recombination of the relaxed electrons with the
holes left in the d band may occur by emitting either photons (i.e., TPL) or photons (heat
generation). Therefore, the photothermal conversion efficiency is determined mainly by the
nonlinear absorption of GNR clusters which enhances light harvest and heat generation. For
isolated GNRs, it depends strongly on the size and aspect ratio of GNRs and the wavelength
of the excitation laser. For GNR clusters, it may be affected by the number of GNRs in the
cluster, the plasmonic coupling between GNRs and the wavelength of the excitation laser.
Therefore, it is a big challenge to accurately determine the photothermal conversion
efficiencies (i.e., the conversion efficiency of laser energy to heat) for isolated GNRs and
GNR clusters from the experimental point of view.

In order to gain a deep insight into the effects of plasmonic coupling on the nonlinear
absorption and heat generation of GNR clusters, we have simulated the temperature
distributions induced in the two GNR clusters discussed above by a plane wave with the same
power. The simulated temperature distributions on the central planes (YZ planes) for the two
GNR clusters are presented in Figs. 3(a) and 3(b), respectively. In the numerical simulation, it
is assumed that the heat released by each GNR in the cluster is proportional to the nonlinear
absorption of the GNR. By comparing the temperature distributions shown in Figs. 3(a) and
3(b), it can be seen that the temperature rise achieved in the GNR cluster with plasmonic
coupling is much larger than that in the GNR cluster without plasmonic coupling. Apart from
the significantly enhanced nonlinear absorption induced by the strong plasmonic coupling, it
is thought that the heat accumulation, which becomes more significant when the mean
distance between GNRs (i.e., heat sources) is reduced, also contributes to the large

temperature rise.
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Fig. 3. Two-dimensional temperature distributions on the YZ plane simulated for the two GNR
clusters without (a) and with (b) plasmonic coupling which are shown in Figs. 1(a) and 1(b),
respectively. The black circles represent the cross sections of the GNRs on the YZ plane.
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3.3. Morphology, absorption, cytotoxicity and uptake of GNRs

The morphology of the GNRs synthesized by using the modified seedless method was
examined by using TEM observation, as shown in Fig. 4(a). The averaged length and
diameter of the GNRs were estimated to be 34 and 8 nm, respectively. In Fig. 4(b), we show a
typical absorption spectrum measured for GNRs dispersed in water. It can be seen that the
LSPR and transvers surface plasmon resonance (TSPR) of the GNRs appear at 800 and 530
nm, respectively. The wavelength of the LSPR is in good agreement with that simulated by
using the FDTD method (not shown).
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Fig. 4. (a) TEM image of the synthesized GNRs. (b) Absorption spectrum of the GNRs
dispersed in water. (c) Cytotoxicity of GNRs against HepG2 cells. (d) Uptake of the GNRs
measured for HepG2 cells.

The cytotoxicity of the GNRs to HepG2 cells was examined by doping the culture media
with the GNRs of different concentrations ranging 0 to 150 pM and incubating HepG2 cells
with the culture media for 24 hours. The viability of HepG2 cells, which was assessed by a
MTT assay, as a function of the GNR concentration is shown in Fig. 4(c). It is noticed that for
the highest concentration of GNRs, the viability of HepG2 cells was still higher than 80%. It
implies that the GNRs are almost nontoxic to HepG2 cells if the concentration of the GNRs is
not too large.

In order to realize efficient photothermal therapy, the uptake of the GNRs for HepG2 cells
was also studied. Interestingly, it was found that the uptake of the GNRs is not proportional to
the concentration of the GNRs. Instead, it exhibits a dependence on the concentration of the
GNRs, as shown in Fig. 4(d). The maximum uptake of the GNRs, which was estimated to be
~2400 GNRs per cell, is observed at a GNR concentration of ~100 pM. The behavior is
attributed to the returning of GNRs from HepG2 cells into the culture media after some time.
Since the efficiency of photothermal therapy is closely related to the number of GNRs
entering into cells, the optimum GNR concentration of ~100 pM was used in the photothermal
therapy experiments described in the following.
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3.4 GNR clusters formed in lysosomes

It has been known that the GNRs entering into cells are generally encompassed in the
lysosomes, forming GNR clusters. This behavior offers us the opportunity to perform
photothermal therapy for single HepG2 cells with ultralow pulse energy because the GNRs
clusters can effectively convert the energy of photons into heat, leading to a high temperature.
We first examined the accumulation of GNRs in the lysosomes of HepG2 cells by using TEM
observation. The samples prepared for the TEM measurements have been described in Section
2. In Fig. 5(a), we show the TEM image for one of the lysosomes in a HepG2 cell which has
been cultured with GNRs for 24 hours. From the magnified TEM image shown in Fig. 5(b),
one can see clearly a GNR cluster containing ~30 GNRs with random orientations. The total
dimension of the GNR cluster was estimated to be ~150 nm. However, it is remarkable that
the reshaping of GNRs occurred when they expose to complex biological environments after
entering into cells. It suggests that the surface of GNRs has not been successfully passivated
by PEG, which is also reflected in the slight reduction of cell viability with increasing
concentration of GNRs shown in Fig. 4(c). It is also noticed that the number of GNRs
distributed outside the lysosomes is quite small, confirming that most GNRs entering into
HepG?2 cells are enwrapped into lysosomes. No GNRs were found in the nucleus of the cell.

Fig. 5. (a) TEM image of a HepG2 cell which has been cultured with GNRs for 24 hours. (b)
TEM image of a GNR cluster naturally created in the lysosome of the HepG2 cell.

As discussed in Section 3.1, GNR clusters with strong plasmonic coupling are expected to
emit stronger TPL as compared with isolated GNRs or GNR clusters with negligible
plasmonic coupling. For this reason, one can readily determine the locations of such GNR
clusters by scanning the TPL image over the cell with fs laser light of low pulse energy. In
this case, the heat released by GNR clusters is too small to affect the cell. In Fig. 6, we
compare the TPL images for HepG2 cells without and with GNR clusters. For HepG2 cells
not incubated with GNRs, on obvious TPL could be detected and the TPL image appeared to
be dark. In comparison, apparent TPL could be observed in HePG2 cells which had been
incubated with GNRs for 24 hours. In this case, it is noticed that the regions with strong TPL
appear in the cytoplasm next to the nucleus (i.e., lysosomes), in good agreement with
appearance of the GNR clusters observed in the TEM images.
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Fig. 6. TPL and bright field images recorded for HepG2 cells not incubated with GNRs [(a)
and (b)] and incubated with GNRs [(d) and (e)]. The merged images for the two types of
HepG2 cells are shown in (c) and (f), respectively. The length of the scale bar is 20 pm.

3.5 Photothermal therapy mediated by GNR clusters

Different from the previous studies on GNR-based photothermal therapy, we investigated the
photothermal therapy of single cells by exploiting the enhanced TPA/TPL in GNR clusters. In
this case, one can reduce the excitation spot of the fs laser light to a small diameter of a few
micrometers by using an objective lens with a large NA. In this way, the photothermal therapy
of single cells with ultralow pulse energy and short time can be realized.

Once the locations of GNR clusters in a single cell are determined with the help of TPL
images, one can carry out photothermal therapy for the cell by simply exciting the GNR
cluster with the large TPA/TPL with a higher pulse energy. In this way, accurate and rapid
injury to cancer cells can be easily achieved. Generally, bubbles generated by laser heating of
GNR clusters can be observed, implying that the temperature at the focal point can exceed the
boiling point of water. In this case, the high temperature will lead to the apoptosis of HepG2
cells in a short time of a few seconds.

In Fig. 7, we show the evolution of the morphology of a HepG2 cell during the
photothermal therapy process. Figure 7(a) shows the bright field image of the chosen cell.
Figures 7(b)-7(1) show the cellular morphology together with the TPL image when the cell
was exposed to the laser light in different times. It was found that several bubbles began to
appear at different places where the GNR clusters with large TPA were located. With
increasing irradiation time, the bubbles become larger and the cell shape was deformed. In
this case, the HepG2 cell suffered from morphological damage as the bubbles expanded.
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Fig. 7. (a) Bright field image of the chosen cell. (b)—(1) Evolution of the cell morphology and
TPL image when the cell was exposed to the fs laser light in different time of 0, 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7,0.8,0.9 and 1.0 s, respectively. The length of the scale bar is 20 um.

In the above experiments, a laser beam from a confocal laser scanning microscope with
pulse energy of ~35 pJ was firstly used to obtain the TPL image of the targeted cell from
which the location of the GNR cluster with the largest TPA could be located. Then, another
laser beam with larger pulse energy of ~420 pJ was focused on the GNR cluster while the
rapid scanning of the cell was performed by using the weaker laser beam with pulse energy of
~35 pJ. It can be seen that a bubble emerged firstly at the location of the GNR cluster with the
largest TPA. Although the pulse energy used for scanning was intentionally chosen to be low,
small bubbles began to appear at other places after many times of scanning. In Fig. 7(c), one
can identify four bubbles with different volumes. More bubbles begin to emerge when the
irradiation time is increased, can be seen in Fig. 7(e). It is also observed that the largest
bubble at the center part of the cell expanded rapidly.

The photothermal therapy can also be performed by exciting only a single GNR cluster
without scanning the whole cell. As shown in Fig. 6(f), it is easy to find the location of the
GNR cluster with the largest TPA based on the TPL image obtained by using low pulse
energy. It is expected that the most effective photothermal therapy can be realized by exciting
such a GNR cluster. In Figs. 8(a) and 8(b), we show the morphology change observed for a
HepG?2 cell before and after the photothermal therapy performed with pulse energy of 192 pJ.
One can see the appearance of a bubble and the apparent deformation of the targeted cell after
an irradiation time of only 3 s. The evolution of the TPL spectrum during the photothermal
therapy process was also recorded, as shown in Fig. 8(c). It can be seen that the TPL spectrum
of the GNR cluster appears to be quite similar to that of GNRs and the TPL intensity increases
with increasing irradiation time.

In the photothermal therapy experiments described above, the heat released by the GNR
clusters is quite large, leading to a large temperature rise and bubble formation. In this case, a
significant change in the morphology of the cells occurs which may lead to the necrosis of the
cells. This situation may not be appropriate for practical applications. For this reason, we also
used much lower pulse energy for the photothermal therapy of HepG2 cells and investigated
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the dependence of the apoptosis time on the irradiation pulse energy at a fixed irradiation time
of 20 s, as described in the following.
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Fig. 8. HepG2 cells before (a) and after (b) photothermal therapy. (c) Evolution of the TPL
spectrum of the excited GNR cluster during the photothermal therapy. The length of the scale
bar is 20 pm.

Similar to the procedure described above, we first located the most efficient excitation
spot of the targeted cells based on the TPL images obtained by using low pulse energy. Then,
the targeted cells were exposed to the fs laser light with different pulse energies for 20 s. After
that, the cells after photothermal therapy were dyed with Trypan Blue, which is a typical dye
used to characterize the integrity of cell membrane and the survival rate of cells, after
incubation in cell medium for different times of 0, 0.5, 1.0, and 2.0 hours. The damaged cells
appear blue because of the increased permeability of the cell membranes and they are getting
necrotic or late apoptotic. The results of the photothermal therapy for HepG2 cells are
presented in Fig. 9. The grey images are the bright images of the cells before laser irradiation
and the color ones are the images stained by Trypan Blue. It can be seen that only the
positions irradiated with laser light appear blue while the colors of the rest parts remain
unchanged. Since the apoptosis of the cells is indicated clearly by the change of color, it is
noticed that the apoptosis time of the irradiated cell depends strongly on the pulse energy of
the laser light, which is summarized in Fig. 10. It is noticed that the use of pulse energy of
~157 pJ leads to the necrosis of the cell. When the pulse energy is reduced to ~122 pJ,
however, the death time is prolonged to about half an hour. For pulse energy as low as ~70 pJ,
the membrane can still keep integrity for ~2 hours after the irradiation of the laser light. The
finite survival time indicates that the cells after the photothermal therapy can receive certain
biological operation because of the integrity of the cell membrane.
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Fig. 9. Bright field images of the cells on which the photothermal therapy were carried out
(black and white images). The color images show the cells dyed with Trypan Blue after the
photothermal therapy. Laser light with different pulse energies of 157, 122, 87, and 70 pJ was
employed in the photothermal therapy experiments. The cells after the irradiation of the laser
light were dyed with Trypan Blue after different interval times of 0, 0.5, 1.0, and 2.0 hours.
The length of the scale bar is 20 um. The blue color appearing in some areas without dead cells
is caused by Trypan Blue which did not diffuse uniformly in the experiment. For pulse energy
of 87 pl, there were occasionally two dead cells near the targeted cell on which the
photothermal therapy was carried out.
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Fig. 10. Dependence of the apoptosis time of the HepG2 cells on the pulse energy of the
irradiation light for a fixed irradiation time of 20 s.

4. Conclusion

In summary, we have investigated the photothermal therapy of single HepG2 cells mediated
by the GNR clusters naturally formed in the lysosomes of the HepG2 cells. Based on the
FDTD numerical simulation, it was revealed that both the TPA and the TPL of the GNR
clusters formed in the lysosomes of HepG2 cells are significantly enhanced as compared with
isolated GNRs or GNR clusters without plasmonic coupling. The enhanced nonlinear
absorption leads to a larger temperature rise which can be utilized to induce the apoptosis of
single cells. It was found that the locations of such GNR clusters can be easily identified
based on the TPL images of single cells obtained by using low pulse energy. The excitation of
such GNR clusters with fs laser light resulted in the change of cell morphology and the
generation of bubbles, leading to the necrosis of the irradiated cells. In addition, it was found
that the apoptosis of the cells can be induced by pulse energy as low as 70 pJ. The strong
dependence of the apoptosis time on the pulse energy of the irradiation light was observed.
Our findings are helpful for the photothermal therapy of single cancer cells with low pulse
energy and will find potential application in biophotonics and biomedicine.
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