Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

A highly efficient polydopamine encapsulated
clinical ICG theranostic nanoplatform for enhanced
photothermal therapy of cervical cancerft

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2022, 4,
4016

Zhong Du,}? Rong Ma,}? Shuang Chen,? Huimin Fan,? Youqian%Heng,a Ting Yan,P
Gulinigaer Alimu,® Lijun Zhu,® Xueliang Zhang,? Nuernisha Alifu €2 ** and Cailing Ma*®

Photothermal therapy (PTT) is a safe and efficient anti-tumor treatment. A photothermal agent (PTA) with
good biocompatibility and strong photothermal properties is of great importance for PTT. In this study,
near-infrared (NIR) excitable clinical indocyanine green (ICG) was utilized as a PTA and further
encapsulated by another PTA polydopamine (PDA) to form highly stable and efficient ICG@PDA
nanoparticles (NPs). Then the ICG@PDA NPs were modified with methoxy polyethylene glycol amine
(MPEG2000-NH>) to form biocompatible ICG@PDA@PEG NPs. ICG@PDA@PEG NPs showed good water
solubility and a spherical shape with an average size of 140 nm. Furthermore, the photothermal
properties of ICG@PDA@PEG NPs were studied and excellent photothermal performance with
a photothermal conversion efficiency of 43.7% under 808 nm laser irradiation was achieved. Then, the
PTT properties of ICG@QPDA@PEG NPs were confirmed on Hela cells with an efficiency of 86.1%.
Meanwhile, the in vivo biocompatibility and toxicity of ICG@PDA@PEG NPs were evaluated. No apparent
in vivo toxicity was observed in 24 hours and 7 days. Next, in vivo PTT analysis was conducted for
cervical tumor-bearing nude mice under 808 nm laser excitation. It showed a good anti-tumor effect in
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apoptosis. It has the advantages of few side effects and a high
treatment rate.” At present, PTT is applied to in vitro and in

Introduction

Cervical cancer is the fourth most common cancer in women
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and one of the leading causes of cancer death." However,
conventional anti-tumor treatment methods such as
chemotherapy, radiotherapy, and surgical treatment cause
certain damage to the body and may have certain side
effects.>® The development of anti-tumor treatment has
drawn an upsurge of research all over the world. Among the
efficient tumor treatments, photothermal therapy (PTT) is
a popular one.* Compared with traditional therapy methods,
PTT has high therapeutic efficiency and negligible side
effects.>®

The PTT process is mainly performed with heat energy,
which is generated from photothermal agents (PTAs) under
light irradiation and kills tumor cells through thermal
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vivo biomedical research.*> With the continuous develop-
ment of research related to PTT, many PTAs have been
developed and studied, including platinum, Au nano-
particles (NPs), MoSe,, indocyanine green (ICG), new indoc-
yanine green (IR820) and so on.***” Although, a variety of
PTAs have been utilized, there is still a great demand for
photothermal materials with good biosafety and photo-
thermal properties.*®

Clinical indocyanine green (ICG) is a fluorescence nanop-
robe, which has been approved by the United States (US) Food
and Drug Administration (FDA).*>*° ICG has been utilized to
detect liver malignancy or vascularization in clinical opera-
tion.”* Besides, ICG is also one of the popular PTAs.*> However,
the poor photothermal stability and short in vivo circulation
time of ICG limited its further application in biomedical
applications.”® Efforts have been made to overcome this
problem. A variety of nanocarriers have been utilized to
encapsulate ICG to form NPs, such as BSA@ICG NPs and
ICG@PSMA NPs for further application via improved
stability.**** Polymers are one of the popular nanocarriers for
the encapsulation of ICG. Among the existing polymers, poly-
dopamine is a favorable one. Dopamine is an important
neurotransmitter in the brain, involved in regulation
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of movement, cognition, emotion, positive reinforcement
and other related behaviors.*® And, it can spontaneously poly-
merize to form polydopamine (PDA) under alkaline condi-
tions.”” PDA is also widely used as a PTA because of its good PTT
properties.>*3?

In this work, clinical ICG was utilized as a PTA and further
encapsulated by polydopamine (PDA), which is also a PTA to
form ICG@PDA nanoparticles (NPs). Then the ICG@PDA NPs
were modified with a methoxy polyethylene glycol amine
(mPEGy000-NH,) to form ICG@PDA@PEG NPs via Michael's
addition reaction and the Schiff-base reaction.*® ICG@P-
DA®@PEG NPs showed good water solubility and a spherical
shape with an average size of 140 nm. ICG@PDA@PEG NPs
showed excellent photothermal performance with a photo-
thermal conversion efficiency of 43.7% under 808 nm laser
irradiation. Furthermore, excellent photothermal stability was
confirmed by cold/hot cycle experiments under the same
experimental conditions. In addition, cytotoxicity analyses
were performed and low cytotoxicity of ICG@PDA@PEG NPs
was confirmed. Then, the cellular uptake of ICG@PFA@PEG
NPs was analyzed by confocal laser scanning microscopy
(CLSM). The PTT properties of ICG@PDA@PEG NPs were
confirmed on HeLa cells with an efficiency of 86.1%. Mean-
while, the in vivo metabolism and in vivo toxicity of ICG@P-
DA®@PEG NPs were studied. No apparent in vivo toxicity was
observed in 24 h and 7 days. Furthermore, in vivo PTT analysis
was conducted for cervical tumor-bearing nude mice under
near-infrared 808 nm laser irradiation. The temperature of the
tumor site exceeded the thermal apoptosis temperature of
tumor cells (42 °C) because of the high efficiency of ICG@P-
DA®@PEG NPs.** Next, in vivo PTT analysis was conducted for
the cervical tumor-bearing nude mice under 808 nm laser
excitation. It showed a good anti-tumor effect in vivo.
Furthermore, ICG@PDA@PEG NPs exhibited excellent
biocompatibility and good in vivo biodistribution with a long
in vivo circulation time. It was proved that ICG@PDA@PEG
has great potential as a photothermal material in antitumor
photothermal therapy.

Experimental section
Materials

Clinical indocyanine green (ICG) was purchased from Hang-
zhou Aoya Biotechnology Co., Ltd. Dopamine hydrochloride
was bought from Shanghai Macklin Biochemical Co., Ltd.
Methoxy polyethylene glycol amine (MPEG,g0-NH,) was
purchased from Shanghai Macklin Biochemical Co., Ltd. Tris
buffer (hydroxy-methyl) was bought from Shanghai Aladdin
Biochemical Technology Co., Ltd. Phosphate-balanced saline
(PBS), high glucose Dulbecco's modified essential medium
(DMEM), fetal bovine serum (FBS) and trypsin were bought
from Shanghai Hyclone Co., Ltd. An Annexin V-FITC apoptosis
detection kit was purchased from BD Biosciences Pharmingen
Co., Ltd. A Cell Counting Kit-8 (CCK-8), 4',6-diamidino-2-
phenylindole (DAPI), calcein acetomethoxyl ester (calcein AM)
and propidium iodide (PI) were bought from Bio-sharp Co., Ltd.
Deionized (DI) water was used in all experimental processes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cells and animals

The human cervical cancer cell line (HeLa) and cervical
epithelial cell line(H8) were obtained from the American Type
Culture Collection (ATCC) and cultured in DMEM medium
containing 10% FBS and 1% antibiotics (penicillin-strepto-
mycin) placed in a humidified incubator containing 5% CO, at
37 °C.

BALB/c mice (female, 18-20 g) and nude mice (female, 18-20
g) were purchased from Beijing Vital River Laboratories and fed
in the Animal Experiment Center, Xinjiang Medical University.
All animal procedures were approved by the Ethics Committee
for Animal Experiments of Xinjiang Medical University. Under
the management of the Animal Care and Use Committee of
Xinjiang Medical University, all experimental operations met
the requirements. All proposals have been submitted and
approved. All animal procedures were carried out in accordance
with the guidelines for the care and use of experimental animals
of the National Institutes of Health and approved by the Animal
Care and Use Committee of Xinjiang Medical University
(20191113-08).

Preparation of ICG@PDA@PEG NPs

ICG was biochemically modified through the following three
steps. Firstly, 1 mg of ICG was dissolved into 1 mL of Tris buffer
(pH = 8.5) to make stock solution A. 2.5 mg of dopamine
hydrochloride was dissolved into 1 mL of Tris buffer (pH = 8.5)
to make stock solution B. Then, 1 mL of stock solution A was
added into 1 mL of stock solution B and stirred at a high speed
at room temperature for 12 hours. Finally, the ICG@PDA NPs
were collected by centrifugation and washed with DI water.
Then, 1 mg of ICG@PDA NPs was dissolved into 1 mL of Tris
buffer (pH = 8.5) to make stock solution C. 2 mg of mPEGq¢-
NH, was dissolved into 1 mL of Tris buffer (pH = 8.5) to make
stock solution D. Then, 1 mL stock solution C was added into
1 mL stock solution D and stirred at a high speed at room
temperature for 8 hours. After stirring for 8 hours, the PEGy-
lated ICG@PDA NPs (ICG@PDA®@PEG NPs) were collected by
centrifugation and washed with DI water three times.

Characterization of ICG@PDA@PEG NPs

The morphology of the ICG@PDA@PEG NPs was characterized
by scanning electron microscopy (SEM, JSM-7610FPlus, Japan)
and transmission electron microscopy (TEM, JEM-1230, JEOL,
Ltd, Japan). The absorption spectra of the ICG, ICG@PDA NPs
and ICG@PDA@PEG NPs were obtained from a Lambda 7508
UV/vis/NIR spectrophotometer (PerkinElmer). The dynamic
diameter and distribution of the ICG@PDA@PEG NPs were
characterized by using a Zetasizer Nano ZS-90 (Malvern, UK).
The fluorescence spectra of ICG, ICG@PDA NPs and ICG@P-
DA@PEG NPs were recorded with a Duetta fluorescence and
absorbance spectrofluorophotometer (HORIBA Canada). The
loading efficiency (LE) of ICG was calculated via the UV vis
spectrophotometric method.** The loaded ICG dose in
ICG@PDA@PEG NPs was determined from the absorption
value. The calculation formula was as follows (eqn (1)).*®
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LE (%) = 1009 1
(6) = eighes  100% (1)

Evaluation of in vitro photothermal performance

The photothermal properties of ICG@PDA@PEG NPs in
aqueous dispersion were studied. The temperature change of
ICG, PDA NPs, ICG@PDA NPs and ICG@PDA@PEG NPs was
analyzed under 808 nm laser irradiation (0.8 W em™?) for 15
minutes.

Then, to further analyze the photothermal properties of
ICG@PDA@PEG NPs, five different concentrations (12.5, 25, 50,
100 and 125) (ug mL™") of ICG@PDA@PEG NPs in aqueous
dispersion were observed under 808 nm laser irradiation (0.8 W
cm?) for 15 minutes.

Next, 125 pg mL~' of ICG@PDA@PEG NPs in aqueous
dispersion were exposed to 808 nm laser irradiation at different
power densities (0.4, 0.6, 0.8 and 1.0 W cm ) for 15 minutes.
The temperature of the samples was calculated by using an
infrared thermal imaging camera (FOTRIC, Shanghai Heat
Image Technology Co., Ltd).

Finally, the photostability of the ICG@PDA@PEG NPs was
evaluated. 125 pg mL ™' of ICG@PDA@PEG NPs in aqueous
dispersion were irradiated under an 808 nm laser (0.8 W cm™?)
for 15 minutes and then cooled to room temperature. To eval-
uate the photothermal conversion efficiency of ICG@PDA@PEG
NPs, 125 ug mL ™' of ICG@PDA@PEG NPs in aqueous disper-
sion were exposed to 808 nm laser irradiation (0.8 W cm™?) for
15 minutes and then cooled to room temperature. The photo-
thermal conversion efficiency (n) of ICG, PDA and ICG@P-
DA@PEG NPs was calculated according to the following
equation (eqn (2)).>**

_ MD CD(Tmax - Tmax,wutcr) % 100% (2)
Tsl(l _ 10*14808)

(Mp) and (Cp) are the mass and heat capacity of deionized water,
Tmax aNd Trmax water are the maximum equilibrium temperature
of NPs solution and water, 74 is the system time constant, I is the
NIR laser power, and Agyg represents the dispersion absorptivity
at 808 nm.

Cellular uptake

The fluorescence of ICG@PDA@PEG NPs was observed, and
then the cell uptake ability of ICG@PDA@PEG NPs on HeLa
cells was studied by using a confocal laser scanning microscope
(CLSM, Nikon ECLIPSE Ti, Japan). 1 x 10° Hela cells were
cultured in a confocal culture dish (35 mm in diameter).
ICG@PDA@PEG NPs were dissolved in DMEM medium to form
a concentration of 125 pg mL™ ", and then the medium was
incubated with HeLa cells for 2 hours.

After incubation, the HeLa cells were washed with 1x PBS
three times and stained with DAPI for 10 minutes and then
washed with 1x PBS three times. Finally, the cells were observed
by CLSM.
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Cytotoxicity analysis

Cytotoxicity analysis was performed by using CCK-8. HeLa cells
were planted in 96-well plates, in which each well of the
experimental group contained 5 x 10° cells and 200 uL of
medium and incubated for 24 hours. ICG, ICG@PDA NPs, and
ICG@PDA@PEG NPs were dissolved in DMEM mediums to
form different concentrations (0, 6.25, 12.5, 25, 50, 100 and 200)
(ug mL ™), and then the different concentrations of mediums
were incubated with HeLa cells for 24 hours. After 24 hours of
incubation, the cell survival rate was calculated by the CCK-8
standard method.

Then, HS8 cells were planted in 96-well plates (the same as
before). ICG@PDA@PEG NPs were dissolved in DMEM
mediums with different concentrations (0, 6.25, 12.5, 25, 50, 100
and 200) (ug mL "), and then incubated with H8 cells for 24
hours. After 24 hours of incubation, the cell survival rate was
calculated by the CCK-8 standard method.

Finally, HeLa cells were planted in 96-well plates (the same
as before). ICG@PDA@PEG NPs were dissolved in DMEM
mediums with different concentrations (the same as before)
and then incubated with HeLa cells for 24 hours. After 24 hours
of incubation, HeLa cells were irradiated with an 808 nm laser
(0.8 W cm™?) for 15 minutes. After irradiation, the cell survival
rate was calculated by the CCK-8 standard method.

Evaluation of the photothermal effect in vitro

To evaluate the photothermal effect of ICG@PDA@PEG on
HelLa cells, 4 different groups were used to evaluate the photo-
thermal effect of ICG@PDA@PEG NPs on HeLa cells under
different conditions.

At First, 4 x 10° HeLa cells were planted in 4 confocal dishes
with 1 x 10° cells in each dish, and then cultured for 12 hours.
The 4 dishes were labeled group A, group B, group C and group
D, respectively. Group A was the control group. The medium in
group B dishes needed to be replaced with a newly configured
medium, which containing ICG@PDA@PEG NPs. Then,
ICG@PDA®@PEG NPs was dissolved in DMEM medium to form
a concentration of 125 pg mL™'. Next, the old medium was
replaced with a newly configured medium containing ICG@P-
DA@PEG NPs. After that, the cells were incubated for 2 hours.
Group C was the one which only received 808 nm laser irradi-
ation (0.8 W cm~?) for 15 minutes. The medium in the culture
dish of group D needed to be replaced with a newly configured
medium (the same as group B) and then incubated for 2 hours.
After incubation, group D was irradiated with an 808 nm laser
for 15 minutes. Then, HeLa cells were treated in the 4 groups
with calcein AM and PI for 20 minutes. Finally, the 4 groups
were observed by CLSM. Under the excitation of two different
wavelengths of 490 nm and 545 nm, the fluorescence images of
HeLa cells were collected through green (calcein AM) and red
(PI) channels and detected by the excitation light emission of
810-1000 nm respectively.

In addition, the photothermal treatment of ICG@PDA@PEG
NPs in HeLa cells was evaluated by flow cytometry. 4 identical 6-
well plates were prepared. Then, HeLa cells were planted in 6-
well plates, each containing 3 x 10> HeLa cells, and incubated

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00341d

Open Access Article. Published on 11 August 2022. Downloaded on 2/15/2026 2:19:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

for 24 hours. The 4 identical 6-well plates were labeled group A,
group B, group C and group D. Group A was the control group
(no intervention). The medium in group B dishes needed to be
replaced with a newly configured medium, which containing
a concentration of 125 pg mL ™' ICG@PDA@PEG NPs and then
incubated for 2 hours. Group C was the group which only
received 808 nm laser irradiation (0.8 W cm™?) for 15 minutes.
The medium in the culture dish of group D needed to be
replaced with a newly configured medium (the same as group B)
and then incubated for 2 hours. After incubation, group D was
irradiated with an 808 nm laser for 15 minutes. Finally, HeLa
cells in the four groups were washed with 1x PBS, digested with
trypsin, and collected by centrifugation. The collected cells were
washed twice with 1x PBS and mixed with 0.5 mL of annexin
binding buffer. PI and annexin V-FITC containing binding
buffer were added to the cell suspension and stained for 15
minutes. Finally, the four groups were analyzed by flow
cytometry (BD LSRII, FACS Calibur).

Evaluation of in vivo photothermal therapy on cervical tumor-
bearing nude mice

A subcutaneous cervical tumour-bearing nude mice model was
established and utilized for the evaluation of in vivo PTT. BALB/
¢ nude mice (female, 18-20 g) were utilized for the establish-
ment of the cervical tumor model. 1 x 10" HelLa cells were
injected into the lower right side of the mouse back through
a 1 mL syringe. When the subcutaneous tumor volume reached
50 mm?®, two groups of cervical tumour-bearing nude mice were
selected to evaluate in vivo photothermal properties. One of the
groups was selected to inject ICG@PDA@PEG NPs (1.5 mg kg™~ ")
into the tumor site, and then irradiated with an 808 laser for 10
minutes. In the other group, 50 pL of 1x PBS was injected into
the tumor, and then irradiated with an 808 laser for 10 minutes.
Finally, the temperature changes of subcutaneous tumor sites
in the two groups were compared by using an infrared thermal
imaging camera.

Then, sixteen of the cervical tumour-bearing nude mice were
selected to evaluate the effect of in vivo photothermal therapy.
These mice were randomly divided into four groups (n = 4 per
group) as follows: (1) control; (2) ICG@PDA@PEG NPs only; (3)
laser only; (4) ICG@PDA@PEG NPs + laser. The mice in the
control group were injected with 50 pL of 1x PBS into the
tumor. The mice in the ICG@PDA@PEG NPs only group were
injected with ICG@PDA@PEG NPs (1.5 mg kg™ ) into the tumor
site of the mice. The mice in the laser group were irradiated with
an 808 nm laser (0.8 W cm™?) for 10 minutes. The mice in the
ICG@PDA@PEG NPs + laser group were selected to inject
ICG@PDA@PEG NPs (1.5 mg kg™ ') into the tumor site of the
mice, and then irradiated with an 808 nm laser (0.8 W cm ™) for
10 minutes. The changes of the tumor size and body weight of
each group of mice were recorded. After 11 days, the mice were
dissected, and the main organs of mice, heart, liver, spleen,
lung and kidney, were taken and stained with hematoxylin—
eosin staining (H&E). Finally, these sections were observed and
analyzed by using an inverted digital microscope (Leica).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Biosafety assessment

The toxicity of ICG@PDA@PEG NPs in the main organs of mice
was analyzed. ICG@PDA@PEG NPs (1.5 mg kg™~ ') were injected
into the tail vein of mice, and then the mice were dissected 24
hours and 7 days later. The main organs of mice, heart, liver,
spleen, lung and kidney, were taken and stained with H&E.
Finally, these sections were observed and analyzed with an
inverted digital microscope (Leica).

In vivo metabolism analysis

The metabolism of ICG@PDA@PEG NPs in nude mice was
realized by using an in vivo fluorescence imaging system
(745 nm laser excitation and 840 nm emission). Four groups of
nude mice were prepared (n = 3 for each group). Group A was
the control group, and nude mice were injected with 200 pL of
1x PBS through the tail vein. In group B, nude mice were
injected with ICG (1.5 mg kg™ ") through the tail vein. In group
C, nude mice were injected with ICG@PDA NPs (1.5 mg kg™ )
through the tail vein. In group D, nude mice were injected with
ICG@PDA@PEG NPs (1.5 mg kg ') through the tail vein. After
injection into the tail vein, the nude mice were selected for in
vivo fluorescence analysis at 2 hours, 8 hours, 24 hours, 48
hours, and 72 hours. After 72 hours, the mice were dissected,
and the heart, liver, spleen, lung, kidney, and small intestine of
the mice were analyzed through fluorescence.

Statistical analysis

Data are expressed as mean + standard deviation (SD). The
statistical significance was evaluated by a Man-Whitney-U-test
performed using Origin 9.1 software (OriginLab, Northampton,
USA). P values < 0.05 were considered statistically significant.
(NS, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, and
HEED < 0,0001).

Results and discussion
Preparation and characterization of ICG@PDA@PEG NPs

The preparation of ICG@PDA@PEG NPs was mainly based on
the polymerization of dopamine hydrochloride into PDA under
alkaline conditions.* In Tris buffer (pH = 8.5), when dopamine
polymerizes into PDA, ICG could be encapsulated into the
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Scheme 1 Schematic illustration of the synthesis process ICG@P-
DA@PEG NPs and the PTT effect.
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polymer matrix ICG@PDA NPs. Then, to improve the biological
stability and biosafety of ICG@PDA NPs, ICG@PDA NPs were
PEGylated with mPEG,,00-NH,, which was also in Tris buffer
(pH = 8.5). Finally, ICG@PDA@PEG NPs were purified by
centrifugation (Scheme 1). As shown in Fig. 1A, ICG solution
(125 ug mL™", dissolved in DI water) is bright green, while
ICG@PDA NPs and ICG@PDA@PEG NPs solutions (125 pg
mL ™", dissolved in DI water) were dark green, which is because
the PDA has a black color.*® They are both clear and transparent.

As shown in the TEM image (Fig. 1B) and SEM image
(Fig. 1C), the synthesized ICG@PDA@PEG NPs were spherical
in shape with an average particle size of 140 nm. Meanwhile,
DLS analysis could determine that the average particle size is
140 nm (Fig. 1D). The absorption spectra of ICG NPs, ICG@PDA
NPs and ICG@PDA@PEG NPs in aqueous dispersion were
characterized. As shown in Fig. 1E, ICG (black line), ICG@PDA
NPs (blue line) and ICG@PDA@PEG NPs (red line) had strong
absorption peaks at 780 nm. The free ICG NPs in the aqueous
dispersion showed two characteristic absorption peaks at
720 nm and 780 nm, which were also visible on the absorption
curves of ICG@PDA NPs and ICG@PDA@PEG NPs in the
aqueous dispersion. It was proved that ICG, PDA and mPEG -
NH, were successfully combined. Then, the fluorescence
spectra of ICG, ICG@PDA NPs and ICG@PDA@PEG NPs in
aqueous dispersion were studied. As shown in Fig. 1F, ICG
(black line), ICG@PDA NPs (blue line) and ICG@PDA@PEG NPs
(red line) had peaks in the near-infrared band at 530-540 nm
and produced near-infrared fluorescence signals. The fluores-
cence signals of ICG@PDA NPs and ICG@PDA@PEG NPs were
weaker than those of ICG, and the results were attributed to PDA
as a colored PTA. Through the intermolecular interaction
between ICG and PDA, the fluorescence signal of ICG was
affected by the outer PDA, resulting in the weakening of the
fluorescence signal of ICG@PDA NPs and ICG@PDA@PEG NPs.

Therefore, it was confirmed that ICG@PDA NPs and
A B c
ICG ICG@PDA ICt ICG@PDAG! -
D E F

= =16

|—1cearon
—ICo@PDAGPEG]

Counts (%)

\

L\

W s 000 %0 550 o0
Wavelength (nm)

w100 w s e0 70
Wavelength (nm)

Diameter (nm)

Fig. 1 (A) ICG, ICG@PDA NPs and ICG@PDA@PEG NPs in aqueous
dispersion (concentration: 125 pg mL™). (B) TEM image of ICG@P-
DA@PEG NPs (scale: 200 nm). (C) SEM image of ICG@PDA@PEG NPs
(scale: 100 nm). (D) DLS characterization of ICG@QPDA@PEG NPs in
aqueous dispersion. (E) The absorption spectra of ICG (black line),
ICG@PDA NPs (blue line) and ICG@PDA@PEG NPs (red line) in
aqueous dispersion. (F) The fluorescence spectra of ICG (black line),
ICG@PDA NPs (blue line) and ICG@PDA@PEG NPs (red line) in
aqueous dispersion.
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ICG@PDA@PEG NPs had a morphological structure with PDA
as the outer material and ICG coated on it. Finally, the LE of ICG
in ICG@PDA@PEG NPs was calculated to be 16.97%. The LE of
ICG@PDA@PEG NPs was comparable with that of other
different types of polymer encapsulated ICG nanoparticles,
such as H-PMOF (17.4%)* and Lipo/pB-DOX/ICG (6.0 =+ 0.3%).*

Evaluation of photothermal performance

ICG@PDA@PEG NPs were prepared based on PDA and ICG. The
combination of the two PTAs made the synthesized ICG@P-
DA@PEG NPs had enhanced photothermal properties. The
photothermal properties of ICG, PDA NPs, ICG@PDA NPs and
ICG@PDA@PEG NPs at the same concentration (125 ug mL ™)
were compared under the same 808 nm laser irradiation (0.8 W
em™?) for 15 minutes. As shown in Fig. 2A, the results showed
that after laser irradiation, the temperature of ICG@PDA@PEG
NP solution increased by 28.8 °C, while that of ICG solution
increased by only 21 °C. It was proved that ICG@PDA@PEG NPs
had better photothermal properties than ICG. Its excellent
photothermal properties lay the foundation for the subsequent
evaluation of in vivo photothermal properties.

Then, as shown in Fig. 2B, the temperature changes of
ICG@PDA@PEG NPs in aqueous dispersion at different
concentrations (12.5, 25, 50, 100 and 125) (ug mL™") were
monitored under 808 laser irradiation for 15 minutes. The
results showed that with the increase of concentration
(ICG@PDA®@PEG NPs), the speed and degree of temperature
increased continuously. It was confirmed that the photothermal
properties of ICG@PDA@PEG NPs were concentration depen-
dent. As shown in Fig. 2C, the temperature changes of
ICG@PDA@PEG NPs in aqueous dispersion were monitored
and recorded by using an infrared thermal imaging camera.
Next, the effects of different laser power densities (0.4, 0.6, 0.8

o
-In@)

Fig.2 (A) Temperature changes of different samples (water, PDA, ICG,
ICG@PDA NPs, and ICG@PDA@PEG NPs) under 808 nm laser irradi-
ation (125 pg mL7Y. (B) The temperature changes of different
concentrations (12.5, 25, 50, 100 and 125) (ug mL™?) of ICG@QPDA@PEG
NPs in aqueous dispersion under 808 nm laser irradiation. (C) The
thermal images of ICG@PDA@PEG NPs with different concentrations.
(D) Temperature changes of ICG@PDA@PEG NPs with the same
concentration (125 pg mL™Y) under 808 nm laser irradiation with
different power densities (0.4, 0.6, 0.8 and 1) (W cm™2). (E) Tempera-
ture change of ICG@QPDA@PEG NPs during 5 cold and hot cycles. (F)
Linear fitting of time data versus —In 6 obtained from the cooling
period. (NIR laser was 808 nm, 0.8 W cm™2).
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and 1.0) (W cm™?) on the photothermal properties of ICG@P-
DA@PEG NPs were observed. With the increase of laser power
density, the photothermal performance of ICG@PDA@PEG NPs
is continuously enhanced (Fig. 2D). To evaluate the photo-
stability of the ICG@PDA@PEG NPs, 125 ug mL " of ICG@P-
DA@PEG NPs in aqueous dispersion were exposed to 808 nm
laser irradiation (0.8 W cm™?) for 15 minutes, and then cooled
to room temperature for 5 cycles. During the whole process,
there was no significant difference in the temperature change of
each cycle, which showed that ICG@PDA®@PEG NPs had good
photothermal stability as a PTA (Fig. 2E). Finally, as shown in
Fig. 2F, the photothermal conversion efficiency of ICG@P-
DA@PEG NPs was calculated from the change of the tempera-
ture of the first cycle in the cold thermal cycle. The time
constant of system heat transfer is determined to be 13 =
437.35 s. According to eqn (2), the n of ICG@PDA @PEG was
calculated to be 43.37%, which was comparable to the n of
nanoparticles encapsulated with other different types of poly-
mers, such as MINPs (35%)** and mPEG-ACA-ICG (20.81%),**
higher than that of ICG NPs (15.28%) (Fig. S1At) and PDA NPs
(38.99%) (Fig. S1BY).

Cellular uptake

In order to detect the cellular uptake ability, HeLa cells were
selected as the experimental object. HeLa cells were incubated
with ICG@PDA@PEG NPs (125 ug mL ") for 2 hours. As shown
in Fig. 3A, blue light from DAPI and red light from ICG could be
detected. The blue fluorescence of DAPI is excited by a laser at
405 nm, and the red fluorescence of ICG is excited by a laser at
640 nm. It was proved that ICG@PDA®@PEG NPs had good
biocompatibility and could be taken up by HeLa cells. It could
lay the foundation for the subsequent cellular photothermal
therapy.

Cytotoxicity analysis

The biosafety of ICG@PDA®@PEG NPs was analyzed by the CCK-
8 experiment. The results showed that when ICG@PDA@PEG
NPs were incubated with HeLa cells for 24 hours, more than
80% of HeLa cells survived even if the concentration of

w
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Fig. 3 (A) Confocal laser scanning microscopy (CLSM) fluorescence
images of Hela cells incubated with or without ICG@PDA@PEG NPs.
Scale bar: 50 mm. Aemm = 800-1000 NmM, Ay = 405 nm (DAPI), and Aoy =
640 nm (ICG). Scale bar: 50 mm. (B) Cell viability of Hela cells incu-
bated with different concentrations of ICG, ICG@PDA NPs and
|ICG@PDA@PEG NPs for 24 hours (the data are shown as mean £ SD. n
= 3 per group, NS, no significance, *p < 0.05, and **p < 0.01).
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ICG@PDA@PEG NPs reached 100 ug mL ™" (Fig. 3B). Next, the
cytotoxicity of ICG@PDA@PEG NPs on normal cervical epithe-
lial cells was evaluated (Fig. S2At). The results were similar to
the cytotoxicity of ICG@PDA®@PEG NPs on HeLa cells. When the
concentration was 100 pg mL ™, the H8 cells still maintained
80% cell activity. Finally, the phototoxicity of ICG@PDA@PEG
NPs on HeLa cells was evaluated (Fig. S2B7). The results showed
that when the concentration of ICG@PDA@PEG NPs reached
100 ug mL ™, the cellular activity of HeLa cells decreased to less
than 20% under 808 nm laser irradiation (0.8 W cm™>). The
results confirmed that ICG@PDA@PEG NPs had good photo-
thermal therapeutic properties and could maintain low toxicity
to cells. After laser irradiation, they could produce enhanced
heat energy and induce a large amount of apoptosis of tumor
cells.

Cellular photothermal evaluation

The photothermal therapeutic effect of ICG@PDA@PEG NPs
was evaluated by using HeLa cells. Under the observation of
CLSM, it could be seen that in group A (control group), where
living cells were stained with calcein AM, there were no dead
cells (stained with PI). In addition, there were almost no stained
dead cells in group B (only ICG@PDA@PEG NPs) and group C
(only 808 nm laser irradiation). In group D (ICG@PDA@PEG
NPs with 808 nm laser irradiation), almost all HeLa cells were
dead and stained with PI.

Meanwhile, flow cytometry was performed to verify the
photothermal therapeutic ability of ICG@PDA@PEG NPs. As
shown in Fig. 4B, only a small amount of apoptosis occurred in
Q, and Q; quadrants in group B (ICG@PDA®@PEG NPs only) and
group C (808 nm laser irradiation only). In group D, there was
a large amount of apoptosis in Q, and Q; quadrants, and the
total was 85.2%. About 58.4% of the cells showed early
apoptosis in the Q; quadrant. In conclusion, these results
confirmed that ICG@PDA®@PEG NPs, as a PTA, not only had

A Morphology ~ Calcein AM Pl

...- : :
LA
.... | m

ICG@PDA@PEG  Control

Las

+Laser

ICG@PDA@PEG

annexin V-FITC

Fig.4 (A) Confocal laser scanning microscopy (CLSM) images of Hela
cells, control group (no intervention), laser irradiation only group
(808 nm laser irradiation at a power density of 0.8 W cm™2 for 15
minutes) and ICG@PDA@PEG NPs (125 pg mL™Y) and ICG@PDA@PEG
NPs (125 ug mL™) plus laser irradiation (808 nm laser irradiation at
a power density of 0.8 W cm ™2 for 15 minutes) after calcein AM and Pl
staining. Scale bar: 50 mm. Aex = 490 nm (calcein AM) and Aex =
545 nm (PI). (B) Annexin V-FITC and PI staining flow cytometry anal-
ysis: (1) control group, (2) laser irradiation only, (3) ICG@PDA@PEG
NPs, and (4) ICG@QPDA@PEG NPs and laser irradiation.
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biological safety, but also had strong photothermal therapeutic
ability under 808 nm laser irradiation. These results could lay
the foundation for the subsequent animal photothermal
experiments.

In vivo photothermal therapy evaluation

Firstly, in order to evaluate the in vivo photothermal ability of
ICG@PDA@PEG NPs, cervical tumor-bearing mice were
selected as our experimental subjects. When the NPs were
delivered to the tumor through intravenous or oral adminis-
tration, only about 0.7% could reach the tumor site.** In order to
ensure that the ICG@PDA@PEG NPs can totally enter the tumor
tissue, the cervical tumor-bearing mice were injected via intra-
tumoral injection. Then, ICG@PDA@PEG NPs (1.5 mg kg™ ')
were injected into the tumor site and irradiated with an 808 nm
laser (0.8 W cm ™ 2) for 10 minutes (Fig. 5A). In the control group,
as shown in Fig. 5B, 50 pL of 1x PBS was injected into the
tumor. After laser irradiation, the temperature of the tumor site
increased only 3.2 °C for 10 minutes. As for the ICG@PDA@PEG
NPs group, the temperature of the tumor site increased by
15.5 °C to 54 °C. It was proved that ICG@PDA@PEG NPs, as
a PTA, could release heat energy at the tumor site under laser
irradiation to reach the temperature of killing tumor cells. It
could be used as a promising PTA for anti-cervical cancer
photothermal therapy. The changes of tumor temperature in
mice were observed with an infrared thermal imaging camera
(Fig. 5C).

Then, the in vivo photothermal therapeutic effect of
ICG@PDA@PEG NPs was evaluated by using tumor-bearing
nude mice. As shown in Fig. 6A and B, the tumor volume and
weight of the four groups of tumor-bearing mice showed
different results after different interventions. As shown in
Fig. 6C, during the 11 days of observation, the tumor volume of
mice in the control group showed a significant increasing trend,
and the tumor volume of mice in the ICG@PDA@PEG NPs only

'BS
|+ ICG@PDA@PEG| , oo ooo-o-o

ICG@PDA@PEG

PBS

-

Images of tumor-bearing mice injected with ICG@PDA@-
PEG NPs under 808 nm laser irradiation (0.8 W cm~2) for 10 minutes.
(B) The temperature changes of tumor sites in the control group
(injected with PBS) and ICG@QPDA@PEG NPs group during laser irra-
diation. (C) Thermal images of the temperature change of the tumor
site treated with ICG@PDA@PEG NPs.

Fig. 5 (A)
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Fig. 6 (A) Pictures of tumor from the mice in each group treated with
different interventions after 11 days. (B) Tumor weight of each group at
the end of the observation period. Data were displayed as the mean +
SD (n = 4 per group, NS, no significance, and ***p < 0.001). (C) The
relative cancer volume changes in 11 days. Data were displayed as
mean + SD (n = 4 per group, NS, no significance, **p < 0.01, and ***p
< 0.001). (D) Changes in the body weight of mice in each group within
11 days.

group and laser group also showed an increasing trend. The
tumor volume of mice in the ICG@PDA@PEG NPs + laser group
showed a decreasing trend. During the 11 day observation
period, there was no significant downward trend in the weight
of mice in each group (Fig. 6D).

At the end of the observation period, the main organs of the
mice were removed and sectioned and then stained with H&E
(Fig. S31). No obvious tissue damage and necrosis were
observed in the section. It was proved that ICG@PDA®@PEG NPs
had good photothermal therapeutic ability and biological
safety. After 808 laser irradiation, it could induce tumor cell
apoptosis and inhibit the growth of tumor tissue. After PTT
treatment, there was no obvious tissue and organ damage,
which had biological safety.

Biosafety assessment

In vivo toxicity was evaluated using BALB/c mice. ICG@PDA®@-
PEG NPs (1.5 mg kg™ ') were injected through the tail vein of
mice. The main organs of mice were taken out at 24 hours and 7
days to analyze whether the ICG@PDA@PEG NPs caused
damage to the body of mice. As shown in Fig. 7, no obvious drug
toxicity injury or inflammatory lesions were found in the heart,
liver, spleen, lung and kidney of mice in 24 hours or 7 days. It
was proved that ICG@PDA®@PEG NPs would not cause damage
to mice after entering the mice, and ICG@PDA®@PEG NPs could
be used as a biosafety PTA for photothermal treatment of
cervical cancer.

In vivo biodistribution analysis

The stability of ICG@PDA®@PEG NPs was greatly enhanced after
modification with mPEG,yy-NH,. In vivo NIR fluorescence
imaging at different times within 72 hours was performed by
using a small animal in vivo imager Interactive Video

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Histological analysis of the major organs (heart, liver, spleen,
lung, and kidney) of mice 24 hours and 7 days after the injection of
ICG@PDA@PEG NPs (1.5 mg kgfl). Scale bar: 12.5 um.
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Fig. 8 (A) NIR fluorescence images of nude mice injected with PBS,
ICG (1.5 mg kg™, ICG@PDA NPs (1.5 mg kg™ and ICG@PDA@PEG
NPs (1.5 mg kg% through the tail vein at 2 hours, 8 hours, 24 hours, 48
hours and 72 hours. (B) Bright field images and NIR fluorescence
images of the dissected organs of mice at 72 hours. (C) Fluorescence
intensity analysis of ICG, ICG@PDA NPs and ICG@PDA@PEG NPs in the
dissected organs of mice at 72 hours. Data were displayed as mean +
SD (n = 3 per group, NS, no significance, *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001).

ey Small nestine

Information System (IVIS). The nude mice were divided into 4
groups: control group (injected with PBS), ICG group (1.5 mg
kg™ '), ICG@PDA NPs group (1.5 mg kg™ ') and ICG@PDA@PEG
NPs (1.5 mg kg™ ') group (Fig. 8A). The fluorescence intensity
from the mice treated with ICG@PDA@PEG NPs could remain
at least for 72 hours. After 72 hours, the heart, liver, spleen,
lung, kidney, and intestine of mice were taken out for analysis
(Fig. 8B). Strong fluorescence intensity could be observed from
the liver and small intestine of the mice treated with NPs. The
fluorescence intensity from the group of the mice treated with
ICG@PDA@PEG NPs was higher than that of other groups
(Fig. 8C). The results showed that after 72 hours of in vivo
circulation, ICG@PDA®@PEG NPs could still produce fluores-
cence signals stronger than ICG, indicating that ICG@PDA®@-
PEG NPs had better biological stability than ICG.

Conclusions

In this work, clinical ICG was utilized as a PTA and further
encapsulated with PDA. Then the ICG@PDA NPs were further
modified with mPEG,00-NH, to form highly stable and
biocompatible ICG@PDA@PEG NPs. ICG@PDA@PEG NPs

© 2022 The Author(s). Published by the Royal Society of Chemistry
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showed excellent photothermal performance with a photo-
thermal conversion efficiency of 43.7% under 808 nm laser
irradiation. Through CLSM, it could be seen that ICG@PDA®@-
PEG NPs could be taken up by HeLa cells and produced fluo-
rescence in cells. Cytotoxicity analysis verified that
ICG@PDA@PEG NPs had low cytotoxicity. Under 808 nm laser
irradiation, the PTT properties of ICG@PDA@PEG NPs were
confirmed on HeLa cells with an efficiency of 86.1%. Mean-
while, in vivo biocompatibility and toxicity confirmed that
ICG@PDA@PEG NPs had biological safety and biological
stability. No apparent in vivo toxicity was observed in 24 hours
and 7 days. Furthermore, in vivo PTT analysis was conducted for
cervical tumor-bearing nude mice under near-infrared 808 nm
laser excitation. After the combined intervention of ICG@P-
DA@PEG NPs and 808 nm laser irradiation, the tumors of mice
were significantly reduced. It is proved that ICG@PDA@PEG
has great potential for safe and efficient photothermal therapy
in anti-tumor therapy, which can provide a good foundation in
future photothermal research and has a strong future devel-
opment prospect.
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