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A B S T R A C T

The ongoing circulating energy loss, low reactive oxygen species (ROS) accumulation and poor immunogenicity of
tumors make it difficult to induce sufficient immunogenic cell death (ICD) in the tumor immunosuppressive
microenvironment (TIME), resulting in unsatisfactory immunotherapy efficacy. Furthermore, for highly malig-
nant tumors, simply enhancing ICD is insufficient for exhaustively eliminating the tumor and inhibiting metas-
tasis. Herein, we propose a unique magnetothermal-dynamic immunotherapy strategy based on liquid-solid
transformation porous versatile implants (Fe3O4/AIPH@PLGA) that takes advantage of less energy loss and avoids
ongoing circulating losses by minimally invasive injection into tumors. In addition, the magnetothermal effect
regresses and eliminates tumors that are not limited by penetration to simultaneously trigger 2,20-azobis[2-(2-
imidazolin-2-yl) propane] dihydrochloride (AIPH) decomposition and generate a large amount of oxygen-
irrelevant free radicals and heat shock protein (HSP) accumulation by heating, evoking both intracellular
oxidative stress and endoplasmic reticulum (ER) stress to induce large-scale ICD and enhance tumor immuno-
genicity. More importantly, in orthotopic bilateral breast tumor models, a significant therapeutic effect was ob-
tained after combining amplified ICD with CTLA4 checkpoint blockade. The 21-day primary and distant tumor
inhibition rates reached 90%, and the underlying mechanism of the effective synergetic strategy of inducing the
T-cell-related response, the immune memory effect and TIME reprogramming in vivo was verified by immune cell
analyses. This remarkable therapeutic effect provides a new direction for antitumor immunotherapy based on
magnetothermally controlled oxygen-independent free radical release.
1. Introduction

Cancer immunotherapy that activates the immune system to fight
cancer can result in significant tumor regression [1,2]. Recently, it has
been found that immunological checkpoint blockade (ICB) can impair the
escape of tumor cells from the host immune system and facilitate the
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activation of immune effector cells by enhancing T-cell infiltration [3,4].
The initiation of checkpoint blockade with anti-PD-1, anti-PD-L1, or
anti-cytotoxic T-lymphocyte-associated protein-4 (anti-CTLA-4) anti-
bodies has shown promising clinical progress in the treatment of a range
of malignancies [5,6]. Unfortunately, a majority of tumors are cold tu-
mors with minimal immunogenicity, particularly highly malignant
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tumors such as triple-negative breast cancer (TNBC) [7,8]. The tumor
immunosuppressive microenvironment (TIME) in cold tumors makes it
difficult to generate robust immune cell infiltration, giving rise to a
limited antitumor immune effect [9,10]. As a result, there is an urgent
need to investigate realistic techniques for activating antitumor immu-
nity while also converting cold tumors into hot tumors.

Emerging free radical-based therapy has been discovered to be an
effective strategy for triggering tumor cell death and increasing the
response rate of checkpoint blockade therapy by overcoming the TIME
[11,12]. However, the therapeutic effectiveness of these free
radical-based anticancer methods is extremely oxygen-dependent and is
significantly restricted by the hypoxic tumor microenvironment. More-
over, endogenous ROS are transient species with a short half-life (10–320
ns), and show narrow dispersion range (10–55 nm), and limited accu-
mulation, leading to low immunogenic cell death (ICD) efficacy [13,14].
Recently, oxygen-irrelevant thermal dynamic therapy was proposed for
hypoxic tumor therapy, in which 2,20-azobis[2-(2-imidazoline-2-yl)pro-
pane] dihydrochloride (AIPH), a heat-labile molecule that decomposes
rapidly and releases free radicals under heat stimulation without oxygen
dependence, was used as a thermally activated free radical generator [15,
16]. These nanoplatforms can be transported to tumor sites and produce
free radicals under thermal stimuli [14,17,18].

Magnetic-thermal therapy (MTT) is a minimally invasive tumor
ablation method that utilizes the heat generated from a magnetic me-
dium under an alternating magnetic field (AMF) to locally ablate tumors
[19,20]. Compared to photothermal dynamic therapy for the release of
free radicals and ablation of tumors by photonic irradiation,
magnetic-thermal dynamic therapy (MDT) is a promising therapeutic
method for overcoming the therapeutic depth limitations of photo-
thermal therapy, allowing MDT to be combined with immunotherapy for
improved efficacy in combating tumors [19,21]. To this end, several
oxygen-independent therapeutic platforms enabled by nanotechnology
have been reported [15,22]. Although classic magnetic Fe3O4 nano-
particles have been employed effectively for in situ localized tumor
eradication, the nonspecific distribution of Fe3O4 nanoparticles in vivo
could result in additional side effects [23]. Moreover, it is difficult to
implant large magnetic particles and magnetic seeds into tumor tissues in
situ due to some side effects, and the elimination of large particles from
the body is also difficult. In addition, the traditional medium of MTT,
such as magnetic seeds, magnetic fluid and Fe3O4 nanoparticles, easily
collapses in situ or is removed from the circulation, leading to lower
energy conversion efficiency. Liquid-to-solid phase transformation ma-
terials have been recognized as suitable in situ implantable materials for
magnetic-thermal therapy. These materials are injectable in their liquid
phase so that they can be introduced into the tumor tissues in a minimally
invasive manner, after which they could be rapidly in situ transformed
into solid magnetic implants [24,25]. The produced solids can be easily
controlled in vitro under an alternating magnetic field to produce ther-
apeutic heat for initiating magnetic-thermal and free radical-based
therapy. Moreover, liquid-to-solid phase-transitional materials can
easily incorporate multiple hydrophobic, hydrophilic drugs and nano-
medicines for advanced therapeutics that are advantageous for combi-
national cancer treatment [19].

To improve the immunogenicity of cancer cells, it is necessary to
develop immunotherapy-involved combination strategies that may acti-
vate the immature dendritic cell (DC) maturation, and enhance the
ability of mature DCs to recognize and capture tumor antigens [26].
ICD-related immunotherapy based on thermal effects or reactive oxygen
species (ROS) toxicity has been used in the clinical application [9]. ROS
regulate intracellular redox metabolism that involves highly reactive
molecules or molecular fragments, and excessive oxidative stress further
disrupts endoplasmic reticulum (ER) homeostasis by activating complex
signaling pathways and causing ER stress, eventually enhancing ICD
[27]. Many studies have shown that thermal therapy effectively kills
tumors and leads to tumor cell death in an immunogenic manner [20].
However, these strategies have several shortcomings that have led to
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suboptimal curative effects. A single hyperthermia treatment modality
cannot completely cure tumors due to recurrence and distal metastasis
[28]. More importantly, many anticancer therapies trigger the upregu-
lation of adaptive immune checkpoints (ICs), such as PD-L1 or CTLA4, to
some extent and tumor cells can be camouflaged to evade host immune
surveillance, resulting in a lower response rate to antitumor therapies
[29,30]. Moreover, we noticed that immune checkpoint blockade (ICB)
prevents the immune escape of cancer cells, improving the anticancer
immune response when used in combination with other treatments [31].
For malignant tumors such as TNBC, it is therefore a rational choice to
adopt multiple comprehensive therapies to improve the curative effect.

Herein, for the first time, by coencapsulation of magnetic Fe3O4 and
AIPH with the clinically popular biocompatible/biodegradable organic
macromolecule polylactic-coglycolic acid (PLGA) to form Fe3O4/
AIPH@PLGA (denoted F/A@P), we obtained a unique type of injectable
implant that can initiate MDT via a liquid-to-solid phase-transitional
mechanism within tumor tissues. As constructed, Fe3O4/AIPH@PLGA
was expected to show the following features. First, Fe3O4/AIPH@PLGA
can be fabricated in the liquid phase in vitro and can serve as an
injectable implant for in vivo applications. Fe3O4/AIPH@PLGA can
swiftly diffuse into the surrounding aqueous environment after contact-
ing the aqueous environment of tumor tissues. Hydrophobic PLGA then
precipitates to produce a solid or semisolid implant that is confined to
malignancies. Moreover, in-take of PLGA bypassed the circulation to
escape the clearance effect of the liver and spleen. After phase trans-
formation, the loaded Fe3O4 particle liquid gels become a solid implants
without dispersion and strongly increase the magnetic-thermal energy
conversion efficiency. Second, Fe3O4/AIPH@PLGA can perform MTT
under an AMF and decompose AIPH for free radical-based oxygen-irrel-
evant MDT therapy. The MDT can combat tumors without deep limita-
tions and noticeable thermal loss. Moreover, theMDT process can initiate
ER stress and convert cold tumors into hot tumors to facilitate immu-
notherapy. More importantly, these synergetic effects magnify ICD and
prompt dying cells to release sufficient immune signals as damage-
associated molecular patterns (DAMPs). DAMPs improve the immuno-
genicity of cancer cells, assist with immature dendritic cell (DC) matu-
ration, and enhance the ability of mature DCs to recognize and capture
tumor antigens, thus stimulating the activation, proliferation and infil-
tration of T cells in the TIME and eliciting a strong anticancer immune
response. In combination with anti-CTLA-4 therapy, Fe3O4/AIPH@PLGA
showed superb antitumor performance for both primary tumors and
distant tumors. In addition, the liquid-to-solid phase-transition Fe3O4/
AIPH@PLGA does not damage normal tissues, indicating high biocom-
patibility (Scheme 1). Thus, our study engineered unique oxygen-
irrelevant free radical-generating hydrogels in which Fe3O4/
AIPH@PLGA can act as magnetic materials for in situ robust magneto-
thermal dynamic-immunotherapy.

2. Experimental section

2.1. Materials

PLGA (lactide/glycolide ¼ 50:50) was obtained from Jinan Daigang
Biomaterial Co. (China). NMP was obtained from Aladdin (China). Fe3O4
NPs were purchased from Chengdu Aike Reagent (China). AIPH was
purchased from Adamas beta (China). All of the chemicals used in this
work were of analytical grade and were kept reasonably according to the
manufacturer's instructions. The anti-CTLA4 antibody applied in vivo
was obtained from Bioxcell (USA). Antibodies against cell surface
markers for the FCM assay were acquired from BioLegend, eBioscience
(USA). Antibodies against CRT, HMGB1, HSP70, and HSP90 were pur-
chased from Abcam (USA). ELISA kits for IL-12, IL-6, TNF-α and IFN-γ
were obtained from Quanzhou Jiubang Biotechnology Co. (China). A
fluorescent cell imager (ZOE Fluorescent Cell) was purchased from Bio-
Rad (USA). Bio-TEM images were acquired from Hitachi-7800 machine
(Japan).



Scheme 1. Scheme of F/A@P gel-mediated augmented anti-TNBC immunotherapy: the magnetothermal effect with ROS dual-induced ICD effective reversal of poor
tumor immunogenicity combined with ICB blockade to enhance TNBC immunotherapy efficacy.
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2.2. Synthesis and characterization of the F@P and F/A@P hydrogels

PLGA and NMPwere mixed at a fixed PLGA/NMP ratio of 0.5–0.6 and
stirred in a shaker at 37 �C for 48 h until they were completely dissolved
to obtain PLGA hydrogels. As shown in Table 1, Fe3O4 and AIPH were
dispersed into PLGA hydrogels at different mass ratios to synthesize the
F@P and F/A@P hydrogels. To obtain cross-sections of the PLGA and F/
A@P hydrogels, the materials were quickly frozen under liquid nitrogen
and brittle fracture conditions. The morphologies of the Fe3O4 and AIPH
particles and PLGA and F/A@P hydrogels were analyzed by SEM (ZEISS
GeminiSEM 300, Germany), and the elements were qualitatively
analyzed by energy-dispersive X-ray spectroscopy (EDS). The infrared
spectra of the PLGA, Fe3O4, AIPH, F@P and F/A@P hydrogels were
recorded using an FTIR spectrometer (Nicolet 6700). XRD experiments
were carried out with a Rigaku Ultima IV (Japan). XPS measurements
were performed using a Thermo Scientific K-Alpha instrument. Hyster-
esis loop analysis was carried out with a Lakeshore 7404 instrument. The
amounts of the inorganic components incorporated in the PLGA and F/
Table 1
Composition of F@P and F/A@P hydrogels.

Immune Gels Powder (mg) PLGA hydrogels (mL)

Fe3O4 AIPH

F@P 91.95 0 1
F\A@P-4% Fe3O4 43.95 54.47 1
F\A@P-8% Fe3O4 91.95 54.94 1
F\A@P-12% Fe3O4 144.57 60.24 1
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A@P hydrogels were determined by TGA (TGA5500). UV–vis–NIR ab-
sorption spectra were acquired with a UV-3101PC Shimadzu spectrom-
eter. The pore structures of the prepared hydrogels were observed with
an automatic pore analyzer (AutoPore 9500). The ICP-OES/MS results of
the prepared hydrogels were obtained using an Agilent 5110(OES) in-
strument (Agilent USA). The AMF generator (coil turn: 2, coil length: 1
cm, coil diameter: 3 cm, frequency: 626 kHz, output current: 28.6 A, field
strength: 5.72 K/Am) was used as the radiation source to trigger the
magnetothermal effect.

2.3. AIPH release

The maximum ultraviolet absorption peak of AIPH is located at 225
nm. The prepared 75 μL F/A@P gel was placed in a 15 mL centrifuge
tube, PBS (10 mL) was added, and the mixture was exposed to AMF for
400 s. At 24 h, the supernatant was taken for UV determination. The
retrieved hydrogels were harvested and then homogenized by NMP
solvent (1 mL) to release the residual AIPH for 24 h. After homogeniza-
tion, the samples were centrifuged at 10,000�g for 10 min, and the su-
pernatant was used for ultraviolet analysis determination.

2.4. Cell culture

4T1 breast tumor cells were purchased from Procell (Wuhan, China),
cultured in complete DMEM and grown in an atmosphere composed of
5% carbon dioxide (CO2) and 95% air at 37 �C.
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2.5. In vitro magnetothermal effect of F/A@P

To evaluate the magnetothermal performance of F/A@P, varying
mass ratios of Fe3O4 NPs (4%, 8% and 12%) and different volumes of F/
A@P (50 μL, 75 μL, and 100 μL) were placed into a freshly isolated bovine
liver and PBS in Eppendorf tubes. The magnetothermal properties of F/
A@P under AMF actuation were determined using a far-infrared ther-
mometer (FOTRIC225, ZXF Laboratories, USA), and temperature
changes from thermal images were analyzed using the AnalyzIR 7.1
software. All of the above experiments were carried out in triplicate in
each group.

2.6. In vitro therapeutic efficacy of F/A@P

4T1 cells were inoculated into 96-well plates at a density of 1 � 104

cells per well and treated with various treatments for 24 h and 48 h. Cell
viability was then determined by CCK8 assay. 4T1 cells were inoculated
into 35 mm glass-bottom dishes (1 � 105 cells per dish). Then, the cells
treated with different treatments for 24 h and washed with PBS three
times. Then, Calcein-AM (15 μL) and PI (5 μL) were added to the dishes to
stain living (green) and dead (red) cells. After 15 min of staining, the cells
were washed three times with PBS and observed with a fluorescent cell
imager. Additionally, 4T1 cells were inoculated into 6-well plates at a
density of 4 � 105 per well after different treatments for 24 h. The cells
were then washed three times with PBS, harvested by trypsinization and
centrifuged at 2000 rpm for 5 min. The cells were resuspended in PBS,
and then Annexin V-FITC (5 μL) and PI (10 μL) were added for 20 min of
incubation before performing FCM analysis.

2.7. Generation of free radicals

To monitor free radical generation upon AMF actuation, a TMB
aqueous solution and F/A@P (75 μL) were added to a tube and then
exposed to an AMF. The absorbance of each solution was recorded with a
UV–vis–NIR spectrophotometer. 4T1 cells were treated with different
treatments at 37 �C for 24 h, and DCFH-DA was used as the fluorescent
probe to monitor intracellular free radical generation. After staining with
DCFH for 30 min, the fluorescence of the activated DCF was measured
with a fluorescent cell imager. Using the approach described above,
DCFH-stained 4T1 cells were collected, and FCM was used for detection.

2.8. In vitro GSH depletion

4T1 cells were treated with different treatments at 37 �C for 24 h.
PBS-treated cells were used as the control. Then, the intracellular GSH
level was determined based on the kit instructions. The relative GSH level
in each treatment group was calculated based on the control group.

2.9. In vitro ER stress analysis by western blot

4T1 cells were inoculated in six-well plates and treated differently at
37 �C for 24 h. Then, the cells were collected, and cellular protein was
extracted. PERK, pPERK, ATF4, and CHOP antibodies were used to detect
the corresponding protein expression levels by electrophoresis.

2.10. In vitro ICD effect

The expression levels of HMGB1, CRT, HSP70 and HSP90 were
detected by cellular immunofluorescence to evaluate ICD. 4T1 cells were
exposed to various treatments at 37 �C for 24 h. Then, the cells were
incubated with fixing liquid for 10 min. An anti-HMGB1 antibody was
used to stain the cells for 30 min. Subsequently, the cells were washed
three times with PBS and stained with FITC-IgG secondary antibody for
30 min. Finally, the cells were stained with DAPI for 15 min and washed
4

three times with PBS. Anti-CRT, anti-HSP70, and anti-HSP90 antibodies
were used with the same approach to stain treated 4T1 cells. All fluo-
rescence images were acquired using a ZOE fluorescent cell imager.
2.11. In vitro DC maturation

DCs were isolated from the bone marrow of 8-week-old BALB/c mice.
After various treatments, the 4T1 cell residues were cocultured with DCs
for 24 h using a transwell system. Then, DCs were collected and stained
with anti-CD11c-FITC, anti-CD86-APC and anti-CD80-PE and finally
were sorted by FCM.
2.12. In vivo experiment

Female BALB/c mice (6–8 weeks) were purchased from Chongqing
Medical University and all in vivo experiments were approved by the
Animal Experimentation Ethics Committee of The First Affiliated Hos-
pital of Chongqing Medical University. A bilateral 4T1 tumor model was
established to investigate the therapeutic efficacy of magnetothermal
immunotherapy. The day of the right mammary fat pad injection was
defined as day �7, and the day of the injection on the left side was
regarded as day �4. On day 0, the mice were randomly divided into 5
groups: (1) control, (2) F@PþAMF, (3) F/A@PþAMF, (4) F/A@Pþanti-
CTLA4, and (5) F/A@P þAMFþanti-CTLA4. In the appropriate groups,
F/A@P and F@P were i.t. injected into the primary tumors and exposed
to AMF the next day. Anti-CTLA4 antibody (clone 9H10, 20 μg per
mouse) was injected intraperitoneally into the mice on the 1st, 3rd and
6th days. The tumor volumes and body weights of the tumor-bearing
mice were monitored every 2 days for the whole treatment cycle.
Tumor volume was calculated by the following formula: volume ¼
width2 � length/2. The mice were subjected to survival analysis and
observed until day 40. Mice were euthanized when the tumor volume
reached 1500 mm3. The lung tissue was removed after the mice died and
was fixed and stained with Bouin's fluid to observe the lung metastasis of
the mice in each group.
2.13. In vivo analysis of immune activation

The lymph nodes (LNs), spleens and tumors of the mice were har-
vested to study the immune activation level. The LNs, spleens and tumor
tissues were chopped and placed in a glass tube containing PBS (pH 7.4)
and 2% heat-inactivated fetal bovine serum. Then, a single-cell suspen-
sion was prepared with a homogenizer under mild pressure without the
addition of digestive enzymes. Finally, after the red blood cells (RBCs)
were removed with RBC lysis buffer, the cells were stained with fluo-
rescently labeled antibodies. According to the standard protocol, the
spleen single-cell suspension was stained with anti-CD11C FITC, anti-
CD86 APC, and anti-CD80 PE to assess DC maturity. Effector memory T
cells (TEM cells) were analyzed by spleen single-cell suspension staining
with anti-CD3-FITC, anti-CD8-PE, anti-CD62 L Percp-Cy5.5 and anti-
CD44-APC antibodies. Single-cell suspensions from the secondary tu-
mors and spleens were further stained with anti-CD3-FITC, anti-CD4-
APC, anti-CD8-PE, and anti-Foxp3 Percp-Cy5.5 antibodies to analyze the
proportions of CTLs (CD3þCD4-CD8þ), helper Th cells (CD3þCD4þCD8-
), Teff cells (CD3þCD4þFoxp3-), and Tregs (CD3þCD4þFoxp3þ). All of
the antibodies used in our experiment were diluted 250-fold, and all
samples were sorted and analyzed by FCM after staining.
2.14. Cytokine detection

The supernatants of the DC cell culture and mouse serum were
collected. The levels of TNF-α, IFN-γ, IL-12 and IL-6 in the samples were
analyzed by the corresponding ELISA kits.
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2.15. In vivo synergistic therapy of tumors

After the treatment ended, the primary and distant tumors were
collected from the mice. Liquid nitrogen was used to grind primary
tumor, and total protein was extracted from tissue. Western Blotting
analysis was performed to detected HSP70 levels in the primary tumors.
The primary tumors were stained with H&E, Ki-67 antibody and TUNEL
for histological analysis. Distant tumors were stained with CD8þ immu-
nochemical stain.

2.16. In vivo biosafety

Eight-week-old healthy BALB/c mice were randomly divided into 5
groups (n ¼ 3 for each group). The noninjected group was used as a
control, and F/A@P was injected on days 1, 7, 14, and 21 in the other 4
treatment groups. Serum and blood were collected, and biochemical and
blood analyses were carried out using an automatic biochemical analyzer
(Rayto, Chemray 240, China) and an automatic hematology analyzer
(Mindray, BC-2800 VET, China). The main organs (lungs, heart, liver,
spleen and kidney) of the mice were stained with H&E.

2.17. Statistical analysis

The data obtained in this work were analyzed using the GraphPad
Prism 8.0 software. The values are shown as the means � standard de-
viations (SDs). One-way ANOVA and Student's t-test were used for
intergroup comparisons. Statistical significance: *p < 0.05, **p < 0.01,
***p < 0.001, and #p < 0.05, ##p < 0.01, ###p < 0.001.

3. Results and discussion

3.1. Synthesis and characteristics of F/A@P

Poly(lactic-co-glycolic acid) (PLGA) was approved by the US Food
and Drug Administration (FDA) and can be used in medical biotech-
nology as an attractive material for clinical applications [24]. Based on
our previous research, PLGA was dissolved into NMP solution and
chemically polymerized, and Fe3O4 and AIPH were added for further,
superior modification [32]. Hydrophobic PLGA was dissolved in
N-methyl-2-pyrrolidone (NMP) to generate a homogeneous PLGA/NMP
solution (PLGA hydrogel). Then, the reddish brown F/A@P hydrogel was
easily synthesized by adding Fe3O4 and AIPH particles to the light yellow
PLGA hydrogel (Fig. S1). The procedure for the synthesis of F/A@P is
illustrated in Fig. 1a in the design of a minimally invasive strategy for
treating TNBC, atraumatic implantation is the core problem. To show the
high syringe suitability and fluidity of the as-prepared F/A@P gel bio-
injection, the liquid form was inhaled into a standard syringe. It was
found that F/A@P gels could freely pass through the syringe due to the
low viscosity of the NMP solvent (Fig. 2b and Video-S1). Due to the fast
solvent exchange between NMP and water, the phase transformation
occurred immediately after contact with the water and the gel trans-
formed to a solid form that was be easily removed from the water bath
(Fig. 2b). This superb liquid-solid phase transformation property endows
F/A@P gels with the ability of noninvasive injection into tumors,
avoiding the possible disadvantages of the use of implant magnetic seeds
during surgery.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.mtbio.2022.100442.

To validate the successful formation of a suitable hydrogel structure,
we characterized the obtainedmaterials by scanning electronmicroscopy
(SEM). As shown in Figs. S2-4, PLGA had a porous and loose structure,
with an Fe3O4 nanoparticle (NP) size of 125.60 � 37.85 nm, and that of
AIPH was 19� 12.36 μm. SEM images of the F/A@P hydrogels showed a
sponge-like morphology that is due to the loose and porous structure of
PLGA. The Fe3O4 particles and rod-shaped AIPHwere densely distributed
and coated by PLGA (Fig. 1c). After AMF actuation, an average pore
5

diameter increase of 2.56 � 0.82-fold compared to F/A@P was observed
that was mainly due to the thermal effect generated by the heating
process that promoted solution exchange and gave rise to the solid-phase
PLGA porosity. The porous sponge-like structure provides the space
necessary for AIPH decomposition to effectively release free radicals into
the surrounding tissues. The major elements (C, Fe, O, N, and Cl) were
uniformly distributed as observed in the elemental mapping images, in
agreement with the line scan energy spectrum analysis results shown in
Fig. 1d. In addition, the Fourier transform infrared (FTIR) spectrum of F/
A@P showed a characteristic absorption peak of AIPH at 1600 cm�1,
demonstrating its presence (Fig. 1e); the AIPH was uniformly distributed
in the F/A@P gels. The natural structure of F/A@Pwas explored using X-
ray diffraction (XRD), with the obtained results corresponding to the
standard data for Fe3O4 (PDF#40-1120) (Fig. 1f). The elemental
composition of F/A@P was further investigated by X-ray photoelectron
spectroscopy (XPS). The spectrum of F/A@P exhibited the characteristic
peaks of C, Fe, O, N and Cl (Fig. 1g), and the valence states of the ele-
ments did not change, demonstrating the successful synthesis of the F/
A@P hydrogels and the stability of the procedure.

The drug loading rate of Fe in the F/A@P hydrogel was 5.39% as
measured by ICP, and the encapsulation rate of Fe was 97.13%. Mean-
while, the drug loading rate of AIPH in the F/A@P hydrogel was 4.57%
by ultraviolet determination and the encapsulation rate of AIPH was
95.65%. To enable MTT, F/A@Pmust show good magnetic performance.
At 300 K (26.85 �C), the hysteresis loops (Fig. 1h) of the F/A@P and
Fe3O4 NPs were narrow, showing their soft magnetic performance, and
their corresponding saturation magnetization values were 0.35 emu/g
and 3.08 emu/g, respectively. For these soft magnetic materials, the
correlation between the low coercive field and hysteresis loss properties
further demonstrated that F/A@P can be heated by AMF. As a sponge-
like implant material with abundant pores, the F/A@P hydrogel can
effectively release small molecular compounds or drugs. According to
Figs. S5-7, the F/A@P gel was driven by AMF for 400 s, with 89.19%
release of AIPH in 24 h. Thermogravimetric analysis (TGA) of F@P and
F/A@P was performed by heating from 30 �C to 800 �C. Compared with
F@P, the weight loss of the as-prepared F/A@P was 12.5%, which was
attributed to thermolysis of the loaded AIPH small molecules (Fig. 1i),
illustrating that AIPH has thermal decomposition ability. Collectively,
the AIPH and Fe3O4 particles were uniformly distributed into the PLGA
gels, and the successfully synthesized F/A@P gels show phase change
behavior and can be precisely injected in situ. The pore diameters of the
gels can be increased by AMF actuation to assist with AIPH decomposi-
tion and free radical generation, providing the basis for the local treat-
ment of TNBC.

3.2. Magnetothermal performance and therapeutic efficacy of F/A@P with
various components in vitro

To achieve controllable ranges of thermal radiation and heating
temperature in vivo, the magnetic hyperthermia performance of F/A@P
needs to be accurately evaluated under AMF. As shown in Fig. S8, 9, F/
A@P can effectively enhance its own temperature and that of the sur-
rounding PBS due to the conversion of electromagnetic energy into
thermal energy by the Fe3O4 NPs. To rationally select the component
ratio of F/A@P for in vivo treatment, a bovine liver was used to evaluate
and imitate the heating process in vitro. F/A@P hydrogels were injected
into the excised bovine liver pieces. The thermal images (Fig. 2b) and
corresponding temperature curves (Fig. 2a) of the bovine liver implanted
with F/A@P illustrate that the magnetic hyperthermia efficiency
increased proportionately with Fe3O4 quantity, F/A@P volume, and AMF
actuation time. It was determined that 75 μL of 8% F/A@Pwas needed to
reach a temperature of 43� 1.1 �C in 150 s (Fig. 2a). For 100 μL of 8% F/
A@P and 75 μL of 12% F/A@P, the temperature increase was too fast to
control and can result in the damage to and necrosis of the peripheral
normal tissue. Moreover, the thermal behaviors of 50 μL of 8% F/A@P
and 75 μL of 4% F/A@P were too mild to achieve a therapeutic effect;

https://doi.org/10.1016/j.mtbio.2022.100442
https://doi.org/10.1016/j.mtbio.2022.100442


Fig. 1. Synthesis and characteristics of F/A@P. (a) Schematic diagram of the synthesis of F/A@P and F@P. (b) Digital photographs of the injectable F/A@P though
the standard 1 mL syringe (i) and (ii-iiiii) the corresponding phase-change process after contacting the water. (c) SEM images of A) F/A@P and B) F/A@P þ AMF and
the corresponding elemental mapping images (scale bars: 200 μm). (d) Energy spectrum of F/A@P. (e) FTIR spectra of F/A@P, F@P, AIPH, PLGA, and Fe3O4. (f) XRD
spectra of F/A@P, F@P, and Fe3O4. (g) XPS survey spectrum of F/A@P. (h) Magnetic hysteresis loops of F/A@P and Fe3O4. (i) TGA curves of F/A@P and F@P.
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thus, their subsequent application in vivo was precluded. Temperatures
in the range of 43–45 �C can not only eradicate cancer cells directly with
little damage to surrounding normal tissue but also induce a systemic
immune response [20]. As shown in Fig. 2c, 75 μL of 8% F/A@P was
repeatedly exposed to AMF for seven on/off cycles, and no evident
thermal attenuation was observed, demonstrating the high magneto-
thermal stability of F/A@P during the thermal process. Consequently, 75
μL of 8% F/A@P was chosen in this work as the optimal MDT conditions
6

for triggering AIPH decomposition and stimulating the immune system,
and is a rational choice for the subsequent cancer therapy and immunity
activation applications.

After it was determined that the F/A@P free radical-generating gels
have superb magnetothermal properties, their anticancer lethality was
investigated, because this is another important property. F/A@P gels are
highly biologically safe materials for intratumoral injection in situ and
are nontoxic. As expected, almost no cytotoxicity was observed after



Fig. 2. Magnetothermal performance and therapeutic efficacy of F/A@P with various components in vitro. (a) Magnetothermal curves of different volumes and mass
fractions of Fe3O4 in F/A@P under AMF actuation and (b) the corresponding infrared thermal images. (c) Temperature curves of F/A@P over seven on-off cycles under
AMF actuation. (d–e) Viability of 4T1 cells after different treatments assessed by CCK8 assay. (f) Live (green)/dead (red) fluorescence images of 4T1 cells after
different treatments (scale bars: 50 μm). (g) FCM was used to determine the apoptosis level of 4T1 cells after various treatments. The data are shown as the mean � SD,
n ¼ 3 per group; *p < 0.05, **p < 0.01, ***p < 0.001.
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treating 4T1 cells with various volumes of F/A@P for 24 and 48 h and F/
A@P loaded with different percentages of AIPH for 24 h in the absence of
AMF (Figs. S10 and 11). Moreover, the live/dead cell fluorescence signals
were observed by confocal laser scanning microscopy (CLSM) (Fig. 2f),
and a distinct green signal was detected in the groups treated with F/
A@P alone and AMF actuation alone, illustrating the excellent biocom-
patibility of both F/A@P and AMF actuation. However, 4T1 cell viability
declined with increasing volumes of F@P and F/A@P upon AMF actua-
tion. When the gel volume was increased to 75 μL, the cell survival rate
was approximately 20.1% � 0.7 in the F/A@P þ AMF group, which was
7

noticeably lower than that of 73.6% � 1.8 for the F@P þ AMF group
under the same conditions (Fig. 2d and e). Therefore, due to the
augmented anticancer efficacy exhibited in the 75 μL F/A@P group, this
treatment was used in our following experiments. As shown in the
fluorescence images (Fig. 2f), the F@P þ AMF group displayed some red
fluorescence, indicating that a single magnetothermal treatment can
produce a limited cytotoxic effect. The evidenced red fluorescence sig-
nals were detected when 4T1 cells were incubated with F/A@P and
subsequently exposed to AMF in both normoxic and hypoxic environ-
ments. Similar results were observed in the Annexin V-FITC/PI staining
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assays (Fig. 2g), where an outstanding curative effect was observed in the
F/A@P þ AMF groups under normoxic and hypoxic conditions, both of
which induced distinct cell apoptosis. These findings confirmed the ne-
cessity of blending AIPH as a free radical generator for tumor elimina-
tion, and such rapid generation of oxygen-independent free radicals
triggered by the magnetothermal effect could efficiently accelerated
cancer cell death.

3.3. Oxygen-irrelevant free radical generation ability of F/A@P and the
mechanism of ER stress in vitro

Encouraged by the excellent therapeutic efficacy of F/A@P under
Fig. 3. Oxygen-irrelevant free radical-generating ability of F/A@P and the mechanis
after AMF actuation for 400 s (inset: digital photos of the TMB solutions). (b) UV–v
actuation times (inset: digital photos of the TMB solutions). (c) Absorbance curves o
levels in 4T1 cells after various treatments (scale bars: 50 μm). (e) Intracellular RO
quantitative analyses of ROS levels. (g) Intracellular GSH levels after different treatm
from each group. (i) Corresponding quantitative analyses of the ratios of p-PERK/GA
mean � SD, n ¼ 3 per group; n.s. represents no significance, *p < 0.05, **p < 0.01,
with the ICG þ laser group).
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AMF actuation in vitro, we used a free radical indicator, 3,30,5,50-tetra-
methyl benzidine (TMB), to validate the ability of F/A@P to generate
free radicals. A typical absorption peak appeared at 652 nm when TMB
was reacted with the generated free radicals. As displayed in Fig. 3a,-c,
after the reaction between TMB and F/A@P under AMF actuation, the
absorption peak gradually increased in a time-dependent manner; this
was remarkably different from the results observed for the AIPH, F/A@P,
and AIPHþ AMF groups. Interestingly, the F/A@Pþ AMF group reached
its peak absorption in the 100th second of heating. Moreover, we utilized
a DCFH kit to evaluate the intracellular free radical-generating ability of
F/A@P under AMF actuation in both normoxic and hypoxic conditions
and compared these results with those obtained using the commonly
m of ER stress in vitro. (a) UV–vis spectrum of oxidized TMB in different groups
is spectrum of oxidized TMB after treatment with F/A@P under different AMF
f oxidized TMB based on a) and b). (d) Typical DCF fluorescence images of ROS
S levels after different treatments analyzed by FCM and (f) the corresponding
ents. (h) Representative immunoblot results of various protein expression levels
PDH, ATF4/GAPDH and CHOP/GAPDH based on h). (The data are shown as the
***p < 0.001 in comparison with the control group, ##p < 0.01 in comparison



M. Wang et al. Materials Today Bio 16 (2022) 100442
used ICG photosensitizer that is highly capable of generating ROS [23].
As shown in Fig. 3d, when exposed to the same AMF conditions, a
remarkably bright intracellular green fluorescence signal was observed in
the 4T1 cells incubated with F/A@P under both normoxic and hypoxic
conditions. A markedly different result of a negligible green fluorescence
signal was observed for the control, F/A@P, and F@P þAMF treatment
groups, indicating that no free radicals were generated. Encouragingly,
compared with ICG under laser irradiation, F/A@P under AMF actuation
resulted in the generation of far more intracellular alkyl free radicals. In
addition, qualitative and quantitative FCM analyses proved the rich
intracellular ROS generation (Fig. 3e and f). In the presence of F/A@P
þAMF-normoxia and F/A@PþAMF-hypoxia, the fluorescence intensity
of DCF showed a strong increase and was much greater than that in the
ICG with laser irradiation group, demonstrating the generation of
abundant ROS in these groups. Collectively, a large amount of intracel-
lular oxygen-irrelevant ROS was generated by F/A@P under AMF actu-
ation, displaying greater ROS production than the ICG photosensitizer.
Despite the superb ability of F/A@P to generate free radicals, a large
amount of intracellular reducing substances, such as GSH, will inhibit the
oxidation level. Therefore, we investigated the capability of F/A@P to
deplete GSH in the TIME. GSH levels in the control group remained high
but were markedly reduced in the F/A@PþAMF groups under both
normoxia and hypoxia, as shown in Fig. 3g. These results suggest that our
F/A@P gels can efficiently consume GSH and further augment the
therapeutic efficacy of ROS.

Many ROS-responsive hydrogels that release therapeutics into the
tumor microenvironment (TME) in a controlled manner that contains
abundant ROS [33,34]. The F/A@P hydrogel, as an alkyl-loaded plat-
form, releases abundant alkyl free radicals in the tumor microenviron-
ment after thermal triggering to resist tumors. To further reveal the
mechanism of the lethal effect of the toxic free radicals produced by the
F/A@P hydrogel at the cellular level, we used bio-TEM (Fig. S12). It is
observed from the ultramicro cellular structure that F/A@P precisely
affected tumor cells, giving rise to cell membrane destruction, organelle
damage and nuclear membrane dissolution. Protein folding in the ER is a
complicated process with multiple steps; under severe or persistent stress
conditions, protein variation and disulfide bonds result in defective
synthesis or decreased synthesis, causing unfolded or misfolded proteins
to accumulates in the ER [22,27]. When the limit of the degradation
system for the removal the wrong proteins is exceeded, ER homeostasis
collapses, activating the endoplasmic reticulum kinase PERK to undergo
homodimerization, and activating ER stress through autophosphor-
ylation and downstream signaling pathways [35,36]. The classical
phosphorylation pathway mediated by PERK (PERK-pPERK-ATF4--
CHOP) is a widely accepted signaling pathway to understand the
mechanism underlying induced ER stress, for example due to ultraviolet
radiation, methotrexate and oxaliplatin [36,37]. Then, the damaged cells
release DAMPs to the cell surface or extracellular fluid, thus inducing
dendritic cells around the tumor cells to recognize specific antigens,
arousing an immune response and improving the immunity of the body.
These series of pathological processes make ER stress the general “initi-
ator” factor of ICD events [35,37,38]. However, the mechanism of ER
stress caused by alkyl free radical accumulation and the relationship with
the ICD effect remain unclear. Herein, we speculate that F/A@P can
cause tumor cells to enter a pathological state of redox damage by pro-
ducing abundant free radicals. The accumulation of lipid oxidation and
peroxidation, as well as the decrease in the reduced glutathione/oxidized
glutathione (GSH/GSSH) ratio, increases the UPR load in the ER and
leads to endoplasmic reticulum stress in tumor cells through the classical
phosphorylation pathwaymediated by PERK, eventually augmenting ICD
scales in tumor cells. To verify the mechanism by which F/A@P induces
ER stress, western blotting was used to investigate the PERK, pPERK,
ATF4, and CHOP protein expression levels after treatment with F/A@P
and AMF actuation. As shown in Fig. 3h, i, F/A@P þ AMF upregulated
pPERK (an indicator of the phosphorylation levels of PERK), and much
higher protein expression levels of ATF4 and CHOP were detected
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compared to those in the other groups. These comparison data demon-
strate that F/A@P-mediated oxidative stress can upregulate the pathway
of PERK-mediated phosphorylation that efficiently provokes ER stress,
and ROS are the upstream event of endoplasmic reticulum stress. Taken
together, these results show that the prepared F/A@P gels generated
abundant oxygen-irrelevant free radicals and caused GSH depletion to
increase oxidative stress and the pPERK pathway to evoke ER stress. This
provides a mechanism premise for synergistically augmenting the scales
of ICD.

3.4. F/A@P mediates immunogenic cell death and DC maturation in vitro

After verifying the mechanism by which F/A@P induces thermal ef-
fects and endogenous pressure in vitro, it is necessary to confirm whether
F/A@P can trigger ICD. The characteristic biological event of ICD is the
presence of activated DAMPs on the cell surface that act as activation
signals for immune cells and reverse tumor cell immunogenicity, making
cancer cells susceptible to immunotherapy [39,40]. We used cell
immunofluorescence to assess the expression of the DAMP-related bio-
markers HMGB1, CRT, HSP70, and HSP90 induced by F/A@P. As indi-
cated in Fig. 4b, compared with the 4T1 cells in the PBS and F/A@P
groups that exhibited almost no green fluorescence, the cells treated with
F@PþAMF exhibited weak green fluorescence. By contrast, 4T1 cells
treated with F/A@PþAMF exhibited significantly enhanced green fluo-
rescence, suggesting elevated HMGB1 exposure on the 4T1 cell surface.
Moreover, the green fluorescence of CRT, HSP70, and HSP90 in the
F/A@PþAMF treatment group was also remarkably brighter than that for
the other three groups. In marked contrast, almost no green fluorescence
signal was detected in the control and F/A@P groups, indicating that no
DAMP-related biomarkers were exposed in these groups. Overall, the
DAMP-related biomarker fluorescence was notable in the F@PþAMF
group, demonstrating that the thermal effect plays an important role in
ICD. More importantly, the biomarker fluorescence in the F/A@PþAMF
group was significantly brighter, indicating that ICD augmentation and
immunogenicity enhancement can be induced by F/A@P under AMF
actuation, which is related to the excellent F/A@P-mediated generation
of free radicals. To conclude, both the thermal effect and endogenous
stress mediated by F/A@P under AMF exposure have a synergistic effect
on the induction of ICD.

DCs are extremely important for the activation of antitumor immune
responses. It is important to note that the maturation state of DCs often
determines the final result of T-cell activation that can secrete abundant
stimulatory signals and contact T cells to evoke anticancer immunity [41,
42]. To investigate F/A@P-mediated DC maturation in vitro, BMDCs
were cocultured with 4T1 cells in a transwell system as shown in Fig. 4a.
DCs were collected, and the maturation ratios were determined by FCM.
Upregulation of the costimulatory molecules CD80 and CD86 indicates
the DC maturation level. As shown in Fig. 4c, the F/A@P group caused a
negligible difference in DC maturation compared with the control group.
The F@PþAMF group displayed a slight increase, but the DC maturation
ratio in the F/A@P þAMF group reached 76.2% �1.7, 4.7-fold higher
than that in the control group, indicating the significant promotion of DC
maturation. The release of tumor necrosis factor (TNF)-α, interleukin
(IL)-6 and IL-12 in the F/A@P þAMF group was remarkably higher than
that in the other groups, demonstrating that F/A@P under AMF actuation
may stimulate the greatest immune responses in vitro (Fig. 4d). In
summary, F/A@P hydrogels efficiently induced ICD by sufficient
ecto-DAMP expression and activated DC maturation through intrinsic
immune signaling, further improving antitumor immune responses in
vitro.

3.5. Antitumor effect of F/A@P-mediated MDT combined with CTLA4
blockade therapy in an orthotopic 4T1 bilateral tumor-bearing mouse model

In view of the excellent antitumor effect, ICD induction and DC
maturation produced by F/A@P in vitro, we further investigated the



Fig. 4. F/A@P mediates immunogenic cell death and DC maturation in vitro. (a) Schematic diagram of the coculture process of immature DCs with 4T1 cell residues
in vitro. (b) Immunofluorescence images of HMGB1, CRT, HSP70, and HSP90 expression in 4T1 cells (scale bars: 25 μm). Nuclei: blue, DAPI-labeled; specific cell
surface proteins: green, FITC-IgG secondary antibody-stained. (c) The expression of CD80 and CD86 on the surface of the DCs in each group was analyzed by FCM. (d)
Corresponding quantitative analysis of the DC maturation rates and levels of the cytokines IL-6, IL-12 and TNF-α in the supernatants of the DC culture medium. (The
data are shown as the mean � SD, n ¼ 3 per group; n.s. represents no significance, *p < 0.05, **p < 0.01, ***p < 0.001 in comparison with the control group).
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potential of F/A@P to be used as immune gels in breast-conserving
treatments. Anti-CTLA4 has been approved by the FDA as an immune
inhibitor and is currently applied in clinical practice. CTLA4 checkpoint
blockade inhibits the camouflage and immune escape abilities of tumor
cells by binding an anti-CTLA4 antibody to the CTLA4 receptor on T cells,
blocking the activation of the inhibitory immune signal induced by
anticancer therapy [43]. Many studies have confirmed that the effects of
anti-CTLA4 are better than those of PD-L1 in inhibiting the activity of
immunosuppressive regulatory T cells (Tregs) and improving immuno-
therapy efficacy [44]. CTLA4 blockade was introduced in our animal
experiments to improve the immunotherapy efficacy of ‘tumor vaccines’
that are generated in situ following the F/A@P-mediated treatment of
primary tumors. We established an orthotopic murine bilateral 4T1
(murine TNBC cells) breast tumor model with spontaneous metastasis,
10
and the therapeutic process is described in Fig. 5a. BALB/c mice were
randomly divided into five groups, and the primary tumors were treated
with PBS, F@PþAMF, F/A@P þAMF, F/A@P þanti-CTLA4, or F/A@P
þAMFþanti-CTLA4. When the primary tumor volumes of the mice grew
to 100–120 mm3, the mice were i.t. injected with F@P or F/A@P and
then exposed to an AMF. As shown in the infrared thermal images in
Figs. S13 and 14, the temperature of the orthotopic breast tumors
reached approximately 43 �C under AMF after intratumoral injection of
F@P or F/A@P and remained between 43 and 45 �C for 6 min, indicating
that mild MHT can be precisely achieved without notably damaging
normal tissues based on AMF manipulation while simultaneously trig-
gering AIPH decomposition in vivo.

The mouse tumor volume sizes were monitored, and photographs of
the animals were taken after administration of the various treatments.
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Fig. 5. Antitumor effect of F/A@P-mediated MDT combined with CTLA4 blockade therapy in an orthotopic 4T1 bilateral tumor-bearing mouse model. (a) Schematic
diagram of F/A@P-mediated MHT combined with CTLA4 blockade therapy to inhibit primary and distant tumors. (b) Digital photographs of the mice in the five
groups at 0, 1, 7, 14 and 21 days after various treatments. (c) Primary tumor growth curves and the average primary tumor growth curve of the mice in each group (n
¼ 6). (d) Distant tumor growth curves and average distant growth curve in each group (n ¼ 6). (e) Primary tumor inhibition rates and (f) distant tumor inhibition rates
of the mice in each group. (g) Body weights and (h) morbidity-free survival of the mice in each group. (i) Digital photographs and H&E staining images of repre-
sentative pulmonary metastatic nodules (circles) from the mice in each group at the end of treatment (scale bars: 100 μm). (The data are shown as the mean � SD, n ¼
6 per group; n.s. represents no significance, *p < 0.05, **p < 0.01, ***p < 0.001 in comparison with the control group, #p < 0.05, ##p < 0.01, ###p < 0.001 in
comparison with the F/A@P þ AMF group).
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Fig. 5b shows representative digital photographs of the mice in each
group after the different treatments every 7 days. The treatment was
carried out for 21 days. As illustrated in Fig. 5c, the primary tumor vol-
ume of the control group reached 1500 mm3 on day 21, and the growth
behaviors of primary tumors (n¼ 6) in the F@PþAMF and F/A@Pþanti-
CTLA4 groups appeared to be similar, while tumor growth in the F/
A@PþAMF group was clearly inhibited. Significantly, the primary tumor
of each mouse in the F/A@PþAMFþanti-CTLA4 group almost dis-
appeared. Secondary tumor growth in the different groups is also
recorded in Fig. 5d. For the mice in the control group, the secondary
tumors showed quite rapid growth. Additionally, the secondary tumor
growth rate was only mildly delayed if the mice were treated with
F@PþAMF, F/A@PþAMF, or F/A@Pþanti-CTLA4, all of which exhibi-
ted a similar trend. As treatment controls, the mild immunological re-
sponses induced by F@PþAMF (no free radical generation), F/
A@Pþanti-CTLA4 (no magnetothermal effect and no magnetothermal-
responsive free radical generation) and F/A@PþAMF (no immune
checkpoint blockade) suppressed the growth of the secondary tumors to
only a certain extent. Excitingly, the best tumor treatment efficiency was
observed after combination treatment with F/A@PþAMF plus anti-
CTLA4. The primary tumors of these 4T1 model mice were eradicated
and the growth of the secondary tumors was almost completely inhibited,
showing significantly slowed tumor growth throughout the therapeutic
cycle and demonstrating the important role of ROS toxicity, magneto-
thermal effects and anti-CTLA4 therapy to trigger effective antitumor
efficacy and immune responses that are conducive to the treatment of
tumor metastasis.

As displayed in Fig. 5e and f, the inhibition rates of both the primary
and distant tumors were approximately 90% in the F/A@PþAMFþanti-
CTLA4 groups, much higher than those in the other groups. There were
no distinct differences in the body weights of the mice in all groups
(Fig. 5g). The morbidity-free survival rate of the mice in the F/
A@PþAMFþanti-CTLA4 group was also the highest compared with those
for the other groups during 40 days of monitoring, demonstrating that
this nonspecific immunotherapy procedure may be effective as a TNBC
treatment (Fig. 5h). After the therapeutic regimens were finished, the
efficacy of F/A@P to inhibit tumor metastasis was evaluated by exam-
ining the lung tumor nodules, as displayed in Fig. 5i. Digital photographs
of Bouin liquid-stained whole lungs collected at the end of the thera-
peutic cycle displayed only a few signs of lung metastasis in the combi-
nation group with F/A@P-basedMDT plus anti-CTLA4 therapy compared
with the many nodules found in the other groups, and hematoxylin and
eosin (H&E) staining showed the same results. Consequently, F/A@P
exhibited high curative biosafety in vivo and can be used as an immune
gel to not only eradicate primary tumors but also act as a source of an in
situ ‘tumor vaccine’ combined with ICB to provide great potential for
improving the efficacy of malignant tumor breast-conserving
immunotherapy.

3.6. Immune response to combination therapy in an orthotopic bilateral
4T1 tumor-bearing mouse model

We further investigated antitumor immunity to explore the potential
mechanism of the excellent efficacy and abscopal effect mediated by F/
A@P in vivo. Thus, immune cells from LNs close to the primary tumors,
spleens and distant tumors and cytokines from the serum were harvested
and assessed. Immune cells were evaluated by FCM, and cytokines were
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evaluated by ELISA. Since F/A@P-mediated MHT and synergistic CTLA4
blockade can activate DC maturation that plays a critical role in antigen
presentation and T-cell activation, DC maturation in the LNs and spleens
was evaluated by FCM. Judging by the maturation ratio of DCs in LNs
(�40%) and spleens (�50%) (Fig. 6a and b), the relative number of
mature DCs increased remarkably after treatment with F/
A@PþAMFþanti-CTLA4 and was notably higher than that in the PBS
group, whichmay be due to both intrinsic immunomodulatory properties
and magnetothermal effects. This result indicates the superior immuno-
modulatory effect of F/A@P on the transfer of immature DCs to a mature
antitumor phenotype.

Many studies have documented that helper T cells (Th cells;
CD3þCD4þCD8-) are primarily responsible for regulating adaptive im-
munity, while CTLs (CD3þCD4-CD8þ) eliminate targeted cancer cells
directly [45,46]. Marked by Foxp3, CD4þ Th cells can be classified as
Tregs (CD3þCD4þFoxp3þ) that can inhibit antitumor immune re-
sponses, and effector T cells (Teff cells, CD3þCD4þFoxp3-) that enhance
antitumor immune effects [47]. As displayed in Fig. 6c, d, e, f, in the mice
whose primary tumors were treated with F/A@PþAMF and F@P þAMF,
there was mainly immunosuppressive Tregs were found in the spleens
and distant tumors. Hence, although the immune system was evoked
after MDT, the antitumor effects in these groups remained poor due to the
presence of large numbers of Tregs. Encouragingly, we found that the
proportion of Tregs in the spleens and distant tumors of the mice injected
with anti-CTLA4 was greatly reduced. Anti-CTLA4 has been approved by
the FDA as an immune inhibitor and is currently applied in the clinical
practice, and many studies have confirmed that its effects are better than
those of PD-L1 in inhibiting the activity of immunosuppressive regula-
tory T cells (Tregs) and improving immunotherapy efficacy. The
F/A@PþAMFþanti-CLTA4 group showed the lowest level of Tregs with
corresponding increases in the CD8þ CTL proportions in both the spleen
and distant tumors of approximately 50% and 33.8%, respectively, which
were much higher than those in the F@PþAMF (20.2%, 6.12%),
F/A@PþAMF (23.4%, 10.4%) and F/A@Pþanti-CTLA4 (16.3%, 17.8%)
groups. Moreover, Teff proportions were significantly improved in the
distant tumors of mice that received F/A@PþAMFþanti-CTLA4 as the
primary tumor treatment (Fig. 6i). Overall, Fig. 6j shows that the
F/A@PþAMFþanti-CTLA4 group induced the highest percentages of
both the CD4þ Teff/Treg and CD8þ CTL/Treg ratios that are mainly
responsible for cell immunity in antitumor immunotherapy. The T-cell
correlation with the antitumor immune effect was prompted by the
similar tendency of Treg inhibition, Teff activation and CTL amplification
that plays a major role in the remodeling of the TIME.

Inducing long-term immune memory is essential for preventing dis-
ease recurrence because of the important ability of the immune system to
recall pathogens for several decades [48]. Consequently, it is essential to
assess the antitumor immune memory induced by this combination
therapy. To evaluate the immunememory effect, we collected the spleens
of the mice in the control group and combination treatment group at the
end of the treatment cycle to evaluate memory CD8þ T cells. Intriguingly,
the percentage of TEM CD8þ T cells (CD3þCD8þCD62 L-CD44þ) in the
F/A@PþAMFþanti-CTLA4 group was substantially (nearly 5-fold)
higher than that in the control group (Fig. 6g and h). Therefore,
F/A@PþAMFþanti-CTLA4 treatment provided the greatest DC matura-
tion, Treg inhibition, CTL infiltration, TEM CD8þ T-cell activation, and
tumor relapse prevention effects to reverse the immunosuppressive TME
and enhance antitumor efficacy. This result clearly indicated that the



Fig. 6. Immune responses to combination therapy in an orthotopic bilateral 4T1 tumor-bearing mouse model. (a) FCM diagrams and quantification analysis of DC
maturation in drain LNs adjacent to the primary tumors. (b) FCM diagrams and quantification analysis of DC maturation in spleens. (c) FCM diagrams and (d)
quantification analysis of CTLs and Tregs in spleens. (e) FCM diagrams and (f) quantification analysis of CTLs and Tregs in distant tumors. (g) FCM diagrams and (h)
quantification analysis of TEM cells in the mouse spleens of the control group and F/A@P þ AMF þ anti-CTLA4 group. (i) Proportions of Teff cells in secondary tumors
based on (e) and (f). (j) Teff:Treg and CTL:Treg ratios in the secondary tumors. (The data are shown as the mean � SD, n ¼ 3 per group; n.s. represents no significance,
*p < 0.05, **p < 0.01, ***p < 0.001 in comparison with the control group, #p < 0.05, ##p < 0.01, ###p < 0.001 in comparison with the F/A@P þ AMF group).
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strong antitumor immunity induced by the F/A@P-mediated thermal
effect and ROS-generating platform can contribute to excellent thera-
peutic efficacy and antimetastatic ability in a TNBC mouse model.

In addition, we used western blotting to detect HSP70 expression in
primary tumors to assess ICD levels in vivo. The immunoblot results
shown in Fig. 7a indicate that the HSP70 expression level in F/A@P-
treated mice was much higher than those in the other groups. This
finding indicated that magnetothermal therapy triggered synergistic ICD
effects through evoked DAMPs such as HSP70. As shown in Fig. 7c, the
H&E-stained tumor slices displayed nearly full fields of deformed nuclei
and apoptotic areas in the F/A@PþAMFþanti-CTLA4 group, which was
similar to the results of the TUNEL assay. Ki-67 analysis revealed few
detectable histopathological abnormalities and almost no proliferation.
Moreover, we found that the cytotoxic CD8þ T cells in the F/
A@PþAMFþanti-CTLA4 group showed significant proliferation in
distant tumors. ELISA showed that the mice in the F/A@P þAMFþanti-
Fig. 7. In vivo synergistic therapy of tumors. (a) The expression of HSP70 in prima
analysis was carried out for 2 mice in each group. (b) The levels of TNF-α, IFN-γ, IL-6 a
67 immunochemical staining images of the primary tumor, and CD8þ T-cell immunoc
shown as the mean � SD, n ¼ 3 per group; n.s. represents no significance, *p < 0.05,
< 0.01, ###p < 0.001 in comparison with the F/A@P þ AMF group).
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CTLA4 group had the highest expression levels of antitumor cytokines,
such as TNF-α, interferon (IFN)-γ, IL-6 and IL-12 (Fig. 7b). All of these
cytokines are antitumor inflammatory factors secreted by immune cells
after triggering a strong immune response, further proving that the F/
A@P-mediated thermal effect and ROS dual-induced ICD effectively
reversed the poor immunogenicity and further cooperated with ICB to
amplify the antitumor systemic immune response to inhibit distant tu-
mors. Finally, we found that the serum biochemical markers of the mice
receiving F/A@P treatment were within the normal ranges, and there
was almost no histopathological damage to the major organs. Thus,
systemic toxicity of the F/A@P gels in mice was negligible, preventing
the side effects and disadvantages of traditional treatments (Figs. S15 and
16). The above results suggest the remarkable therapeutic efficacy,
excellent biological safety and potential clinical application of F/A@P
gels.
ry tumors was detected by western blotting, and corresponding quantification
nd IL-12 in the serum of mice were measured by ELISA. (c) H&E, TUNEL and Ki-
hemical staining of the distant tumor. (Scale bars: 50 μm, 100 μm). (The data are
**p < 0.01, ***p < 0.001 in comparison with the control group, #p < 0.05, ##p



M. Wang et al. Materials Today Bio 16 (2022) 100442
4. Conclusion

In this study, we proposed a unique magnetothermal dynamic
immunotherapy strategy based on liquid-solid transformation porous
versatile implants to enhance anti-malignant cancer efficacy. The con-
structed F/A@P produced oxygen-independent free radicals under AMF
actuation, not only directly eliminating cancer cells in hypoxic tumors
but also inducing large-scale ICD by magnetothermal effects and
endogenous oxidative stress accumulation, thus enhancing tumor
immunogenicity that when combined with CTLA4 blockade promotes an
efficient immunotherapy response to achieve highly effective cancer
immunotherapy. This combination strategy showed great antitumor ef-
ficacy in treating artificial spontaneous metastasis orthotopic bilateral
TNBC in tumor models, not only eliminating primary tumors and
attacking and killing distant spreading metastatic tumors but also offer-
ing strong immune protection, including increased DC maturation, T-cell
infiltration and memory T-cell activation, and inhibited Treg T-cell
function to prevent tumor relapse. In conclusion, our study presents
dynamic magnetocaloric immunotherapy based on injectable F/A@P
gels for the minimally invasive treatment of TNBC, reversing the
immunosuppressive TME and enhancing antitumor efficacy. Considering
that all components in our controllable oxygen-irrelevant free radical
generators are FDA-approved and the extensive attention attracted by
magnetocaloric therapy and its application prospects, our research may
indeed have great potential for further clinical translation.
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