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Purpose: Indocyanine green (ICG) is a favorable fluorescence nanoprobe for its strong NIR- 
I fluorescence emission and good photothermal capabilities. However, the stability and tumor 
targeting ability of ICG is poor, which limits its further applications. To further improve the 
photothermal and therapeutic efficiency of ICG, bovine serum albumin (BSA) was utilized to 
encapsulate the ICG and the chemotherapeutic drug doxorubicin (DOX) was loaded to form 
the BSA@ICG-DOX theranostic nanoplatform.
Methods: In this study, ICG-loaded BSA nanoparticles (NPs) and the BSA@ICG-DOX NPs 
were fabricated using reprecipitation methods. Next, the tumour inhibition ability and 
biocompatibility of the NPs were evaluated. A subcutaneous xenografted nude mice model 
was established and imaging guided synergetic therapy was performed with the assistance of 
BSA@ICG-DOX NPs under 808 nm laser irradiation.
Results: The BSA@ICG NPs exhibited strong NIR-I fluorescence emission, excellent 
photothermal properties, biocompatibility, and tumor targeting ability. To further improve 
the therapeutic efficiency, the chemotherapeutic drug doxorubicin (DOX) was loaded into the 
BSA@ICG NPs to form the BSA@ICG-DOX theranostic nanoplatform. The BSA@ICG- 
DOX NPs were spherical with an average size of ~194.7 nm. The NPs had high encapsula-
tion efficiency (DOX: 19.96% and ICG: 60.57%), and drug loading content (DOX: 0.95% 
and ICG: 3.03%). Next, excellent NIR-I fluorescence and low toxicity of the BSA@ICG- 
DOX NPs were verified. Targeted NIR-I fluorescence images were obtained after intravenous 
injection of the NPs into the subcutaneous cervical tumors of the mice.
Conclusion: To improve the anti-tumor efficiency of the ICG@BSA NPs, the chemothera-
peutic drug DOX was loaded into the BSA@ICG NPs. The NIR excitation/emission and 
targeted BSA@ICG-DOX NPs enables high-performance diagnosis and chemo/photothermal 
therapy of subcutaneous cervical tumors, providing a promising approach for further biomedical 
applications.
Keywords: cervical cancer, indocyanine green, chemo/photothermal therapy, nanoparticles, 
near-infrared fluorescence imaging

Introduction
Cervical cancer is a common gynecological malignancy and is the primary cause of 
cancer-related death among females.1–3 Although screening and the human papilloma-
virus (HPV) vaccine have helped reduce cervical cancer incidence rates, their applica-
tions are still not common practice for every patient.4,5 The standard treatment for 
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cervical cancer patients is palliative chemo, radio, and tar-
geted therapies.6,7 Although these therapeutic methods play 
an important role in treating cervical cancer, their side effects 
and drug resistance are still a challenge that needs to be 
overcome within clinical practice.8,9 Among the traditional 
treatment methods, chemotherapy is useful in treating cervi-
cal cancer. Doxorubicin (DOX) is a clinically used che-
motherapeutic drug, which has an inhibitory effect on 
a variety of tumors.10,11 However, DOX-based chemotherapy 
still has low efficiency and a lack of specificity. Efforts have 
been made to solve this problem, and among them, targeted 
synergistic therapy is an attractive option. Photothermal ther-
apy (PTT) is a noninvasive and efficient tumor treatment 
method.12–15 PTT is based on a photothermal agent that 
converts light excitation energy into heat in order to induce 
tumor ablation. Combing PTT with chemotherapy makes full 
use of the advantages of both therapeutic methods and could 
help to achieve a higher treatment efficiency. Synergetic 
agents with targeting abilities play a vital role in the process 
of synergistic therapies.16–19 In addition, diagnostic technol-
ogies with good imaging characteristics are in severe need.

Fluorescence imaging is a powerful method to study 
complex biological processes due to its high sensitivity 
and spatial resolution.20–22 However, the traditional 
fluorescence imaging based on visible light (400–760 
nm) still suffers from low contrast and high 
autofluorescence.23,24 In comparison, the light in the 
near-infrared (NIR, 760–900 nm) spectral wavelength 
region has less scattering when traveling through biolo-
gical samples/tissues.25–27 Thus, NIR light can penetrate 
and excite deep-tissue regions under the skin. Moreover, 
NIR fluorescence imaging can offer high contrast and 
spatial resolution with high sensitivity with limited auto-
fluorescence. Because of the NIR’s fluorescent 

properties, effective tumor detection can be obtained via 
the NIR light excitation as well as the NIR light 
emission,28,29 which have great potential in cervical can-
cer diagnosis.

Fluorescent nanoprobes that can simultaneously 
achieve targeted imaging, as well as synergistic therapy 
are very popular. Indocyanine green (ICG) is a NIR emis-
sive fluorescent/photothermal agent approved by Food and 
Drug Administration (FDA).30,31 Nevertheless, ICG has 
some disadvantages, such as limited photostability, 
a moderate fluorescence quantum yield, a high plasma 
protein binding rate, and undesired aggregation in aqueous 
solutions, limiting its applications in biomedical 
research.32 ICG loaded albumin protein nanoparticles 
(NPs) are ideal choices with the advantages of biodegrad-
ability and high chemical stability, helping to solve the 
problems mentioned above. Albumin is a transporter of 
endogenous circulating proteins in the blood as well as 
various exogenous compounds in the vascular system. 
Serum albumin preferentially accumulates at the site of 
the tumor site giving it good natural tumor targeting 
capabilities.33–35 Thus, albumin-based NPs provide the 
basis for tumor-based accumulation. Therefore, loading 
ICG into albumin to form NPs could construct an opti-
mized nanoplatform that can significantly enhance tumor 
diagnosis.36–38

In this study, albumin-based NPs consisting of Bovine 
Serum Albumin (BSA) and ICG were developed. The 
ICG@BSA NPs showed good biocompatibility, low cyto-
toxicity, photothermal properties, and NIR fluorescence 
emission. Next, the ICG@BSA NPs were intravenously 
injected into the subcutaneous cervical tumor bearing nude 
mice. Further, good cervical tumor targeting abilities of 
ICG@BSA NPs were confirmed using an in vivo NIR 
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fluorescence imaging system. Moreover, to improve the 
anti-tumor efficiency of the ICG@BSA NPs, the che-
motherapeutic drug DOX was loaded into the BSA@ICG 
NPs. Finally, in the subcutaneous cervical tumor mice, 
a high in vivo chemo/photothermal therapy efficiency 
was achieved.

Materials and Methods
Materials
Indocyanine green (ICG), doxorubicin hydrochloride 
(DOX ·HCl) and bovine serum albumin (BSA) [R-TE- 
156, CAS:3599–32-4; R-H-65212, CAS:25316–40-9; 
R-FB-001, Rui xi Biological Co. Ltd. Xi’an, China]. 
Ethanol (anhydrous) and dimethyl sulfoxide (DMSO) 
were purchased from Sigma-Aldrich. 4′,6-diamidino- 
2-phenylindole (DAPI) (C0065, Solarbio Science & 
Technology Co., Ltd. Beijing, China). Dulbecco’s modi-
fied eagle medium (DMEM) cell culture medium and 1 × 
Phosphate Buffered Saline (PBS) buffer (PH=7.4) 
(B540626-0500, Sangon Biotech Co., Ltd. Shanghai, 
China). Deionized (DI) water was collected from a Milli- 
Q water purification system (Type 1, Millipore China Co., 
Ltd, New Jersey state, USA). All other chemicals and 
reagents were of analytical grade as purchased.

Preparation of BSA@ICG and 
BSA@ICG-DOX Nanoparticles
The method of preparing BSA@ICG was according to the 
previously reported reprecipitation method.39 Briefly, ICG 
and BSA were dissolved in 20 mL DI water at ratios of 
5%, 2%, 1%, 0.5%, 0.2%, and 0.1%. Next, ethanol (anhy-
drous) was added dropwise to the mixed solution to form 
aggregates under vigorous stirring. The mixture was stir-
red at 1000 rpm for 1 h in the dark at room temperature 
and then dialyzed in water (5 KD, 24 h) to remove any 
free ICG and ethanol. The contents of the ICG were 
increased to enhance the photothermal effects of the NPs. 
The ICG concentration was determined via UV-vis-NIR 
absorption spectra. Subsequently, the BSA@ICG NPs 
were collected in the supernatant after centrifugation at 
8000 rpm for 10 min to remove the precipitate impurities.

The doxorubicin hydrochloride was desalted, and 
triethylamine was added after stirring overnight. Next, 
DOX was precipitated by centrifugation and dissolved in 
ethanol. Then, the dissolved albuprotein and the ICG were 
added to water and mixed, and then the DOX dissolved in 
ethanol that was be stirred for 30 min followed by 

centrifugation at 8000 rpm in an ultrafiltration tube to 
obtain the NPs. The newly formed and loaded NPs were 
then dialyzed overnight (MWCO of the dialysis bag was 
5Kd). Finally, the BSA@ICG-DOX NPs were obtained 
and characterized the next day.

The molecular weight of ICG in our study is 775, so the 
M. wt of ICG is 775 g/mol. For every 10 milliliters of the 
system, BSA@ICG NPs: Albumin 50 mg, ICG2.034 mg, 
drug loading 4.07%, encapsulation rate 81.36%; BSA@ICG- 
DOX NPs: Albumin 50 mg, ICG 1.514 mg, DOX 0.48 mg, 
drug loading 3.03%, encapsulation rate 60.57%; DOX drug 
loading 0.95%, encapsulation rate 19.96%.

Characterization of the BSA@ICG and 
BSA@ICG-DOX NPs
To determine the drug loading content (DLC) and encap-
sulation efficiency (EE), supernatants from three cycles of 
centrifugations were collected when preparing the 
BSA@ICG-DOX NPs and the BSA@ICG NPs. The fluor-
escence and absorption spectra of collected supernatants 
after each wash step was measured using a Shimadzu UV- 
1800 spectrophotometer. The amount of ICG and DOX in 
the supernatants were determined according to the corre-
sponding calibration curves (absorbance intensity vs con-
centration) at 488 nm and 780 nm, respectively. Then, the 
drug loading content (DLC) and encapsulation efficiency 
(EE) for both drugs were calculated according to formulas 
(1) and (2), respectively.

DLC ¼
WFed drug � WDrug in supernatantð Þ

WComposite NPs
� 100%

(1) 

EE ¼
WFed drug � WDrug in supernatantð Þ

WFed drug
� 100%

(2) 

The morphology and structure of the BSA@ICG and 
BSA@ICG-DOX NPs were characterized by transmission 
electron microscope (TEM, FEI Tecnai G2 F20 S-Twin 
TEM, Hillsboro, OR). The dynamic diameter and distribu-
tion were characterized using dynamic light scattering 
(DLS) at 25 °C via a Zetasizer Nano-ZS90 (Malvern, 
UK). The absorption spectra were obtained from 
a LAMBDA 750 UV/Vis/NIR spectrophotometer (Perkin 
Elmer). The fluorescence emission spectra were measured 
with a fluorescence spectrometer (FluoroMax 4, Horiba 
Jobin-Yvon, Edison, NJ).
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The photo-stability of the BSA@ICG and BSA@ICG- 
DOX NPs in the blood and acidic tumor environment was 
analyzed. Firstly, 50 µL of NPs was added into 500 µL of 
rat blood and acidic solutions (pH= 5.5, 6, 6.5, 7), then 
imaged under CLSM imaging system. Microscopic fluor-
escence images of the samples were obtained via a 10 × 
objective under 640 nm laser irradiation and 800–1000 nm 
wavelength detection. The change of fluorescence inten-
sity of BSA@ICG and BSA@ICG-DOX NPs in the blood 
and acidic solutions (pH=5.5, 6, 6.5, 7) was monitored for 
24 h and 48 h, respectively. The fluorescence intensity 
signals were acquired by Image J.

Cell Culture and Cytotoxicity Analysis
HeLa cells were purchase from Shanghai Genechem Co. 
Ltd. (The catalogue is GCC-UT 002RT). The cells were 
cultured in DMEM medium containing 10% fetal bovine 
serum, 1% (v/v) penicillin and 1% (v/v) streptomycin. The 
cells were incubated in a humidified incubator at 37 °C 
with 5% CO2 atmosphere.

HeLa cells were seeded into 96-well plates at a cell 
density of 5×103 cells per well (200 μL cell culture med-
ium) and cultured for 24 h (5% CO2, 37°C). The cytotoxi-
city of BSA@ICG NPs and DOX/BSA was analyzed. 
HeLa cells were incubated with DOX/BSA alone respec-
tively (concentration of DOX: 0 µg/mL, 2 µg/mL, 3.75 µg/ 
mL, 6.25 µg/mL, 12.5 µg/mL, 25 µg/mL; concentration of 
BSA: 0 mg/mL, 0.2 mg/mL, 0.375 mg/mL, 0.625 mg/mL, 
1.25 mg/mL, 2.5 mg/mL). In the meantime, the HeLa cells 
were incubated with BSA@ICG NPs at different concen-
trations (equivalent concentration of ICG at 0 µg/mL, 
3.125 µg/mL, 6.25 µg/mL, 12.5 µg/mL, 25 µg/mL, 50 
µg/mL) for 24 h. A standard Cell Counting Kit-8 assay 
(Dojindo) assay was employed to evaluate the HeLa cell 
viability.40 After a 24 h treatment with BSA@ICG NPs 
and DOX/BSA at different concentrations, the cytoviabil-
ity of the cells treated with 0 μg/mL BSA@ICG NPs and 
DOX/BSA alone was set as 1.0 and the cytoviability of the 
other wells was normalized to this reference value. The 
experiment was performed in triplicate at each 
concentration.

Confocal Laser Scanning Microscope 
(CLSM) Fluorescence Imaging of Cells
HeLa cells were seeded into a cell culture dish (35 mm in 
diameter) equipped with a glass bottom (0.13 mm in 
thickness) and incubated for 12 h. Equal amounts of 

culture medium containing BSA@ICG NPs, NPs (100 
μg/mL of ICG) were added to the culture dish. After a 4 
h incubation, the medium was discarded, and the cells 
were washed with 1 × PBS (pH=7.4) three times. Then, 
the cells were stained with DAPI for 10 min, and rinsed 
three times with 1 × PBS (pH=7.4). Cellular uptake and 
NIR fluorescence imaging were monitored via a confocal 
laser scanning microscope (CLSM) (Leica, TCS-SP5) 
using the DAPI and ICG observation channels whose 
maximum excitation/emission (Ex/Em) wavelengths were 
405/480 nm and 640/810 nm, respectively. Cell images 
were collected using static capture, microscopic images 
of the fixed samples were acquired using at a 60 × 
objective.

Animal
All animals utilized in this work were purchased from 
Beijing Vital River Laboratory Animal Technology Co, 
Ltd. The mice were housed in the specific pathogen free 
(SPF) barrier facilities of the Experimental Animal Center 
of Xinjiang Medical University. The animal room’s ambi-
ent temperature and relative humidity are maintained at 
22°C~ 26°C, and 40% ~ 60%, respectively. The chow and 
drinking water are treated aseptically, allowing ad libitum 
eating and drinking. All the experimental operations are 
satisfied under the Management of the Institution Animal 
Care and Use Committee of Xinjiang Medical University. 
All protocols were presented and approved for these stu-
dies. All animal procedures were performed in accordance 
with the National Institutes of Health Guide for the Care 
and Use of laboratory animals and were approved by the 
approval of the Animal Care and Usage Committee of 
Xinjiang Medical University (20191113–08).

Establishment of Cervical Tumor Model 
in vivo
Female BALB /c nude mice (4~6 weeks old) were sub-
cutaneously injected with 1×107 /mL HeLa cells into the 
right hind leg of the mice. Tumors were allowed to grow 
for ~2 weeks. The animals body weight and tumor size 
were measured every other day. The tumor size was cal-
culated according to the following formula: Volume = 
(length × width2)/2. When the volume reached 50 mm3, 
the HeLa cell-xenografted nude mice were grouped (n = 4 
in each group) and treated with the different drug 
platforms.
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Histology Analysis
Four groups (each group = 5 mice) of healthy female ICR 
mice were utilized. Two groups were intravenously 
injected with a BSA@ICG-DOX NPs solution at a dose 
of 10 mg/kg (counted by ICG concentration). The other 
two groups were injected with 1 × PBS. 24 h and 7 days 
post-injection the major organs (heart, lung, liver, spleen, 
and kidney) were harvested for hematoxylin-eosin staining 
(H&E). The H&E tissues were then examined using an 
inverted digital microscope (Leica). The control group 
received vehicle alone.

Ex vivo Photothermal Properties and 
Photothermal Conversion Efficiency of 
the Nanoparticles
The photothermal effects of BSA@ICG NPs were evalu-
ated by detecting its temperature variation (200 μg/mL, 
counted by ICG concentration) under 808 nm laser irradia-
tion (0.4 W/cm2) for 10 min. The temperature was 
recorded every 30 s. An equal volume of DI water and 
free ICG with the same concentrations were used as blank 
and control, respectively. Infrared thermal imager was 
used to monitor the temperature rise curves for different 
agents under 808 nm laser, different power density, various 
BSA@ICG NPs concentrations, temperature variation of 
BSA@ICG NPs aqueous dispersion for 10 min. 
Furthermore, we monitored the temperature of 
BSA@ICG NPs dispersion (equivalent ICG concentration 
of 200 µg/mL) under 5 periods of laser irradiation on/off 
(10 min each period).

The photothermal conversion efficiency (η) of 
BSA@ICG NPs (concentration of ICG: 200 µg/mL) was 
measured as follows: BSA@ICG NPs were dispersed into 
the deionized water and irradiated under an 808 nm NIR 
laser excitation (0.4 W/cm2, 10 min). The temperature 
curve during laser on and off was recorded, and the η 
could be calculated by the following equation:41–43

η ¼
MDCD Tmax� Tmax;water

� �

τsI 1 � 10� A808
� � 100% (3) 

Tmax and Tmax,water are maximum equilibrium temperature 
for NPs solution and water, where I is the NIR laser 
power, and A808 stands for the absorbance of dispersion 
at 808 nm, by using the system time constant τs with the 
help of the mass (MD) and the heat capacity (CD) of 
deionized water.

In vivo Tumor-Targeting NIR 
Fluorescence Imaging
For in vivo NIR fluorescence imaging, aqueous solutions 
of ICG and BSA@ICG NPs (10 mg/kg, counted by ICG) 
were intravenously injected into HeLa cell tumor-bearing 
BALB/c mice via the tail vein when the tumor volume 
reached ~ 50 mm3. The fluorescence signals of ICG were 
captured using a Maestro™ in vivo fluorescence imaging 
system (CRI Inc., USA) under a 745 nm laser excitation 
and emission filter that has a long pass of 840 nm. At 24 
and 48 h post-injection, the mice were anesthetized with 
isoflurane and imaged. At 24 h post-injection, three mice 
were sacrificed, and the main organs (heart, liver, spleen, 
lung and kidney) and tumor were collected and imaged to 
evaluate the biodistribution of the BSA@ICG NPs.

In vivo Therapeutic Efficacy of 
BSA@ICG-DOX NPs
When the tumor size reached ~ 50 mm3, HeLa tumor 
bearing mice were divided into four groups randomly (n 
= 4 in each group) as follows: BSA@ICG-DOX NPS 
group as BSA@I-D for short. (i) PBS for control group 
(ii) Laser group only (808 nm, 0.4 W/cm2, 10 min), (iii) 
BSA@ICG-DOX group only (270 µL NPs added 30µL of 
PBS (10 ×) and (iv) BSA@ICG-DOX and laser (808 nm, 
0.4 W/cm2, 10 min). At 24 h post-intravenous injection, 
the tumor sites were irradiated with a NIR laser (808 nm, 
0.4 W/cm2) for 10 min. The laser beam was adjusted to 
cover the entire tumor region. The tumor volumes were 
measured every other day during the following 2 weeks. 
The changes in body weight were also recorded at the 
same time to evaluate the in vivo side effects of the 
therapy. Mice were sacrificed by cervical dislocation 
under anesthesia upon the completion of each 
experiment.

Statistical Analysis
Data are shown as mean ± SD. Three independent experi-
ments were conducted with three replicates (n = 3). For 
statistical analysis, a Mann−Whitney-U-test was per-
formed using Origin 9.1 software (OriginLab, 
Northampton, USA). Image J software was used to ana-
lyze the fluorescence images. A student’ s tests were used 
to compare the intensities. Values of P < 0.05 were con-
sidered significant.
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Results
Preparation and Characterization of 
BSA@ICG and BSA@ICG-DOX NPs
The synthesis procedure of BSA@ICG NPs and 
BSA@ICG -DOX NPs were illustrated in Scheme 1. 
Free ICG and BSA were first dispersed in water and 
ethanol was added to the mixture. Via hydrogen bonds 
and hydrophobic interactions, the solubility of albumin 
was reduced to further form the BSA@ICG NPs. The 
BSA@ICG NPs act as a protective carrier to minimize 
the removal of ICG molecules from either the circulatory 
system or being recognized and degraded by the reticular 
endothelial system (RES). Thus, the stability and fluores-
cence of the loaded ICG were maintained. The drug load-
ing content (DLC) and encapsulation efficiency (EE) of 
BSA@ICG NPs and BSA@ICG-DOX NPs were demon-
strated via absorption spectra. The EE for DOX and ICG 
was calculated as 19.96% and 60.57%, and the DLC for 
DOX and ICG were determined at 0.95% and 3.03%, 
respectively.

After synthesis and drug loading, the BSA@ICG NPs 
and BSA@ICG-DOX NPs in an aqueous dispersion were 
characterized. As shown in Figure 1A, ICG in an aqueous 
solution had an absorption peak at 787 nm (black line). 

After loading into BSA (BSA@ICG NPs), the absorption 
peak red-shifted to 801 nm. The loading of DOX also red- 
shifted the absorption peak to 809 nm. Moreover, the 
fluorescence spectra of ICG and the ICG-loaded NPs 
were measured. As shown in Figure 1B, BSA@ICG NPs 
in an aqueous solution had a fluorescence peak at 836.8 
nm, the loading of DOX red-shifted the peak after being 
loaded into BSA (BSA@ICG-DOX NPs), the absorption 
fluorescence peak red-shifted to 837.2 nm. The fluores-
cence of the BSA@ICG NPs in an aqueous solution was 
significantly stronger than that of the free ICG solution. In 
contrast, the BSA@ICG-DOX NPs solution showed 
decreased fluorescence at the same ICG concentration. 
Both the absorption and fluorescence peaks of BSA@ICG- 
DOX NPs located at the NIR spectral wavelength region 
are ideal for in vivo fluorescence imaging with less scat-
tering and low autofluorescence.

The morphology and size of the NPs were confirmed 
using TEM and DLS methods. As shown in Figure 1C, 
BSA@ICG NPs and BSA@ICG-DOX NPs exhibited 
a similarly uniform spherical structure with an average 
diameter of 159.3 nm and 194.7 nm, respectively. The 
polydispersity index (PDI) of BSA@ICG NPs was found 
to be 0.076, and BSA@ICG NPs was 0.055, respectively. 
The size obtained from the TEM images (inset of 

Scheme 1 Schematic illustration of BSA@ICG-DOX NPs for NIR fluorescence image-guided chemo/photothermal therapy of cervical cancer. (A) The preparation of 
BSA@ICG NPs and BSA@ICG-DOX NPs; (B) BSA@ICG-DOX NPs tissue accumulation elevates anti-tumor activities.
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Figure 1C and D) matched well with the DLS character-
ization (Figure 1C and D). Therefore, the size of the 
obtained BSA@ICG NPs are suitable for in vivo tumor 
targeting.

The fluorescence stability of the BSA@ICG and 
BSA@ICG-DOX NPs in the blood and acidic solutions 
(pH=5.5, 6, 6.5, 7) was analyzed under a confocal micro-
scope at 24 h and 48 h, respectively (Figure S1A and 
S1B). The fluorescence intensity of both BSA@ICG and 
BSA@ICG-DOX (BSA@I-D) NPs was maintained well 
(decreased less than 10%) as shown in Figure S1C–F. 
Furthermore, the fluorescence intensity of BSA@ICG 
and BSA@ICG-DOX NPs was increased with time. 
These results illustrated that the nanoparticles are very 
suitable in vivo environment and fluorescence imaging.

In vitro Photothermal Analysis
In this study various groups (free ICG, DOX, BSA, 
BSA@ICG NPs) were used to test the performance of 
the in vitro photothermal system (Figure 2B) in order to 
evaluate the photothermal properties of the BSA@ICG 

NPs (as demonstrated in Figure 2A). In group 1, the 
temperature change of various agents (equivalent concen-
tration of ICG at 200 µg/mL) under 808 nm laser irradia-
tion (0.4 W/cm2) for 10 min were recorded under the same 
experimental conditions. The temperature of BSA@ICG 
NPs in an aqueous dispersion increased quickly to a high 
temperature of 51.2 °C (Figure 2B and E). The free ICG in 
an aqueous solution increased quickly, but the maximum 
temperature achieved was lower than that of the 
BSA@ICG NPs (Figure 2B and E). The temperature of 
DOX and BSA changed little under the same irradiation 
conditions (Figure 2B). Moreover, the temperature evalua-
tion was proportional to the concentration of the 
BSA@ICG NPs (Figure 2C) and the excitation power 
density. (Figure 2D).

Next, the photothermal stability of the BSA@ICG NPs 
was further evaluated using a 5-cycle heating and cooling 
process. The 808 nm laser (0.4 W/cm2) irradiated the 
aqueous dispersion of BSA@ICG NPs (equivalent concen-
tration of ICG at 200 µg/mL) for 10 min in order to 
increase the temperature, then the irradiation was 

Figure 1 Characterization of BSA@ICG NPs and BSA@ICG-DOX NPs in an aqueous dispersion. (A) Absorption spectra of free ICG (200 µg/mL), BSA@ICG NPs (200 
µg/mL) and BSA@ICG-DOX NPs (150 µg/mL) in an aqueous dispersion; (B) Fluorescence spectra of free ICG, BSA@ICG NPs and BSA@ICG-DOX NPs in an aqueous 
dispersion. (C) and (D) DLS and polydispersity index (PDI) results of BSA@ICG NPs and BSA@ICG-DOX NPs. Inset: Representative TEM images of BSA@ICG NPs and 
BSA@ICG-DOX NPs. A theranostic nanocomplex that is self-assembled from ICG and BSA is prepared and optimized for enhanced tumor imaging and excellent hydrolytic 
stability.
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removed. The BSA@ICG NPs in an aqueous dispersion 
naturally cooled to room temperature in 10 min. 
Fortunately, as shown in Figure 2F, under repetitive NIR 
irradiations, the BSA@ICG NPs dispersion showed photo-
stability with only a 2.79% decrease in the peak tempera-
ture after five irradiation cycles. We calculated the 
photothermal conversion efficiency using the 
formula.41,44 The η value of BSA@ICG NPs was mea-
sured and calculated to be 31.2% (Figure S2). The η value 
of ICG@BSA NPs is comparable to other ICG encapsu-
lated polymeric nanoparticles, such as mPEG-ACA-ICG 
(20.81%)43 and ICG-CD (30.25%).42 Thus, the 
BSA@ICG NPs possessed NIR-I fluorescence properties 
as well as a photothermal effect and could serve as 
a theranostic fluorescence nanoprobe for cancer 
therapeutics.

Cellular Uptake
As shown in Figure S3, negligible cytotoxicity was 
observed in the BSA group even at a concentration as 
high as 5 mg/mL. This is due to its noninvasiveness, 
high biocompatibility, and ease of reversible application. 

As shown in Figure 3A, negligible cytotoxicity was 
observed even at a concentration as high as 50 µg/mL 
(counted by ICG concentration), indicating that the as 
prepared BSA@ICG NPs are highly biocompatible and 
safe for in vitro fluorescence imaging. The low cytotoxi-
city of BSA@ICG NPs could be ascribed to the intrinsic 
biocompatibility of ICG and BSA. Furthermore, the cells 
treated with the same concentration of free DOX drug (25 
μg/mL) still survived at a rate of 50%. (Figure 3B). Next, 
the confocal laser scanning microscope (CLSM) imaging 
of NPs incubated with the HeLa cells was conducted. 
First, the HeLa cell nucleus was stained with DAPI (blue 
color) and then further stained with the NPs. After the 
HeLa cells were double stained, confocal fluorescence 
images of the cells were acquired using CLSM in both 
the blue (DAPI, Ex= 405 nm) and the red channel’s (NPs, 
Ex= 640 nm), as shown in Figure 3C. Strong blue and red 
fluorescence emissions were observed from the blue and 
red channels of the HeLa cells. Both the free ICG, 
BSA@ICG and BSA@ICG-DOX NPs could label HeLa 
cells better with strong fluorescence emission. Cell uptake 
is an important factor that ultimately affects the 

Figure 2 Photothermal properties of BSA@ICG NPs. (A) Schematic illustration of in vitro photothermal experimental system; (B) Temperature elevation curves of various 
agents (free ICG, DOX, BSA, BSA@ICG NPs) (equivalent concentration of ICG at 200 µg/mL) under NIR laser irradiation for 10 min; (C) Temperature elevation of 
BSA@ICG NPs at various concentrations under NIR laser irradiation; (D) Temperature elevation of BSA@ICG NPs (200 µg/mL) under NIR laser irradiation with different 
power density; (E) Infrared thermal images of ICG, BSA, and BSA@ICG NPs in an aqueous dispersion under NIR laser irradiation; (F) Temperature evaluation of BSA@ICG 
NPs (concentration of ICG:200 µg/mL) in aqueous dispersion under 5 irradiation/cooling cycles; Excitation: 808 nm, Power density: 0.4 W/cm2.

https://doi.org/10.2147/IJN.S318678                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 4854

Ma et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=318678.pdf
https://www.dovepress.com/get_supplementary_file.php?f=318678.pdf
https://www.dovepress.com
https://www.dovepress.com


therapeutic efficacy of chemotherapy.45,46 The cell uptak-
ing way of our NPs is intracellular accumulation. These 
results demonstrated the biocompatibility and cellular 
uptake ability of the BSA@ICG and BSA@ICG-DOX 
NPs by HeLa cells.

In vivo NIR Fluorescence Imaging of 
BSA@ICG NPs
NIR fluorescence intensities of ICG, BSA@ICG NPs, and 
BSA@ICG-DOX NPs were compared at the same concen-
tration of free ICG. As shown in Figure 4A, the NIR 
fluorescence intensity of BSA@ICG NPS was enhanced 
compared with free ICG. BSA@ICG-DOX NPs also 
emitted a relatively strong NIR fluorescence emission. 
Further, BSA@ICG NPS were intravenously injected 
into the tumor-bearing nude mice (Figure S4) and imaged 
under a NIR fluorescence imaging system. NIR fluores-
cence emissions from the tumor site were monitored. As 

shown in Figures 4B and S5, 24 h post-injection, NIR 
fluorescence intensity is observed from the tumor site 
reaching its maximum intensity and gradually decreasing 
at 48 h. Furthermore, the major organs (liver, lung, spleen, 
kidney, heart, and tumor) were excised at 48 h post injec-
tion and imaged under a NIR fluorescence imaging sys-
tem. Strong NIR fluorescence emissions from the excised 
tumors and liver were observed, while the control group 
treated with PBS, had no fluorescence signal detection. 
These results confirm the tumor targeting ability as well 
as NIR fluorescence properties of BSA@ICG NPs in vivo.

In vivo Anti-Tumor Efficacy
Twenty mice with a tumor volume of 50 mm3 were selected 
for in vivo PTT in order to evaluate the photothermal 
properties of BSA@ICG-DOX nanoparticles in HeLa cell 
tumor-bearing nude mice. To evaluate the in vivo photo-
thermal and chemotherapeutic abilities of the NPs, 30 μL 
PBS (10 ×) and 270 μL BSA@ICG-DOX NPs were first 

Figure 3 Cellular uptake analysis. (A) Cytoviability of Hela cells after incubation with BSA@ICG NPs at different concentrations for 24 h. Data are expressed as mean ± S. 
D. (n = 6 in each concentration) (B) Cytoviability of Hela cells after incubation with DOX at different concentrations for 24 h. Data are expressed as mean ± S.D. (n = 6 in 
each concentration) (C) Confocal scanning laser microscopic (CSLM) images of Hela cells incubated with free ICG, BSA@ICG NPs, and BSA@ICG-DOX (equivalent ICG 
concentration: 100 μg/mL) for 4 h (scale bars: 50 µm); the excitation for DAPI and ICG were 405 nm and 640 nm, respectively.
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intravenously injected into the tumor-bearing nude mice. 
These mice were randomly divided into four groups (n = 
4 per group) as follows: (1) BSA@ICG-DOX NPs + Laser; 
(2) BSA@ICG-DOX NPs only; (3) Laser only; (4) Control. 
After a 10 min irradiation (808 nm, 0.4 W/cm2), the tem-
perature at the tumor site of the mice treated with the NPs 
quickly increased to 46°C, while the temperature of the 
control mouse only increased to 34°C as shown in 
Figure 5A and B. The high temperatures achieved in the 
NPs treated mice were sufficient destroy the tumor cells 
effectively. Next, we conducted the NPs assisted photother-
mal treatment of the subcutaneous cervical tumors in vivo. 
Cervical-tumor-bearing mice with approximately the same 
tumor volume were randomly divided into four groups 
(four mice in each group). The experimental group referred 
to the mice treated with both NPs and 808 nm laser irradia-
tion (0.4 W/cm2 for 10 min, 24 h post-injection) guided by 
the NIR-I fluorescence imaging. Three control groups 
included the mice treated with PBS alone, the mice treated 
with both PBS and 808 nm laser irradiation (0.4 W/cm2 for 
10 min, 24 h post-injection), and the mice treated with NPs 
alone. The growth rate of the tumors up to 15 days was 
monitored to evaluate the photothermal and chemotherapy 
ablation effects (Figure 5C). The tumors growth in the 
experimental group were inhibited during the 15-day obser-
vation period, as shown in Figure 5D, E, and Figure S6 

respectively. Tumor-bearing nude mice with dashed circles 
in the bright field images after various treatments 
(Figure 5C), images of treated mice and their correspond-
ing tumors excised at 14th day (Figure 5D), and variations 
of relative tumor volume and tumor weight in vivo at 2 
weeks after various treatments (Figures 5E and S6. This 
data reveals that the BSA@ICG-DOX NPs had an excellent 
photothermal and chemotherapeutic effect. In contrast, the 
size of the tumors in the control groups showed sustained 
growth increases (Figure 5E), indicating that BSA@ICG- 
DOX NPs or laser irradiation alone could not inhibit tumor 
growth. The above results show that BSA@ICG-DOX NPs 
can act as an effective photothermal and chemotherapeutic 
theranostic agent to treat cervical cancer.

In vivo Biosafety
Biosafety is a critical factor in the development and transla-
tion of therapeutic nanoagents for biomedical applications. 
The in vivo toxicity of the NPs was further evaluated in mice 
via a histology study. As shown in Figure 6, the microscopic 
images of the H&E-stained tissues revealed that no notice-
able short-term (24 h post-injection) and long-term (7 days 
post-injection) damage or inflammatory lesions could be 
observed in all the major organs (heart, liver, spleen, lung, 
and kidney) of the mice. Our results illustrated that the 

Figure 4 NIR fluorescence images of BSA@ICG NPs (A) Bright-field (BF) and NIR fluorescence (FL) images of ICG, BSA@ICG NPs, BSA@ICG-DOX NPs 
(BSA@I-D) (equivalent concentration of ICG at 200 µg/mL) under the in vivo NIR fluorescence imaging system; (B) NIR fluorescence images of BSA@ICG NPs 
injected tumor-bearing nude mice (black dotted circles are subcutaneous tumor site) and major organs at 48 h post injection. Ex: 745 nm, Em: 840 nm.
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BSA@ICG-DOX NPs possessed good biocompatibility and 
are safe and non-toxic for in vivo theranostic applications.

Discussion
It is essential to utilize improved imaging and therapeutic 
modalities to achieve highly efficient and precise diagnosis 
and therapy. In vivo NIR fluorescence imaging has the 
advantages of minimal light scattering and decreased tissue 
autofluorescence, thus giving NIR agents a large penetration 
depth and improved spatial resolution. Combining NIR 
fluorescence with effective chemotherapeutic treatments in 
order to increase the efficacy of an image guided synergetic 
therapy is of great use for future clinical applications.47,48 

Theranostic nanoplatforms with good biocompatibility, NIR 
excitable/emissive, and favorable biosafety play a vital role 
in the field of NIR imaging-guided synergetic therapies.

ICG is an ideal photothermal agent as well as a NIR 
excitable/emissive (absorption peak at ~780 nm and emis-
sion peak ~810 nm) contrast agent that is approved by FDA. 
However, the photostability and tumor targeting ability of 
ICG is very poor. Thus, the application of ICG in biomedical 
applications is restricted. One way to solve this problem is to 
encapsulate ICG molecules into nanoparticles. One of the 
best nanodrug candidates is serum albumin. Albumin has 

been studied and widely used in the field of biomedical 
science for decades. The ICG loaded albumin protein ther-
anostic nanoplatform can improve the photostability and 
tumor targeting ability of ICG while also maintaining its 
photothermal properties. To improve the efficiency of the 
treatment of cervical cancer, chemotherapy and PTT were 
combined. However, it is still a challenge to develop 
a multifunctional theranostic nanoplatform with both high 
brightness intensity and NIR excitation/emission as well as 
PTT and chemotherapeutic properties.

In this study, an albumin-based nanoparticle consisting 
of BSA and ICG was developed as a PTT and NIR exci-
table/emissive fluorescence agent (fluorescence emission 
peak at 809 nm and absorption peak at 808nm) for the 
treatment of cervical cancer. These BSA@ICG NPs were 
fabricated by the reprecipitation method. Further, the 
BSA@ICG NPs showed good biocompatibility, low cyto-
toxicity, and photothermal properties which were studied 
in vivo using NIR fluorescence imaging. The prepared 
BSA@ICG NPs were intravenously injected into cervical 
tumor-bearing mice via a tail vein injection. 24 h post- 
injection, deep-tissue and high-resolution NIR fluores-
cence imaging were conducted, revealing the effective 
targeting ability of the BSA@ICG NPs. Targeted 

Figure 5 Evaluation of in vivo antitumor efficiency. (A) Infrared thermographic images of the HeLa cell tumor-bearing mice after NIR irradiation (808 nm, 0.4 W/cm2, 10 
min). (B) The corresponding temperature elevation curves for Figure 5A; (C) Tumor-bearing nude mice with dashed circles in the bright field images after various treatments 
and (D) Images of treated mice and their corresponding tumors excised at the 14th day.; (E) Variation of relative tumor volumes in vivo 2 weeks after various treatments; 
Data were displayed as the mean ± SD (n =4, ***p < 0.001 between two groups).
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image-guided synergetic therapy is a very popular treat-
ment method and is essential in improving anti-cancer 
therapeutic effects. The combination of PTT with che-
motherapy has a significant potential for a better synergis-
tic therapeutic effect.49,50 DOX is an anti-tumor antibiotic, 
which has a broad inhibitory effect on tumors. When 
combined, ICG and DOX form discreet and homogenous 
nanoparticles. It is believed that the high temperature 
created by the excitation of ICG could stimulate the 
release of DOX.51,52 Interestingly, albumin has two bind-
ing sites, and has the potential to load small molecules. In 
this study, we have exploited these binding pockets to load 
both ICG and DOX.

In this nano-system, the physical interactions of ICG, 
albumin, and DOX were enhanced using a high-pressure 
homogenization process. As a result, the absorption peak 
of the supernatants decreased compared with those of free 
drugs, which suggests successful drug (DOX or ICG) 
loading into the NPs. The encapsulation efficiency (EE) 
for DOX and ICG were calculated at 19.96% and 60.57%, 
and the drug loading content (DLC) for DOX and ICG 
were determined as 0.95% and 3.03%, respectively.

BSA@ICG NPs and BSA@ICG-DOX NPs exhibited 
a similar uniformly spherical morphology. The average 
diameter of BSA@ICG NPs was found to be 159.3 nm 
and BSA@ICG@DOX NPs was 194.7 nm. In general, 
a size less than 200 nm is considered to be ideal for the 
EPR effect. Further, co-encapsulating ICG and the 

anticancer drug DOX in BSA was optimized at 
a reasonable dose (concentration of ICG 150 µg/mL, 
DOX 50 µg/mL).

Using in vitro and in vivo NIR fluorescence imaging, 
the high biocompatibility and biosafety of BSA@ICG- 
DOX NPs were confirmed. The in vivo antitumor abilities 
of BSA@ICG-DOX NPs in a subcutaneous cervical tumor 
mouse model were evaluated. The BSA@ICG-DOX NPs 
were intravenously injected into tumor-bearing mice and 
thermal imaging was conducted 24 h of post-injection after 
treatment with a 808 nm laser. The temperature of the 
tumor site reached ~46 °C within 10 min, which was 
significantly higher than the control mice treated with 
PBS. Then the 808 nm excited chemo/photothermal ther-
apy was conducted on tumors in nude mice treated with 
BSA@ICG-DOX NPs. The tumor volume and the weight 
of tumor-bearing mice were monitored for 2 weeks. The 
tumors in the experimental group treated with BSA@ICG- 
DOX NPs under 808 nm laser irradiation were signifi-
cantly inhibited, revealing that the BSA@ICG-DOX NPs 
had excellent photothermal and chemotherapeutic effects. 
In comparison, the volume of the tumors in the control 
groups continuously increased, indicating that the tumor 
growth was not inhibited by NPs injection or laser irradia-
tion alone. The results showed dissimilar trends of tumor 
growth over time after implementing different therapeu-
tics. Specifically, single-modal Laser (single- NIR irradia-
tion) therapeutics did not completely suppress tumor 

Figure 6 Histological analysis of major organs (heart, liver, spleen, lung, and kidney). BSA@ICG-DOX NPs from treated mice 24 h after intravenous injection and at day 7 
post-injection (counted by ICG concentration). Scale Bar = 12.5 µm.
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growth. In the single-BSA@ICG-DOX NPs treated group, 
there was no significant tumor suppression effect in the 
absence of NIR irradiation compared with the control 
group treated with saline. However, in the experimental 
group injected with the combined nanotherapeutic plat-
form BSA@ICG-DOX NPs showed a significant tumor 
inhibition effect, two mice showed complete tumor abla-
tion. Moreover, the therapeutic agents did not cause any 
significant loss of mouse body weight during the entirety 
of the treatment process (Figure S7), indicating very low 
systemic toxicity under the applied dosages. The animal 
studies confirmed the strong combinatorial therapeutic 
efficacy of BSA@ICG-DOX NP mediated PTT/che-
motherapy against cervical tumors in vivo. Additionally, 
the major organs of the treated mice were excised for 
histopathological analysis via H&E staining at 24 h and 
7-day post injection further demonstrating the in vivo bio-
safety of the BSA@ICG-DOX NPs. Thus, the developed 
NIR excitable/emissive BSA@ICG-DOX NPs with good 
biocompatibility, biosafety, and high tumor inhibition effi-
ciency have great potential in future clinical applications.

Conclusion
In summary, we developed an ICG based theranostic nano-
platform BSA@ICG-DOX NPs for NIR targeted imaging 
and photothermal/chemo dual therapy of cervical tumors in 
living mice. The modified ICG-based NPs show strong NIR 
emission, good biocompatibility and photothermal ability. In 
this work, a novel type of multifunctional theranostic nano-
platform BSA@ICG-DOX NPs were designed and synthe-
sized. The BSA@ICG-DOX NPs showed strong NIR 
fluorescence emission and cervical tumour targeting ability, 
favorable photothermal property, good biocompatibility and 
low toxicity. Further, the BSA@ICG-DOX NPs were utilized 
for in vivo NIR fluorescence imaging-guided chemo/photo-
thermal therapy of cervical tumour under 808 nm-laser irra-
diation. This study has shown the anticancer property of 
BSA@ICG-DOX NPs on cervical cancer. The NIR excita-
ble/emissive and targeting BSA@ICG-DOX NPs enables 
well-performance diagnosis and chemo/photothermal ther-
apy of subcutaneous cervical tumours, which provides 
a promising approach for further biomedical applications.
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