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In vivo photoacoustic therapy with cancer-targeted 
indocyanine green-containing nanoparticles

Nanoparticle (NP)-based technologies with 
increased site specificity and internalization, 
such as photoacoustic, photothermal and 
photodynamic therapies, are considered to 
be more efficient and less harmful compared 
with conventional cancer therapeutics [1–9]. 
Photoacoustic therapy uses the photoacoustic 
effect of nanoprobes for targeting and selectively 
destroying cancer cells [10]. It is based on the 
photoacoustic effect – converting optical 
energy into acoustic energy. This phenomenon 
appears when the NPs are exposed to a short-
pulsed laser beam. As a consequence, some of 
the light is absorbed and partly converted to an 
acoustic wave. This wave is generally called a 
photoacoustic wave [11–14]. It has been reported 
that cancer cells can be killed by the strong 
photoacoustic wave of intracellular single-walled 
carbon nanotubes under the irradiation of a 
pulsed laser [7].

The photoacoustic technique has several 
potential advantages: 

�� Mechanical mechanism of cell damage 
without causing toxicity and drug resistance;

�� With this approach, the laser power used for 
cancer killing is reduced 150–1500-times and 
the therapy efficiency is improved [7];

�� The photoacoustic effect can not only be used 
for cancer therapeutics but also for high-
efficiency photoacoustic imaging application.

In the near-infrared (NIR) 700–1100-nm 
region, human tissue has the lowest absorption 
coefficient and light can penetrate deepest into 
biological tissue [15,16]. Combined with NIR 
probes, photoacoustic therapy is particularly 
attractive for the destruction of selective cancer 
cells. Indocyanine green (ICG) is a suitable 
candidate for developing clinical photoacoustic 
therapy probes, since it is currently the only 
US FDA-approved dye that absorbs strongly in 
the NIR range [17,18]. In addition, ICG exhibits 
extraordinarily high optical adsorption; it is 
already used as a contrast agent for photoacoustic 
imaging [19–21]. According to the parameter of 
optical absorption divided by weight, ICG is 
seven-times more efficient than single-walled 
carbon nanotubes and approximately 8500-times 
more efficient than commercial gold nanorods, 
with a peak absorption at 780 nm [22].

The authors developed a NP (ICG–phospho-
lipid–polyethylene glycol [PL–PEG]) consisting 
of ICG and PL–PEG as a photoacoustic therapy 
probe [23]. These NPs have overcome numerous 
limitations of ICG, such as poor aqueous stabil-
ity, concentration-dependent aggregation and 
lack of target specificity [24–27]. The NPs provide 
multiple advantages:

�� The NPs are biocompatible and relatively 
nontoxic;

�� The NPs can improve the molecular stability 
of ICG and prolong its plasma half-life;
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�� The size of the NPs (∼18 nm) allows extra-
vasation and permeation into tumor tissue. 
They are also small enough to avoid clearance 
by the reticuloendothelial system [28–31];

�� The hydrophilic PEG surrounding the NP 
surface renders the NPs sterically stable, 
protecting them from mononuclear phagocytic 
system uptake and therefore increasing the 
drug circulation time. 

In addition, these NPs have been evaluated 
for stability under biological environments and 
demonstrated to be suitable for photothermal 
therapy in the authors’ previous work [23].

In this art icle, the properties of 
ICG–PL–PEG NPs were examined, including 
morphology, absorption and f luorescence 
spectra. The photoacoustic effect of the NPs 
was also investigated. To confirm the destructive 
power of the ICG–PL–PEG NP’s explosion, 
the photoacoustic effect of these NPs was 
evaluated in vitro using a cell-like hydrogel 
model. By functionalizing with folic acid (FA), 
the probe (ICG–PL–PEG–FA) can selectively 
enter into cancer cells that overexpress the 
folate receptor (FR) at the cell membrance. The 
target specificity of these NPs was evaluated 
in vitro via fluorescent microscopy. At first, the 
targeting ICG–PL–PEG–FA NPs conjugate 
to the FRs at the cellular membrane, leading 
to a relatively high surface concentration 
of the ICG–PL–PEG–FA NPs. Later, the 
targeting NPs were endocytosed by the cell. 
Photoacoustic therapy with the targeting 
ICG–PL–PEG–FA NPs for killing cancer cells 
was then carried out in vitro. Tumor targeting 
and in vivo distribution of ICG–PL–PEG–FA 
were investigated. Finally, the highly efficient 
destruction of solid tumors in vivo by cancer-
targeting photoacoustic therapy was confirmed. 
During photoacoustic treatment, the temperature 
changes were monitored by an infrared thermal 
camera. The temperature increased by no more 
than 3°C. Therefore, the destructive effect 
of ICG–PL–PEG–FA on cancer cells can be 
considered to be mainly mechanical damage 
induced by the strong shockwave rather than 
thermal damage caused by high temperatures.

Materials & methods
�n Materials

1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[amino/carboxy(PEG)2000] was 
obtained from Avanti Polar Lipids Inc. (AL, 
USA). ICG for injection was purchased from Dan 
Dong Yi Chuang Company (Dandong, Liaoning, 

China). Cell-counting kit 8 was obtained from 
Dojindo Laboratories (Kumamoto, Japan). 
FA, N-hydroxysulfosuccinimide and 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide were 
obtained from Sigma-Aldrich Corporation 
(MO, USA). FR, FL-257, polyclonal antibody 
(Santa Cruz, CA, USA) and other chemicals 
used in this work were all of analytical grade. 
All of the reagents were used without further 
purification.

�n Preparation of ICG–PL–PEG NPs
Preparation of ICG–PL–PEG NPs and 
the targeting ICG–PL–PEG–FA NPs was 
performed following the procedures according 
to Zheng et al. [23].

�n Characterization experiments
The absorption spectra of ICG solution and 
plain ICG–PL–PEG NPs were investigated by 
a UV/vis spectrometer (Lambda 35, Perkin-
Elmer, MA, USA). Fluorescence spectra 
were investigated by an LS-55 f luorescence 
spectrophotometer (Perkin-Elmer) with an 
excitation of 780 nm.

A JEM-100CXII (Jeol Inc., Tokyo, Japan) 
transmission electron microscope with 
parameters of 100 kV voltage and 70 pA current 
was used to examine the morphology and size 
of the probe. The distribution of diameters 
was determined by using transmission electron 
microscopy images of at least 100 NPs.

�n Photoacoustic signal of 
ICG–PL–PEG NPs
A custom-made photoacoustic imaging system 
was used to test the photoacoustic effect of 
the NP solutions. As illustrated in Figure 1A, a 
0.8-mm diameter silicon tube was fixed in a 
glass water tank. A total of 10 ml of ICG–PL–
PEG NPs with ICG concentrations of 10, 20, 
40 and 80 µg/ml were injected into the tube 
to determine their photoacoustic signals. An 
optical parametric oscillator (OPO; Vibrant 
532 I, Opotek, CA, USA) was used for light 
illumination. The OPO operated at 808 nm 
with a pulse duration of 10 ns and a pulse 
repetition rate of 10 Hz was used to irradiate 
the samples for generating photoacoustic signals. 
An ultrasound transducer with 75 MHz center 
frequency and 65% fractional bandwidth was 
used to receive the photoacoustic signals.

�n Preparation of a cell-like model
Alginate–polylysine–alginate microcapsules 
containing ICG–PL–PEG NPs were prepared 
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using a water-in-oil-in-water double emulsion 
method. A 5-ml aqueous solution containing 
sodium alginate (1.5% w/w) and ICG–PL–PEG 
NPs (containing 1 mg/ml ICG) was briefly 
dispersed in an isooctane solution containing 
a lipophilic surfactant (Span 85, 2.0% w/w) 
by using a mechanical stirrer at 8000 rpm. 
After 15 min, 15 ml of 5 M CaCl

2
 solution 

was added to form Ca–alginate microspheres. 
The formed emulsion was left stirring for 1 h. 
The microspheres were collected by filtration 
and washed three times with deionized water. 
Ca–alginate beads were suspended in a solution 
of polylysine (0.1% w/w) for 10 min, washed with 
deionized water and then immersed in alginate 
solution (0.05% w/w) for 10 min. The resulting 
microcapsules containing ICG–PL–PEG NPs 
were washed with deionized water and stored at 
4°C for further experiments [7].

�n Cell culture & transfection
Mouse mammary tumor line EMT6 cells 
were cultured in Roswell Park Memorial 
Institute medium 1640 (GIBCO, NY, USA) 
supplemented with 15% fetal bovine serum, 
penicillin (100 units/ml) and streptomycin 
(100 µg/ml) in 5% CO

2
/95% air at 37°C in 

a humidified incubator. FR+ EMT6 cells were 
obtained by culturing the EMT6 cells in FA-free 
medium. It is known that the FA-starved cells 
overexpress FRs on the cell surfaces. EMT6 
cells were passaged for at least four times in the 
FA-free medium before use to ensure that all 
FRs were available on the surface of the cells. FR- 
cells were obtained by culturing cells in medium 
with abundant FA to give few available free FRs 
on the cell surfaces. These procedures ensured a 
very high level of available FRs on the FR+ cells 
and a very low level of available FRs on the FR  
cells [23].

�n Confocal laser scanning microscopy
Cells (1 × 104 per well) growing in 35-mm Petri 
dishes were incubated with the ICG–PL–PEG–
FA solution (containing 10 µg/ml ICG, mass 
ratio ICG:PL–PEG = 1:100) for 1 h at 37°C. 
FR+ cells were rinsed with phosphate-buffered 
saline (PBS) three times and replaced with fresh 
FA-free medium. FR- cells were also rinsed with 
PBS three times and replaced with the medium 
with abundant FA. The cells were observed 
by a commercial laser scanning microscope 
combination system (LSM510/ConfoCor2, 
Zeiss, Jena, Germany) equipped with a Plan-
Neof luar 40 /1.3 numerical aperture oil 
differential interference contrast objective. The 
ICG–PL–PEG–FA NPs were excited at 633 nm 
with a He–Ne laser, and emitted light was 
recorded through a long-pass 650-nm filter.

�n Flow cytometry analysis
In the authors’ experiments, cells were cultured in 
six-well dishes (1 × 106 per well). FR+ EMT6 cells 
were cultured in FA-free medium to ensure that 
all FRs were available on the surface of the cells. 
FR- cells were cultured in medium with abundant 
FA to reduce the available free FRs on the cell 
surfaces. Cells were then harvested and fixed 
with 4% paraformaldehyde in PBS for 10 min 
at 37°C. Fixed cells were blocked in PBS solution 
containing 1% bovine serum albumin for 10 
min at room temperature and then incubated 
with FL-257 polyclonal antibody (1:50) at room 
temperature for 60 min, before being incubated 
with f luorescein-conjugated Affinipure goat 
anti-rabbit IgG (1:50; Proteintech Group, CA, 
USA) for 30 min in the dark. After washing, 
the samples were analyzed by flow cytometry 
(FACScan™, Becton Dickinson, CA, USA). 
The fluorescence histogram of cells in different 
treatments was obtained from 10,000 cells.
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Figure 1. Photoacoustic system and representation of the photoacoustic therapy. (A) The 
photoacoustic system. (B) Cancer cell-targeting photoacoustic therapy. 
Nd:YAG: Neodymium-doped yttrium aluminum garnet; OPO: Optical parametric oscillator.
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�n Selective killing of cancer cells 
during NIR irradiation
Cancer cells (1 × 104 per well) growing in 
35-mm Petri dishes were incubated with the 
ICG–PL–PEG–FA solution (containing 
10 µg/ml ICG at 37°C) for 2 h. FR+ cells were 
rinsed with PBS three times and replaced with 
fresh FA-free medium. FR- cells were also 
rinsed with PBS three times and replaced with 
the medium with abundant FA. The cells were 
exposed to 808 nm laser pulses (20 mJ/cm2) for 
20 s. After treatment, the cells were observed 
by a commercial laser scanning microscope 
combination system (LSM510/ConfoCor 2) 
equipped with a Plan-Neofluar 40/1.3 numerical 
aperture oil differential interference contrast 
objective. The ICG–PL–PEG–FA NPs were 
excited at 633 nm with a He–Ne laser and the 
emitted light was recorded through a long-pass 
650-nm filter.

�n Photoacoustic therapy
An OPO operated at 808 nm with a pulse 
duration of 10 ns and a pulse repetition rate 
of 10 Hz was used to irradiate the targets. The 
experiment was conducted with an energy 
density of 5–25 mJ/cm2.

�n Determination of cell cytotoxicity
Cancer cells growing in a 96-well microplate 
(5 × 103 per well, 100 µl) were incubated with the 
targeting probe solution (containing 10 µg/ml 
ICG at 37°C) for 2 h, and then rinsed with PBS 
three times, followed by irradiation with 808-nm 
laser pulses (from 5 to 25 mJ/cm2) for 20 s. Cell 
cytotoxicity was assessed 12 h after the laser 
irradiation with CCK-8. The absorbance value at 
450 nm (OD450) was read with a 96-well plate 
reader (Infinite® M200, Tecan, Switzerland) to 
determine the viability of the cells.

�n Tumor model
To generate the EMT6 murine breast tumor 
model, FR+ EMT6 cells (2 × 106) in a 100 µl 
solution were subcutaneously injected onto the 
back of each female Balb/c mouse. The mice 
were used on days 5–7 after the inoculation 
of cells, when the tumor volumes approached 
approximately 100 mm3.

�n In vivo biodistribution of ICG, 
ICG–PL–PEG & ICG–PL–PEG–FA
Biodistribution studies of ICG, ICG–PL–PEG 
and ICG–PL–PEG–FA were performed as 
previously reported [32]. Twelve tumor-bearing 
mice were randomly divided into four groups 

(n = 3 per group). Mice in group 1 were 
intravenously injected via the tail vein with 
100 µl PBS as a control. Mice in groups 2, 3 
and 4 were intravenously injected with 100 µl of 
ICG, ICG–PL–PEG and ICG–PL–PEG–FA, 
respectively (all containing 0.1 mg/ml ICG). 
Whole-body NIR fluorescent images of the mice 
were taken 6 h after intravenous injection using 
the Odyssey® Infrared Imaging System (LI-COR, 
Inc., NE, USA) through an 800-nm channel. The 
tumors and organs of interest (heart, spleen, lungs, 
liver and kidneys) were retained for imaging and 
semiquantitative biodistribution analysis.

�n Photoacoustic therapy of 
murine tumors
For in situ intratumoral injection photoacoustic 
tumor treatment, 30 tumor-bearing mice were 
randomly divided into six groups (n = 5 per group). 
Mice in groups 1, 2 and 3 were intratumorally 
injected with 25 µl of ICG, ICG–PL–PEG and 
ICG–PL–PEG–FA, respectively (all containing 
2 mg/ml ICG). At 2 h postinjection, the tumors 
were treated with the laser. The same amount of 
ICG–PL–PEG–FA NPs as used in group 3 were 
injected into group 4 mice, but group 4 did not 
receive laser treatment. Mice in group 5 were 
treated with the laser alone, while the last group 
of mice did not have any treatment.

For the intravenous injection experiment, 
solutions of ICG, ICG–PL–PEG and 
ICG–PL–PEG–FA (100 µl, all containing 
5 mg/ml ICG) were intravenously injected via the 
tail vein. After 6 h, the tumors on each mouse in 
the different groups (n = 5 per group) were treated 
with the laser. The mice in the control group were 
intravenously injected with 100 µl PBS.

An OPO laser was used to irradiate tumors 
for 10 min (1-min interval after each minute of 
irradiation, 20 mJ/cm2). The spot size of the laser 
beam was adjusted to cover the entire tumor.

After treatment, the tumor sizes were measured 
by a caliper every 2 days and calculated as:

Volume (V) = tumor length ×
2

tumor width2

Relative tumor volumes were calculated as V/V
0 

(V
0
 was the tumor volume when the treatment 

was initiated).

�n Histology examination
For histological analysis, tumors (n = 3 per 
group) from the control and treated mice were 
harvested 3 h after treatment. The major organs 
of mice were harvested 20 days after treatment, 
f ixed in 10% neutral-buffered formalin, 



www.futuremedicine.com 907future science group

In vivo photoacoustic therapy with cancer-targeted ICG-containing nanoparticles ReseaRch aRticle

processed routinely into paraffin, sectioned into 
5-µm-thick slices, stained with hematoxylin and 
eosin (H+E) and examined by light microscopy.

�n Temperature measurements during 
NIR radiation
For in vitro experiments, the temperature was 
measured in 3-s intervals with an infrared 
thermal camera (TVS200EX, NEC, Tokyo, 
Japan). For in vivo measurements, the surface 
temperatures of the tumors were measured in 
30-s intervals with an infrared thermal camera. 
All of the experiments were conducted at room 
temperature.

�n Statistical analysis
Each experiment was performed at least three 
times. Tests for significant differences between 
the groups were carried out using the student’s 
t-test (two-tailed). Data are presented as the 
arithmetic mean ± standard error of the mean. 
Otherwise, representative data are shown.

Results
�n Characterization of the  

ICG–PL–PEG probe
Figur e 2A is the schematic procedure for 
production of the ICG–PL–PEG NPs. The 
PEG-coated, amine-functionalized base 
nanoprobe (ICG–PL–PEG) is designed to 
utilize the noncovalent self-assembly chemistry 
between ICG and PL–PEG. Figure 2B & C show 
the absorption and f luorescence of freely 
dissolved ICG and ICG–PL–PEG solution. 
The concentration of the freely dissolved ICG 
solution was 5 µg/ml. In the ICG–PL–PEG 
solution, the concentration of ICG was also 
5 µgNml. Both solutions at this concentration 
showed no quenching effect of the dye. The 
maximum absorption and emission spectra 
for freely dissolved ICG are 785 and 808 nm, 
respectively. The main peaks of the absorption 
and emission spectra of ICG–PL–PEG shift 
approximately 20 and 15 nm toward the higher 
wavelengths compared with freely dissolved ICG 
(Figure 2B). A transmission electron microscopy 
image of the ICG–PL–PEG NPs showed that 
the NPs were spherical and well dispersed, 
with a core size of approximately 18 nm. The 
photoacoustic signal generated by ICG–PL–PEG 
NPs at various ICG concentrations was detected 
using a pulsed laser as the irradiation source. 
The choice of laser wavelength was based on 
the absorbance spectra of ICG–PL–PEG NPs. 
The photoacoustic signals generated by the 
ICG–PL–PEG NP solutions are summarized 

in Figure 2D. The intensity of the photoacoustic 
signal produced by ICG–PL–PEG was 
observed to be linearly dependent on the ICG 
concentrations (R2 = 0.991; Figure 2e).

�n Photoacoustic effect of  
ICG–PL–PEG NPs
To investigate the destructive power of the 
photoacoustic wave, the ICG–PL–PEG 
NPs were enwrapped within a type of 
alginate–polylysine–alginate microcapsule to 
develop a cell-like hydrogel model (Figure 3A). 
The microcapsules were approximately 20 µm 
in size and the thickness of the shell was 1–2 µm. 
The concentration of ICG in microcapsules was 
approximately 0.5 mg/ml. With laser treatment 
(20 mJ/cm2) for 20 s, ICG–PL–PEG NPs in 
the microcapsules exploded and broke the 
microcapsules (Figure 3B).

�n Selective imaging of cancer cells 
with the ICG–PL–PEG–FA probe
As the fluorescence intensity shows (Figure 4), in 
the FR+ cell with excessive FRs, the fluorescence 
intensity was much higher than that in the FR- 
cells with few receptors on the surface. 

The uptake of the ICG–PL–PEG–FA NPs 
into FR+ cells with all available FRs on the cell 
surface was indicated by fluorescence emission 
from the EMT6 cells using f luorescence 
microscopy. The fluorescence emission from 
just the surface of FR+ cell membranes after 
incubating with the ICG–PL–PEG–FA NPs 
for 1 h shows the NPs initially bonded on 
the cell membrane (Figure 5A). The strong 
f luorescence of ICG was observed in the 
cytoplasm after incubation for 3 h (Figure 5B). 
The results reveal that the NPs had been in 
the cells. The fluorescence of ICG inside cells 
obviously decreased after 6 h (Figure 5C). This 
phenomenon indicates that a large number of 
NPs discharged out of the cells. All confocal 
images illustrated that the ICG–PL–PEG–FA 
NPs did not translocate into the nucleus, as 
little fluorescence of ICG was observed inside 
the nucleus. In order to confirm the target 
specificity, the FR- cells with few available FRs 
were used as a control. Little fluorescence was 
observed in these cells (Figure 5D). The results 
show that, in the FR+ cells with excessive FRs, 
the fluorescence intensity of ICG was much 
higher than that in the FR- cells with few FRs. 
The selective uptake of ICG–PL–PEG–FA 
inside FR+ cells clearly indicates that receptor-
mediated endocytosis is more selective and 
efficient than nonspecific endocytosis.
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Adapted with permission from [23] © American Chemical Society (2011).
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�n Selective killing of cancer cells 
using the photoacoustic effect of 
ICG–PL–PEG–FA NPs
To investigate the photoacoustic effect on cancer 
cells, FR+ cells were incubated with the ICG–PL–
PEG–FA solution (containing 10 µg/ml ICG) 
for 2 h. After being washed with PBS, the FR+ 
cells were exposed to laser pulses (20 mJ/cm2) 
for 20 s. Before laser treatment, the fluorescence 
in the cytoplasm was strong, but there was no 
fluorescence in the nucleus, indicating that the 
NPs were located in cytoplasm (Figure 6Ai). The 
dividing line between the nucleus and cytoplasm 
is clear. As shown in the confocal images 
(Figure 6Aii), drastic cell morphology changes 
were observed after photoacoustic treatment. 
The dividing line between the nucleus and 
cytoplasm became unclear and fluorescence 
was then observed inside the whole cells. These 
phenomenons are related to the destruction 
of cells with photoacoustic therapy. As a 
comparision, FR- cells with few available FRs on 
the surface of the cell membrane were employed 
as a control. FR- cells were incubated with 
the ICG–PL–PEG–FA solution (containing 
10 µg/ml ICG) for 2 h. After being washed by 
PBS, the FR- cells were exposed to laser pulses 
(20 mJ/cm2) for 20 s. The cells remained intact 
after laser irradiation (Figure 6Aiii). No apparent 
change of the cellular morphology was observed 
under these treatments.

To investigate the photoacoustic effect of the 
cells, the authors monitored the proliferation 
ratio of cancer cells after laser treatment 
with ICG and ICG–PL–PEG–FA NPs (with 
ICG concentrations from 1 to 20 µg/ml). 
All of the cells were irradiated by laser pulses 
(20 mJ/cm2) for 20 s. Cell cytotoxicity was 
assessed 12 h after laser treatment with CCK-8. 
As shown in Figure 6B, cell viability of FR+ cells 
markedly decreased as the concentration of the 
ICG–PL–PEG–FA increased, while the FR- cells 
retained a survival rate of 95% when treated by 
laser and ICG–PL–PEG–FA. Furthermore, 
the death rate of FR+ cells treated by laser and 
ICG–PL–PEG–FA was significantly higher than 
those treated by laser and ICG with the same 
ICG concentration.

To study the photoacoustic toxicity, FR+ 
cells were irradiated by laser with an energy of 
5–25 mJ/cm2 for 20 s. In all of these cases, no 
significantly negative effect on cell proliferation 
was observed with irradiation alone. This 
indicates no obvious cellular toxicity of laser 
treatment at such a short time. Figure 6C shows 
that cell lethality increased significantly under 

laser irradiation in the presence of the probe. 
Cell viability decreased by 74.6% after laser 
irradiation (20 mJ/cm2) in FR+ cells treated with 
ICG–PL–PEG–FA NPs (Figure 6C). 

�n Photoacoustic treatment of tumors 
through intratumoral injection of 
different solutions
After validation by in vitro experiments, the 
authors then attempted photoacoustic treatment 
through intratumoral injection. As is shown in 
Figure 7B, significant suppression of tumor growth 
was observed after tumors were injected with the 
ICG–PL–PEG or ICG–PL–PEG–FA particles 
and irradiated with the laser pulses, but not 
with ICG–PL–PEG–FA or radiation alone. All 

10 µm10 µm

Figure 3. Destructive power of indocyanine green–phospholipid–
polyethylene glycol nanoparticles in cell-like microcapsules. (A) Initial 
cell-like microcapsules with indocyanine green–phospholipid–polyethylene glycol 
inside. (B) The broken microcapsules after laser treatment.
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of the tumors on mice after being injected with 
the ICG–PL–PEG–FA and exposed to the laser 
pulses were partially damaged and showed a 
much slower growth rate.

H+E staining of tumor slices collected from 
laser- and ICG–PL–PEG–FA-treated mice 
showed that most tumor cells were severely 
destroyed (Figure 7Cii), while there was no obvious 
damage observed in the control tumor slices 
(Figure 7Ci). These results further confirmed the 
successful destruction of cancer cells by the 
photoacoustic treatment. 

�n In vivo biodistribution of ICG,  
ICG–PL–PEG & ICG–PL–PEG–FA
A whole-animal NIR imaging approach was 
used to investigate the tumor targeting and 
in vivo distribution of ICG, ICG–PL–PEG and 
ICG–PL–PEG–FA in nude mice. Figure 8A & B 
showed that ICG and ICG–PL–PEG were 
mainly located in the liver, while ICG–PL–
PEG–FA had a high accumulation in both 
the tumor and liver. The mice were sacrificed, 
and various organs and tissues were collected 

for imaging analysis. The averaged ICG 
f luorescent intensity of each imaged organ 
(after removing the tissue autofluorescence and 
subtracting the background) was calculated 
for a semiquantitative biodistribution analysis. 
The highest fluorescence signal was observed in 
the tumor for ICG–PL–PEG–FA, suggesting a 
high accumulation of ICG–PL–PEG–FA in the 
tumor (Figure 8C). 

�n Photoacoustic treatment of tumors 
through intravenous injection of 
different solutions
Motivated by the tumor accumulation of 
ICG–PL–PEG–FA and its strong NIR optical 
absorption ability at 808 nm, the authors 
carried out further in vivo intravenous injection 
photoacoustic treatment. Figure 9A shows that 
laser and ICG–PL–PEG–FA treatment caused 
significant tumor suppression. Photoacoustic 
damage to tumor cells was confirmed by 
H+E staining. High scathe level was only 
observed in the group with laser treatment plus 
ICG–PL–PEG–FA injection (Figure 9B). 
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the indocyanine green–phospholipid–polyethylene glycol–folic acid nanoparticles. (A–C) The 
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fluorescence inside cells shows low uptake levels of ICG–PL–PEG–FA nanoparticles into FR- cells. 
DIC: Differential interference contrast measurement; FA: Folic acid; FR: Folate receptor; ICG: Indocyanine 
green; PL–PEG: Phospholipid–polyethylene glycol.
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Figure 6. Targeted destruction of cancer cells by indocyanine green–phospholipid–
polyethylene glycol–folic acid photoacoustic effect. (A) Confocal images of cancer cells under 
different treatments. FR- cells remained unharmed under laser irradiation (20 mJ/cm2; 20 s) without 
the probe. Extensive cell death was observed under laser irradiation after FR+ cells were incubated 
with ICG–PL–PEG–FA. (B) Cell viability of FR+ and FR- cells after incubation with ICG–PL–PEG–FA or 
ICG (with different ICG concentrations) was assessed after near-infrared laser irradiation (20 mJ/cm2; 
20 s). Data are expressed as mean ± standard error of mean (n = 6). (C) Cell viability of FR+ cells 
after incubation with the ICG–PL–PEG–FA NPs (containing 10 µg/ml ICG) was assessed after 
near-infrared laser irradiation with different irradiation energy densities for 20 s. Data are expressed 
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DIC: Differential interference contrast measurement; FA: Folic acid; FR: Folate receptor; 
ICG: Indocyanine green; PL–PEG: Phospholipid–polyethylene glycol.
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H+E-stained sections of major organs of the 
mice after 20 days with different treatments 
were examined; obvious organ damage was 
not observed (Figur e 9C) , indicating that 
ICG–PL–PEG NP-based photoacoustic therapy 
could be a safe cancer treatment technique.

During photoacoustic treatment, full-body 
thermographic images were captured using 
an infrared camera. The maximum surface 
temperature of the irradiated area was plotted 
as a function of the irradiation time. Figure 10 

shows that the tumor experienced only a small 
temperature increase, which is entirely different 
from past photothermal techniques that heat 
the ICG–PL–PEG–FA in tumor tissue to high 
temperatures.

Discussion
The photoacoustic technique has a broad range 
of applications, including photoacoustic ther-
apy, nondestructive biomedical imaging, chem-
ical analysis and ecology [33–38]. The acoustic 
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Figure 7. Photoacoustic treatment of tumor-bearing mice after intratumoral injection with 
indocyanine green, indocyanine green–phospholipid–polyethylene glycol or indocyanine 
green–phospholipid–polyethylene glycol–folic acid. (A) Representative photos of a 
laser + ICG–PL–PEG–FA-treated mouse and a control mouse. (B) Time-dependent tumor growth 
curves of EMT6 tumor (n = 5 per group) under different treatments. The relative tumor volumes 
were normalized to their initial sizes. (C) Images of hematoxylin and eosin-stained tumor sections 
harvested from a laser + ICG–PL–PEG–FA-treated mouse and a control mouse. Cancer cells were 
severely destroyed by the photoacoustic treatment (arrows). 
FA: Folic acid; ICG: Indocyanine green; PL–PEG: Phospholipid–polyethylene glycol.
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waves are excited when pulsed light is absorbed 
by a target. There are several mechanisms of 
laser-generated acoustic waves [39–41]:

�� In liquids, when the radiant power densities 
are below the vaporization threshold, 
acoustic waves are generated basically by the 
thermoelastic expansion. The absorption of 
light in a restricted volume induces thermal 
relaxation, resulting in the generation of 
acoustic waves;

�� At high radiant intensities, when the absorbed 
energy exceeds the energy of evaporation, 
acoustic waves are generated by a recoil 
momentum arising upon liquid evaporation;

�� When the laser radiation intensity exceeds the 
dielectric breakdown threshold, dielectric 
breakdown of the sample may occur.

Previous studies show that the photoacous-
tic pressure could reach 102–103 atm [13,14]. The 
amplitude of the photoacoustic wave depends 
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Figure 8. In vivo biodistribution analysis of indocyanine green, indocyanine green–phospholipid–polyethylene glycol 
and indocyanine green–phospholipid–polyethylene glycol–folic acid via tail vein injection in nude tumor-bearing mice. 
(A) The whole-body near-infrared fluorescent images of mice were taken at 6 h after intravenous injection. Detection was 
performed using the Odyssey® Infrared Imaging System (LI-COR Inc., NE, USA) through a 800-nm channel. ICG was mainly 
accumulated in the liver, while ICG–PL–PEG–FA had a high accumulation in both the tumor and liver. (B) Major organs of EMT6 
tumor-bearing mice were collected for fluorescence imaging. Spectrally resolved ex vivo fluorescence images of different organs 
are displayed. (C) Semiquantitative biodistribution of ICG, ICG–PL–PEG and ICG–PL–PEG–FA in mice determined by the averaged 
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FA: Folic acid; ICG: Indocyanine green; PL–PEG: Phospholipid–polyethylene glycol.
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on both the optical absorption and the proper-
ties of the target. It is reported that NPs with 
strong optical absorption could significantly 
enhance the photo acoustic effect [42]. Such a 
strong photoacoustic effect could be used for 
the destruction of cancer cells.

As an FDA-approved NIR dye, ICG 
has been used for various therapeutic and 
diagnostic applications, such as imaging of 
retinal and choroidal vasculature since 1970 
[43,44]. However, numerous disadvantageous 
physicochemical characteristics, such as poor 
aqueous stability, concentration-dependent 

aggregation and lack of target specificity, limit 
the application of ICG. Furthermore, ICG 
binds almost completely (98%) to plasma 
albumin, leading to its low vascular or tissue 
permeability [27,45]. ICG is taken up exclusively 
by the liver and secreted entirely into the bile 
after an intravenous injection. This behavior 
causes the rapid elimination of ICG from 
circulation, with an initial half-life of 3–4 min, 
followed by a slower half-life of approximately 
1 h at lower concentrations. These properties 
lead to a low retention rate of ICG in tumor 
tissue [27,32].
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Figure 9. Photoacoustic treatment of tumor-bearing mice after intravenous injection with 
indocyanine green, indocyanine green–phospholipid–polyethylene glycol or indocyanine 
green–phospholipid–polyethylene glycol–folic acid. (A) Time-dependent tumor growth curves 
of EMT6 tumors (n = 5 per group) under different treatments. The relative tumor volumes were 
normalized to their initial sizes. (B) Images of hematoxylin and eosin-stained tumor sections 
harvested from a control mouse and a laser + ICG–PL–PEG–FA-treated mouse. Cancer cells were 
severely destroyed by the photoacoustic treatment (arrows). (C) Histological staining of the heart, 
liver, spleen, lung and kidney from a control mouse and a laser + ICG–PL–PEG–FA-treated mouse 
(20 days after treatment). 
FA: Folic acid; ICG: Indocyanine green; PL–PEG: Phospholipid–polyethylene glycol.
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To overcome these l imitations, an 
ICG–PL–PEG NP consisting of ICG and 
PL–PEG is used. All of the components of 
the NPs are biocompatible and relatively 
nontoxic. PEG is also FDA approved for many 
applications such as biomedical imaging and 
therapy. The addition of PEG provides several 

advantages for the therapeutic application of 
ICG–PL–PEG:

�� The hydrophilic PEG can render the NPs 
stable and compatible with biological media; 

�� PEG can reduce uptake by the reticulo–
endothelial system in drug delivery; 
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�� PEG can be used to provide the NPs with stealth 
properties for longer circulation times and to 
prolong serum half-lives in vivo [46–50]; 

�� Amine groups at the free termini of PEG chains 
allow for conjugation of FA. 

In addition, an ICG–PL–PEG suspension may 
be more efficient in producing a photoacoustic 
wave than ICG alone when irradiated by 808-nm 
laser pulses, based on the following reasons: 

�� With the same ICG concentration, ICG–PL–
PEG has more efficient light absorption than 
ICG at 808 nm [32];

�� The high concentration of ICG in the NPs [20];

�� Encapsulation in a NP stabilizes ICG against 
an aqueous media and other destabilizing effects 
from the biological environment [20,23].

FA is a fascinating candidate for cancer cell 
targeting, because the FR is often overexpressed in 
many cancers, such as KB, HeLa cells and MCF7, 
while most normal tissues express low to negligible 
levels [51–55]. The targeting ICG–PL–PEG–FA 
NPs could promote not only their intracellular 
transport efficiency, but also specificity toward 
tumor cells. In this study, the ICG–PL–PEG–FA 
NPs bind to FR+ cells at a much higher rate than 
to FR- cells. In vivo tumor targeting and tumor 
accumulation of the ICG–PL–PEG–FA were also 
confirmed.

NPs can extravasate into the tumors through 
the enhanced permeability and retention effect 
[29]. However, most NPs mainly accumulate 
in the interstitial space of the tumor and can 
be easily cleared. The introduction of FA to 
the ICG–PL–PEG NPs could promote their 
specificity, penetration and distribution in the 
tumor. The results of this study demonstrate that 
ICG–PL–PEG–FA could effectively target tumor 
cells and increase NP accumulation in tumors.

While the authors’ past ICG–PL–PEG NP 
studies have achieved a photothermal technique 
for cancer killing using long-time continuous laser 
irradiation, their current work demonstrated a new 
photoacoustic technique for cancer destruction 
using a pulsed laser [23]. When laser irradiation was 
used, the significant photoacoustic effect of ICG–
PL–PEG NPs in the alginate–polylysine–alginate 
microcapsules was observed. The microcapsules 
were broken by the photoacoustic effect. The 
destruction caused by the photoacoustic effect is 
considered to be a kind of mechanical damage [7]. 
The photoacoustic destruction of treated FR+ cells 
was shown to be highly selective. The destruction 
of FR+ cells was due to the photoacoustic effect 

originating from the NPs. This is entirely different 
from past photothermal techniques that heat the 
ICG–PL–PEG solution to a high temperature and 
destroy cells through continuous laser irradiation 
at 2.75 W/cm2 for 5 min [23].

When photoacoustic treatment was performed 
on mice, the laser and ICG–PL–PEG–FA treat-
ment caused significant tumor suppression. 
Histological examinations of tumor tissues from 
each group further confirmed the successful 
destruction of tumor cells by the photoacoustic 
effect of ICG–PL–PEG–FA NPs. With H+E 
staining analysis, a high scathe level was observed 
in the laser- and ICG–PL–PEG–FA-treated 
tumors. These results show that the ICG–PL–
PEG–FA NPs have a remarkable capability to 
enhance the photoacoustic destruction of tumor 
cells. Furthermore, H+E staining analysis dem-
onstrated the absence of abnormal damage in the 
main organs that had high ICG–PL–PEG–FA 
uptake. In summary, the authors’ work achieves 
effective NIR light-induced photoacoustic treat-
ment in animal experiments using the targeting 
ICG–PL–PEG–FA NPs.

Conclusion
To the best of the authors’ knowledge, this is the first 
report that ICG–PL–PEG–FA NPs can be used 
as cancer-targeting agents for the photoacoustic 
treatment of cancer. All of the components 
of ICG–PL–PEG–FA NPs are nontoxic. The 
destructive effect of ICG–PL–PEG–FA NPs on 
cancer cells can be considered mainly mechanical 
damage induced by the photoacoustic effect 
rather than the thermal damage caused by high 
temperature. The results show photoacoustic 
treatment with the targeting ICG–PL–PEG–FA 
NPs and laser pulses is an effective cancer therapy 
both in vitro and in vivo. In summary, laser and 
ICG–PL–PEG–FA treatment was proved to 
be a promising cancer-targeting photoacoustic 
treatment for cancer therapy.

Future perspective
With its outstanding properties, ICG–PL–PEG 
NPs conjugated with targeting agents can be 
used as an agent for photoacoustic imaging and 
selective photoacoustic therapy. The nonthermal 
mechanism of cell damage by the photoacoustic 
effect would not cause thermal side effects 
as in some surgical methods. In therapeutic 
applications, NP-based photoacoustic therapy 
may increase the efficacy and safety of cancer 
treatment, with the hope that one day it may 
offer patients a gentler yet effective alternative to 
current cancer therapies.
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Executive summary

Preparation of indocyanine green–phospholipid–polyethylene glycol–folic acid nanoparticles
 � The indocyanine green (ICG)–phospholipid–polyethylene glycol (PL–PEG) nanoparticle (NP) is designed to utilize the noncovalent 

self-assembly chemistry between PL–PEG and ICG. It is an ideal light absorber for laser-mediated photoacoustic therapy.

Cellular localization of the ICG–PL–PEG–folic acid NPs in vitro
 � When conjugated with folic acid (FA), the ICG–PL–PEG–FA NPs were internalized by targeted cells via the ligand–receptor-mediated 

endocytosis pathway.

Photoacoustic treatment of tumors in vitro
 � Destruction of cancer cells was achieved in vitro when cells were incubated with the particles and irradiated with a near-infrared laser.

Tumor targeting of the ICG–PL–PEG–FA NPs
 � ICG–PL–PEG–FA was shown to accumulate in tumors after intravenous injection.

Photoacoustic treatment of tumors in vivo
 � When photoacoustic treatment was performed on mice, the laser and ICG–PL–PEG–FA treatment caused significant tumor suppression.

Conclusion
 � The authors’ study has demonstrated the first use of ICG–PL–PEG–FA NPs for the targeted photoacoustic therapy of cancerous cells.
 � The photoacoustic mechanism of cell detection and damage improves the selectivity and efficacy of cancer treatment. The results have 

the potential to be developed into a less toxic and more effective alternative to current cancer therapies.
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