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Abstract: Diffuse large B-cell lymphoma (DLBCL), accounting for 31% of non-Hodgkin lym-
phomas, remains recalcitrant to conventional therapies due to chemoresistance, metastatic
progression, and immunosuppressive microenvironments. We report a novel injectable
Fe3O4@DMSA@Pt@PLGA-PEG-PLGA hydrogel system integrating magnetothermal ther-
apy (MHT), chemodynamic therapy (CDT), and immunomodulation. Under alternating
magnetic fields (AMF), the system achieves rapid therapeutic hyperthermia (50 ◦C within
7 min) while activating pH/temperature-dual responsive peroxidase (POD) -like activity
in Fe3O4@DMSA@Pt nanoparticles. Catalytic efficiency under tumor-mimetic conditions
was significantly higher than Fe3O4@DMSA controls, generating elevated reactive oxygen
species (ROS). Flow cytometry revealed 75.9% apoptotic cell death in A20 lymphoma cells
at 50 ◦C, significantly surpassing CDT alone (24.5%). Importantly, this dual mechanism
induced immunogenic cell death (ICD) characterized by 4.1-fold CRT externalization, 68%
HMGB1 nuclear depletion, and 40.74 nM ATP secretion. This triggered robust dendritic
cell maturation (92% CD86+/CD80+ DCs comparable to LPS controls) and T cell activation
(16.9% CD25+/CD69+ ratio, 130-fold baseline). Our findings validate the therapeutic poten-
tial of magnetothermal-chemodynamic synergy for DLBCL treatment, paving the way for
innovative multi-mechanism therapeutic strategies against DLBCL with potential clinical
translation prospects.

Keywords: magnetic nanoparticles; thermosensitive hydrogel; chemodynamic therapy;
immunogenic cell death; diffuse large B-cell lymphoma; synergistic nanocatalysis

1. Introduction
Lymphoma, a malignant hematologic neoplasm originating from lymph nodes or

lymphoid tissues, accounts for 50% of hematologic malignancies and 3–5% of all cancers [1].
Diffuse large B-cell lymphoma (DLBCL), the most common aggressive non-Hodgkin lym-
phoma (NHL), accounts for 31% of NHL diagnoses and poses formidable clinical chal-
lenges due to its molecular heterogeneity and high relapse rates [2–4]. While the R-CHOP
regimen remains first-line therapy, 20–50% of patients develop refractory or relapsed
disease [5,6], with second-line strategies like R-ICE/R-DHAP and autologous stem cell
transplantation yielding suboptimal response rates (26–64%) [7,8]. Emerging therapies such
as antibody-drug conjugates [9], bispecific antibodies [10], and engineered monoclonal anti-
bodies [11] improve targeting but fail to address acquired resistance, systemic toxicity, and
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immunosuppressive microenvironments [12,13], underscoring the need for multimodal
precision therapies.

Building upon our previously reported temperature-responsive magnetic nanoemul-
sion hydrogel (MNH) platform [14], which achieved >90% tumor necrosis with zero recur-
rence via alternating magnetic field (AMF)-mediated localized hyperthermia (42–50 ◦C),
we introduce a novel dual-modality system integrating chemodynamic therapy (CDT). This
enhancement leverages the redox-active properties of iron oxide (Fe3O4) and platinum (Pt)
nanoparticles. Under AMF exposure, Fe3O4 NPs enable localized hyperthermia (42–50 ◦C)
through Néel and Brownian relaxation mechanisms [15], while catalyzing tumor-specific
Fenton reactions to generate cytotoxic hydroxyl radicals (·OH) [16,17]. Concurrently, Pt
conjugation amplifies this effect by lowering the activation energy for Fenton-like reactions,
converting tumor-overexpressed H2O2 into cytotoxic hydroxyl radicals (OH) via the Fenton
reaction: Fe2+ + H2O2 → Fe3+ + OH + OH− [18,19]. This dual-action synergy creates a
redox imbalance in cancer cells, overwhelming their antioxidant defenses and triggering
apoptotic cell death. The hydrogel matrix simultaneously ensures precise localization and
sustained therapeutic payload retention, addressing challenges of systemic toxicity and
immunosuppression in current DLBCL treatments.

Notably, magnetothermal therapy (MHT) and CDT individually induce immunogenic
cell death (ICD) [20], a highly regulated cell death process characterized by the sequential
release of damage-associated molecular patterns (DAMPs) including calreticulin (CRT),
high-mobility group box 1 protein (HMGB1), and adenosine triphosphate (ATP) [21,22].
Recent advancements in ICD-inducing nanotherapies focus on engineering nanoparticles to
enhance DAMP release via redox modulation. For example, researchers led by Wang et al.
reported that that ER-targeted iron oxide nanoparticles conjugated with GRP78-binding
peptides significantly augmented CRT exposure and ATP secretion compared to conven-
tional ICD inducers under acidic tumor microenvironments, while minimizing systemic
toxicity through pH-responsive drug release [23]. Similarly, a study by Wang et al. demon-
strated a pH-responsive nanoplatform combining doxorubicin and photosensitizers, which
induced increased ATP secretion and dendritic cell maturation in vitro [24].Importantly,
recent studies have shown that integrating ICD-inducing nanotherapies with immune
checkpoint blockade (e.g., PD-1/PD-L1 inhibitors) significantly enhances tumor regres-
sion, with some platforms achieving complete tumor suppression in 80–100% of treated
mice [25,26]. Despite these breakthroughs, magnetic hyperthermia with ICD induction
remains underexplored in DLBCL treatment.

To bridge this gap, we engineered an injectable thermoresponsive PLGA-PEG-PLGA
hydrogel encapsulating Fe3O4@DMSA@Pt nanocomplexes. This smart biomaterial, which
undergoes sol-gel transition at physiological temperatures (37 ◦C), enables localized drug
retention and controlled therapeutic release through temperature-modulated polymer chain
reorganization [27]. The hydrogel demonstrates exceptional biocompatibility, allowing it to
coexist amicably with the surrounding tissues and minimizing the probability of triggering
significant immune responses [28]. However, this study constructs a multifunctional hy-
drogel system with magnetothermal responsiveness. This system is expected to enhance
the antitumor effect through the following synergistic mechanisms: 1. MHT-driven hyper-
thermia for direct tumor ablation; 2. Pt-enhanced chemodynamic activity for sustained
ROS generation; 3. ICD-mediated immune activation via DAMPs signaling (Figure 1).
Through systematic evaluation of physicochemical properties, tumoricidal efficacy, and
immune activation mechanisms, this study establishes a novel multimodal paradigm to for
DLBCL treatment.
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Figure 1. Schematic diagram depicting the synergistic mechanisms of magnetic heat therapy, chem-
ical dynamic therapy, and immunogenic cell death activation within the injectable hydrogel system 
for antitumor treatment. 

2. Results and Discussion 
2.1. Construction and Characterization of Fe3O4@DMSA@Pt@PLGA-PEG-PLGA 

The preparation process of Fe3O4@DMSA@Pt is illustrated in Figure 2a, and embodies 
a rational core-shell structural design. First, uniformly sized magnetic Fe3O4@OA nano-
particles were synthesized via a high-temperature pyrolysis method. Subsequently, the 
Fe3O4@OA nanoparticles were surface-modified using DMSA, which imparted good wa-
ter solubility to the nanoparticles. The surface functional groups (-SH) of the nanoparticles 
were then used to adsorb Pt ions, which were reduced to Pt nanoparticles using sodium 
borohydride, successfully coupling the Pt nanoparticles onto the Fe3O4@DMSA surface. 
This multi-step strategy endowed the nanoparticles with both magnetic responsiveness 
from Fe3O4 and potential catalytic/biological properties from Pt [29]. 

Transmission electron microscopy (TEM) analysis (Figure 2b,d) revealed that 
Fe3O4@OA nanoparticles exhibited a regular spherical shape, uniform dispersion, and an 
approximate diameter of 10 nm with no aggregation, demonstrating good monodispersity 
and stability. After modification, Fe3O4@DMSA@Pt nanoparticles had a size of 13 ± 2 nm, 
showing similar uniform dispersion (Figure 2c). Both nanoparticle types exhibited favor-
able microstructural characteristics, which are crucial for subsequent research and appli-
cations. 

Zeta potential measurements (Figure 2e) showed that both Fe3O4@DMSA and 
Fe3O4@DMSA@PtMSA@Pt surfaces carry negative charges with potential values of −34 ± 
0.8 mV and −43 ± 0.6 mV, respectively. This charge property stabilizes the nanoparticles 
via electrostatic repulsion in solution, preventing aggregation. The lower zeta potential of 
Fe3O4@DMSA@Pt indicates that Pt modification alters the surface charge distribution. 
Such modification not only enhances colloidal stability in aqueous solutions but also 
aligns with strategies to prolong bloodstream circulation—crucial for in vivo applications 
[30], as negatively charged nanoparticles may evade rapid clearance by the mononuclear 

Figure 1. Schematic diagram depicting the synergistic mechanisms of magnetic heat therapy, chemical
dynamic therapy, and immunogenic cell death activation within the injectable hydrogel system for
antitumor treatment.

2. Results and Discussion
2.1. Construction and Characterization of Fe3O4@DMSA@Pt@PLGA-PEG-PLGA

The preparation process of Fe3O4@DMSA@Pt is illustrated in Figure 2a, and embod-
ies a rational core-shell structural design. First, uniformly sized magnetic Fe3O4@OA
nanoparticles were synthesized via a high-temperature pyrolysis method. Subsequently,
the Fe3O4@OA nanoparticles were surface-modified using DMSA, which imparted good
water solubility to the nanoparticles. The surface functional groups (-SH) of the nanoparti-
cles were then used to adsorb Pt ions, which were reduced to Pt nanoparticles using sodium
borohydride, successfully coupling the Pt nanoparticles onto the Fe3O4@DMSA surface.
This multi-step strategy endowed the nanoparticles with both magnetic responsiveness
from Fe3O4 and potential catalytic/biological properties from Pt [29].

Transmission electron microscopy (TEM) analysis (Figure 2b,d) revealed that Fe3O4@OA
nanoparticles exhibited a regular spherical shape, uniform dispersion, and an approxi-
mate diameter of 10 nm with no aggregation, demonstrating good monodispersity and
stability. After modification, Fe3O4@DMSA@Pt nanoparticles had a size of 13 ± 2 nm, show-
ing similar uniform dispersion (Figure 2c). Both nanoparticle types exhibited favorable
microstructural characteristics, which are crucial for subsequent research and applications.

Zeta potential measurements (Figure 2e) showed that both Fe3O4@DMSA and
Fe3O4@DMSA@PtMSA@Pt surfaces carry negative charges with potential values of
−34 ± 0.8 mV and −43 ± 0.6 mV, respectively. This charge property stabilizes the nanopar-
ticles via electrostatic repulsion in solution, preventing aggregation. The lower zeta poten-
tial of Fe3O4@DMSA@Pt indicates that Pt modification alters the surface charge distribution.
Such modification not only enhances colloidal stability in aqueous solutions but also aligns
with strategies to prolong bloodstream circulation—crucial for in vivo applications [30], as
negatively charged nanoparticles may evade rapid clearance by the mononuclear phagocyte
system, potentially extending their half-life and improving therapeutic availability [31].
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In summary, the prepared nanoparticles were successfully coupled with Pt, exhibit-
ing stable colloidal properties and a well-defined structure—laying a solid foundation for 
exploring their therapeutic applications and biological effects. When mixed with the 
PLGA-PEG-PLGA block copolymer hydrogel, its temperature-dependent micellar cross-
linking mechanism (Figure 3a) became pivotal. At lower temperatures, the copolymer ex-
isted as a low-viscosity, flowable sol state, enabling injectability. As temperature rose, en-
hanced hydrophobic interactions between hydrophobic segments drove the formation of 
petal-like micellar structures in aqueous solution. These micelles interconnected via 

Figure 2. (a) Schematic illustration of the preparation process of Fe3O4@DMSA@Pt nanoparticles.
(b) Transmission electron microscopy (TEM) image of Fe3O4@OA. (c) Hydrodynamic size profiles
of Fe3O4@DMSA and Fe3O4@DMSA@Pt. (d) TEM image of Fe3O4@DMSA@Pt. (e) Zeta potential
profiles of Fe3O4@DMSA and Fe3O4@DMSA@Pt. (f) Mapping characterization of Fe3O4@DMSA@Pt.
(g) Energy-dispersive spectroscopy (EDS) of Fe3O4@DMSA@Pt.

Elemental analysis via elemental mapping (Figure 2f) and energy-dispersive X-ray
spectroscopy (EDS) (Figure 2g) confirmed the strong intensity of iron and platinum signals
in Fe3O4@DMSA@Pt nanoparticles, indicating the elemental distribution. Further detailed
EDS analysis confirmed the composition ratio of Fe and Pt in the nanoparticles as 39:11
(Figure 2g), thus confirming the successful coupling of Pt nanoparticles onto Fe3O4@DMSA
surfaces. This compositional precision is essential for correlating physicochemical proper-
ties (e.g., magnetic intensity, catalytic activity) with biological effects in subsequent studies.
For example, the Pt content directly influences catalytic performance in chemodynamic ther-
apy, while Fe3O4 dictates magnetic responsiveness for hyperthermia applications [32,33].
Collectively, these results establish a robust material foundation, bridging synthesis success
with functional exploration in advanced biomedical or catalytic systems.

In summary, the prepared nanoparticles were successfully coupled with Pt, exhibiting
stable colloidal properties and a well-defined structure—laying a solid foundation for
exploring their therapeutic applications and biological effects. When mixed with the PLGA-
PEG-PLGA block copolymer hydrogel, its temperature-dependent micellar crosslinking
mechanism (Figure 3a) became pivotal. At lower temperatures, the copolymer existed as
a low-viscosity, flowable sol state, enabling injectability. As temperature rose, enhanced
hydrophobic interactions between hydrophobic segments drove the formation of petal-like
micellar structures in aqueous solution. These micelles interconnected via hydrophobic
associations, triggering a sol-gel transition at the gelation temperature (Tsol-gel). Further
temperature elevation induced dehydration of hydrophilic PEG segments, leading to a
gel-precipitation phase transition at the precipitation temperature (Tgel-precipitation) [34–36].
Regulating Tsol-gel below 37 ◦C ensured physiological temperature-induced gelation. This
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temperature-responsive sol-gel transition granted the hydrogel injectability at lower tem-
peratures for convenient administration and a gel-like state at 37 ◦C for localized retention—
critical for sustained therapeutic effects. Such behavior aligns ideally with in vivo applica-
tions (e.g., targeted drug delivery or tissue engineering) that require minimally invasive
administration and site-specific action [37,38].
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Figure 3. (a) Transition mechanism of PLGA-PEG-PLGA block copolymer hydrogel. (b) Rheological
characterization of PLGA-PEG-PLGA block copolymer. (c) Rheological characterization of the
composite magnetic thermosensitive hydrogel Fe3O4@DMSA@Pt@PLGA-PEG-PLGA.

Through rheological analysis of blended hydrogels with varying mass ratios (0:1, 1:1,
7:3, and 1:0) using PLGA-PEG-PLGA components possessing distinct phase transition tem-
peratures (35 ± 2 ◦C and 30 ± 2 ◦C), the 7:3 ratio formulation demonstrated optimal rapid
gelation at physiological temperature (Table S1, Figure S1). Rheological characterization
(Figure 3b,c) revealed that the composite magnetic hydrogel maintained phase transition
temperatures of 34 ◦C (Tsol-gel) and 40 ◦C (Tgel-precipitation). Notably, the incorporation
of magnetic nanoparticles caused negligible alterations in the phase transition tempera-
tures compared to pristine PLGA-PEG-PLGA hydrogel, indicating the establishment of
a structurally stable composite system where nanoparticles and hydrogel matrix coexist
without significant interfacial interference (Video S1). This minimal interference ensures
the hydrogel retains essential temperature-responsive properties, guaranteeing predictable
phase transitions in physiological environments.

2.2. Performance Validation of Fe3O4@DMSA@Pt@PLGA-PEG-PLGA

A vibrating sample magnetometer (VSM) was used to characterize the magnetic
properties of Fe3O4@DMSA@Pt and Fe3O4@DMSA. At room temperature, the magneti-
zation curves measured by VSM are shown in Figure 4a. As the external magnetic field
approaches zero, the magnetization of the nanoparticles also approaches zero, and their
magnetization increases with increasing magnetic field strength. When the magnetic field
reaches 104 Oe, the nanoparticles become saturated. The saturation magnetization (Ms)
of Fe3O4@DMSA@Pt is approximately 27 emu/g, whereas that of Fe3O4@DMSA is about
45 emu/g. Both exhibit near-zero remanence and coercivity, confirming superparamag-
netism, a property wherein magnetization reverts to zero immediately upon the removal
of the external magnetic field. Due to Pt coupling, Fe3O4@DMSA@Pt has lower Ms than
Fe3O4@DMSA. This superparamagnetic property is highly advantageous for in vivo appli-
cations, preventing residual magnetization-induced unintended aggregation or biological
system interference [39]. Although Pt coupling slightly compromises magnetic strength,
the enhanced catalytic properties conferred by Pt may offset this trade-off.
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Figure 4. (a) Hysteresis regression curves of Fe3O4@DMSA and Fe3O4@DMSA@Pt. (b) Magnetother-
mal heating-up curves of Fe3O4@DMSA nanoparticles with different concentrations. (c) Magnetother-
mal heating-up curves of 7 mg/mL Fe3O4@DMSA and Fe3O4@DMSA@Pt. (d) POD-like activities of
Fe3O4@DMSA@Pt and Fe3O4@DMSA. (e,f) Effects of temperature and pH on the POD-like activity
of Fe3O4@DMSA@Pt nanoparticles.

Given that the saturation magnetization of magnetic nanoparticles influences their
heat-generation performance during magnetic hyperthermia, different concentrations
(3 mg/mL, 5 mg/mL, 7 mg/mL, 9 mg/mL, and 11 mg/mL) of Fe3O4@DMSA were evalu-
ated under the AMF of 370 kHz and 15 A to assess heating curves (Figure 4b). The applied
AMF parameters (370 kHz, 30 A) correspond to a specific absorption rate (SAR) of 125 W/g
and a H × f product of 3.5 × 109 A m−1 s−1, which lies below the established safety
threshold of 5 × 109 A m−1 s−1 for human tissues [40]. This ensures minimal off-target
heating while maintaining therapeutic efficacy.

The results clearly indicated concentration-dependent behavior: at 5 mg/mL,
Fe3O4@DMSA required 380 s to reach 42 ◦C, with a maximum temperature of 55 ◦C
under prolonged AMF; at 7 mg/mL, the therapeutic temperature of 42 ◦C was achieved in
180 s, climbing to 60 ◦C at 700 s. Higher concentrations (9 mg/mL, 11 mg/mL) generated
heat too rapidly for control, while 3 mg/mL was insufficient to reach 42 ◦C. Thus, 7 mg/mL
was selected as the optimal concentration, balancing heating rate and thermal therapy
temperature control.

The heating performance of 7 mg/mL Fe3O4@DMSA@Pt was then compared to
that of 7 mg/mL Fe3O4@DMSA (Figure 4c). Fe3O4@DMSA@Pt showed a lower heating
rate, likely due to Pt’s impact on magnetic heat generation. Pt integration may disrupt
the magnetic domain arrangement in Fe3O4@DMSA, reducing the efficiency of magnetic
energy conversion to heat [41].

Next, the peroxidase (POD)-like activity of Fe3O4@DMSA@Pt nanoparticles was inves-
tigated by adding both Fe3O4@DMSA@Pt and Fe3O4@DMSA (Fe concentration: 1 µg/mL)
to a TMB-H2O2 reaction system and monitoring absorbance at 652 nm over time (Figure 4d).
Results showed that Fe3O4@DMSA@Pt exhibited higher POD-like catalytic activity than
Fe3O4@DMSA, largely because Pt nanoparticles display stronger POD-like properties.
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At the same Fe concentration, Pt coupling enhanced the overall POD-like activity of the
composite nanozyme.

Temperature and pH studies further validated its functional versatility. Within the
25–60 ◦C range (Figure 4e), Fe3O4@DMSA@Pt maintained detectable catalytic activity that
increased with temperature, demonstrating broader thermal tolerance compared to natural
enzymes. pH-dependent activity (Figure 4f) revealed peak performance at ~pH 3, aligning
with the acidic tumor microenvironment, while activity declined at higher pH values.
Collectively, these characteristics position Fe3O4@DMSA@Pt as a promising candidate
for integrated therapies, combining magnetic hyperthermia and catalytic functions with
adaptability to biological environments.

Accurate assessment of the heating capability and temperature range of
Fe3O4@DMSA@Pt@PLGA-PEG-PLGA under AMF is essential for in vitro and in vivo
applications. In the presence of an AMF, the magnetic nanoparticles within this injectable
composite hydrogel convert magnetic energy into heat. Different concentrations and vol-
umes of the composite hydrogel were exposed to a 30 A, 370 kHz AMF, and real-time
temperature changes were recorded with a fiber-optic temperature sensor. The test groups
included were as follows: (1) PLGA-PEG-PLGA alone; (2) PLGA-PEG-PLGA + 1 mg/mL
Fe3O4@DMSA@Pt; (3) PLGA-PEG-PLGA + 3 mg/mL Fe3O4@DMSA@Pt; (4) PLGA-PEG-
PLGA + 5 mg/mL Fe3O4@DMSA@Pt; (5) PLGA-PEG-PLGA + 7 mg/mL Fe3O4@DMSA@Pt.

As illustrated in Figure 5a, the PLGA-PEG-PLGA hydrogel alone exhibits no inherent
heating capacity, explicitly underscoring that the incorporation of Fe3O4@DMSA@Pt is
indispensable for magnetic hyperthermia. Groups (2) and (3) with lower nanoparticle
concentrations fail to attain therapeutic temperatures under AMF exposure. Conversely,
groups (4) and (5) with higher concentrations (5 mg/mL and 7 mg/mL) successfully achieve
effective thermal therapy temperatures, thereby validating the concentration-dependent
heating performance.
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Further analysis in Figure 5b reveals a nuanced relationship: nanoparticle concentra-
tion primarily governs the heating rate, while hydrogel volume influences the maximum
temperature. For instance, the 7 mg/mL group reaches 42 ◦C much faster than the 5 mg/mL
counterpart, underscoring concentration’s impact on kinetics. Meanwhile, the 50 µL vol-
ume of 7 mg/mL hydrogel attains a higher maximum temperature (46 ◦C) than the 30 µL
counterpart, demonstrating volume’s role in cumulative heat output.

In summary, Fe3O4@DMSA@Pt nanoparticles, exhibiting superparamagnetism and
enhanced peroxidase-like activity compared to Fe3O4@DMSA, form injectable thermosensi-
tive hydrogels with PLGA-PEG-PLGA. This composite system enables efficient magnetic
hyperthermia under alternating magnetic fields (AMF), achieving therapeutic tempera-
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tures (42–46 ◦C) dependent on nanoparticle concentration (5–7 mg/mL) and hydrogel
volume (30–50 µL). The platform combines rapid heat generation (7–20 min to 42 ◦C)
with pH-responsive catalytic activity optimized for acidic microenvironments, providing a
versatile framework for magnetothermal-chemodynamic synergy. These findings establish
critical parameters for tailoring thermal ablation efficiency in translational cancer therapy
while minimizing healthy tissue damage, demonstrating significant potential for clinical
implementation.

2.3. Magnetic Hyperthermia–Chemodynamic Synergistic Therapeutic Effects of
Fe3O4@DMSA@Pt@PLGA-PEG-PLGA

To accurately evaluate the synergistic magnetothermal-chemodynamic efficacy of the
injectable composite hydrogel at the cellular level, the hydrogel was placed in a 37 ◦C
water bath to induce sol–gel transition, replicating its state post-injection into the tumor site
(termed “Com-hydrogel”). A20 cells were then co-cultured with Fe3O4@DMSA@Pt@PLGA-
PEG-PLGA nanoparticles (50 µg/mL) for 24 h, simulating nanoparticle release from
the hydrogel into the tumor. Post-culture, both nanoparticle-labeled (A20*) and unla-
beled A20 cells were collected for subsequent analyses. The in vitro model depicted in
Figure 6a effectively replicates the injectable composite hydrogel’s therapeutic scenario
post-administration, enabling precise assessment of its magnetothermal-chemodynamic
synergistic effects at the cellular level. This experimental setup bridges laboratory con-
ditions and real tumor microenvironments, offering critical insights into the therapeutic
mechanisms at play.

Compared with Fe3O4@DMSA, Fe3O4@DMSA@Pt produced stronger fluorescence
signals in A20 cells (Figure 6b,c), indicating significantly elevated intracellular ROS. This
originates from Pt enhancing the POD-like activity of Fe3O4@DMSA nanoparticles, acceler-
ating generation of reactive species (H2O2, ·OH) that disrupt cellular redox homeostasis
and drive apoptosis. Intracellular ROS also increased in a concentration-dependent manner
with treatment concentrations (25 µg/mL, 50 µg/mL, 100 µg/mL), as flow cytometry veri-
fied the DCFH-DA-ROS signal intensity rose across groups (Figure S2). When cells were
co-cultured with Fe3O4@DMSA@Pt over time (6 h, 12 h, 24 h, 48 h), flow cytometric analy-
ses revealed an initial increase and subsequent decline in ROS levels (Figures 6d,e and S3),
with the highest accumulation observed at 12 h. The subsequent reduction likely resulted
from diminished cell viability or increased apoptosis, reflecting the treatment’s cumulative
impact on cellular function. However, this ROS reduction likely resulted from dimin-
ished cell viability, as shown in Figure S4: under specific conditions, A20 treated with
Fe3O4@DMSA@Pt exhibited a drastic decrease in cell viability aligning with the inference
of increased apoptosis. Overall, this reflects the treatment’s cumulative impact on cellular
function, integrating both ROS dynamics and viability changes.

The apoptosis assessment in Figure 6f starkly demonstrates the transformative role
of Pt coupling. While Fe3O4@DMSA exerts minimal cytotoxicity akin to the control,
Fe3O4@DMSA@Pt nearly doubles the apoptosis rate at identical iron concentrations. This
highlights that Pt not only enhances the POD-like activity of Fe3O4@DMSA to boost ROS
production but also optimizes the microenvironment for catalytic reactions, intensifying
cellular redox disruption. Such Pt-mediated enhancement is critical for chemodynamic
therapy (CDT), as it amplifies the generation of reactive species like ·OH [42], which directly
drive apoptosis by damaging cellular components (e.g., DNA, proteins).
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Figure 6. (a) Schematic illustration of the synergistic mechanisms of magnetic heat therapy and
chemical dynamic therapy in the com-hydrogel on A20 cells for inducing apoptosis. (b) Flow-
cytometry analysis of ROS levels in A20 cells treated with Fe3O4@DMSA and Fe3O4@DMSA@Pt.
(c) Comparison of mean fluorescence intensity of ROS in A20 cells treated with Fe3O4@DMSA,
Fe3O4@DMSA@Pt and ROSUP positive control. (d) Time-dependent ROS generation in A20 cells
treated with Fe3O4@DMSA@Pt analyzed by flow cytometry. (e) Quantification of mean fluorescence
intensity of ROS over time in A20 cells treated with Fe3O4@DMSA@Pt. (f) Flow-cytometry analysis of
A20 cell apoptosis in the control group and groups treated with Fe3O4@DMSA and Fe3O4@DMSA@Pt
using Annexin V-FITC/PI staining. Pseudocolour plots build upon scatter plots by adding heat-map
like colors. The shades of these colors show the cell density. Warmer tones like red denote regions
with high cell density. Cooler tones such as blue or lighter colors represent regions with low cell
density, indicating fewer cells. Bars means ± S.D. **** p < 0.0001, n = 3.

To further examine the magnetothermal synergistic chemokinetic tumor-killing effect
of the composite injectable hydrogel Fe3O4@DMSA@Pt@PLGA-PEG-PLGA at the cellular
level, four groups were defined: Group A (untreated A20 cells), Group B (A20* + Com-
hydrogel at 37 ◦C for chemodynamic therapy [CDT] alone), Group C (A20* + Com-hydrogel
heated to 42 ◦C by AMF, integrating magnetothermal therapy [MHT] and CDT), and
Group D (A20* + Com-hydrogel heated to 50 ◦C by AMF, combining MHT and CDT).
Live/dead staining (Figure 7a) showed Group B (CDT alone) had slightly more cell death
than the control, while Groups C and D (MHT + CDT) exhibited markedly increased cell
death—especially Group D at 50 ◦C, which caused near-complete killing. Flow cytometry
(Figure 7b,c) indicated Group B’s apoptosis rate was 1.23 times higher than the control;
Group C’s exceeded Group B by only 12% (suggesting 42 ◦C lacked full synergy), while
Group D at 50 ◦C achieved a 75.9% apoptosis rate, 3.71 times higher than Group B.
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This temperature-dependent synergy establishes 50 ◦C as a critical therapeutic thresh-
old, where the enhanced catalytic efficiency of Pt-modified nanoparticles converges with
thermal stress to accelerate ROS-mediated damage. As corroborated by Li et al. [43], el-
evated temperatures amplify the peroxidase-like activity of these nanoparticles, driving
intensified decomposition of H2O2 into cytotoxic ·OH radicals. This dual-modality mech-
anism creates a tumor microenvironment so hostile that it outperforms the efficacy of
single-modal therapies.

Overall, Pt modification substantially boosts Fe3O4@DMSA’s POD-like activity, height-
ening ROS generation and improving CDT outcomes. In the composite hydrogel system,
combining hyperthermia—especially at 50 ◦C—with CDT greatly enhanced tumoricidal
effects relative to lower-temperature hyperthermia or CDT alone. These results offer strong
experimental evidence and theoretical support for employing this composite magnetic
thermosensitive hydrogel in cancer therapy.

2.4. Immunogenic Cell Death and Immune Activation Induced by
Magnetothermal-Chemodynamic Synergy

ICD is defined by characteristic events such as CRT exposure on the cell surface,
HMGB1 release, and extracellular secretion of ATP [44–46]. To determine whether the
composite injectable hydrogel (Fe3O4@DMSA@Pt@PLGA-PEG-PLGA), combined with
magnetic hyperthermia, induces ICD in A20 cells, the same experimental groups used in
Section 2.3 were evaluated. Laser confocal microscopy and flow cytometry were used to
assess CRT exposure on the cell surface and HMGB1 within the nucleus.

As shown in Figure 8, in Groups C (42 ◦C) and D (50 ◦C), the magnetothermal-
chemodynamic synergy significantly enhanced CRT surface exposure, with Group D out-
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performing Group C (Figure 8a,b). This indicates that higher temperatures more effectively
trigger endoplasmic reticulum stress, promoting CRT translocation from the endoplasmic
reticulum to the cell surface as an “eat-me” signal for immune cells.
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Figure 8. (a) Immunofluorescence staining images of CRT and merged images with DAPI staining in
different groups (A–D). (b) Quantitative analysis of relative fluorescence intensity of CRT in different
groups (A–D). (c) Immunofluorescence staining images of HMGB1 and merged images with DAPI
staining in different groups (A–D). (d) Quantitative analysis of relative fluorescence intensity of
HMGB1 in different groups (A–D). (e) Quantification of secreted ATP levels in different groups (A–D).
Bars means ± S.D. ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant. n = 3.

Meanwhile, the 50 ◦C group exhibited lower nuclear HMGB1 levels than the 42 ◦C
group (Figure 8c,d), reflecting a higher degree of HMGB1 release. As a DAMP, HMGB1
releases and recruits immune cells like DCs and lymphocytes, amplifying tumor immuno-
genicity.

ATP secretion, another key ICD hallmark, was assessed via ATP enzyme-linked
immunosorbent assay (ELISA, Figure 8e). Compared to the control, both the 42 ◦C (Group
C) and 50 ◦C (Group D) groups exhibited significantly higher extracellular ATP, while
the CDT-alone group (B) showed a modest increase. Notably, the 50 ◦C group displayed
1.65-fold greater ATP release than the 42 ◦C group. This temperature-dependent ATP
secretion confirms that higher MHT temperatures enhance immunogenic responses, as
ATP acts as a “find-me” signal to attract DCs and lymphocytes.

Collectively, the composite hydrogel’s magnetothermal-chemodynamic synergy at
50 ◦C better kills tumor cells and triggers ICD, priming antitumor immunity. These findings
align with literature-based mechanisms: higher temperatures (50 ◦C) induce ER stress and
apoptotic signaling, promoting CRT exposure and HMGB1 release. Concurrent suppression
of heat shock proteins (HSPs) further enhances these processes. This temperature-specific
effect balances cell death and cytoprotective pathways, optimizing ICD induction [47–49].

Dendritic cells (DCs), as key antigen-presenting cells, play a pivotal role in translating
ICD into antitumor immune responses [50]. To evaluate the impact of DAMPs released by
magnetothermal-chemodynamic synergy therapy on DC maturation, A20 lymphoma cells
under different treatments were co-cultured with primary immature DCs. Flow cytometric
analysis of DC surface markers (CD11c, CD86, and CD80) in Figure 9a,b revealed distinct
maturation patterns. The CDT-alone group (Group B) exhibited a 2-fold DC maturation
enhancement compared to controls (Group A), reflecting the immunostimulatory prop-
erties of chemical dynamics. Notably, magnetothermal-chemodynamic synergy therapy
demonstrated superior DC maturation induction: the 50 ◦C group achieved 1.2-fold greater
maturation than the 42 ◦C group. This thermal dependence underscores the critical role
of hyperthermia intensity in optimizing DC activation. With an LPS-stimulated positive
control (Group E) showing a 5-fold DC maturation increase versus controls, the 50 ◦C com-
bination therapy group attained maturation levels approaching 90% of the LPS-positive
control. This potent immunomodulatory capacity likely stems from increased release
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of DAMPs (such as CRT, HMGB1, and ATP), which are critical for DC maturation and
reshaping DC function to initiate antigen presentation.
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Figure 9. (a) Flow-cytometry analysis of CD80+ and CD86+ cells in different groups (A–E) presented
as dot plots. (b) Quantitative analysis of the percentage of CD80+ and CD86+ cells in different groups
(A–E). (c) Flow-cytometry analysis of CD25+ and CD69+ cells in different groups (A–E) presented as
dot plots. (d) Quantitative analysis of the percentage of CD25+ and CD69+ cells in different groups
(A–E). Pseudocolour plots build upon scatter plots by adding heat-map like colors. The shades of
these colors show the cell density. Warmer tones like red denote regions with high cell density. Cooler
tones such as blue or lighter colors represent regions with low cell density, indicating fewer cells.
Bars means ± S.D. * p < 0.05,** p < 0.01, **** p < 0.0001, ns: not significant. n = 3.

DCs prime T cells through MHC-antigen presentation and co-stimulatory signaling,
initiating adaptive immunity. As pivotal executors in antitumor immunity, T cells are critical
for therapeutic efficacy. Experimental results (Figure 9c,d) on T cell activation—assessed
via CD25+ and CD69+ proportions in CD3+ T cells—revealed that CDT alone (Group B)
induced 16.9% T cell activation, a 130-fold enhancement versus controls (Group A). The
42 ◦C magnetothermal-chemodynamic synergy group (Group C) showed activation levels
comparable to Group B, while the 50 ◦C group (Group D) achieved a 1.23-fold higher rate,
underscoring temperature-dependent optimization. Notably, the 50 ◦C synergy’s activation
neared LPS-positive control levels. This aligns with DC maturation outcomes, as activated
DCs drive T cell activation through MHC-antigen presentation. Collectively, the composite
hydrogel’s magnetothermal-chemodynamic synergy not only induces ICD but also robustly
activates DC-mediated innate immunity and T cell-driven adaptive immunity.

Collectively, these findings establish CDT-MHT synergy as a dual-modality strat-
egy that not only eradicates tumors through direct cytotoxicity but also reprograms the
immunosuppressive microenvironment via ICD induction. The immune activation identi-
fied here underscores the potential of thermal intensity optimization in enhancing cancer
immunotherapy efficacy.

3. Conclusions
This study successfully developed an injectable magnetic thermosensitive hydrogel

system (Fe3O4@DMSA@Pt@PLGA-PEG-PLGA), integrating MHT, CDT, and immune mod-
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ulation. The Fe3O4@DMSA@Pt nanoparticles within it possess superparamagnetic and
enhanced POD-like properties. When encapsulated in the thermosensitive matrix, the hy-
drogel responds to an AMF, enabling precise alignment of the nanoparticles’ physicochemi-
cal effects with the requirements for magnetic hyperthermia. By combining MHT and CDT
to disrupt tumor redox balance and induce apoptosis, it triggers ICD, which subsequently
activates DCs and T cell immune responses. This hydrogel addresses traditional DL-
BCL treatment challenges by integrating targeted release, magnetothermal-chemodynamic
killing, and immunomodulation, offering a new multi-mechanistic treatment strategy for
DLBCL. It paves the way for precision lymphoma immunotherapy.

Future studies will focus on in vivo validation in immunocompetent DLBCL mod-
els to characterize three critical translational parameters: (1) Biodistribution kinetics of
Fe3O4@DMSA@Pt nanoparticles using non-invasive MRI/PET imaging combined with
ICP-MS quantification to track organ-specific accumulation; (2) Long-term biosafety via
histopathological evaluation of major organs (liver, kidney, spleen) and hematological
profiling after repeated administrations; (3) Therapeutic efficacy correlation with ICD
biomarkers (CAR, HMGB1, ATP) and tumor-infiltrating immune phenotypes (CD8+ T
cells, IFN-γ+ lymphocytes). Upon confirming preclinical feasibility, subsequent studies
will explore clinical translation strategies, including combination regimens with PD-1 in-
hibitors to counteract adaptive immune resistance and hydrogel formulation optimization
for ultrasound-guided intratumoral delivery. This phased approach ensures rigorous bio-
logical validation while aligning with regulatory requirements for nanotheranostic agent
development.

4. Materials and Methods
4.1. Materials

Iron(III) acetylacetonate (97%), oleic acid (85%), chloroplatinic acid (analytical grade),
hydrogen peroxide (analytical grade), and dimethyl sulfoxide (analytical grade) were pur-
chased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Dibenzyl ether
(98%) and oleylamine (85%) were obtained from Alfa Aesar Chemical Co., Ltd. (Ward Hill,
MA, USA). Ethanol, chloroform, hydroxylamine hydrochloride, sodium hydroxide, concen-
trated hydrochloric acid, sodium acetate, glacial acetic acid, n-hexane, paraformaldehyde
(4%), and methanol (all analytical grade) were acquired from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China).

Thermosensitive copolymers PEG-PLGA-PEG (Tsol-gel = 30 ± 2 ◦C and 35 ± 2 ◦C)
were provided by Guangzhou Tanshui Biotechnology Co., Ltd. (Guangzhou, Guang-
dong, China).

CCK-8 cell viability kit and DCFH-DA ROS probe were purchased from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). Annexin V-FITC/PI, Calcein-AM/PI, and
Annexin V-APC/7-AAD apoptosis kits were acquired from KeyGen Biotech Co., Ltd.
(Nanjing, Jiangsu, China).

AF488-conjugated goat anti-rabbit IgG secondary antibody and ATP ELISA kit were
sourced from Sabbiotech (Baltimore, MD, USA). Primary antibodies for immunocytochem-
istry were ordered from Abcam (Cambridge, Cambridgeshire, UK). Purified anti-mouse
CD3ε, CD28, CD16/32 antibodies, and fluorescent conjugates (CD11c-FITC, CD80-PE,
CD86-APC, CD3-FITC, CD25-PE, CD69-APC) along with Zombie NIR™ viability kit were
obtained from BioLegend (San Diego, CA, USA). QuickBlock™ blocking buffer was pur-
chased from Beyotime Biotechnology Co., Ltd. (Shanghai, China).

Fetal bovine serum (FBS) was supplied by Hangzhou Sijiqing Biological Materials
Co., Ltd. (Hangzhou, Zhejiang, China) and Gibco/Thermo Fisher Scientific (Waltham, MA,
USA). Dulbecco’s modified Eagle’s medium (DMEM) high-glucose, Roswell Park Memorial



Gels 2025, 11, 218 14 of 20

Institute (RPMI) 1640 medium, and ready-to-use DAPI dye solution were provided by
KeyGen Biotech Co., Ltd. (Nanjing, Jiangsu, China). Recombinant murine IL-2, IL-4,
GM-CSF, and RBC lysis buffer were purchased from PeproTech (Rocky Hill, CT, USA).

A20 murine lymphoma cells were procured from Cellcook Co., Ltd. (Guangzhou,
Guangdong, China). Female BALB/c mice (6–7 weeks) were sourced from Jiangsu Qing-
longshan Biotechnology Co., Ltd. (Nanjing, Jiangsu, China).

Unless otherwise stated, none of the above reagents or materials have undergone
further processing.

4.2. Synthesis and Characterization of Fe3O4@DMSA@Pt Nanoparticles

Fe3O4@OA nanoparticles were synthesized via high-temperature thermal decomposi-
tion in a 100 mL three-neck flask containing 0.8 g iron (III) acetylacetonate, 20 mL dibenzyl
ether, 3.4 mL oleic acid, and 0.6 mL oleylamine. The system was purged with nitrogen
through the left neck, equipped with a water-cooled reflux condenser on the right neck,
and monitored via a central temperature probe. Heating proceeded at 3 ◦C/min to 120 ◦C
(1 h hold), 220 ◦C (1 h hold), and 290 ◦C (30 min hold). Post-reaction cooling to ambient
temperature was followed by ethanol washing, magnetic separation, and final dispersion
in 50 mL chloroform.

Fe3O4@DMSA nanoparticles were prepared by mixing hexane-diluted Fe3O4@OA
(4 mg/mL) with DMSA (50% mass ratio) in acetone under thermal reflux (60 ◦C, 400 rpm,
4–5 h). Products underwent magnetic separation, deionized water washing (5×), pH
adjustment to 7 with tetramethylammonium hydroxide, and dialysis (100 kDa membrane,
3 days), yielding aqueous suspensions after 0.22 µm filtration.

Platinum functionalization of Fe3O4@DMSA involved darkroom stirring with H2PtCl6
(2:1 mass ratio, 450 rpm, 25 ◦C, 24 h), followed by sodium borohydride reduction (30 min)
and centrifugal purification (100 kDa ultrafiltration tubes, 3× washing).

Characterization included transmission electron microscopy (JEM-2100, Tokyo, Japan)
for morphology, scanning electron microscopy-energy dispersive X-ray spectroscopy (ZEISS
Ultra Plus, Oberkochen, Baden-Württemberg, Germany) for elemental analysis, dynamic
light scattering (ZS90, Malvern, Worcestershire, UK) for hydrodynamic size/zeta potential,
vibration sample magnetometry (VSM-7407, Freehold Township, NJ, USA) for magnetic
properties, and alternating magnetic field heating tests (SPG-06-II, Shenzhen, Guangdong,
China) with fiber-optic temperature monitoring (UMI8, Québec City, QC, Canada) at 1.0 s
intervals.

4.3. Preparation of Composite Magnetic Thermoresponsive Injectable Hydrogels

PLGA-PEG-PLGA thermosensitive hydrogels with phase transition temperatures of
35 ± 2 ◦C and 30 ± 2 ◦C were precisely weighed at mass ratios of 0:1, 1:1, 7:3, and 1:0. The
blended copolymers were dissolved in phosphate-buffered saline (PBS) under magnetic
stirring, followed by phase transition temperature characterization using a Physica MCR
302 rheometer (Anton Paar GmbH, Graz, Austria).

Hydrogel formulations demonstrating optimal phase transition behavior were selected
for pH adjustment with sodium hydroxide solution to achieve a pH range of 6.5–6.7.
Fe3O4@DMSA@Pt nanoparticles were subsequently incorporated into the hydrogel matrix
through mechanical homogenization, yielding the final injectable composite hydrogel
designated as Fe3O4@DMSA@Pt@PLGA-PEG-PLGA. The resulting injectable composite
hydrogel retained its sol-gel transition temperatures, confirmed by tube inversion tests
where no flow occurred at 34 ◦C.
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4.4. POD-like Activity Assay of Fe3O4@DMSA@Pt Nanoparticles

The peroxidase-mimetic activity was evaluated in 96-well plates under ambient condi-
tions, using positively charged TMB as a substrate. Each reaction system contained 200 µL
sodium acetate-acetic acid buffer (pH 3.6), 10 µL Fe3O4@DMSA@Pt or Fe3O4@DMSA
nanoparticles (1 µg/mL iron concentration), 10 µL TMB solution (10 mg/mL in DMSO),
and 32 µL H2O2 (1% v/v). The kinetic oxidation of TMB was monitored at 652 nm for 1 min
using a microplate reader (BioTek ELx808, Winooski, VT, USA). Comparative absorbance
measurements quantified the catalytic performance difference between the two nanoparticle
formulations.

4.5. In Vitro Heating Evaluation of Composite Injectable Hydrogels

The magnetothermal response of hydrogels was characterized using an alternating
magnetic field generator (SPG-06-II, Shenzhen, Guangdong, China) configured with a
3-turn copper coil (3.5 cm inner diameter) operating at 370 kHz frequency and 30 A current.
Temperature changes were recorded at 1.0 s intervals using a UMI8 fiber-optic sensor (Fiso
Technologies, Québec City, Québec, Canada) to systematically analyze heating efficacy as a
function of Fe3O4@DMSA@Pt nanoparticle concentration (0.5–2.0 mg/mL Fe) and hydrogel
volume (50–200 µL). This setup enabled quantification of thermoregulatory capacity under
clinical translation-relevant conditions.

4.6. Cell Culture

A20 murine lymphoma cells and primary bone marrow-derived cells were maintained
in RPMI-1640 medium (KeyGen Biotech, Nanjing, China) supplemented with 10% fetal
bovine serum (FBS; Gibco, Waltham, MA, USA), 0.05 mM β-mercaptoethanol, and 1%
streptomycin/penicillin antibiotic cocktail. All cultures were incubated at 37 ◦C under 5%
CO2 atmosphere using a HERAcell 150 humidified incubator (Thermo Scientific, Waltham,
MA, USA).

4.7. Detection of Intracellular ROS in A20 Cells

A20 cells were seeded into 24-well plates at 1 × 105 cells/well for overnight culture
prior to 6 h treatment with Fe3O4@DMSA@Pt or Fe3O4@DMSA nanoparticles (Fe concen-
tration: 50 µg/mL). ROSUP-treated cells served as positive controls. DCFH-DA fluorescent
probes (KeyGen, Nanjing, China) were diluted in serum-free medium to 10 µM working
concentration, replacing original culture medium via centrifugation. Subsequent 30 min
incubation at 37 ◦C included gentle agitation at 5 min intervals to ensure probe-cell interac-
tion. Cells underwent three serum-free medium washes to eliminate uninternalized probes.
DCF fluorescence intensity was quantified using flow cytometry (Thermo Fisher Scientific,
Waltham, MA, USA) and visualized via confocal microscopy (TCS SP8, Leica Microsystems,
Wetzlar, Hesse, Germany).

4.8. Apoptosis Profiling in A20 Cells

A20 cells were seeded in 6-well plates at a density of 1 × 105 cells per well and
co-cultured with Fe3O4@DMSA@Pt or Fe3O4@DMSA nanoparticles (Fe concentration:
50 µg/mL) for 24 h to evaluate chemodynamic therapy-induced apoptosis. Following
treatment, adherent and floating cells were collected via gentle trypsinization and centrifu-
gation (1000× g, 5 min), then washed three times with ice-cold PBS to remove residual
culture medium. Apoptotic assessment was performed using an FITC-conjugated Annexin
V/PI apoptosis detection kit. Cells were resuspended in 1× binding buffer containing
5 µL Annexin V-FITC and 5 µL PI solution, incubated for 30 min at room temperature in
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darkness, and analyzed within 60 min using a flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA).

4.9. Evaluation of Magnetothermal-Chemodynamic Synergy Therapy

The synergistic antitumor efficacy of temperature-modulated magnetothermal effects
(42 ◦C vs. 50 ◦C) combined with chemodynamic effects was investigated using four
experimental cohorts: Group A: Untreated controls; Group B: A20 + PLGA-PEG-PLGA
copolymer (37 ◦C, 20 min); Group C: A20 + Magnetic hydrogel composite (AFM + 42 ◦C,
20 min, 370 kHz AMF); Group D: A20 + Magnetic hydrogel composite (AFM + 50 ◦C,
20 min, 370 kHz AMF).Therapeutic outcomes were evaluated via Calcein-AM/PI viability
staining and Annexin V-APC/7-AAD apoptosis assay, with quantitative analysis performed
using fluorescence imaging systems.

4.10. Immunofluorescence Analysis of Surface CRT and Nuclear HMGB1

Post-treatment A20 cells were processed for CLSM analysis as follows: After three PBS
washes to remove culture medium, cells were fixed with 4% paraformaldehyde (10 min,
25 ◦C) and rinsed twice with PBS. Nonspecific binding was blocked using 3% BSA in
PBS (20 min, 25 ◦C), followed by two additional PBS washes. Cells were incubated with
recombinant anti-HMGB1 primary antibody (1:200 dilution) at 4 ◦C overnight in darkness.
After centrifugation (1000× g, 5 min) to recover primary antibody, cells were washed twice
with PBS. AF488-conjugated goat anti-rabbit IgG secondary antibody (1:400 in 10% goat
serum) was applied for 1 h dark incubation at 25 ◦C, followed by two PBS washes. Nuclei
were counterstained with DAPI (5 min, 25 ◦C), and excess stain was removed via two PBS
rinses. Treated cells (200 µL) were transferred to confocal dishes and imaged using a Leica
TCS SP8 confocal microscope.

4.11. Flow Cytometric Quantification of CRT/HMGB1 Expression

Cells were sequentially processed as follows: After treatment, adherent cells were
washed three times with PBS to remove residual culture medium. Fixation was performed
using 4% paraformaldehyde for 10 min at room temperature, followed by two PBS rinses
to remove fixative. Nonspecific binding sites were blocked with 3% bovine serum albumin
(BSA) in PBS for 20 min at 25 ◦C, and unbound BSA was removed via two additional
PBS washes. Cells were then incubated with recombinant Anti-HMGB1 primary antibody
(1:200 dilution) at 4 ◦C overnight in the dark. After centrifugation (1000× g, 5 min) to
recover primary antibody, cells were washed twice with PBS. Secondary antibody labeling
was achieved by incubating with Goat Anti-Rabbit IgG AF488 conjugate (1:400 dilution in
10% goat serum) for 1 h at 25 ◦C in darkness. Unbound secondary antibody was removed
via two PBS washes. Fluorescence intensity of HMGB1 was quantified within 60 min using
a flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

4.12. Detection of Extracellular ATP Release

Extracellular ATP levels were measured using a competitive ELISA kit (SABbiotech,
Baltimore, MD, USA) via antibody sandwich principle. A20 cell supernatants (1000× g,
5 min) were loaded into pre-coated 96-well plates with standards/blank. HRP-conjugated
ATP antibody (Reagent A) was added for 1 h 37 ◦C incubation, followed by three washes
with 0.05% Tween-20 PBS. Streptavidin-HRP (Reagent B) was incubated for 45 min, then
washed five times. TMB substrate was added for 20 min dark development at 37 ◦C, and
terminated with H2SO4. Absorbance at 450 nm was measured using a SpectraMax M5
reader (Molecular Devices, San Jose, CA, USA).
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4.13. Generation and Maturation of Dendritic Cell

Bone marrow-derived DCs (BMDCs) were isolated from BALB/c mice (6–7 weeks)
via cervical dislocation followed by femoral/tibial flushing with PBS. After RBC lysis
(1× ammonium chloride solution), cells were filtered through a 40 µm mesh and cul-
tured in RPMI-1640 medium supplemented with 10% FBS, GM-CSF (50 ng/mL), and IL-4
(50 ng/mL).

A20 lymphoma cells were pretreated with composite hydrogel under different condi-
tions, which involved the following groups: Group A: A20 + BMDC (untreated control);
Group B: A20* + Com-hydrogel (37 ◦C, 20 min, no AMF) + BMDC; Group C: A20* + Com-
hydrogel (AMF: 42 ◦C, 20 min, 370 kHz/30A) + BMDC; Group D: A20* + Com-hydrogel
(AMF: 50 ◦C, 20 min) + BMDC; Group E: LPS-stimulated BMDC (1 µg/mL, positive control).
Post 48 h co-culture, BMDCs were stained with anti-CD11c-FITC/CD86-APC/CD80-PE
antibodies, followed by flow cytometry analysis (BD Biosciences, Franklin Lakes, NJ, USA)
to quantify surface marker expression.

4.14. Generation and Activation of T Cell

Primary T cells were isolated from spleens of BALB/c mice (6–7 weeks) through
cervical dislocation, splenic grinding (100 µm strainer), RBC lysis, and 40 µm filtra-
tion. Isolated cells were cultured in 6-well plates with IL-2 (50 ng/mL), anti-mouse CD3
(1 µg/mL), and anti-mouse CD28 (1 µg/mL) for 7 days prior to functional assessment.

To evaluate the activation of T cell, the following co-culture system was established:
Group A: A20 + BMDC + T cells (untreated control); Group B: A20* + Com-hydrogel
(37 ◦C, 20 min, no AMF) + BMDC + T cells; Group C: A20* + Com-hydrogel (AMF: 42 ◦C,
20 min, 370 kHz/30A) + BMDC + T cells; Group D: A20* + Com-hydrogel (AMF: 50 ◦C,
20 min) + BMDC + T cells; Group E: LPS-stimulated BMDC (1 µg/mL) + T cells (positive
control). Post 24 h co-culture, cells were stained with anti-CD3-FITC/CD69-APC/CD25-PE
antibody cocktail and analyzed using a flow cytometer.

4.15. Data Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0 version. T-test was used
to compare two groups. One-way ANOVA was used to compare three or more groups.
p-values < 0.05 were considered statistically significant. Data are presented as means ±
standard error of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not
significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels11030218/s1, Figure S1: Rheological Characterization of
Block PLGA—PEG—PLGA Copolymer Hydrogels with Phase Transition Temperatures of 35 ± 2 ◦C
and 30 ± 2 ◦C under Different Mixing Ratios (0:1, 1:1, 7:3, 1:0); Figure S2: (a) Fluorescence microscopy
images of DAPI, DCFH-DA staining and merged images in the control group and groups treated with
different concentrations of the substance; (b) Flow-cytometry analysis of ROS levels in the control
group and groups treated with 25 µg/mL, 50 µg/mL, 100 µg/mL of the substance; (c) Comparison
of mean fluorescence intensity of ROS in groups treated with different concentrations (0, 25, 50,
100 µg/mL) of the substance; Figure S3: Fluorescence microscopy images of DAPI, DCFH-DA
staining and merged images in the control group and groups treated for 6 h, 12 h, 24 h, 48 h; Figure S4:
Cell viability of A20 cells in different treatment groups; Table S1: Tsoi-gel of hybrid block copolymer
hydrogels prepared with different mass ratios; Video S1: Thermoresponsive Injectability and Gelation
Behavior of Fe3O4@DMSA@Pt@PLGA-PEG-PLGA Hydrogel.
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Kopečková, K.; et al. Long-term outcomes of older patients with relapsed/refractory NHL referred to ASCT. Bone Marrow
Transplant. 2021, 56, 709–712. [CrossRef]

10. Liu, Y.; Zhou, X.; Wang, X. Targeting the tumor microenvironment in B-cell lymphoma: Challenges and opportunities. J. Hematol.
Oncol. 2021, 14, 125. [CrossRef]

11. Salles, G.; Duell, J.; Gonzalez Barca, E.; Tournilhac, O.; Jurczak, W.; Liberati, A.M.; Nagy, Z.; Obr, A.; Gaidano, G.; Andre, M.; et al.
Tafasitamab plus lenalidomide in relapsed or refractory diffuse large B-cell lymphoma (L-MIND): A multicentre, prospective,
single-arm, phase 2 study. Lancet Oncol. 2020, 21, 978–988. [CrossRef] [PubMed]

12. Zhang, W.; Zhang, Q.; Liang, H.; Wang, S.; Pan, J.; Pan, S.; Zhu, B.; Ding, Z.; Zhao, W.; Ni, Y. Association of MDR1 C1236T
Polymorphisms and B Cell Non-Hodgkin Lymphoma. J. Cancer 2022, 13, 1768–1772. [CrossRef]

13. Jain, N.; Mamgain, M.; Chowdhury, S.M.; Jindal, U.; Sharma, I.; Sehgal, L.; Epperla, N. Beyond Bruton’s tyrosine kinase inhibitors
in mantle cell lymphoma: Bispecific antibodies, antibody–drug conjugates, CAR T-cells, and novel agents. J. Hematol. Oncol. 2023,
16, 99. [CrossRef]

14. Wu, H.; Song, L.; Chen, L.; Huang, Y.; Wu, Y.; Zang, F.; An, Y.; Lyu, H.; Ma, M.; Chen, J.; et al. Injectable thermosensitive magnetic
nanoemulsion hydrogel for multimodal-imaging-guided accurate thermoablative cancer therapy. Nanoscale 2017, 9, 16175–16182.
[CrossRef]

15. Wust, P.; Hildebrandt, B.; Sreenivasa, G.; Rau, B.; Gellermann, J.; Riess, H.; Felix, R.; Schlag, P.M. Hyperthermia in combined
treatment of cancer. Lancet Oncol. 2002, 3, 487–497. [CrossRef] [PubMed]

16. Rezaei, B.; Yari, P.; Sanders, S.M.; Wang, H.; Chugh, V.K.; Liang, S.; Mostufa, S.; Xu, K.; Wang, J.-P.; Gómez-Pastora, J.; et al.
Magnetic Nanoparticles: A Review on Synthesis, Characterization, Functionalization, and Biomedical Applications. Small 2024,
20, 2304848. [CrossRef]

https://doi.org/10.1002/ijc.29210
https://doi.org/10.1182/blood-2017-02-734541
https://www.ncbi.nlm.nih.gov/pubmed/28600336
https://doi.org/10.1007/s00247-019-04529-8
https://www.ncbi.nlm.nih.gov/pubmed/31620854
https://doi.org/10.1097/ppo.0000000000000447
https://doi.org/10.1056/NEJMra2027612
https://doi.org/10.1016/j.pathol.2017.09.006
https://www.ncbi.nlm.nih.gov/pubmed/29167021
https://doi.org/10.1016/S0140-6736(21)01222-8
https://doi.org/10.1182/blood.2020009098
https://doi.org/10.1038/s41409-020-01045-4
https://doi.org/10.1186/s13045-021-01134-x
https://doi.org/10.1016/S1470-2045(20)30225-4
https://www.ncbi.nlm.nih.gov/pubmed/32511983
https://doi.org/10.7150/jca.66312
https://doi.org/10.1186/s13045-023-01496-4
https://doi.org/10.1039/C7NR02858J
https://doi.org/10.1016/S1470-2045(02)00818-5
https://www.ncbi.nlm.nih.gov/pubmed/12147435
https://doi.org/10.1002/smll.202304848


Gels 2025, 11, 218 19 of 20

17. Basel, M.T.; Balivada, S.; Wang, H.; Shrestha, T.B.; Seo, G.M.; Pyle, M.; Abayaweera, G.; Dani, R.; Koper, O.B.; Tamura, M.; et al.
Cell-delivered magnetic nanoparticles caused hyperthermia-mediated increased survival in a murine pancreatic cancer model.
Int. J. Nanomed. 2012, 7, 297–306. [CrossRef] [PubMed]

18. Zhou, Z.; Shi, P.; Wang, C.; Sun, Y.; Gao, C. Recent updates in nanoscale delivery systems of platinum(IV) antitumor prodrugs.
Coord. Chem. Rev. 2024, 508, 215774. [CrossRef]

19. Ding, F.; Zhang, L.; Chen, H.; Song, H.; Chen, S.; Xiao, H. Enhancing the chemotherapeutic efficacy of platinum prodrug
nanoparticles and inhibiting cancer metastasis by targeting iron homeostasis. Nanoscale Horiz. 2020, 5, 999–1015. [CrossRef]

20. Meier, P.; Legrand, A.J.; Adam, D.; Silke, J. Immunogenic cell death in cancer: Targeting necroptosis to induce antitumour
immunity. Nat. Rev. Cancer 2024, 24, 299–315. [CrossRef]

21. Aaes, T.L.; Vandenabeele, P. The intrinsic immunogenic properties of cancer cell lines, immunogenic cell death, and how these
influence host antitumor immune responses. Cell Death Differ. 2021, 28, 843–860. [CrossRef]

22. Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic cell death in cancer therapy. Annu. Rev. Immunol. 2013, 31, 51–72.
[CrossRef] [PubMed]

23. Zhang, Z.; Pan, Z.; Li, Q.; Huang, Q.; Shi, L.; Liu, Y. Rational design of ICD-inducing nanoparticles for cancer immunotherapy.
Sci. Adv. 2024, 10, eadk0716. [CrossRef]

24. Zhuang, F.; Xiang, H.; Huang, B.; Chen, Y. Ultrasound-Triggered Cascade Amplification of Nanotherapy. Adv. Mater. 2023, 35,
2303158. [CrossRef]

25. Wang, H.; Yang, F.; Li, Y.; Zhang, S.; Shang, J.; Hou, X.; Tong, Y.; Zhou, K.; Shu, X.; Sun, B.; et al. Cell Membrane–Liposome
Hybrid Platform for Ultrasound-Activated Immune-Sonodynamic Therapy for Triple-Negative Breast Cancer. ACS Appl. Nano
Mater. 2023, 6, 16453–16464. [CrossRef]

26. Wang, M.; He, M.; Zhang, M.; Xue, S.; Xu, T.; Zhao, Y.; Li, D.; Zhi, F.; Ding, D. Controllable hypoxia-activated chemotherapy as a
dual enhancer for synergistic cancer photodynamic immunotherapy. Biomaterials 2023, 301, 122257. [CrossRef]

27. Juang, J.H.; Chen, C.L.; Kao, C.W.; Chen, C.Y.; Shen, C.R.; Wang, J.J.; Tsai, Z.T.; Chu, I.M. The Image-Histology Correlation of
Subcutaneous mPEG-poly(Ala) Hydrogel-Embedded MIN6 Cell Grafts in Nude Mice. Polymers 2023, 15, 2584. [CrossRef]

28. Heine, S.; Aguilar-Pimentel, A.; Russkamp, D.; Alessandrini, F.; Gailus-Durner, V.; Fuchs, H.; Ollert, M.; Bredehorst, R.; Ohnmacht,
C.; Zissler, U.M.; et al. Thermosensitive PLGA-PEG-PLGA Hydrogel as Depot Matrix for Allergen-Specific Immunotherapy.
Pharmaceutics 2022, 14, 1527. [CrossRef]

29. Chen, R.; Chen, X.; Zhou, Y.; Lin, T.; Leng, Y.; Huang, X.; Xiong, Y. “Three-in-One” Multifunctional Nanohybrids with Colorimetric
Magnetic Catalytic Activities to Enhance Immunochromatographic Diagnosis. ACS Nano 2022, 16, 3351–3361. [CrossRef]

30. Shi, H.; Luo, Y.; Zhang, S.; Zhao, M.; Liu, C.; Pei, Q.; Wang, H.; Dai, Q.; Xie, Z.; Xu, B.; et al. Dual-responsive nanogels with high
drug loading for enhanced tumor targeting and treatment. Chin. Chem. Lett. 2024, 110775. [CrossRef]

31. Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat.
Biotechnol. 2015, 33, 941–951. [CrossRef] [PubMed]

32. Huang, L.; Zhu, J.; Xiong, W.; Feng, J.; Yang, J.; Lu, X.; Lu, Y.; Zhang, Q.; Yi, P.; Feng, Y.; et al. Tumor-Generated Reactive Oxygen
Species Storm for High-Performance Ferroptosis Therapy. ACS Nano 2023, 17, 11492–11506. [CrossRef] [PubMed]

33. Sun, D.; Sun, X.; Zhang, X.; Wu, J.; Shi, X.; Sun, J.; Luo, C.; He, Z.; Zhang, S. Emerging Chemodynamic Nanotherapeutics for
Cancer Treatment. Adv. Healthc. Mater. 2024, 13, 2400809. [CrossRef]

34. Jeong, B.; Bae, Y.H.; Kim, S.W. Thermoreversible Gelation of PEG−PLGA−PEG Triblock Copolymer Aqueous Solutions.
Macromolecules 1999, 32, 7064–7069. [CrossRef]

35. Tanodekaew, S.; Godward, J.; Heatley, F.; Booth, C. Gelation of aqueous solutions of diblock copolymers of ethylene oxide and
D,L-lactide. Macromol. Chem. Phys. 2003, 198, 3385–3395. [CrossRef]

36. Jeong, B.; Windisch, C.F.; Park, M.J.; Sohn, Y.S.; Gutowska, A.; Char, K. Phase Transition of the PLGA-g-PEG Copolymer Aqueous
Solutions. J. Phys. Chem. B 2003, 107, 10032–10039. [CrossRef]

37. Chen, X.; Wang, H.; Shi, J.; Chen, Z.; Wang, Y.; Gu, S.; Fu, Y.; Huang, J.; Ding, J.; Yu, L. An injectable and active hydrogel induces
mutually enhanced mild magnetic hyperthermia and ferroptosis. Biomaterials 2023, 298, 122139. [CrossRef]

38. Cui, S.; Yu, L.; Ding, J. Semi-bald Micelles and Corresponding Percolated Micelle Networks of Thermogels. Macromolecules 2018,
51, 6405–6420. [CrossRef]

39. Vangijzegem, T.; Lecomte, V.; Ternad, I.; Van Leuven, L.; Muller, R.N.; Stanicki, D.; Laurent, S. Superparamagnetic Iron Oxide
Nanoparticles (SPION): From Fundamentals to State-of-the-Art Innovative Applications for Cancer Therapy. Pharmaceutics 2023,
15, 236. [CrossRef]

40. Liu, X.L.; Yang, Y.; Ng, C.T.; Zhao, L.Y.; Zhang, Y.; Bay, B.H.; Fan, H.M.; Ding, J. Magnetic Vortex Nanorings: A New Class of
Hyperthermia Agent for Highly Efficient In Vivo Regression of Tumors. Adv. Mater. 2015, 27, 1939–1944. [CrossRef]

41. Tiwari, S.; Van de Put, M.; Sorée, B.; Hinkle, C.; Vandenberghe, W.G. Reduction of Magnetic Interaction Due to Clustering in
Doped Transition-Metal Dichalcogenides: A Case Study of Mn-, V-, and Fe-Doped WSe2. ACS Appl. Mater. Interfaces 2024, 16,
4991–4998. [CrossRef] [PubMed]

https://doi.org/10.2147/IJN.S28344
https://www.ncbi.nlm.nih.gov/pubmed/22287840
https://doi.org/10.1016/j.ccr.2024.215774
https://doi.org/10.1039/D0NH00148A
https://doi.org/10.1038/s41568-024-00674-x
https://doi.org/10.1038/s41418-020-00658-y
https://doi.org/10.1146/annurev-immunol-032712-100008
https://www.ncbi.nlm.nih.gov/pubmed/23157435
https://doi.org/10.1126/sciadv.adk0716
https://doi.org/10.1002/adma.202303158
https://doi.org/10.1021/acsanm.3c02687
https://doi.org/10.1016/j.biomaterials.2023.122257
https://doi.org/10.3390/polym15122584
https://doi.org/10.3390/pharmaceutics14081527
https://doi.org/10.1021/acsnano.2c00008
https://doi.org/10.1016/j.cclet.2024.110775
https://doi.org/10.1038/nbt.3330
https://www.ncbi.nlm.nih.gov/pubmed/26348965
https://doi.org/10.1021/acsnano.3c01369
https://www.ncbi.nlm.nih.gov/pubmed/37283506
https://doi.org/10.1002/adhm.202400809
https://doi.org/10.1021/ma9908999
https://doi.org/10.1002/macp.1997.021981105
https://doi.org/10.1021/jp027339n
https://doi.org/10.1016/j.biomaterials.2023.122139
https://doi.org/10.1021/acs.macromol.8b01014
https://doi.org/10.3390/pharmaceutics15010236
https://doi.org/10.1002/adma.201405036
https://doi.org/10.1021/acsami.3c14114
https://www.ncbi.nlm.nih.gov/pubmed/38235733


Gels 2025, 11, 218 20 of 20

42. Zhang, C.; Xu, C.; Gao, X.; Yao, Q. Platinum-based drugs for cancer therapy and anti-tumor strategies. Theranostics 2022, 12,
2115–2132. [CrossRef] [PubMed]

43. Wu, H.; Liu, L.; Song, L.; Ma, M.; Gu, N.; Zhang, Y. Enhanced Tumor Synergistic Therapy by Injectable Magnetic Hydrogel
Mediated Generation of Hyperthermia and Highly Toxic Reactive Oxygen Species. ACS Nano 2019, 13, 14013–14023. [CrossRef]
[PubMed]

44. Land, W.G.; Agostinis, P.; Gasser, S.; Garg, A.D.; Linkermann, A. Transplantation and Damage-Associated Molecular Patterns
(DAMPs). Am. J. Transplant. 2016, 16, 3338–3361. [CrossRef]

45. Krysko, D.V.; Garg, A.D.; Kaczmarek, A.; Krysko, O.; Agostinis, P.; Vandenabeele, P. Immunogenic cell death and DAMPs in
cancer therapy. Nat. Rev. Cancer 2012, 12, 860–875. [CrossRef]

46. Ahmed, A.; Tait, S.W.G. Targeting immunogenic cell death in cancer. Mol. Oncol. 2020, 14, 2994–3006. [CrossRef]
47. Yuan, X.; Kang, Y.; Li, R.; Niu, G.; Shi, J.; Yang, Y.; Fan, Y.; Ye, J.; Han, J.; Pei, Z.; et al. Magnetically triggered thermoelectric

heterojunctions with an efficient magnetic-thermo-electric energy cascade conversion for synergistic cancer therapy. Nat. Commun.
2025, 16, 2369. [CrossRef]

48. Bai, S.; Hou, S.; Chen, T.; Ma, X.; Gao, C.; Wu, A. Magnetic nanoparticle-mediated hyperthermia: From heating mechanisms to
cancer theranostics. Innov. Mater. 2024, 2, 100051. [CrossRef]

49. Yan, B.; Liu, C.; Wang, S.; Li, H.; Jiao, J.; Lee, W.S.V.; Zhang, S.; Hou, Y.; Hou, Y.; Ma, X.; et al. Magnetic hyperthermia induces
effective and genuine immunogenic tumor cell death with respect to exogenous heating. J. Mater. Chem. B 2022, 10, 5364–5374.
[CrossRef]

50. Troitskaya, O.S.; Novak, D.D.; Richter, V.A.; Koval, O.A. Immunogenic Cell Death in Cancer Therapy. Acta Naturae 2022, 14, 40–53.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.7150/thno.69424
https://www.ncbi.nlm.nih.gov/pubmed/35265202
https://doi.org/10.1021/acsnano.9b06134
https://www.ncbi.nlm.nih.gov/pubmed/31639298
https://doi.org/10.1111/ajt.13963
https://doi.org/10.1038/nrc3380
https://doi.org/10.1002/1878-0261.12851
https://doi.org/10.1038/s41467-025-57672-2
https://doi.org/10.59717/j.xinn-mater.2024.100051
https://doi.org/10.1039/D2TB01004F
https://doi.org/10.32607/actanaturae.11523

	Introduction 
	Results and Discussion 
	Construction and Characterization of Fe3O4@DMSA@Pt@PLGA-PEG-PLGA 
	Performance Validation of Fe3O4@DMSA@Pt@PLGA-PEG-PLGA 
	Magnetic Hyperthermia–Chemodynamic Synergistic Therapeutic Effects of Fe3O4@DMSA@Pt@PLGA-PEG-PLGA 
	Immunogenic Cell Death and Immune Activation Induced by Magnetothermal-Chemodynamic Synergy 

	Conclusions 
	Materials and Methods 
	Materials 
	Synthesis and Characterization of Fe3O4@DMSA@Pt Nanoparticles 
	Preparation of Composite Magnetic Thermoresponsive Injectable Hydrogels 
	POD-like Activity Assay of Fe3O4@DMSA@Pt Nanoparticles 
	In Vitro Heating Evaluation of Composite Injectable Hydrogels 
	Cell Culture 
	Detection of Intracellular ROS in A20 Cells 
	Apoptosis Profiling in A20 Cells 
	Evaluation of Magnetothermal-Chemodynamic Synergy Therapy 
	Immunofluorescence Analysis of Surface CRT and Nuclear HMGB1 
	Flow Cytometric Quantification of CRT/HMGB1 Expression 
	Detection of Extracellular ATP Release 
	Generation and Maturation of Dendritic Cell 
	Generation and Activation of T Cell 
	Data Statistical Analysis 

	References

