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Burgeoning is an evolution from conventional photodynamic therapy (PDT). Thus, sonodynamic therapy (SDT)
regulated by nanoparticles (NPs) possesses multiple advantages, including stronger penetration ability, better
biological safety, and not reactive oxygen species (ROS)-dependent tumor-killing effect. However, the limitation
to tumor inhibition instead of shrinkage and the incapability of eliminating metastatic tumors hinder the clinical
potential for SDT. Fortunately, immune checkpoint blockade (ICB) can revive immunological function and
induce a long-term immune memory against tumor rechallenges. Hence, synergizing NPs-based SDT with ICB can
provide a promising therapeutic outcome for solid tumors. Herein, we briefly reviewed the progress in NPs-based
SDT and ICB therapy. We highlighted the synergistic anti-tumor mechanisms and summarized the representative
preclinical trials on SDT-assisted immunotherapy. Compared to other reviews, we provided comprehensive and
unique perspectives on the innovative sonosensitizers in each trial. Moreover, we also discussed the current

challenges and future corresponding solutions.

1. Introduction

Various tumor treatments have emerged in the past few decades due
to the vigorous advancement of nanotechnology [1]. Light-triggered
modalities like PDT have exhibited desirable anti-tumor efficiency in
several preclinical and clinical trials [2-4]. With the assistance of
nano-delivery systems, photosensitizers can obtain a high tumor con-
centration and generate ROS, including singlet oxygen (*0s), hydroxyl
radicals (¢OH), or peroxyl radicals (eO5H), to evoke tumor apoptosis or
necrosis through proper irradiation [5-7]. Nevertheless, the low pene-
tration ability of external light limited its application to certain super-
ficial tumors [8]. SDT has been recently developed as a novel modality
using ultrasound (US) as an excitation source and US-responsive sub-
stances as sonosensitizers to overcome such major drawbacks [9,10].
SDT shares similar principles with PDT but offers distinct advantages.
Compared to the 10 mm depth of light, the US can achieve a sufficient
penetration depth of up to 10 cm by adjusting frequency. In addition, the
US does damage adjacent normal tissues even when applied with a
high-intensity pattern, thereby exhibiting a better bio-safety profile to-
wards laser irradiation [11,12] (Fig. 1). Thus, SDT possesses a promising
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therapeutic potential for deep-seated tumors by addressing conventional
PDT shortcomings.

Despite the efforts to explore intrinsic mechanisms, the exhaustive
ROS generation of sonosensitizers triggered by the US remains vague
due to the complex procedures [13]. The acoustic cavitation-triggered
son-mechanical/thermal damage and sonoluminescence-induced
photochemical reaction provide the main explanations, followed by
pyrolysis [14,15]. Besides the direct killing effect of ROS on tumors,
studies have observed that SDT could enhance host immunity through
the immunogenic cell death (ICD) process, similar to PDT [16,17]. The
ICD refers to cell apoptosis, including the exposure and release of
tumor-associated antigens (TAAs) and danger-associated molecular
patterns (DAMPs), such as high-mobility group box-1 (HMGB1), calre-
ticulin (CRT), heat shock proteins (HSPs), etc. [18]. The released TAAs
and DAMPs can improve adaptive immunity function and reverse the
immunosuppressive tumor microenvironment (TME) [19-22]. Never-
theless, the subsequent activation of multiple signaling pathways in
tumors facilitates immune escape. For instance, the upregulation of
inhibitory immune checkpoint ligands enables the tumors to gradually
adapt to the new environment by weakening immune response [23-25].
Thus, SDT monotherapy can only limit tumor growth compared to
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Abbreviations

PDT photodynamic therapy

NP nanoparticle

SDT sonodynamic therapy
ICB sonodynamic therapy
ROS reactive oxygen species

102 singlet oxygen
¢OH hydroxyl radicals

¢O2H peroxyl radicals

Us ultrasound

SL sonoluminescence

ICD immunogenic cell death
TAA tumor-associated antigens

DDS drug delivery system

TiO2 titanium dioxide

MOF metal organic framework
Ce6 chlorin e6

ICG indocyanine green

HB hypocretin B

GSH glutathione
PD-1 programmed cell death protein-1

PD-L1  programmed death ligand-1
CTLA-4 cytotoxic T lymphocyte protein-4
IDO indoleamine2,3-dioxygenase

DC dendritic cell

ICI immune checkpoint inhibitors

achieving complete elimination and preventing distant metastasis or
recurrence [26]. Immunotherapy can harness and boost innate and
adaptive immunity to exert a potent anti-tumor immune response.
Among the various immunotherapy types, ICB can reinvigorate
exhausted effector T cells, induce dendritic cell (DCs) maturation, and
downregulate Tregs proportion by affecting the interaction between the
immunosuppressive immune checkpoints and their ligands [27-29].
Therefore, SDT-assisted immunotherapy combined with ICB therapy can
provide a synergistic anti-tumor effect and elicit a long-term immune
memory, thereby preventing tumor rechallenges.

Herein, we first described the current landscape of SDT and ICB
therapy, respectively. Then we demonstrated the synergistic mechanism
of the two strategies and summarized the up-to-date preclinical trials
based on SDT + ICB (Table 1). Notably, we described multiple repre-
sentative experiments and the unique design of the corresponding
nanomaterials following the different types of sonosensitizers. After-
ward, analysis and perspectives on the advantages or disadvantages of
those nano-sonosensitizers were discussed. Finally, we describe the
current issues and provide solutions enabling rapid clinical translation
of such treatment modalities. The schematic illustration of the syner-
gistic anti-tumor mechanism of NPs-based SDT combined with ICB
therapy in this review was summarized in Fig. 2.

2. Current landscape of SDT

The ultimate therapeutic performance of SDT is multi-factorial, such
as the selected tumor models, sonosensitizer species, applied US fre-
quency and intensity, and specifically designed nanoplatforms [57].
Here, the mainstream ROS-generating SDT mechanism will be first
introduced. Secondly, we will classify the sonosensitizers into organic
and inorganic ones and hybrid crystalline porous polymers and sum-
marize them. Then, we will review the primary defects of the current
SDT and provide resolution through the typical nanomaterial modifi-
cation or treatment schemes.

2.1. ROS generating mechanism

The intrinsic SDT mechanism under ultrasonic excitation remains
unclean. However, there are three primary explanations: acoustic cavi-
tation, sonoluminescence, and pyrolysis [58-61]. The physical phe-
nomenon of acoustic cavitation is defined as the mechanical force
exerted by US waves on microbubble generation in a liquid environ-
ment. The process involves nucleation, growth, and oscillation of
gaseous cavities [62]. Cavitation is classified into two forms: stable and
inertial. Stable cavitation is the stable oscillation of bubbles without
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Fig. 1. The schematic illustration provides the basic concept and advantages of SDT over traditional PDT.
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Table 1
Summary of pre-clinical trials of nanoparticles-assisted sonodynamic immune checkpoint blockade therapy.
Materials Nanomaterials Sonosensitizers us Characteristics or modification Immunotherapy Tumor type Ref.
Type parameters
Organic HMME/R837@Lip Hematoporphyrin 1 MHz, 1.5 Main components are FDA- Immune adjuvant (R837) 4T1, CT26 [30]
(intravenously monomethyl ether W/em?, 5 approved agents (conjugated) & anti-PD-L1 tumor cells
injected) (HMME) min antibody (intraperitoneally
injected)
CHINPs (intravenously HMME 1 MHz, 2 W/ PTT & multimodal imaging & 4T1 Anti-PD-1 antibody 4T1 tumor [31]
injected) cm?, 5 min cell membrane coating (intraperitoneally injected) cells
PFCE@THPPpf-COPs 4-hydroxylphenyl 40 kHz, 2 W, Perfluorocarbons (PFC) induced Anti-CTLA-4 antibody CT26 tumor [32]
(intratumorally porphyrin 30 min tumor hypoxia attenuation (intratumorally injected) cells
injected)
PMPS (intravenously Protoporphyrin 3 MHz, 1 W/ Endoplasmic reticulum targeting &  Anti-PD-L1 antibody PanC02 [33]
injected) X cm?, 5 min tumor vascular targeting (Intraperitoneally injected) tumor cells
iCRET (intravenously verteporfin 1Hz, 5.0W, Chemiluminescence resonance Anti-PD-1 antibody CT26, 4T1- [34]
injected) 8 min energy transfer (CRET)-based SDT:  (Intraperitoneally injected) Luc tumor
ROS amplification & CO» cells
generation
PFP@PEG-CMD-Ce6 Chlorin e6 (Ce6) 1.5 MHz, 10 RIPK3-independent necroptosis via Anti-PD-L1 antibody CT26 tumor [35]
W, 10 min inducing burst-mediated cell- cells (RIPK3-
membrane disintegration deficient)
CPDA@PFH Ceb 500 Hz, 3min Ultrasonic-Thermal Effect Anti-PD-L1 antibody 4T1 tumor [36]
(intratumorally (intravenously injected) cells
injected)
P-aPD-L1/C Ceb 2 MHz, 2.0 pH and MMP-2 Anti-PD-L1 antibody B16F10 [37]1
(intravenously W/em?, 5 dual-sensitivity (conjugated) tumor cells
injected) min
MFC (intravenously Ceb 1.0 MHz, 2.0 Tumor cell coating & Fe-PDAP Anti-PD-1 antibody 4T1, Panc-1, [38]
injected) W/em?, 3 based “H,0, economizer”- (intraperitoneally injected) HepG2,
min mediated on-demand O, evolving SKOV3 tumor
process cells
sPD-1/Ce6-NBs Ceb 1.1 MHz, 1.8 Nanobubbles-induced necrosis & Soluble PD-1 (incubated H22 tumor [39]
(intravenously W/em?, 2 sPD-1 transfection with Ce6-NBs) cells
injected) min
HB-NLG8189@MPCM HB (Ce6-C15-ethyl 1 MHz, 1.25 Macrophage membrane coating IDO inhibitor (NLG8189) 4T1 tumor [40]
(intravenously ester) W/cm?, 10 (Self-assembly) cells
injected) min
Lip-ICG-PFP-cRGD Indocyanine green 2 W/em?, 10 Perfluoropentane (PFP) based Anti-PD-1 antibody TC-1 tumor [41]
(intravenously (ICG) min ‘nanobomb’ induced necrosis (intraperitoneally injected) cells
injected)
PIMS (intravenously IR780 1 MHz, 2.5 pH-responsive Mn>" targeting Anti-PD-L1 antibody 4T1 tumor [42]
injected) W/em?, 5 c¢GAS-STING pathway for DCs (intravenously injected) cells
min activation
TIR@siRNA IR780 1 MHz, 2 W/ Nucleus-targeting ability of TAT DPPA-1 peptide (Anti-PD- CT26 tumor [43]
(intratumorally cm?, 5 min peptide & Nrf2 down regulation L1) (intravenously injected) cells
injected)
MLipRIR IR780 1 MHz, 1.5 Mitochondrial-targeting & R162 Anti-PD-L1 antibody 4T1 tumor [44]
(intravenously W/em?, 5 induced glutathione peroxidase (Intraperitoneally injected) cells
injected) min downregulation
Tf@IR820-DHA IR820 40 kHz, 0.4 Fe (1I)-mediated programmable Anti-PD-L1 antibody Hepl-6 tumor [45]
(intravenously W/em?, 5 catalysis of DHA (Intraperitoneally injected) cells
injected) min
SPNAD (intravenously Semiconducting 1 MHz, 1.5 10,-cleavable linker modification Anti-CTLA-4 antibody 4T1 tumor [46]
injected) polymer W/em?, 5 (conjugated) cells
min
SPINs (intravenously Semiconducting 1 MHz, 1.2 102-cleavable linker modification IDO inhibitor (NLG919) & Panc02 tumor [471
injected) polymer W/cm?, 10 anti-PD-L1 antibody cells
min (conjugated)
MRP (intratumorally Methylene blue (MB) 40 kHz, 6.5 Glutathione-sensitive disulfide Immune adjuvant (R837) & CT26 tumor [48]
injected) W/cm?, 10 bonds linking Leu-MB and R837 anti-PD-L1 antibody cells
min (intravenously injected)
0O,MB-RB Rose Bengal 1 MHz, 3.5 Rose Bengal conjugated Anti-PD-L1 antibody T110299 [49]
(intravenously W/cm?, 30 microbubbles (intraperitoneally injection) tumor cells
injected) min
Inorganic TiO2@CaP TiO, 3 MHz, 2.1 Transformable design & Anti-PD-1 antibody 4T1 tumor [50]
(intratumorally W/em?, 10 Ca®" induced mitochondrial (intraperitoneally injected) cells
injected) min dysfunction
SCN@ TiO, 1 MHz, 3 W/ Melanoma cell membrane Anti-PD-L1 antibody B16F10 [51]
B16F10 M/PEG-aPD- cm?, 5 min (B16F10 M) coating & aPD-L1 dual  (conjugated) tumor cells
L1 (intratumorally targeting effect
injected)
BMT@LA Black TiO, 1 MHz, 1.5 t-arginine induced NO gas therapy =~ Anti-PD-L1 antibody U14 tumor [52]
(intratumorally W/em?, 5 (intravenously injected) cells
injected) min

(continued on next page)
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Table 1 (continued)
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Materials Nanomaterials Sonosensitizers us Characteristics or modification Immunotherapy Tumor type Ref.
Type parameters
TiO,-Ce6-CpG TiO,, Ce6 1 MHz, 2 W/ Dual sensitizer augment ROS Immune adjuvant (CpG Hepl-6 tumor [53]
(intratumorally cm?, 7 min quantum yield ODN) & Anti-PD-L1 antibody ~ cells
injected) (intravenously injected)
N@CAu-BMSNs AuNPs 1 MHz, 1 W/ Macrophage membrane coating & IDO inhibitor (NLG919) 4T1 tumor [54]
(intravenously cm?, 3 min CO gas therapy induced (intraperitoneally injected) cells
injected) mitochondrial dysfunction
CFP (intravenously CoFey0, 1MHz, 1W/  Co?"/Co®" and Fe?*/Fe®" can Anti-PD-L1 antibody 4T1 tumor [55]
injection) cm?, 5 min render Fenton-like reaction (intraperitoneally injected) cells
Zr-TCPP(TPP)/ Zr-MOF 3 MHz, 1.5 Mitochondrial-targeting by Immune adjuvant (R837) 4T1 tumor [56]
R837@M W/em?, 1 triphenylphosphonium (TPP) (loaded) & Anti-CTLA-4 cells
(intravenously min modification & 4T1 cell membrane  antibody (intravenously
injection) coating injected)
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Fig. 2. The schematic illustration of the synergistic anti-tumor effect of NPs-based SDT combined with ICB therapy.

collapse, usually utilized for diagnostic purposes. While inertial cavita-
tion indicated the rapid growth and violent rupture of bubbles. The
microbubble collapse during inertial cavitation can lead to
son-mechanical/thermal effects by generating shearing stress and
high-temperature shockwaves within the surrounding microenviron-
ment [63]. The harsh condition can cause severe damage to tumors by
destroying the integrity of the cell membrane and enabling intracellular
transport of agents. Moreover, the energy released during inertial
cavitation can lead to a very short luminescence period, also called
sonoluminescence (SL). The SL-based photochemical reaction is one of
the most important mechanisms. The light emitted through SL is similar
to the external irradiation incorporated in PDT. This can facilitate the
photoactive sonosensitizers with related excitation wavelengths to
transfer optical energy to oxygen molecules or other substrates within
the surrounding area and produce ROS such as 10,. Additionally, the
rapid temperature elevation through bubble collapses can cause sono-
chemical reactions to create free radicals and produce ROS, either by
sonosensitizer pyrolysis or reacting sonosensitizers with water

thermolysis products. With sufficient ROS presence in tumors,
apoptosis-related physiological processes are initiated, including DNA
fragmentation, mitochondrial dysfunction, and cell membrane damage
[64-67]. The combination of the three processes elicits the tumor-killing
SDT effect.

2.2. NPs-based sonosensitizers

Although acoustic cavitation can provide various energy forms,
photoactive sonosensitizers are among the most frequently used mole-
cules for SDT through SL [11,68,69]. Meanwhile, the constant research
into NPs has contributed significantly to developing sonosensitizers. The
application of nanomaterial-based drug delivery systems (DDS) or
sonosensitizers can offer the following advantages over traditional ones:
1) promote sonosensitizer accumulation in tumors to improve thera-
peutic effect and reduce off-target effect through enhanced penetration
retention or active targeting modifications [70,71]. 2) extend blood
circulation time through tumor cell membrane camouflage or enhance
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hydrophobic properties [72,73]. 3) achieve controllable drug release
rather than “always-on” property through TME-responsive modifica-
tions [74-76]. 4) improve tumor-killing efficacy of combination treat-
ment by carrying other drugs or displaying extra therapeutic effects [77,
78]. 5) some inorganic nanomaterials can provide real-time diagnosis
through various imaging strategies [79-81]. Herein, sonosensitizers can
be divided into three major categories: 1) the small molecule organic
semiconductors, extensively used as photosensitizers, including
porphyrin derivatives [82,83] and cyanine derivatives [84,85]. 2) the
inorganic semiconductors exhibit photocatalytic features, with transi-
tion metal oxides such as titanium dioxide (TiO5) NPs [86-89], ZnO,
NPs [90,91], and composite semiconductors doping Au [92], Ag [93]
and Pt [94]. 3) the organic-inorganic hybrid ones, such as metal-organic
framework (MOF)-derivatives [95,96]. They all have advantages and
defects which can be selected for appropriate implementation.

2.2.1. NPs-assisted organic sonosensitizer

Upon US irradiation, the optical energy emitted can excite an organic
sonosensitizer through SL when the electrons jump from the highest
occupied molecular orbital (HOMO, bonding n orbitals) to the lowest
unoccupied one (LUMO, anti-bonding n* orbitals) by absorbing more
significant energy photons than the energy gap. Then, electronic charge
transport could achieve a short-lived excited state and generate ROS by
reacting with surrounding biological substrates, such as oxygen, after
returning to the ground state. Based on the mechanism, better n-orbital
overlap structure designs or increased n-n stacking have improved op-
toelectronic properties. Currently, traditional small molecule-based
organic photoactive semiconductors are in the majority. Since Yumita
et al. first reported hematoporphyrin as a desirable sonosensitizer in
1989, the porphyrin-derivatives, such as hematoporphyrin, protopor-
phyrin, hematoporphyrin monomethyl ether, and sino-porphyrin so-
dium, represent the most used organic sonosensitizers with high SDT
efficiency [97]. Other derivatives, such as Ce6 and rose bengal (RB),
have also demonstrated promising photocatalytic performance and
intrinsic optoelectronic properties under specific US patterns [98-100].
Moreover, indole derivatives, such as ICG and IR780, have similar
ROS-producing efficacy in SDT as in PDT [101,102]. These organic
semiconductors share similar delocalized n-electrons in varied aromatic
structures, yielding excellent optical properties and modification
versatility. However, skin sensitivity, poor aqueous solubility, rapid
metabolism, and the “always-on” effect affect their clinical application
[103]. Furthermore, inadequate organic sonosensitizer accumulation in
tumors leads to ROS deficiency and possibly self-destruct under
oxidizing conditions [104]. NPs serving as DDS with satisfactory
biocompatibility can provide ample drug-loading space and
tumor-targeting ability to enrich sonosensitizers inside tumor regions
[71]. Simultaneously, appropriate surface modification of NPs can
prolong the circulation time and demonstrate the controllability of
TME-responsive organic sonosensitizer. For instance, Wu et al. fabri-
cated a silica-based biodegradable nanoplatform (CSI) loaded with
catalase and ICG to exert SDT for glioblastoma [9]. Based on the pene-
trable ability of macrophages to cross the blood—brain barrier, CSI is
coated with AS1411 aptamer-modified macrophage exosomes,
providing excellent tumor-targeting capability. This intelligently
designed nano-DDS significantly improves SDT efficacy by increasing
tumor sonosensitizer concentration while relieving hypoxia by depleting
glutathione and releasing oxygen.

2.2.2. Inorganic nano-sonosensitizer

Unlike organic ones, the inorganic semiconductors separate elec-
trons (e”) and holes (h™) after absorbing optical energy upon the US.
Then, the free e™ reacts with oxygen-related substances and generates
ROS. The appropriate bandgap between the valence band (VB) and
conduction band (CB) indicated the difficulty of excitation and recom-
bination of the separated pairs. Thus, tremendous effects have been
channeled on refining internal nanostructure, such as doping metal or
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fabricating heterojunctions to narrow bandgap or improve charge sep-
aration [105,106]. The abundant nucleation sites supplied by inorganic
semiconductor nanostructure through the cavitation mechanism can
form more bubbles. Thus, the extra explosion and pressure change
within internal electronic fields continuously produces additional ROS.
Due to the inherent chemical nature, inorganic sonosensitizers depict
superior physicochemical properties than organic ones and are unaf-
fected by photobleaching caused by the irreversible disruption of the
chemical structure [26]. Moreover, minimal potential phototoxicity and
skin sensitivity are associated with inorganic sonosensitizers, improving
the safety profiles. Among the inorganic sonosensitizers, TiO, is repre-
sentative due to its desirable photocatalytic nature, biological inertness,
easy synthesis, and ready fabrication [107,108]. Other than TiO5 NPs,
silicon NPs [109], MOFs [110], black phosphorus [111] and noble
metal-based inorganic sonosensitizers [112] are burgeoning with high
ROS-generating potency. However, most metal-based sonosensitizers
exhibited low ROS quantum yield (QY), needing additional modifica-
tions, such as incorporating comprised structures or metal coordination
with organic sensitizers. For instance, Wang et al. designed a TiOp;x
nanorod using a typical organic-phase synthesis strategy [113]. This
oxygen-deficient NR structure could serve as a charge trap to prevent the
fast recombination of electrons (e”) and holes (h™), significantly
enhancing ROS production. Moreover, the PEG—TiO;_x NRs have potent
nanozyme activities to elicit a combinational son/chemodynamic effect.
Additionally, the undegradable nature of inorganic semiconductors
limited their applications in biomedicine, demanding modification to
enhance dissociation.

2.2.3. Hybrid sonosensitizer

MOFs, as a representative class of organic-inorganic hybrid sono-
sensitizers, can overcome the limitations of the former two types. The
unique structure attributes render MOFs flexible roles in SDT. Under the
US, the organic ligands absorb energy and activate metal ions/clusters to
develop ROS through a linker-to-metal charge transfer mechanism.
Additionally, the periodic array structure helps minimize self-quenching
and promotes SDT efficiency [114]. Currently, porphyrin-ligand and
Ti-based MOFs are two categories with strong sonodynamic effects and
good biocompatibility [96,115].

2.3. Current challenges of NPs-based SDT and improvement strategies

Although the application of NPs significantly enhances the tumor
accumulation and biocompatibility of sonosensitizers, the actual SDT
therapeutic outcome is determined by many factors. Firstly, the low ROS
QY of most sonosensitizers can seldom provide a desirable tumor-killing
effect [116]. The obstinate TME negatively influences SDT, such as
hypoxia, excess glutathione (GSH), overproduced hydrogen peroxide,
etc. [117-119]. SStudies have observed that GSH is crucial in mediating
the REDOX balance in cells and is closely associated with cancer
development. Moreover, high GSH levels in tumors can hinder various
cancer treatment strategies like SDT [120]. Furthermore, increasing
intracellular antioxidants, such as catalase and Nrf2, can facilitate the
tumors in evading oxidative stress [121,122]. Thus, various strategies
have been developed to overcome the dilemmas, and we summarized
them into four categories: 1) improve the ROS QY, such as developing
new sensitizers, modifying NPs by adjusting the bandgap energy, or
comprising metal coordination [106,123]. 2) relieve the hypoxia of TME
or provide an extra oxygen source [124,125]. 3) weaken the intracel-
lular antioxidant defense by depleting the GSH level [126]. 4)
combining other strategies, such as radiotherapy, chemotherapy, gas
therapy, and immunotherapy [127-129]. Immunotherapy, including
cancer vaccines, ICB therapy, and adoptive T-cell therapy, is promising
for advanced tumor treatment. Remarkable clinical outcomes have been
achieved by applying ICB to boost the host systemic immune response
and trigger immune cell activation [130]. More importantly, ICB ther-
apy has also demonstrated an ideal therapeutic effect against metastasis
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and recurrence in various tumor types [131-133]. Herein, we review the
combination of NPs-mediated SDT assisting ICB therapy.

3. ICB therapy

The immune system serving as an “overseer” and “scavenger,” can
recognize and clean the malignant cells inside human bodies [134].
However, tumors have evolved immune escape mechanisms and
developed an immunologically “cold” TME with exhausted immune
cells [135,136]. Notably, tumor immune evasion mainly depended on
the tumor or immune cell-induced overexpression of inhibitory immune
checkpoint molecules. This included programmed cell death protein-1
(PD-1)/programmed death ligand-1 (PD-L1), cytotoxic T lymphocyte
protein-4 (CTLA-4), and indoleamine2,3-dioxygenase (IDO) [137-139].
In TME, TAAs are presented to T cells by antigen-presenting cells, such
as DCs, regulating the first co-stimulatory signal for T cell proliferation.
The second antigen-independent signal transmitted through the bond
between immune checkpoints determines the extent of immune activa-
tion. Under normal circumstances, cytotoxic CD8" T cells infiltrate and
eliminate tumor cells as most of the adaptive immune response. In
contrast, CD4" T cells secrete pro-inflammatory cytokines to improve
host immunity. However, binding these inhibitory immune checkpoint
receptors can trigger a “brake” signal for T cell activation and facilitate
Tregs proliferation simultaneously [140]. Therefore, blocking their
interaction can reinvigorate T cell function and boost tumor clearance.
The FDA has approved multiple immune checkpoint inhibitors (ICIs) for
clinical applications with outstanding therapeutic effects and prolonged
progression-free survival among patients. These include Pembrolizumab
(Keytruda) for non-small cell Lung cancer, Nivolumab (Opdivo) for
hepatocellular carcinoma, and Ipilimumab (Yermoy) for advanced
melanoma [141-143]. Apart from the classically FDA-approved anti-
bodies, a series of novel small molecular ICIs and other checkpoints are
being developed, including LAG3, TIGIT, TIM3, and B7H3, which are
under investigation [144]. Herein, we focus on the role of PD-1/PD-L1,
CTLA-4, and IDO.

3.1. PD-1/PD-L1 pathway

Programmed cell death protein-1 (PD-1), also called CD279, is a 55
kDa transmembrane protein expressed on immune cells, including
activated lymphocytes (particularly on tumor-specific T cells), dendritic
cells (DCs), macrophages, and natural killer cells. PD-1 maintains the
self-tolerance balance by regulating T cell activation and inhibiting Treg
cell apoptosis [145,146]. PD-1 ligand (PD-L1) is a transmembrane
glycoprotein mainly found on lymphocytes, DCs, macrophages, or tumor
cells [147]. Notably, the PD-L1 expression level on multiple tumors can
be up-regulated in response to the pro-inflammatory factors triggering
T-cell anergy, which is strongly associated with distant metastasis and
poor prognosis [148]. The ligation of PD-1 and PD-L1 can cause an
inferior T-cell response or even exhaustion in TME through TCR
signaling impairment. Therefore, inhibiting the PD-1 and PD-L1 inter-
action with antibodies indicated a remarkable effector T cell activation
and distinct tumor regression within multiple tumor types, including
HCC, renal cell carcinoma, and non-small cell lung cancer [149].
Currently, there are six FDA-approved clinically used antibodies for
PD-1/PD-L1 blockade. These are nivolumab (Opdivo, anti-PD-1), pem-
brolizumab (Keytruda, anti-PD-1), cemiplimab (Libtayo, anti-PD-1),
durvalumab (Imfinzi, anti-PD-L1), atezolizumab (Tecentriq, anti-PD-L1),
and avelumab (Bavencio, anti-PD-L1) [150]. Recently, Gogishvili et al.
demonstrated a double-blind, placebo-controlled, phase 3 study exam-
ining cemiplimab plus platinum-doublet chemotherapy as first-line
treatment against advanced NSCLC [151]. Four hundred sixty-six pa-
tients were recruited and randomized to receive corresponding mea-
sures (2:1). A strong efficacy indicated that the median OS of patients
receiving ICI combining therapy was 21.9 months vs. 13.0 months in
mono-chemotherapy patients. However, 43.6% of patients had Grade
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>3 adverse events with anemia and neutropenia, necessitating a better
safety profile. Besides, antibodies and other ICIs targeting different tu-
mors are undergoing clinical trials [152].

3.2. CTLA-4 pathway

Cytotoxic T lymphocyte protein-4 (CTLA-4) is expressed on Tregs
and is responsible for averting autoimmune disorders by inducing T cell
anergy by competing with its homolog CD28 [153]. The CTLA-4
pathway is quite distinct from PD-1 and mainly controls the function
and proliferation of CD4" T cells by directly regulating effector T-cell
response. Various studies have observed that the high level of CTLA-4 in
Tregs is significantly associated with tumor progression and poor
prognosis [154,155]. Moreover, CTLA-4 can enhance IL-2 production of
CD4" T cells to elicit inhibitory function against immune response
[156]. The CTLA-4 pathway blockade with antibodies attributed tumor
regression with durable CD4" and CD8™ T cell expansion by reducing
Tregs. Currently, Ipilimumab (Yermoy) is the only FDA-approved
CTLA-4 antibody against advanced melanoma [157], Tremelimumab
(Imjudo) is another FDA-approved CTLA-4 antibody for a combination
regimen with durvalumab targeting unresectable HCC depending on
NCT02519348 and NCT03298451 [158]. The two studies revealed that
patients treated with the single tremelimumab regular interval durva-
lumab (STRIDE) protocol (n = 393) showed a 22% lower death risk
compared with sorafenib (n = 389). The STRIDE group median OS was
16.4 months (95%CI, 14.2-19.6) compared to 13.8 months in the sor-
afenib group (95%CI, 12.3-16.1). Other ICIs targeting CTLA-4 are un-
dergoing clinical trials [159].

3.3. Ido pathway

Indoleamine 2, 3-dioxygenase 1 (IDO) is a rate-limiting enzyme
expressed by mature DCs and tumors. IDO can induce immune cell in-
hibition or facilitate effector T cell apoptosis by metabolizing the
essential amino acid tryptophan into downstream kynurenines [160].
Several IDO inhibitors have been developed recently, although none are
currently approved for clinical use [161]. Zhai et al. summarized the
ongoing and historical clinical trials targeting IDO [162].

3.4. Drug resistance in ICB

The ICB strategy has conferred unprecedented clinical benefits across
various tumor types and revolutionized tumor immunotherapy. Despite
the remarkable therapeutic outcome, only a small percentage of patients
could benefit from ICI monotherapy. For instance, Zhu et al. reported an
objective response rate of 17% in 104 advanced hepatocellular carci-
noma patients receiving only Pembrolizumab in a non-randomized,
multicenter, open-label, and phase II trial (KEYNOTE-224). The unsat-
isfactory benefit rate was likely due to the notorious drug resistance. ICI
resistance can be categorized into two types according to mechanisms:
primary resistance in patients with no initial response and acquired
resistance in treatment or after discontinuation. The former is primarily
attributed to genetic defects, epigenetic alterations, and low neoantigen
expression [163]. For instance, Liu et al. observed that the KRAS-G12D
mutation in NSCLC leads to inferior efficacy by decreasing PD-L1 levels
and CD8"' T cells [164]. Combining paclitaxel, a chemotherapeutic
agent, with ICIs, could upregulate the HMGA2 level, thereby relieving
KRAS-G12D-mutantion-caused resistance in NSCLC. Other factors may
lead to ICI primary resistance, including IFN-y signaling pathway
disruption and inferior MHC-I expression in melanoma and NSCLC [165,
166]. In contrast, the acquired one is more associated with intrinsic
factors in immunosuppressive TME, such as low infiltration of lym-
phocytes, hyperactive abnormal angiogenesis, and overwhelming
immunosuppressive cells and cytokines in TME [167,168]. Firstly, the
inferior lymphocyte recruitment is partially attributed to insufficient
antigen production and presentation. Hence, different strategies have
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been utilized in clinics, such as combining radiotherapy or chemo-
therapy to improve tumor antigenicity and immunoadjuvants to
strengthen DCs function. The therapeutic outcomes have been enhanced
to a certain extent but are far beyond the ideal state. In contrast, SDT
may increase the response rate by providing abundant TAAs through
massive ROS infiltration and exerting ICD to activate naive DCs. Sec-
ondly, severe hypoxia and pathological lactic acid accumulation can
affect tumor cellular energy metabolism, lead to excessive HyO», aber-
rant angiogenesis, and effector T cell signaling suppression in direct and
indirect ways. Normalizing tumor vessels and ameliorating hypoxia by
combining anti-angiogenic drugs has improved ICI efficacy in clinical
practice. In an open-label, phase 1 b study, 67 patients with unresectable
hepatocellular carcinoma (HCC) were treated using pembrolizumab
along with Lenvatinib and showed a high ORR of 44.8% [169]. Notably,
severe adverse events occurred in 42 patients indicating that it is
necessary to prevent the “off-target” effect [170]. Researchers have
designed various low oxygen-sensitive nanomaterials, such as DDSs
targeting the characteristic hypoxia of tumors. These versatile nano-
platforms can enhance the intracellular oxygen concentration in tumors
in different ways and achieve controllable release by reducing the
occurrence of adverse reactions [171]. For instance, Fu et al. fabricated a
US-activatable nanomedicine that can overcome hypoxia-induced drug
resistance and induce collaborative ferroptosis. The nanoplatform was
designed by integrating Fe(VI) species and DOX into mesoporous silica
and modified using temperature-sensitive n-heneicosane and PEG. Up
on US-induced mild hyperthermia, Fe(VI) release could induce ferrop-
totic death through Fenton reactions and effectively react with the
over-expressed HoO2 and GSH. Then, reoxygenation down-regulated the
expression of hypoxia-inducible factor 1o and P-glycoprotein inside
tumors [172].

4. Recent advances in NPs-based SDT/ICB synergistic therapy

A NPs-based SDT is one of the most promising tumor treatment
modalities with clinical potential, particularly those resistant to current
ICB therapies. This treatment can facilitate ICB therapy as follows: 1)
SDT can induce ICD to provide abundant TAAs through ROS over-
production. 2) Versatile nanoplatforms can relieve hypoxia or deplete
excessive HyO2 and GSH to produce oxygen. 3) Other apoptosis-related
pathways, such as ferroptosis and autophagy, can be achieved by
nanomaterials or loaded drugs. 4) High tumor-targeting capability,
especially the control release switch, can enhance ICB and decrease
adverse events [173,174]. Various preclinical studies combining
NPs-based SDT with ICB have been conducted, with desirable thera-
peutic outcomes (Table 1). The most relevant SDT/ICB trials have been
discussed as follows.

4.1. Organic sensitizers

The rapid collapse of micro-bubbles in the US can emit a small
amount of optical energy. Since SL-based photochemical reaction is a
pivotal mechanism in SDT, various organic semiconductors demon-
strating good photocatalytic ability are gradually switched to sono-
sensitizers. Hence, optimizing photoconversion efficiency (i.e., energy
band structure, absorption wavelength) and chemical properties (solu-
bility) of traditional organic semiconductor photosensitizers can serve
them well as sonosensitizers. Organic semiconductors have the advan-
tage of a smooth, tunable structure with rich optical properties.

4.1.1. Porphyrin-derivatives

As the most ubiquitous organic dyes in nature, porphyrin and its
derivatives, including hematoporphyrin, hematoporphyrin monomethyl
ether (HMME), and verteporfin, have been extensively studied with
critical roles in bioactive materials, particularly photo-/sonosensitizers
[175-178]. The -characteristic expanded =-aromatic structure of
porphyrin-derivatives offers them relatively high efficiency in light
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absorption. However, they are easily aggregated in an aqueous envi-
ronment due to the n—n interactions and their hydrophobic nature,
leading to self-quenching in the excited state. Yue et al. designed an
HMME-based nanosonosensitizers (HMME/R837@Lip) with high
biocompatibility to improve the state such that all the components,
including liposomes, co-encapsulated HMME, and immune adjuvants
R837 become clinically approved [30]. As shown in Fig. 3A, a typical
reverse evaporation method helped obtain the nanoplatforms. The
as-prepared HMME/R837@Lip nanosonosensitizers dispersed in
aqueous solutions exhibited a uniform quasi-spherical structure
observed through TEM (Fig. 3B). An ESR assay helped analyze the cor-
responding ROS species to monitor the ROS-generating ability of
HMME,/R837@Lip, and a strong 'O, peak could be observed under US
irradiation (Fig. 3C). Moreover, the DCs maturation caused by
HMME/R837@Lip in vivo was also determined using flow cytometry.
With son-irradiation, HMME/R837@Lip significantly enhances DCs
maturation to facilitate cytokine secretion and adaptive immunity
(Fig. 3D). Regarding CD8" cells, HMME/R837@Lip + US + PD-L1 group
increased 2.7 times that of the control one, and the immunosuppressive
Tregs also demonstrated a reduction pattern (Fig. 3E).

The high efficiency of the ROS-generating ability of porphyrin de-
rivatives is beyond doubt. In contrast, the poor water solubility and
potential toxicity of some porphyrin derivatives in early generations
remain intractable. The HMME/R837@Lip fabricated by Yue et al.
demonstrated prolonged blood circulation and a high bio-safety pattern
by coating the drugs with liposomes. All FDA-approved components
ensure minimal harmful effects on normal organs, providing new ideas
for rapid clinical translation of the NPs.

Yang et al. developed 4-hydroxyphenyl-loaded fluorinated covalent
conjugate polymers (PFCE@THPPpf-COPs) to relieve tumor hypoxia
and reverse immunosuppressive TME [32]. PFCE@THPPpf-COPs plus
anti-CD47 antibodies could cooperatively remove local tumors and
metastases upon intratumoral injection. Moreover, a potent immune
memory was elicited to prevent tumor rechallenge (Fig. 3F). The fluo-
rinated THPPpf-COPs were prepared by the esterification reaction
depicted in Fig. 3G. The molar ratio of THPP, PFSEA, and
mPEG5k-COOH was 1: 1.5: 4. The perfluorocarbons (PFC) could induce
tumor hypoxia attenuation. The TEM image indicated a typical spherical
morphology of PFCE@THPPpf-COPs with a mean diameter of nearly 42
nm (Fig. 3H). Consistently, the CT26 cells incubated with THPPpf-COPs
and PFCE@THPPpf-COPs under US irradiation depicted potent intra-
cellular DCFH fluorescence, demonstrating the desirable
ROS-generating capability of such sonosensitizer (Fig. 3I). Next, the
anti-tumor efficiency of PFCE@THPPpf-COPs combining ICB therapy
was also assessed using in vivo studies. Tumors were eliminated in four of
the five mice within the combination treatment group (Fig. 3J).
Furthermore, the effector memory T cell percentage from these cured
mice was 23.1 + 4.5%, significantly higher than healthy mice (17.2 +
1.5%) (Fig. 3K). In addition, ELISA also depicts a high secretion level of
TNF-a and IFN-y among cured mice (Fig. 3L).

Jeon et al. demonstrated chemiluminescence resonance energy
transfer (CRET)-based nanoparticles (iCRET) to elicit a synergistic
sonoimmunotherapy [34]. The iCRET NPs could provide large ROS QY
due to the high sensitivity to HoO5 in the TME upon son-irradiation and
generate CO, bubbles causing necrosis and ICD by disintegrating the
cancer cell membrane. The synthesis process is described in Fig. 3M. The
PV NPs were self-assembled to the hydrophobic VPF core surface to form
the core-shell structure. Then, an HyO,-responsive CRET donor dibutyl
oxalate was encapsulated into cores of PV NPs as the energy donor and
CO; generator to obtain the iCRET NPs (Fig. 3N). As shown in Fig. 30,
iCRET NPs demonstrated a spherical shape with size distribution of
132.53 £ 6.4 nm. The high-contrast harmonic images indicated that
iCRET NPs generated massive CO gas under HyO»-abundant conditions
(Fig. 3P). With a combination of anti-PD-1 antibodies, the iCRET + US +
aPD-1 treatment group (i-combi) completely inhibited tumor growth
(Fig. 3Q). As for the anti-metastasis effect, the i-combi group
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Fig. 3. (A) The schematic illustration of HMME/R837@Lip synthesis. (B) TEM image of HMME/R837@Lip. (C) The ESR spectra of HMME/R837@Lip with or
without US. (D) The representative flow cytometry plots of DC maturation caused by HMME/R837@Lip in 4T1-bearing mice. (E) The representative flow cytometry
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PFCE@THPPpf-COPs. (I) The confocal microscopic image of ROS

production of CT26 cells among different treatment groups with or without US. (J) The individual
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day 60. (L) The TNF-a and IFN-y secretion levels in the sera were

NPs. Reproduced with permission from Ref. [32]. Copyright 2022,

collected from each mouse at days 60 and 67. (M) The schematic illustration of PV NPs and iCRET
Elsevier. (N) The schematic illustration of CO, generation through CRET. (O) Size distribution and

TEM image of PV and iCRET NPs. (P) In vitro US imaging of PV and iCRET NPs in the presence and absence of H,0,. (Q) The individual tumor growth curve for each
group. (R) Ex vivo bioluminescence images of dissected lungs. (S) H&E-stained lung images. Reproduced with permission from Ref. [34]. Copyright 2022, Elsevier.
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significantly suppressed lung metastasis compared to other treatment
groups (Fig. 3R). The histological analysis shown in Fig. 3S also estab-
lished the highest therapeutic efficacy of sonoimmunotherapy. The ROS
QY also depends on oxygen supply. Simultaneously, the severe TME
hypoxia caused by rapid tumor growth and abnormal blood vessel for-
mation may impair the therapeutic effect of SDT. Moreover, tumors
provide a high concentration of HyO2 enhancing tumor adhesion and
regulating various signaling pathways associated with distant metas-
tasis. Thus, alleviating hypoxia by antiangiogenesis or direct oxygen
delivery via nanomaterials and consuming abundant H,O5 to oxygen has
been a major concern in improving SDT. Yang et al. used PFC to enhance
THPPpf-COPs-mediated SDT and efficiently induce ICD upon a low
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frequency of US being motivated by the oxygen loading capacity of PFC
nanoshuttles using mesoporous structures. On the other side, Jeon et al.
used the CRET response to HyO» to develop a powerful oxygen source for
ROS QY improvement. Reversing the hypoxia TME represents one of the
most commonly used methods to enhance ROS QY. However, temporary
oxygen delivery or persistent HyO» consumption is not a permanent
solution to abnormal blood vessels. Thus, anti-angiogenic drugs are
encouraged to normalize tumor angiogenesis for a long-term oxygen
supply and to relieve the acidic and immunosuppressive state of TME.
Chlorin e6 (Ce6) naturally degrades chlorophyll and has been
extensively applied in PDT and SDT due to its high efficiency in devel-
oping 10y [179-181]. The clear porphin structure leads to potent
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Fig. 4. (A) The schematic illustration of the intrinsic necroptosis-inducing mechanism using NBs. (B) The TEM images of NP and NB. (C) The confocal microscopy
images of CT26 cells across various treatment groups. (D) India-ink staining lung tissues. (E) H&E-staining lung tissues. Reproduced with permission from Ref. [35].
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(J) The flow cytometry analysis of intratumoral CD8" T cell proportion. (K) The flow cytometry analysis of TCM proportion in blood on day 14 after the initial
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photo-sensitization in the ultraviolet-visible (UV-Vis) region and fast
excretion than the early generation of photosensitizers. However, the
hydrophobicity and easy aggregation of Ce6 limits lead to selective
accumulation and  bioavailability. Um et al. reported
necroptosis-inducible nanobubbles (NBs) using perfluoropentane (PFP)
as the gas precursor and Ce6 as the sonosensitizer to address these issues
and improve therapeutic efficacy [35]. When exposed to US irradiation,
these NBs could induce RIPK3-independent necroptosis through
burst-mediated cell-membrane disintegration to activate adaptive im-
munity (Fig. 4A). The as-prepared NBs exhibited a smooth spherical
shape. (Fig. 4B). Regarding cellular uptake, CT26 cell images under
confocal microscopy depicted promising targeting behaviors of NPs and
NBs (Fig. 4C). Notably, the lung tissues stained with H&E (Fig. 4D) and
India ink (Fig. 4E) demonstrate that NB + US + aPD-L1 group signifi-
cantly suppressed tumor metastasis. The NBs augment anti-tumor im-
munity by avoiding the RIPK3/MLKL signal pathway regulation by
tumors and elicit a synergistic effect against tumors with PD-L1 check-
point blockade. The exquisite design of such NBs was manifested.
Firstly, the cell-membrane disintegration of tumors induced by physical
force through gas blust generation reinforced the RS-regulated ICD.
Secondly, the PEGylated carboxymethyl dextran provides hydrophilia to
the nanoplatform to enhance blood circulation. Ultrasonic contrast
agents are composed of inert perfluorocarbon gas combined with a
polymer or protein. Still, the inert gas expands at body temperature and
diffuses out of the loose shell, leading to a short half-life. Thus, applying
NBs to ultrasound imaging and developing versatile NPs to integrate
diagnosis and treatment simultaneously would be wonderful.

Huang et al. designed a unique lipid (LP)-based nanocarriers by
encapsulating Ce6 as sonosensitizer, conjugating anti-PD-L1 antibodies
(aPD-L1) to the interlayer through MMP-2-cleavable peptide, and
bearing a low pH-responsive PEG coating to provide a dual sensitivity
and synergistic anti-tumor effect (Fig. 4F) [37]. The structure of
as-synthesized P-aPD-L1/C was observed, and the black dots indicate the
decoration of aPD-L1 (Fig. 4G). Notably, the nanoparticles remained
stable without MMP-2. In contrast, the release of antibodies could be
effectively activated at pH 6.5 and 10 nM MMP-2 (Fig. 4H). Then, DCFH
was utilized as a detection probe to determine the intracellular ROS level
of different groups (Fig. 4I). The results indicated the highest green
fluorescence intensity in the P-aPD-L1/C + pH 6.5 + 10 nM MMP-2
group, which showed a desirable sonoactivity of P-aPD-L1/C. More-
over, a remarkable elevation of infiltrating CD8" T cells was observed in
P-aPD-L1/C + insonation treatment group (Fig. 4J). The data from flow
cytometry revealed the highest amount of central memory T cells (TCM)
within the P-aPD-L1/C + insonation group, indicating the potent im-
mune memory developed by the synergistic strategy (Fig. 4K).
Increasing biosafety or reducing adverse effects has a concern for
medicine development. Huang et al. dexterously avoided the potential
phototoxicity of Ce6 and “off-target” effects of aPD-L1 using a double
insurance modification. The combination treatment theory would pro-
vide a better therapeutic outcome if the P-aPD-L1/C could co-load other
agents while targeting different signal pathways.

4.1.2. Cyanine derivatives

As near-infrared dyes, the indole-derivative sensitizers, such as
Indocyanine green (ICG), IR780, and IR820, have been widely recog-
nized as outstanding phototherapeutic agents due to their excellent
optical properties and high photoconversion efficiency [182-184].
Compared with early-generation UV-Vis dyes for PDT, these
indole-derivative sensitizers provide better photo conversion upon NIR
light activation. Moreover, they could serve as sonosensitizers upon US
irradiation for SDT [185]. Tian et al. developed an IR780-based TME--
sensitive phenolic nanoadjuvant (PIMS) encapsulating sabutoclax to
decrease intracellular glutathione (GSH) levels [42]. The low
pH-responsive phenolic polymer of the nanoadjuvants ensured Mn?*
integration and induced its sustained in-situ release in acidic TME to
activate the cGAS-STING pathway. The PIMS NPs could mediate an
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effective DCs maturation with the ICD effect exerted by SDT. Moreover,
the anti-PD-L1 injection could induce T-cell activation and elicit a potent
anti-metastasis effect (Fig. 5A). The illustration of PIMS NPs synthesis is
demonstrated in Fig. 5B. PIMS NPs exhibited an elliptic structure under
TEM with approximately 70 nm in diameter (Fig. 5C). ICP-MS help
investigate the releasing profile of Mn?* from PIMS NPs in acidic con-
ditions. The results revealed a much more rapid releasing curve in pH
6.8 compared to the physiological environment (Fig. 5D). Western blot
analysis evaluated the cGAS-STING pathway activation. Moreover, PIMS
NPs significantly activated the STING pathway and induced
STING-dependent TBK1 and IRF3 phosphorylation (Fig. 5E). Thus,
synergistic effects of Mn?" and ICD in PIMS NPs result in the highest
CD80 and CD86 expression level in DCs maturation (Fig. 5F). With a
further combination of anti-PD-L1 antibodies, PIMS NPs induced a
distinct upregulation in CD8" and memory T cells to inhibit lung
metastasis and prevent tumor rechallenge (Fig. 5G and H). Regarding
the adaptive immune response, the maturation and proliferation of DCs
are directly associated with the subsequent activation and tumor-killing
effect of a series of immune cells, including cytotoxic CD8™ T cells. The
release of Mn2* into the cytoplasm can hyperactivate the cGAS-STING
pathway, significantly enhancing the antigen-presenting ability of
DCs. Studies have identified that GSH is crucial in regulating the REDOX
balance in cells and is closely related to cancer development. In addition,
high GSH levels in tumors can hinder various cancer treatment strate-
gies, such as SDT. Tian et al. used PIMS to obtain the controllable release
of Mn?* and downregulate GSH levels to facilitate the SDT effect. The
simultaneous enhancement of SDT and immune therapy could provide a
significant outcome.

IR820 has been developed using better aqueous suspension ability
and equal photosensitive ability to overcome the agglomeration and
insolubility of ICG and IR780 [186]. Bai et al. reported a genetically
engineered transferrin-expressing cell membrane nanovesicle
(Tf@IR820-DHA) encapsulating IR820 as sonosensitizers to improve
anti-PD-L1 blockade therapy [45]. Dihydroartemisinin (DHA) is a
ROS-producing and ICD-inducing drug conjugated with IR820 through
an acid-responsive ester bond linker to develop an amphiphilic prodrug.
The Tf@IR820-DHA NPs demonstrated an excellent tumor-targeting
effect and induced Fe(IlI)-mediated programmable catalysis of DHA
and glutathione (GSH) depletion to synthesize many ROS. Moreover, the
DHA could decrease the activation of immunosuppressive Tregs, thereby
remodeling the “cold” TME. The preparation and formation of
Tf@IR820-DHA NPs are illustrated in Fig. 5I. The co-expressed green
fluorescent protein (GFP) signals indicated the successful transferrin
anchor onto the cell membrane (Fig. 5J). The Tf@IR820-DHA NV
morphology was depicted using TEM (Fig. 5K). The fast releasing rate of
Tf@IR820-DHA NVs at low pH values indicated the acidic responsive
hydrolyzed property, indicating its excellent biocompatibility and sta-
bility (Fig. 5L). The H&E, TUNEL, and Ki67 staining of the distal tumors
anchored in the Tf@IR820-DHA NVs group exhibited severe damage.
Additionally, the significant upregulation of CD4™ T cells, CD8" T cells,
and the cytokine levels with immunosuppressive Foxp3™ Tregs inhibi-
tion established the potent adaptive immune response caused by
Tf@IR820-DHA  NVs-mediated combined with sonodynamic-
immunotherapy (Fig. 5M). In this trial, applying ICD-inducing DHA
and Fe(III)-mediated glutathione (GSH) depletion significantly enhances
the practical effect of SDT. The activated DHA can downregulate the
level of Tregs during anti-tumor immunity, thereby proliferating and
maturing other immunostimulatory cells.

4.1.3. Semiconducting polymer

Semiconducting polymer NPs (SPNs) are attractive agents for PTT,
PDT, or SDT due to their excellent optical properties, different from the
traditional organic sensitizers with poor photostability. This included a
significant absorption coefficient in the near-infrared region, high
photostability, easy surface modification, adjustable size, and simple
preparation processes [187,188]. Particularly, SPNs indicate a
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promising prospect in biomedicines due to the inexistence of toxic metal
ions. In contrast, the limited penetration depths of light impose
application-related restrictions [189]. Zeng et al. reported a
US-triggered semiconducting polymer-based sensitizer (SPNyp) to exert
an activatable sonodynamic-immunotherapy [46]. SPNp;, primarily
comprises three components: the backbone of semiconducting polymer
and PEG chains, 1Oz—cleavable linker, and anti-CTLA4 antibodies
(Fig. 6A). The anti-CTLA4 antibodies on SPNyp, exhibit relatively low
binding activities until a son-irradiation is provided under physiological
conditions. The generated 'O, induces ICD in tumors to promote
adaptive immunity and cleaves the 'O,-cleavable linkers to unleash
anti-CTLA4 antibodies and trigger checkpoint blockades in situ. SPNay,
was studied and compared with the control nanoparticles SPN¢, which
was developed by conjugating PFODBT-N3 with mPEG-alkyne. As shown
in Fig. 6B, both SPNyp, and SPN( exhibited a spherical structure. The
electron paramagnetic resonance (ESR) spectra of SPNs demonstrated
evident characteristic peaks of 10, and hydroxyl radicals (¢OH) upon US
irradiation, confirming the dominant ROS species (Fig. 6C and D). The
1o, generation capability of SPNup, and SPN¢ was also investigated, and
FDA-approved sonosensitizer indocyanine green (ICG) and methylene
blue (MB) were utilized as comparisons. The increasing brightness of
10, sensor green (SOSG) in the SPNap, group shown in Fig. 6E was much
higher than other sensitizers, depicting that SPNyy, could serve as good
sonosensitizers. Then, the CTLA-4 releasing efficacy of SPNjp was
assessed using the US, possessing a high percentage of 96.7% after four
irradiation cycles (Fig. 6F). The intracellular generation of 10y in 4T1
cells was also studied using SPNyp, and SPN¢. The strong fluorescence
signals established the desirable ROS generation capability of SPNs
(Fig. 6G). The synergistic son-immunotherapy elicited by SPNap, was
assessed in the 4T1 model. The H&E staining images depict that SPNyy,
eradicated lung metastasis under son-irradiation, suggesting a signifi-
cant anti-metastasis therapeutic effect (Fig. 6H). Furthermore, SPNyy,
caused a durable immunological memory by enhancing the expression
level of CD8* effector memory T cells (CD44" CD62L") within the lymph
nodes to prevent tumor rechallenge (Fig. 61).

According to the same principles, Li et al. fabricated a semi-
conducting polymer immunomodulatory nanoparticles (SPINs) using
two immunomodulators (NLG919 & anti-PD-L1 antibodies) conjugated
by lOj-cleavable linkers to apply a US-activatable sonodynamic-
immunotherapy (Fig. 6J) [47]. The chemical structure of SPN7 is
depicted in Fig. 6K. The synthesis process of SPNs using nano-
precipitation is illustrated in Fig. 6L. The as-prepared SPN7 exhibited a
uniform spherical morphology and provided the highest 10, yield (34.5
nmol/pg) compared with other SPNs (Fig. 6M and N). Furthermore, the
sonodynamic SPN7 properties were investigated competently with other
sensitizers such as ICG, protoporphyrin IX (PpIX), acridine orange (AO),
and inorganic TiOy NPs. The results indicated that SPN7 exhibited
remarkable efficiency with high stability after four US irradiation cycles
(Fig. 60 and P). The above data showed that SPN7 was an optimal
sonosensitizer for SDT applications. The schematic illustration for SPIN
synthesis is described in Fig. 6Q, and the molar ratios of
NLG919/aPD-L1 modification in SPINs are demonstrated in Fig. 6R. The
release profiles of aPD-L1 and NLG919 in SPINp; solution were inves-
tigated with 10-cm pork tissue coverage under US irradiation. Fig. 6S
shows that the releasing profile of aPD-L1 and NLG919 from SPINp,; did
not exhibit apparent differences with or without 10 cm tissue coverage.
Therefore, the profile depicted the desirable deep-tissue sonodynamic
activation of SPINp,. Regarding the in vivo therapeutic effect, SPINp,
significantly suppressed the tumor growth locally and distantly in
Panc02 tumor-bearing mice (Fig. 6T).

The above two experiments revealed that semiconducting polymer
NPs could exhibit uniform sphere microstructures and have a stronger
ability to produce 'O, than some commercial FDA-approved sono-
sensitizers. The conjugation of 10,-cleavable linkers prevents the dis-
pensible activation of ICIs using NP insurance. This simultaneously
enhances adaptive immune response and reduces the occurrence of
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adverse effects. Primarily, SPINp, represented a prominent activation
upon US irradiation in mice even when covered with 5 cm pork tissue
indicating that SDT could provide better efficacy in targeting deep-
seated tumors than PDT. The semiconducting polymer NPs-mediated
SDT significantly enhanced ICIs by regulating ICD to exert immune
response and a potent anti-metastasis ability was observed in both trials.
It would be better to establish re-challenge models to validate the ex-
istence of prolonged immune memory.

4.1.4. Methylene blue (MB)

Recently, the utilization of Methylene blue (MB), a promising
photosensitizer, has received attention [190]. MB is an FDA-approved
agent offering high singlet oxygen QY under light irradiation along
with fair and desirable water solubility [191]. Based on the similarity of
SDT and PDT, MB can also be utilized as sonosensitizers to regulate ROS
production [192]. Lei et al. prepared a GSH-activable platform (MRP
NPs) combining Leu-MB with R837 to exert a joint SDT/ICB therapy
(Fig. 7A) [48]. The microstructure of MRP NPs incubated with GSH or
not is depicted in Fig. 7B. The disintegration of MRP NPs into nanodots
demonstrated excellent GSH sensitivity. Moreover, ESR spectroscopy
was used to illustrate the sonoactivity of MRP NPs. The results validated
a characteristic peak of 'Oy in the pretreated MRP + US group (Fig. 7C).
Moreover, PD-L1 expression of tumors after MRP NPs + US treatment
was assessed to determine the effect of such immunosonodynamic
therapy. The results depicted a significant PD-L1 upregulation,
hampering the sequential treatment (Fig. 7D). Therefore, anti-PD-L1
antibodies helped achieve an optimized therapeutic effect. The incre-
mental proportion of CD80" CD86" DCs demonstrated an elevated
maturation by MRP NPs (Fig. 7E). MRP + US + a-PD-L1 depicted a
significant increase in infiltrating CD8" T cells with a further combi-
nation of ICB therapy (Fig. 7F). This trial used GSH-sensitive disulfide
bonds to link the reduced MB and toll-like receptor 7 agonist R837 while
achieving a TME-responsive profile. The in-situ MB release could
mediate SDT under US irradiation and prevent phototoxicity, while
R837 could stimulate DC maturation. GSH level depletion could
enhance ROS production. This strategy strengthens the preponderance
of SDT + ICB and covers the shortage by using R837 for a-PD-L1 and
consuming GSH with SDT.

4.2. Inorganic sensitizers

Compared to organic semiconductors, the inorganic ones have the
following advantages: 1) More nucleation sites are provided to improve
the cavitation effect and ROS production. 2) Favorable physiochemical
properties lead to a stable sonodynamic effect. 3) Surface modification
provides possible functions, such as improved targeting ability or
enhanced blood circulation. 4) Less phototoxicity and drug-related
immunogenicity. This study describes some representative instances of
inorganic sonosensitizers-induced SDT/ICB synergistic therapies.

4.2.1. TiOz NPs

TiO2 NPs, as the most representative inorganic sonosensitizer, have
been widely used in SDT because of their excellent chemical stability
and low phototoxicity [193-195]. Compared with most organic sono-
sensitizers, the long-term stability under physiological conditions ren-
ders TiO a better biosafety profile. Tan et al. designed a transformable
nanosensitizer by coating an acidic degradable CaP shell onto a TiO,
core to achieve controlled release and improve tumor agent aggregation
[50]. Upon acidic TME exposure, the fabricated TiO,@CaP can disin-
tegrate into TiO and Ca2™" as a controllable switch for ROS generation,
thereby preventing off-target toxicity. The overloading of Ca2t can
amplify ICD for cytotoxic T-cell infiltration. Combined with aPD-1,
TiOo@CaP could eradicate the primary tumors and suppress lung
metastasis (Fig. 8A). As shown in Fig. 8B, a thermal decomposition
method helped in TiO, NPs synthesis. A CaP shell was coated on the
surface to develop TiO,@CaP. The TEM image indicated a clear
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Copyright 2022, American Chemical Society.

spherical core-shell structure of TiO;@CaP (Fig. 8C). Regarding the
sonodynamic capability, a fluorescent ROS indicator DCFH-DA and Ca%*
detector Fluo-4AM facilitated confocal laser scanning microscopy im-
aging. Compared with the neutral condition, we could observe a higher
fluorescence of free Ca?t in the acidic environment, indicating the
desirable pH-response ability of TiO,@CaP (Fig. 8D). Moreover, the ROS
generation capability of TiO2@CaP was synergistically improved by
releasing Ca2t at lower pH values (Fig. 8E). Next, DAMP levels in the
TiOy@CaP + US group, including ATP, were 5.8 fold to the control
group (Fig. 8E). The results demonstrated that TiOx@CaP elicited a
powerful ICD effect to boost the anti-tumor immune response, facili-
tating ICB therapy. The TiOo@CaP + aPD-1 group exhibited the most
distinct metastasis inhibition by relieving immunosuppression with the
combination of anti-PD-1 antibodies (Fig. 8F). The inception of an acidic
TME-responsive transformable nanoplatform of “no effect in normal
tissues, but toxic in tumors” has become more attractive due to high
targeting and low adverse effect. The release of abundant Ca®* could
further amplify ICD and facilitate the aPD-1 functions.

Wei et al. reported a dual-targeted TiO»-based nanosensitizer by
functionalizing the surface using the melanoma cell membrane and an
anti-PD-L1 antibody to improve the active-targeting ability and over-
come the poor bioavailability of sonocatalytic nanoagents (SCN)
(Fig. 8H) [51]. The as-prepared SCN@B16F10 M/PEG-aPD-L1 NPs
exhibited an irregular nanosphere structure. Moreover, the yellow ar-
rows indicated a successful cell membrane coating (Fig. 8I). Upon
deep-penetrating via US irradiation, SCN@B16F10 M/PEG-aPD-L1
revealed a much higher ROS production than the single-targeting
strategy group (Fig. 8J). The confocal laser scanning microscopy
(CLSM) images also demonstrated an excellent homology and
PD-L1-specific dual-targeted ability of such cell-mimetic functionalized
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SCNs (Fig. 8K). Additionally, the high ROS concentration achieved by
the dual-targeting nanoplatform could activate effector CD8™ T cells and
simultaneously enhance the immunotherapeutic effect of the anti-PD-L1
antibody. For this trial, the innovative point is coating the melanoma
cell membrane and modifying aPD-L1 to ensure the dual active targeting
effect and better TiO2 biocompatibility. The significantly improved
targeting ability elevated the ROS level in tumors and guaranteed better
biosafety.

The low ROS-generating efficiency of TiOy NPs is a significant
drawback. Compared to the unsatisfactory ROS QY of traditional white
TiO, the reduced black TiO5 possesses abundant oxygen defects (O,),
facilitating e~ and h™ separation to improve 0, production [196].
Additionally, high NO concentration in tumors can induce mitochon-
drial dysfunction and DNA double-strand breaks to enhance apoptosis
[197]. Thus, Wang et al. fabricated a black mesoporous TiOg
(BMT)-mediated multifunctional nanovaccine loaded with r-arginine
(LA) for improved sonodynamic/NO-gas therapy [52]. The US can
simultaneously trigger BMT and LA to form ROS and NO gas in tumor
regions. Intriguingly, 10, can improve LA oxidation for extra NO pro-
duction, synergistically inducing tumor apoptosis (Fig. 8L). The TEM
image depicted a uniform mesoporous spherical structure of BMT
(Fig. 8M). Compared to the 54.7% of the traditional mesoporous TiO5
(MT) group, the 1’3-diphenylisobenzofuran concentration of the BMT
group decreased by 25.5% at 9 min. This indicated a better 10,-gener-
ating ability of BMT (Fig. 8N). As for NO production, the BMT@LA
group depicted the most significant increase (approximately 238.4%) in
intracellular NO levels. The lower NO production of BMT@LA + NaNg
(used as a 'O, quencher) group confirms the previous theory of
1Og-mediated NO level promotion (Fig. 80). The in vitro studies indi-
cated the potent '0,/NO generation and tumor-killing ability of
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the marker) T cells within the spleen among different groups. Reproduced with permission from Ref. [52]. Copyright 2021 John Wiley and Sons.
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BMT@LA upon US irradiation (Fig. 8P). As for in vivo assessment,
BMT@LA exhibited the best tumor inhibition and exerted a prolonged
immune activation to enhance ICB therapy. Around 43.9% of DCs in the
spleen matured after BMT@LA + US+aPD-L1 treatment. Moreover, the
T-cell activation level is nearly three times that of the control groups
(Fig. 8Q). BMT@LA, designed by Wang et al. used reduced black mes-
oporous TiO; as a sonosensitizer and drug-delivery platform. The black
TiO, indicated a better 10, generating ability, and the loaded LA helped
improve ICD using NO therapy. Based on the above two trials regarding
TiO5, aGSH-responsive membrane coating would improve SDT and
enable controllable drug release.

4.2.2. Inorganic composite sensitizers

Among many methods to enhance SDT efficacy, the construction of
inorganic composite sensitizers has been a representative due to
enhanced ROS production or potential assistance by other bioactivities,
including Fenton-like reaction. Zhang et al. synthesized AuNPs on the
surface of black phosphorus quantum dots-doped mesoporous silica
frameworks (Au-BMSNS) in situ to improve their sonodynamic perfor-
mance and fabricate a desirable SDT agent with strong and stable ROS
generation capability. CO-releasing molecules CORM-401 were loaded
into Au-BMSNs to stimulate a combined therapy. The exogenous
macrophage membrane was decorated to bypass the reticuloendothelial
system clearance and enhance tumor-targeting ability [54]. IDO inhib-
itor NLG919 was applied to develop the triple synergistic treatment
strategy and inhibit lung metastasis and tumor rechallenge (Fig. 9A).
The as-synthesized N@CAu-BMSNs demonstrated a typical spherical
morphology of 49.5 + 5.6 nm with successful AuNPs decoration
(Fig. 9B). The time-dependent reduction of DPBF absorbance suggested
a desirable ROS-generating ability of Au-BMSNs (Fig. 9C). Notably, the
10, generation triggered by US irradiation improved the oxidant
sensitivity of CORM-401 to release extra CO gas (Fig. 9D). The repre-
sentative photos and H&E staining images of excised lungs describing
the in vivo therapeutic effect established that N@CAu-BMSNs combining
NLG919 more significantly inhibited 4T1 distal metastasis than other
monotherapies (Fig. 9E and F). NLG919 could potentially increase the
antigen-presenting ability of APCs and block IDO-induced Tregs acti-
vation. Therefore, the DCs maturation and Tregs population in the pri-
mary tumor was analyzed using FACS (Fig. 9G and H). We observed a
distinct DCs activation and a prominent Tregs inhibition in the combi-
nation treatment group. The results confirm the promising therapeutic
effect of the SDT/CO/IDOi triple treatment strategy. This trial applied
the macrophage membrane and mesoporous silica to ensure the high
biocompatibility of N@CAu-BMSNs. The doping of AuNPs and BPQDs
functions as a suitable sonosensitizer. The CO therapy controlled by
CORM-401 could be strengthened using the 10, generation. Together
with NLG919, the N@CAu-BMSNs exert a dual improvement of
anti-tumor immune response.

CoFey0y4 is a superior nanocatalyst and has been widely investigated
in the bio-energy and environmental fields [198]. Fu et al. designed
PEGylated CoFe;04 nanoflowers (CFP) using various enzymatic abilities
to provide synergistic SDT and CDT combinations for tumor treatment
[55]. The CFPs are a brand-new sonosensitizer with strong Fenton-like
and catalase-like activity for HyO5 decomposition because of the
intrinsic Co?"/Co®" and Fe?'/Fe®" redox couples (Fig. 9I). A
well-defined flower-like structure is represented in the TEM image of
CFP (Fig. 9J). The selected area electron diffraction pattern of CFP
demonstrated a body-centered cubic crystal structure (Fig. 9K). The cell
apoptotic level was determined by assessing the expression of
apoptosis-related biomarkers, such as poly (ADP-ribose) polymerase
(PARP) and pro-caspase 3, significantly elevated in the CFP + Hy02 +
US group (Fig. 9L). Additionally, the down-regulated expression of
metastasis-related protein VEGF and MMP-9 and the accumulation of
E-cadherin in 4T1 cells describes the significant anti-metastatic ability of
CFP + Hy0; + US (Fig. 9M). The in vitro cytotoxicity studies also
demonstrated the most outstanding tumor-killing effect, ROS QY, and
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tumor cell membrane disintegrating ability of the CFP + H,05 + US
group (Fig. ON). The CFP + US + aPD-L1 group significantly decreased
lung metastatic nodules by robustly activating anti-tumor immunity
(Fig. 40). The dual SDT/CDT function of CFP could benefit by depleting
the Hy05 in TME. The high E-cadherin expression established that this
strategy induced a potent ICD. With the further injection of aPD-L1, a
long-term immune memory was formulated against tumor metastasis
and rechallenge.

4.2.3. MOF

Nano-size metal-organic frameworks (nMOFs) are hybrid-based
metal ions or clusters-based crystalline porous polymers formed by
organic ligand coordination [199]. MOFs have multiple characteristics,
such as highly specific surface area, tunable pore size, and ample inner
space for nanodrug delivery [200]. Meanwhile, the easily modified
chemical properties of MOFs have various biological applications [201].
As for SDT, Porphyrin-based nMOFs with favorable optoelectronic
properties have demonstrated promising ROS-producing efficiency,
rendering them reliable sonosensitizers [202]. Thus, Luo et al. devel-
oped a triphenylphosphonium (TPP) decorated porphyrin-based nMOFs
(Zr-TCPP(TPP)/R837@M) using 4T1 cell membrane coating and R837
loading (Fig. 10A) [56]. The TEM images revealed a spherical Zr-TCPP
(TPP)/R837@M shape with a clear core-shell structure. Additionally,
the inserted high-resolution image indicated the successful coating of
the 4T1 cell membrane (Fig. 10B). DCFH-DA was chosen as an indicator
to determine the ROS-generating capability of Zr-TCPP(TPP)/R837 @M,
and a bright green fluorescent signal could be detected in Zr-TCPP
(TPP)/R837@M + US group. Therefore, porphyrin-based nMOFs are
qualified sonosensitizers (Fig. 10C). Then, the Zr-TCPP(TPP)/R837 and
Zr-TCPP(TPP)/R837@M biodistribution were evaluated using an IVIS
system. The results detected an evident accumulation of Zr-TCPP
(TPP)/R837@M in tumors due to the tumor cell membrane coating. In
contrast, Zr-TCPP(TPP)/R837 group had much lower fluorescence in-
tensity (Fig. 10D). SDT can promote anti-tumor immune response by
inducing ICD. Furthermore, the released TAAs can behave vaccine-like
to activate DCs maturation. Additionally, the loaded immune adju-
vants R837 in Zr-TCPP(TPP)/R837@M could induce DC maturation
(CD86" CD80™) and elicit a boosting immune response (Fig. 10E). Mice
were implanted with 4T1 cells on their right sides as the primary tumor
to assess the in vivo tumor-killing ability of Zr-TCPP(TPP)/R837@M
combining ICB therapy. In contrast, the metastatic tumor was estab-
lished on the other side one week later. The treatment scheme is rep-
resented in Fig. 10F. The in vivo studies revealed that Zr-TCPP
(TPP)/R837@M with aCTLA-4 could eliminate local progression and
suppress distal tumor growth with a 61.4% volume reduction rate. The
representative flow cytometry plots also depicted a much higher CD8" T
cell proportion in the SDT/ICB treatment group and a much lower
presence of Foxp3™ Tregs than in other groups (Fig. 10G and H). This
trial primarily used the TPP decoration for mitochondria-targeting
purposes to improve the 10, oxidation effect, while the conjugated
R837 was a DC maturation stimulator. The 4T1 cell membrane coating
ensures the tumor-targeting ability of the nanoplatform. A tumor
rechallenge model was established to confirm immune memory cell
expression by Zr-TCPP(TPP)/R837@M plus aCTLA-4.

5. Conclusions and future perspectives

Since the distal metastasis and local recurrence of tumors are the
leading causes of death, reversing the immunosuppressive state of the
TME and reactivating host immune function could be an effective anti-
tumor strategy. Over the past decade, SDT has attracted more atten-
tion as a promising alternative approach for PDT due to its inherent high
penetration for deep-seated therapies and better bio-safety profile with
significant tumor-killing efficacy. Furthermore, ICB therapy provides
remarkable therapeutic outcomes in clinical practice. However, the
frequent drug resistance and severe patient adverse events hampered its
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Fig. 9. (A) The schematic depiction of the prepared biomimetic nanosystem N@CAu-BMSNs. The sonodynamic/CO/IDO inhibitor (NLG919) provides synergistic
therapy to suppress tumor growth, relapse, and lung metastasis. (B) TEM and STEM HAADF images of Au-BMSNs. (C) The absorbance of DPBF (100 puM) after
decomposition using generated ROS from Au-BMSNs upon US triggering (1 MHz, 1 W/cm?) at different times. The inset figure is the normalized DPBF absorbance at
415 nm after decomposition in BMISNs or Au-BMSNs using ROS generation under US triggering at different times. (D) The images of bubble generation of CO gas after
US triggering in CAu-BMSNs with or without H>O, (1 mM). The representative pictures (E) and H&E staining (F) of lung tissues after receiving various treatments on
the 24th day. (G) DC maturation induced in tumor-draining lymph nodes on 4T1-bearing mice possessing indicated treatments. (H) The representative FACS plots
depict percentages (gated on CD4™ cells) of CD25" Foxp3™T cells in primary tumors after receiving various indicative treatments. Reproduced with permission from
Ref. [54]. Copyright 2020, American Chemical Society. (I) A schematic illustration of the synthetic CFP procedure and its acting mechanism for augmented
sonodynamic and chemodynamic combination therapy by eliciting a robust immune response. (J) High-magnification TEM images of CFP. (K) The SEAD pattern of
CFP. (L) Western blotting describes the expression levels of PARP and pro-caspase3 in 4T1 cells after diversified administrations. (M) Western blotting demonstrates
the VEGF, MMP-9, and E-cadherin expression levels in 4T1 cells across different groups. The groups were assigned as (1) blank, (2) US + H»0,, (3) CFP, (4) CFP +
H,0,, (5) CFP + US, and (6) CFP + H,0, + US. (N) The confocal microscopy of 4T1 tumor cells after differentiated administrations and labeled using calcein AM/PI
to indicate cell viability. DAPI/DCFH-DA helped detect intracellular ROS levels, and DAPI/DID assessed the integrity of the cytoplasmic membrane. (O) The
representative images and H&E staining of lung tissues from saline or “CFP + US + aPD-L1” groups on day 21. Reproduced with permission from Ref. [55]. Copyright
%021, American Chemical Society.
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Fig. 10. (A) The schematic illustration mechanism of mitochondria-targeted cancer cell membrane-biomimetic MOF-mediated SDT and immune checkpoint
blockade immunotherapy. (B) The High-resolution TEM image of Zr-TCPP(TPP)/R837@M. (C) CLSM images of 4T1 cells after being treated with Zr-TCPP(TPP)/
R837@M, with or without US irradiation. DCFH-DA (10 pM) was incorporated as the intracellular ROS sensor. (D) The fluorescence images reveal the Zr-TCPP
(TPP)/R837 and Zr-TCPP(TPP)/R837@M biodistribution after intravenous injection into 4T1-tumor-bearing mice at indicated time points in vivo. White circles
indicate tumors. (E) DC maturation in the tumor-draining lymph nodes caused by various treatments on mice bearing 4T1 tumors. (F) The schematic illustration of
the experiment design. (G) The representative flow cytometry plots indicate different T cell types in secondary tumors from various mice groups. Reproduced with
permission from Ref. [56]. Copyright 2022 Springer Nature.

wide application. Although the monotherapy for each modality could be distal metastasis. This could provide an efficient immune memory while
challenging, the combination strategy of SDT and ICB therapies can preventing relapse.
overcome the disadvantages and synergistically eliminate tumors and Despite significant preclinical trial advancements, several issues
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must be addressed to expedite future clinical translations.

Firstly, the underlying mechanism of SDT is multi-factorial and re-
mains vague. Thus, individual contributions of acoustic cavitation, SL,
and pyrolysis should be studied to guide future sonosensitizer designs.

Secondly, current organic sonosensitizers have heavily depended on
repositioning well-known photosensitizers. Therefore, various sono-
sensitizers face challenges, such as unsatisfactory ROS QY, modification
difficulties, short retention time, or undesirable biocompatibility. Thus,
developing novel sonosensitizers is highly needed to expand the existing
categories. More strategies can rationally solve the defects. These ideas
include generating extra micro-bubbles for improved acoustic cavita-
tion, loading agents to deplete GSH level and augment ROS production,
or coating with tumor membrane and antigens to enhance biocompati-
bility and targeting ability.

Third, the long-term biosafety of nanoplatform-based sonosensitizers
is critical to early clinical translation. The most used methods in pre-
clinical trials include cytotoxicity tests, histopathological and serolog-
ical analysis, organ biodistribution, and liver and kidney function
assessment. These experiments could test the short-term biosafety pro-
file to some extent. However, minimal attention was paid to the pro-
found intravital metabolism effects of various nano-sonosensitizers.
Thus, observing the long-term physiological indexes of the treatment
group is recommended. Moreover, based on the heterogeneity, animal
models other than mice can fortify biosafety.

Fourth, most trials did not explain choosing specific irradiation doses
of US parameters. Additionally, different US parameters made it chal-
lenging to compare the ROS-generating efficacy of each sonosensitizer.
Therefore, organizing standards to optimize treatment outcomes by
studying US parameters is essential.

Fifth, efforts should be made to establish if other pathways related to
cell death are involved in SDT, such as autophagy, ferroptosis, and
pyroptosis. More evidence can help explore their potential influence on
SDT sonoactivity.

Sixth, improving tumor models is essential to evaluate the SDT effect
and other treatment modalities. The ideal tumor model should be infi-
nitely close to the real TME in the human body. US possesses a stronger
tissue penetrating ability than light in PDT. However, currently utilized
tumor models are superficially implanted on the body surface of mice.
These models cannot highlight the advantages of US activation or
analyze the influence of energy dissipation depth. In addition, assessing
the therapeutic effect is difficult due to the significant differences be-
tween human tumors and the post-implantation model. Therefore, bet-
ter tumor models with better clinical relevance should be established.
This includes patient-derived tumor xenograft mice models to preserve
the tumor heterogeneity and associated activities of various pathways.

Seventh, Table 1 depicts many ICIs used in SDT + ICB trials are
intravenously or intraperitoneally injected, leading to less tumor accu-
mulation and potential adverse effects. Therefore, ICIs should be loaded
into the internal space of nanomaterials or linked on the surface using
chemical bonds in future experiments to achieve targeted delivery and
controllable release. This could enhance tumor-killing effects and
decrease adverse effects.

Eighth, tumors can require resistance against ICB therapy, such as
the loss-of-function mutations in B2M or physical myofiber barrier
caused by TGF-p preventing T cell migration. Therefore, simultaneously
blocking multiple immune checkpoint pathways or offering immune
stimulants can regulate other signaling pathways and reduce drug
resistance. Additionally, more immune checkpoint targets and related
inhibitors should be explored. Most preclinical studies have utilized
antibodies targeting familiar immune checkpoints. The effect of
combining SDT with inhibitors targeting other pathways, such as LAG3,
TIGIT, and TIM3, is worth investigating.

Ninth, the large-scale production technology of complex
nanoplatform-based sonosensitizers and reducing costs can facilitate
early clinical transformation using this strategy. Although most nano-
sonosensitizers are novel in design and depict significant efficacy in
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experiments in vivo, it is challenging to achieve mass assembly due to
difficulties in synthesis and unacceptable ICI cost. Future studies should
focus on the easy-to-produce design or reduce the cost so that more
patients could benefit from the treatment.

Finally, cancer development involves genetic and epigenetic dysre-
gulation, a critical factor driving tumor initiation and progression by
impacting all cancer hallmarks. Nanomaterials for targeting epigenetic
changes in DNA (e.g., 5-methylcytosine) [203], RNA (e.g.,
N6-methyladenosine) [204-206], or protein (e.g., ubiquitination) [207]
within cancer cells (named the “nano-epidrug”) could be a promising
strategy for enhancing immunotherapy [208]. Combining with ICB
during hematological malignancies or solid tumors could overcome drug
resistance or improve phototherapy [209-211]. Therefore, researchers
should rationally explore new sonosensitizers or enhance the efficacy of
existing nanosonosensitizers combined with ICB by targeting epigenetic
modifications or linked pathways.

In summary, NPs-based SDT demonstrated a promising tumor-killing
effect as PDT but possesses multiple advantages, such as better pene-
trating ability and safety profile. Combined with ICIs, such SDT/
immunotherapy modality can synergistically target various solid tu-
mors, causing a long-term immune memory while preventing relapse.
The monotherapy drawbacks are compensated, and an even more
powerful tumor-killing efficacy is achieved based on “1 + 1 >2”. How-
ever, many shortcomings still exist in SDT/ICB treatment modality.
Future studies can improve these defects to accelerate -clinical
transformation.
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