
Biomaterials
Science

PAPER

Cite this: Biomater. Sci., 2023, 11,
6823

Received 8th April 2023,
Accepted 10th August 2023

DOI: 10.1039/d3bm00585b

rsc.li/biomaterials-science
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Although immunotherapy has achieved great success in the treatment of a variety of tumors, its efficacy

for glioblastoma (GBM) is still limited. Both the immunosuppressive tumor microenvironment (TME) and

poor penetration of immunotherapeutic agents into tumors contributed to the poor anti-glioma immu-

nity. Herein, we develop an injectable prodrug-loaded hydrogel delivery system with sono-activatable

properties for sonodynamic therapy (SDT)-triggered immunomodulation for GBM treatment. The prodrug

alginate hydrogels (APN), which contain semiconducting polymer nanoparticles (SPNs) and the NLG919

prodrug linked by singlet oxygen (1O2)-cleavable linkers, are in situ formed via coordination of alginate

solution with Ca2+ in the TME. SPNs serve as sonosensitizers to produce 1O2 upon ultrasound (US)

irradiation for SDT. The generated 1O2 not only induce immunogenic cell death, but also break 1O2-clea-

vable linkers to precisely activate the NLG919 prodrug. Antitumor immunity is significantly amplified due

to the reversal of immunosuppression mediated by indolamine 2,3-dioxygenase-dependent tryptophan

metabolism. This smart prodrug hydrogel platform potently inhibits tumor growth in orthotopic glioma-

bearing mice. Collectively, this work provides a sono-activatable hydrogel platform for precise sono-

immunotherapy against GBM.

1. Introduction

Glioblastoma (GBM) is the most aggressive and lethal primary
brain tumor.1–3 The invasive nature of glioblastoma cells
makes it difficult to completely remove them through surgery,
leading to a high rate of recurrence. Additionally, GBM cells
are resistant to traditional chemotherapy and radiotherapy,
further complicating treatment options.4,5 As a result, GBM
patients have a poor prognosis, with a median survival time of
only 15 months and a five year survival rate less than 5%.6

Therefore, there is still an urgent need to explore novel
approaches for combating this malignancy.

Immunotherapy, which uses checkpoint inhibitors, cyto-
kines, antibodies and/or engineered T cells to mobilize the
immune system for attacking cancer cells, has become a revo-
lutionary modality in cancer treatment.7–10 This therapeutic
modality shows unique advantages in eliminating primary
tumors, inhibiting tumor metastasis and preventing elapse.
Several preclinical and clinical trials have been performed to
assess the efficacy of immunotherapy against glioma.11

Nevertheless, the antitumor activity of current immunothera-
pies against GBM was far from satisfactory, which could be
ascribed to the “cold” immunosuppressive tumor microenvi-
ronment (TME) of GBM and poor penetration of immunother-
apeutic agents into tumors.12–17 Glioma cells express increased
amounts of immunosuppressive molecules, including pro-
grammed cell death 1 ligand (PD-L1) and indolamine 2,3-diox-
ygenase (IDO), which greatly attenuate the antigen-presenting
effect.18,19 Besides, the level of regulatory T cells (Treg) is sig-
nificantly increased in the GBM microenvironment, leading to
the depletion of effector T cells.20–22 Furthermore, the pres-
ence of the blood–brain barrier greatly restricts the penetration
of immunotherapeutic drugs and the infiltration of immune
cells into tumor tissues, undermining immunotherapy efficacy
against GBM.23,24

Modulation of the immunosuppressive TME is highly
desired to enhance antitumor immune responses for GBM

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3bm00585b
‡These authors contributed equally to this work.

aState Key Laboratory for Modification of Chemical Fibers and Polymer Materials,

Shanghai Engineering Research Center of Nano-Biomaterials and Regenerative

Medicine, College of Chemistry, Chemical Engineering and Biotechnology, Donghua

University, Shanghai 201620, China. E-mail: wuhongwei@dhu.edu.cn,

jcli@dhu.edu.cn
bDepartment of Neurology, Zhongshan-Xuhui Hospital, Fudan University,

Shanghai 200032, China. E-mail: drjianshengliu84@gmail.com
cInstitute of Translational Medicine, Shanghai University, Shanghai 200444, China.

E-mail: sabrina_1985@shu.edu.cn

This journal is © The Royal Society of Chemistry 2023 Biomater. Sci., 2023, 11, 6823–6833 | 6823

Pu
bl

is
he

d 
on

 1
5 

A
ug

us
t 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 2
:3

9:
19

 A
M

. 

View Article Online
View Journal  | View Issue

http://rsc.li/biomaterials-science
http://orcid.org/0000-0003-1893-4197
http://orcid.org/0000-0001-8243-6905
http://orcid.org/0000-0002-8994-3202
https://doi.org/10.1039/d3bm00585b
https://doi.org/10.1039/d3bm00585b
https://doi.org/10.1039/d3bm00585b
http://crossmark.crossref.org/dialog/?doi=10.1039/d3bm00585b&domain=pdf&date_stamp=2023-10-05
https://doi.org/10.1039/d3bm00585b
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM011020


treatment.25 Traditional therapies including radiotherapy and
chemotherapy could improve the immunogenicity of tumors
via inducing immunogenic cell death (ICD) of dying tumor
cells.26–29 Therefore, a combination of ICD induction with
immunotherapy is a promising strategy to treat GBM. For
example, local delivery of an ICD inducer doxorubicin and a
Toll-like receptor (TLR)-9 agonist CpG into tumors elicited
antitumor CD8+ T cell responses and reduced the infiltration
of M2-like tumor-associated macrophages and myeloid-derived
suppressor cells in the brain TME.30 The rapid development of
biomaterials and nanobiotechnology provides more efficient
alternatives to achieve this strategy.31 A tumor-homing
immune nanoregulator was constructed by co-entrapping che-
motherapeutic mitoxantrone as an ICD inducer and small
interfering RNAs that target IDO in zinc 2-methylimidazole-
based nanocarriers and then cloaking with a glioma-associ-
ated macrophage membrane.32 Such a nanoregulator was co-
delivered with CXC chemokine ligand 10 in a self-fabricating
oligopeptide hydrogel to inhibit GBM relapse post-resection.
Compared to the conventional ICD inducer, a nanoinducer
composed of disulfide bond-incorporated organosilica nano-
particles, curcumin, and iron oxide nanoparticles demon-
strates a notable enhancement in ICD-inducing activity and
tumor cell specificity.33 However, ICD induced by organic and/
or inorganic compounds still lacks sufficient efficiency and
specificity.

Sonodynamic therapy (SDT) is a novel modality of ultra-
sound (US) therapy in which sonosensitizers are used to gene-
rate singlet oxygen (1O2) for killing neoplastic cells.34 As a non-
invasive external stimulus, US has the advantages of high
selectivity and specificity.35,36 Beyond this, SDT has shown par-
ticular advantages in the treatment of deep-seated tumors due
to the strong penetrating ability of US.37,38 Significantly, ICD
can be effectively induced by SDT to trigger robust antitumor
immune responses, termed sonodynamic immunotherapy.35,39,40

A key bottleneck of current cancer immunotherapy is
immune-related adverse events (irAEs) due to uncontrolled
modulation of the immune system.41,42 Prodrug-based nano-
medicines have been explored as a means to address this chal-
lenge.43 Prodrugs are designed by chemically modifying small
molecules, peptides, or antibodies to enhance drug bio-
availability and provide precise control over drug release and
activation at target sites.44–46 SDT can also be used for spatio-
temporally specific activation of immunotherapeutic prodrugs
to alleviate irAEs.47–49 Pu’s group designed a nano-immuno-
complex by covalently immobilizing PD-L1 antibody, adeno-
sine deaminase (ADA) and a sonosensitizer into one entity
with silenced activity.47 Under sono-irradiation in the acidic
TME, however, checkpoint blockade and immunometabolic
reprogramming activities could be awakened as acid-cleavable
and singlet oxygen-activatable linkers break. In our previous
study, a prodrug nanopotentiator was constructed by cross-
linking ADA with chlorin e6 (Ce6)-conjugated manganese
dioxide nanoparticles via a ROS-cleavable linker.48 The ADA
was only activated after US irradiation to enhance the immune
response initiated by SDT and chemodynamic therapy.

However, the application of SDT using US-responsive prodrug
nanomedicine to improve the efficacy and minimize the irAEs
of immunotherapy against GBM has been poorly explored.

In the present study, an in situ sono-activatable prodrug
hydrogel was designed to achieve precise sono-immunotherapy
against GBM. Alginate (ALG) hydrogels were loaded with sono-
dynamic semiconducting polymer nanoparticles (SPNs) and
the NLG919 prodrug to construct hydrogels (APN). The
NLG919 prodrug was synthesized by conjugating mono-
methoxy polyethylene glycol (mPEG) with NLG919 using a
singlet 1O2-cleavable linker (mPEG-TK-NLG919, Fig. 1a). Poly
[2,7-(9,9-di-octyl-fluorene)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-
thiadiazole] (PFODBT) was converted to water-soluble semicon-
ducting polymer nanoparticles (SPNs) via nanoprecipitation
with amphiphilic Pluronic F127. Such SPNs acted as sonosen-
sitizers to generate 1O2 upon exposure to US irradiation. After
local injection of ALG solution containing SPNs and the
NLG919 prodrug, the ALG hydrogels were in situ formed via
coordination with Ca2+ in the TME. The sonodynamic effect of
SPNs not only induced cell apoptosis and ICD of tumor cells,
but also triggered active NLG919 release due to the specific
breaking of 1O2-cleavable linkers (Fig. 1b). As a result, the APN
hydrogels synergistically integrated SDT with sono-activatable
immunotherapeutic action to enable the deep-tissue combina-
tional therapeutic effect for inhibiting tumor growth in an
orthotopic glioma model.

2. Results and discussion
2.1. Preparation and characterization of prodrug hydrogels

To synthesize the 1O2-responsive PEGylated NLG919 prodrug,
mPEG-NH2 was first reacted with an 1O2-cleavable COOH-
TK-COOH linker via an amide coupling reaction. The appear-
ance of a peak at 1.5 ppm in 1H NMR indicated the successful
synthesis of mPEG-TK-COOH (Fig. S1, ESI†). Then, the car-
boxyl groups of the obtained mPEG-TK-COOH underwent an
esterification reaction with the hydroxyl groups of NLG919 to
produce mPEG-TK-NLG919, which was also characterized by
1H NMR (Fig. S2, ESI†). Semiconducting polymer PFODBT was
transformed into water-soluble polymeric nanoparticles via
nanoprecipitation with amphiphilic Pluronic F127. The hydro-
dynamic diameter and zeta potential of the as-prepared nano-
particles were 52.7 nm (Fig. S3, ESI†) and −21.4 mV, respect-
ively, indicating the successful self-assembly of SPNs. The
characteristic UV-vis peaks of PFODBT were observed in SPNs
and ALG solution containing SPNs (Fig. 2a). In addition, the
fluorescence emission of PFODBT was similar in AP and APN
solutions (Fig. 2b), suggesting that the loading of the NLG919
prodrug did not affect the optical properties of PFODBT.

The APN prodrug hydrogel was prepared by injecting ALG
solution containing mPEG-TK-NLG919 and SPNs into Ca2+

solution (1.8 mM). The hydrogel was formed due to the cross-
linking of Ca2+ and ALG. An ALG concentration of 5 mg mL−1

was selected because our previous studies have proved that
this concentration could ensure quick gelation of hydrogels.46,50
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The encapsulation efficiency and loading capacity of NLG919
in hydrogel APNs were calculated to be 86.2% and 1.0%,
respectively. The hydrogel gelled rapidly in Ca2+ solution
(1.8 mM) and the formed hydrogels remained stable after 24 h
(Fig. 2c & S4†). The SEM images of the hydrogels showed
cross-linked surface network structures and attached nano-
particles (Fig. 2d, Fig. S5, ESI†), similar to the control hydrogel
without the NLG919 prodrug (Fig. S6, ESI†).

The 1O2 generation efficiency of the prodrug hydrogel after
US irradiation was evaluated using an 1O2 indicator SOSG. The
fluorescence intensity of SOSG was gradually increased after
US irradiation for AP and APN hydrogels (Fig. S7, ESI†), indi-
cating the generation of 1O2. After 10 min of US irradiation,
the SOSG fluorescence intensity at 528 nm was increased by
1.65- and 1.73-fold for AP and APN hydrogels (Fig. 2e). A
similar increment of SOSG fluorescence intensity was observed

in SPNs exposed to sono-irradiation (Fig. S8, ESI†). These
results suggested that the formation of ALG-based hydrogels
did not affect the 1O2 generation efficiency of sonosensitizer
SPNs.

As the TK linker could be destroyed by reactive oxygen
species (ROS),46 the mPEG-TK-NLG919 was postulated to be
responsive to 1O2. The release behavior of active NLG919 from
the hydrogel was thus investigated. The release behavior of
NLG919 from its prodrug form was monitored by HPLC after
US irradiation for different times (Fig. S9†). Without US
irradiation, the proportion of active NLG919 release from APN
hydrogels remained around 30% after 15 min of incubation in
aqueous solution. In contrast, nearly 80% of NLG919 was
released from the prodrug hydrogel after 5 min of US
irradiation and the cumulative release of active NLG919 could
reach around 90% after 15 min of US irradiation (Fig. 2f).

Fig. 1 Schematic illustration of the preparation and application of prodrug hydrogels in glioblastoma (GBM) sonodynamic immunotherapy. (a) The
fabrication procedure of activatable prodrug hydrogels. (i): COOH-TK-COOH and EDC/NHS. (ii): EDC, DMAP, and NLG919. (b) Mechanism of
prodrug hydrogel-mediated combinational sonodynamic therapy and immunotherapy for GBM.
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Therefore, the significant release of active NLG919 could be
attributed to the 1O2-mediated linker cleavage of the NLG
prodrug upon US irradiation. In summary, these results indi-
cated that the NLG919 prodrug could be activated and released
from the loose structure of the hydrogel.

2.2. In vitro therapeutic efficacy of prodrug hydrogels and
putative mechanisms

To evaluate the in vitro therapeutic efficacy of prodrug hydro-
gels, CCK-8 assay was used. The cytotoxicity of semiconducting
polymer SPNs was first assessed. The cell viability of C6 cells
remained approximately 90% even when the nanoparticle con-
centration was increased to 50 μg mL−1 (Fig. S10, ESI†),
suggesting excellent biocompatibility of the as-prepared SPNs.
The cell viability of AP and APN was also over 90% even when
the concentration was increased to 50 μg mL−1, suggesting that
loading of nanoparticles into ALG hydrogel did not affect the
biosafety of nanoparticles (Fig. 3a). The IC50 value was found to
be 100.7 μg mL−1 and 102.5 μg mL−1 for AP and APN hydrogels,
respectively (Fig. S11†). To explore the SDT effects on tumor
cells, a DCFH-DA fluorescent probe was used to detect the gene-
ration of intracellular ROS under US irradiation. Although SOSG
is a fluorescence sensor that detects 1O2, it is a cell-impermeant
probe and thus does not allow for intracellular 1O2 detection.

51

Therefore, DCFH-DA served as a surrogate for SOSG in detecting
intracellular 1O2.

52 As shown in Fig. 3b, no significant fluo-

rescent signals were found in the cells treated with AP or APN
hydrogels without US irradiation, similar to that of the PBS
control cells. In contrast, strong DCFH signals could be
observed in the cells treated with AP or APN hydrogels and US
irradiation, reflecting the intracellular production of ROS. Semi-
quantitative analysis of DCFH signals showed that the intensity
of the fluorescence signal was comparable between the AP + US
and APN + US-treated cells, significantly higher than cells in
other treatment groups (Fig. 3c). These results showed that both
APN and AP hydrogels could robustly induce intracellular ROS
production under US irradiation.

Encouraged by the remarkable ROS generation capacity of
AP and APN hydrogels under US irradiation, the in vitro antitu-
mor efficacy of these prodrug hydrogels on C6 glioma cells was
investigated using the CCK-8 assay. In the absence of hydro-
gels, no obvious change in cell viability was observed in the
sono-irradiated cells compared to the PBS control group
(Fig. 3d). This indicated that the power and duration of US
irradiation used here (1.0 W cm−2, 2 min) did not cause obser-
vable damage to the cells. Nevertheless, cell viability was
reduced to 6.68% and 5.07% after US irradiation for AP and
APN hydrogel treatments, respectively. These results indicated
that the hydrogel-mediated SDT upon US irradiation has a
strong ability to kill cancer cells.

The damage to cancer cells by SDT has been reported to
induce ICD in tumor cells.39,40,53 When ICD occurs in tumor

Fig. 2 Characterization of prodrug hydrogels. (a) UV-vis spectra of mPEG-NH2, NLG919 prodrug (mPEG-TK-NLG919), SPNs, AP and APN in
aqueous solution. (b) Fluorescence spectra of AP and APN hydrogels. (c) Gel formation process of APN hydrogels. (d) SEM images of APN hydrogels.
(e) 1O2 generation for AP and APN hydrogels as a function of ultrasound (US) irradiation time. (f ) Cumulative release of NLG919 from the APN hydro-
gel after different times with or without US irradiation.
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cells, a series of signaling molecules such as damage-associ-
ated molecular patterns (DAMPs) are produced, along with the
exposure of CRT proteins on the surface of tumor cells, exocy-
tosis of HMGB1 and the release of ATP.54 The DAMPs released
by this process are able to activate a series of cytological
responses and boost the antitumor immunity.55 To evaluate
the ICD induction ability of hydrogel-mediated SDT, the levels
of DAMPs after different treatments were analyzed. An immu-
nofluorescence study showed that CRT staining can only be
observed in cells treated with AP or APN hydrogels plus US
irradiation (Fig. 3e). Semi-quantitative analysis showed that
the mean fluorescence intensity of CRT was 19.1 and 23.3 for
the AP + US and APN + US groups, significantly higher than

those in the other treatment groups (Fig. 3f). Similarly,
HMGB1 release from C6 cells in the AP + US and APN + US
hydrogel groups was 2.7-fold higher relative to that in the PBS
group (Fig. 3h). The ATP release was increased by around 2.2-
fold when C6 cells were treated with AP or APN hydrogels fol-
lowed by US irradiation (Fig. 3g). These results confirmed that
the prodrug hydrogel-mediated SDT could robustly induce
ICD, as demonstrated by the increased expression of CRT and
the release of HMGB1 and ATP.

IDO is overexpressed in the TME and suppresses antitumor
immunity via regulating Trp metabolism.56 NLG919 is a
specific IDO inhibitor with the ability to block Trp metabolism
and promote antitumor immunity. To confirm the inhibitory

Fig. 3 In vitro evaluation of therapeutic efficacy and putative mechanisms. (a) Cell viability of C6 cells after AP and APN hydrogel treatment. (b)
Fluorescent images of intracellular ROS by DCFH-DA staining. The generation of ROS was indicated by green fluorescence. (c) Semi-quantification
of the DCFH fluorescence intensity. (d) Cell viability of C6 cells after PBS, AP, and APN hydrogel treatment with or without US irradiation. (e) CRT
expression levels of C6 cells in different treatment groups; the green fluorescence signal indicates CRT expression. (f ) Semi-quantification of CRT
expression. (g) Relative levels of HMGB1 release from C6 cells in different treatment groups. (h) Relative levels of ATP release from C6 cells after
different treatments. (i) Ratio of Kyn/Trp in the supernatant of C6 cells in different treatment groups. SPNs in AP and APN were set at a concentration
of 25 μg mL−1 and US was applied at 1.0 W cm−2 for 2 min.
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effect of the prodrug hydrogel on IDO activity and its interven-
tion on Trp metabolism, the HPLC method was used to
measure the concentrations of Trp and Kyn in the super-
natants of the cell culture. The Kyn/Trp ratio did not show any
significant differences from the control group in the APN
hydrogel treatment group without US irradiation as well as in
the AP group with US irradiation. In contrast, the application
of APN hydrogels with US irradiation resulted in a significant
decrease in the Kyn/Trp ratio of the cell culture supernatant,
which was approximately 2.8-fold lower than that of the
control group. These results supported the hypothesis that the
sono-activation of the APN prodrug hydrogel could modulate
Trp metabolism.

2.3. In vivo evaluation of antitumor efficacy and ICD
induction

All animal experiments were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals of
Donghua University and approved by the Animal Ethics
Committee of Donghua University. To evaluate the antitumor
efficacy of prodrug hydrogels, an orthotopic glioma model in
the right striatum was established. ALG solution loaded with
SPNs with or without the NLG919 prodrug was locally injected
to ensure adequate drug accumulation and therapeutic
efficacy. 24 h after hydrogel administration, US irradiation (1.0
W cm−2) was applied to the right side of the skull for 10 min.
Brain tissue was extracted 7 days after treatment to evaluate
the antitumor efficacy of prodrug hydrogel-mediated sonody-
namic immunotherapy (Fig. 4a). H&E staining revealed that
both PBS with US irradiation and AP or APN hydrogels did not
show observable effects on glioma growth (Fig. 4b).
Combining AP or APN hydrogels with US irradiation led to sig-
nificant tumor cell necrosis, with the APN + US group exhibit-
ing the most pronounced effect.

As demonstrated in cell studies, ICD could be induced
effectively by the prodrug hydrogel-mediated SDT. To evaluate
the ability of prodrug hydrogel treatment to induce ICD
in vivo, intratumoral CRT and HMGB1 expression as well as
ATP levels were measured. The ATP release in the AP + US and
APN + US treatment groups was 19.3- and 23.7-fold higher
than that of the PBS control group, respectively. In contrast, no
significant change in ATP release was observed in the PBS +
US, AP, and APN treatment groups as compared to that in the
PBS control group (Fig. 4c). Immunofluorescence staining
showed that the green fluorescence signal of CRT was signifi-
cantly increased in the APN + US irradiated group compared to
that in the PBS control group, AP or APN without US
irradiation groups (Fig. 4d). The mean fluorescence intensity
of CRT in the AP + US and APN + US groups was 23.2- and
27.8-fold higher than that in the PBS group, respectively
(Fig. 4e). Correspondingly, the expression of tumor HMGB1
was significantly increased in the AP + US and APN + US treat-
ment groups (Fig. 4f). Semiquantitative analysis revealed that
the mean fluorescence intensity of HMGB1 was 10.3- and 11.6-
fold higher in the AP + US and APN + US groups, respectively,
compared to that in the PBS group (Fig. 4g). The above results

collectively verified that US irradiation of hydrogels could
induce ICD in tumor cells, especially for APN hydrogels.

2.4. Assessment of the in vivo immune response

The in vivo immune responses for sonodynamic immunother-
apy were assessed by evaluating the populations of T cells in
glioma-bearing brain slices. CD8+ and CD4+ T cells are the two
main effector T cell populations in antitumor immunity.57

Treatment with AP hydrogel and US irradiation significantly
increased the CD8+ fluorescence signal intensity, reaching 5.9-
fold higher than that of the PBS control group, while sole AP
hydrogel treatment did not activate CD8+ proliferation (Fig. 5a
& b). The CD8+ fluorescence intensity was further increased in
the APN + US irradiated group, reaching 10.3-fold higher rela-
tive to that of the PBS group, which could be attributed to the
sono-activation of NLG919 to intervene in Trp metabolism.
However, no significant enhancement of CD8+ fluorescence in
the APN alone group was observed. Correspondingly, the CD4+

fluorescence intensity in tumors treated with AP hydrogel and
US irradiation reached 10.5-fold higher than that of the PBS
group (Fig. 5c & d). A more significant increase in CD4+ fluo-
rescence signal intensity was observed in the APN + US irra-
diated group compared to the AP + US irradiated group, reach-
ing 19.3-fold higher relative to that in the PBS group. Tumor-
associated Foxp3+ Treg are an essential type of immunosup-
pressive cell within the TME and play a key role in hindering
the activation of T-cell-based immunity.58 Therefore, the popu-
lation of Treg in tumors after different treatments was also eval-
uated. As expected, the fluorescence signal intensity of Foxp3+

was significantly suppressed in tumors from the AP + US irra-
diated group, which was 2.2-fold lower than that of the PBS
group (Fig. 5e & f). Loading of the NLG919 prodrug in hydrogel
further decreased the Treg population, which was 40.6-fold
lower relative to that of the PBS group. Based on the above
results, it could be reasonable to speculate that the in vivo anti-
tumor immune response was successfully activated after treat-
ment with APN hydrogels and US irradiation. The most likely
explanation is that PFODBT was irradiated by US to produce
ROS, which induced ICD of tumor cells and triggered the
release of active NLG919 from its prodrug form and hydrogel,
resulting in effector T cell activation and Treg inhibition.

2.5. In vivo biosafety evaluation

Due to the formation of hydrogels in situ, the systemic toxicity
of hydrogel-based drug delivery could be markedly minimized,
especially in GBM treatments.32,59 The body weight growth of
mice showed no obvious difference among different treat-
ments (Fig. S12, ESI†), suggesting satisfactory in vivo safety. To
further validate the biosafety of the hydrogel, H&E staining
was performed on other major organs (the heart, liver, spleen,
lungs and kidneys) of the mice in the experimental and
control groups. No discernible histological changes were
found in the major organs of mice in the APN + US group
(Fig. S13, ESI†), confirming that APN hydrogels and US
irradiation do not cause observable damage to normal organs.
Altogether, these results indicated that in situ prodrug hydro-
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Fig. 4 In vivo antitumor efficacy and ICD induction evaluation. (a) Schematic diagram of antitumor efficacy evaluation by intracerebral implantation
of C6 cancer cells, stereotactic injection of prodrug hydrogels and US irradiation (1.0 W cm−2, 10 min). (b) H&E staining images of brain slices from
glioma-bearing mice after different treatments. (c) Relative ATP release levels of tumor cells after different treatments. (d) Immunofluorescence CRT
staining of tumors in different treatment groups. The green fluorescence signal indicates CRT and the blue signal indicates DAPI staining of the
nucleus. (e) Semi-quantification of CRT expression. (f ) Immunofluorescence staining images of HMGB1 in tumors after different treatments. The
green fluorescence signal indicates HMGB1 staining while the blue fluorescence signal indicates DAPI staining of the nucleus. (g) Semi-quantification
of the HMGB1 signal.
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gel-mediated sonodynamic immunotherapy could be a safe
strategy for GBM treatment.

3. Conclusion

In summary, we report an US-responsive prodrug semiconduct-
ing polymer hydrogel platform for combined SDT and immu-
notherapy of orthotopic GBM. The hydrogel can be formed

in situ at the tumor site and is loaded with SPNs for SDT and
1O2-responsive prodrugs for immunotherapy. The SPNs
produce 1O2 after US irradiation to induce tumor cell necrosis
and ICD. Meanwhile, the generated 1O2 specifically destroy the
responsive linker in the prodrug, allowing the on-demand
release of the active IDO inhibitor NLG919, which potentiates
antitumor immunity by inhibiting Trp metabolism to stimu-
late effector T cells and inhibit suppressive Treg. Such a sono-
responsive prodrug hydrogel showed a significant inhibitory

Fig. 5 In vivo immune response evaluation. (a) Immunofluorescence staining of CD8 in tumors from glioma-bearing mice after different treatments.
Red fluorescence signals indicate CD8 staining and blue fluorescence signals indicate DAPI staining of the nucleus. (b) Semi-quantification of CD8+

signals. (c) Immunofluorescence staining of CD4 in tumors. Red fluorescence signals indicate CD4 staining and blue fluorescence signals indicate
DAPI staining of the nucleus. (d) Semi-quantification of CD4+ signals. (e) Immunofluorescence staining of Foxp3 in tumors in different treatment
groups. Red fluorescence signals indicate Foxp3+ staining and blue fluorescence signals indicate DAPI staining of the nucleus. (f ) Semi-quantification
of Foxp3+ signals.
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effect on the growth of orthotopic GBM. The efficacy and safety
of GBM therapy were enhanced by the utility of prodrug hydro-
gels, which can be attributed to the inherent merits of a hydro-
gel platform, such as integrating different therapeutic
approaches and allowing targeted drug release in the TME. To
the best of our knowledge, APN hydrogel represents the first
sono-activatable platform for combinational SDT and immu-
notherapy for GBM. Furthermore, the ease of the prodrug
hydrogel preparation approach makes it possible to generalize
it to load other drugs for GBM treatment.
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