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Characteristics of temperature changes in photothermal therapy
induced by combined application of indocyanine green and laser
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Abstract. Photothermal therapy, a type of laser application,
has the ability to eradicate tumor cells by a local thermal effect
and elicit a tumor specific immune response. Indocyanine
green (ICG), a photosensitizer, can effectively elevate the local
temperature by absorbing energy from the laser. The present
study aimed to investigate the characteristics of temperature
changes during photothermal therapy with an infrared ther-
mometer in an ICG solution and in tumor-bearing mice treated
with a combination of laser and ICG. Additionally, the present
study observed the morphological changes of tumor tissue by
hematoxylin-eosin staining following photothermal therapy.
In the solution experiment, when the laser power density was
1 W/cm? and the concentration of ICG was 0 or 0.0187 mg/ml,
the temperature of the water was elevated by 3 and 28°C,
respectively. In the tumor-bearing mice experiment, when the
laser power density was 1 W/cm? and the concentration of ICG
was 0 and 0.1 mg/ml, the temperature of the tumor-bearing
mice was elevated by 6.9 and 28.5°C, respectively. With
an increase in laser power density, including 0.6, 0.8 and
1.0 W/cm?, the temperature was 23.3,26.7 and 28.5°C, respec-
tively. Pathological tissue sections demonstrated that a large
number of tumor cells experienced necrosis, and the envelope
of the tumor was destroyed. Numerous inflammatory cells,
in particular lymphocytes, infiltrated into the tumor tissue
following tumor tissue treatment with a combination of laser
and ICG. These results indicated that a combination treatment
with laser and ICG may significantly increase the temperature
of the water solutions and in the tumor-bearing mice. The
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concentration of ICG and laser power density contributed to
the temperature elevation, in particular to the concentration
of ICG.

Introduction

Cancer has been reported as the leading health risk worldwide in
2018 (1).In 2017, there were 1,688,780 cancer cases in the USA.
Additionally, 600,920 patients died from cancer in 2017 (1). In
the past three decades, an improvement in the 5-year survival
rate has been reported. However, cancer remains the second
leading cause of cancer-associated mortality in USA (1). The
ideal cancer treatment modality should not only kill local
tumor cells with limited or no damage to surrounding normal
tissue, but also induce metastatic tumors to regress, preventing
tumor recurrences (2). Laser immunotherapy has the potential
to be an ideal cancer treatment modality (3).

Laser immunotherapy was established and applied the
first time in 1997 (4). It is a convenient, minimally inva-
sive cancer therapy strategy that damages targeted tumors
by hyperthermia and subsequently elicits a personalized
tumor-specific immune response (4). Laser immunotherapy
consists of a combination of photothermal therapy and immu-
notherapy. Photothermal therapy, which has also been referred
to as a photothermal interaction, is an important part of laser
immunotherapy. The photothermal effect primarily focuses on
noninvasive near-infrared (NIR) light, which delivers energy
to the targeted tumor tissues. A photosensitizer absorbs the
energy in the tumor tissue, causing an elevation in temperature
in the targeted tissue (4). The elevated temperature kills local
tumor cells, subsequently releasing tumor antigens to activate
the immune system (5).

Indocyanine green (ICG) is a water-soluble tricarbo-
cyanine dye that serves as a photosensitizer (6). The ICG
solution is injected into the center of neoplastic tissues prior
to irradiation, which subsequently increases the temperature
of the tissue and results in selective destruction, leaving the
surrounding tissue relatively undamaged. The heat energy
transferred from the laser energy produces a strong photo-
thermal interaction (7).

Laser immunotherapy has attained a promising treatment
effect in animal experiments and clinical trials (6,8). In animal
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experiments, the combination of laser immunotherapy and
surgery significantly extended the survival time of EMT6
tumor bearing BALB/c mice, which rejected successfully the
following two consecutive challenges with EMT6 cells (4).
In a clinical trial, patients were reported to respond well to
laser immunotherapy during their treatment of metastatic
breast cancer (7). It was reported in the aforementioned study
that laser immunotherapy exhibited a promising effect on the
objective response rate, in addition to the clinical beneficial
response rate of these patients (7). These promising effects
were primarily due to the photothermal therapy that selec-
tively targeted and directly eradicated the tumor cells (9).
Additionally, it has been reported that tumor cells damaged
by high temperatures can activate an immune response by
releasing tumor cell debris and byproducts (10).

However, the thermal effects and immune effects induced
by thermotherapy require further investigation, as different
temperatures produce different thermal and immune effects.
If the temperature is insufficient, the tumor cells are not
destroyed, whereas if the temperature is too high, the surface
tissue may be damaged and impede further infiltration of laser
energy (11). The temperature increase in the tumor cells is
primarily determined by the laser power density, ICG concen-
tration and laser irradiation time (12). A number of studies
demonstrated that the thermal effect is induced by the combi-
nation of laser and ICG (13-15); however, the characteristics
of temperature changes during photothermal therapy have not
been extensively investigated.

The present study aimed to investigate the absorption spec-
trum of ICG and subsequently examine the characteristics of
temperature changes during the exposure of ICG to a laser in
water solution and tumor-bearing mice. The present study also
aimed to observe the morphological changes of tumor tissues
following thermal therapy.

Materials and methods

ICG. ICG, obtained from Akorn Inc. (Buffalo Grove, IL), is
a tricarbocyanine dye and was used as a photosensitizer in
this study. The ultraviolet-visible near infrared absorbance
spectra of ICG was recorded by a Perkin Elmer Lambda 750
ultraviolet-visible-NIR spectrophotometer (PerkinElmer, Inc.,
Waltham, MA, USA). A total of 5 different dilutions of ICG,
including 10, 5, 2.5, 1.25, and 0.3725 ug/ml, were used for
detecting the absorption spectrum.

Tumor cell line. The breast tumor cell line 4T1 (mouse
mammary gland, ATCCCRL-2534 4T1) was cultured in
Roswell Park Memorial Institute 1640 (RPMI 1640) medium
(Invitrogen, Carlsbad, CA) with 10% fetal bovine serum
(AppliChem GmbH, Darmstadt, Germany), 100 U/ml peni-
cillin and 100 U/ml streptomycin (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) at 37°C with 5% CO, for
48 h. The cells were harvested and prepared in this medium
(1x10° cells/100 pl) for injection.

Animal model. Female BALB/c mice (6-8 weeks; 15-25 g)
were used in the present experiment. A total of 12 mice were
kept in specific pathogen-free animal facilities with controlled
temperature and humidity under conventional conditions at a
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temperature of 22+2°C, a relative humidity of 55+10% and a
12 h dark/light illumination cycle. Water and food were avail-
able ad libitum. They were fed standard diet chow pellets
and water ad libitum. The mice were purchased from Harlan
Sprague Dawley Co. (Indianapolis, IN, USA). The mice were
housed and performed in Biophotonics Research Laboratory
Center for Interdisciplinary Biomedical Education and Research
University of Central Oklahoma (Edmond, OK, USA). The
mice were anesthetized with a gas mixture of isoflurane (2%)
and oxygen (2 1/min) prior to laser irradiation. Following the
completion of laser irradiation, the mice were allowed to recover
for 30 min. All animal experiments were approved by the
Institutional Animal Care and Use Committee of Biophotonics
Research Laboratory Center for Interdisciplinary Biomedical
Education and Research University of Central Oklahoma (OK,
USA) and were in accordance with National Institutes of Health
guidelines (16). The hair of the BALB/c mice was removed
and the mice were subcutaneously injected with 1x10° 4T1
cells suspended in 100 ul of PBS. Tumors grew predictably in
all mice and reached a size of 5-10 mm in diameter between
8 to 10 days following injection. Tumor growth was assessed
2 times a week from inoculation of tumor cells to mortality. The
orthogonal tumor dimensions (a and b) were measured with a
Vernier caliper. The tumor volume was calculated according
to the formula V=ab?/2, where ‘a’ is the maximum diameter
of the tumor and ‘b’ is the smallest diameter of the tumor (17).
The tumor bearing mice were ready for the treatment when the
tumors reached a volume of 100-250 mm?. Mice were moni-
tored carefully throughout the study and were preemptively
euthanized by cervical dislocation when they became moribund.

Treatment parameters and procedures of laser thermo-
therapy in solution. A Laser with a wavelength of 805 nm
(ImmunoPhotonics Inc., Columbia, MO, USA) was used in
this study. The laser energy was delivered by an optical fiber.
There is a control device that is incorporated into the handle
at the end of the optical fiber that can be adjusted to deliver
various power densities.

In the solution experiment, solutions with different concen-
trations of ICG, including 10, 5, 2.5, 1.25 and 0.3725 pg/ml,
were irradiated by NIR laser diode at a wavelength 805 nm
with 1 W/em? output. The detailed parameters of the ICG solu-
tion are included in Table I. Aforementioned solution (~1 ml)
were prepared in conical tubes and irradiated with the 805 nm
laser for 120 sec. The surface temperature of the solution was
monitored by an infrared thermometer 2017 (FLIR® Systems,
Inc, Wilsonville, OR, USA). It was used to detect the tempera-
ture at the irradiation time points of 0, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 110 and 120 sec.

Treatment parameters and procedures of laser thermotherapy
in tumor-bearing mice. In the animal experiment, various
parameters of power density and ICG concentrations were used
to treat the 4T1 tumor-bearing BALB/c mice. The detailed
parameters of the different components for the treatment of
tumor bearing mice are presented in Table II. Prior to the laser
treatment, the 4T1 tumor bearing mice were anesthetized,
and the hair overlying the tumor in each mouse was clipped.
In Groups 1 (laser power density: 1 W/cm?), 3 (laser power
density: 0.8 W/cm?) and 4 (laser power density: 0.6 W/cm?), the
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Table I. Different concentrations of ICG in solution experiment.
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Group 1 2

3 4 5 6

ICG concentration (mg/ml) 0.0187 0.00935

0.00468 0.00234 0.00117 0

ICG, indocyanine green.

Table II. Detailed parameters of different components in
photothermal therapy for the treatment of tumor-bearing mice.

Laser power ICG

Group density (W/cm?) concentration (mg/ml)
1 1 0.10

2 1 0

3 0.8 0.10

4 0.6 0.10

ICG, indocyanine green.

parameters of ICG solution are the same and a total of 200 pul
of ICG solution was injected into the center of the tumors on
the backs of the mice, while in Group 2, 200 of 1 RPMI-1640
medium was used. Laser irradiation was administered following
the ICG solution injection. The different parameters of laser
energy were delivered to the tumor sites by optical fibers. An
infrared thermometer was used to measure the temperature at
the irradiation time points of 0, 20, 40, 60, 120, 180, 240, 300,
360, 420, 480, 540 and 600 sec. The tumor bearing mice were
irradiated for 10 min. Temperature measurement images of
the tumor bearing mice by forward-looking thermal cameras
(FLIR® Systems, Inc, Wilsonville, OR, USA) at different time
points during laser irradiation are shown in Fig. 1.

Morphological observation of tumor tissue after laser
irradiation. Tumor tissues of the mice from Group 1 were
removed on the 1st or 7th day following photothermal therapy.
The mice in other groups were sacrificed by spine disloca-
tion. Tissues (4 mm) were fixed in 10% buffered formalin
24 h at 4°C and embedded in paraffin. Formalin-fixed
paraffin-embedded samples were incubated with paraffin
Stretcher (Sakura Finetek Japan, Tokyo, Japan) at 50°C over-
night, and subsequently stained using Hematoxylin 7211 and
Eosin-Y Alcoholic kit (Thermo Fisher Scientific, Inc.) for 10
and 5 min, respectively, at room temperature, as previously
described (18). Morphological changes of the tumor tissues
were observed using an electronic light microscope (magnifi-
cation, x10 and x40; Olympus, Tokyo, Japan).

Statistical analysis. All data were derived from at least
three independent experiments and are presented as the
mean + standard error of the mean. The results were evaluated
using the independent-samples Pearson's correlation coef-
ficient was used to calculate the coefficient of the fitted
spectrum. Student' t-test and one-way analysis of variance

(ANOVA) with Dunnett's multiple comparison post-hoc test.
Statistical analysis was performed using SPSS 20.0 software
(IBM Corp., Armonk, NY, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

The absorbance spectrum of ICG. The NIR absorption spec-
trum of different dilutions of ICG indicated the absorption
characteristics of ICG, with an absorption peak ranging from
750 to 800 nm. The detailed spectrum is indicated in Fig. 2.
The coefficient of the fitted spectrum curve, which was calcu-
lated by Pearson's correlation coefficient is R*=0.9942. There
is a commercially available 805-nm laser, which was selected
for use in the present study.

Temperature monitoring of water solutions containing
different concentrations of ICG during laser treatment. The
temperature of water solutions with various concentrations of
ICG solution, during laser treatment under a power density of
1 W/cm? output, was tested with an infrared thermometer. In
group 6 (ICG, 0 mg/ml), the temperature of the water solu-
tion without ICG increased 3.5°C after 120 sec of 805-nm
laser irradiation. In Groups 1 (ICG 0.0187 mg/ml) and 2
(ICG 0.00935 mg/ml) the temperature increased by 28°C
and 14°C, respectively, after 120 sec of irradiation. In group
3 (ICG 0.00468 mg/ml), group 4 (ICG 0.00234 mg/ml), and
group 5 (ICG 0.00117 mg/ml), the temperature rose to 5.8°C,
4.2°C, and 4.6°C, respectively. The data in the six groups were
evaluated using one-way analysis of variance (ANOVA) with
Dunnett's multiple comparison post-hoc test. The tempera-
tures in group 1-5 were significantly increased, compared with
Group 6 (ICG, 0 mg/ml; P<0.05). Temperature significantly
increased in a ICG concentration-increasing manner. The
results indicated that the temperature elevation was almost
proportional to the concentration of ICG solution. The char-
acteristics of the temperature variation are presented in Fig. 3.

Temperature monitoring of tumor-bearing mice treated by a
laser with or without ICG. In group 2, the temperature of the
tumor tissue was elevated by 6.9°C at 600 sec after the tumor
tissue was treated with a laser (1 W/cm?) without ICG. In group
1, the temperature of the tumor tissue was elevated by 28.5°C at
600 sec when the tumor tissue was treated with a laser (1 W/cm?)
and ICG (0.1 mg/ml). The temperature difference between
Group 1 and Group 2 was ~20°C. The temperature in Group 1
was significantly increased, compared with the temperature in
Group 2. (P<0.05). The temperatures in Groups 1 and 2 were
analyzed using the independent-samples Student's t-test. The
details of the temperature changes are presented in Fig. 4.
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Figure 1. Temperature measurement imaging of tumor bearing mice by infrared thermometer at different time points during laser irradiation.
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Figure 3. The characteristics of temperature change in water solution with different concentration of indocyanine green during photothermal therapy. Data are
presented as the means + standard deviations of three identical experiments. "P<0.05 vs. water.

Different parameters of ICG solution. Temperature of the tumor
tissue in group 1 (laser power density: 1 W/cm?), group 3 (laser
power density: 0.8 W/cm?) and group 4 (laser power density:
0.6 W/cm?) increased by 61.4, 58.3, and 57.1°C, respectively, at
600 sec. The concentration of ICG in these three groups was
0.1 mg/ml. The temperature elevation data are presented in

Fig. 5. In the experiments in the tumor-bearing mice, the results
(Fig. 5) demonstrated that the proportion of temperature eleva-
tion to laser power density was weak. Group 3 (laser power
density: 0.8 W/cm?) and group 4 (laser power density: 0.6 W/cm?)
achieved almost the same stable temperature of ~58°C. The
stable temperature of Group 1 (laser power density: 1.0 W/cm?)
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Temperature increase with time
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Figure 4. The characteristics of surface temperature change of tumor tissue treated by laser with indocyanine green or without indocyanine green. Data are
presented as the means + standard deviations of three identical experiments. "P<0.05.
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Figure 5. The characteristics of surface temperature change of tumor tissue treated by laser combined with different concentration of indocyanine green. Data
are presented as the means + standard deviations of three identical experiments. "P<0.05 vs. laser power density: 0.6 W/cm? ICG: 0.1 mg/ml.

was 8°C higher than the stable temperature of Group 3 and 4. The
statistical analysis of the aforementioned results was performed
by ANOVA with Dunnett's multiple comparison post-hoc test,
indicating that the temperature was significantly increased with
increasing laser power density (P<0.05).

The characteristics of temperature changes with irradiation
time. In solution experiments it was indicated that the temper-
ature elevated rapidly from O to 60 sec of laser irradiation but
only elevated gradually from 100 to 120 sec of laser irradiation
(Fig. 3). In the experiment with the tumor bearing mice, the
temperature range increased from 30-60°C in the first 4 min,
and the temperature subsequently became stable after 4 min.
(Figs. 4 and 5).

Morphological observations. Surface observations indicated
that the tumor tissue from Group 1 (ICG: 0.1 mg/ml; laser
power density: 1 W/cm?) did not exhibit any notable changes
on the Ist day after irradiation, while tumor tissue necrosis and
scabbing were observed on the 7th day.

Fig. 6 indicates the details of the cases with morphological
changes in the tumor tissue with H&E staining from Group 1
(ICG: 0.1 mg/ml; laser power density: 1 W/cm?) on the 1st day
and the 7th day following laser irradiation. A complete tumor
envelope was detected in the tumor tissue sections from the
1st day following irradiation (Fig. 6A and B). Additionally, a
small number of tumor cells experienced necrosis and a small
number of inflammatory cells and lymphocytes had infiltrated
into the tumor envelope (Fig. 6A and B). In the tumor tissue
sections from the 7th day following irradiation it was indicated
that the tumor envelopes were almost completed destroyed
and were incomplete in the tumor sections (Fig. 6C and D).
Additionally, larger areas of tumor tissue experienced necrosis
on the 7th day, compared with the Ist day. A large number of
inflammatory cells, in particular lymphocytes, had infiltrated
into the tumor tissue (Fig. 6C and D). This appeared to be
due to laser irradiation, which destroyed the tumor cells and
induced tumor tissue necrosis. At the same time, the damaged
tumor cells elicited an immune response and induced the
accumulation of inflammatory cells around the tumor cells.



LONG et al: TEMPERATURE CHANGES WITH LASER AND ICG COMBINATION THERAPY

Figure 6. Morphological changes in tumor tissues from Group 1 (ICG:
0.1 mg/ml; laser power density: 1 W/cm?) on the 1st and the 7th day following
treatment combination of laser and ICG. H&E staining of tumor tissue on the
1st day following irradiation with magnification (A) x100 and (B) x400. H&E
staining of tumor tissue on the 7th day following irradiation with magni-
fication (C) x100 and (D) x400. Green arrow, tumor envelope; red arrow,
necrosis; and blue arrow, inflammatory cell. H&E, hematoxylin and eosin;
ICG, indocyanine green.

The immune response was stronger on the 7th day, compared
with the 1st day.

Discussion

Photothermal therapy is a minimally invasive and effective
treatment method for cancer (11). It focuses generated heat from
absorbed laser energy to directly destroy targeted tumor tissues
and to indirectly induce a systemic immune response (19).
Laser irradiation can the ability to generate a thermal gradient
inside the target tissue, which may produce different biological
responses at different temperatures. For example, at a tempera-
ture of 43-44°C, heat erythema can occur. At a temperature
of 60-100°C, coagulation of protein can occur (20). When the
temperature is >105°C, carbonization and evaporation of tissue
occurs, which is an undesirable phenomena in the process of
photothermal therapy (11). An extremely high temperature
changes the optical property of the tissue, which makes it difficult
for light to infiltrate into the deeper tissue (21). Considering the
importance of temperature on its biological effects in targeted
tissue, the characteristics of temperature changes during the
process of photothermal therapy should be investigated.

ICG is a water-soluble anionic tricarbocyanine dye origi-
nally used in photography (22). ICG has been approved by
the USA Food and Drug Administration for clinical applica-
tions (17). The characteristics of ICG are NIR absorption and
fluorescence, making ICG suitable for bio-imaging applica-
tions (23). ICG can be used for ophthalmologic angiography,
measuring cardiac output, hepatic functional studies, and
guiding biopsies, for example of breast cancer (24). ICG has
also been used in photodynamic therapy by producing reac-
tive oxygen species to destroy tumor tissue (25). Furthermore,
ICG can absorb a specific spectrum of light from a laser and
produce a thermal effect subsequently to being injected into a
tumor (24). The combination of ICG and a laser can produce a
selective tumor thermal effect (7).
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In the present study, in the solution experiments, the
temperature elevation was almost proportional to the
concentration of the ICG solution when the same laser power
density was applied. In the tumor-bearing mice expriments,
the results demonstrated that the proportion of temperature
elevation to laser power density was weak. Compared with
the concentration of ICG, the contribution of the laser power
density to the temperature elevation was indicated to be small.
Kannadorai and Liu (26) reported that there was almost no
increase in the overall temperature of the tumor during
photothermal therapy as the laser power density was steadily
increased.

When the solution and the tumor-bearing mice were irradi-
ated by a laser without any ICG there was no notable elevation
in temperature, compared with those treated with a laser
combined with ICG. Results indicated that the temperature
difference between the only-laser group and the combined
group could be up to 20°C. Therefore, the present study demon-
strated that ICG, as a photosensitizer, contributed significantly
to temperature elevation. Wang et al (27) demonstrated that
the combination of ICG and NIR could selectively destroy the
targeted tissue, reaching up to 1.5 cm in depth, with minimal
damage to the overlying surface tissue. Additionally, it was
indicated that by extending irradiation time, the temperature
quickly increased in the first 4 min and subsequently leveled
off after 4 min.

Morphological changes of the tumor tissue demonstrated
that photothermal therapy have the ability to elicit an immune
reaction, in addition to the heat effect. On the 7th day, the
immune reaction was stronger, compared with the 1st day.
Previous studies have demonstrated that different temperatures
achieved in the targeted tissue can elicit different biological
immune responses, including innate immune responses and
acquired immune responses (7,28). Thermal interactions at
heat shock temperatures are not sufficiently high enough to kill
tumor cells directly (29). In heat shock temperatures ranging
from 41 to 43°C however, injured tumor cells are more sensitive
to the immune system, as heat denatures tumor antigens (30) can
modulate immune cells and cytokines. Cytotoxic temperatures
are increased, comprared with heat-shock temperatures (31).
In the cytotoxic temperature range, >43°C, tumor cells can be
directly killed, as numerous tumor cells disintegrate, therefore,
releasing antigens. However, the optimal time and temperature
at which photothermal therapy can stimulate the strongest
immune effect still requires further research.

The temperature of tumor tissue is not exclusively depen-
dent on the power density, ICG concentration and irradiation
time. There are numerous other factors that can influence
temperature, particularly in vivo (32). First, energy loss is
associated to blood flow (32). The temperature distribution
in vivo is usually non-uniform, due to tissue cooling by blood
flow (33). The aforementioned phenomenon remains a chal-
lenge to avoid. Secondly, tissue heterogeneity is another factor
that influences temperature elevation (34). Different types of
tumor tissues have different optical properties, which generate
different temperatures in different tumor tissues or in different
parts of a tumor, with the same laser power. Thirdly, tumor
volume also has an effect on temperature distribution (35) as
smaller tumors have a more optimal temperature distribution,
compared with larger tumors (32).
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A number of treatment strategies have been reported
decrease heterogeneity; however, to the best of our knowledge,
almost all biological therapeutic interventions have not been
able to overcome the basic neoplastic heterogeneity (34). The
efficacy of photothermal therapy itself for tumor treatment is
limited. Combination therapy is the current trend in cancer
treatment. The combination of photothermal therapy and
immunotherapy, called laser immunotherapy, has exhibited
promising effects (28,36). Laser immunotherapy has signifi-
cantly prolonged the survival time of tumor bearing mice that
successfully rejected the second inoculation of tumor cells (4).
Radiotherapy can convert ‘cold’ tumors into ‘hot’ tumors. ‘Cold’
tumors indicate less immunogenicity and are not affected by
immunotherapy, while ‘hot’ tumors are infiltrated with T cells
and therefore are sensitive to immunotherapy (37). Taking the
aforementioned into consideration, laser immunotherapy may
be able to guide the immune system to attack refractory types of
cancers and sensitize these refractory tumors to immune therapy
by recruiting antitumor T cells, as indicated in radiotherapy.
Therefore, it is important to control local temperature elevations
within an appropriate range, where high temperatures can both
damage tumor cells and elicit strong immune responses.

In photothermal therapy, the concentration of photosensitizer
and the laser power density are important determinates of the
temperature elevation. In the present study, the temperature rise
was almost proportional to the concentration of ICG solution
and the laser power density. The concentration of ICG strongly
contributed to the temperature rise compared with the laser
power density. Following the combination of laser with ICG,
temperature was significantly increased in the solution and in
tumor-bearing mice. By extending exposure time, the tempera-
ture rose quickly at the beginning and then stabilized. Results
suggested that photothermal therapy may not only induce tumor
necrosis, but may also induce lymphocyte infiltration. The char-
acteristics of temperature changes play an important role in the
application of photothermal therapy. Further studies are needed
to investigate the optimal temperature for the generation of an
optimal thermal and immune effect.
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