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Cancer is a life-threatening disease worldwide. Although several approaches, such as surgery, chemotherapy,
and radiotherapy, have been proven effective for many patients in clinics, they usually suffer from drug
resistance, severe toxic-side effects, patient discomfort, and sometimes, unsatisfactory efficacies. In recent
years, phototherapy, as a less invasive but effective therapeutic method, has brought hope for cancer
treatment. However, most reported photo-therapeutic agents are constructed using complex components
with non-negligible toxicity risk, thus retarding the start of their clinical trials. To address this issue, herein,
biocompatible photothermal/photodynamic dual-mode therapeutic nanoparticles (CBP NPs) were
successfully designed and constructed based on the Food and Drug Administration (FDA)-approved
ingredients, chlorin e6 (Ce6) and poly(dopamine) (PDA). Upon light irradiation, hyperthermia was induced
and reactive oxygen species (ROS) were generated simultaneously by CBP NPs, contributing to synergistic
phototherapy toward cancer. The in vitro and in vivo experiments have demonstrated well the antitumor
effect of CBP NPs. More importantly, CBP NPs are completely harmless and degradable in vivo. Together,
the CBP NPs developed by us are an ideal candidate for the enhanced phototherapy of tumors, which
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1 Introduction

Cancer is one of the major diseases that seriously threaten
human health in the world.'” Its notorious features, including
rapid deterioration and high mortality, have brought severe
economic burden and social pressure to patients and society.*
According to the World Health Organization, the number of
cancer deaths worldwide is expected to exceed 10 million in
2022.° Although the current standard of care, including surgery,
chemotherapy, and radiotherapy, has been proved to be effec-
tive in clinics, their intrinsic limitations,*® such as invasive
therapy, drug resistance, severe toxic-side effects, and patient
discomfort, remain great challenges and hugely affect the
therapeutic outcomes.>'® Thus, it is of great significance to
develop novel treatment alternatives which could address the
current concerns.
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holds great potential for future clinical translation.

Phototherapy has received extensive attention in the
biomedical field owing to its unique advantages, including
negligible toxicity, superior spatial and temporal control,
repeatable treatment, wide anti-tumor spectrum, and easy
operation."* Briefly, phototherapies that involve the adminis-
tration of exogenous therapeutic agents under light radiation
can be categorized as photodynamic therapy (PDT) and photo-
thermal therapy (PTT), among which PDT relies on the localized
chemical damage in the target lesions while PTT exerts a ther-
apeutic effect via localized thermal damage."”'® However, as
a single-mode treatment method, PDT or PTT alone often
suffers from low therapeutic efficacy, due to insufficient ROS
production and low heat conversion efficiency (HCE). Although
the therapeutic effect can be enhanced by increasing the
concentration of photo-therapeutic agents or laser power, the
safety risk may increase drastically owing to dosage-dependent
toxicity and collateral damage.'”** Fortunately, it has been re-
ported that dual-mode phototherapy combining PDT and PTT
can significantly improve the therapeutic effect via a synergistic
effect. On one hand, ROS can denature heat shock proteins and
undermine cellular thermal resistance;' on the other hand,
localized heat can increase the cellular uptake of NPs and
oxygen supply, thereby strengthening the therapeutic effect of
PDT.**** Hence, developing phototherapy combining PDT and
PTT is a promising and feasible treatment strategy.
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Over the past decade, great strides have been made in the
exploitation of new photo-therapeutic agents for cancer treat-
ments. These materials are generally fabricated based on
nanocarbons, plasmonic nanostructures, two-dimensional
nanoplates, and long-conjugation organic probes, which have
been proven effective in tumor ablation.”*”*” However, several
challenges have restricted their entrance into the clinical stage.
First and foremost, most dual-mode photo-therapeutic agents
are prepared using inorganic nanomaterials, which are not
easily metabolized from the body, resulting in accumulation of
toxicity. Such toxicity risk could be more severe when heavy
metal ions were included.”® Quite a few researchers have ques-
tioned the safety concerns of photo-therapeutic agents, such as
gold NPs, nanocarbons, and black phosphorus, which cause
a non-negligible risk in the pro-inflammatory response of
macrophages, reduced cell activity, and even genotoxicity.**=** In
addition, complex methods with multiple steps and time-
consuming processes are always required, leading to large
batch-to-batch differences and unreliable properties. Therefore,
to thrust phototherapy into a more practical stage and make
contributions to society, it is of great necessity and significance
to develop safe and reliable therapeutic agents with carefully
selected ingredients.

In this work, CBP NPs, a dual-mode core-shell photo-thera-
peutic agent, were successfully designed and fabricated, based on
the FDA-approved ingredients, Ce6 and PDA. Ce6 is a highly
effective photosensitizer, which is almost harmless to the human
body.*® Dopamine is a neurotransmitter in the human body,
which has good biocompatibility and promising HCE.** By inte-
grating Ce6 and PDA into NPs with a modified precipitation
method, we obtained CBP NPs as a novel pho-therapeutic agent,
which exhibited narrow size distribution, good stability, and
synergistic phototherapy. The in vitro and in vivo experiments
revealed the highly efficient anti-tumor effect of CBP NPs even
under low material concentration (20 uM) and low power densi-
ties of lasers (1 W em ™ for 808 nm and 50 mW em ™ for 660 nm).
The biocompatibility of the material was verified systematically by
blood routine tests, blood biochemistry tests, and histological
examination. Therefore, the nanomaterial proposed in this work
with high biocompatibility and strong phototherapeutic effect
possesses great potential in future clinical translation.

2 Materials and methods
2.1 Chemicals and materials

Bovine Serum Albumin (BSA) and 9,10-anthracenediyl-bis(-
methylene)dimalonic acid (ABDA) were purchased from Sigma
Aldrich Co., Ltd. Ce6, dopamine hydrochloride, tetrahydrofuran
(THF), and dimethyl sulfoxide (DMSO) were supplied by
Shanghai Maclin Biochemical Technology Co., Ltd. Tris-buffer
was purchased from Shanghai Sangon Biotech Co., Ltd. All
chemicals were used without further purification.

2.2 Preparation of chlorin e6-poly(dopamine) core-shell NPs

First, the nanoprecipitation method was used to synthesize Ce6-
BSA NPs. Then, dopamine was polymerized on the surface of
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Ce6-BSA NPs under alkaline conditions. Finally, we obtained
the CBP NPs. The specific experimental processes are as follows:

(1) BSA (5 mg) was dissolved in deionized water (5 mL) and
Ce6 (0.25 mg) was dissolved in tetrahydrofuran (0.5 mL); (2) the
THF solution of Ce6 was slowly added to BSA solution contin-
uously under sonication at room temperature for 5 min; (3) the
Ce6-BSA NPs were obtained by ultrafiltration at 4400 rpm for 20
min; (4) the obtained NPs were dispersed in tris-buffer (10 uM,
pH = 8.0), then dopamine hydrochloride was added into the
mixture (4 mg mL '), and kept stirring for 24 h at room
temperature and under dark conditions. (5) Finally, the CBP
NPs were obtained by ultrafiltration at 4400 rpm for 20 min.
After purification, the obtained CBP NPs were redispersed in
deionized water or PBS solution for further use.

2.3 Characterization of CBP NPs

The transmission electron microscopy images of CBP NPs were
captured using a HT7700 transmission electron microscope
(Hitachi, Ltd.). The UV-vis-NIR absorption spectrum was
measured on a TP-720 spectrometer (Tianjin Tuopu Instrument
Co., Ltd.). The in vivo and in vitro photothermal performances of
samples were evaluated using an NIR Laser (Changchun Leishi
Photo-Electric Technology Co., Ltd.) and FLIR A300 Infrared
Thermal Imaging camera (FLIR Systems Co., Ltd.). The hydro-
dynamic size and stability of the samples were measured using
the Zetasizer-Nano-ZS-90 dynamic light scattering equipment
(Malvern Panalytical, Ltd.).

2.4 Measurement of photodynamic effects

To evaluate the photodynamic performance, we measured the
ROS generation of CBP NPs using ABDA as an indicator. The
CBP NP (20 uM) dispersion in PBS containing 50 uM ABDA was
irradiated using a 660 nm laser with a power density of 50 mW
cm™ >, an 808 nm laser with a power density of 1 W cm ™2, or
a combined laser of 660 nm (50 mW cm™?) and 808 nm (1 W
cm %) simultaneously, respectively. The degradation of ABDA

was measured at different time points (0-10 min).

2.5 Measurement of photothermal effects

To measure the photothermal effects, a series of CBP NP
dispersions with different concentrations were added into
plastic centrifugal tubes. The tubes were exposed to 808 nm
laser irradiation with the same power density (1 W cm™2). An
infrared thermal imaging camera was used to record the
temperature variation.

2.6 In vitro Ce6 release behavior of CBP NPs

The Ce6 release from CBP NPs was investigated using the
dynamic dialysis method. In brief, CBP NPs were loaded into
a dialysis bag, immersed in 20 mL of PBS (pH of 7.4 and 5.0),
and stirred at 37 °C. Photothermal treatment was applied to the
sample at predetermined time points. At different time points,
an aliquot of buffer was withdrawn to determine the Ce6
concentration using a UV-vis spectrophotometer followed by

© 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/d2na00504b

Open Access Article. Published on 16 September 2022. Downloaded on 12/4/2025 6:56:33 PM.

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

(cc)

Paper

replenishment with a fresh medium. The cumulative Ce6
release was then calculated and drawn.

2.7 Cell culture

The murine breast cancer cell line (4T1), human breast cancer
cell line (MCF-7), human cervical cancer cell line (HeLa), and
human breast health cell line (MCF-10A) were cultured in
DMEM medium containing 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin solution (PS) in a cell incubator (37
°C, 5% CO,).

2.8 Cytotoxicity of CBP NPs

In vitro cytotoxicity of CBP NPs was evaluated by using HeLa
cells, MCF-7 cells, MCF-10A cells, and 4T1 cells. These four
kinds of cells were seeded in 96-well plates at a density of 5000
cells per well and grown in a cell incubator (37 °C and 5% CO,)
for 24 h. Then the original medium was replaced by the
medium containing different concentrations of CBP NPs (1-
200 pM). After incubation for 24 h, the medium with CBP NPs
was removed and 90 pL of fresh culture medium and 10 pL of
Cell Counting Kit-8 (CCK-8) solution were added to each well
and incubated for another 20-60 min. At the end of incuba-
tion, the absorbance of the solution in each well was
measured using a microplate reader (Bio-tek, Epoch-2) at
a wavelength of 450 nm. The cell viability rate can be calcu-
lated using eqn (1)

ODsample - ODblank

Cell viability (%) = oD oD
control — blank

x 100 (1)

where ODgampie and ODconeror are the absorbance of experi-
mental cells (with CBP NPs added) and control cells (without
CBP NPs), respectively. ODpan1 is the absorbance of the CCK-8
solution itself at 450 nm. All experiments were conducted in
parallel three times and the mean value + standard deviation
(SD) was presented as calculated.

2.9 Invitro cellular uptake evaluation

To evaluate the uptake of CBP NPs by 4T1 cells, confocal
microscopy was used to observe the fluorescence, and flow
cytometry was used to quantitatively analyze the uptake rate.
4T1 cells were seeded in confocal dishes at a density of 1 x
10° cells and grown in a cell incubator (37 °C and 5% CO,) for
24 h. Then the original medium was replaced by the medium
containing CBP NPs (20 pM of Ce6 and 50 ppm of PDA). After
incubation for different times (0-24 h), the para-
formaldehyde solution was added to the confocal dishes, and
the cells were fixed under darkness for 10-15 min, and then
2-3 drops of 4,6-diamino-2-phenyl indole (DAPI) solution
were added to stain the nuclei. After washing with PBS three
times, 1 mL of PBS was added to each confocal dish and the
cell samples were imaged using a confocal fluorescence
microscope. Meanwhile, fluorescence in the cell samples
after incubation with CBP NPs for 4 h (without cell fixation)
was detected by flow cytometry for quantitative analysis of
cellular uptake.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.10 In vitro phototherapy and live/dead double staining

To evaluate the photo-therapeutic effect on treated cell samples.
CCK-8 was applied to different groups of cell samples. Five
experimental groups and one control group were set up. Cell
samples were co-incubated with CBP NPs (20 pM of Ce6 and 50
ppm of PDA) for 4 h and then irradiated with an 808 nm laser,
a 660 nm laser, or the combination of the two lasers (double
laser irradiation), respectively. The power densities of the 808
nm and 660 nm lasers used in this experiment were 1 W cm >
and 50 mW cm 2, respectively, and the time of laser irradiation
was 5 min. After treatment, the original medium was replaced
by the fresh medium containing 10% FBS and 1% PS and the
cell samples were cultured in an incubator for 4 h. The cell
viability then was determined by CCK-8, according to the above-
mentioned procedure.

To visualize the photo-therapeutic effect on treated cell
samples. Calcein-AM and PI were applied to different groups of
cell samples. After treatment for 4 h, 2 pL working solutions of
calcein-AM and PI were added to each cell culture dish. After
incubation for 20 min and replacement of the medium with
a fresh culture medium, the cell samples were imaged using
a fluorescent microscope. Calcein-AM is a cell-permeable and
non-fluorescent compound that can emit green fluorescence
when it enters metabolically active cells. PI is a fluorescent
nucleic acid stain that can only permeate damaged cell
membranes and emit red fluorescence.

2.11 Calculation of the combined index

To judge the synergy between PDT and PTT based on CBP NPs
under double laser irradiation, the combined index (CI) value
was calculated based on the IC50 value of PDT, PTT, and
PDT&PTT by using eqn (2):

a b

Val CI (2)
where a is the dose of CBP NPs for PTT in the combined pho-
totherapy to achieve IC50, b is the dose of CBP NPs for PDT in
the combined phototherapy to achieve IC50; A is the dose of
CBP NPs for PTT alone to achieve IC50; B is the dose of CBP NPs
for PDT alone to achieve IC50.

2.12 Hemolysis test

The impact of CBP NPs on red blood cells (RBCs) of mice was
evaluated by the standard hemolysis test. A volume of 500 pL of
fresh blood was taken from mice and mixed with 5 mL of PBS
solution. The blood was mixed gently and centrifuged at 3000
rpm for 20 min. After discarding the supernatant, the RBCs
were re-suspended in PBS solution and purified several times.
The final working suspension containing 5% (v/v) RBCs in a PBS
solution was used for the hemolysis test. To evaluate the
hemolysis effect, CBP NPs with different concentrations (0, 1,
10, 20, 50, 100, 200 pM) were co-incubated with RBC suspension
for 4 h at room temperature (total volume was 1 mL). After
incubation, the samples were centrifuged again and 100 pL of
supernatants were extracted. The absorbance was measured at
the wavelength of 540 nm for the quantitative determination of

Nanoscale Adv., 2022, 4, 4617-4627 | 4619
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hemoglobin content in supernatants. Meanwhile, we mixed
deionized water and PBS solution with the RBC suspension as
the positive control and negative control, respectively. Finally,
the percentage of hemolysis was calculated according to eqn (3):

ABSsample - ABScomrol-neg

Hemolysis rate (%) =
CIOTySIs rate ( O) ABSconlrol-pos - ABScontrol-neg

x 100 (3)

where ABSgample, ABScontrol-negy ad ABSconerol-pos are the optical
density of tested samples, negative control, and positive control,
respectively.

2.13 In vivo cancer phototherapy

In order to evaluate the photo-therapeutic effect of CBP NPs on
tumors in vivo, we conducted experiments with Balb/C mice. All
the mice were purchased from Guangdong Medical Laboratory
Animal Center (No. 44007200082293) and all the animal
experiments conform to the guidelines of the University Animal
Care and Use Committee. The tumor-bearing mice were estab-
lished by subcutaneous injection of 4T1 cells (murine breast
cancer cell line, 1 x 10° cells) onto the right leg, where the
tumors grew for about 10 days and reached a size of about 100
mm®. Then, the 4T1 tumor-bearing Balb/C mice were randomly
divided into 6 groups. The treatments are as follows: (1) injec-
tion of PBS without irradiation; (2) injection of PBS with
a combination of 660 nm and 808 nm irradiation; (3) injection
of CBP NPs without irradiation; (4) injection of CBP NPs with
660 nm irradiation alone; (5) injection of CBP NPs with 808 nm
irradiation alone; (6) injection of CBP NPs with a combination
of 660 nm and 808 nm irradiation. The intra-tumoral injection
dose of CBP NPs was 10 mg kg~ '. The irradiation power of 660
nm and 808 nm laser was 50 mW ¢m > and 1 W cm ™ respec-
tively. The irradiation time of each group was 5 min, and one
injection and phototherapy were only performed on day 0. The
body weight and tumor volumes were recorded every two days.
Tumor volume was calculated according to eqn (4):
Ax B

v= 22 (4)

where v is the volume of the tumor, and A and B are the long and
short axis of the tumor, respectively. Moreover, the tumor
tissues in each group were harvested from mice 24 h after the
first treatment and were also dissected and fixed with para-
formaldehyde used for hematoxylin and eosin (H&E) and
terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL) staining assay. The cell morphology
was observed under a microscope.

2.14 In vivo biosafety test

To further evaluate the biosafety of CBP NPs in vivo, we con-
ducted experiments with Balb/C mice. The mice were randomly
divided into four groups and were injected with PBS and CBP
NP suspensions at a concentration of 1 mg kg™ *, 10 mg kg,
and 30 mg ke™' via the tail vein, respectively. Then the body
weights of the mice were recorded every two days. The blood of
the mice in each group was collected for blood routine and
biochemical analysis after 14 days. The heart, liver, spleen,
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lungs, and kidneys of mice in each group were collected and
each organ was weighed. The organ coefficient was calculated
according to eqn (5):

Worgan
_— 5
body ( )

Organ coefficient =

where Worgan and Wyoqy are the weight of the organ and the body
of mice, respectively. The organs in each group were dissected
and fixed with paraformaldehyde for H&E staining essay. The
cell morphology was observed under a microscope.

2.15 Statistical analysis

Statistical results of all data are presented as mean value +SD.
The T-test was used to compare the results between two groups.
No statistical difference is represented by ns.

3 Results and discussion
3.1 Synthesis and characterization of CBP NPs

The preparation procedure of CBP NPs and the photo-thera-
peutic strategy are demonstrated in Scheme 1. Ce6-BSA NPs
were first synthesized by nanoprecipitation, and then dopamine
was polymerized on the surface of NPs under alkaline condi-
tions. After that, CBP NPs were obtained.

The morphology, size distribution, and stability of CBP NPs
were characterized by TEM and DLS. The TEM image showed
approximately spherical CBP NPs with average diameters of
about 60 nm (Fig. 1a) with nearly uniform size. The average
hydrodynamic diameter of CBP NPs was 80.7 £ 6.6 nm with
a polydispersity index (PDI) of 0.148 (Fig. 1b). Such a size
difference can be explained by the dehydrated and hydrated
state of NPs. In order to evaluate the stability of CBP NPs, the
hydrodynamic diameter was measured for 14 continuous days
in PBS. As shown in Fig. 1c, there was no significant change in
particle size within 14 days and there was only a slight increase
in PDI that remained below 0.3. The colloidal stability was
further confirmed by measuring the hydrodynamic size and
zeta potential of CBP NPs in different biological fluids within
a continuous period (Fig. S11).

To verify the synthesis of Ce6-BSA NPs and the polymeriza-
tion of PDA, the UV-vis-NIR absorption spectra of Ce6-BSA, PDA,
and CBP NPs were recorded. As illustrated in Fig. 1d, absorption
peaks of Ce6-BSA NPs appeared at the wavelengths of 405 nm
and 675 nm, corresponding to the characteristic absorption
peaks of Ce6, which indicated that Ce6-BSA NPs were synthe-
sized successfully. Compared with Ce6-BSA, the absorption
spectrum of CBP NPs between 200-1000 nm was elevated,
following the trend of the absorption spectrum of PDA, which
indicated that PDA was polymerized successfully. The above
results confirmed that the synthesis of CBP NPs was successful.

3.2 Photodynamic and photothermal effect of CBP NPs

The production of ROS is the key parameter of PDT. Ce6 can
efficiently produce ROS under the irradiation of a 660 nm laser
for PDT. It has been reported that the photothermal effect can
be used to enhance ROS production. Hence, we have measured

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of CBP NPs. (a) TEM image of CBP NPs (scale bar = 100 nm); (b) hydrodynamic diameter distribution of CBP NPs; (c)
hydrodynamic diameter and PDI for 14 days in PBS buffer; (d) UV-vis-NIR absorption spectrum of CBP NPs, Ce6-BSA, and PDA; (e) normalized
absorbance of ABDA during photodecomposition by ROS generation in the presence of CBP NPs or PBS under 808 nm, 660 nm or dual-mode
laser exposure, respectively; (f) photothermal response of CBP NPs with different concentrations under 808 nm laser exposure.

the effect of CBP NPs under the irradiation of a 660 nm laser
with/without an 808 nm laser. The power density of the 660 nm
laser was 50 mW cm > and that of the 808 nm laser was 1 W
cm 2. As shown in Fig. 1e, the absorbance of the ABDA solution
containing CBP NPs decreased after being irradiated with
a single 660 nm laser and with an 808 nm laser for 10 min.

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

However, there was no significant decline in absorbance under
single 808 nm laser irradiation. Moreover, the absorbance of the
pure ABDA solution as a control group did not decrease no
matter which kind of laser is used for irradiation. In addition,
the absorbance of ABDA was significantly reduced to 28% by
double laser irradiation. In contrast, the absorbance only drops
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to 44% of its initial value under the 660 nm laser alone
(Fig. S271). The results proved that CBP NPs have a good ability to
produce ROS, and the effect of ROS was significantly enhanced
by double laser irradiation.

PDA has strong absorption and photothermal conversion
effects under 808 nm laser irradiation, which can be used for
PTT. The temperature changes of different concentrations of
CBP NP dispersion in PBS were measured under 808 nm laser
irradiation (1 W cm™?). After the laser irradiation of 800 s, the
temperature of 20 pM and 50 pM CBP NP dispersions rose to 48
and 55 °C, respectively (Fig. 1f), which is sufficient to kill cancer
cells. In contrast, the temperature of the deionized water in the
control group changed slightly. The results proved that CBP NPs
have a great photothermal effect. The stability of the photo-
thermal response of CBP NPs was further evaluated by applying
repeated cycles of laser on/off under different pH conditions. As
shown in Fig. S3,f the photothermal effects of CBP NPs
remained stable during four lasering cycles regardless of the
difference in the pH value of the solvent.

Since PDA was reported as an acid-sensitive material for drug
delivery, it is necessary to evaluate the Ce6 release from CBP NPs
under the acidic and photothermal stimulus. The Ce6 release
from CBP NPs was measured using the dynamic dialysis
method. As shown in Fig. S4,f the Ce6 release profiles were
similar under different pH conditions and the introduction of
lasering could efficiently facilitate drug release possibly due to
the photothermal effect of CBP NPs. In this work, Ce6 was first
encapsulated into the BSA matrix via the nanoprecipitation
method followed by protection with the PDA layer. The double
layer of BSA and PDA endowed CBP NPs with enhanced struc-
tural stability and could make the NPs inert to weak acid. The
enhanced drug release upon heat generation could be explained
by the faster diffusion rate of Ce6 molecules rather than the
damage to the NP structure. The size distribution of CBP NPs
before and after light irradiation was further measured. As
shown in Fig. S5, the hydrodynamic size remained nearly
identical even after a long irradiation time of 30 minutes,
implying the integrity of NPs.

3.3 Cellular uptake of CBP NPs

The efficient uptake by cancer cells is a prerequisite for mate-
rials to achieve good results in cancer therapy. In order to
evaluate the uptake of CBP NPs by cancer cells, we observed the
intracellular fluorescence under a confocal microscope. As
shown in Fig. 2a, after incubation with CBP NPs, red fluores-
cence signals were clearly observed in the cytoplasm of almost
all cells, indicating that CBP NPs were successfully taken up by
4T1 cells. The uptake of CBP NPs by cells increased with the
prolonged incubation time during 6 h. The red fluorescence
signal was observed clearly after 1 h of incubation and the
accumulation of CBP NPs in cells reached the peak at 4-6 h. The
intracellular material content decreased gradually after 6 h, and
there was almost no CBP NP residue in cells after 24 h (Fig. S67).

Moreover, flow cytometry was used to quantitatively analyze
the cellular uptake of CBP NPs. 98.9% of 4T1 cells exhibited
fluorescent signals (Fig. 2b), indicating that nearly 99% of cells
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have taken up CBP NPs successfully. The result was highly
consistent with the images taken with a confocal microscope.
The above results proved that CBP NPs can be efficiently taken
up by 4T1 cells.

3.4 In vitro biocompatibility analysis of CBP NPs

The non-toxicity or low toxicity of materials to cells is not only
the basis of their application in cell experiments but also the
prerequisite in cancer therapy. The CBP NPs consist of mate-
rials approved by FDA and have good biocompatibility. To
evaluate the cytotoxicity of CBP NPs more accurately, the CCK-8
assay was used to evaluate the toxicity of CBP NPs to HeLa, MCF-
7, MCF-10A, and 4T1 cells under different concentrations. As
seen from Fig. 2c¢, after incubation at a high concentration of
100 uM for 24 h, more than 80% of four kinds of cells were alive.

Another important criterion to evaluate the biocompatibility
of nanomaterials is the hemolysis rate. No significant hemolysis
was observed within a large concentration range covering from
0 to 200 uM (Fig. S71). The above results indicated that CBP NPs
have no obvious toxicity to cells and do not cause hemolysis.
CBP NPs had good biocompatibility in vitro, and can be used in
further biological experiments.

3.5 Invitro photo-therapeutic effect

The PDT/PTT dual-mode therapeutic effect of CBP NPs on 4T1
cells was further investigated. After incubating with CBP NPs for
4 h, an 808 nm laser (1 W cm ?) and a 660 nm laser (50 mW
cm?)were used to irradiate the 4T1 cells. The intracellular ROS
production was first evaluated by H2DCF-DA. As shown in
Fig. S8, cells treated with CBP NPs and light irradiation
exhibited bright green fluorescence, indicating the generation
of ROS inside the cells. Then, we used the CCK-8 assay to
quantitatively investigate the cell survival rate. As shown in
Fig. 2d, compared with the groups without CBP NP or laser
treatment, the cell samples treated with CBP NPs under irra-
diation showed obvious death. The cell mortality was 54.2% =+
2.5% after 660 nm laser irradiation alone, 69.2% =+ 1.2% after
808 nm laser irradiation alone, and 89.6% = 2.5% after double
laser irradiation.

To better visualize the PDT/PTT effect of CBP NPs on tumor
cells, calcein-AM and PI were used to stain live and dead cells
after treatment. As shown in Fig. 2e, all the cells in the groups
without light irradiation showed high cell viability and no dead
cells were observed. PDT and PTT alone contributed to partial
cell death. In contrast, almost all the cells treated with CBP NPs
under double laser irradiation died completely and no live cells
were observed. The results were highly consistent with the CCK-
8 analysis. In addition, the bright field photograph also
demonstrated the cell morphology after different treatments
(Fig. S97). The above results indicated that the therapeutic effect
of the combination of PDT/PTT was significantly stronger than
that of PDT and PTT alone.

The synergy between PDT and PTT was further studied by
calculating the combined index (CI). The therapeutic effects of
PDT, PTT, and PDT&PTT based on CBP NPs were investigated by
using 4T1 cells. As shown in Fig. S10,7 the IC50 values of PDT,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CBP NPs (scale bar = 50 pm). (b) The cellular uptake measured by flow cytometry. (c) Viability of four kinds of cells after 24 h co-incubation with
CBP NPs. (d) Cell viability under different conditions of treatment. (e) Live and dead staining of cells treated under different conditions (scale bar =

200 pm).

PTT, and PDT&PTT were 15 pM, 10 puM, and 5 pM (corre-
sponding to the concentration of Ce6), respectively. Thus, the
combined index of PDT&PTT was calculated to be 5/6 (based on
eqn (2)), which is smaller than 1, indicating the synergy between
PDT and PTT.

3.6 In vivo photo-therapeutic effect

In order to further investigate the PDT/PTT dual-mode effect
of CBP NPs, in vivo therapy experiments were performed. We
established the mouse model of the subcutaneous tumor of
breast cancer. 4T1 cells were inoculated subcutaneously into
the right flank of Balb/C mice. When the tumor volume
reached about 100 mm?®, CBP NP and laser treatments were
performed.

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

To evaluate the temperature rise in the body, an infrared
thermal imaging camera was used to record the temperature
changes on the surface of the tumor under 808 nm laser (1 W
cm ™ ?) irradiation. As shown in Fig. 3a and b, the temperature of
the tumor area in the CBP NP treatment group increased rapidly
to about 60 °C within 5 min. However, the temperature of the
tumor area in the control group injected with PBS only increases
slightly under the same conditions. The result indicated that
CBP NPs have great photothermal conversion capability.

To investigate the therapeutic effect of CBP NPs in vivo, thirty
tumor-bearing mice were randomly separated into 6 groups and
then PBS was intratumorally injected into two groups, and CBP
NPs into four groups. These four groups were further exposed to
a 660 nm/808 nm/dual-mode laser at day 0. Then the body
weight and tumor volume of the mice were recorded every 2

Nanoscale Adv., 2022, 4, 4617-4627 | 4623
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Fig. 3

In vivo experiment, six groups of mice were treated under different conditions. (a) /n vivo photothermal images of tumor-bearing mice

injected with PBS and CBP NP dispersion activated by an 808 nm (1 W cm™) laser for 5 min (n = 5). (b) Temperature increase profile of the tumor
area under laser irradiation. (c) Average body weight of tumor-bearing mice in each group during the treatment periods. (d) Representative
photograph of excised tumors from sacrificed mice. (e) Relative tumor volumes (compared to the whole-body volume) of tumor-bearing mice in
each group. (f) Average tumor weight of treated mice in each group. (g) Representative photographs of H&E and TUNEL staining imaging of the
tumor sections of tumor-bearing mice after different treatments (scale bar is 200 pm).

days. Fig. 3c and e show the changes in the mean body weight
and average tumor volume over a period of 14 days. According
to the results, the group treated with CBP NPs in combination
with dual-mode laser irradiation had no tumor growth. In
contrast, significant tumor growth was observed in the other
groups. Among them, the tumor volume of the three groups of
mice without phototherapy increased the fastest while mice
treated with CBP NPs under single laser irradiation exhibited
a slower growth rate. Furthermore, during the treatment, there
was no abnormal body weight change in all groups, which
preliminarily indicated that CBP NPs had good biocompatibility
for in vivo phototherapy.

To analyze the tumor of mice after treatment, all the mice
were sacrificed and their tumors were extracted. As shown in
Fig. 3d, the tumor of mice treated with dual-mode phototherapy
disappeared completely. By contrast, the tumor size of the three

4624 | Nanoscale Adv, 2022, 4, 4617-4627

groups of mice without phototherapy was similar. The tumors
of the groups treated with CBP NPs and 660 nm and 808 nm
lasers alone were smaller than the former. Apart from that, we
also measured the weight of the tumor in every group. The
result was corresponded significantly to the tumor volume and
photos discussed above (Fig. 3f).

To further investigate the cell necrosis and apoptosis in the
tumor after treatment, the H&E and TUNEL staining assays were
used to observe the histological changes. As shown in Fig. 3g
and S11,1 the images of H&E staining demonstrated that the
tumor cells in the three groups without phototherapy had
complete shapes and a clear outline. After PDT, PTT, and dual-
mode phototherapy, the morphology of tumor cells changed
significantly, including decreased cell density, karyopyknosis,
karyorrhexis, and karyolysis. The images of TUNEL demonstrate
that all the tumor cells undergo apoptosis after the treatment

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with CBP NPs in combination with double laser irradiation,
while there was nearly no apoptosis in the groups without
phototherapy.

The above results indicated that compared with the thera-
peutic effects of PDT and PTT alone, the dual-mode therapy of
PTT/PDT based on CBP NPs has a better therapeutic effect on
cancer and can significantly reduce the volume and weight of
the tumor.

3.7 In vivo biocompatibility analysis of CBP

In order to further investigate the biocompatibility of CBP NPs
in vivo, a complete and systematic assay was performed. Twenty
mice were randomly separated into four groups. PBS buffer and
CBP NP dispersions with low (1 mg kg™"), medium (10 mg kg™")
and high (30 mg kg ') concentrations were injected into the tail
vein, respectively. The body weight of the mice was recorded
every 2 days. The results show that the body weight of all the
mice in the four groups remained stable during 14 days.
Meanwhile, there was no statistical difference in the body
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weight between the experimental group and the control group
(Fig. S121). To analyze the blood routine and blood biochemical
analysis and observe the organ structure, all the mice were
sacrificed, and their blood and organs were extracted after
observation for 14 days. As shown in Fig. 4a and b, there was no
statistical difference in blood routine and blood biochemical
indexes between the four groups. The results showed that the
CBP NPs cannot cause abnormal metabolism and blood
dysfunction, and cannot affect the function of main organs,
blood lipids, and normal physiological and biochemical reac-
tions in vivo. In addition, we sectioned the main organs (heart,
liver, spleen, lung, and kidney) of each group of mice and
calculated the organ coefficients. As shown in Fig. 4c and S13,}
obvious transverse striation and branches can be seen in the
heart section, the central segment is cylindrical, and the
nucleus was located in the center of the cell; large, round, and
centered nuclei can be seen in the liver section, and the chro-
matin was rich; clear white pulp, red pulp, and the marginal
zone can be seen in the spleen section; clear reticular structure
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Fig. 4 Biocompatibility analysis of CBP NPs in vivo (n = 5). (a) Blood routine values of our groups of mice injected with PBS solution, CBP NP
suspensions with low, medium and high concentrations, respectively; (b) blood biochemistry indexes of four groups of mice; (c) representative

photograph of main organ sections of four groups of mice.
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can be seen in the lung section, and the nucleus and cytoplasm
were in sharp contrast; normal glomerular size and shape, clear
boundary, and no inflammatory cell infiltration in the renal
interstitium can be seen in the kidney section; the brush-like
margin inside the renal tubules was intact; there was no
statistical difference in organ coefficients among the four
groups. The results indicated that there were no pathological
changes nor damage in the main organs of the four groups, and
the cell morphology was normal and intact.

In general, our experimental results strongly proved that the
dual-mode therapy of PTT/PDT based on CBP NPs not only had
an excellent tumor therapeutic effect but also had high
biocompatibility in vivo.

4 Conclusions

In this contribution, CBP NPs, a biocompatible photo-thera-
peutic agent, which are composed of FDA-approved ingredients
Ce6 and PDA, were successfully designed and synthesized for
enhanced cancer phototherapy via a facile modified nano-
precipitation method. According to a series of systematic and
comprehensive experiments, CBP NPs have been proven to have
an efficient therapeutic effect on 4T1 cancer cells and high
biocompatibility in vivo and in vitro. Specifically, under the dual-
mode irradiation of an 808 nm laser (1 W cm ™ ?) and a 660 nm
laser (50 mW cm™?) at low power density, CBP NPs with a low
concentration (20 uM) have still demonstrated an efficient anti-
cancer effect. Such a highly boosted photo-therapeutic effect
originated from the synergistic effect of ROS and hyperthermia.
More importantly, CBP NPs have demonstrated great biocom-
patibility and negligible toxicity in tumor-bearing animal ther-
apeutic trials. In brief, our nanoprobe has the advantages of on-
demand control, minimum invasiveness, and lower side effects,
and is a good candidate for the combined PDT/PTT therapy in
future translational medicine.
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