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Purpose: Indocyanine green (ICG), a near infrared (NIR) dye clinically approved in 
medical diagnostics, possesses great heat conversion efficiency, which renders itself as an 
effective photosensitizer for photothermal therapy (PTT) of cancer. However, there remain 
bottleneck challenges for use in PTT, which are the poor photo and plasma stability of ICG. 
To address these problems, in this research, ICG-loaded silver nanoparticles were prepared 
and evaluated for the applicability as an effective agent for photothermal cancer therapy.
Methods and Results: PEGylated bovine serum albumin (BSA)-coated silver core/shell 
nanoparticles were synthesized with a high loading of ICG (“PEG-BSA-AgNP/ICG”). 
Physical characterization was carried out using size analyzer, transmission electron micro-
scopy, and Fourier transform infrared spectrophotometry to identify successful preparation 
and size stability. ICG-loading content and the photothermal conversion efficiency of the 
particles were confirmed with inductively coupled plasma mass spectrometry and laser 
instruments. In vitro studies showed that the PEG-BSA-AgNP/ICG could provide great 
photostability for ICG, and their applicability for PTT was verified from the cellular study 
results. Furthermore, when the PEG-BSA-AgNP/ICG were tested in vivo, study results 
exhibited that ICG could stably remain in the blood circulation for a markedly long period 
(plasma half-life: 112 min), and about 1.7% ID/g tissue could be accumulated in the tumor 
tissue at 4 h post-injection. Such nanoparticle accumulation in the tumor enabled tumor 
surface temperature to be risen to 50°C (required for photo-ablation) by laser irradiation and 
led to successful inhibition of tumor growth in the B16F10 s.c. syngeneic nude mice model, 
with minimal systemic toxicity.
Conclusion: Our findings demonstrated that PEG-BSA-AgNPs could serve as effective 
carriers for delivering ICG to the tumor tissue with great stability and safety.
Keywords: silver nanoparticle, bovine serum albumin, indocyanine green, photothermal 
therapy, cancer

Introduction
Photothermal therapy (PTT) is a minimally invasive mode of treatment that mainly 
relies on photosensitizers that possess the ability to absorb light and convert it into 
heat with laser irradiation.1,2 The induced hyperthermia could cause cancer cell 
death by evoking various events such as cell lysis and protein denaturation or 
aggregation.2–5 Recent studies suggested that hyperthermia may also enhance the 
therapeutic efficacy of chemotherapy and radiotherapy.6–8 Hence, to date, enormous 
attention has been paid to the development of strategies for effective PTT.9–12

ICG is a clinically approved fluorescent dye used as an indicator of various 
medical conditions.13,14 Apart from its functionality as a dye, the ICG can also 
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convert light-to-heat as well as produce free radicals by 
light activation.15 Owing to these properties, ICG has great 
potentials to serve as an effective photosensitizer for PTT- 
based treatment of cancer. Nevertheless, there remains 
a bottleneck challenge to address for its successful use in 
the clinics. It is the poor photo and plasma stability of the 
ICG. The ICG is highly vulnerable to decomposition by 
laser irradiation.16 Furthermore, when administered intra-
venously, the ICG possesses a very short plasma half-life 
(3–4 min); rapidly being excreted via the liver and bile 
ducts after metabolism.17 Therefore, various approaches 
have been attempted to stabilize the ICG, which includes 
loading the ICG into nanoparticles. In many previous 
reports, nanoparticle encapsulation of the ICG showed 
enhancement of both the photostability and the plasma 
stability.18–21 Despite the successful reports, there are yet 
unresolved issues to be addressed to make a more ideal 
ICG-loaded nanoparticulate system. Some of the remain-
ing issues include 1) avoiding substantial quenching of 
ICG by complexation with the nanomaterials that have 
been observed from mixing with reduced graphene oxides, 
gold, and iron oxides, etc., 2) need of more simple and 
mild synthesis conditions that could work at low reaction 
temperature (likely 4°C), 3) ensuring stable and high load-
ing of ICG, and 4) securing sufficient blood circulation 
time for high tumor accumulation of the ICG after sys-
temic administration.

Silver nanoparticles (AgNPs), mainly synthesized by 
reduction of silver ions, possesses anti-cancer activity.22,23 

The main mechanism for the cytotoxicity is yet to be 
resolved, but it is postulated to be related to the cell 
membrane damage caused by the silver nanoparticles itself 
or silver ions released from the particles.24 The cytotoxic 
activities of the silver nanoparticles are, however, avail-
able only at high concentrations (several hundred micro-
molar concentrations). In this regard, loading anti-cancer 
drugs or photosensitizers such as ICG to silver nanoparti-
cles could be a highly effective way to improve their 
utility for the treatment of cancer.25 Moreover, as a nano- 
carrier, the silver nanoparticles could be highly favorable 
specifically for heat-labile and water-soluble ICG. This is 
because the synthesis process of the silver nanoparticles 
does not require either organic solvents or heating.24

In this research, we developed ICG-loaded PEGylated 
BSA silver nanoparticles (PEG-BSA-AgNP/ICG) (Figure 1). 
After preparation, the physicochemical properties of the pre-
pared nanoparticles were examined by transmission electron 
microscopy (TEM), UV-VIS spectrum analysis, dynamic light 

scattering (DLS) and Fourier transform infrared (FT-IR) spec-
trophotometry. The applicability of PEG-BSA-AgNP/ICG for 
photothermal cancer therapy was then explored in vitro and 
in vivo. The findings of this study suggested that PEG-BSA- 
AgNP/ICG could serve as an effective agent for photothermal 
cancer therapy.

Materials and Methods
Materials
BSA was purchased from Amresco (Solon, OH, USA). 
Silver nitrate (AgNO3) solution, Sodium borohydride 
(NaBH4) were purchased from Sigma Aldrich (St. Louis. 
MO, USA) Polyethylene glycol (NHS-PEG; 5 kDa) was 
purchased from JenKem USA (Allen, TX, USA). ICG was 
purchased from TCI (Tokyo, Japan).

Synthesis of PEG-BSA-AgNP/ICG
BSA solution was prepared by dissolving 100 mg of BSA in 
1 mL of double-distilled water (DDW). To 29 mL of DDW, 
the as-prepared BSA solution and 1 mg of NaBH4 was 
added. After then, 0.4 mL of 10 mM AgNO3 solution 
was mixed with 4 mL of 1 mg/mL ICG, and the mixture 
was dropwisely added to the BSA/NaBH4 solution using 
a syringe (30-gauge needle) while stirring at 1000 rpm at 4° 
C. The colorless solution became brownish-green, indicat-
ing the formation of silver nanoparticles. The NaBH4 and 
non-encapsulated ICG were removed by using an ultracen-
trifugal device (membrane cut-off: 100 kDa). Next, the 
PEGylation was carried out by mixing the prepared BSA- 
AgNP/ICG with 30 mg of NHS-PEG (5 kDa), and 

Figure 1 Scheme of the PEG-BSA-AgNP/ICG-based photothermal cancer therapy. 
The encapsulation of indocyanine green (ICG) in PEGylated BSA-coated silver nano-
particles could provide an enhanced photo and plasma stability for ICG, leading to 
successful inhibition of tumor growth with local laser irradiation to the tumor site. 
Abbreviations: PEG, polyethylene glycol; BSA, bovine serum albumin; AgNPs, 
silver nanoparticles; NIR, near infrared; PTT, photothermal therapy.
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incubation for 2 h at 4°C. The unreacted PEG was removed 
by centrifugation of the particle solution by using the 
ultracentrifugal device (membrane cut-off: 100 kDa). 
Specifically, for the PEG-BSA-AgNP/ICG used in animal 
studies, the final samples were prepared in phosphate buffer 
saline (PBS; pH 7.4 with 0.15 M NaCl), while, for the rest 
of the studies, in DDW.

Physical Characterization of PEG-BSA- 
AgNP/ICG
The morphology of the prepared PEG-BSA-AgNP/ICG was 
examined by TEM (Tecnai 12, FEI, Hillsboro, Oregon, USA). 
To verify the synthesis of silver nanoparticles and ICG loading 
to the particles, the absorption spectrum of PEG-BSA-AgNP 
/ICG was detected in the range of 300–900 nm by using 
a Synergy H1 Hybrid Multi-Mode Reader (BioTek US, 
Winooski, VT, USA). In addition, FT-IR spectrophotometry 
was carried out (at the wavelength range of 400–4000 cm−1) to 
prove the presence of BSA and PEG in the particles by using 
an FT-IR microscope (VERTEX 80v, Bruker, Billerica, MA, 
USA). Quantification of BSA, silver, PEG, and ICG was by 
BCA protein assay, inductively coupled plasma mass spectro-
metry (ICP-MS), barium iodide assay26 and UV-VIS spectro-
photometry, respectively. The hydrodynamic size distribution 
and size stability of the particles were determined by DLS 
using a light scattering spectrometer (Zetasizer Nano ZS, 
Malvern Panalytical Ltd, Malvern, United Kingdom).

Determination of the Photothermal 
Activity of PEG-BSA-AgNP/ICG
To examine the photothermal activity of PEG-BSA-AgNP 
/ICG induced by NIR light, free ICG and PEG-BSA-AgNP 
/ICG samples were prepared at varying concentrations (0, 5, 
10, 20 or 30 μg/mL for free ICG and, for PEG-BSA-AgNP 
/ICG, 0, 5, 10, 20, 30 or 50 μg/mL as ICG) in Eppendorf tubes. 
Both the ICG and PEG-BSA-AgNP/ICG samples were irra-
diated with laser (885 nm, 1.3 W, spot size: 5 × 8 mm2, MDL- 
III-885, Changchun New Industries Optoelectronics Tech Co. 
Ltd, Changchun, China) for 20 min, and the temperature of the 
samples was monitored using an infrared camera (FLIR 
Systems, E5, Boston, MA, USA). In addition, to evaluate the 
thermal stability, the free ICG, PEG-BSA-ICG mixture, and 
PEG-BSA-AgNP/ICG samples were irradiated with a laser at 
1.3 W for 3 repeating cycles of switch “on and off”. The PEG- 
BSA-ICG mixture was prepared by mixing PEG-BSA with 
ICG at about 1:4 molar ratio (the same molar ratio that was 
achieved from the PEG-BSA-AgNP/ICG).

Cell Culture
B16F10 murine melanoma cell line was purchased from 
the Korean cell line bank (KCLB, Seoul, Republic of 
Korea). The B16F10 cells were cultured in complete 
DMEM medium containing 10% FBS, 1% antibiotic anti-
mycotic and 1% penicillin-streptomycin, and the culture 
was maintained in a humidified incubator (5% CO2) at 
37ºC.

Cellular Analyses for Anti-Cancer 
Activity
B16F10 cells were seeded onto 96-well plates (5×103 

cells/well) and incubated overnight. The cells were then 
treated with varying concentrations of PEG-BSA-AgNP 
/ICG (10−8 – 10−2 M as Ag). After incubation for 48 h, 
the relative cell viability was determined by using WST-1 
assay, according to the vendor’s protocol (iNtRON 
Biotechnology, Daejeon, Republic of Korea). To evaluate 
the photothermal cytotoxic effects by PEG-BSA-AgNP 
/ICG, B16F10 cells seeded on 96-well plates (5×103 

cells/well) were treated with PEG-BSA-AgNP/ICG (30 
μM as Ag) and laser was irradiated for 20 min with 
different laser outputs that could provide maximum med-
ium temperatures of 40, 45 and 50°C, respectively.

Animal Studies
Animal experiments were carried out in accordance with the 
National Institute of Health Guidelines on the Use of 
Laboratory Animals and the protocol approved by the uni-
versity’s committee for animal research of Gyeongsang 
National University (GNU-180,724-M0037).

Pharmacokinetics (PK)
Ten healthy ICR mice (6 weeks old; Hana Co. Ltd, Busan, 
Republic of Korea) were divided randomly into two 
groups. The mice were administered with either BSA-Ag 
/ICG or PEG-BSA-Ag/ICG via tail vein injection at doses 
of 12 mg/kg as ICG. After then, blood was collected at 
pre-determined time points (0, 0.5, 1, 2, 4 and 6 h post- 
administration), and plasma samples were obtained by 
centrifugation of the blood at 3000 rpm for 3 min. The 
ICG in the plasma samples was quantified by measurement 
of absorbance at 790 nm.

Tissue Distribution and Liver Toxicity
B16F10 cells (107 cells/mouse) were injected (s.c.) into 
the right flank of 5 athymic nude mice (6 weeks old; Hana 
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Co. Ltd), and the tumor size was measured with a vernier 
caliper every day. The tumor size (V) was estimated by 
using the formula of V (mm3) = (a2 × b)/2, where V is the 
volume, a is the width and b is the length of tumor. When 
the average tumor size reached 300 mm3, B16F10 s.c. 
syngeneic tumor-bearing mice were administered with 
PEG-BSA-AgNP/ICG (12 mg/kg as ICG) via tail vein 
injection. At 4 h post-administration, the mice were eutha-
nized and the major organs (kidney, tumor, lung, spleen, 
heart, and liver) were harvested. The fluorescent images of 
the mice organs were acquired by using FOBI 
Fluorescence In Vivo Imaging System (NeoScience Co., 
Ltd., Seoul, Republic of Korea) using an NIR channel. The 
images were analyzed using NEOimage software 
(NeoScience Co., Ltd.). The ICG contents in the tissues 
were quantified by measuring the absorbance at 790 nm 
after the homogenization of tissues. In a separate study, 
ICR mice (N = 3) were administered with either PBS or 
PEG-BSA-AgNP/ICG (12 mg/kg as ICG) via tail vein 
injection. The urine samples were collected up to 
12 h and the serum samples were at 12 h post- 
administration. After euthanizing the mice, the liver and 
kidney were harvested. The liver, kidney, and urine sam-
ples were digested with nitric acid (HNO3) and the silver 
contents were quantified by inductively coupled plasma- 
optical emission spectroscopy (ICP-OES). Also, the col-
lected serum samples were submitted to the Southeast 
Medi-Chem Institute (Pusan, Republic of Korea) for liver 
function (AST & ALT) analysis.

In vivo Evaluation of the Photothermal 
Activity of PEG-BSA-AgNP/ICG
When the average tumor size reached 300 mm3, B16F10 
tumor-bearing nude mice (N = 5) were administered with 
PEG-BSA-AgNP/ICG (12 mg/kg as ICG) via the tail vein. 
At 4 h post-administration, the mice were anesthetized 
with ketamine/xylazine mixture, and then the tumors 
were irradiated for 20 min with a diode laser (λ = 885 
nm) at varying laser output (0.5–0.95 W). The highest 
temperature of the tumor surface was monitored using an 
infrared camera (E5, FLIR Systems).

Tumor Growth Inhibition
Four days after tumor implantation (at day 4) when the 
average tumor sizes reached 100 mm3, B16F10 s.c. syn-
geneic tumor-bearing mice were divided into 4 groups 
(N = 5). Groups 1 and 2 were administered with PBS, 

while groups 3 and 4 were administered with PEG-BSA- 
AgNP/ICG (12 mg/kg as ICG) via tail vein injection. For 
groups 2 and 4, at 4 h post-administration, the mice were 
anesthetized with i.p. injection of ketamine/xylazine mix-
ture and the tumor regions were irradiated for 20 min with 
a diode laser (λ = 885 nm) at a laser output of 0.9 
W. Tumor size and bodyweight of the treated mice were 
monitored daily. The study was continued until the aver-
age tumor size of the PBS control mice (group 1) reached 
1000 mm3.

Histological Analysis
After the efficacy study was terminated, the mice were 
sacrificed and the major organs including tumor, kidney, 
liver, lung, spleen, and heart were harvested and fixed in 
10% formalin. The tissue samples were dissected (8 µm 
thick) and then embedded in paraffin. The paraffin sections 
were used for the staining with hematoxylin and eosin 
(H&E) reagents to assess any tissue toxicity. As reported 
previously,27 after the staining with hematoxylin solution, 
the slides were serially washed with absolute ethanol and 
then 95% ethanol. The slides were counterstained by the 
eosin solution and then washed with water, 8095% etha-
nol, absolute ethanol and xylene.

Statistical Analysis
All data are presented as mean ± standard deviation (SD). 
The statistical significance was analyzed by 1-way 
ANOVA and Tukey’s multiple comparison test as the 
post hoc test. Any result yielding a p-value of less than 
0.05 was considered statistically significant.

Results
Synthesis and Characterization of 
PEG-BSA-AgNP/ICG
The preparation of PEG-BSA-AgNP/ICG was carried out 
in two steps. First, BSA-AgNP/ICG was synthesized by 
reducing Ag+ with NaBH4 in the presence of BSA. After 
removal of the unloaded ICG, in the next step, PEGylation 
was carried out by conjugation of PEG-NHS (5 kDa) to 
the amine groups of the BSA coating via adopting the 
NHS chemistry (Figure 1). The successful preparation of 
PEG-BSA-AgNP/ICG was characterized in detail. First, as 
shown in Figures 2A and 2B, the formation of silver 
nanoparticles and their morphology were identified 
through TEM imaging. The PEG-BSA-AgNP/ICG was 
observed as globular but irregular shaped nanoparticles 
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with average diameters of about 100 nm. The mean hydro-
dynamic size of the PEG-BSA-AgNP/ICG determined by 
DLS was 131.5 (±2.7) nm (PDI: 0.25) (Figure 2B), and the 
average zeta potential was −34.8 (±0.6) mV. As shown in 
Figure 2C, the size of PEG-BSA-AgNP/ICG was stably 
maintained during 5 days after synthesis without any sign 
of aggregation. The formation of silver nanoparticles was 
further evidenced by the UV-VIS spectrum (Figure 2D); as 
the peak at 420 nm, a characteristic surface plasmon 
resonance band of silver nanoparticles, was observed 
from all the nanoparticle samples.28 The successful load-
ing of ICG to the BSA-Ag nanoparticles was also con-
firmed by UV-VIS spectrophotometry (Figure 2D). The 
absorption peak at 790 nm distinct for ICG was observed 
from all the PEG-BSA-Ag/ICG samples prepared at high, 
medium and low concentration.29 Finally, the presence of 
BSA coating on the nanoparticle surface and PEGylation 
was verified by FT-IR. As shown in Figure 3, the FT-IR 
spectra of PEG-BSA-AgNP/ICG displayed several 
characteristic peaks. The peak at 613 cm−1 was attributed 
to the lysine residues in BSA; indicating that 

BSA is incorporated into the PEG-BSA-AgNP/ICG.30 

Furthermore, the characteristic peak at 1100 cm−1 of 
PEG, assigned to the stretching vibration of -C–O-C-, 
was also clearly observed from the free PEG and PEG- 
BSA-AgNP/ICG, but not from the BSA-AgNP/ICG.31 

Overall, all these results confirmed the successful prepara-
tion of the PEG-BSA-AgNP/ICG. With the established 
recipe, based on the quantification results, the final com-
position of the PEG-BSA-Ag/ICG was: PEG 4.5 mg, BSA 
64 mg, Ag 220 μg, and ICG 3.1 mg (4.8% loading against 
BSA, and 77.5% loading efficiency).

In vitro Photothermal Activity of 
PEG-BSA-AgNP/ICG
The photothermal activity and photostability of free ICG and 
PEG-BSA-AgNP/ICG were assessed in vitro, and the data 
are summarized in Figure 4. With laser irradiation, the tem-
perature of free ICG solutions initially exhibited a rapid rise 
but, after reaching the highest at around 4 min, gradually 
decreased to the control level (Figure 4A). Higher tempera-
ture was achieved with increasing concentration of the ICG 

Figure 2 Physical characterization of the PEG-BSA-AgNP/ICG. (A) Representative transmission electron microscopic images of the PEG-BSA-AgNP/ICG. (B) The mean 
hydrodynamic size of PEG-BSA-AgNP/ICG by dynamic light scattering. (C) Size stability of the PEG-BSA-AgNP/ICG. (D) UV/VIS spectrophotometry of PEG-BSA-AgNP/ICG. 
Abbreviations: PEG, polyethylene glycol; BSA, bovine serum albumin; AgNPs, silver nanoparticles; ICG, indocyanine green; PEG-BSA-AgNP/ICG, ICG-loaded PEGylated 
BSA-coated silver nanoparticles; UV/VIS, ultraviolet/visible; L, M and H refers to low, medium, and high concentration.
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(from 41°C at 5 μg/mL ICG to 58.8°C at 30 μg/mL of ICG). 
Similar to the free ICG, concentration-dependent tempera-
ture rise was also observed from PEG-BSA-AgNP/ICG dis-
persions with laser irradiation (Figure 4B). The maximum 

temperatures observed from PEG-BSA-AgNP/ICG disper-
sions were slightly lower (41.3°C vs 44.9°C and 54.8°C vs 
58.8°C at 10 and 30 μg/mL of ICG, respectively) than those 
of free ICG solutions when compared at the same concentra-
tions. However, unlike the free ICG, the temperature of PEG- 
BSA-AgNP/ICG samples reached a plateau after the initial 
rise and well-maintained the highest temperature during the 
20 min of laser irradiation. The maximum temperatures were 
linearly correlated to the ICG concentrations of the PEG- 
BSA-AgNP/ICG samples. As shown in Figure 4C, when free 
ICG, PEG-BSA-ICG mixture and PEG-BSA-AgNP/ICG 
were irradiated with a laser by using switch “on-and-off” 
mode, the maximum temperatures observed from the free 
ICG solution and the PEG-BSA-ICG mixture were markedly 
decreased after each cycle. However, in sharp contrast, the 
PEG-BSA-AgNP/ICG dispersion showed nearly the same 
temperature-vs-time profile for each cycle; evidencing super-
ior photostability of the ICG encapsulated in the silver nano-
particles. Consistently, when the UV-VIS spectra of the free 
ICG, PEG-BSA-ICG mixture, and the PEG-BSA-AgNP 
/ICG were obtained before and after 20 min of laser 

Figure 3 FT-IR data for the PEG-BSA-AgNP/ICG. The PEG-BSA-AgNP/ICG spec-
trum showed the characteristics peaks of BSA and PEG. The peaks at 613 and 
1100 cm−1 were attributed to the lysine residues in BSA and the stretching 
vibration of “-C–O-C-” in the PEG.  
Abbreviations: FT-IR, Fourier-transform infrared spectroscopy; PEG, polyethylene 
glycol; BSA, bovine serum albumin; AgNPs, silver nanoparticles; ICG, indocyanine 
green; PEG-BSA-AgNP/ICG, ICG-loaded PEGylated BSA-coated silver nanoparticles.

Figure 4 In vitro evaluation of the photothermal activity of the PEG-BSA-AgNP/ICG. (A) Temperature-versus-time profiles of the free ICG solution (at 5–30 μg/mL) after laser 
irradiation at 1.3 W. (B) Temperature-versus-time profiles of the PEG-BSA-AgNP/ICG dispersion (at 10–50 μg/mL as ICG) after laser irradiation at 1.3 W. (C) Temperature-versus- 
time profiles of free ICG, PEG-BSA-ICG mixture, and PEG-BSA-AgNP/ICG dispersion by laser irradiation at 1.3 W for three repeating cycles of a switch “on and off” mode. (D) UV- 
VIS spectra of ICG, PEG-BSA-ICG, and PEG-BSA-AgNP/ICG, before and after laser irradiation for 20 min.  
Abbreviations: PEG, polyethylene glycol; BSA, bovine serum albumin; AgNPs, silver nanoparticles; ICG, indocyanine green; PEG-BSA-ICG, a mixture of PEG-BSA and ICG; PEG-BSA- 
AgNP/ICG, ICG-loaded PEGylated BSA-coated silver nanoparticles; UV/VIS, ultraviolet/visible; NIR, near infrared; PBS, phosphate buffer saline; PTT, photothermal therapy.
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irradiation, the PEG-BSA-AgNP/ICG sample showed little 
reduction in the main absorption peak (7%), while other 
samples revealed substantial reduction (free ICG: 50%, and 
PEG-BSA-ICG mixture: 34%).

Cellular Analyses of the Anti-Cancer 
Activity of PEG-BSA-AgNP/ICG
The anti-cancer activity of PEG-BSA-AgNP/ICG with and 
without laser irradiation was assessed on B16F10 cells. The 
cytotoxicity results are shown in Figure 5. As seen in 
Figure 5A, the Ag+ ions and PEG-BSA-AgNP/ICG showed 
relatively low but similar profiles of concentration-dependent 
cytotoxicity. The average IC50 values for Ag+ ions and PEG- 
BSA-AgNP/ICG were 132 (± 29) and 97 (± 23) μM, 
respectively. However, as shown in Figure 5B, when the PEG- 
BSA-AgNP/ICG-treated cells (at 30 μM as Ag, and 20 μg/mL 
as ICG) were irradiated with laser for 20 min, significantly 
higher cytotoxic effects were observed (P < 0.05, 1-way 
ANOVA with post hoc analysis of Tukey’s multiple compar-
ison test). With increasing cell solution temperature from 40, 
45 to 50°C (at laser outputs of 1.1, 1.3, 1.5 W, respectively), 
higher cytotoxicity was observed (average cell viability: 45%, 
11%, 6%, respectively). However, in the absence of PEG-BSA 
-AgNP/ICG, even with laser irradiation to the cells at 1.5 W, 
the temperature rise was limited to less than 40°C and little 
cytotoxicity was observed from the cells.

Pharmacokinetics (PK)
The plasma concentration-vs-time profiles of BSA-AgNP 
/ICG and PEG-BSA-AgNP/ICG after intravenous adminis-
tration to ICR mice are shown in Figure 6. Both the PK 
profiles of BSA-AgNP/ICG and PEG-BSA-AgNP/ICG fitted 
well with the 1-compartment model. The plasma half-lives 

(t1/2) of BSA-AgNP/ICG and PEG-BSA-AgNP/ICG were 50 
min and 112 min, respectively. Compared with the reported 
plasma half-life of ICG (3–4 min), these results indicated that 
the encapsulation of ICG in PEGylated BSA silver nanopar-
ticles could not only improve the photostability of ICG but 
also markedly prolong the blood circulation time.17

Biodistribution
The biodistribution profiles of PEG-BSA-AgNP/ICG are 
summarized in Figure 7. After 4 h post-administration, the 
PEG-BSA-AgNP/ICG was mainly observed in the liver 
(Figure 7A) but could be also found in the kidney, lung, and 

Figure 5 Cellular analysis of the anti-tumor activity of PEG-BSA-AgNP/ICG-based photothermal therapy. (A) Anti-tumor activity of Ag+ and PEG-BSA-AgNP/ICG on 
B16F10 cells. The B16F10 cells were treated with varying concentrations of either Ag+ or PEG-BSA-AgNP/ICG (10−8 – 10−2 M as Ag) and then, after 48 h incubation, the 
relative cell viability was determined using WST-1 assay. (B) Cytotoxicity of PEG-BSA-AgNP/ICG on B16F10 cells with photothermal treatment (PTT) at maximum medium 
temperatures of 40, 45, or 50°C. The statistically significant differences in the cytotoxicity levels were compared by 1-way ANOVA and post hoc Tukey’s multiple 
comparison test. *P < 0.05 vs PBS control, †P < 0.05 vs PEG-BSA-AgNP/ICG-treated cells without laser irradiation.  
Abbreviations: PEG, polyethylene glycol; BSA, bovine serum albumin; AgNPs, silver nanoparticles; ICG, indocyanine green; PEG-BSA-AgNP/ICG, ICG-loaded PEGylated 
BSA-coated silver nanoparticles; NIR, near infrared; PBS, phosphate buffer saline.

Figure 6 Pharmacokinetic profiles of PEG-BSA-AgNP/ICG. ICR mice (N = 5) were 
administered with either BSA-Ag/ICG or PEG-BSA-Ag/ICG via tail vein injection at 
doses of 12 mg/kg as ICG. After then, blood was collected at pre-determined time 
points (0, 0.5, 1, 2, 4, and 6 h post-administration), and the plasma concentrations of 
ICG were quantified by measurement of the absorbance at 790 nm. 
Abbreviations: PEG, polyethylene glycol; BSA, bovine serum albumin; AgNPs, 
silver nanoparticles; ICG, indocyanine green; PEG-BSA-AgNP/ICG, ICG-loaded 
PEGylated BSA-coated silver nanoparticles; NIR, near infrared; PTT, photothermal 
therapy; ICR, Institute of Cancer Research.
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tumor. The quantitative analysis data of the tissue samples 
were in good accordance with the NIR images (Figure 7B). 
The tumor accumulation content of PEG-BSA-AgNP/ICG 
was 1.7% of the injected dose (ID). When the silver contents 
were measured in the liver, kidney, and urine samples col-
lected at 12 h post-administration (up to 12 h for the urine 
samples), silver was mostly found from the liver (avg. 68.9% 
of ID), and a little portion was found in the kidney (4.2% of 
ID) (Figure 7C). In the urine, only a trace amount (0.07% of 
ID) was observed (Figure 7C). Despite the high accumulation 
of the silver in the liver, the liver function analyses data (AST 
& ALT levels) showed little signs of toxicity. The AST and 
ALT concentrations of the control mice were 93.5 and 34.0 
U/L, respectively, while, for the PEG-BSA-AgNP/ICG- 
treated mice, they were 106.3 and 38.8 U/L, respectively. 
These data suggested that the majority of the administered 
PEG-BSA-AgNP/ICG were safely cleared by the Kupffer 
cells in the liver.

In vivo Evaluation of the Photothermal 
Effects of PEG-BSA-AgNP/ICG
At 4 h post-administration of PEG-BSA-AgNP/ICG by tail 
vein injection, the s.c. tumor site was irradiated with laser 
for 20 min, and the tumor surface temperature was mon-
itored by IR thermal imaging (Figure 8). The results 
showed that with greater laser power, higher tumor surface 
temperature was achieved (38.9°C at 0.5 W – 49.6°C at 
0.95 W) (Table 1). Based on the results, 0.9 W of laser 
output was chosen for the efficacy study.

Efficacy Study in S.c. B16F10 Syngeneic 
Mice Model
The in vivo anti-cancer activity of PEG-BSA-AgNP/ICG 
was evaluated in s.c. B16F10 syngeneic mice model. The 
tumor growth profiles and the bodyweight changes of the 
mice during the study are shown in Figure 9A and B, 

Figure 7 Biodistribution of PEG-BSA-AgNP/ICG in B16F10 in s.c. syngeneic tumor-bearing nude mice. (A) When the average tumor size reached 300 mm3, B16F10 s.c. 
syngeneic tumor-bearing mice were administered with PEG-BSA-AgNP/ICG (12 mg/kg as ICG) via tail vein injection. At 4 h post-administration, the mice were euthanized 
and the major organs (kidney, tumor, lung, spleen, heart, and liver) were harvested. The fluorescent images of the mice organs were acquired using FOBI Fluorescence In 
Vivo Imaging System (NeoScience Co., Ltd., Republic of Korea) (B) The ICG contents in the tissues were quantified by measuring the absorbance at 790 nm after the 
homogenization of the tissues. (C) Distribution profiles of silver in liver, kidney and urine at 12 h-post administration of PEG-BSA-AgNP/ICG. Abbreviations: PEG, 
polyethylene glycol; BSA, bovine serum albumin; AgNPs, silver nanoparticles; ICG, indocyanine green; PEG-BSA-AgNP/ICG, ICG-loaded PEGylated BSA-coated silver 
nanoparticles; NIR, near infrared; PTT, photothermal therapy.
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respectively. As seen from Figure 9A, the tumor sizes of 
the control group, PBS-treated group with laser irradiation 
(PBS+PTT) and PEG-BSA-AgNP/ICG-treated group all 
increased exponentially without any sign of reduction. In 
a sharp contrast, the tumor sizes of the PEG-BSA-AgNP 
/ICG-treated mice with laser irradiation (PEG-BSA-AgNP 
/ICG+PTT) were significantly reduced and most of the 
tumors were nearly disappeared at the next day of treat-
ment (P < 0.05, 1-way ANOVA with post hoc analysis of 
Tukey’s multiple comparison test). For only one mouse of 
the PEG-BSA-AgNP/ICG+PTT group, the tumor has re- 
grown at the rim of the original tumor site that may have 
not received sufficient laser irradiation. At the end of the 
study (on Day 11), the average tumor sizes were 1014, 

903, 896, and 8 mm3 for PBS control, PBS+PTT, PEG- 
BSA-AgNP/ICG, and PEG-BSA-AgNP/ICG+PTT, respec-
tively. Regarding the bodyweight (Figure 9B), none of the 
4 groups showed a loss during the study. On Day 11, the 
average increase of bodyweights was 14.9, 18.7, 16.7, and 
8.5% for PBS control, PBS+PTT, PEG-BSA-AgNP/ICG, 
and PEG-BSA-AgNP/ICG+PTT, respectively.

Histological Analysis
After termination of the efficacy study, the tested mice were 
sacrificed and, histopathological analyses were carried out 
for their major organs (eg, tumor, kidney, liver, lung, spleen, 
and heart). The images of the tumor sections are shown in 
Figure 9B and the tissue sections of other major organs are 
shown in Figure 10. As seen in Figure 9B, compared with 
the PBS control group, a marked decrease in the number of 
tumor cells was observed specifically from the tissue sec-
tions of the PEG-BSA-AgNP/ICG+PTT group. However, 
there was no apparent toxicity observed from all the other 
major organs (Figure 10).

Discussion
ICG possesses the property of a photosensitizer, which is 
the ability to convert light to heat.15 Due to this photo-
thermal activity, it has widely been adopted in researches 
of developing photothermal therapy (PTT) for the treat-
ment of cancer.18–20 However, despite its great applicabil-
ity, the success of effective ICG-based PTT relies heavily 
on the successful stabilization of the ICG. This is because 
the ICG suffers from poor photo and plasma stability.16,17 

To address these obstacles, in this research, we developed 
PEGylated BSA-silver nanoparticles with high loadings of 
ICG (PEG-BSA-AgNP/ICG).

The PEG-BSA-AgNP/ICG was prepared in 2-steps. At 
first, the BSA-AgNP/ICG was synthesized by 1-pot chem-
istry reducing the Ag+ in the presence of BSA and ICG. 
Next, the BSA-AgNP/ICG was PEGylated using the NHS 
chemistry. The physical characterization results for the 
prepared PEG-BSA-AgNP/ICG by TEM, DLS, UV-VIS 
spectroscopy and FT-IR proved successful preparation of 
the nanoparticles (Figures 2 and 3). The PEG-BSA-AgNP 
/ICG showed high loading of ICG (4.8% loading content 
against BSA) and excellent size stability for 5 days at 
storage condition (4°C) (Figure 2C).

The as-prepared PEG-BSA-AgNP/ICG showed superior 
photostability in vitro to the free ICG. When ICG in the free 
form was irradiated with a laser, the temperatures of the free 
ICG solutions decreased to the control baseline level shortly 

Figure 8 In vivo evaluation of the photothermal activity of PEG-BSA-AgNP/ICG in 
B16F10 s.c. syngeneic tumor mouse model. When the average tumor size reached 
300 mm3, B16F10 tumor-bearing nude mice (N = 5) were administered with PEG- 
BSA-AgNP/ICG (12 mg/kg as ICG) via tail vein. At 4 h post-administration, the mice 
were anesthetized with ketamine/xylazine mixture, and then the tumors were 
irradiated for 20 min with a diode laser (λ = 885 nm) at varying laser output 
(0.5–0.95 (W). The highest temperature of the tumor surface was monitored using 
an infrared camera (E5, FLIR Systems).  
Abbreviations: PEG, polyethylene glycol; BSA, bovine serum albumin; AgNPs, silver 
nanoparticles; ICG, indocyanine green; PEG-BSA-AgNP/ICG, ICG-loaded PEGylated 
BSA-coated silver nanoparticles; NIR, near infrared; PTT, photothermal therapy.

Table 1 Tumor Temperature Monitored for B16F10 S.c. 
Syngeneic Tumor Mouse Models at 4h Post-Administration of 
PEG-BSA-AgNP/ICG Using an Infrared Camera (E5, FLIR 
Systems) with Varied Laser Outputs

Laser Output (W) Tumor Temperature (°C)

0.95 49.6 ± 4.2

0.9 48.3 ± 3.2

0.8 46.1 ± 3.0
0.7 43.7 ± 2.5

0.6 41.7 ± 2.2

0.5 38.9 ± 2.0
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after reaching the maximum at about 4 min of post- 
irradiation (Figure 4A). These results indicated that the free 
ICG was rapidly decomposed by absorbing light. In a sharp 
contrast, after the temperature of the PEG-BSA-AgNP/ICG 
solution rose, the highest temperature was maintained 
through the end of laser irradiation (Figure 4B). Moreover, 
although the maximum temperature reached by the PEG- 
BSA-AgNP/ICG was slightly lower than the free ICG and 
the PEG-BSA-ICG mixture, with laser irradiation of the 
PEG-BSA-AgNP/ICG solution with light “on” and “off” 
mode, nearly identical temperature profiles were observed 
throughout the 3 cycles, while the maximum temperatures of 
the free ICG solution and the PEG-BSA-ICG were markedly 
decreased after each cycle (Figure 4C). Collectively, these 

results indicated that the nanoparticle-loaded ICG could be 
well protected from light-induced degradation.

From the cellular studies, it was shown that laser- 
induced heating of PEG-BSA-AgNP/ICG-treated cells 
above 45°C could induce significantly augmented cyto-
toxicity (Figure 5B). However, even at the available max-
imum laser power (1.5 W), the temperature of cells treated 
with only PBS did not rise above 45°C and showed little 
cytotoxicity. These results suggested the possibility of 
selective and effective killing of tumor cells with the PEG- 
BSA-AgNP/ICG treatment combined with PTT.

Encouraged by the in vitro characterization results, the 
PEG-BSA-AgNP/ICG was also evaluated in animal stu-
dies. First, plasma stability was assessed in vivo. It is well 

Figure 9 In vivo evaluation of the therapeutic efficacy of PEG-BSA-AgNP/ICG-based photothermal therapy using B16F10 s.c. syngeneic tumor mouse model. (A) Tumor 
growth profiles. When the average tumor size reached 100 mm3 (at day 4; 4 days after tumor implantation), B16F10 s.c. xenograft tumor mice were randomly divided into 4 
groups: 1) PBS, 2) PBS+PTT, 3) PEG-BSA-AgNP/ICG, and 4) PEG-BSA-AgNP/ICG+PTT. The mice were treated once at day 4 and administered with the samples via tail vein 
injection. Specifically, for groups 2 and 4, at 4 h post-administration, laser was locally irradiated at the tumor site at 0.9W output for 20 min. On day 11 when the average 
tumor size of PBS-control mice reached 1000 mm3, the study was terminated. (B) Bodyweight changes of the mice. The mice in all groups gained weight during the study and 
there were no significant differences among the average bodyweights of the groups. The statistically significant difference in the body weight changes among the groups was 
compared by 1-way ANOVA and post hoc Tukey’s multiple comparison test. *P < 0.05. (C) Representative histological images of the tumor sections. Compared with the 
tissue sections in other groups, a marked loss of cells was observed from the PEG-BSA-AgNP/ICG-treated mouse tumor.  
Abbreviations: PEG, polyethylene glycol; BSA, bovine serum albumin; AgNPs, silver nanoparticles; ICG, indocyanine green; PEG-BSA-AgNP/ICG, ICG-loaded PEGylated 
BSA-coated silver nanoparticles; UV-VIS, ultraviolet-visible; NIR, near infrared; PBS, phosphate buffer saline.
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known that the ICG as a free form possesses very short 
plasma half-life (3–4 min) and becomes exclusively upta-
ken by the liver.17 This could severely halt the tumor 
accumulation of the ICG after systemic administration 
and inevitably lead to poor PTT effects. Being an endo-
genous plasma protein, albumin has a long plasma half-life 
(approximately 19 days for humans).32 It is potentially 
non-toxic and non-immunogenic.32 Due to these proper-
ties, albumin has been widely adopted in many researches 
as a biomaterial for drug carriers.33–35 The bioinspired 
BSA nanoparticles generally possessed favorable charac-
teristics, such as great biocompatibility, biodegradability, 
prolonged plasma residence, and enhanced tumor 
distribution.36,37 Moreover, it has previously been reported 
that the albumin could even induce selective and higher 
tumor uptake via interaction with albondin or SPARC 
(Secreted Protein, Acidic and Rich in Cysteine) overex-
pressed in cancer cells.38 In this research, our PK studies 
demonstrated that, compared to the free ICG, the BSA- 
silver nanoparticles-loaded ICG could reside in the blood-
stream for a significantly longer time (plasma half-life: 50 
min). Moreover, the PEG-BSA-AgNP/ICG exhibited an 
even longer plasma half-life of 112 min than the BSA- 
AgNP/ICG (Figure 6). This could be explained by the 
effects of PEG limiting the interaction among the nano-
particles and opsonins, allowing slower clearance through 
the reticuloendothelial system (RES).39 Overall, these 
results evidenced the utility of the bioinspired PEGylated 

BSA nanoparticles for enhancing the plasma stability of 
the ICG. Importantly, this prolonged plasma stability led to 
significant accumulation (1.7% ID/g tissue) of the ICG in 
the tumor (Figure 7). With the help of improved plasma 
stability by loading of ICG to the PEGylated BSA silver 
nanoparticles, over 45°C of tumor surface temperature 
necessary for the PTT could be achieved by laser irradia-
tion (at higher than 0.8 W of laser output) (Figure 8).

The in vivo efficacy study results in B16F10 s.c. nude 
mice model confirmed the anti-cancer effects of PEG-BSA 
-AgNP/ICG. Compared with the control groups, only the 
treatment group (PEG-BSA-AgNP/ICG+PTT) showed sig-
nificant inhibition in tumor growth. The histological data 
also confirmed a marked reduction of cell density only 
from the tumors of the PEG-BSA-AgNP/ICG+PTT group 
(Figure 9C). However, with the given dose of 12 mg/kg as 
ICG, the silver nanoparticle itself did not provide any 
therapeutic effects as evidenced by the efficacy study 
results from the PEG-BSA-AgNP/ICG group. Also, the 
PBS-PTT group showed no significant reduction in the 
tumor size. This may be explained by the insufficient 
temperature (38.8°C) to achieve hyperthermia, as it has 
previously been reported that the tumor temperature 
should be over 43°C for at least several minutes to achieve 
hyperthermia-induced cell apoptosis.40 Apart from the 
remarkable effects in reducing the tumor size, it was 
noteworthy that, throughout all the mice tested, systemic 
toxicity was not observed based on their bodyweight 

Figure 10 Histological analysis of the nontumorous major organs. After the efficacy study was terminated, the mice were sacrificed and the major organs (kidney, liver, lung, spleen, 
and heart) were harvested. The paraffin-embedded tissue sections stained with hematoxylin and eosin (H&E) showed no obvious signs of toxicity in organs of all the mice. 
Abbreviations: PEG, polyethylene glycol; BSA, bovine serum albumin; AgNPs, silver nanoparticles; ICG, indocyanine green; PEG-BSA-AgNP/ICG, ICG-loaded PEGylated 
BSA-coated silver nanoparticles; NIR, near infrared; PTT, photothermal therapy.
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change profiles (no loss in any group) and the histological 
analysis data (Figures 9B and 10).

In the PEG-BSA-AgNP/ICG, silver served as the core 
material of the nanoparticles. It provided a simple and 
effective way to prepare the ICG-loaded BSA nanoparti-
cles by a 1-step reduction reaction available at low tem-
peratures. Without the silver, the BSA itself could not 
form an ICG-loaded nanoparticulate system. Despite the 
usefulness of the silver, the potential toxicity concerns 
should not be overtaken. The BSA and PEG coatings 
may be able to prevent the leaching out of soluble silvers 
to some extent, but, released silvers accumulated in the 
body could pose potential toxicity concerns.41 Especially 
when the silver becomes oxidized to the silver ions, they 
could induce cell death by generating reactive oxygen 
species.42 According to Zhao et al, the surface coating 
and nanoparticle size could significantly affect the toxicity 
level of the silver nanoparticles.43 Therefore, an extensive 
toxicity evaluation along with further modification studies 
would be necessary. Overall, in this research, we demon-
strated that the PEG-BSA-AgNP/ICG could provide both 
great photo and plasma stability for the ICG. The long- 
circulating PEG-BSA-AgNP/ICG could be accumulated in 
the tumor tissue to a significant level without causing 
toxicity, and thus sufficient tumor temperature could be 
achieved in vivo after laser irradiation. Finally, the efficacy 
studies showed that PEG-BSA-AgNP/ICG-based PTT 
may be a feasible and effective mode of therapy for the 
treatment of cancer.

Conclusion
PEG-BSA-AgNP/ICG was successfully prepared and its 
applicability for PTT was characterized in vitro and 
in vivo. The major advantages of PEG-BSA-AgNP/ICG 
lie in the excellent biocompatibility, ease-of-synthesis, 
minimal quenching (by carrying out the overall synthesis 
at low temperature), great stability and high loading of 
ICG. More importantly, it could provide great stability 
against both light-induced degradation and rapid hepatic 
clearance. Therefore, the PEG-BSA-AgNP/ICG enabled 
significant tumor accumulation of the ICG and, with 
a combination of local irradiation of laser at the tumor 
site, led to marked tumor growth inhibition. Taken 
together, our findings from this research demonstrated 
that the PEG-BSA-AgNP could serve as an effective car-
rier for the delivery of ICG to the tumor, and the PEG- 
BSA-AgNP/ICG may be a promising PTT agent for the 
treatment of cancer.
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