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The conventional microbubble-based ultrasound biomedicine clinically plays a vital role in providing the
dynamic detection of macro and microvasculature and disease theranostics. However, the intrinsic
limitation of particle size severely decreases the treatment effectiveness due to their vascular transport
characteristics, which promotes the development and application of multifunctional ultrasound-
responsive nanomaterials. Herein, we put forward a research field of “ultrasound nanomedicine and
materdicine”, referring to the interdiscipline of ultrasound, nanobiotechnology and materials, which
seeks to produce specific biological effects for addressing the challenges faced and dilemma of
conventional ultrasound medicine. We comprehensively summarize the state-of-the-art scientific
advances in the latest progress in constructing ultrasound-based platforms and ultrasound-activated

sonosensitizers, ranging from the synthesis strategies, biological functions to ultrasound-triggered
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therapeutic applications. Ultimately, the unresolved challenges and clinical-translation potentials of

rsc.li/materials-b ultrasound nanomedicine and materdicine are discussed and prospected in this evolving field.

10th Anniversary Statement

Journal of Material Chemistry B is one of the most significant journals for researchers in the field of ultrasonic medicine to publish research works on ultrasonic
nanomaterials. The development of novel ultrasound-responsive nanomaterials has been a hot topic in the field of materials science in recent years and has
made new breakthroughs with the development of the journal of Material Chemistry B. I sincerely celebrate the 10th anniversary of the Journal of Material
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Chemistry B and expect to make greater contributions to the development of the journal in the future.

1. Introduction

Nanomedicine has emerged as a simple yet effective approach
to address some of the most pressing problems in clinical
disease diagnosis and treatment. Particularly, the development
of intelligent nanomedicine with exterior physical responsive
properties has drawn significant attention due to the accuracy
and specificity throughout the theranostic process." Exogenous
energy input for theranostic nanomedicine holds great promise
when used in conjunction with a variety of triggering sources,
including light,> ultrasound (US),® electric field," magnetic
field,> etc. Even though the non-invasiveness of light-triggered
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theranostic nanomedicine (photothermal therapy or photo-
dynamic therapy) has attracted considerable interest, the
limitation of tissue penetration depth is still the main reason
for the improvement of imaging and treatment efficiency.

As a high frequency mechanical wave and typical exogenous
energy, US is endowed with the unique characteristics of deep
tissue penetration, non-invasiveness, non-ionizing properties,
etc. It can be used to examine the majority of disorders with
systemic organ involvement, such as abdomen, small organs
(breast, thyroid, etc.), obstetrics and gynecology, musculo-
skeletal system and blood vessels. As a typical paradigm,
contrast-enhanced US imaging as a diagnostic modality that
dynamically displays lesions and microvascular components of
tissues with microbubbles (MBs) has been widely utilized in
clinical practice. In addition to ultrasonic diagnosis, the discipline
of ultrasonic medicine has gradually extended to therapy area,
including high intensity focused ultrasound (HIFU) and sono-
dynamic therapy (SDT). A new method called HIFU has been
created as an interventional US approach to better fulfill the
demands of clinical diagnosis and treatment. Certain nano-
agents were created to work in concert with one another to alter
the tumor’s acoustic microenvironment, which improved the
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effectiveness of HIFU ablation.® Furthermore, SDT is a new type
of disease treatment method based on low-intensity US with the
advantages of non-invasiveness, physical targeting, and low
side effects, the kernel of which is to develop safe and efficient
US-responsive agents (sonosensitizers) with reactive oxygen
species (ROS) production characteristic.

In the past few decades, advancements in nanotechnology
and biomaterials have opened up new avenues for ultrasonic
diagnosis and treatment.” In particular, various nanoscale
sonosensitizers, including polymer nanoparticles (NPs), lipo-
somes, carbon-based materials, metal NPs and metal oxides,
have been extensively and deeply explored.® Nanomaterial-
based sonosensitizers have the following benefits above con-
ventional sonosensitizers: (i) a large number of imaging agents
or drugs can be loaded into nanomaterials by simple methods
due to the existence of enormous space (such as large specific
surface area or internal space).’ (i) The surfaces of nanomater-
ials are amenable to physical and chemical modifications,
which can significantly improve the target binding capacity
and specificity, allowing them to facilitate targeted medication
delivery and disease site imaging.'® (iii) Nanomaterials with
appropriate size and surface modification can prolong the
blood circulation time and reduce the uptake and clearance
by the reticuloendothelial system.'*

Based on the rapid development of US nanomedicine and
materdicine (interdiscipline of materials science and medicine),
this review systematically summarizes and discusses the latest
progress in US-responsive biomedical applications (Scheme 1).
Firstly, the application of sonosensitizers with unique physico-
chemical properties and specific biological effects in ultrasonic
diagnosis and treatment, including SDT, imaging, drug delivery,
gene delivery and HIFU, has been discussed in detail. Further-
more, an in-depth insight into the mechanism of US-related
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Scheme 1 Schematic illustration of ultrasound nanomedicine and
materdicine.

therapy and the latest progress of SDT-based synergistic therapy
have been provided to excavate the preternatural characteristics of
US medicine. Finally, the challenges faced and key issues have
been envisioned to further promote the clinical transformation
process.

2. Sonosensitizers
2.1 Traditional sonosensitizers

Traditional sonosensitizers are mostly developed based on
some small molecule organic compounds with special groups,
which are mainly divided into four types: porphyrins, phthalo-

12714 gimilar to

cyanines (Pcs), xanthenes and antitumor drugs.
the first-generation photosensitizers, porphyrin-based mole-
cules are the first generation of sonosensitizers commonly used
in SDT, including hematoporphyrin (HP), protoporphyrin IX
(PPIX), hematoporphyrin monomethyl ether (HMME) and so
on."? HP is the first reported sonosensitizer, which has been
proved to be able to mediate cell damage enhancement via
singlet oxygen (*0,) under US activation as early as 1990."> PPIX
is another important derivative of porphyrin and a classical
representative of carboxyl-modified porphyrins.'® Previous stu-
dies showed that PPIX had significant antitumor activities on
sarcoma 180 cells under US irradiation.”” HMME is the second-
generation HP-related sensitizer with the characteristics of
stable structure, high selectivity and low toxicity."® In 2010,
Xu et al.’® reported that HMME could synergistically enhance
the inhibition effect of UMR-106 cells via elevating the intra-
cellular ROS and Ca** under the US irradiation. Phthalocyanines
(Pcs), tetrapyrrole derivatives, are the second generation of photo-
sensitizers. Similar to porphyrins, several studies proved that
Pcs can be used as potential sonosensitizers. For instance,
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Gabryelak et al’*® found that Pcs combined with US could
induce the formation of radicals and subsequently damage
the cell membranes. Xanthenes are a special class of oxygen-
containing compounds with multiple ring structures, including
eosins, fluorescein (FS), and rhodamine, among which Rose
Bengal (RB) is the most widely studied sensitizer in anti-tumor
therapy.”' RB, a tetrachloro tetraiodide derivative of FS, has
been extensively applied as a photocatalyst.>* In addition, RB is
also employed in the medical field as a sonosensitizer. In 1999,
Umemura et al.>® found that the combination of US and RB
could induce ultrasonic cavitation and cell damage. Furthermore,
US could enhance the lethal effects of anti-cancer and chemo-
therapeutic agents, such as cisplatin, doxorubicin (DOX), etc.
Previous study has claimed that DOX could promote the US
cavitation, inducing the generation of active oxygen species and
hydroxyl radicals (*OH), DNA damage and apoptosis.>*

2.2 Nanomaterial-based sonosensitizers

Due to the low water solubility, poor chemical stability, lack of
tumor targeting, and potential skin phototoxicity, the cell
retention rate of traditional organic sonosensitizers is limited,
thus weakening the therapeutic effect. By comparison, inorganic
nanomaterials can be used as excellent substitutes because of the
superiorities of multifunctionality, high controllability and low
toxicity and side reactions.

2.2.1 Titanium dioxide nanomaterials. Titanium dioxide
(TiO,), as a typical inorganic semiconductor, is a natural oxide
of the element titanium with low toxicity.>® As a typical photo-
sensitizer, TiO, nanomaterials could cause the overproduction
of ROS and suppress the tumor growth through facilitating the
separation rate of electron-hole pairs under ultraviolet (UV)
light irradiation. However, the therapeutic effect on the deep
tumors falls short of expectations due to the low penetrability
of UV light. To overcome this limitation, a lot of researchers
have recently started to explore the function of TiO, as a
sonosensitizer in SDT. Tachibana et al?® reported that the
combination of TiO, and US showed significant inhibition of
melanoma tumor growth in vitro and in vivo. However, it is
challenging for bare TiO, NPs to collect in large quantities
within tumor tissue and stabilize in the physiological environ-
ment. Various modified TiO, nanomaterials including poly-
ethylene glycol (PEG)-modified TiO;., nanorods and W-doped
TiO, (W-TiO,) nanorods were rationally designed and synthe-
sized.””*® As a typical paradigm, Shimizu et al.*® anchored
avidin to the surface of TiO, NPs, which selectively recognized
HepG2 cells and exhibited excellent uptake performance for
targeted and efficient SDT.

2.2.2 Noble metal nanomaterials. The ingenious combi-
nation of noble metal materials (Au, Ag and Pt) and nano-
materials can be used to increase the effectiveness of SDT
through blocking of the electron-hole recombination and
enhancing the ROS generation. Yeung et al®C fabricated
Au@Cu,0 hybrid nanocubes by integrating Au NPs onto the
surface of Cu,O (Fig. 1(A)). The electrons from Cu,O could be
stimulated at the junction and transferred to Au under US
irradiation to extend the electron-hole separation rate and
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limit the reflux of US-triggered electrons, which could be
attributed to the formation of a Schottky contact (Fig. 1(B)).
Owing to the enhanced electron-hole separation efficiency, the
Au@Cu,0 hybrid nanocubes could create the excessive ROS to
reinforce the bactericidal capacity in the presence of US
(Fig. 1(C) and (D)). Furthermore, the sonodynamic activity of
the Au@Cu,O hybrid nanocubes could be regulated through
changing the ratio of Au on the Cu,O nanocube surface.
In addition, Jae Hyung et al®' reported that hydrophilized
Au-TiO, nanocomposites improved the SDT efficiency by
generating a large amount of ROS, completely leading to the
inhibition of tumor growth upon exposure to US. Li et al*
developed the o-Fe,O;@Pt heterostructure NPs, which pro-
moted ROS induction due to the valid separation of US-
excited electrons and holes. In particular, a-Fe,O;@Pt NPs
showed the intrinsic catalase-like activity, enabling the catalysis
of hydrogen peroxide (H,0,) and the self-supply of O, to relieve
the tumor hypoxia.

2.2.3 Transition metal oxide nanomaterials. With the
exception of titanium-based nanomaterials, several transition
metal (iron and manganese) oxides can also be applied for
Us-related therapies. For example, Liu et al.*’ synthesized a
new-type sonosensitizer based on ultrasmall anoxic bimetallic
oxide MnWOy nanoparticles for multimodal imaging-guided
enhanced SDT. The MnWOyx nanoparticles modified by PEG
exhibited high physiological stability and biocompatibility.
Since the anoxic structure of MnWOy can be used as an electron
trap site to inhibit in situ electron hole recombination, the
generation of '0, and *OH can be efficiently triggered by the
as-prepared MnWOx-PEG nanoparticles under US irradiation.
In addition, MnWO,-PEG had excellent capacity of glutathione
consumption, which further enhanced the SDT-induced tumor
killing. Computed tomography and magnetic resonance ima-
ging (MRI) showed that MnWOx-PEG could effectively destroy
tumor in mice under US stimulation and was metabolized by
mice after completing the treatment without long-term toxicity.

In addition, Fe-doped TiO, nanodots (Fe-TiO, NDs) with
ultrasmall size as a kind of nanoplatform have been developed
for enhanced SDT and feature prominent biocompatibility after
PEGylation.*® By narrowing the band gap, the acquired Fe-TiO,-
PEG NDs were proved to exhibit superior sonodynamic activity
than bare TiO, NDs. Moreover, Fe-TiO,-PEG NDs could generate a
large number of ROS through a Fe-dependent Fenton reaction,
ultimately enabling the apoptosis of tumor cells through the
combination of SDT and chemodynamic therapy (CDT) (Fig. 2(A)).

2.2.4 Carbon-based nanomaterials. Carbon-based nano-
materials have attracted extensive research interest for years
owing to their unique mechanical, electrical, and optical prop-
erties, such as zero-dimensional fullerene, one-dimensional
carbon nanotubes, two-dimensional (2D) graphene, and gra-
phene oxide.*>3® Lin et al.®” synthesized a carbon-doped TiO,
sonosensitizer through anchoring carbon into the anatase
structure of TiO, to generate ROS for cancer treatment under
the activation of low-intensity US. The addition of carbon could
accelerate electron hole transfer rate through decreasing the
bandgap (Fig. 2(B)). Chen et al.*® reported 2D nanocomposites

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) Schematic illustration of the synthetic process of Au@Cu,O hybrid nanocubes. (B) Schematic diagram of a Schottky contact between Au and
Cu,0. (C) ROS generation abilities of different samples detected by the fluorescence intensity of DCF. n = 3 independent experiments per group;
*P < 0.05 and **P < 0.01. (D) Spread plates of different samples with or without US stimulation. Reproduced with permission.*® Copyright 2021, Royal

Society of Chemistry.

(MnO,/TiO,-GR) composed of 2D reduced GO (GR) nanosheets
with TiO, for enhancing the SDT efficiency to combat cancer.
The presence of GR nanosheets effectively facilitated the separa-
tion of e and h* based on their high electro-conductivity and
larger surface area to generate more ROS. In addition, the superior
photothermal-conversion properties of GR could synergically
improve SDT efficiency by photothermal effects (Fig. 3). Shen
et al.* investigated the killing effect of platinum crosslinked
carbon dot@TiO,_, p—n junctions (Pt/N-CD@TiO,_,) on osteo-
sarcoma. The results exhibited that malignant osteosarcoma
cells were fully exterminated without recurrence via intra-
venous injection of a small quantity of Pt/N-CD@TiO,_,
combined with US irradiation.

This journal is © The Royal Society of Chemistry 2023

2.2.5 MOF-based sonosensitizers. Metal-organic frame-
works (MOFs) represent a class of highly ordered crystalline
porous coordination polymers (PCPs), which are formed by self-
assembly of metal (such as transition metals and lanthanide
metals) ions or clusters and organic ligands (such as carb-
oxylates, phosphonates, imidazole salts and phenolic salts)
through coordination bonds. Compared with other solid por-
ous materials, MOFs have the outstanding advantages that the
pore size and function of the obtained materials can be
designed and controlled by selecting different metal ions,
organic ligands, functional groups and activation methods.*°
Due to the fact that nearly all metals and various organic
compounds can be used for the preparation of MOFs, a variety
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of MOF materials with unique structures and properties have
emerged, such as Ui0-66,"" HKUST-1,**> ZIF-8** and ZIF-67.**
Unique properties of MOFs and their derivatives, including
their highly organized structure, high surface area, and huge
pore volume, allow functional molecules to bind to their
surfaces or pore channels. Based on the above advantages,
MOF-based nanomaterials as the carrier of sonosensitizers
have been applied to improve the therapeutic effect of SDT.
For example, Huang et al.*”> embedded the oxygen-independent
sonosensitizer (AIPH) into the oxygen-dependent sonosensiti-
zer (Zr-MOF), thus developing a double-sonosensitizer nano-
platform (Zr-MOF@AIPH). Under the stimulation of US, the
Zr-MOF can react with oxygen to generate 'O,, while AIPH can
decompose to generate alkyl free radicals and enhance the
therapeutic effect of SDT under normal oxygen environment,

5354 | J Mater. Chem. B, 2023, 11, 5350-5377

ensuring its killing ability against hypoxic tumor. In addition,
nitrogen (N,) generated by AIPH decomposition can further
promote tumor infiltration of Zr-MOF@AIPH through ultraso-
nic cavitation effect. Therefore, the double-sonosensitizer
nanoplatform can be used as an effective strategy for the
treatment of hypoxic tumors.

Traditional organic sonosensitizers such as porphyrins and
their derivatives have no significant sonodynamic effect owing
to the lack of accumulation at the tumor sites. Although the
introduction of auxiliary nanoparticles in the sonosensitizer
system has improved the sensitivity of sonodynamic therapy to
some extent, the clinical application of this composite system is
limited by the poor stability, complex process and high cost.'?
Therefore, it is extremely challenging to develop a new type
of sonosensitizer to solve the above problems. Recently, the

This journal is © The Royal Society of Chemistry 2023
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sonodynamic characteristics of porphyrin-based MOF materials
have also been developed. For instance, Liu et al.*® synthesized
mesoporous carbon spheres with porphyrin-like structure
(designated as PMCS) by high-temperature calcination using
zeolite imidazole based framework material (ZIF-8) as a tem-
plate, and the sonodynamic sensitization of PMCS has been
explored. The density functional theory (DFT) calculation
results unveiled that the high production efficiency of ROS
in PMCS is highly related to the porphyrin-like structure.
In addition, the high specific surface area and multi-channel
structure enable PMCS to carry a large number of gas cores,
enhancing the cavitation effect of US. The in vivo results proved
that PMCS has preeminent biocompatibility and excellent
tumor inhibition efficiency (Fig. 4(A)). Moreover, Lu et al.*’
designed a multifunctional manganese porphyrin-based metal-
organic framework (Mn-MOF) to stimulate the generation of
ROS and ferroptosis upon US exposure. Considering that
manganese porphyrins possess catalase-like activity that can

This journal is © The Royal Society of Chemistry 2023

mediate single electron reversible transfer, Mn-MOF could
continuously decompose H,0, to O, at the hypoxic tumor site,
reducing the extent of hypoxia and accelerating the ROS
production (Fig. 4(B)).

3. US-based biomedical application
3.1 US imaging

US imaging, as a conventional detection method in clinic, has
been extensively used in detecting the size, shape, internal
structure, blood vessel distribution and activity of various
organs for disease screening, location and qualitative diag-
nosis.*® The US imaging of internal organs could be obtained
by receiving and processing the ultrasonic echo signals by
scanning the human body with ultrasonic waves. However,
the general US imaging is insufficient to accurately diagnose
disorders associated with poor blood vessel distribution and
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blood flow deceleration. Based on this background, the con-
trast agents have been developed and utilized in US imaging to
significantly improve the resolution, sensitivity and specificity
of ultrasonic diagnosis due to the characteristics of tissue echo
enhancement.*® These agents are generally classified into two
types, MB contrast agents and NP contrast agents.

MBs (1-10 pm in average size) are a type of small hollow
spheres composed of outer membranes and wrapped gas,
which are normally stabilized by coating albumin, phospho-
lipid and polymer layers,”®>" which can not only inhibit the
filled-gas from escaping, but also prevent the mutual fusion
between MBs. The gas encapsulated by MBs is composed of a
macromolecular gas or inert gas (such as a fluorocarbon gas)
with preferable acoustic backscattering and reflection effects,

5356 | J Mater. Chem. B, 2023, 11, 5350-5377

which can be safely discharged from the lungs.>” Under ultra-
sonic excitation, such a gas can magnify the echo for enhancing
the tissue imaging. However, the micron scale MBs cannot
penetrate through the vascular endothelial gap of tumor due to
size limitation, resulting in a short tumor retention time.
To circumvent these shortcomings, NP-based contrast agents
with the penetrating ability through vascular endothelium cells
have been rationally developed for the extravascular imaging,
such as perfluorocarbon (PFC)-based NPs and silica NPs.

PFC NPs have a liquid core with a diameter of about 200-250
nanometers, which are encapsulated by a phospholipid mono-
layer and could be emulsified by microfluidic technology at
20000 psi.>® PFC emulsions have been approved as artificial
blood substitutes for oxygen delivery due to their high oxygen

This journal is © The Royal Society of Chemistry 2023
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carrying capacity, biochemical inertia and excellent biocompat-
ibility. In addition, PFC emulsions are utilized as significant
components of US contrast agents for their comparatively low
acoustic impedance to soft tissues.>® Furthermore, PFC NPs in
combination with droplet vaporization are also a growing issue
and subject of research. PFC nanodroplets can undergo liquid-
gas phase transition to vaporize into gaseous MBs in situ for US
imaging when they are subjected to acoustic activation or
heat.>® Cao et al.>® developed polydopamine (PDA)-based PFC
NPs (designated as PFC-PDA-PEG) by encapsulating PFC nano-
droplets into PDA modified by PEG-NH,. In vitro and in vivo
experiments demonstrated that PFC-PDA-PEG possesses high
photothermal conversion efficiency which can generate a large
amount of heat to eliminate tumor cells under exposure to
near-infrared (NIR) laser irradiation, meanwhile, superheated
PFC droplets will absorb heat and evaporate from liquid into
gas phase for US imaging (Fig. 5(A)).

In recent years, hollow silica NPs as the typical contrast
agents have attracted much attention due to their echo genera-
tion characteristics for US imaging. Jokerst et al.>” fabricated
exosome-like silica (ELS) NPs for stem cell imaging with an
emulsion soft-template composed of hexadecyltrimethylammo-
nium bromide (CTAB), dimethylhexadecylamine (DMHA), and
decane (Fig. 5(B)). The in vitro echogenicity of the ELS NPs was
then compared to those of three conventional silica NPs,
including the Stober silica nanospheres (SSN), the MCM-41
mesoporous silica nanospheres (MSN), and the mesocellular
foam silica NPs (MCF). The results showed that ELS displayed
the strongest echogenicity among four NPs after being scanned
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in an agarose phantom at 40 MHz. ELS could produce the same
US contrast at a lower dose due to the higher echogenicity, thus
enhancing its biocompatibility. In addition, in vivo US images
of ELS-labeled human mesenchymal stem cells (hMSCs) exhib-
ited remarkable echogenicity compared to unlabeled cells due
to the enhanced cellular uptake efficiency and intrinsic
increased echogenicity of ELS NPs (Fig. 5(C)).

Moreover, US imaging is frequently utilized in conjunction
with photoacoustic (PA) imaging to address the issue of weak
specificity and spatial resolution and enhance the accuracy of
diagnosis. As a non-invasive medical imaging modality based
on the PA effect, PA imaging exhibits the advantages of high
contrast of optical imaging and deep penetration of ultrasonic
imaging by converting absorbed light energy into acoustic energy.
The PA effect was first reported by Bell in 1880 and began to be
applied in the field of material testing in the 1970s.>® With the
further development of ultrasonic detection technology and
data acquisition system and computing power, PA technology
was gradually applied in the biomedical field.>® For example, Lee
et al® prepared H,O,triggered thrombus-targeted therapeutic
(T-FBM) NPs via conjugating borylbenzyl carbonate and fluores-
cent IR780 to maltodextrin. Both US and PA signals were
enhanced through production of CO, bubbles stimulated by
H,0,. Meanwhile, T-FBM NPs exerted significant therapeutic
effects on inhibiting thrombus formation (Fig. 5(D)).

3.2 US-triggered drug release

Many pharmaceuticals used to treat conditions including
cancer, eye illnesses, and brain diseases induce negative side
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effects. The drug dose must be closely controlled under certain
circumstances. Drug delivery systems (DDS), such as polymeric
NPs and liposomes, have been extensively investigated in an
effort to overcome the drawbacks and limitations of conven-
tional medications. Previous research reported that US has
been applied to deliver drugs to various tissues for more
accurate therapy and enhanced SDT efficiency.®® At present,
MBs are the most researched and widely used US-responsive
drug delivery carriers,®* which can be concentrated into tumor
tissues under the combined action of enhanced permeability
and retention (EPR) effect and active targeting. The medicine in
MB can be released into the tissue by creating a shock wave,
microflow and microjet and can be monitored by US imaging
when transient cavitation occurs.®® Zheng et al® reported
a PTX-liposome-MB complex (PLMC) for drug delivery in breast
cancer treatment. Compared 