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Purpose: The near-infrared fluorescent dye indocyanine green (ICG) has shown great potential
in the photodynamic therapy (PDT) and photothermal therapy (PTT) of cancer. However, its
disadvantages of instability in aqueous solution, short half-life, and non-targeting accumulation
limit the effectiveness of ICG PDT/PTT. To overcome the disadvantages of ICG in tumor
treatment, we designed PEGylated-human serum albumin (PHSA)-ICG-TAT. In this nanoparti-
cle, PEG4000, the HSA package, and nuclear targeting peptide TAT (human immunodeficiency
virus 1 [HIV-1]-transactivator protein) were used to improve the water solubility of ICG, prolong
the life span of ICG in vivo, and target the nuclei of tumor cells, respectively.

Methods: The PHSA-ICG-TAT was characterized in terms of morphology and size, ultra-
violet spectrum, dispersion stability, singlet oxygen and cellular uptake, and colocalization
using transmission electron microscopy and dynamic light scattering, and fluorescence assay,
respectively. Subsequently, the anti-tumor effect of PHSA-ICG-TAT was investigated via
in vitro and in vivo experiments, including cell viability, apoptosis, comet assays, histo-
pathology, and inhibition curves.

Results: The designed ICG-loaded nanoparticle had a higher cell uptake rate and stronger
PDT/PTT effect than free ICG. The metabolism of PHSA-ICG-TAT in normal mice revealed
that there was no perceptible toxicity. In vivo imaging of mice showed that PHSA-ICG-TAT
had a good targeting effect on tumors. PHSA-ICG-TAT was used for the phototherapy of
tumors, and significantly suppressed the tumor growth. The tumor tissue sections showed
that the cell gap and morphology of the tumor tissue had been obviously altered after
treatment with PHSA-ICG-TAT.

Conclusion: These results indicate that the PHSA-ICG-TAT had a significant therapeutic
effect against tumors.

Keywords: indocyanine green, human serum albumin, phototherapy, nuclear targeting

Introduction

Photodynamic therapy (PDT) and photothermal therapy (PTT) are established anti-
cancer therapies. PDT kills cancer cells locally by using light to irradiate
a photosensitizer, which leads to the generation of reactive oxygen species (ROS).!
PTT destroys biologically active molecules and induces the generation of ROS to kill
cancer cells. This is achieved using light to irradiate photosensitizers, leading to the
generation of thermal energy and increasing the temperature of cells.” Most near-
infrared (NIR) agents also have great potential for converting light energy into local
hyperthermia (PTT) and/or generating ROS (PDT).* > Indocyanine green (ICG) is the
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only NIR reagent approved by the US Food and Drug
Administration. It has been widely used in the clinical
determination of cardiac output, liver function, blood flow,
and ophthalmic angiography.® In addition, ICG has strong
NIR absorption, which can simultaneously achieve the PTT/
PDT effect under the action of a single-wavelength NIR
laser.”® However, ICG also has several intrinsic drawbacks,
such as instability in aqueous solution, rapid body clear-
ance, proneness to self-bleaching, and lack of targeting.” "'
These disadvantages significantly influence its imaging
effect and efficacy of PTT/PDT.

In recent years, the rapid development of nanotechnol-
ogy has provided technical support for overcoming these
limitations. Moreover, it provides a platform for the wide
application of ICG molecules.'*'® Studies on protein car-
riers have shown that the protein is a nanocarrier with
great potential, which can be used for the sustained and
controlled release of drugs, targeted delivery, bio-imaging,
and tumor treatment. Through various methods, research-
ers combined different structural proteins (bovine serum
albumin, human serum albumin [HSA], transferrin, etc)
with biological antibodies, fluorescent molecules, metal
ions, etc, and applied them to the diagnosis and treatment
of tumors.'*'? This provides new ideas for the early
diagnosis and effective treatment of tumors.

HSA, a single-chain glycosylated protein with many
reticular gaps, is an ideal drug carrier. It can transport bile
acid, steroid hormones, metal particles and many drug
molecules, while maintaining the normal osmotic pressure
of the blood.?® However, HSA has a fast degradation rate
in the body, and is easily removed from the blood circula-
tion. As a drug carrier alone, the sustained release time is
short. At present, the methods commonly used to extend
the half-life of drugs include poly ethylene glycol (PEG)
modification and mutant construction.”' The shielding
effect of PEG molecules may hinder the binding of vas-
cular endothelial cell surface membrane scavenger recep-
tors and HSA, thereby reducing HSA degradation and
vascular permeability, and prolonging its vascular reten-
tion time.*?

The nucleus is the control center of cell life activities.
Using the nucleus as a target for the treatment of cancer
will more effectively kill the tumor cells. Currently devel-
oped nano-carrier materials (eg, metals, mesoporous silica
nanoparticles, lipids, and polymers) can target and deliver
drug to the tumor microenvironment. However, the effi-
ciency is low, and almost all nano-drugs cannot penetrate
the nuclear membrane of cells.”**” As a non-specific cell-

penetrating peptide, TAT protein can carry various anti-
cancer drugs, proteins, liposomes, and other substances of
different sizes into the nucleus.”®*’ Herein, we designed
a nano-molecule PEGylated-HSA (PHSA)-ICG-TAT with
HSA and PEG4000 as the backbone to load ICG and target
the nucleus of tumor cells (Scheme 1). The anti-tumor
mechanism of PHSA-ICG-TAT is based on the production
of excessive 'O, and heat in the nucleus, triggering
a domino effect after irradiation with NIR laser light.
Excessive accumulation of 'O, and high temperature in
the nucleus will cause DNA damage, destruction of the
nucleus structure and function, and eventually lead to
irreversible apoptosis of tumor cells. The nucleus-
targeted PDT/PTT tumor therapy can effectively kill can-
cer cells and provide a more rapid and effective new
approach to the treatment of cancer.

Materials and Methods

Materials
HSA,
Amine, MW 4K), ICG fluorescent dye, and nuclear targeting

amino-polyethylene glycol-amino (Amine-PEG-

peptide TAT (human immunodeficiency virus 1 [HIV-1]-
transactivator protein, TAT) were purchased from Sigma-—
Aldrich (St. Louis, MI, USA). N-hydroxysuccinimide
(NHS) and N-(3-dimethyl aminopropyl)-N’-ethyl carbodii-
mide (EDC) were purchased from Aladdin reagent. Fetal
bovine serum (FBS) was purchased from Hyclone. RPMI
1640 medium, phosphate-buffered saline (PBS), and 0.25%
trypsin were purchased from Gibco (Grand Island, NY,
USA). The Cell Counting Kit-8 (CCK-8) kit was purchased
from the Tongren Institute of Chemistry (Japan); single-cell
gel electrophoresis kit was purchased from Beijing Ximeijie
Technology (Beijing, China); Annexin fluorescein isothio-
cyanate/propidium iodide (FITC/PI) apoptosis detection kit
was purchased from BD Pharmingen (East Rutherford, NJ,
USA,); Tris-HCl pH 8.8 buffer was purchased from
Biyuntian Biotechnology Co., Ltd. (China).

Synthesis and Characterization of

Materials

Synthesis of PHSA

HSA (50 mg) was accurately weighed, dissolved in 9 mL
of pure water, and stirred magnetically in a 20 mL reaction
flask. Approximately 20-40 mg of EDC and NHS were
added into the reaction flask, and the duration of the
activation reaction was 15 min. Next, NH,-PEG4000-
NH; (150 mg) and PBS (1 mL) were added to the reaction
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Scheme | Schematic diagram of the anti-cancer therapy mechanism of PHSA-ICG-TAT under irradiation with light at a wavelength of 808 nm.

Abbreviations: ICG, indocyanine green; PHSA, PEGylated human serum albumin.

flask for 24 h. Following reaction, the material was placed
in ultrapure water for dialysis and purification to obtain
PHSA and stored in a refrigerator at 4°C.

Synthesis of PHSA-ICG

After adding 2 mL of PHSA liquid and 10 puL of DDT to
the reaction flask, the reaction was stirred for 15 min at
25°C. Subsequently, 30 uL of ICG fluorescent dye was
added, and the reaction was stirred for 12 h in the dark at
25°C. After the reaction, the pH of the purified water was
adjusted to 7.0-7.5 to be used as dialysis solution with
PBS, and the solution in the reaction bottle was dialyzed
against the light for 24 h in the adjusted pH aqueous
solution. The dialysis-purified PHSA-ICG was placed in
a refrigerator at 4°C for subsequent use.

Synthesis of PHSA-ICG-TAT

After adding 1 mL of 2.5 mg/mL TAT into the reaction
bottle, 5 mg of EDC and NHS were added, and the solu-
tion was stirred at 25°C for 10 min. At the same time,
1 mL of PHSA-ICG solution and 200 pL of Tris-HCI (pH
8.8) solution were added to a new reaction bottle, and the
mixture was stirred for 15 min in the dark. Subsequently,
1 mL of the activated TAT solution was added to the
PHSA-ICG solution and the reaction was continued for
12 h in the dark. After the reaction, the product was

dialyzed in ultrapure water for 8§ h to obtain purified
PHSA-ICG-TAT and stored in a refrigerator at 4°C.

Characterization of PHSA-ICG and PHSA-ICG-TAT
The morphology of the nanoparticles was characterized
using a transmission electron microscope (TEM; Tecnai
G2 F20 S-TWIN TEM) with negative electron staining of
the phosphotungstic acid protein. Furthermore, the size of
the nanoparticles was tested by dynamic light scattering
using a Brookhaven Zeta PALS analyzer. The ICG con-
centration of the nanomaterials was determined by the
ultraviolet absorption method. Prior to the tests, different
ICG standard concentration working solutions were pre-
pared (0, 2.5, 5, 7.5, and 10 uM) to construct a standard
curve and measure the content of ICG in PHSA-ICG-TAT
and PHSA-ICG. In addition, 5 uM of ICG, PHSA, PHSA-
ICG, and PHSA-ICG-TAT were dissolved in 50% ethanol
for 200-900 nm ultraviolet spectrum analysis.

Detection of the Dispersion Stability of Materials
For the detection of dispersion stability, 10 pM PHSA-ICG
-TAT and PHSA-ICG were added to 1 mL of PBS, RPMI
1640 medium, and FBS. After mixing, the solution was
placed at 25°C in the dark for 24 h, centrifuged at
7,000 rpm for 10 min, and inspected for the presence of
any precipitation.
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Detection of Singlet Oxygen ('O,)

The photodynamic property of PHSA-ICG-TAT was eval-
uated by determining the generation of 'O, according to
the fluorescence signal of Singlet Oxygen Sensor Green
(SOSG). SOSG was added to different solutions of ICG (5
uM), PHSA-ICG-TAT, and PHSA-ICG (PHSA-ICG and
PHSA-ICG-TAT containing ICG equivalent to 5 pM) in
PBS and irradiated with an 808 nm laser (power density:
2.0 W/cm?; irradiation power: 5 W, irradiation area:
2.5 cm?; 5 min). SOSG fluorescence was excited with
a light source at a wavelength of 494 nm to a maximum
of 525 nm following irradiation. The level of SOSG in the
samples was evaluated by comparing the enhanced SOSG
fluorescence measurement to that obtained for the control

sample or background.

Cellular Uptake and Colocalization of
Materials

The 4T1 cells (mouse breast carcinoma cells) were pur-
chased from the cell bank of the Chinese Academy of
Sciences (Beijing, China) and maintained in RPMI 1640
(Gibco) medium containing 10% FBS (Gibco). The cells
were seeded in six-well plates at 2.0x10°/well, and cul-
tured at 37°C and 5% CO, for 24 h until they adhered to
the bottom of the plate. The ICG, PHSA-ICG, and
PHSA-ICG-TAT (10 puM) were added to the cells,
respectively, and the cell suspension was collected after
0, 1, 4, and 8 h. The cell suspension was filtered with
a 70 uM filter, and the cells were resuspended in 200 pL
of PBS in a 1.5 mL Eppendorf tube. Monochromatic
flow fluorescence analysis was carried out at 640 nm
excitation and 780 nm emission to determine the cell
uptake of materials. The above cells cultured for 24
h were stained with Hoechst staining solution for 15
min and observed using a fluorescence microscope
(DP80; Olympus, Tokyo, Japan) for the colocalization
of materials.

Photothermal Heating Curve

The 4T1 cells were seeded in a 24-well plate at 1x10°/well
and cultured for 24 h. Subsequently, ICG, PHSA-ICG, and
PHSA-ICG-TAT (50 pM) were added to cells, respec-
tively, for 24 h. The cells were irradiated with light at
a wavelength of 808 nm for 10 min (power density: 2.0 W/
cmz), and the temperature was recorded at 0, 0.5, 1, 2, 3, 4,
5,6,7,8,9, and 10 min for each group.

In vitro PDT/PTT Anti-Tumor Effect

The 4T1 cells (4x10° cells/well) were seeded in 96-well
plates and incubated overnight. The materials (2, 5 and 10
uM) were added to each group, and the cells were cultured
for 24 h. The cell viability was measured at 24 h after
irradiation with light at a wavelength of 808 nm (power
density: 2.0 W/cm?, 5 min) using a CCK-8 kit. To compare
the PDT and PTT effects of ICG alone and the prepared
PHSA-ICG-TAT, the materials were stimulated under dif-
ferent conditions to assess their lethality to tumor cells.
ICG and PHSA-ICG-TAT (10 uM) were added to the cells
for 24 h. The cells were irradiated with light at
a wavelength of 808 nm for 5 min (power density: 2.0
W/em?) under different conditions (25°C, 4°C, addition of
4 uM NaNj3 0.5 h before light irradiation). After 24 h of
incubation, the cell viability was measured with a CCK-
8 kit.

Cellular Mechanism of PDT/PTT Therapy

Cells and Treatments

The 4T1 cells (5x10° cells/well) were seeded in six-well
plates and incubated overnight at 37°C in a humidified 5%
CO, atmosphere. ICG, PHSA-ICG, and PHSA-ICG-TAT
(10 uM), as well as PBS (Control), were added to the cells,
and the solutions were incubated for 24 h. The cells were
irradiated with light at a wavelength of 808 nm (power
density: 2.0 W/cm?) for 5 min and cultured further for
24 h.

Apoptosis

The cells in each group were washed with PBS, and the
apoptosis was measured using an Annexin FITC/PI apop-
tosis detection kit and flow cytometer BD FACSCalibur
(BD Pharmingen).

Comet Assay
The
described.*® Briefly, molten 0.6% N-methyl-1,3-propane-

comet assay was performed as previously
diamine was used to soak the frosted glass slide, which
was left to dry naturally. Then, 70 puL of 0.7% LMPA at
(37°C) was added to 10 pL of 4T1 cell suspension from
each group to reach a cell number of 6,000. The solution
was mixed and rapidly dripped on the frosted glass slide
preheated at 37°C, immediately covered with a coverslip,
and fixed at 4°C for 10 min. Subsequently, the coverslip
was removed, and the cells were lysed in pre-cooled cell
lysate at 4°C for 1 h in the dark. Electrophoresis was

performed after unwinding for 30 min in alkaline
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electrophoresis buffer (electrophoresis parameters: 25 V,
300 mA, 25 min). After electrophoresis, the slides were
rinsed and 20 ug/mL of EB 10 puL was added dropwise.
The slides were covered with a coverslip and observed
under a fluorescence microscope (DP80; Olympus). The
extent of DNA damage was analyzed using the CASP
software and evaluated as the percentage of DNA in the
tail of the comet (Tail DNA%).

In vivo Toxicity of PHSA-ICG-TAT

Male BALB/c mice (eight weeks old, 20-22 g) were
of Army Medical
University (Chongging, China). The feeding conditions

obtained from Animal Center
were as follows: ambient temperature 24 + 1 °C, relative
humidity 50 + 5%, and light/dark cycle of 12/12 h. All the
protocols were approved by the Animal Ethics Committee
of the Army Medical University. The study design and all
animal experimental procedures were performed in accor-
dance with the Guide and Use of Laboratory Animals
(Institute of Laboratory Animal Resources), and the
Institutional Animal Care and Use Committee (IACUC)
for Medical Research at Army Medical University. Mice
were treated with disposable PHSA-ICG-TAT (10 mg/kg)
or physiological saline solution through intraperitoneal
injection. The tail vein blood was collected at 24 h after
the injection of PHSA-ICG-TAT for the examination of
blood biochemical parameters using a blood cell analyzer
(Sysmex, Japan). The tissues were harvested at 24 h after
the injection of PHSA-ICG-TAT to observe the hematox-
ylin and eosin (H&E) staining of pathological sections.

Anti-Tumor Effect of PHSA-ICG-TAT

in vivo

Tumor Model

Female BALB/c mice (age: 8 weeks, weight: 20—22 g)
were purchased from the Army Medical University
Animal Center (Chongqing, China) under protocols
approved by the Animal Ethics Committee of the Army
Medical University. The study design and all animal
experimental procedures were performed in accordance
with the Guide and Use of Laboratory Animals (Institute
of Laboratory Animal Resources), and the IACUC for
Medical Research at Army Medical University. Tumor-
bearing mice were prepared by subcutaneously injecting
a suspension of 12x10* 4T1 cells in PBS (100 pL) into the

right lateral hind limbs of female mice.

In vivo Tumor Imaging
When the tumor size reached 2.5x2.5 mm, 30 puL of
PHSA-ICG-TAT (equivalent to 15 puM of ICG) was
into the tail

h. Subsequently, in vivo fluorescence imaging was per-

injected vein of the mice for 24
formed. The heart, liver, spleen, lung, and kidney tissues
and tumor tissues of mice were dissected for ex vivo
fluorescence imaging. The fluorescence was recorded
using the Maestro all-optical imaging system (Caliper
Life Sciences, Hopkinton, MA, USA).

Anti-Tumor Effect

When tumor sizes reached 2x2 mm, 60 pL of PHSA-ICG
and PHSA-ICG-TAT (corresponding to 30 uM ICG) or 30
puM ICG was intratumorally injected into the tail veins of
mice. After 24 h, the tumor of each mouse was exposed to
a light source at a wavelength of 808 nm for 5 min (power
density: 1 W/cm?; irradiation power: 2.5 W; irradiation
area: 2.5 cm?). Images were captured to record changes
in tumor size. Tumor sizes were measured using a caliper
every day after the treatment. Tumor volumes (V) were
calculated using the following equation: ¥ = X x Y?/2,
where X and Y are the longer and shorter diameters (mm)
of the tumor, respectively. Seven days after laser irradia-
tion, tumor tissues of mice were collected for the patholo-
gical observation of H&E staining.

Statistical Analysis

All the data presented in the study were derived from at least
three independent experiments. We used the SPSS for
Windows Version 18.0 (SPSS Inc., Chicago, IL, USA) soft-
ware to analyze the data. Statistical analysis was performed
using one-way analysis of variance, and variance between
groups was determined using the least significant difference
test. P<0.05 denoted statistically significant differences.

Results

Synthesis and Characterization

PHSA-ICG-TAT was synthesized through a three-step
reaction. The morphology of nanoparticles was character-
ized by TEM to determine the particle size of the nano-
materials. As shown in Figure 1A, PHSA-ICG-TAT was
slightly larger than PHSA-ICG, and both had a spherical
shape. The results of the dynamic light scattering test also
showed that the particle size of PHSA-ICG-TAT and
PHSA-ICG was 22 and 18 nm, respectively (Figure 1B).
Ultraviolet—vis absorbance spectra (Figure 1C) indicated
that PHSA exhibited a high degree of Soret absorption at
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Figure | Characterization of nanomaterials. (A) TEM image of PHSA-ICG and PHSA-ICG-TAT negatively stained with phosphotungstic acid. (B) The average particle size of
PHSA-ICG and PHSA-ICG-TAT. (C) UV-vis spectra of PHSA, PHSA-ICG, and PHSA-ICG-TAT (equivalent to 5 uM ICG), and ICG in PBS; the inset shows images of the
nanomaterials. (D) The dispersion stability of PHSA-ICG and PHSA-ICG-TAT (equivalent to 10 uM ICG) in PBS, RPMI 1640 medium, and FBS. (E) The uptake capacity of 4T |

cells for ICG, PHSA-ICG, and PHSA-ICG-TAT (equivalent to 10 uM ICG).

Abbreviations: FBS, fetal bovine serum; ICG, indocyanine green; PBS, phosphate-buffered saline; PHSA, PEGylated human serum albumin; TEM, transmission electron

microscope; UV, ultraviolet.

280 nm (amino acid-conjugated double bond), whereas the
ICG molecule had no such peak. After successive modifi-
cation, the peak at 280 nm was gradually weakened. At the
same time, the absorption peak gradually shifted to the
right compared with the ICG peak, and PHSA-ICG-TAT
exhibited the maximum absorption at 790 nm. The newly
synthesized PHSA-ICG and PHSA-ICG-TAT materials
were dispersed in PBS, RPMI 1640 medium, and FBS.
After 24 h, they were centrifuged, and precipitation was
not present. This shows that the chemical properties of
PHSA-ICG and PHSA-ICG-TAT after PEG modification
were relatively stable (Figure 1D). ICG, PHSA-ICG, and
PHSA-ICG-TAT were added to 4T1 cells, and the fluores-
cence intensity in the cells was detected at different time
points. The findings showed that ICG alone entered the
cells slowly. After 8 h of drug treatment, the amount of
ICG that entered the cells was significantly lower than that
of PHSA-ICG and PHSA-ICG-TAT (Figure 1E). These
results showed that the modified nanoparticles were more
able to enter the cell and exert PTT and PDT effects.

Detection of the PDT and PTT Effects of

PHSA-ICG-TAT

To verify the targeting of the nucleus by PHSA-ICG-TAT,
4T1 cells were co-cultured with PHSA-ICG and PHSA-ICG-
TAT for 24 h, and the nucleus was stained with Hoechst
staining solution. The microscopic observation revealed
that PHSA-ICG molecules mainly dispersed outside the
nucleus. In contrast, PHSA-ICG-TAT molecules could pene-
trate and disperse in the nucleus (Figure 2A). SOSG was used
to detect the ability of nanomaterials to generate 'O, in PBS
after being excited by light at a wavelength of 808 nm. The
modified peaks of the ICG molecules were successively
enhanced at 530 nm (Figure 2B). The results showed that,
after the final modification, the compound molecule can
enhance the generation of free radicals during the PTT pro-
cess. After absorbing the light energy, ICG and PHSA-ICG-
TAT increased the temperature to its maximum value within
5 min, which was subsequently gradually decreased. The
temperature induced by ICG and PHSA-ICG-TAT at each
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Figure 2 (A) Subcellular localization of PHSA-ICG and PHSA-ICG-TAT (equivalent to 10 uM ICG). The cell nucleus was dyed blue by Hoechst, red by PHSA-ICG-TAT, and
purple by merging blue and red, indicating that PHSA-ICG-TAT rather than PHSA-ICG entered the cell nucleus. (B) Singlet oxygen production and (C) temperature change

induced by ICG and PHSA-ICG-TAT after light irradiation at a wavelength of 808 nm.

Abbreviations: ICG, indocyanine green; PHSA, PEGylated human serum albumin.

time point after illumination was significantly higher than
that measured in the PBS group. The photothermal conver-
sion performance of PHSA-ICG-TAT was better than that of
ICG. This is because ICG was encapsulated by protein to
enhance the stability of light energy received by ICG, while
reducing the quenching effect of ICG molecules (Figure 2C).

In vitro Photothermal Anti-Tumor Effect

and Cellular Mechanism

To investigate the lethality of the nanomaterials against
tumor cells, the 4T1 cells were treated with different con-
centrations of ICG, PHSA-ICG, and PHSA-ICG-TAT.
After the nanomaterials were excited with light at
a wavelength of 808 nm, the CCK-8 assay was used to
detect the cell activity. It was found that, as the concentra-
tion of ICG increased, the lethality of nanomaterials on
4T1 cells also gradually increased. When the concentration
of ICG is 10 pM, PHSA-ICG-TAT is significantly more
lethal to 4Tl cells than PHSA-ICG and ICG alone
(Figure 3A).

To further compare the lethality of ICG and PHSA-
ICG-TAT against 4T1 cells, ICG and PHSA-ICG-TAT
molecules were excited with light at a wavelength of 808
nm under different conditions, and cell viability was
detected with the CCK-8 assay. Both ICG and PHSA-
ICG-TAT were stimulated at room temperature and
demonstrated the greatest lethality against tumor cells.
Under these three excitation conditions, the PDT and
PTT capabilities of PHSA-ICG-TAT were better than
those of ICG alone (Figure 3B).

The mechanism through which PHSA-ICG-TAT nano-
particles killed tumor cells was investigated. It was found
that PHSA-ICG-TAT significantly promoted the apoptosis
of tumor cells compared with ICG and PHSA-ICG (Figure
3C and D). Moreover, the comet experiment showed that
ICG, PHSA-ICG, and PHSA-ICG-TAT could significantly
damage the DNA of tumor cells compared with the control
group. Notably, PHSA-ICG-TAT caused the most signifi-
cant damage to the DNA, as demonstrated by the tailing
DNA which reached >80% (Figure 3E and F).
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Figure 3 In vitro photodynamic and photothermal killing of cancer cells. (A) Detection of the lethality of nanomaterials at different concentrations against 4T | cells.
Different concentrations of ICG, PHSA-ICG, and PHSA-ICG-TAT were applied to 4T cells, and the activity of the cells was tested using the CCK-8 assay after irradiation
with light at a wavelength of 808 nm for 5 min. *P<0.01, *P<0.05, compared with the control group; **P<0.01, comparison between PHSA-ICG and PHSA-ICG-TAT. (B) The
photothermal and photodynamic capabilities of PHSA-ICG-TAT and ICG. The ICG and PHSA-ICG-TAT were irradiated with light at a wavelength of 808 nm for 5 min under
the conditions of normal temperature, 4°C, and NaNs. Subsequently, the activity of 4T| cells was tested with the CCK-8 assay. **P<0.01, compared with the control group;
#p<0.01, *P<0.05, comparison between ICG and PHSA-ICG-TAT. (C) The flow cytogram of the apoptosis of 4T cells after excitation of ICG, PHSA-ICG, and PHSA-ICG-
TAT by light at a wavelength of 808 nm. (D) Statistics of transfer rate. **P<0.01, compared with the control group; "*P<0.01, comparison between PHSA-ICG and PHSA-ICG
-TAT. (E) Comet images of DNA damage to 4T cells after stimulation of ICG, PHSA-ICG, and PHSA-ICG-TAT. (F) Statistics of Tail DNA% in comet experiments. **P<0.01,
compared with the control group; **P<0.01, comparison between PHSA-ICG and PHSA-ICG-TAT.

Abbreviations: CCK-8, Cell Counting Kit-8; ICG, indocyanine green; PHSA, PEGylated human serum albumin.

In vivo Toxicity of PHSA-ICG-TAT

Mice were intraperitoneally injected with PHSA-ICG-TAT
and fed for 24 h to investigate the toxicity of the nuclear
target material PHSA-ICG-TAT in vivo. The whole blood
of the mice was obtained for the examination of blood
biochemical parameters, and different tissues were used to
observe the H&E staining. The results did not show
a difference in blood biochemical parameters
(Figure 4A—C). Observation of the tissue sections of the
control group and the PHSA-ICG-TAT group revealed that
there were no significant differences in the size and mor-
phology of the heart, liver, spleen, lung, and kidney tissue

cells (Figure 4D).

Anti-Tumor Effect of PHSA-ICG-TAT

in vivo

We investigated the feasibility of using PHSA-ICG-TAT
for in vivo fluorescence imaging-guided PDT/PTT. Female
BALB/c mice with subcutaneous 4T1 cell xenografts were
used as the animal model. In vivo imaging of mice showed
that PHSA-ICG-TAT only accumulated at the tumor site
after injection through the tail vein. Fluorescence imaging
of mouse visceral tissues and tumors further showed that
PHSA-ICG-TAT only significantly accumulated in tumor
tissues, but not in other tissues (Figure 5A). The digital
of tumors treated with PDT/PTT
(Figure 5B) showed that the tumor regression effect of
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Figure 4 Toxicity of PHSA-ICG-TAT in mice. (A—C) The effect of PHSA-ICG-TAT on the blood biochemical parameters of mice. (D) The effect of PHSA-ICG-TAT on

different tissues of mice.
Abbreviations: ICG, indocyanine green; PHSA, PEGylated human serum albumin.

the PHSA-ICG-TAT group was better than that of the free
ICG and PBS groups. The change in tumor volume was
measured daily following treatment for 16 days (Figure
5C). Compared with the control group, the ICG and
PHSA-ICG groups showed non-significant tumor suppres-
sion after phototherapy. In the PHSA-ICG-TAT group, the
tumor was gradually ablated after phototherapy. Body
weight was monitored during the treatments, and the
weights of mice in all treatment groups did not differ
significantly from that measured in the control group
(Figure 5D). These results indicated low levels of treat-
ment-induced toxicity. To further evaluate the efficacy of
PDT/PTT after treatment with PHSA-ICG-TAT, we
observed the H&E staining of tumor sections 7 days post
treatment (Figure SE). The PBS group did not show
obvious signs of tumor necrosis in histological sections.
It was observed that the tumor cell gap was enlarged in the
ICG and PHSA-ICG groups. In the PHSA-ICG-TAT
group, the tumor cell gap was also enlarged and atrophied.
These results indicated that PHSA-ICG-TAT induced mini-
mal toxicity and high efficacy in the treatment of tumors.

Discussion

Breast cancer is a malignant tumor that seriously endan-
gers women’s health. Currently, the main clinical treat-
ment methods for this type of cancer include surgery,
radiation therapy, and chemotherapy. Despite the continu-
ous improvement of technology, the presence of residual
cancer cells cannot be avoided, potentially leading to fatal
recurrence. PDT/PTT is an established cancer therapy.
Compared with traditional methods for the treatment of
breast cancer, PDT/PTT has many advantages, such as
precise light control of tumors, non-invasive penetration,
and low toxicity to normal tissues.'*’' However, most of
the currently reported photosensitizers are located in the
cytoplasm, which may reduce the therapeutic effect of
PDT/PTT. Considering that the nucleus is the most impor-
tant organelle in the cell and contains most of the intracel-
lular genetic material, the strategy of targeting the nucleus
with a photosensitizer can greatly improve the therapeutic
effect of tumors and further prevent recurrence. TAT is
a regulator of HIV late transcription and a protein
expressed by the long terminal repeat transactivated gene
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Figure 5 Anti-tumor effect of PHSA-ICG-TAT in vivo. (A) Fluorescence imaging of 4T tumor-bearing mice, tumors, heart, liver, spleen, lung, and kidney at 24 h after
injection of PHSA-ICG-TAT. (B) Images of the 4T| cell tumor xenograft-bearing mice captured before treatment (day 0), and at 7 and |5 days after treatment with PBS, free
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error bars represent the standard deviations of six mice per group (**P<0.01, compared with the control group). (D) Body weights of different groups of tumor-bearing mice
after treatment. (E) H&E-stained tumor sections collected from different groups of mice 7 days post treatment.
Abbreviations: H&E, hematoxylin and eosin; ICG, indocyanine green; PHSA, PEGylated human serum albumin.

of HIV-1. The rich arginine and guanidine groups on TAT
enable it to rapidly pass through the cell membrane. In
addition, TAT is also a nuclear localization signal, which
can effectively promote nuclear drug delivery.**>* It was
previously found that TAT can effectively mediate the
entry of exogenous substances into cells; however, cur-
rently, it is incorporated into cell-penetrating peptides to
transport various substances into cells and nuclei.**>¢ Tt
was found that the PDT of pancreatic cancer with chlorin
e6 (Ce6)-binding metal ions under magnetic resonance
was designed as follows: a kind of acid-sensitive material
was used to temporarily block TAT and form a “masked”
unit. After the unit reaches the tumor cells through blood,
the acid-sensitive materials are removed due to the weak
acid environment around the tumor tissue, exposing TAT.
Because of different pH values, this process does not occur
in normal cells. Next, TAT was exposed to induce the
active materials to enter cancer cells and nuclei, and the
PDT of cancer was realized under the action of NIR.*’ To
overcome the shortcomings of ICG in tumor treatment, we

designed a nanoparticle based on an albumin and
PEG4000 framework loaded with ICG and modified with
TAT to target the nucleus. The PHSA-ICG-TAT has good
stability and water solubility in PBS, RPMI 1640 medium,
and FBS. As a non-specific cell-penetrating peptide, TAT
can carry PHSA-ICG-TAT through the nuclear membrane
and into the nucleus. The cell co-localization results
showed that PHSA-ICG-TAT could accumulate in the
nucleus, whereas PHSA-ICG could only accumulate out-
Moreover, the PHSA-ICG-TAT is
a spherical-like structure with a particle size of approxi-

side the nucleus.

mately 22 nm, which can be taken up into the cell by
endocytosis. Hence, PHSA-ICG-TAT has a better cell
uptake rate than ICG alone.

The therapeutic effect of ICG on tumors is mainly
reflected in the effects of PDT and PTT. Under irradiation
with NIR light, it can produce 'O, to activate a series of
immune responses, leading to apoptosis of tumor cells and
the destruction of tumor tissue.’®* *° At the same time, ICG
can also generate thermal energy to increase the temperature
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of the nucleus. This effect destroys biologically active mole-
cules (such as protein denaturation, enzyme inactivation) in
the cell and induces ROS to cause tumor cell damage,
necrosis, or thermal ablation of tumor tissue.” It was found
that the ability of ICG for 'O, release after being loaded
using the PHSA framework was stronger than that of ICG
alone.The curve demonstrating the rise in temperature shows
that the temperature of the PHSA-ICG group at each time
point is higher than that of the ICG group. These two results
indicate that the PHSA framework enhances the PDT/PTT
effect of ICG. To verify this result, different concentrations
of materials were co-cultured with 4T1 cells, and the cell
activity was measured after irradiation with NIR light at
a wavelength of 808 nm. The results showed that the leth-
ality of ICG against 4T1 cells increased with the increase in
the concentration of ICG. In addition, PHSA-ICG-TAT
exhibited stronger lethality against 4T1 than ICG and
PHSA-ICG, which shows that the damage to the nucleus is
greater in tumor cells than in other intracellular regions.
Apoptosis and DNA damage are the two most direct
mechanisms of tumor death cell induced by the effects of
ICG PDT/PTT. The results of flow cytometry and comet
experiments showed that PHSA-ICG-TAT induced a higher
apoptotic rate and Tail DNA% in 4T1 cells than ICG and
PHSA-ICG alone. This further illustrates that the modifica-
tion of TAT can guide ICG molecules to directly enter the
nucleus of tumor cells and exert their PDT/PTT effect.
PHSA-ICG-TAT was injected into mice by intraper-
itoneal injection to investigate its toxicity. After 24 h of
metabolism, the blood biochemical parameters and the
morphology of the heart, liver, spleen, lung, and kidney
tissue cells were not different between the PHSA-ICG-
TAT and normal control groups. This shows that PHSA-
ICG-TAT is safe for tissue treatment. The modification
of photosensitive molecules with nanomaterials can
enhance the enhanced permeability and retention effect

on the tumor,*!

so that the photosensitive molecules can
more effectively reach and remain in the tumor tissue.
Furthermore, nanomaterials can prevent the unintended
release and inactivation of photosensitizers, thereby pre-
venting the accumulation of photosensitizers in normal
tissues.*> In the mouse in vivo experiment, the tumor
was gradually ablated after PHSA-ICG-TAT photother-
apy, and the tumor tissue section showed that the cell
gap and morphology of the tumor tissue were signifi-
cantly changed after treatment with PHSA-ICG-TAT.
These findings demonstrated that PHSA-ICG-TAT had

a significant therapeutic effect on tumors.

Conclusion

In this study, we obtained a novel targeted theranostic nano-
particle, termed PHSA-ICG-TAT, and demonstrated its
excellent performance in PDT and PTT. When irradiated
with NIR laser light, ICG can produce 10, in the nucleus,
which in turn triggers a domino effect. At the same time, the
PTT effect of ICG will increase the temperature of the
nucleus and destroy the structure of biologically active mole-
cules. Excessive accumulation of 'O, in the nucleus and an
increase in temperature will cause DNA damage and destruc-
tion of the nucleus structure and function, eventually leading
to irreversible apoptosis. Cell colocalization experiments
confirmed that PHSA-ICG-TAT targets the nucleus and can
induce DNA damage and apoptosis in tumor cells. The
eradication of tumors in vivo experiments confirmed that
PHSA-ICG-TAT exerts a significant therapeutic effect.
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