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Inhibitory Effect of Photodynamic Therapy with
Indocyanine Green on Rat Smooth Muscle Cells
Jih-Shyong Lin,1,2 Chia-Jung Wang2 and Wen-Tyng Li2,3

Background: Vascular smooth muscle cells play a critical role in the intimal hyperplasia of restenosis. A previous
study of a rat balloon injury model demonstrated that photodynamic therapy (PDT) using indocyanine green (ICG)
and near-infrared (NIR) light irradiation reduced intimal hyperplasia in carotid arteries. However, the effect of
ICG-PDT on smooth muscle cells remains unclear. This study aimed to evaluate the effects of PDT with ICG and NIR
irradiation on the viability of vascular smooth muscle (A-10) cells.
Methods: A-10 cells were incubated with ICG at different concentrations for different time intervals. Intracellular
accumulation of ICG inside the cells was observed by light microscopy, ultraviolet-visible (UV-VIS) spectrophotometry
and spectrofluorometry. Cell viability and cell death after ICG-PDT were assessed by 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide assay and lactate dehydrogenase release assay. Changes in nuclear morphology
and cell cycle distribution were evaluated to determine the possible cell death mechanism mediated by ICG-PDT.
Results: ICG uptake in A-10 cells increased with the amount of ICG in the culture media. The intracellular accumulation
of ICG reached a maximum at 8 h. After ICG-PDT, cell viability decreased and cell death increased in a concentrationdependent manner. The half maximal inhibitory concentration of ICG was 8.3 mM with 4 J/cm2 NIR irradiation.
Membrane blebbing and chromatin condensation were observed, and the percentage of cells in the sub-G1 phase
increased after ICG-PDT. Thus, apoptosis might be responsible for decreasing the viability of A-10 cells by ICG-PDT.
Conclusions: This study demonstrated that ICG-PDT had an inhibitory effect on smooth muscle cells, possibly via an
apoptosis pathway.
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INTRODUCTION

sclerosis, changes in the composition and structure of
blood vessel walls are entirely due to increased proliferation, migration and apoptosis rates of smooth muscle
cells.3 Accumulation of smooth muscle cells is a result of
a struggle between death and procreation in the progression of atheroma.4 Extracellular matrix produced by
smooth muscles cells in the process of atheroma formation are known to be the most important contributor to
the production of connective tissue in vessels.4 Smooth
muscle cells are also associated with the formation of
atheroma in the late stage,5,6 and they can be activated
by cholesterol loading to differentiate into a macrophage-like state, and participate in the initiation of atherosclerotic lesions.6
Balloon angioplasty and stents are widely used in
the clinical treatment of coronary artery diseases. How-

Vascular smooth muscle cells are the major cell type
within blood vessels. Smooth muscle cells in the arterial
tunica media of normal vessels behave differently from
those in the intima of developing atheroma,1,2 and they
exhibit low rates of proliferation, migration and apoptosis in normal blood vessels. In the process of athero-
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ever, the vessel lumen often re-narrows within 6 months
after treatment due to mechanical damage induced by
stent implantation or balloon angioplasty. The rate of
restenosis is around 10% even after the implantation of
drug-eluting stents.7-10 The mechanism of restenosis is
similar to that of wound healing.11,12 After the intima is
injured, inflammatory reactions cause the proliferation
and migration of smooth muscle cells within the media
and the intima, leading to intimal hyperplasia.13,14 Therefore, therapies that modulate the proliferation, migration and apoptosis of smooth muscle cells may be useful
for inhibiting restenosis after treatment for atherosclerosis.
Photodynamic therapy (PDT) is a treatment modality involving the combined use of a photosensitizer, light
and oxygen. Photosensitizers are activated by light at a
specific wavelength and react with nearby oxygen in the
tissue to generate reactive oxygen species (ROS), thereby resulting in cell death in the lighted area. PDT is widely
used in cancer therapy.15 Although it has not been used
as a treatment modality for cardiovascular diseases, several clinical trials have demonstrated that PDT was effective in reducing atherosclerotic lesions and inhibiting
plaque progression by stabilizing atherosclerotic plaques.16-21 PDT has also been shown to prevent intimal
hyperplasia in balloon-injured arteries by suppressing
smooth muscle cell proliferation, and modulating adventitial fibroblast function to generate a matrix barrier to
invasive vascular cell migration.22-25 It has also been demonstrated that PDT can induce the apoptosis of vascular smooth muscle cells in a light-energy and photosensitizer concentration-dependent manner.26 However, the
efficacy of PDT in the treatment of intimal hyperplasia is
hampered by poor penetration depth of visible light into
tissue in order to excite most photosensitizers.
Indocyanine green (ICG), a near-infrared (NIR) excitable fluorophore which allows for deeper light penetration into tissue, is used in clinical diagnosis and fluorescence angiography.27 It has also been used as a photosensitizer to treat murine mammary tumors and metastatic tumors.28,29 ICG-PDT has been shown to be effective in killing skin-associated microorganisms.30-32 Our
recent study showed that ICG-PDT using a light dose of 4
J/cm2 was effective in suppressing intimal hyperplasia in
a rat model with balloon-injured carotid arteries.33 Smooth
muscle cells play an important role in the initiation of
Acta Cardiol Sin 2019;35:65-74

atheroma and the process of restenosis, however it remains unclear whether vascular smooth muscle cells are
affected by ICG-PDT. In this study, the effects of PDT with
ICG and NIR light emitting diode (LED) irradiation on the
viability of vascular smooth muscle (A-10) cells were
evaluated.

MATERIALS AND METHODS
Chemicals
ICG, the photosensitizer used in this study, was purchased from Tokyo Chemical Industry, Co. Ltd. (Japan). It
was freshly prepared in phosphate-buffered saline (PBS)
at a concentration of 1 mg/mL before use. All chemicals
were purchased from Sigma-Aldrich Corp. (MO, USA).
Cell culture reagents and cell culture vessels were purchased from Thermo Fisher Scientific Inc. (CA, USA). A
CytoTox 96â non-radioactive cytotoxicity assay kit was
purchased from Promega Corp. (MI, USA).
Cell line
The A-10 (ATCC #: CRL-1476) smooth muscle cell
line derived from thoracic aorta of Rattus norvegicus,
was obtained from the Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan). Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
with 4 mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 1.0 mM sodium pyruvate, 10 IU penicillin, 10 mg/mL streptomycin and 10%
fetal bovine serum (FBS). The cells were grown at 37 °C
in a humidified atmosphere with 5% CO2.
Intracellular accumulation of indocyanine green
A-10 cells were seeded at a density of 2,500 cells/
2
cm in a 6-well culture plate. After 24 h, the medium was
changed to DMEM containing 2% fetal bovine serum
(FBS). The cells were incubated for 24 h with ICG concentrations ranging from 1 to 50 mM in a dark humid atmosphere containing 5% CO2. The medium was then removed and the cell monolayer was washed with PBS.
The presence of ICG inside the cells was assessed using
an inverted microscope (Eclipse TS100-F; Nikon Instruments Inc., Japan).
The accumulation of 20 mM ICG was studied as a
function of incubation in the 0 to 24 h range to deter66
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cm2 in 48-well cell culture plates. After PDT, the cells
were incubated in 2% FBS-containing media for 24 h and
then subjected to cell viability assay. The viability of
cells was assessed using the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which
measures the capacity of mitochondrial dehydrogenase
in viable cells to reduce MTT to a purple formazan precipitate. The cells were incubated with MTT solution (0.5
mg/mL) at 37 °C for 4 h. The purple formazan formed in
each well was dissolved in 250 mL dimethyl sulfoxide solution for 10 min. The absorbance at 570 nm was measured using a plate reader (Multiskanâ Spectrum; Thermo
Fisher Scientific Inc., CA, USA). The viability of the A-10
cells was based on the results of three separate runs, in
which the experiment was performed in triplicate in
each run. The results were given as the percentage of the
data obtained with control cultures.

mine the optimal timing of light application for PDT. The
medium was subsequently removed, and the cells were
washed twice with PBS. The cells were then detached
using a cell scraper and disrupted in PBS using an ultrasonic processor (VCX 130 PB; Sonics & Materials, Inc.,
CT, USA). Cell lysates were centrifuged at 10,000 ´ g for
10 min to remove cell debris. The protein content of cell
lysates was determined using the bicinchoninic acid
(BCA) assay. Intracellular ICG accumulation was evaluated by both absorbance at 780 nm and fluorescence
emission at 830 nm. The absorbance of ICG in cell lysates was measured using an ultraviolet-visible (UV-VIS)
spectrophotometer (GENESYSTM 10S; Thermo Fisher Scientific Inc., CA, USA). The fluorescence intensity of ICG
was quantitated using a spectrofluorometer (FluoroMaxâ-4; HORIBA, Ltd., Japan). The uptake of ICG by cells
was expressed as either absorbance intensity or fluorescence intensity of the photosensitizer per milligram of
protein.

Cytotoxicity assay
A-10 cells were seeded at a density of 3,000 cells/
2
cm in 48-well cell culture plates. After PDT, the cells
were incubated in 2% FBS-containing media for 24 h and
then subjected to cytotoxicity analysis. Quantitative assessment of cell death was evaluated using a lactate
dehydrogenase (LDH) assay with a CytoTox 96â non-radioactive cytotoxicity assay kit. LDH is released from the
cytoplasm into the culture medium as a result of cell
membrane damage and cell lysis by PDT. LDH can convert a tetrazolium salt into a red formazan product with
absorbance at 490 nm. The LDH assay was performed
according to the manufacturer’s instruction. Maximal
release was obtained after treating the control cells with
1% Triton X-100 at 37 °C for 45 min. The absorbance at
490 nm for each sample and maximal release was measured using a plate reader. The LDH release percentage
was expressed using the formula: (sample value/maximal release) ´ 100%. The cytotoxicity after PDT was based on the results of three separate runs, in which the
experiment was performed in triplicate in each run.

Light source and photodynamic treatment
A custom-made NIR light source composed of 4 ´ 4
LED lamps (ShenZhen UGet Optoelectronics Co., Ltd.,
Guangdong, China) with a wavelength ranging from 760
nm to 780 nm was used for photodynamic treatment.
The irradiance at the surface of the cell monolayer was
5 mW/cm2 measured using a power meter (Orion, Ophir
Optronics Ltd., UT, USA). The radiant exposure (J/cm2)
could be adjusted according to the duration of LED irradiation.
In the PDT procedure, A-10 cells were first put in
DMEM with 10% FBS in a 5% CO2 atmosphere at 37 °C
and allowed to adhere for 24 h. After rinsing with PBS,
the cells were allowed to incubate with DMEM containing 2% FBS and different concentrations (6~48 mM) of
ICG for 8 h. Afterwards, ICG-containing media were removed, and the cells were rinsed with PBS again and
refed with fresh DMEM without ICG. The A-10 cells were
then illuminated in darkness using our custom-made NIR
light source at a total radiant exposure of 2 and 4 J/cm2
at room temperature and atmosphere. Cells without
LED exposure or ICG incubation placed under the same
conditions were used as the untreated controls.

Nuclear assessment using Hoechst stain
A-10 cells were seeded at a density of 12,500 cells/
2
cm in a 35-mm culture dish and treated with an optimal inhibitory concentration of ICG (9 mM). After 8 h of
incubation, the cells were treated with 4 J/cm2 NIR irradiation. After 45 min, the cells were stained with 0.04

Cell viability assay
A-10 cells were seeded at a density of 20,000 cells/
67
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mg/mL Hoechst 33258 stain at room temperature for 30
min. The cells were then rinsed with PBS and examined
under an inverted fluorescence microscope (DM1L; Leica Microsystems, GmbH, Germany).

signals of ICG from the cell lysates, an ICG concentration
of 20 mM was selected for the experiments of uptake kinetics. The time course of intracellular accumulation of
ICG is presented in Figure 2. Both the fluorescence intensity and absorbance intensity of ICG increased with
the incubation time and reached a plateau at 8 h. Therefore, NIR light for PDT was illuminated after 8 h exposure to ICG for the rest of the experiments.

Cell cycle analysis using flow cytometry
A-10 cells were seeded at a density of 20,000 cells/
cm2 in a 10-cm culture dish and treated with 6 mM ICG
for 8 h. The cells were subjected to PDT at 2 J/cm2 and
collected at 12 h post PDT. The cells were trypsinized and
washed twice with ice cold PBS and fixed at 4 °C in 70%
ethanol for 24 h. The fixed cells were resuspended with
a staining solution consisting of 50 mg/mL propidium iodide (PI), 0.1% Triton X-100 and 50 mg/mL RNase in PBS.
The samples were then incubated at 4 °C for 30 min.
Flow cytometry was performed on a FACSCalibur flow
cytometer (BD Biosciences, NJ, USA).
Statistical analysis
The results are expressed as mean ± standard error
of the mean. Statistical analysis of the data was performed using GraphPad InStatâ, version 3.05 (GraphPad
Software, CA, USA). The Kruskal-Wallis test was used to
compare medians between the control, light, ICG and
ICG + light groups. A p-value of less than 0.05 was considered to indicate a significant difference between the
medians of all groups.

A

B

C
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Figure 1. Phase-contrast micrographs of rat smooth muscle (A-10)
cells after 24-h incubation with indocyanine green (ICG). A-10 cells were
exposed to ICG for 24 h and observed under a phase-contrast microscope. There were more cells with green-color staining in cultures exposed to higher concentration of ICG. ICG concentration: 0 mM (A), 1 mM
(B), 10 mM (C) and 50 mM (D). Original magnification 100x.

RESULTS
Intracellular accumulation of indocyanine green
The effect of ICG concentration on the uptake of ICG
by smooth muscle (A-10) cells after 24 h of incubation is
shown in Figure 1. When incubated with 10 mM ICG,
light greenish staining of the cells could be seen under
the inverted microscope. The intensity of ICG staining
increased with the photosensitizer concentration in the
incubation medium. In cultures exposed to 50 mM ICG
(Figure 1D), some cells with intense staining had a shrunken morphology.
ICG has an NIR absorbance peak at around 780 nm
and fluorescence emission peak at 830 nm. Therefore,
the absorbance intensity at 780 nm and fluorescence intensity at 830 nm were used to measure the dose of ICG
within the A-10 cells. In order to detect apparent optical
Acta Cardiol Sin 2019;35:65-74

Figure 2. Intracellular uptake of indocyanine green (ICG) in rat smooth
muscle (A-10) cells as a function of incubation time. A-10 cells were exposed to 20 mM ICG for up to 24 h. The ICG uptake was measured by using the optical absorption of ICG at 780 nm (n) and fluorescence emission at 830 nm (). Intracellular ICG level was expressed as normalized
absorption intensity or fluorescence intensity per mg protein measured
in cell extract. Values represent mean ± standard error of three separate
experiments.
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Effect of photodynamic treatment on cell viability
and cell death
To determine the effect of the concentration of ICG
on A-10 cells, cell viability was evaluated using the MTT
assay, and cell death was determined by measuring LDH
activity in the culture medium. The percentage of cell viability was measured by normalizing the results of the
MTT assay with control cells (without ICG or light exposure). As shown in Figure 3, cell viability decreased in a
concentration-dependent manner after 8 h of incubation with the photosensitizer and then exposure to light.
Cell viability was around 48% at 9 mM ICG and 4 J/cm2
light irradiation. Exposure to 12 mM ICG and light irradiation further reduced cell viability to 21%. The half maximal inhibitory concentration (IC50) of ICG under light irradiation was 8.3 mM.
The effect of ICG concentration on cell death was almost opposite to that on cell viability (Figure 4). Cell death
increased in a dose-dependent manner after ICG-PDT,
and was around 28% at 6 mM ICG and 4 J/cm2 light irradiation. The LDH release rate increased to 61% at 9 mM
ICG and 73% at 12 mM ICG with light irradiation.
Cell viability and cell death of the ICG-exposed cells
without illumination was not different from the control
cells. ICG had no darkness toxicity to the A-10 cells. In
addition, a lower ICG concentration (12 mM) tended to
increase cell viability (140%). Similar observations have

been reported in other in vitro studies.34,35 It is possible
that ICG treatment alone may result in increased activity
of mitochondrial reductase as an early response to stress.

Figure 3. Cell viability of rat smooth muscle (A-10) cells after photoactivation of indocyanine green (ICG). A-10 cells were incubated for 8 h
in the presence of different concentrations of ICG and then exposed to
780 nm light irradiation at a light fluence of 4 J/cm2. Cell viability was
measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 24 h after light exposure. Data are mean ± standard
error of three replicates of each treatment.

Figure 4. Cytoxicity of rat smooth muscle (A-10) cells after photoactivation of indocyanine green (ICG). A-10 cells were incubated for 8 h
in the presence of different concentrations of ICG and then exposed to
780 nm light irradiation at a light fluence of 4 J/cm2. Cytotoxicity was
measured by lactate dehydrogenase release assay 24 h after light exposure. Data are mean ± standard error of three replicates of each treatment.

Nuclear assessment after photodynamic treatment
Blue Hoechst 33258 staining was used to assess the
change in nuclear morphology 45 min after PDT at 9 mM
ICG and 4 J/cm2 light irradiation, and was compared to
the untreated control cells.36 Phase-contrast images (Figure 5) showed dense spherical nuclei without any damage in the control cells, while the PDT-treated cells showed
nuclear shrinkage with the nuclei becoming smaller and
membrane blebbing. As shown in the fluorescence images (Figure 5), most of the control cells were not stained
well with Hoechst 33258, and only a few apoptotic control cells were stained with blue fluorescence dye. However, in the ICG-PDT group, many cells exhibited blue
fluorescence, which suggested the involvement of DNA
damage.
Cell cycle change after photodynamic treatment
To understand the mechanism by which PDT inhibited A-10 cell viability, the effect of PDT (6 mM ICG and 2
J/cm2 light irradiation) on cell cycle distribution was analyzed by flow cytometry. As shown in Figure 6, no substantial differences in the medians of the control, light,
ICG and ICG + light (PDT) groups were observed when
comparing the cell proportions at the G0/G1, S and G2/M
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Figure 5. Changes in nucleus morphology of rat smooth muscle (A-10)
cells after photodynamic therapy (PDT) of indocyanine green (ICG). A-10
cells were incubated with 9 mM ICG for 8 h and then exposed to 780 nm
light irradiation at a light fluence of 4 J/cm2. The nucleus was stained
with Hoechst 33258 (blue) 45 min after PDT and observed under a fluorescence microscope. (A) Representative image of control group (untreated) under bright-field. (B) Fluorescence image of control group. (C)
Phase-contrast image of A-10 cells received PDT. Blebbing of cells was
shown here. (D) Fluorescence image of A-10 cells received PDT. Perinuclear condensation was seen. Original magnification 400x.

Figure 6. Cell cycle analysis of rat smooth muscle (A-10) cells after
photodynamic therapy (PDT) of indocyanine green (ICG). A-10 cells were
incubated with 6 mM ICG for 8 h and then exposed to 780 nm light irradiation at a light fluence of 2 J/cm2. Quantification of cell distribution in
individual cell cycle phase was analyzed 12 h after PDT by flow cytometry. Bars represent mean ± standard error of three independent experiments. (*) signifies significant difference between medians of all
groups (* p < 0.05).

taken up in atherosclerotic plaques in some studies.39-43
Investigations of ICG uptake by smooth muscle cells may
shine a light on the inhibitory mechanism of ICG-PDT,
and the intracellular accumulation of photosensitizers
could be visualized using microscopy imaging.26 In the
present study, a dose-dependent increase in greenish
ICG staining was observed in smooth muscle cells (Figure 1). This phenomenon has also been reported in studies of PDT with Zn(II)-phthalocyanine, protoporphyrin
IX and chlorin e6 on vascular smooth muscle cells, which
confirms the hypothesis that smooth muscle cells represent a major target during PDT treatment of carotid arteries to prevent restenosis.26,44,45
ICG absorbs strongly in the NIR spectrum, and thus
it can convert absorbed NIR light energy into heat and
ROS. It has been used in PDT for cancer treatment.28,29,35,46
To determine the optimal timing of light irradiation for
maximal PDT effect, the amount of intracellular ICG was
evaluated by absorbance and fluorescence emission in
the NIR spectrum. The maximum values of fluorescence
intensity and absorbance intensity of ICG were found at
8 h of incubation with A-10 cells (Figure 2), which was
an appropriate duration for photosensitizer incubation
to obtain the data in this study.
The biocompatibility of ICG treatment on A-10 cells
was tested using the MTT assay and LDH release assay.

phases, respectively. The percentage (9.7%) of cells in
the sub-G1 phase in the ICG + light groups was significantly higher than that in the control group. Light or ICG
treatment alone caused slight increases in cell apoptosis
(sub-G1 population) and reductions in G0/G1 population,
however the medians of the control, ICG and light groups
did not reach statistical significance in comparisons of
the cell proportions at the sub-G1 phase. A possible reason for this finding may be due to the slight enhancement in cytotoxicity after light or ICG treatment alone.
The data indicated that ICG-PDT at a sub-lethal level
might induce DNA-damage.

DISCUSSION
PDT using first- and second-generation photosensitizers to treat the intimal hyperplasia in rabbit or rat carotid arteries has been shown to provide beneficial effects. 37,38 We also previously demonstrated that PDT
with ICG could inhibit intimal hyperplasia in a rat carotid
artery injury model.33 Since smooth muscle cells play a
key role in the pathogenesis of restenosis after percutaneous coronary interventions, it is important to understand the direct effect of PDT with ICG on smooth
muscle cells. Photosensitizers have been reported to be
Acta Cardiol Sin 2019;35:65-74
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apoptosis using an ICG concentration less than IC50. Further studies are needed to clarify the ICG-PDT related
cell death pathways.

The results showed that ICG did not have any dark toxicity on smooth muscles cells up to 48 mM (Figure 3 and
4). Upon exposure to 4 J/cm2 NIR light, cell viability decreased and cell death increased in an ICG dose-dependent manner. The same tendency has been shown in many
PDT studies with other photosensitizers in different cell
lines.26,35,44,47
Changes in nuclear morphology and cell cycle distribution after PDT were further analyzed. At 45 min postPDT, membrane blebbing and nuclear shrinkage were
found (Figure 5). In addition, an increase in cells in the
sub-G1 phase was also observed (Figure 6). Our study indicate that apoptosis may be responsible for the inhibitory effect on A-10 cells by PDT using an ICG concentration less than IC 50 . The mode of cell death caused by
PDT could be affected by the concentration of ICG and
the irradiant exposure, which has also been described in
other cell types.48,49 Our data (not shown) from annexin
V and PI staining showed that most cells disappeared
due to cell detachment or cell lysis after a high dose of
ICG-PDT (20 mM ICG, 4 J/cm2 NIR). Few cells remained
on the cell culture surface that were stained with PI. Additional studies are necessary to elucidate the mode of
cell death with ICG-PDT at different doses.
Apoptotic cell death can be triggered by intrinsic and
extrinsic pathways. In general, PDT-mediated apoptotic
pathways involve the activation of a cascade of caspases
via mitochondrial pathways. ICG can also act as a photothermal agent which can convert optical energy to thermal energy.35 PDT with a photothermal effect may induce cell death via a caspase-independent pathway mediated by endoplasmic reticulum.48 Our data suggest that
PDT may elicit apoptosis using an ICG concentration less
than IC50. Further studies are needed to clarify the pathways responsible for the apoptosis resulting from PDT.
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SUPPLEMENTARY INFORMATION
The nuclear morphology analyses using ImageJ software and similar approach of Eidet et al.36 The result is
shown in the figure on the right. Relative to the control,
cells received ICG-PDT had smaller average nuclear area
(61 ± 27%), and nuclear circumference (79 ± 19%), while
nuclear form factor was similar (101 ± 39%). All the data
of control and PDT groups did not reach statistical significance analyzed by Mann-Whitney test. Cell distribution
was not analyzed due to unevenly distributed cells in both
groups. We will consider performing the objective assessment in the future study.
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Supplementary figure. Nuclear morphology analyses of rat smooth
muscle (A-10) cells after ICG-PDT.
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