
Microwave-induced thermoacoustic imaging with
functional nanoparticles

Xiaoyu Tang*,†, Jia Fu*,† and Huan Qin*,†,‡,§

*MOE Key Laboratory of Laser Life Science & Institute of Laser Life Science
College of Biophotonics, South China Normal University

Guangzhou 510631, P. R. China

†Guangdong Provincial Key Laboratory of Laser Life Science,
College of Biophotonics, South China Normal University,

Guangzhou 510631, P. R. China

‡Guangzhou Key Lab of Spectral Analysis and Functional Probes,
College of Biophotonics

South China Normal University, Guangzhou 510631, P. R. China
§qinghuan@scnu.edu.cn

Received 24 July 2022
Revised 30 August 2022

Accepted 18 September 2022
Published 9 November 2022

As an emerging hybrid imaging modality, microwave-induced thermoacoustic imaging (MTAI),
using microwaves as the excitation source and ultrasonic signals as the information carrier for
combining the characteristics of high contrast of electromagnetic imaging and high resolution of
ultrasound imaging, has shown broad prospects in biomedical and clinical applications. The
imaging contrast depends on the microwave-absorption coe±cient of the endogenous imaged
tissue and the injected MTAI contrast agents. With systemically introduced functional nano-
particles, MTAI contrast and sensitivity can be further improved, and enables visualization of
biological processes in vivo. In recent years, functional nanoparticles for MTAI have been de-
veloped to improve the performance and application range of MTAI in biomedical applications.
This paper reviews the recent progress of functional nanoparticles for MTAI and their biomedical
applications. The challenges and future directions of microwave thermoacoustic imaging with
functional nanoparticles in the ¯eld of translational medicine are discussed.
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1. Introduction

Medical imaging is an essential diagnostic technique
in clinical diagnosis of diseases. Among the existing

medical imaging techniques, nuclear magnetic res-

onance (NMR) imaging based on a biomagnetic

spin imaging technique, which has been widely used
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for clinical imaging, with high-sensitivity, but ex-
pensive, long detection time and not convenient for
tumor screening to some extent.1–5 X-ray imaging
uses the di®erence in absorption of X-rays by bio-
logical tissues to achieve imaging of in vivo struc-
tures and detection of tumors, but X-rays have
radiation hazards for related people.6–11 Ultrasound
(US) imaging is based on the di®erence in acoustic
impedance between biological tissues to form dif-
ferent ultrasound echo signals for the purpose of
disease detection. When the diseased tissue is small
or the di®erence in acoustic impedance with the
surrounding normal tissue is small, the image has
poor contrast, which is di±cult to achieve high-
sensitivity tumor detection.12–19 Optical imaging
techniques have the characteristics of high-resolu-
tion and high contrast in tumor imaging. They are
di±cult to achieve high-resolution imaging in deep
tissues as the resolution gradually decreases with
depth due to light scattering e®ect.20–27 Therefore,
an imaging technology with high-sensitivity, high-
resolution, high contrast, low cost and few side
e®ects that can achieve deep tissue imaging has
become a hot research topic in the ¯eld of medical
imaging.

The thermoacoustic (TA) e®ect was ¯rst dis-
covered in 1880 by Bell.28 In the 1980s, Professor
Bowen29 was the ¯rst to apply it to soft tissue im-
aging. Microwave thermoacoustic imaging (MTAI)
is the absorption of energy by biological tissues
under short pulse microwave conditions, resulting in
a small instantaneous temperature rise, leading to
thermal expansion e®ects, and excitation of the ul-
trasonic range of thermoacoustic signals.30 Its
thermoacoustic signal carries the information of
microwave-absorption characteristics of the tissue.
By collecting the thermoacoustic signal around the
tissue, image inversion is applied to reconstruct the
structure and morphology of biological tissue into
other information, as shown in Fig. 1. In the fre-
quency range of 0.1 to 10GHz, the relative per-
mittivity of soft tissues is 5 to 70 and the
conductivity is 0.02 to 3 S/m. The dielectric prop-
erties of biological tissues determine their absorp-
tion of microwaves at di®erent frequency
conditions. Therefore, the dielectric properties of
biological tissues at di®erent locations can be de-
duced from MTAI to obtain the corresponding tis-
sue structure and location information.31–34

Di®erent from photoacoustic imaging (PAI), MTAI
uses microwaves as the excitation source, and

microwaves can achieve about 15 cm imaging depth,
as well as high-resolution imaging at centimeter
depth,30 showing powerful potential for early lesion
tissue detection and tumor detection.

The contrast of MTAI depends mainly on polar
molecules (e.g., water, amino acids, glucose) within
biological tissues, as well as on the di®erences in the
distribution of ionic concentrations.35 For example,
the microwave absorption of early breast lesioned
tissues is 2–10 times higher than normal tissues,36–38

which is mainly due to the fact that abnormal tis-
sues have higher water and ionic content than
normal tissues. Currently, MTAI has been exten-
sively studied in breast tumor detection, brain tis-
sue imaging, joint imaging, prostate tumor imaging,
pancreatic tumor imaging, vascular imaging, liver
imaging and related disease treatment.30

In MTAI, besides imaging with endogenous
contrast agents from biological tissues, exogenous
functional nanoparticles can also be introduced to
auxiliary imaging to detect biological processes in
vivo. Nanomaterials with excellent microwave-ab-
sorption properties, have the potential to improve
the performance and application range of MTAI in
biomedical applications. The main mechanisms that
have been reported for the generation of TA signals
by MTAI contrast agents are mainly divided into
dielectric loss and magnetic loss, the dielectric loss
including polarization loss and conductivity loss.31

Polarization loss refers to the electric dipoles in the
alternating electric ¯eld orientation rotating to ab-
sorb microwave energy and then generating ther-
moacoustic signals, due to the existence of vacancy
defects in nanomaterials, as the distribution of
electron clouds around the vacancy is inhomoge-
neous, which generates electric dipoles.39 The

Fig. 1. Schematic diagram of thermoacoustic e®ect.
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dielectric loss mainly depends on the dielectric
whether it contains free ions, which can generate
conductive current in the external electric ¯eld, so
that the partial current consumption will be
expressed as thermal energy, then generate the
thermoacoustic signal through the thermal expan-
sion e®ect.39 Currently, TA functional nano-
particles developed by using dielectric loss
mechanism mainly include polyarginine nanoma-
terials, defective graphene oxide (GO),40 defect-rich
titanium nitride (TiN) nanomaterials,41 iron-doped
black phosphorus (BP) nanomaterials42 and NaCl
nanodroplets,43 etc. The defect-rich TA functional
nanoparticles are mainly modi¯ed by atomic sub-
stitution doping, surface modi¯cation, and inter-
stitial doping to achieve arti¯cial control of the
degree of defects in the nanomaterials, which makes
nanomaterials with a large number of electric
dipoles or free ions.44,45 Magnetic loss refers to the
repeated magnetization of magnetic materials such
as ferromagnets in the alternating magnetic ¯eld,
and part of the electromagnetic energy is irrevers-
ibly converted to thermal energy during the re-
peated magnetization process, which results in
thermoacoustic signals.46–48 As has been explored,
ferrites, functionalized Fe3O4 and other magnetic
nanomaterials achieved microwave-acoustic con-
version process through the principle of magnetic
loss.49–53 With the presence of suitable endogenous
contrast agents, MTAI not only enables breast
cancer imaging, but also joint-related disease im-
aging, brain imaging, vascular imaging, and endo-
scopic imaging.54–60 In the absence of endogenous
contrast agents or with limited detection depth, TA
signals in deep tumors can be selectively ampli¯ed
by introducing exogenous functional nanoparticles.
When nanomaterials are used as exogenous func-
tional nanoparticles, it is possible to achieve ag-
gregation at the tumor site by active or passive
targeting, thus enhancing MTAI contrast and sen-
sitivity, and help MTAI techniques detect physio-
logical processes indirectly in vivo. In addition,
exogenous targeted functional nanoparticles com-
bined with pulsed microwave excitation that can
destroy tumor cells by thermoacoustic shockwave
and thus achieve e±cient tumor suppression,
showing the dual bene¯ts of targeted therapy and
enhanced imaging.61,62

In medical imaging techniques, contrast agents
all serve an important role, not only to signi¯cantly
improve the contrast, break the imaging depth

limit, and provide more accurate information re-
lated to biological tissues as well as to achieve
therapeutic purposes. In this paper, we analyze a
series of recently published research results about
functional nanoparticles of MTAI. The challenges
and future trends of microwave thermoacoustic
imaging with functional nanoparticles in transla-
tional medicine are discussed.

2. Exogenous Functional Nanoparticles

With the development of novel imaging technolo-
gies, exogenous functional nanoparticles play an
essential role in imaging. Exogenous functional
nanoparticles introduced by MTAI include inor-
ganic nanomaterials and organic nanomaterials,
and the ideal exogenous functional nanoparticles
can signi¯cantly improve contrast and sensitivity.
In terms of clinical translation, the development of
exogenous functional nanoparticles is important for
translation of MTAI research into clinical
applications.

2.1. Inorganic nanomaterials

In this section, inorganic nanomaterials as exoge-
nous functional nanoparticles for MTAI are
reviewed in detail. Inorganic nanomaterials as ex-
ogenous functional nanoparticles for MTAI mainly
include metal oxides, metal nitrides, carbon analo-
gues, black phosphorus and transition metal sul¯de
contrast agents.

2.1.1. Metal oxides and metal nitrides

Metal oxides such as Fe3O4, yttrium iron garnet
(YIG), and Mn3O4 are materials with certain
magnetic properties. Magnetic nanomaterials ex-
hibit good microwave absorption due to their strong
magnetic ¯eld response and dielectric properties. In
addition, metal oxides are characterized by good
particle size distribution and simple preparation.
Some researchers have attached metal
oxides49–53,63–67 with speci¯c targeting probes to
achieve active targeting of cell membranes and mi-
tochondria of tumor cells, thus enhancing the im-
aging capability and improving the therapeutic
e±ciency of MTAI, as shown in Table 1.

Carbonyl iron63 is a 2�m microsphere with
strong microwave absorption. Carbonyl iron
obtained by sol–gel process has better hydrophilic,
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biocompatible, and electromagnetic properties. The
contrast of thersol–gelmoacoustic imaging increases
with the concentration of carbonyl iron, which has
the ability to improve the contrast and speci¯city of
tissue structure and MTAI. Jin et al.52 obtained
spherical particles by simply stabilizing Fe3O4 with
citrate, and tested its dielectric constant, calculated
its absorption properties with microwave, and per-
formed thermoacoustic imaging. It was found that
Fe3O4 nanoprobes have the potential to produce
stronger thermoacoustic signals as well as better
thermoacoustic imaging results. Another one of the
compounds FA-Fe3O4/PANI49 is a nanomaterial
that couples Fe3O4/PANI with folic acid (FA). FA-
Fe3O4/PANI can combine with folate receptors in
vivo to target tumors. Under 6GHz pulsed micro-
wave conditions, injection of FA-Fe3O4/PANI
showed a higher thermoacoustic signal and better
contrast compared to mice injected with Fe3O4/
PANI, while achieving longer elimination time, as
shown in Fig. 2(a). Thermoacoustic imaging of
functional iron oxide nanomaterials may be useful
for tumor-speci¯c targeting and early lesion tissue
imaging. Dextran-coated Fe3O4 nanoparticles,50

which is a magnetic nanoprobe of iron tetroxide
coated by dextrose, showed approximately 4 times
higher thermoacoustic signal compared to blood. In
addition, there is a signi¯cant di®erence in the in-
tensity of the thermoacoustic signal between the
normal hepatic reticuloendothelial system and
tumors. Qin et al.51 used dextran-coated Fe3O4

nanoparticles as a contrast agent applied to ther-
moacoustic tomography for the purpose of detecting
hepatocellular carcinoma, which has the potential
to become a new method for clinical diagnosis of
tumors in the future. Fe3O4/Au nanoparticles are
particles that highly complement Fe3O4 with Au,
which can enhance NMR contrast, as well as higher
photoacoustic and thermoacoustic signals. Besides,
the nanoparticles could speci¯cally target integrin
�v�3-positive cancer cells when attached to FITC-
labeled integrin �v�3 mAb and target integrin
�v�3-positive cancer cells when attached to FITC-
labeled integrin �v�3 mAb. Hence, Xing et al.
implemented a bio-modi¯ed nanoprobe for cancer
cell targeting and tumor imaging, and integrated
PAI, MTAI, and NMR imaging into one multi-
modal imaging, as shown in Fig. 2(b).

Table 1. Metal oxide contrast agent for microwave thermoacoustic imaging.

Microwave thermoacoustic
contrast agent

Excitation
source

frequency Size (nm)
Modi¯cation
application Application

Carbonyl iron 1.2GHz63 2000 MTAI, in tissue phantoms
FA-Fe3O4/polyaniline (PANI) 6GHz49 30–50 Folic acid (FA) Ex vivo MTAI in human

blood and in vivo MTA
tomography (MTAT) in
mouse tail, in vivo MTAI
of tumors

Dextran-coated Fe3O4

nanoparticles
6GHz50 30–50 Dextran MTAI, in tissue phantoms

Fe3O4/Au nanoparticles 6GHz51 30–50 FITC-labeled
integrin �v�3 mAb

Triple-modality MRI-
MTAI-PAI

Fe3O4 3GHz52 10 Citrate MTAI, in tissue phantoms
Human serum albumin (HSA)-

functionalized
superparamagnetic iron
oxide nanoparticles (HSA-
SPIO)

434MHz53 210–260 HSA Dual-modality MRI-MTAI

Yttrium iron garnet (YIG)
microparticles

915MHz64 MTAI, in tissue phantoms

Ferromagnetic material-¯lled
multi-walled CNTs
(MMWCNTs)

6GHz65 Outer and inner
diameter: 30–40, 10–
20; lengths: 500–1500

In vivo MTAI of tumors

Anti-Gal1-Fe3O4 nanoparticles 3GHz66 142 Anti-Gal1 In vivo heterozygosity
model

Mn3O4 1.2GHz67 100 RGD In vivo MTAI of tumors
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In addition to the commonly used Fe3O4 as a
magnetic material, MTAI has also attempted with
YIG and MMWCNTs, etc. YIG is a magnetic mi-
croparticle. Zhang et al.64 combined the ferromag-
netic resonance of YIG microparticles with pulsed
microwaves for the purpose of enhancing and
modulating MTAI. Previously, it has been shown
that carbon nanotubes (CNTs) have good electrical
and magnetic properties and can be used as contrast
agents for MTAI, but they are not well used for the
magnetic absorption properties of CNTs. Therefore,
Ding et al.65 ¯lled ferromagnetic materials to CNTs
for getting MMWCNTs and used folic acid as a
targeting molecule connected to multiwalled CNTs
(MWCNTs), MMWCNTs. Compared with
MWCNTs, MMWCNTs performed for MTAI and
NMR imaging can see the size and edges of tumors
more clearly, which improves their imaging contrast
substantially. MMWCNTs have the potential to
become an accurate contrast agent for tumor de-
tection, as shown in Figs. 2(c) and 2(d).

In addition, some researchers have attempted to
apply clinically approved exogenous functional
nanoparticles to MTAI such as superparamagnetic
iron oxide (SPIO) nanoparticles that have been
approved for clinical use as ideal NMR contrast
agents. In addition, SPIO can resonate in

microwave ¯elds.68,69 Wen et al.53 used HSA to
modify SPIO to obtain HSA-SPIO nanoprobe. The
nanoprobe can accurately locate tumor cells using
passive targeting and has a strong microwave ab-
sorption ability, which has the ability to generate
thermoacoustic shock waves to kill cancer cells
under the irradiation of pulsed microwaves, in order
to achieve the purpose of tumor growth inhibition,
showing a better potential for MTA treatment and
MTAI. Meanwhile, combined with the advantages
of SPIO itself in NMR imaging, it can integrate
MTAI and NMR into one to realize dual-modality
imaging and combined treatment, thus it is possible
to realize precise diagnosis and treatment of tumors,
as shown in Fig. 3(a).

MTAI not only has the advantage of deep im-
aging depth, but also enables identi¯cation of dee-
per and smaller tumors, as well as speci¯c MTAI
triggered by the endogenous tumor microenviron-
ment. US imaging and NMR imaging can achieve
detection of pancreatic tumors with a minimum
diameter of approximately 10mm. Qin et al.66

found that MTAI can achieve detection of pancre-
atic tumors with a diameter of less than 5mm. Qin
et al. combined galectin-1 antibody (anti-Gal1)
with microwave absorber Fe3O4 as anti-Gal1-Fe3O4

nanoparticles for enhancing TA signal and

Fig. 2. (a) In vivo thermoacoustic imaging of tumors in mice injected with FA-Fe3O4/PANI.49 (b) Synthesis process of Fe3O4/Au
nanoparticles.51 (c), (d) In vivo imaging of tumor sections by combining MTAI and NMR imaging systems and MMWCNTs
nanomaterials.65
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enhancing imaging contrast. In vitro characteriza-
tion of the imaging ability of pancreatic tumors
with di®erent diameter sizes (1.0mm, 3.1mm,
5.0mm, 7.2mm in diameter) was performed, and an
in vivo heterozygosity model was constructed for
imaging deep (5 cm) pancreatic tumors (3mm in
diameter) as shown in Figs. 3(b) and 3(c). The
feasibility of MTAI to achieve non-invasive in vivo
detection of small pancreatic tumors was demon-
strated in the heterozygosity model. Zhang et al.67

developed a Mn3O4-PEG (MNP) nanoparticles that
can respond to the tumor microenvironment, where
overexpressed glutathione and the weak acidity of
the tumor microenvironment activate the MNP
nanoparticles. It causes the release of Mn2þ which
increases the ion content, so that the highly selec-
tive ampli¯cation of TA signal in deep tumors is
achieved. The MTAI at a depth of 5 cm was also
made with good contrast, realizing speci¯c MTAI
for deep tumors, as shown in Figs. 4(a) and 4(b).

Besides the metal oxides mentioned above as TA
contrast agents, metal nitrides can also achieve a
high microwave absorption e®ect. Although TiN is
not a magnetic nanomaterial, TiN is a defect-rich

material. Such a defect-rich TiN nanomaterial was
developed by Wu et al.41 This nanomaterial has
high dielectric loss and high conductivity loss due to
the presence of a large number of local structural
defects and carriers, and exhibits better microwave
absorption properties. At the depth of 5 cm, it
can also have well imaging contrast as shown in
Figs. 4(c) and 4(d).

2.1.2. Carbon contrast agents

Carbon can form materials with di®erent proper-
ties, such as carbon nanotubes, graphene nanoma-
terials and other materials. Such materials have
been widely explored in the recent decade for bio-
logical and biomedical applications. Carbon con-
trast agents possess better microwave absorption
due to their high speci¯c surface area, activated
carrier mobility or abundant vacancy defects, all of
these features can enhance the conductivity loss and
polarization loss of carbon contrast agents. For ex-
ample, single-wall carbon nanotubes (SWNTs) can
cross cell membranes without causing cytotoxici-
ty,70 which has been widely used in novel carriers

Fig. 3. (a) HSA-SPIO tumor NMR imaging and MTAI in mice.53 (b) Schematic diagram of the synthesis principle and MTAI of
anti-Gal1-Fe3O4 nanoparticles.

66 (c) Anti-Gal1-Fe3O4 nanoparticles for the adjuvant heterozygosity pancreatic cancer model.66
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such as drugs71 and proteins.72 Previous investiga-
tions have demonstrated that carbon nanotubes can
accumulate in the mitochondria of cancer cells, as
well as absorb the energy of microwaves to convert
into TA shock waves.73–75 TA therapy is achieved
by disrupting the mitochondria of cancer cells to
activate the apoptotic pathway.76 GO has a variety
of physical properties and is the most common de-
rivative of graphene, which has been widely ex-
plored in biomedicine and electromagnetic
absorption.77–79 Moreover, the reduced graphene
oxide (rGO) obtained by reduction has a high spe-
ci¯c surface area, activated carrier mobility and the
presence of defects such as missing carbon atoms,
thus exhibiting good attenuation capability.80–82

Meanwhile rGO has been shown to be a very
promising microwave absorber.83–85 Wang et al.
indicated that graphene with defects would have
more vacancy defects and more dielectric loss than
graphene oxide, which would have stronger

microwave absorption.86,87 Yuan et al.40 proposed a
technique based on the physical principle that
allows the improvement of dielectric loss of nano-
particles by increasing the atomic defects of nano-
particles, which results in the TA signal and MTAI
contrast are enhanced. It mainly uses bovine serum
albumin (BSA) as a reducing agent to bind GO to
BSA by �–� superposition. GO reduced by BSA can
produce an external vacancy defect, and since the
distribution of the electron cloud around the vacancy
is inhomogeneous, this defect generates electric
dipoles. GO reduced byBSA can produce an external
vacancy defect, and since the distribution of the
electron cloud around the vacancy is inhomoge-
neous, this defect generates electric dipoles. Under
pulsed microwave irradiation, these electric dipoles
are repolarized, resulting in transient heating and
thermoelastic expansion, producing the e®ect of an
ampli¯ed TA signal, which in turn improves the
MTAI contrast, as shown in Figs. 5(a) and 5(b).

Fig. 4. (a) Schematic diagram of Mn3O4-PEG-RGD synthesis and TA signaling generation mechanism.67 (b) Comparison of
MTAI of Mn3O4-PEG-RGD assisted breast tumors in mice.67 (c) Schematic diagram of the synthesis of defect-rich TiN nano-
particles and the mechanism of TA signaling generation.41 (d) Comparison of MTAI of TiN nanoparticles assisted mice breast
tumors.41
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With the development of microwave devices
and exogenous functional nanoparticles, MTAI
not only o®ers the advantages of high contrast
and high resolution, but also TA treatment
enables the treatment of multi-locus tumors and
tumor metastases. Pramanik et al.88 used SWNTs
as a dual-modality contrast agent for MTAI and
PA tomography (PAT) dual-modality contrast
agents; SWNTs exhibited more than 2 times the
signal enhancement in MTAT at 3GHz compared
to blood. Wang et al.89 investigated the thermo-
acoustic response properties of carbon nanotubes,
which laid the theoretical foundation for the ap-
plication of carbon-based nanomaterials for
MTAI. In addition, Lalwani et al.73 also realized
the use of graphene as a contrast agent for
MTAT. In TA treatment, Wen et al.76 used mi-
tochondria-targeted SWNTs as microwave absor-
bers for deep tumor treatment. The SWNTs can
e®ectively absorb ultrashort microwave energy
and convert it into TA shock waves to kill the
targeted mitochondria, thus inducing apoptosis
of cancer cells. TA therapy has the advantage of
no signi¯cant side e®ects and also achieves a
high cancer cell death rate, which is di±cult to be
achieved by both photothermal and photoacoustic
therapy.

2.1.3. Black phosphorus and transition metal

sul¯de contrast agents

Both transition metal sul¯des and BP belong to
two-dimensional inorganic nanomaterials, which
have been extensively investigated in the ¯elds of
material science and biomedicine due to their
speci¯city.90 These two-dimensional inorganic
nanomaterials are prone to atomic vacancies during
their preparation,42,91–95 which have a high number
of defective electric dipoles. Under pulsed micro-
wave conditions, these defective electric dipoles are
repeatedly polarized, which leads to high dielectric
losses, after thermal elastic expansion to achieve
energy conversion and generate TA shock
waves.42,91–93 Therefore, the microwave absorption
properties of both transition metal sul¯des and
black phosphorus with atomic vacancies are rela-
tively well. Li et al.91 developed defect-rich single-
layer molybdenum disul¯de (S-MoS2) nanosheets
with high dielectric loss. The TA signal was am-
pli¯ed by adjusting the atomic defect rate of the
S-MoS2 nanosheets to make them have higher di-
electric loss. The enhancement of the TA signal
resulted in the improved contrast of MTAI at dee-
per depths, as shown in Figs. 5(c)–5(d), where the
contrast of MTAI was signi¯cantly improved at a

Fig. 5. (a) Schematic diagram of TA signal generation mechanism of BSA-GO nanoparticles.40 (b) MTAI of BSA-GO-SA tumors
in mice in vivo.40 (c) Schematic representation of defect-rich S-MoS2-PEG nanosheets generating TA signals.91 (d) In vitro MTAI
study of breast tumors located in deep tissues.91
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depth of 5 cm. Zhang et al.92 combined per-
°uorohexane (PFH) and tungsten disul¯de (WS2),
the defect-rich WS2 was used as a microwave ab-
sorber. The TA shock wave generated by the ab-
sorption of microwave by WS2 makes the PFH
droplet undergo liquid–gas phase transition, which
results in the ampli¯cation of TA signal. A signi¯-
cant enhancement of TA signal can be seen in the
MTAI of breast tumors in vivo, as shown in Fig. 6(a).
Despite the excellent microwave absorption capa-
bility of transition metal sul¯des, the risk of their
accumulation in vivo prevents them from being
widely used in clinical aspects. The Fe3þ doped BP
(BPFeð3þÞ) developed by Chen et al.42 not only has
e±cient microwave acoustic conversion capability,
but also can be biodegradable, which breaks the
limitations of TA contrast agents and has more
potential for clinical applications. In BPFeð3þÞ, Fe3þ
adsorbed with the single pair of electrons of BP
through conjugated �-bonds, which led to the in-
crease of permanent electric dipole, and the increase
of electric dipole made the TA signal enhanced. The
contrast of MTAI at the tumor site was signi¯cantly
improved after injection of BPFeð3þÞ@PLGA nano-
particles, moreover, the tumor was obviously
suppressed after BPFeð3þÞ@PLGA nanoparticles
treatment and con¯rmed by MTAI, as shown in
Figs. 6(b)–6(c).

2.2. Organic nanomaterials

It has been shown that both amino acid polymers
and ionic polymers are biodegradable and have low

toxicity. They have good absorption capacity under
pulsed microwaves. For example, NMG2[Gd
(DTPA)] is a paramagnetic ionic contrast agent
that has been applied in clinical NMR imaging. Qin
et al.30 successfully applied NMG2[Gd(DTPA)] in
MTAI, which is a nanomaterial with seven unpaired
electrons in the 4f orbital of Gd3þ, charged ions
NMGþ, [Gd(DTPA)]2� and unpaired electrons that
can interact with the microwave ¯eld. The increase
of charged ion concentration of NMG2[Gd(DTPA)]
makes the ion loss increase, which results in the
enhancement of its thermoacoustic signal. The ex-
perimental results demonstrate that the nanoprobe
can make the tumor contour clearer and easier to
distinguish from normal tissue in MTAI, as shown
in Fig. 7(a). Chen et al.43 used per°uorocarbon as a
shell to synthesize engineered saline nanodroplets,
which successfully increased the TA signal by hun-
dreds of times using the high conductivity of NaCl,
as shown in Fig. 7(b).

Among the alkaline amino acids, including lysine,
arginine and histidine, all of them are polar mole-
cules.96 Alkaline amino acid materials have been
previously reported in relation to their properties in
microwave ¯elds. They can generate electric dipoles
under the irradiation of pulsed microwaves for the
purpose of absorbing microwave energy.97 At the
same time, the dielectric loss and conductivity of
alkaline amino acids will increase with increasing
concentration, which will produce a reaction in the
electromagnetic ¯eld exhibiting electrolytic proper-
ties.96 Under pulsed microwave conditions, the
molecular polarization of alkaline amino acids

Fig. 6. (a) Schematic diagram of the TA signal ampli¯cation mechanism of the liquid–gas phase change nanoprobe.92 (b) Schematic
diagram of the synthesis mechanism and TA signal generation mechanism of BPFeð3þÞ@PLGA-RGD.42 (c) Comparison of
BPFeð3þÞ@PLGA-RGD–assisted MTAI using a single array ring scan system with imaging cross-sections shown as red dashed lines.42
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increases, the dipole motion increases resulting in
enhanced collisions with other dipoles, allowing the
conversion of microwave energy into thermal ener-
gy, the instantaneous temperature rise causes a
thermal expansion e®ect, which eventually gen-
erates TA shock waves.98 This provides a theoreti-
cal basis for the application of alkaline amino acids

in pulsed microwaves, making them available for
MTAI and TA therapy.

Wang et al.99 prepared P(ArgMA-co-DMA)-b-
PPOPMA, arginine-tethered reduction-responsive
copolymers, ammonium bicarbonate and doxorubi-
cin into nanocapsules, which were irradiated by
pulsed microwaves and caused TA shock waves.

Fig. 7. (a) Schematic diagram of TA signal generation theory of NMG2[Gd(DTPA)] nanoparticles.30 (b) Schematic diagram of
engineered saline nanodroplets preparation and in vitro imaging.43 (c) Schematic diagram of highly exploitable nanocapsules and
fabrication of pulsed microwave triggered intracellular thermal cavitation, gas burst and drug release.99 (d) Schematic diagram of
RhB-PArg nanomaterials for thermoacoustic imaging and thermoacoustic therapy.100 (e) TA intensity at the tumor site after RhB-
PArg injection in mice.100 (f) Schematic diagram of synthesis and TA treatment of Den-CGS/RGD/Lys nanoparticles.101
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The nanocapsules are irradiated by pulsed micro-
waves, which absorb microwave energy and cause
TA shock waves, meanwhile its ammonium bicar-
bonate is decomposed to carbon dioxide and am-
monia thereby enhancing the thermoacoustic
cavitation e®ect. The TA shock wave causes dam-
age to the cells, while the nanocapsules also release
the carried doxorubicin into the cells, eventually
causing cell death, as shown in Fig. 7(c). Zhai
et al.100 obtained drug-free RhB-PArg nanomater-
ials with mitochondrial targeting by preparing them
with arginine monomer (Arg) and rhodamine B
(RhB). Since RhB-PArg has a negatively charged
carboxyl group and a positively charged guanidine
group on part of its side chain, it can exhibit obvi-
ous properties of electrolysis, which makes it better
able to absorb the pulsed microwave energy and the
generated TA signal. RhB-PArg not only has a high
therapeutic e±ciency, but also has a signi¯cant im-
provement inMTAI contrast, as shown in Figs. 7(d)–
7(e). Moreover, Li et al.101 composed a thermo-
acoustic probe by using polar amino acids and
adenosine-based agonists, which can e±ciently ab-
sorb microwave energy as well as have the ability to
penetrate the blood–brain barrier (BBB) at the
tumor site. This thermoacoustic probe activates the
adenosine receptors of the BBB via adenosine-based
agonists, allowing the thermoacoustic probe to pass
through the BBB and accumulate in glioblastomas.
Meanwhile, the thermoacoustic cavitation e®ect
generated by the thermoacoustic probe can me-
chanically destroy the tumor cells in a short period
of time with minimal damage to the surrounding
normal brain tissue, as shown in Fig. 7(f).

3. Discussion

MTAI combined with contrast agents can provide
more innovative opportunities in early diagnosis,
more accurate tumor localization, drug delivery and
monitoring, targeted tumor therapy, intraoperative
navigation, and other applications, as well as a fu-
ture trend. Although MTAI technology can achieve
high contrast, high-resolution, and high-sensitivity
deep tumor imaging, it has not really achieved
clinical translation compared with US imaging,
PAI, and NMR imaging. MTAI technology still
faces barriers in equipment miniaturization and in-
tegration, which needs continued optimization in
image reconstruction algorithms and imaging speed
to achieve the desired state. Improving the contrast

of MTAI also requires continued development of
more e±cient contrast agents, as well as attempts to
use multiple frequencies of microwaves for excita-
tion, resulting in high-sensitivity and high contrast
MTAI. In addition to high e±ciency, the develop-
ment of contrast agents needs to have appropriate
biocompatibility and low biotoxicity, complete dis-
solution in vivo, good stability, low cost, and long
half-life, etc. This paper reviews the current prog-
ress of TA contrast agents in MTAI and MTA
therapy. Some research studies have shown that
MTAI uses exogenous functional nanoparticles that
can achieve better biocompatibility and lower bio-
toxicity, such as biodegradable BP, amino acids
materials and engineered saline nanodroplets
nanomaterials, but there is still the disadvantage of
higher production cost. Although the current mi-
crowave absorbers can achieve MTAI and certain
therapeutic e®ect, they have not really achieved
clinical transition. There is still a need to explore
higher MTA conversion e±ciency and higher bio-
safety nanomaterials to achieve a safer, deeper and
more e®ective MTAI and MTA therapy.

In fact, although many researchers have made a
lot of e®orts in developing new TA contrast agents,
which have achieved better imaging and therapeu-
tic e®ects in breast cancer, glioblastoma, pancreatic
cancer, etc., the related research is still in the pri-
mary stage and needs to be continuously approa-
ched in the direction of clinical translation. In short,
there is still a need to continuously develop exoge-
nous functional nanoparticles with good biosafety,
strong microwave absorption and good targeting.
By combining MTAI with exogenous functional
nanoparticles, the gap between MTAI and clinical
applications can be narrowed as much as possible to
promote the development of precise and e±cient
treatment of tumors.
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