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Abstract Cancer remains one of the leading causes of death globally and metastasis always leads to

treatment failure. Here, we develop a versatile hydrogel loading photothermal agents, chemotherapeutics,

and immune-adjuvants to eradicate orthotopic tumors and inhibit metastasis by combinational therapy.

Hydrogel networks were synthesized via the thiol-Michael addition of polydopamine (PDA) with thio-

lated hyaluronic acid. PDA acted as a cross-linking agent and endowed the hydrogel with excellent photo-

thermal property. Meanwhile, a chemotherapeutic agent, doxorubicin (DOX), was loaded in the hydrogel

via p‒p stacking with PDA and an immune-adjuvant, CpG-ODN, was loaded via electrostatic interaction.

The release of DOX from the hydrogel was initially slow but accelerated due to near infrared light irra-

diation. The hydrogels showed remarkably synergistic effect against 4T1 cancer cells and stimulated

plenty of cytokines secreting from RAW264.7 cells. Moreover, the hydrogels eradicated orthotopic mu-

rine breast cancer xenografts and strongly inhibited metastasis after intratumoral injection and light irra-

diation. The high anticancer efficiency of this chemo-photothermal immunotherapy resulted from the

strong synergistic effect of the versatile hydrogels, including the evoked host immune response. The
sferase; CCK-8, cell counting kit-8; CRE, creatinine; DOX, doxorubicin; DOX@PDA, DOX-loaded PDA

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; ELISA, enzyme-linked immunosorbent assay; FBS, fetal

HA, hyaluronic acid; HA-SH, thiolated hyaluronic acid; H&E, Hematoxylin and Eosin; LPS, lipopolysaccharide;

nfrared; PDA, polydopamine; PI, propidium iodide; PTT, photothermal therapy; RBC, red blood cells; SEM,

inal deoxynucleotidyl transferase dUTP nick end labeling; WBC, white blood cells.
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combinational strategy of chemo-photothermal immunotherapy is promising for highly effective treat-

ment of breast cancer.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite the advances in the diagnosis and treatment of human
malignancy, cancer remains among the leading causes of
morbidity and mortality worldwide1. Recently, female breast
cancer has surpassed lung cancer as the most commonly diag-
nosed cancer2. Clinical treatments of primary breast cancer
include surgery, radiotherapy, and chemotherapy. However,
metastasis happens in the early stage of breast cancer and mainly
contributes to breast cancer-related death, which cannot be treated
well with the traditional treatments leading to a low five-year
survival rate of 22%3,4. Therefore, a comprehensive treatment
strategy is urgently needed for the treatment of primary breast
cancer and its metastasis.

Nowadays, immunotherapy is recognized as the most powerful
weapon to win the battle against cancer5,6. Immunotherapy evokes
and trains the immune system to fight against cancer including
circulating cancer cells andmicro-metastasis. Several kinds of cancer
immunotherapies, such as chimeric antigen receptor T-cell,
checkpoint-blockade therapy, cytokine therapy, cancer vaccines and
so forth, have been established and achieved exciting results in clin-
ical trials7,8. However, the clinical application of immunotherapy is
limited with individual variations in therapeutic responses, nonspe-
cific inflammation, autoimmunity, and extremely high costs9. Thus, a
combinational strategy is required to address the limitations.

Photothermal therapy (PTT) becomes an increasingly recog-
nized alternative for cancer therapy with high selectivity and
extremely low invasiveness10e12. More importantly, the damaged
tumor tissues by PTT would likely release tumor-related antigens
that can be recognized by the immune system10,13,14. Under the
help of checkpoint blockade, vaccine-like tumor antigens boost
the immune system to fight against metastatic cancer cells in the
circulation and distant tissues and relieves immune suppression of
the tumor15,16. PTT involves photothermal agents and light irra-
diation. However, the clinical applications of photothermal agents,
e.g., inorganic nanomaterials and organic dyes17,18, are limited
owing to concerns on their long-term safety and/or photo-
bleaching19e21. Polydopamine (PDA) is the primary component of
melanin as an excellent PTT agent due to its good biocompati-
bility, tissue adhesion, and high photo-stability22e24. Therefore,
we focus on preparation of a novel type of PDA-based formula-
tions for PTT. However, only PTT-induced tumor-related immune
response may be weak, not producing enough strong eradication
of cancer cells in the whole body.

Chemotherapy is still the most common cancer treatment
strategy, which is often combined with other therapeutic ways,
such as immunotherapy and PTT. It is now accepted that certain
chemotherapies can augment tumor immunity by inducing
immunogenic cell death as part of its intended therapeutic effect
and by disrupting strategies that tumors use to evade immune
recognition16,25. In addition, hyperthermia can enhance the cyto-
toxicity of chemotherapeutic agents so that the synergistic anti-
tumor effect of PTT and chemotherapy is achieved26,27. Topical
chemo-photothermal therapy is beneficial to eradicate primary
tumor tissues due to the concentrated distribution of killing
factors28e30. However, localized chemo-photothermal therapy is
helpless for lethal metastasis, which needs the systemic tumor
specific immune response to conquer metastasis.

Here, we designed a new anti-breast cancer formulation
combining chemotherapy, PTT, and immunology, which not only
eradicates the primary breast tumor but also strongly inhibits the
distant metastasis. PDA is the matrix and modified to form ver-
satile hydrogels loading chemotherapeutics and immune-
adjuvants. The three functions are realized with this formulation
after intratumoral (i.t.) injection to the orthotopic breast tumor
tissues. Besides the direct killing effect of chemo-photothermal
therapy, the outstanding feature of this treatment is the production
of tumor-related antigens. The addition of immune-adjuvants
amplifies the self-immune response of tumor-related antigens to
inhibit distant metastasis. The PDA-based versatile hydrogel is
suitable for i.t. injection with an on-demand drug release profile. A
bilateral breast cancer animal model was established for the
pharmacodynamic study. The highly efficient synergistic anti-
cancer effect of this versatile hydrogel was demonstrated after
comparison between the combinational therapy and the mono-
therapies and the mechanisms were discovered.

2. Materials and methods

2.1. Materials

Sodium salt of hyaluronic acid (HA, 150 kDa, 96%) was purchased
from Yangzhou Joyvo WeiKem Biology Co., Ltd. (Yangzhou,
China). Doxorubicin hydrochloride (DOX) was obtained from Ark
Pharm Inc. (Chicago, USA). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), cystamine
dihydrochloride and dopamine hydrochloride were provided by
Beijing InnoChem Science & Technology Co., Ltd. (Beijing,
China). Purified water was prepared using Heal Force Super NW
Water System (Shanghai Canrex Analytic Instrument Co., Ltd.,
Shanghai, China). All other reagents were of analytical grade
without further purification. Fetal bovine serum (FBS), Roswell
Park Memorial Institute (RMPI 1640), Dulbecco’s modified Eagle’s
medium (DMEM) and trypsineEDTA were purchased from Gibco
Life Technologies (USA). Cell Counting Kit-8 (CCK-8) was pur-
chased from Gen-view Scientific Inc. (USA). Both fluorescein
diacetate (FDA) and propidium iodide (PI) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). TNF-a,
IL-6, IFN-g ELISA kits were purchased from Neobioscience Co.,
Ltd. (Shenzhen, China).

2.2. Cells and animals

A normal fibroblast cell line from mouse (L929), a luciferase tagged
murine breast cancer cell line (4T1-luc) and a mouse monocyte/

http://creativecommons.org/licenses/by-nc-nd/4.0/
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macrophage cell line (RAW264.7) were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China).

Female BALB/c mice (18e20 g) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). All experimental procedures were executed according to
the protocols approved by Animal Care and Use Committee at
Academy of Military Medical Science.

2.3. Synthesis and characterization of thiolated hyaluronic acid

Thiolated hyaluronic acid (HA-SH) was synthesized by a facile
two-step synthetic procedure that involved amidation of HA with
cystamine dihydrochloride and subsequent disulfide bond cleav-
age31. Firstly, 1 mmol of HA was dissolved in 100 mL of water.
Afterwards, EDC (3 mmol) and NHS (3 mmol) were successively
added. The mixture was immediately adjusted to pH 5.5 using
0.1 mol/L HCl solution. Then, a series of cystamine dihydro-
chloride (0.5, 1, and 3 mmol) were parallelly added. After agitation
for 24 h at room temperature, the mixture was dialyzed (MWCO
3500 Da) against water for 24 h to remove residues. Next, 0.5 g of
dithiothreitol (DTT) was added to cleave the disulfide bond at pH
8.5. The crude product of HA-SH was purified by dialysis. To avoid
the oxidation of thiol groups, dialysis was conducted at 4 �C and pH
5.0. Finally, the HA-SH solution was lyophilized. The 1H NMR
spectra of HA-SH were recorded with JEOL NMR spectrometer
(400 MHz, Akishima, Japan) after dissolution in D2O. In addition,
the thiol content was quantified with the Ellman method32.

2.4. Preparation and characterization of PDA

PDA was obtained by the oxidative self-polymerization of dopa-
mine hydrochloride33. Briefly, a series of ammonia aqueous so-
lutions (28%e30%) of 0.4, 0.8, 1.2, and 1.6 mL were added to a
mixture of ethanol (16 mL) and water (36 mL) under mild
agitation, respectively. A dopamine hydrochloride solution
(0.05 g/mL, 4 mL) was added dropwise and reacted for 24 h. The
black product was collected by centrifugation (14,800�g, 10 min,
H2-16 KR, Hunan Kecheng Instrument Equipment Co., Ltd.,
Changsha, China) and washed with water.

The size distribution and zeta potential of PDA were analyzed
with a particle size analyzer (Nano ZS, Malvern Instruments,
Worcestershire, UK). The microscale morphologies of PDA
nanoparticles were observed under a transmission electron mi-
croscopy (TEM, H-7650, 80 kV, Hitachi, Tokyo, Japan) after
negative staining of the samples with a phosphotungstic acid so-
lution (pH 7.0).

2.5. Preparation and characterization of PDA/HA-Gel

PDA/HA-Gel was formed after the Michael addition of PDA with
HA-SH. An HA-SH solution (15 mg/mL) and a PDA suspension
(10 mg/mL) were prepared, respectively. The two solutions were
1:1 mixed and the mixture self-formed hydrogels at 37 �C. PDA/
HA-Gel was freeze-dried and sliced up for microstructure assay. A
slice was coated with a thin layer of gold on the cross-sections and
observed under a scanning electron microscope (SEM, S-4800,
5 kV, Hitachi, Tokyo, Japan).

The biocompatibility of PDA/HA-Gel was investigated in terms
of cytotoxicity, hemolysis, and systemic toxicity of mouse. The
cytotoxic experiment of gel materials was conducted on L929 cells.
An erythrocyte suspension was incubated with the hydrogel for 1 h
to examine hemolysis. The in vivo biocompatibility of PDA/HA-
Gel was explored by subcutaneous injection of the gels into the
back of mice. The body weight, blood count, and blood chemistry
were analyzed at predetermined time points.

The rheological properties of PDA/HA-Gel were determined
with an Anton Paar MCR302 rheometer (Graz, Austria). Storage
modulus (G00) and loss modulus (G0) were recorded. The oscilla-
tory strain sweep experiments of gels were conducted at a constant
frequency of 10 rad/s and the strain varied from 0.1 to 1000. The
gels formed after 0, 2, and 6 h were used to investigate the
rheological properties.

2.6. In vitro photothermal effect

The photothermal effect of PDA suspensions and PDA/HA-Gel
were investigated under near-infrared (NIR) irradiation. The
samples were placed in quartz cuvette and irradiated with a
780 nm NIR laser (Yuanming Lasever, Ningbo, China) at a power
density of 1.3 W/cm2 for 10 min, and the temperature was
recorded using a contact thermometer (HT-9815, Xintest, Shenz-
hen, China) and an infrared thermal camera (FOTRIC 220s, Fotric
Thermal Intelligence, USA).

2.7. Preparation and characterization of versatile hydrogels

DOX was absorbed on the surface of PDA nanoparticles via p‒p
stacking. DOX solutions (4 mg/mL) and PDA suspensions
(20 mg/mL) were 1:1 mixed followed by 12 h agitation in dark.
DOX-loaded PDA nanoparticles (DOX@PDA) were collected by
centrifugation (14,800�g, 10 min, Kecheng Instrument) and
washed 3 times with water. The size and zeta potential of
DOX@PDA were analyzed. The visible absorption spectra of
DOX@PDA were conducted with the UVeVis spectrophotom-
eter (TU-1901, Beijing Purkinje General Instrument Co., Ltd.,
Beijing, China). For hydrogel preparation, DOX@PDA suspen-
sion (10 mg/mL) was incubated with CpG-ODN solution and
then cross-linked with an HA-SH solution (15 mg/mL). Six
hours post-gelation, a versatile hydrogel was formed and named
as CpG@DOX@PDA-Gel.

2.8. Release and diffusion of DOX

DOX@PDA-Gel (1 cm3, containing 1 mg DOX) was immersed in
PBS (pH Z 7.4, 8 mL) with or without HAase. At predetermined
time points (Days 1, 3, 6, 9, 12, and 15), 4 mL of the release media
was withdrawn for measurement and equal volume of fresh PBS
was supplemented. DOX in the media was determined with
spectrophotometry (Purkinje Instrument). In addition, the drug
release behavior was also investigated under NIR irradiation. The
hydrogels were irradiated with a 780 nm-NIR laser (Yuanming
Lasever) at a power density of 1.3 W/cm2 for 10 min followed by
an interval of 50 min. The procedure was performed 5 times.

We prepared a solid hydrogel to roughly simulate tumor stroma
for investigation of drug diffusion. The diffusion behavior of the
injectable hydrogel in the simulated tumor matrix was photo-
graphed at predetermined time points. Meanwhile, DOX solution
and DOX@PDA suspension served as controls.

2.9. Evaluation of cell viability and cytokines after chemo-
photothermal therapy

In vitro antitumor effect of chemo-photothermal therapy was
evaluated with the cell counting kit-8 (CCK-8) assay. 4T1-luc
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cells (5000 cells/well) were seeded into a 96-well plate and
cultured overnight. The cells were incubated with the media
supplemented with PDA and DOX@PDA at a series of concen-
tration for 4 h. The PTT groups were exposed to NIR irradiation at
1.0 W/cm2 for 5 min. The cells were further incubated for 20 h
until measurement of cell viability as the instruction of CCK-8
assay. Furthermore, the antitumor effect was also studied using
the live/dead assay34. 4T1-luc cells were seeded in a 6-well plate.
Twelve hours later, the media were withdrawn and the cells were
covered with the PDA-Gel or DOX@PDA-Gel. Then, the culture
media were added into the wells for standard incubation. Four
hours later, the cells were exposed to NIR (1.3 W/cm2 � 8 min).
After 12 h incubation, the cells were washed with PBS and stained
with FDA (5 mg/mL) and PI (5 mg/mL) at room temperature for 5
min in the dark. The cells were thoroughly washed with PBS
before observation under a Nikon TiE-A1 confocal laser scanning
microscope (Tokyo, Japan).

The cytokines released from RAW 264.7 cells were determined
with an enzyme-linked immunosorbent assay (ELISA) method35.
4T1-luc cells and RAW 264.7 cells were separately seeded into
24-well culture plates at a density of 2 � 105 cells per well.
Twelve hours later, the 4T1-luc cells were incubated with
CpG@PDA and CpG@DOX@PDA, where the final concentra-
tions of PDA, DOX and CpG-ODN were 0.5 mg/mL, 1 mmol/L,
and 0.5 mmol/L, respectively. Four hours later, the 4T1-luc cells
were irradiated with an NIR laser device (1.3 W/cm2 � 10 min,
Yuanming Lasever). The media of 4T1-luc cells were transferred
to the plates seeded with RAW 264.7 cells followed by incubation
for 24 h. Afterwards, the media of RAW 264.7 cells were
centrifuged (14,800�g, 20 min, Kecheng Instrument) and the
supernatants were collected for cytokines determination. The
contents of TNF-a and IL-6 were determined with ELISA kits.

2.10. Measurements of in vivo antitumor effect and immune
response

Orthotopic breast tumor models were established by the trans-
plantation of 1 � 106 4T1-luc cells into the mammary fat pads of
mice. When the tumor volume reached w100 mm3, the mice were
randomly divided into six groups (n Z 12 per group). They were
separately treated as follows: (1) the model group without treat-
ment, (2) the PDA-Gel group without NIR irradiation, (3) the PDA-
Gel group with NIR irradiation, (4) the DOX@PDA-Gel group with
NIR irradiation, (5) the CpG@PDA-Gel group with NIR irradiation,
(6) the CpG@DOX@PDA-Gel group with NIR irradiation. The
compositions of hydrogels were listed in Supporting Information
Table S1. The treatment groups were i.t. injected with 0.1 mL of
the hydrogels. The needle was moved in the tumor tissues for
uniform distribution of the hydrogels. The tumor area was irradiated
with a 780-nm NIR laser (1.0 W/cm2 � 5 min, Yuanming Lasever)
12 h post-injection and the photothermal imaging was recorded with
an infrared thermal camera. A week later, the residual tumor was
irradiated with NIR again. The treatment lasted for two weeks.
During treatment, the bioluminescence of tumors was monitored
with an in vivo imaging system (IVIS, Lumina II, caliper life sci-
ences, Waltham, MA, USA). Body weight and tumor volume were
recorded every three days. Tumor volume was calculated as
length� width2 � 0.5. To examine the antitumor immune response,
the cytokines in the serum and cytotoxic T cells in the spleen were
investigated. Three days post-PTT, peripheral blood was obtained
by retro-orbital blood collection and centrifuged to separate serum
for cytokine assay. Then, the mice were euthanized and the spleens
were excised. The spleen cells were collected except red blood cells
and stained with CD3e and CD8 antibodies. The fluorescence was
analyzed with a flow cytometer (BD II, BD Biosciences, Franklin
Lakes, NJ, USA). Finally, the mice were euthanized and the tumors
and the major organs were excised, fixed in formalin, dehydrated,
and paraffin embedded. The samples were sectioned and stained
with hematoxylin and eosin (H&E), caspase-3 and terminal deox-
ynucleotidyl transferase dUTP nick end labeling (Tunel).

2.11. Inhibition of distant metastatic tumor

A bilateral tumor model was used to investigate the metastatic
tumor inhibition. 4T1-luc cells (1 � 106) were inoculated into the
right mammary fat pad of mice to form the primary tumor. Three
days later, 5 � 105 4T1-luc cells were injected into the left
mammary fat pad to form a distant metastatic tumor. The primary
tumors were treated with CpG@PDA-Gel plus NIR irradiation. In
addition, one group was administrated with anti-PDL1 via tail
vein for 3 times at time interval of 3 days. The inhibition of
metastatic tumor was evaluated in terms of tumor volume and
immunohistochemistry.

2.12. Statistical analysis

All data were expressed as mean � standard deviation (SD). The
results were calculated statistically using the SPSS 19.0 software
(SPSS, Chicago, IL, USA). One-way analysis of variance
(ANOVA) with the LSD test was used to identify differences
(P < 0.05 or P < 0.001) between the data.

3. Results and discussion

3.1. Characteristics of HA-SH and PDA

HA is one of the most versatile and fascinating macromolecules in
the natural world. It can be modified with various functional
moieties to form functional hydrogels36. Here, HA-SH was suc-
cessfully synthesized. HA-SH showed a significant different NMR
spectrum from HA with a new signal at 2.75 ppm (a, HS‒CH2‒,
Supporting Information Fig. S1), which was attributed to the
grafted cysteamine37. The thiol substitution degree in HA-SH (vs.
the disaccharide units of HA) was 8.47, 10.20 and 11.32% when
reaction with 0.5, 1, 3 equivalent moles of cystamine, respectively.
Thus, the thiol substitution could be tuned to form hydrogel with
different crosslink density. The HA-SH with 10.20% thiol sub-
stitution degree was used for hydrogel preparation. The average
molecular weight of HAwas 150 kDa. Accordingly, the molecular
weight of HA-SH was approximately calculated as 152,180 Da.
The molecular weight represents the chain length of HA-SH and
the thiol substitution degree, which has an important influence on
the gelation behavior.

The TEM image revealed that PDAwas spherical nanoparticles
(Fig. 1A). The diameter depended on the ammonia concentration
in the reaction system. The diameter had a steep decrease from
712 to 149 nm when the ammonia amount increased from 0.4 to
1.6 mL in the system; meanwhile, the yield decreased from 24.5%
to 7.6% (Supporting Information Table S2). We chose PDA at size
of 226 nm for further study, in which case the yield was 11.5%.
The size distribution of a representative PDA was shown in
Fig. 1B and the peak value was 206 nm, while the zeta potential
measured in neutral aqueous solution was �21.3 mV (Fig. 1C).



Figure 1 Characteristics of PDA. TEM image (A), size distribution (B), and zeta potential (C) of PDA.
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The surface charge on PDA is probably due to quinone imine and
catechol groups, which can strongly depend on the measurement
conditions (pH, electrolyte)38.

3.2. Characteristics of HA/PDA-Gel

HA-SH and PDA were the two precursors of HA/PDA-Gel and
they cross-linked due to the Michael reaction. HA/PDA-Gel did
not flow after gelation for 2 h (Fig. 2A). The SEM images revealed
that the hydrogel contained a high density of PDA dispersed in the
matrix (Fig. 2B), which was a reasonable observation because
PDA acted as cross-linker to form hydrogel.

The rheological properties reflected viscosity, elasticity, and
mechanical strength of HA/PDA-Gel. The G00 represents the solid
properties of the gel, and the G0 represents the fluid properties of
the gel. A fully developed gel or “strong gel” has the property of
G00 > G039. When tested at 0 h, both of G00 and G0 were less than
10 Pa (Fig. 2C), indicating the mixture was in a sol state. After
gelation for 2 h, G00 increased to about 100 Pa (Fig. 2D) and then
reached about 500 Pa after 6 h (Fig. 2E), which indicated the gel
strength increased gradually as cross-linking reaction proceeded.
The gel formed by Michael reaction has a long curing time, and
the low gel strength in the initial phase is suitable for injection.
The composite viscosity of PDA/HA-Gel decreased rapidly as the
amplitude increased and finally approached to zero (Fig. 2F),
which is easy to inject for lower viscosity under high shear.

Biosafety is a critical precondition for biomedical application of
materials. Neither HA-SH nor PDA had an effect on the prolifer-
ation of L929 cells (Supporting Information Fig. S2A and S2B). No
hemolysis activity was observed when the erythrocytes incubated
with the hydrogel, confirming high blood compatibility of HA/
PDA-Gel (Fig. S2C). The body weight of HA/PDA-Gel implan-
ted mice continually increased, showing a similar profile to the
healthy ones (Fig. S2D). Moreover, the white blood cells (WBC),
red blood cells (RBC), alanine aminotransferase (ALT), and creat-
inine (CRE) showed no difference between the hydrogel-bearing
mice and the healthy ones (Supporting Information Fig. S3). The
hyaluronic acid would be degraded by enzyme and polydopamine
nanoparticles would be phagocytized by macrophages and degraded
under acid conditions, such as lysosome40,41. Taken together, HA/
PDA-Gel possesses excellent biocompatibility and biodegradation
and has potential for biomedical application.

3.3. High photothermal conversion ability

PDA converts light to heat with high efficiency. The electrons in
PDA are excited by light energy and the following non-radiative
relaxation generates heat42. The temperature of PDA suspensions
rose quickly under NIR irradiation. The temperature of PDA at
concentration of 100 mg/mL reached about 60 �C after irradiation
for 10 min (Fig. 3A). Moreover, the photothermal effect still led to
the same climactic temperature after three cycles of NIR irradia-
tion, suggesting an excellent photothermal stability (Fig. 3B). It
provides the probability for multiple PTT. In addition, the HA/
PDA-Gel also exhibited good photothermal effect thanks to the
embedded PDA. The hydrogel’s temperature surpassed 60 �C with
the PDA concentration of 1 or 5 mg/mL (Fig. 3C), which was high
enough to ablate tumor. Moreover, different types of hydrogels
were injected into the tumor site, and the temperature was
measured by infrared camera under NIR irradiation. The tem-
perature rapidly surpassed 55 �C after 5 min regardless of drug
loaded in HA/PDA-Gel (Fig. 3D). The in vivo photothermal effect
of HA/PDA-Gel was strong enough for tumor ablation. Moreover,
the heat focused on the tumor site (Fig. 3F), alleviating side effects
of hyperthermia.
3.4. DOX loaded on PDA via p‒p stacking with high efficiency

The mechanism of drug loaded in carriers has important in-
fluence on the therapeutic effect. The main drug loading
mechanisms include covalent conjugation or physical encap-
sulation. However, covalent or physical loading manner shows
limits for low loading efficiency or burst releasing, respectively.
The p‒p stacking interaction, a type of non-covalent interac-
tion, is often used as a strategy for the design of drug-delivery
systems, which can enhance therapeutic effect with desirable
drug load or release behavior43. Thanks to the p electrons-rich
structure, DOX could be easily loaded onto PDA by p‒p
stacking interaction and burst release was avoided. Compared
to PDA, the particle size of DOX@PDA grew larger from 206.5
to 269.1 nm (Fig. 4A), attributing to DOX deposition on the
surface of PDA. Moreover, the zeta potential of PDA gradually
shifted from �34.1 to 17.6 mV due to the cationic structure of
amino group in DOX (Fig. 4B). The positive charge promoted
CpG-ODN coating on DOX@PDA via electrostatic interaction,
because CpG-ODN always had negative charge. After DOX
was loaded in PDA, the peak absorbance of DOX shifted from
480 to 501 nm (Fig. 4C), moving towards the red part of the
spectrum. The red shift was caused by intermolecular p‒p
conjugation. All these results confirm the DOX loaded onto
PDA successfully via p‒p stacking interaction. By this means,
the drug loading efficiency was high and burst release could be
avoided.



Figure 2 Appearance, microstructure and rheological property of PDA/HA-Gel. (A) Appearance of the hydrogel formation process (a, HA-SH

solution; b, PDA suspension; c, solid hydrogel after gelation for 2 h). (B) SEM image of the hydrogel. Amplitude sweep test of hydrogels after

gelation for 0 min (C), 2 h (D), and 6 h (E). (F) The composite viscosity of hydrogel after gelation for 6 h. G00 means storage modulus and G0

means loss modulus.
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3.5. Controlled DOX release and diffusion behavior

In chemo-photothermal therapy, the main part of tumor was ab-
lated by hyperthermia, and then chemotherapeutics took effect to
kill the remaining cancer cells. Long residence time and
controlled release profile of chemotherapeutics ensure high effi-
cient elimination of remaining cancer cells. However, the
controlled release of hydrophilic drug in hydrogel was a tough nut.
Here, DOX loaded onto PDA via p‒p stacking to avoid fast
release, and then cross-linked with HA-SH. DOX slowly released
from the hydrogel in PBS within 15 days, while the addition of
HAase accelerated drug release obviously (Fig. 5A). The
DOX@PDA-Gel degraded rapidly under the help of HAase with
shrinking volume and detection of PDA nanoparticles in release
media (Supporting Information Fig. S4), denoting enzyme trig-
gered drug release behavior. Moreover, elevated temperature
could promote molecular diffusion. Reasonably, DOX released
rapidly during NIR irradiation and the release rate recovered to
normal without light stimulus (Fig. 5B). It clearly indicated an on-
demand drug release behavior. NIR irradiation could facilitate the
release of DOX in tumor site, leading to high bioavailability of
DOX and synergistic therapeutic effect.

The diffusion behaviors of DOX solution, PDA suspension and
PDA-Gel were investigated in tumor stroma-simulated hydrogels.
TheDOXsolution andPDAsuspension diffused after 6 h and fulfilled
thewell after 12 h (Fig. 5C). By contrast, PDA-Gel changed little after
injection into simulated tumor matrix, which could prevent drug
leakage from the tumor site. Previous paper reported that PDA



Figure 3 Photothermal effect of PDA and PDA-Gel. (A) Tempera-

ture of PDA at different concentration under NIR irradiation. (B) Cyclic

temperature rise and fall of PDA. (C) Temperature of PDA-Gel under

NIR irradiation. (D) In vivo photothermal effect of different formulation

of PDA-Gel under NIR irradiation. Data are presented as mean � SD

(n Z 3). Infrared thermal image of PDA-Gel (E) and tumor-bearing

mouse (F).
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suspension begin to decrease after 4 h post-injection in the tumor
site44. Thus, the injectable hydrogel could resident at the tumor site,
increasing local drug concentration for long-term.

3.6. Synergistic anti-proliferation effect of chemo-photothermal
therapy against 4T1-luc cells

The 4T1-luc cells viability was nearly 100% after incubation with
PDA (Fig. 6A), indicating high safety of PDA in the dark. By
contrast, under NIR irradiation the photothermal effect of PDA
Figure 4 Characteristics of DOX@PDA. Size distribution (A) and

zeta potential (B) of PDA and DOX@PDA. (C) UVeVis absorption

spectra of DOX, PDA, and DOX@PDA.
inhibited cell proliferation significantly in a concentration
dependent manner (Fig. 6B). Moreover, the DOX@PDA with
NIR irradiation, in meaning of chemo-photothermal therapy,
inhibited cell proliferation more significantly compared to mono-
photothermal therapy at the same condition (P < 0.05). Inter-
estingly, the cell viability after incubation with DOX@PDA plus
NIR was similar with that after incubation with free DOX, which
might be attributed to little DOX released from DOX@PDA in a
short time. In consideration of the light sensitivity of DOX, the
NIR influence to the anticancer effect of DOX was investigated.
The cell viability showed no difference between free DOX group
and free DOXþNIR group, indicating that NIR had no influence
on the anticancer effect of DOX (Supporting Information
Fig. S5).

The in vitro antitumor effect of chemo-photothermal therapy
was furtherly investigated by live/dead staining. The NIR had
no effect on the cell proliferation. Almost all cells kept alive
after coverage with PDA-Gel for 12 h without NIR, indicating
high cytocompatibility of blank PDA-Gel (Fig. 6C). The
DOX@PDA-Gel showed no influence on the cells due to slow
drug release and the short intervention time. In the above
experiment, the cell viability was approximately 80% under
PDA plus moderate NIR irradiation (1.0 W/cm2 � 5 min).
However, when irradiated by strong NIR irradiation (1.3 W/
cm2 � 8 min), almost all the cells in both PDA-Gel and
DOX@PDA-Gel group were dead. These results indicated that
the photothermal effect could be tuned to ablate tumor or just
impair the cancer cells. Then, chemotherapy could subsequently
take effect to kill remaining cancer cells in later stage,
improving the therapeutic effect synergistically.
3.7. Cytokines release and inhibition of cell growth

Photothermal therapy induces tumor-related antigen releasing
from cancer cells, such as heat-shock protein and cell debris,
while chemotherapy leads to immunogenic cell death16. Both of
PTT and chemotherapy can trigger anticancer immune responses
including dendritic cell maturation and cytokines release. The
4T1-luc cells antigen plus CpG-ODN significantly stimulated
TNF-a releasing, which was as high as lipopolysaccharide (LPS)
group (Fig. 7A). However, the cytokines secreted by
RAW264.7 cells in CpG@PDA(þ) and CpG@DOX@PDA(þ)
groups showed no significant difference (P > 0.05). The chemo-
therapy induced immunogenic cell death might be covered up by
intense photothermal effect in short time. The IL-6 showed the
same trend between the experimental groups and PTT damage was
prerequisite for a mass of cytokines release (Fig. 7B). The secreted
cytokines by immune cells not only can promote host immune
response to kill cancer cells, but also can directly intervene cancer
cell proliferation. The cell culture media of RAW 264.7 cells
inhibited 4T1 cell growth (Fig. 7C), and the inhibition rate was in
accordance with the amount of released cytokines. Dendritic cell
(DC) maturation has been approved to be a pivotal process for
initiating immunity45. The DC2.4 cells were used to investigate
the DC maturation after treatment with CpG@PDA(þ),
CpG@DOX@PDA(�), and CpG@DOX@PDA(þ). The three
combination strategies improved the maturation of DC and the
most DC maturation appeared in the CpG@DOX@PDA(þ) group
(Supporting Information Fig. S6). The mature DC would present
the antigen to activate T cell response for cancer immunotherapy.



Figure 5 In vitro DOX release from PDA-Gel and diffusion behavior of different formulation. (A) DOX release in PBS and HAase solution. (B)

DOX release under NIR irradiation. (C) The diffusion behavior of different formulation in simulated tumor matrix. Data are presented as

mean � SD (n Z 3).

Figure 6 In vitro anticancer effect of therapies against 4T1 cells. (A) Cytotoxicity of PDA without NIR irradiation. (B) Cytotoxicity of

chemotherapy and PTT (“þ” indicates NIR irradiation). (C) Live/dead staining of 4T1-luc cells after chemo-photothermal therapy. Data are

presented as mean � SD (n Z 6). Scale bar Z 100 mm.
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Figure 7 Cytokines released from RAW264.7 cells (A, B) and inhibition of 4T1-luc cells (C). Data are presented as mean � SD (n Z 5).
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3.8. High host immune response and antitumor effect of chemo-
photothermal immunotherapy

The ablative treatments such as hyperthermia could induce strong
in vivo tumor-specific immune responses46. Cytokines took part in
the process of immune responses. TNF-a and IL-6 contents in the
serum of the CpG@DOX@PDA(þ) and CpG@PDA(þ) groups
were higher than those of the other groups (P< 0.0001, Fig. 8A and
B), indicating PTT plus immune-adjuvant induced strong immune
response. TNF-a is a critical mediator of cellular immunity and IL-
6 is a typical marker of humoral immunity, both of which contribute
to tumor regression. The spleen is an important immune organ to
combat disease. The cancer can cause damaged cells, thereby
restricting the spleen from performing its functions. We observed
Figure 8 Activity of in vivo immune system after various treatment. TN

CD8 staining image of T cells in spleen. (D) Quantitative analysis of CD3
the enlargement of spleen in the model or mono-therapy group,
while the splenic size in three-mode combination group almost had
no change. Other reports demonstrated that splenic weight doubled
for tumor bearing mice47. The host immune system could eliminate
the cancer cells by CD3þ/CD8þ cytotoxic T lymphocytes. The
level of CD3þ/CD8þ T cells in spleen of mice treated by
CPG@DOX@PDA(þ) and CpG@PDA(þ) was higher than the
other groups (P < 0.0001, Fig. 8C and D). Specifically, after
treatment by PTT plus CpG-ODN the cytotoxic T cells in spleen
rose to approximately 20% from 11% (in the untreated group). The
cytotoxic T lymphocytes can kill cancer cells directly by releasing
perforin, granzymes and granulysin48.

Inspired by the excellent photothermal performance and im-
mune responses of the versatile hydrogel, we investigated
F-a (A) and IL-6 (B) content in peripheral blood serum. (C) CD3 and
þ/CD8þ T cells in spleen. Data are presented as mean � SD (n Z 3).
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whether those effects could treat tumors. The IVIS images
clearly revealed the inhibition of tumor growth (Fig. 9A and B).
The fluorescence intensity of tumors after treatment was lower
than that in the model or the blank gel group, which meant the
therapeutic regimen inhibited tumor growth. After the second
irradiation, the antitumor therapeutic effect was enhanced. On
Figure 9 In vivo fluorescent image of tumor-bearing mice. IVIS image

intensities of tumors after treatment. Data are presented as mean � SD (n
Day 12, there was only one fluorescent mouse in the three-mode
combination treatment group, exhibiting lowest fluorescence
intensity (Fig. 9C). Tumor volume is a direct indicator to reflect
the tumor growth. The palpable tumor was ablated by PTT
regardless additional treatment regimen. Thus, the tumor volume
in all the PTT groups was obviously smaller than that of model
of mice on Day 5 (A) and Day 12 post-treatment (B). (C) Radiance

Z 5).



Figure 10 Suppression of metastatic tumor after treatment of primary tumor. (A) Tumor volume of metastatic tumors. (B) Tunel, caspase-3 and

CD8 staining of metastatic tumors. Data are presented as mean � SD (n Z 6), *P < 0.05.
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or blank gel group (Supporting Information Fig. S7A). The
mouse body weight fluctuated in a small extent (<20%) during
the experimental period (Fig. S7B), indicating the treatment
regimen had little systemic toxicity. To sum up, the main part of
tumor was ablated by PTT and chemotherapeutics were released
around the tumor site in a sustained way to kill the remaining
cancer cells, and the host immune system was furtherly evoked
to contribute to therapeutic outcome. Both the PTT and chemo-
therapy would induce immunogenic cell death and release
tumor-related antigen, such as calprotectin and heat shock pro-
tein, acting as in situ tumor vaccines49. These results show that a
three-mode combined strategy was significantly superior to
single-mode therapy to treat cancers, paving new avenue for
incurable cancer patients.

Pathological investigation and immunohistochemical staining
furtherly showed the anticancer effects of different treatment
regimen. Tunel staining shows apoptosis cells in the treatment
group while the model and the blank gel group had no obvious
apoptosis phenomenon (Supporting Information Fig. S8). The
chemo-photothermal group (DOX@PDAþ) and the three-mode
combination group (CpG@DOX@PDAþ) had more apoptosis
cells, indicating better therapeutic effect. Caspase-3 enzyme is a
member of endoproteases family, which regulates inflammation
and apoptosis signaling networks. It plays a part in cytotoxic T
cells killing cancer cells mechanism50. The three-mode combi-
nation group showed more caspase-3 positive cells, indicating
more apoptosis cells in tumor tissue. Moreover, H&E staining
revealed lung metastasis in the model group, while the treatment
group showed no metastasis (Supporting Information Fig. S9).
There were no obvious damage in heart tissue, which is prone to
injury by DOX. The injectable hydrogel show little side effects
due to localized drug distribution.

3.9. Inhibition of distantly metastatic tumor

Metastasis is the major cause of treatment failure in cancer patients
and of cancer-related deaths. Since the therapeutic outcome to treat
primary tumor was confirmed, we further investigated the potential
of host immune response to suppress cancer metastasis. In the
present study, a bilateral tumor model was established by twice
inoculation of cancer cells. The bigger tumor served as the primary
tumor while the smaller tumor was regarded as a distant metastasis.
The metastatic tumor volumewas significantly suppressed after the
treatment of the primary tumor with CpG@PDA plus laser irradi-
ation (Fig. 10A). Moreover, the tumor volume of mice adminis-
trated with additional PD-L1 antibody become significantly lower
(P< 0.05), indicating the enhanced immune-therapeutic effect with
help of anti-PD-L1. In addition, the metastatic tumors showed more
positive results in Tunel and caspase-3 staining after treatment of
primary tumor plus PD-L1 antibody (Fig. 10B). Moreover, CD8
staining had the same trend, demonstrating more tumor-infiltrating
cytotoxic T cells with PD-L1 antibody. In addition, the cytotoxic T
cells in the distant tumor were also investigated with a flow cy-
tometer after CD3 and CD8 staining. The CpG@PDA(þ) group
showed more CD3þ/CD8þ cells than the model group, indicating
enhanced immunotherapy to inhibit metastatic tumors (Supporting
Information Fig. S10). The host immune response induced by
treatment of primary tumor plus PD-L1 antibody could suppress
distant metastasis, bringing hope for advanced cancer patients. The
PD-L1 antibody avoids the tumor immune escape by blocking the
PD-L1 immune checkpoints. However, only PD-L1 antibody
showed compromised results for the low host immune response.
Moreover, many papers demonstrated the activation of innate and
adaptive immune systems by combinational therapy (e.g., PTT or
PDT) could significantly improve the therapeutic efficiency of PD-
L1 antibody51,52.

4. Conclusions

Metastasis happens in the earliest tumor proliferation; however,
many drug carrier studies focus on the treatment of primary tumors
not probable distant metastasis. Here, we developed a combina-
tional therapy of chemo-photothermal immunotherapy, for highly
effective anti-primary tumor and distant metastasis treatment at the
same timewith only once i.t. injection of the versatile hydrogel, i.e.,
DOX/CpG-ODN-loaded HA/PDA-Gel. The hydrogel was precisely
designed based on the physiological and pathological conditions of
orthotopic breast tumor and distant metastasis. The high photo-
thermal effect of PDA led to the rapid death of the cancer cells at the
orthotopic site. The chemotherapeutic, DOX released to the sur-
rounding tumor tissues with a controllable manner. The combina-
tion of the cellular residues of killed cancer cells and CpG-ODN
improved the systematic immune response to highly inhibit the
proliferation of distant metastatic cancer cells. The versatile
hydrogel is a promisingmedication for highly effective treatment of
primary and metastatic tumors.



1458 Bo Zhuang et al.
Acknowledgments

This work was partially supported by the National Natural Science
Foundation of China (82073791).

Author contributions

Bo Zhuang and Yiguang Jin designed the research, carried out the
experiments and performed data analysis. Ting Chen, Yueqi
Huang and Zhimei Xiao participated part of the experiments. Bo
Zhuang wrote the manuscript. Yiguang Jin revised the manuscript.
All of the authors have read and approved the final manuscript.

Conflicts of interest

The authors declare no conflict of interest in this work.

Appendix A. Supporting information

Supporting data to this article can be found online at https://doi.
org/10.1016/j.apsb.2021.09.001.

References

1. Chembiochem Ferlay J, Colombet M, Soerjomataram I, Mathers C,
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