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Background: Indocyanine green (ICG) has received considerable interest as 
a biocompatible organic photothermal agent, and curcumin (Cur) is considered an attractive 
natural chemopreventive and chemotherapeutic compound. However, the in vivo applicabil-
ity of ICG and Cur is significantly restricted by their poor ability to target tumors and their 
extremely low solubility.
Materials and Methods: To address these problems, ICG/Cur-loaded albumin nanoparti-
cles (ICG-BSA-Cur-NPs) based on the nabTM (nanoparticle albumin-bound) technology 
were applied to neuroblastomas in vivo.
Results: The fabricated ICG-BSA-Cur-NPs were found to be spherical, ~150 nm in size and 
highly dispersible and stable in aqueous solution. Approximately 80% of the incorporated 
ICG and Cur were gradually released from the NPs over 48 h. All formulations of ICG-BSA- 
Cur-NPs (5~20 µg/mL) showed efficient hyperthermia profiles (up to 50–60°C within 5 min) 
in response to 808-nm NIR laser irradiation in vitro and in vivo. Notably, ICG-BSA-Cur-NPs 
illuminated with 808-nm laser irradiation (1.5 W/cm2) showed excellent cytotoxicity toward 
N2a cells in vitro and undisputable antitumor efficacy in N2a-xenografted mice in vivo, 
compared to other tested sample groups (tumor volumes for PBS, BSA-Cur-NPs, free ICG, 
and ICG-BSA-Cur-NPs groups were 1408.6 ± 551.9, 1190.6 ± 343.6, 888.6 ± 566.2, and 
103.0 ± 111.3 mm3, respectively).
Conclusion: We demonstrate that these hyperthermal chemotherapeutic ICG-BSA-Cur-NPs 
have potential as a future brain tumor treatment.
Keywords: indocyanine green, curcumin, photothermal therapy, albumin nanoparticles, 
tumor targeting

Introduction
Photothermal therapy (PTT) has been viewed as an effective way to suppress solid 
tumors due to hyperthermia-based cell death.1 Photothermal agents convert light 
energy into heat, and gold nanorods and gold nanoclusters are known to be effective 
photothermal agents due to their localized surface plasmon resonances (LSPR).2,3 

However, the clinical use of gold nanoparticles is restricted due to significant tissue 
accumulation, poor glomerular filtration, and cetyl trimethylammonium bromide 
(CTAB)-based toxicity.4–6 Recently, organic photothermal agents have gained great 
interest as a substitute for gold nanoparticles because these organic agents are 
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considered to be safer and more biocompatible.5 In addition, 
the combined use of photothermal and chemotherapeutic 
agents has presented great promise due to their synergistic 
effect in killing tumor cells.7–9 Moreover, nanoparticles with 
both types of agents facilitate tumor targeting and thus 
decrease unnecessary hyperthermal side effects in normal 
cells.10–13

Indocyanine green (ICG: sodium 4-[2-[(1E,3E,5E,7Z) 
-7-[1,1-dimethyl-3-(4-sulfonatobutyl) benzo[e]indol-2-yli-
dene]hepta-1,3,5-trienyl]-1,1-dimethylbenzo[e]indol-3-ium- 
3-yl]butane-1-sulfonate) is a near-infrared (NIR) dye 
approved by the US Food and Drug Administration (FDA). 
It has been used clinically for various biomedical applica-
tions, including measurement of cardiac output, monitoring 
of hepatic function and ophthalmic angiography.14,15 In addi-
tion to bioimaging and diagnostic functions, ICG can be 
utilized as a multifunctional agent to generate heat or reactive 
oxygen species (ROS) in response to NIR light for PTT or 
photodynamic therapy, respectively.16 However, ICG has 
many problems as a pharmaceutical, such as concentration- 
dependent aggregation, poor aqueous stability, rapid renal 
elimination from the body, and low targetability. These draw-
backs critically restrict ICG’s clinical application, especially 
in cancer therapy.17,18 Recently, IGC-loaded albumin nano-
particles have been developed for multi-modal imaging and 
photothermal therapy along with improving the ICG 
properties.17

Curcumin (Cur: diferuloylmethane), a natural compound 
derived from turmeric (Curcuma longa), is a potential chemo-
preventive and chemotherapeutic agent.19–22 A number of 
antineoplastic mechanisms of curcumin have been suggested. 
Cur inhibits nuclear factor-kappa beta,23 which is involved in 
the pathogenesis of several malignancies. Cur also suppresses 
the production of many cytokines, including tumor necrosis 
factor (TNF)-α and interleukin-1β.24 In addition, Cur induces 
brain-expressed X-linked (Bex) pro-apoptosis genes.22 

Nonetheless, the bioavailability and clinical efficacy of Cur 
is restricted due to its extremely poor aqueous solubility, short 
circulating half-life and relatively high inhibitory concentra-
tion toward cancer cells.25,26

Albumin is used as an excellent pharmaceutical carrier 
due to its advantageous properties, such as biodegradabil-
ity, biocompatibility, non-immunogenicity, high chemical 
stability, and solubility.27,28 Also, acting as a dysopsonin, 
albumin blocks the adsorption of other plasma proteins 
and hinders macrophage recognition, which extends the 
blood circulation time of HSA-coated nanoparticles.29,30 

Based on tumor biology, albumin or albumin nanoparticles 

can enhance tumor targetability. Particularly, tumor micro-
environments passively facilitate the enhanced permeabil-
ity and retention (EPR) effect that brings circulating 
nanoparticles into tumor sites.31 More importantly, the 
active transport of albumin-bound NPs into tumor cells 
via the gp60-mediated transcytosis pathway is considered 
to be a significant mechanism for tumor targeting due to 
overexpression of two significant albumin-binding pro-
teins: the gp60 receptor on the tumor endothelium and 
SPARC (secreted protein, acidic and rich in cysteine) in 
the tumor interstitium.32–36 In practice, the nabTM (nano-
particle albumin-bound)-based paclitaxel formulation, 
Abraxane® (paclitaxel protein-bound, Celgene Corp.: 
hereafter termed as ABX) (~130 nm), has exhibited 
much better antitumor efficacy, based on an augmented 
maximum tolerated dose.27,35

Previously, we developed a variety of nabTM-based anti-
tumor formulations for treating many cancers.20,21,37-39 

However, the antitumor efficacies of those formulations 
relied on only chemotherapeutic effects. Herein, we sought 
to prepare albumin nanoparticles with antitumor efficacies 
by dual advantages of hyperthermia and a chemotherapeutic 
agent. To this end, the albumin-bound nanoparticles were 
considered to be the best single formulation to address the 
limitations of both ICG and Cur. Therefore, we designed 
and prepared the ABX-like albumin nanoparticles contain-
ing ICG and Cur (hereafter termed ICG-BSA-Cur-NPs) for 
ablation treatment of tumors based on hyperthermia. The 
physicochemical properties of ICG-BSA-Cur-NPs were 
evaluated using relevant spectroscopic analysis and antitu-
mor efficacy of these NPs were analyzed with neuroblas-
toma N2a cell-xenografted nu/nu mice, in vitro and in vivo.

Materials and Methods
Chemicals
ICG was supplied by Tokyo Chemical Industry co., LTD 
(TCI, Japan). Bovine serum albumin (BSA; 66.5 kDa and 
~99%) and curcumin (Cur) were obtained from Sigma- 
Aldrich (St. Louis, MO, USA). N2a cells were purchased 
from the Korean Cell Line Bank (Seoul, Korea). 
Dulbecco’s modified Eagle’s medium (DMEM), fetal 
bovine serum (FBS), and penicillin/streptomycin (P/S) 
were provided by Corning (Corning, NY, USA). LIVE/ 
DEAD™ viability/cytotoxicity kits for mammalian cells 
were obtained from Thermo Fisher Scientific (Rockford, 
IL, USA). In situ cell death detection kits were obtained 
from and Roche Diagnostics (Mannheim, Germany). All 
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other reagents were purchased from Sigma-Aldrich unless 
otherwise specified.

Animals
BALB/c nu/nu mice (male, 6 weeks old) were purchased 
from Hanlim Experimental Animal Laboratory (Seoul, South 
Korea). Animals were cared for according to the guidelines 
issued by the National Institutes of Health (NIH) in accor-
dance with the care and use of laboratory animals (NIH 
publication 80–23, revised in 1996). Mice were grouped 
based on their treatment and fed under a 12 h light/dark 
cycle (lights on at 6 am). This study was approved by the 
Ethical Committee on Animal Experimentation at 
Sungkyunkwan University.

Preparation of BSA-Cur-NPs and 
ICG-BSA-Cur-NPs
BSA-Cur-NPs and ICG-BSA-Cur-NPs were prepared 
using nanoparticle albumin-bound (nabTM) technology 
with some adjustments.39 Briefly, aliquots of 50 mg 
BSA/1.5 mg ICG or 50 mg BSA were dissolved in 5 mL 
deionized water (DW). Aliquots (2 mg) of Cur was dis-
solved in 200 μL of a 9:1 solution of chloroform and 
ethanol. These two solutions were gently mixed and cru-
dely homogenized by using a Wise Tis homogenizer HG- 
15D (DAIHAN Scientific Co, Seoul, South Korea) at 
10,000 rpm and then by passing them through a high- 
pressure homogenizer (EmulsiFlex-B15 device Avestin, 
Ottawa, Ontario, Canada) for nine cycles at 20,000 psi. 
After removal of chloroform by rotary evaporator at 40°C 
for 15 min under reduced pressure, the resulting NPs were 
mildly centrifuged at 6000 rpm. The supernatant was 
collected and purified with Ultra centrifugal filter units 
(MWCO: 100 kDa, Amicon® Ultra, Millipore) to remove 
the unbound ICG and Cur, and was then lyophilized and 
stored at −20°C until required.

Characterization of BSA-Cur-NPs and 
ICG-BSA-Cur-NPs
The average size and the zeta potential of the BSA-Cur-NPs 
and ICG-BSA-Cur-NPs (each 1 mg/mL DW) were mea-
sured using dynamic light scattering (Zetasizer Nano ZS90, 
Malvern Instruments, Worcestershire, UK) with a 633 nm 
He-Ne laser beam and a fixed 90° scattering angle. The 
surface morphology of the NPs was observed by transmis-
sion electron microscopy (TEM) with a model JEM-3010 
(JEOL, Tokyo, Japan) and field-emission scanning electron 

microscopy (FE-SEM) using a JSM7000F model (JEOL, 
Tokyo, Japan).

The physical stability of the NPs was evaluated based 
on the maintenance of particle size over 48 h at room 
temperature. The BSA-Cur-NPs and ICG-BSA-Cur-NPs 
with various ICG amounts (5, 10, 20 µg) were measured 
at 1, 6, 12, 18, 24, 30, 36, 42, and 48 h using the DLS 
method described above.

UV-VIS-NIR spectral scans of the samples either in 
DW or acetonitrile were also recorded with a Synergy™ 
NEO microplate reader (Bio Tek, Winooski, VT, USA).

Encapsulation Efficiency and Release of 
ICG and Cur
The encapsulation efficiency of ICG and Cur in the ICG- 
BSA-Cur-NPs was evaluated using the following protocol. 
In brief, 1 mg of the lyophilized ICG-BSA-Cur-NPs was 
dissolved in 0.1 mL DW. To remove BSA from the NPs, 
0.9 mL acetonitrile (ACN) was added to the NP suspen-
sion, followed by sonication for 30 min and centrifugation 
at 14,500 rpm for 20 min. Subsequently, the supernatant 
was withdrawn for quantification. Absorption spectropho-
tometry at 808 nm was used to measure ICG concentra-
tion, while fluorescence spectrophotometry at excitation 
and emission wavelengths of 420 and 520 nm, respec-
tively, were applied for Cur quantification, which had 
carefully been validated by the stability-indicating 
reversed-phase HPLC assay method of our previous 
work.40

To investigate the release profile of Cur and ICG, 
20 mg of ICG-BSA-Cur-NPs or BSA-Cur-NPs was dis-
solved in 2 mL DW and dialyzed with a semipermeable 10 
kDa MWCO membrane (Spectrum Labs, Rancho 
Dominguez, CA, USA) against 1000 mL of 10 mM PBS 
(pH 7.4) at 37°C. Every 3 h over 2 days, 0.1 mL of the 
sample inside the dialysis bag was withdrawn and quanti-
fied by the methods mentioned above. Importantly, the 
release of Cur was carefully performed to maintain the 
sink condition of Cur, considering its solubility at pH 7.4 
and at 37°C in PBS (348 ± 3.2 μg/mL) and its detection 
limit of approximately 0.05 μg/mL on the basis of fluor-
escence spectrometric quantification.41

In vitro Photothermal Imaging
For in vitro photothermal imaging experiments, 1 mL 
aliquots of PBS, BSA-Cur-NPs, free ICG (5, 10, 20 µg), 
and ICG-BSA-Cur-NPs (each 5, 10, or 20 µg equivalent 
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ICG) were assessed in 1.5 mL Eppendorf tubes and 
exposed to laser irradiation (808 nm, 1.5 W/cm2) for 
10 min. The laser spot size was found to be ~1.2 cm. 
The temperature changes were recorded and observed by 
a FLIR E85 photothermal camera (FLIR Systems, Inc., 
Wilsonville, USA)

Cytotoxicity of ICG-BSA-Cur-NPs
The toxicity of ICG-BSA-Cur-NPs followed by laser irradia-
tion was evaluated using four separate assays including MTT 
colorimetric, Trypan blue, Live/Dead, and TUNEL (terminal 
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end 
labeling) assays. First, the MTT colorimetric assay was con-
ducted using a slight modification of previous methods.13,20,39 

Briefly, N2a cells were seeded in 96-well plates at a density of 
1 × 104 cells/well. Following 24 h of incubation, the cells were 
treated with various concentrations of free ICG, ICG-BSA- 
Cur-NPs, and BSA-Cur-NPs. Afterward, the cells were incu-
bated for 72 h and treated with or without laser irradiation (808 
nm, 1.5 W/cm2 for 5 min). The cells were then incubated for 
an additional 24 h. In vitro cytotoxicity was determined using 
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT)-based assay.

The Trypan Blue exclusion method was also carried 
out to detect the viability of the drug-treated cells. Shortly, 
at 24 h after seeding, the cells were treated with free ICG 
10 μg/mL, ICG-BSA-Cur-NPs and BSA-Cur-NPs (equiva-
lently ~10 μg/mL of ICG and ~20 μg/mL of Cur). After 
24 h incubation, the media of cells was refreshed before 
irradiated with or without a laser. After a 72-h incubation 
period, the cells were collected to stain with trypan blue. 
The viable cells and dead cells were detected, and the 
viability was automatically counted by Automated Cell 
Counter (LUNA-II™, Logos Biosystems, Inc., South 
Korea).

A LIVE/DEAD™ viability/cytotoxicity kit was applied 
to visualize the live and dead cells more clearly. N2a cells 
were seeded on a 4-well-glass slide (Lab-Tek® II Chamber 
Slide™ system, Sigma Aldrich) at 4 × 104 cells/well. After 
the same procedure of the Trypan Blue assay, cells were 
incubated for an additional 24 h and then collected to label 
with live/dead dyes (live cells were stained green with 
Calcein-AM, while dead ones were stained red with ethi-
dium homodimer-1). Finally, the stained cells were 
observed by confocal laser scanning microscopy (CLSM) 
using a Meta LSM510 device (Carl Zeiss) at excitation and 
emission wavelengths of 494 and 517 nm, respectively, for 
Calcein-AM and 528 and 617 nm, respectively, for ethidium 

homodimer-1. Separately, the cytotoxicity pattern (both 
necrosis and apoptosis) of (i) PBS, (ii) BSA-Cur-NPs, (iii) 
free ICG, (iv) ICG-BSA-Cur-NPs was determined by using 
a FITC-Annexin V/PI staining kit and using a FACS caliber 
(BD Bioscience Mountain View, CA, USA).

Finally, programmed cell death at the single-cell level 
was detected by the TUNEL assay using an in situ cell 
death detection kit (Red TMR; Roche Diagnostics, 
Mannheim, Germany). The protocol was partly based on 
one reported previously.21,38,39 Briefly, 5 × 104 cells were 
seeded onto glass slides in 12-well plates. The cells were 
treated in the same manner as for the live/dead assay. After 
being treated with fixation solution (10% formalin) for 45 
min and permeabilization solution (0.1% Triton X-100 in 
0.1% sodium citrate) for 2 min, the cells were labeled with 
50 mL of TUNEL reagent containing terminal deoxynu-
cleotidyl transferase (TdT) at 37°C for 1 h in the dark. The 
slides with cells were then washed twice with PBS, dried, 
and stained with 4.6-diamidino-2-phenylindole solution 
(DAPI) by using antifade mounting medium with DAPI 
(VECTASHIELD). The apoptosis of cells was visualized 
by CLSM.

Uptake of ICG-BSA-Cur-NPs into N2a 
Cell Spheroid
Three-dimensional N2a cell spheroids were cultured with 
slight modifications to previous protocols.21,28,37,39 Briefly, 
a 12-well plate was coated with 2% (w/v) hot agarose 
solution in serum-free DMEM containing 1% penicillin/ 
streptomycin (200 μL/well). After forming the solidified 
agarose coat, 100 μL of the cell suspension containing 
approximately 1 × 105 cells in 10% FBS in DMEM con-
taining cell spheroids was seeded into each well. The cell 
spheroids were established over 2 days and were then 
treated with ICG-BSA-Cur-NPs containing 10 μg/mL of 
ICG followed by a 24-h incubation. After incubation, the 
spheroids were washed three times with ice-cold PBS and 
transferred into glass-bottom cell culture disks (20 mm 
diameter, polystyrene) to be observed by confocal micro-
scopy using the z-stack image collection mode (5 μm step 
size, ~45 μm in depth).

In vivo Photothermal Imaging
The in vivo photothermal effect of PBS and drug samples 
was observed in mice bearing N2a tumors. Each mouse 
received a subcutaneous injection of 50 μL N2a cell sus-
pension (2.5 × 106 cells). Once the tumor volume reached 
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~200 mm3, 100-μL aliquots of PBS or drug samples (2 or 
5 mg/kg of body weight of ICG or Cur equivalent, respec-
tively) were injected into the tail vein of the mice. At 
6 h post-injection, the mice were irradiated with the laser 
(808 nm, 1.5 W/cm2 for 10 min). The temperature changes 
were recorded and observed by a FLIR E85 photothermal 
camera (FLIR Systems, Inc., Wilsonville, U.S.A.).

Antitumor Efficacy of ICG-BSA-NPs in 
N2a-Tumor-Bearing Mice
Depending on their treatment, mice were divided into five 
groups: (i) PBS, (ii) BSA-Cur-NPs, (iii) free ICG, (iv) 
ICG-BSA-Cur-NPs I (mild hyperthermia), and (v) ICG- 
BSA-Cur-NPs II (hyperthermia). Aliquots (100 μL) of 
PBS or drug samples (2 or 5 mg/kg of body weight of 
ICG or Cur equivalent, respectively) were injected indivi-
dually into the mice via the tail vein. At 6 h post-injection, 
the treated mice were irradiated with a laser (808 nm, 1.5 
W/cm2) for 10 min with the exception of the mild- 
hyperthermia group (ICG-BSA-Cur-NPs I), which was 
irradiated with the temperature limited to a maximum of 
~42°C (808 nm, 1.0 W/cm2). The tumor volume and the 
body weight of the treated mice were measured every day 
for 2 weeks. In the meantime, the histopathology of 
tumors was evaluated using a previously described 
procedure.42,43 Tumors in each group were excised at 
24 h post-irradiation. The specimens were then fixed 
with formalin, embedded in paraffin, sectioned, and 
stained with hematoxylin and eosin (H&E). The histo-
pathology of the tumors of all groups was compared 
under a light microscope.

Data Analysis
Data are presented as the mean ± standard deviation (SD). 
Significant differences were determined using Student’s 
t-tests. P-values <0.05 were considered statistically 
significant.

Results
Preparation and Characterization of 
BSA-Cur-NPs and ICG-BSA-Cur-NPs
BSA-Cur-NPs and ICG-BSA-Cur-NPs were fabricated 
using a high-pressure homogenizer based on the nabTM 

technology (Figure 1). The sizes of the prepared BSA-Cur- 
NPs and ICG-BSA-Cur-NPs were 157.3 ± 17.6 and 158.4 ± 
13.7 nm, respectively (Figure 2A). The zeta potentials of the 
BSA-Cur-NPs and ICG-BSA-Cur-NPs were found to be 

−36.3 ± 0.7 and −38.4 ± 2.7 mV, respectively (Figure 2B). 
The TEM and FE-SEM results revealed that these two NPs 
were highly uniform and spherical (Figure 2C and D). 
Overall, both particles were very similar in size, zeta poten-
tial and surface morphology. The encapsulation efficiencies 
of the Cur in BSA-Cur-NPs, ICG-BSA-Cur-NPs and the 
ICG in ICG-BSA-Cur-NPs were 58.9 ± 6.6%, 73.1 ± 16.5% 
and 96.7 ± 3.1%, respectively.

Stability of ICG-BSA-Cur-NPs and Cur/ 
ICG Release from ICG-BSA-Cur-NPs
The stability of the BSA-Cur-NPs and ICG-BSA-Cur-NPs 
was evaluated over 48 h based on the maintenance of 
particle size. As shown in Figure 3A, the particle sizes 
of the BSA-Cur-NPs and ICG-BSA-Cur-NPs were rela-
tively well maintained over this time period. Colloidal 
dispersions of BSA-Cur-NPs and ICG-BSA-Cur-NPs 
after reconstitution were approximately the same as they 
were before lyophilization, indicating good nanoparticle 
stability (Figure 3B).

The in vitro release profiles of Cur and ICG from BSA-Cur 
-NPs and ICG-BSA-Cur-NPs were observed over 
48 h. Overall, there was a nonsignificant difference between 
the release behavior of Cur and ICG in both NPs (Figure 3C). 
From ICG-BSA-Cur-NPs, the ICG release was minutely faster 
than that of Cur. Cur released from ICG-BSA-Cur-NPs a little 
faster than from BSA-Cur-NPs. Overall, the release patterns of 
ICG and Cur were almost identical, and ~70% of both were 
released from the BSA-NPs after 48 h. Particularly, the con-
centrations of Cur samples were quantified by fluorescence 
spectrometry using a calibration curve obtained at 520 nm 
(emission wavelength), of which stability had carefully been 
validated by the reversed-phase HPLC assay method 
(Figure S1 and S2, Supplementary materials).40 At this wave-
length condition, ICG interference was not shown in quantitat-
ing Cur because ICG has a peak excitation wavelength of 
740–800 nm and peak emission wavelength of 800–860 nm 
range (data not shown).

UV-VIS-NIR Absorbance Profile and 
Photothermal Conversion Activity
The UV-VIS-NIR absorbance spectra of free Cur in acetoni-
trile, and free ICG, ICG-BSA, BSA-Cur-NPs, and ICG-BSA- 
Cur-NPs in DW were observed at the wavelength range from 
300 to 900 nm. As shown in Figure 4A, the sample groups 
including ICG (free ICG, ICG-BSA, and ICG-BSA-Cur-NPs) 
showed significant spectral peaks around 800 nm, which 
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corresponded to the typical absorbance spectrum of free ICG, 
whereas spectra of free Cur and BSA-Cur-NPs contained a vast 
peak in the range of ~400-500 nm without absorption at 
~800 nm.

Heat generation is a fundamental parameter for evaluat-
ing photothermal efficiency. Among the test groups, only 
ICG-containing samples strongly absorbed 808 nm-light. 
This absorption converts photoenergy into thermal energy, 
damaging surrounding cells via heat. As a result, only ICG- 
containing samples displayed clear temperature increases in 
response to the laser irradiation, unlike the BSA-Cur-NPs 
and PBS samples. Figure 4B indicates the proportional rela-
tionship between ICG concentration and the level of heat 
generation. The temperatures of the ICG-BSA-Cur-NPs with 
5, 10, 20 μg/mL of ICG and the free ~10 μg/mL ICG reached 
peak temperatures of 47.6°C, 60.6°C, 71.6°C, and 61.3°C, 
respectively, within ~5–7 min of laser radiation. However, 
the temperature of the BSA-Cur-NPs and PBS samples 
remained steady at around 31°C upon laser irradiation. 
These clear temperature changes were verified visually by 

using a photothermal camera, which shows the strong color 
intensity of ICG-containing sample groups (Figure 4C).

Cytotoxicity Evaluations of ICG-BSA-Cur 
-NPs
Four separate assays were conducted to perform compre-
hensive cytotoxic evaluations of the samples. MTT results 
illustrate the dose-dependent cytotoxicity of Cur and ICG 
with or without laser irradiation (Figure 5A). However, 
either ICG or Cur-containing (NPs) samples were toxic to 
N2a cells only at high concentrations (>20 μg/mL for both 
ICG and Cur) without laser irradiation. The ICG-BSA-Cur 
-NPs effectively killed N2a cells even at a low concentra-
tion (~0.3 μg/mL) in response to 808 nm-laser irradiation, 
and their inhibitory concentration (IC50) values were 
shown to be much less than 0.3 μg/mL. No critical cyto-
toxicity change was found for the BSA-Cur-NPs with laser 
irradiation.

In the live/dead assay, almost all cells seemed to be killed 
after treatment with free ICG (~10 μg/mL) and ICG-BSA-Cur 

Figure 1 Schematic of the preparation of ICG-BSA-Cur-NPs and their hyperthermia/targeting-based tumor ablation with NIR laser irradiation.
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-NPs (~10 μg/mL) followed by 808-nm laser irradiation, as 
visualized by red staining. However, both groups without 
laser irradiation did not show significant N2a cell death. In 
contrast, N2a cells treated with PBS were viable as visualized 
by green staining regardless of laser irradiation. The BSA-Cur 
-NPs treatment resulted in partial cell death, as indicated by 
red signal, and partial viability, as indicated by green signal, 
regardless of laser irradiation. This result seemed to reflect the 
inherent cytotoxic effect of curcumin at high concentration 
(Figure 5B). In Trypan blue assay, the viability of cells was 
calculated automatically by using the Automated Cell 
Counter. Notably, only ~5% of cells treated with ICG-BSA- 
Cur-NPs exposed to a laser were viable (Figure 5C and D).

The TUNEL assay reveals the morphology of dead or 
live cells at the single-cell level. The fluorescence of Cur 

(yellow signal; both laser (-) and laser (+)) indicates the 
internalization of BSA-Cur-NPs and ICG-BSA-Cur-NPs. 
Additionally, the TUNEL fluorescence (red signal) of 
ICG-BSA-Cur-NPs or free ICG resulted in cell death due 
to thermal or/and chemotherapeutic effects, generating 
apoptotic cells or bodies (Figure 6A).

FACS analysis results also illustrated the progress of cell 
apoptosis induced by free ICG, BSA-Cur-NPs, ICG-BSA- 
Cur-NPs. At our experimental settings (808-nm laser irra-
diation and 72 h incubation), almost all cells incubated with 
ICG-BSA-Cur-NPs, similar with free ICG, were shown to 
be dead via apoptosis, while less than 80% of BSA-Cur-NPs 
group were dead by this mechanism (Figure 6B). This fact 
indicated that the increased temperature stress might facil-
itate the apoptosis of N2a cells.

Figure 2 Histograms of (A) particle size and (B) zeta potential of BSA-Cur-NPs and ICG-BSA-Cur-NPs. (C) TEM and (D) FE-SEM images of BSA-Cur-NPs and ICG-BSA- 
Cur-NPs.
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Uptake of ICG-BSA-Cur-NPs into N2a 
Cell Spheroids
Uptake of ICG-BSA-Cur-NPs into N2a cell spheroids was 
observed by CLSM. Spheroids are considered to be an 
in vitro model system of tumors that mimic three- 
dimensional tumor tissues in vivo.44 N2a cell spheroids 
were incubated with ICG-BSA-Cur-NPs for 24 h. The 
confocal spectroscopic images of N2a cell spheroids 
obtained from slices with a 5-μm step size showed clear 
red and yellow fluorescence, indicating that both ICG and 
Cur were internalized into the spheroids (Figure 7A). 
These results might imply that ICG-BSA-Cur-NPs would 
be able to permeate into three-dimensional tumor tissues 
in vivo.

Hyperthermia and Tumor Localization of ICG-BSA- 
Cur-NPs in N2a Tumor-Bearing Mice
ICG-BSA-Cur-NPs were highly localized in the tumors of 
N2a cell-xenografted mice (Figure 7B and C). When 

visualized with a thermal imaging camera, the local 
tumor temperatures of mice injected with ICG-BSA-Cur- 
NPs increased to ~55°C after 5 min of NIR irradiation at 
808 nm, which is considered to be sufficient for 
a hyperthermal antitumor therapy as this is a lethal tem-
perature for most cancer cells. In contrast, the local tumor 
temperatures of the mice treated with BSA-Cur-NPs and 
PBS incremented marginally (from 35°C to ~41°C) due to 
well-controlled laser irradiation (Figure 7B).

Antitumor Efficacy of ICG-BSA-Cur-NPs 
in N2a Tumor-Bearing Mice
The antitumor effects of ICG-BSA-Cur-NPs and control 
groups were evaluated in N2a tumor-bearing mice. The 
tumor volumes of mice were measured over 14 days after 
treatment (Figure 8A). The final tumor volumes for the 
PBS, BSA-Cur-NPs, free ICG, ICG-BSA-Cur-NPs I (mild 
hyperthermia: 41~42°C), and ICG-BSA-Cur-NPs II 

Figure 3 (A) Physical stability of BSA-Cur-NPs and ICG-BSA-Cur-NPs based on size changes over 48 h. (B) Photographs of the solution (top), lyophilized powder (middle), 
and reconstituted suspension (bottom) of the BSA-Cur-NPs and ICG-BSA-Cur-NPs. (C) Release profile of Cur and ICG from the NPs.
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(hyperthermia: no limit) groups were 1408.6 ± 551.9, 1190.6 ± 
343.6, 888.6 ± 566.2, 1047.5 ± 248.6, and 103.0 ± 111.3 mm3, 
respectively. Notably, tumor growth in mice treated with ICG- 
BSA-Cur-NPs II was greatly suppressed, and the resulting 
averaged tumor size was ~13- and 8-fold smaller than those 
of the PBS and free ICG controls, respectively (Figure 8B 
and C).

Furthermore, the treatment response of tumors is 
directly proportional to cell density and color intensity of 
H&E-stained tumor sections and the surface morphology 
of the tumor after treatment. After laser irradiation, the 
tumor surface of mice treated with ICG-contained NPs 
became much darker than those of the other treatment 
groups, indicating a significantly stronger response to 
treatment. As shown in Figure 8C (right), photographic 
images of H&E-stained tumor sections from control 
groups showed regular N2a cell growth patterns, while 
that of the ICG-BSA-Cur-NPs group displayed much 
weaker staining, showing a remarkable decrease in tumor 

cell death. Nonetheless, the weight of the mice in all 
treatment groups remained quite stable over 14 days, indi-
cating that the mice were cared for well (Figure 8D).

Discussion
In a clinical setting, hyperthermia is used as a therapeutic 
procedure to increase the temperature of a specific region 
of the body affected by cancer.45 Mild hyperthermia 
around 41–42°C plays a role in enhancing the delivery of 
anticancer drugs to tumors by increasing blood flow and 
improving the vascular permeability in tumors.46 Also, it 
enhances oxygen delivery to tumor tissues and attenuates 
the tumor hypoxic state.47 Hyperthermia from 41–42°C to 
48°C induces direct cell-killing through irreversible 
damage at long exposures or through increased suscept-
ibility to radiation and chemotherapy.45,48 Severe 
hyperthermia over 48°C results in irreversible damage 
and denaturation after a few minutes. Likewise, 

Figure 4 (A) UV-Vis-NIR absorption spectra of free Cur, free ICG, ICG-BSA, BSA-Cur-NPs, and ICG-BSA-Cur-NPs. (B) Surface temperature profiles of PBS, free ICG and 
ICG-BSA-Cur-NPs with different ICG concentrations (5, 10 and 20 µg/mL) over 7 min, upon NIR laser irradiation (808 nm, 1.5 W/cm2). (C) Thermographic images of PBS, 
BSA-Cur-NPs (without ICG), free ICG and ICG-BSA-Cur-NPs with different ICG concentrations (5, 10 and 20 µg/mL) after NIR laser irradiation (808 nm, 1.5 W/cm2).
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temperature-controlled hyperthermia can be utilized for 
the different purpose of anticancer therapy.

The first aim of this study was to concurrently incor-
porate ICG and Cur in ABX-like albumin nanoparticles. 
Despite the many advantages of ICG as an FDA-approved 
theranostic agent, it has a very short circulating half-life of 
~34 min because it is very rapidly extracted by the liver. 
This limited circulation time restricts satisfactory 
hyperthermal/bioimaging efficacy in vivo.49,50 ICG incor-
porated in nanoparticles has been shown to exhibit signifi-
cantly increased circulation time and delivery to 
tumors.17,18,51-53 Moreover, despite its high aqueous solu-
bility, ICG strongly binds to albumin and is facilely encap-
sulated into albumin nanoparticles.13,17 Many studies have 
reported strong non-covalent interaction between the aro-
matic and heteroaromatic rings of ICG and the hydropho-
bic sites of albumin, resulting in the exploitation of unique 
albumin-based nano-systems.13,54,55 Likewise, ABX-like 

albumin nanoparticles are considered to be a promising 
formulation platform to improve the many challenging 
problems with Cur, such as poor aqueous stability 
in vitro and short half-life in blood circulation.20,26,40 

Moreover, Cur is an excellent physical cross-linker that 
can connect the hydrophobic pockets in albumin mole-
cules for nanoparticle formation due to its hydrophobicity- 
based affinity and identical left-right symmetric structure. 
Cur is also a potential natural chemopreventive/che-
motherapeutic agent.40 Based on these characteristics 
NabTM technology, our ICG-BSA-Cur-NPs were viewed 
as an attractive platform not only to overcome the limita-
tions of ICG and Cur but also to take advantage of the 
ICG/Cur synergistic efficacy in the context of combined 
photothermal chemotherapy.

In our nano-system, the physical interactions among 
ICG, albumin and Cur were enhanced by the high-pressure 
homogenization process, which formed ~150-nm spherical 

Figure 5 (A) Cytotoxicity of ICG with 0, 0.3, 2.5, 5, 10, 20 µg/mL and 20 µg/mL Cur (left); and of Cur with 0, 1.3, 5, 10, 20, 40 µg/mL and 10 µg/mL ICG (right) in BSA-Cur- 
NPs and ICG-BSA-Cur-NPs to N2a cells with or without laser irradiation (808 nm, 1.5 W/cm2 for 5 min) as evaluated by MTT assay. (B) Live/dead assay of N2a cells 
incubated with PBS, free ICG, BSA-Cur-NPs and ICG-BSA-Cur-NPs with or without laser irradiation (808 nm, 1.5 W/cm2 for 10 min). (C) Trypan blue assay-based viability 
for PBS, free ICG, BSA-Cur-NPs and ICG-BSA-Cur-NPs at fixed concentrations of 20 and 10 µg/mL for Cur and IGC, respectively, with or without laser irradiation (808 nm, 
1.5 W/cm2 for 10 min). (D) Trypan blue-based Live/dead assay of N2a cells incubated with PBS, free ICG, BSA-Cur-NPs and ICG-BSA-Cur-NPs under the same conditions of 
(C). *P < 0.003 over free ICG(+); **P < 0.001 over all other groups; and +P < 0.001 over all other groups.
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ICG-BSA-Cur-NPs (Figure 2A and C). ICG-BSA-Cur- 
NPs were relatively stable at room temperature over 
48 h with little change in particle size and appeared to 
gradually release both ICG and Cur. This release pattern 
seems to be primarily due to the tight binding of ICG and 
Cur to BSA (Figure 3A and C). However, the actual 
release from ICG-BSA-Cur-NPs is expected to be much 
faster in blood circulation because the nabTM-based system 
tends to break into smaller particles (~10 nm) in vivo, 
which accelerates drug release.56 The VIS-UV-NIR spec-
tra of free ICG and ICG-containing samples (including 
ICG-BSA-Cur-NPs) displayed peaks at ~800 nm that is 
typical of ICG (Figure 4A). Therefore, our ICG-BSA-Cur- 
NPs responded to 808-nm laser light, resulting in 
a significant temperature increase during laser irradiation 
at this wavelength (Figure 4B and C). Additionally, ICG- 
BSA-Cur-NPs seem to be qualified as a pharmaceutical 
because they are highly dispersible, well lyophilized, and 
easily reconstituted, which satisfies the essential character-
istics for pharmaceutical manufacturing.

The second aim of this study was to evaluate the cyto-
toxic effect of ICG-BSA-Cur-NPs on N2a cells using 

various assays. When irradiated with 808-nm laser light, 
ICG-BSA-Cur-NPs were highly toxic to N2a cells at all 
ICG concentrations, irrespective of Cur concentrations. 
Cells treated with BSA-Cur-NPs at 20 μg/mL displayed 
a >60% cytotoxic effect with or without 808-nm laser 
irradiation (Figure 5B). The IC50 values of Cur were 
found to be 30.4 and 14.7 μM (11.1 and 5.4 μg/mL, respec-
tively) for HCT116 and Mia PaCa2 cells, respectively. 
These values are significant in that they indicate a mild 
degree of antitumor effect. Noticeably, the mechanism of 
cell death was observed in detail at a singular cell level 
using the TUNEL assay. In this assay, strong red fluores-
cence indicates DNA strand breaks labelled by TMR red- 
modified terminal deoxynucleotidyl transferase (TdT), 
which implicates apoptosis-based cell death and is distin-
guished from the morphology/colorlessness of normal cells. 
When treated with ICG-BSA-Cur-NPs followed by 808-nm 
laser irradiation, the N2a cell shrinkage and blebbing mem-
brane mosaiced with rounded, condensed bodies (that look 
like early apoptotic bodies) (Figure 6A). Such features 
resemble the changes in morphologic hallmarks during the 
apoptotic process. Thus, this observation is consistent with 

Figure 6 (A) Cytotoxicity evaluation based on TUNEL assay of N2a cells incubated PBS, free ICG, BSA-Cur-NPs and ICG-BSA-Cur-NPs with or without laser irradiation 
(808 nm, 1.5 W/cm2 for 10 min). (B) Flow cytometric analysis of N2a cells incubated with PBS, BSA-Cur-NPs, free ICG and ICG-BSA-Cur-NPs with or without laser 
irradiation (808 nm, 1.5 W/cm2 for 10 min). N2a cells were stained by Annexin-V-FITC and propidium iodide (PI).
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the previous results that Cur induces apoptosis.17 Moreover, 
ICG-BSA-Cur-NPs were able to penetrate deep inside the 
3D N2a cell structure (~30 μm), as indicated by the yellow 
and red fluorescence colors of Cur and ICG, respectively. 
These results provide potential evidence of the passive 
targetability of our nanoparticles in an in vivo tumor- 
mimicking environment.

The final aim of this study was to assess the antitumor 
effect of ICG-BSA-Cur-NPs in N2a cell-xenograft animals. 
As mentioned previously, the mice treated with ICG-BSA- 
Cur-NPs were divided into two different groups that were 
subjected to mild-hyperthermia (I) and hyperthermia (II). The 
tumor temperature of the mild-hyperthermia mice group was 
limited to temperatures below ~42°C with low-intensity laser 

irradiation. However, only marginal antitumor efficacy was 
observed in this ICG-BSA-Cur-NPs I group due to the low 
dose of Cur (~5 mg Cur/kg body) as apoptosis was based on 
dose-dependent induction by Cur in this case. The resulting 
low plasma or tumor level of Cur seemed to be below the 
threshold that would fully suppress tumor growth in mice. 
Nevertheless, this mild hyperthermia is meaningful because it 
causes the blood vessels to dilate and to be more permeable, 
enabling increased nanoparticle accumulation in the irra-
diated tumor area. Mild hyperthermia also augments the 
permeability of nanoparticles into the cell membrane and/or 
enhances endocytosis.10–13 Subsequently, a higher Cur dose 
or replacement with more potent agents in our system might 
be required for better antitumor efficacy in this system.

Figure 7 (A) Permeability of ICG-BSA-Cur-NPs into N2a cell spheroids. Spheroids were treated with ICG-BSA-Cur-NPs (ICG~10 μg/mL) and z-stack images of nine 5-μm 
slices were obtained for each Cur and ICG. (B) In vivo monitoring of hyperthermal localization of BSA-Cur-NPs and ICG-BSA-Cur-NPs with laser irradiation (808 nm, 1.0 
and 1.5 W/cm2 for 10 min) in N2a tumor-bearing mice. Mild hyperthermia caused by ICG-BSA-Cur-NPs was conducted using a laser power of 1.0 W/cm2 with temperature 
increase limited to a maximum of ~4142°C (I). (C) Thermographic images of N2a tumor-bearing mice during laser treatment. *P < 0.01 over BSA-Cur-NPs and ICG-BSA- 
Cur-NPs I.
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On the other hand, the full hyperthermia group, ICG- 
BSA-Cur-NPs II, was exposed to unlimited laser irradiation, 
resulting in complete ablation of the xenografted N2a 
tumors until day 9. This was due to the combined effect 
of hyperthermia-based apoptosis by ICG and enhanced 
delivery of Cur to tumors. Thermal ablation is more pro-
mising if it minimizes residual tumor tissue which causes 
tumor recurrence.57,58 Consistent with this fact, the tumor 
volume of mice treated with free ICG relapsed very quickly 
after thermal ablation. Combining thermal ablation with 
adjuvant chemotherapeutics might address this problem. In 
the central zone of laser irradiation, tumor tissue undergoes 
complete heat-ablation (necrosis is often predominant due 
to the extreme conditions). In the peripheral and transitional 
zone of sublethal hyperthermia, incomplete apoptosis or 
reversible injury to the relevant tumors can be enhanced 
by the additional cytotoxic effect of chemotherapeutic 

agents.59 Despite excellent initial tumor ablation, a slight 
rebound of tumor volume of mice group ICG-BSA-Cur- 
NPs II was observed on day 10, which might be explained 
by incomplete hyperthermic removal or low effective Cur 
dose. This result suggests that the next step in studying the 
combined therapy of hyperthermal ablation and chemother-
apeutics is to optimize dosing.

Finally, the nanoparticle size is of paramount importance 
for nanocarrier to cross blood–brain barrier (BBB). In this 
study, we chose the glioblastoma N2a cell-xenograft tumor 
model to identify the antitumor efficacy of ICG-BSA-Cur- 
NPs, but which does not reflect the biological environment of 
BBB that hardly allows penetration of nanoparticles and other 
hydrophilic drugs. In general, the size 200 nm is estimated as 
a limiting size for nanoparticles to undergo endocytosis 
through a clathrin-mediated mechanism, so less than 200 nm 
have more chances to cross the BBB,60 and most efficiently, 

Figure 8 In vivo antitumor efficacy of PBS, free ICG, BSA-Cur-NPs and ICG-BSA-Cur-NPs groups I and II. (A) Profiles for tumor growth of N2a tumor-bearing mice using 
laser powers of 1.0 and 1.5 W/cm2. *P < 0.001 over all groups except ICG and **P < 0.01 over free ICG. (B) Representative photographs of N2a tumor-bearing mice at 1, 2, 
8 and 14 days after treatment. (C) Photographs of tumors excised from each group and H&E-stained tumor tissues of each group at 24 h post-treatment (right). (D) Body 
weight change of N2a tumor-bearing mice in the different treatment groups over 14 days post-treatment.
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nanoparticles of <20 nm.61,62 Despite the original size of ~150 
nm, the in vivo behavior of our ABX-like albumin NPs (ICG- 
BSA-Cur-NPs) seems amenable to tumor targeting and cross-
ing BBB because the ABX quickly dissociates, breaking into 
smaller fragments (~10 nm) in the blood, despite their original 
sizes of ~130 nm.56,63-66 These smaller fragments are mostly 
albumin-bound paclitaxel complexes (94%), and a small frac-
tion of unbound paclitaxel (6%).67 Prepared by using the 
NabTM-based technique, our NPs are expected to have the 
similar in vivo behavior with ABX. The mechanism of how 
our NPs quickly dissociate into small albumin-bound- 
hydrophobic-drug units is hypothesized based on the mechan-
ism of how the NPs formed and the dynamic and chaotic blood 
circulation in the body. Furthermore, these albumin-bound 
units (~10 nm) are expected to be more favorable to their 
transport across BBB to brain tumors.60–62 More importantly, 
the albumin receptors (gp60 and SPARC) are expressed in 
many solid tumors including brain tumor actively target the 
albumin-bound drug to accumulate in. Lin developed the 
blood-brain-barrier-penetrating albumin NPs (~150 nm in 
size) for biomimetic drug delivery via albumin-binding protein 
pathways for anti-glioma therapy and reported the dual roles of 
albumin in the nano-system.36 As with ABX and other albumin 
NPs, our ICG-BSA-Cur-NPs are believed to dissociate to ~10 
nm-albumin-bound units in plasma and presumably cross the 
BBB via gp60-mediated endothelial endocytosis, showing 
superior tumor targetability vs others in clinical settings.

In addition, albumin molecule itself is a significant 
dysopsonin that prevents the adsorption of a variety of 
plasma proteins and macrophage recognition, which 
extends the circulating time of nanoparticles made of 
albumin. So, albumin precoating onto nanoparticle surface 
is used as one of the good approaches to improve blood 
circulation and reduce hepatic uptake clearance.29,30 

Likewise, the NabTM technique is barely affected by the 
plasma protein adsorption or corona layer formation in 
terms of pharmacokinetic modulation. This fact might 
increase the probability that our ICG-BSA-Cur-NPs, as 
either whole particles or dissociated fragments, would 
prevent glomerular filtration and protein corona formation, 
which facilitates blood clearance of ICG as well as Cur. 
We believe that this pharmacokinetic extension would be 
another clinical advantage in terms of improved antitumor 
therapy.

The skull can be a practical hurdle that ruins the 
efficiency of photothermal therapy. The deep red NIR 
laser (650~900 nm) is hard to reach the brain tumor sites 
across the skull due to its penetration limitation (2~3 mm 

depth). Actually, this clinical restriction seems common 
with almost all tumors that are deeply located in the body, 
except some grown on the skin. Thus, the application of 
our ICG-BSA-Cur-NPs should be carefully maneuvered 
by using a brand-new injection-type NIR-emitting probe 
in an orthotopic brain tumor model in the near future.

Conclusion
In conclusion, we introduced the nano-fireball-like albu-
min nano-platform encapsulating both indocyanine green 
and curcumin. Our NabTM technology-based ABX-like 
ICG-BSA-Cur-NPs of ~150 nm in size displayed strong 
hyperthermal response to 808-nm NIR light and accepta-
ble physicochemical characteristics. Based on the 
hyperthermia-induced anticancer effect in vitro and 
in vivo, our study demonstrated that ICG-BSA-Cur-NPs 
were able to ablate the N2a cell-based tumor xenografts. 
Additionally, ICG-BSA-Cur-NPs showed better antitumor 
effect under mild hyperthermia (41~42°C) vs the mono-
therapy of BSA-Cur-NPs, but the overall suppression was 
not highly remarkable due to moderate cytotoxicity of 
curcumin. This is remained for a further study of potent 
chemotherapeutic albumin nanoparticles accompanied by 
mild hyperthermia. We believe that ICG-BSA-Cur-NPs 
would be potentially used as a future brain tumor 
treatment.
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