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Abstract

Multifunctional nanoparticle-mediated imaging and therapeutic techniques are promising
modalities for accurate localization and targeted treatment of cancer in clinical settings.
Thermoacoustic (TA) imaging is highly sensitive to detect the distribution of water, ions or specific
nanoprobes and provides excellent resolution, good contrast and superior tissue penetrability. TA
therapy is a potential non-invasive approach for the treatment of deep-seated tumors. In this study,
human serum albumin (HSA)-functionalized superparamagnetic iron oxide nanoparticle
(HSA-SPIO) is used as a multifunctional nanoprobe with clinical application potential for MRI, TA
imaging and treatment of tumor. In addition to be a MRI contrast agent for tumor localization,
HSA-SPIO can absorb pulsed microwave energy and transform it into shockwave via the
thermoelastic effect. Thereby, the reconstructed TA image by detecting TA signal is expected to
be a sensitive and accurate representation of the HSA-SPIO accumulation in tumor. More
importantly, owing to the selective retention of HSA-SPIO in tumor tissues and strong TA
shockwave at the cellular level, HSA-SPIO induced TA effect under microwave-pulse radiation can
be used to highly-efficiently kill cancer cells and inhibit tumor growth. Furthermore, ultra-short
pulsed microwave with high excitation efficiency and deep penetrability in biological tissues makes
TA therapy a highly-efficient anti-tumor modality on the versatile platform. Overall, HSA-SPIO
mediated MRI and TA imaging would offer more comprehensive diagnostic information and enable
dynamic visualization of nanoagents in the tumorous tissue thereby tumor-targeted therapy.

Key words: thermoacoustic, human serum albumin, superparamagnetic iron oxide nanoparticles, ultra-short
pulsed microwave, tumor theranostic.

Introduction

Recent advances in material science and
nanotechnology have promoted the development of

more precise diagnosis of tumors have attracted
ever-increasing attention. In addition, emerging

new tumor imaging and therapeutic techniques.
Multifunctional nanomaterial-mediated fluorescence
imaging [1-3], photoacoustic imaging [4-6], magnetic
resonance imaging (MRI) [7-9], positron emission
computed tomography (PET) imaging [10-12] and
X-ray computed tomography (CT) imaging [13, 14] for

nanomedicine in cancer therapy such as photothermal
[1, 15, 16], photoacoustic [4, 6, 17], photodynamic
[18-20], magnetic thermal [9, 21, 22], ultrasonic
hyperthermia [23, 24], radiation therapy [25, 26] and
microwave thermal therapy [27] have evoked great
interest in their potential clinical application for
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cancer diagnostics and therapeutics research. Overall,
multifunctional nanoparticle-mediated imaging and
therapeutic techniques are likely to confer excellent
leverage in improving precise diagnosis and targeted
anticancer therapy.

However, current imaging techniques based on
nanoparticles have their own deficiencies, such as low
resolution, low sensitivity for small lesions and their
side effects on health. Furthermore, emerging
nanomedicine technologies such as nanoparticles
mediated phototherapy 1is restricted by limited
tissue-penetrability of laser, which particularly poses
a challenge to treatment of deep-seated tumors.
Although alternating magnetic field (AMF) or
microwave-induced hyperthermia therapy offers
several advantages including deep penetration in
biological tissues when compared to conventional
treatment methods, thermal injury to anatomically
contiguous healthy tissues is a significant hazard. It is
highly desirable to develop a novel approach of

multifunctional nanoparticle-mediated tumor
imaging and therapy in a versatile platform.
A new theranostic technique based on

microwave-pulse induced thermoacoustic (TA) effect
is a promising approach for tumor imaging and
therapy. TA effect is based on the thermoelastic
expansion mechanism, in which microwave-
absorbing agents convert microwave-pulse energy
into heat, and subsequently induces shockwave due
to rapid thermal expansion [28, 29]. These TA
shockwaves can be acquired by ultrasound transducer
and reconstructed to form TA images. In addition to
inheriting the advantages of microwave imaging, TA
imaging technique also provides excellent resolution
and deep tissue penetrability, because it is based on
ultrasonic propagation and detection [28, 30, 31].
More importantly, we have proven that the powerful
shockwave induced with single wall carbon
nanotubes when pumped by pulsed microwave could
destroy mitochondria of cancer cells and thus
highly-efficiently inhibit tumor growth [32]. It
inspires us to further explore the potential application
of TA effect as a novel theranostic technique.

Based on the above, human serum albumin
(HSA)-functionalized superparamagnetic iron oxide
nanoparticles (HSA-SPIO) is developed to be a
multifunctional nanoprobe for MRI, TA imaging and
therapy. HSA as the most abundant plasma protein is
completely biocompatible, easily produced and lacks
toxicity and immunogenicity [33, 34], which has been
proven to be useful in improving the circulation
half-life and accumulation of the drug molecule at

tumor site [35]. In addition, superparamagnetic iron
oxide nanoparticles (SPIO) as ideal MRI contrast
agents have been approved for clinical usage [36]. Of
note, SPIO was shown to have resonance in the
microwave region [37, 38]. SPIO-mediated microwave
hyperthermia offers possibilities for targeted
treatment [27], and shows potential for being a TA
imaging contrast agent [39-41]. In this study,
HSA-SPIO as a T2 contrast agent in MRI enables clear
delineation of the tumor. Besides, HSA-SPIO pumped
by microwave-pulse is able to generate strong TA
shockwave, which can be detected and reconstructed
to form TA images for sensitively and accurately
indicating the HSA-SPIO accumulation and TA effect
enhancement in tumor region, thereby providing a
noninvasive imaging-guided approach for the
subsequent TA therapy. HSA-SPIO mediated
dual-imaging approach would be expected to provide
more comprehensive and complementary information
of tumor than single imaging mode, in which MRI
provides clear anatomical images and TA imaging
provides deep tissue information of tumor. More
importantly, owing to the ultra-short pulsed
microwave pumped powerful TA shockwave at
cellular level and deeper penetrability than that of
laser in biological tissues, TA therapy shows an
excellent anti-tumor effect for the deep-seated tumor,
and have broader application prospects than
phototherapy. Overall, HSA-SPIO consists of two
clinically approved components and shows potential
for development as a nanotheranostic agent for MRI
and TA imaging guided TA therapy on the versatile
microwave platform in the future clinical application.

Results

The HSA-SPIO was prepared according to
Scheme 1A. HSA-SPIO was intravenously injected
into mice, and the MRI provided tumor localization
image. Real-time TA imaging was used to indicate
HSA-SPIO accumulation and TA effect enhancement
in tumor region (Scheme 1B). Finally, high doses of
nanoparticles were injected into mice and irradiated
with  high  energy  microwave-pulse  after
accumulation of HSA-SPIO at tumor site. Integrating
the advantages of high excitation efficiency and deep
penetrability of ultra-short pulsed microwave, as well
as the long half-life and targeted accumulation of
HSA-SPIO in tumor, ultra-short pulsed microwave
pumped HSA-SPIO could generate powerful TA
shockwave thus cause mechanical destruction of
cancer cells and inhibit tumor growth (Scheme 1C).
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Scheme 1. (A) Schematic illustration of the process of HSA-SPIO synthesis and its intravenous injection into mice for MRI. (B) Schematic illustration of the TA
imaging system. (C) Schematic illustration of HSA-SPIO as a TA therapeutic agent for tumor therapy.

Characterization of SPIO and HSA-SPIO

The monodisperse SPIO was modified with HSA
to enhance the stability and biocompatibility of SPIO.
Transmission electron microscopy (TEM) images
showed that the SPIO was spherical shaped with a
diameter of about 200 nm (Fig. 1A). After
functionalized with HSA, a nearly transparent thin
layer of HSA could be observed on the surface of SPIO
due to the low electron density (Fig. 1B and insert).
The average hydrodynamic diameter of SPIO was 183
£ 11 nm as assessed by dynamic light scattering (DLS)
(Fig. 1C), while the HSA-SPIO increased to 236 + 26
nm due to the hydration shell on the protein surface.
On the other hand, the zeta potential of SPIO
decreased from -4.5 £ 0.5mV to -23.8 £ 0.4mV after
coated with HSA (Fig. 1D). The increased size and
decreased surface charge indicated that the HSA was

successfully modified on the SPIO surface. The
presence of HSA on the SPIO surface was further
confirmed by Fourier transform infrared (FT-IR)
spectroscopy (Fig. 1E). The absorption bands at 1640
cm? and 1396 cm? were associated with carboxylate
groups in SPIO; 580 cm! and 430 cm? were attributed
to Fe-O vibration, which was observed in SPIO and
HSA-SPIO [42]. Meanwhile, the characteristic bands
of HSA at 1648 cm (amide I), and 1540 cm! (amide II)
also appeared and weakened in HSA-SPIO. These
results confirmed that HSA has been modified on
SPIO through the formation of amide bond between
-COOH of SPIO and -NH; of HSA. As we expected,
HSA was able to improve the colloidal stability of
SPIO in a physiological environment. Even after 8
hours, HSA-SPIO remained stably dispersed in PBS,
PRMI-1640 and serum. In contrast, pure SPIO showed
agglomeration and settlement (Fig. S1).
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Figure 1. Characterization of SPIO and HSA-SPIO. (A) TEM images of SPIO and (B) HSA-SPIO. (Inset is HR-TEM). (C) Particle size of SPIO and HSA-SPIO
determined by DLS. (D) Zeta potential change of SPIO and HSA-SPIO. (E) FT-IR spectra of SPIO, HSA and HSA-SPIO.

TA/MR properties of HSA-SPIO

To evaluate the capability of HSA-SPIO as a
nanotheranostic agent for microwave-induced TA
imaging and therapy, we firstly detected the TA
signals of HSA-SPIO at various concentrations (Fig.
2A). The TA signal intensity enhanced with the
increase of concentration, and showed a linear
relationship with HSA-SPIO concentrations (Fig. 2B).
This result suggested that HSA-SPIO possessed
microwave absorption property [39, 40] and could
generate TA shockwave under ultra-short pulsed
microwave excitation. Then the TA imaging contrast
enhancement ability of HSA-SPIO was verified by TA
images of plastic tubes (diameter: 2 mm) filled with
deionized water and different concentration of
HSA-SPIO (SPIO 0.05, 0.1, 0.2, 0.4, and 0.8 mg mL-").
TA imaging contrast was obviously enhanced with
increase in the concentration (Fig. 2C). Moreover,
mean gray of each sample represented signal
intensity, which showed a linear correlation with the
HSA-SPIO concentration (Fig. 2D). Given that both
water and ion in tissues could contribute to TA
imaging contrast enhancement [43, 44], the TA images
of HSA-SPIO dispersed in physiological saline buffer
(PBS) to simulate nanoparticles accumulation region
were also acquired. Similarly, it showed contrast
enhancement with the increase in the concentration of
HSA-SPIO (Fig S2A, B). In addition, the absorption
coefficient of biological tissue is about 3.8 ~ 28 m™ at
434 MHz; the penetration depth of ultra-short pulsed
microwave was up to 26.2 cm for fat, bone, and tissues

with low water content, while for muscle skin and
tissues with high water content, its penetration depth
is about 3.57 c¢cm [45]. Thereupon, in a soft tissue
phantom, TA image of HSA-SPIO solution in a plastic
tube embedded about 1 cm from the surface of muscle
was acquired. TA contrast within the red dotted circle
where HSA-SPIO embedded inside showed obvious
enhancement (Fig S3A). The average TA signals
within the red dotted circle showed ~2.4-fold
improvement compared to those of the surrounding
muscle tissues (Fig S3B). This implied that HSA-SPIO
could serve as an effective TA imaging contrast agent.
Since, SPIO is also a T2 contrast agent for MRI, the
superparamagnetism of HSA-SPIO was evaluated.
The homogeneously dispersed HSA-SPIO showed a
fast response to the external magnetic field (Fig. 54
insert). As showed in saturation magnetization
curves, the saturation magnetization value (Ms) of
HSA-SPIO was 71.3 emu g lower than that of SPIO
(79.8 emu g), because the HSA on the SPIO reduced
the total ferrite content in HSA-SPIO. Neither SPIO
nor HSA-SPIO showed hysteresis loops, and both of
these possessed strong superparamagnetism (Fig. S4).
Then, the relaxation rate (1/T2) of HSA-SPIO was
measured by a medical 1.5 T MRI instrument. MRI
signals were significantly decreased with increase in
iron concentration, as showed in the T>-weight MRI
(Fig. S5A). The transverse relaxivity (r2) was 53.7 mM-1
s (Fig. S5B), which revealed its good capability to be
a T» negative contrast agent. Above all, these results
indicated that HSA-SPIO could serve as a dual mode
contrast agent for both MRI and TA imaging.
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Figure 2. TA properties of HSA-SPIO. (A) Microwave-pumped TA signal of HSA-SPIO at various concentrations. (B) Linear fit of TA signal intensity in corresponding
concentrations. (C) TA tomography imaging of HSA-SPIO solution at different concentrations. (D) Linear fit of TA signal intensity.

Cytotoxicity and hemolysis assay

Before intravenous injection with HSA-SPIO, we
further confirmed its biocompatibility by evaluating
the cytotoxic characteristics and hemolysis rate in
vitro. Different concentrations (0.0625, 0.125, 0.25, 0.5,
1, 2 mg mL") of HSA-SPIO were incubated with 4T1
cells for 24 hours or 48 hours. The cells retained their
viability even on incubation with 2 mg mL? of
HSA-SPIO for 48 hours (Fig. S6A). The hemolytic
behavior of HSA-SPIO at different concentrations
(0.0625-2 mg mL1) as well as that of the negative
control exhibited negligible hemolysis; all HR% were
below 1% (Fig. S6B). Except for that in the positive
control group, no visible broken erythrocyte was
observed (insert of Fig. S6B), which indicated that
HSA-SPIO did not cause erythrocyte membrane
damage. Therefore, HSA-SPIO showed good
biocompatibility and safety for in vivo imaging and
therapy.

In vivo MRI/TA imaging of tumor model

For tumor therapy, it is vital to accurately detect
tumor region, and ensure accumulation of the
nanoagents in the entire tumor mass. Herein,
HSA-SPIO (1 mg mL1, 0.1 mL) as a T2 contrast agent
of MRI was intravenously injected into the mice

bearing subcutaneous 4T1 breast tumors. Sagittal
plane images of mice were acquired before and after
administration of nanoparticles (Fig. 3A). The red
circles indicated the area where the tumor was
located. After intravenous injection of HSA-SPIO, the
MRI signal in tumor regions was obviously decreased.
At 4 hours post-injection, the tumor region appeared
noticeable darkened, which indicated a large
accumulation of HSA-SPIO in the tumor. The
quantified Tr-weighted MRI signal of tumor also
showed a gradual decrease. Between 4 and 24 hours
post-injection, the tumor MRI signal recovered to
some extent, which suggested that the HSA-SPIO was
gradually cleared from the tumor (Fig. 3B). Therefore,
the MRI images showed tumor localization and
indicated the dynamic distribution of HSA-SPIO in
tumor. Furthermore, TA imaging of tumor also
showed obvious TA contrast enhancement at 4 hours
after injection (Fig. 3C). The average TA signals in the
tumor region were significantly increased (Fig. 3D),
which was consistent with the MRI results. The
enhancement of TA signals was attributable to
HSA-SPIO accumulation and retention in tumor at 4
hours after injection. This time point was critical for
subsequent microwave induced TA therapy. The
above findings indicated that HSA-SPIO could be
used as an MRI contrast agent for delineation of the
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tumor, while it also served as TA imaging contrast
agent to indicate the TA effect enhancement in tumor.
In addition, the distribution of HSA-SPIO was further
confirmed by Prussian blue staining which showed
positive staining for iron. The major organs and tumor
were collected at 4 hours after intravenous injection
with nanoparticles. In the tumor slice, many staining
spots could be observed, which showed rich
accumulation of HSA-SPIO in the tumor. It was
correlated well with the in vivo MRI/TA imaging
results (Fig. S7A). The Fe levels of major organs and
tumors were measured by ICP-MS at 4 hours
post-injection. The Fe levels in tumor tissue were up
to ~ 22%ID g™ which is attributable to HSA-SPIO
accumulation. While the high Fe levels of liver and
spleen were mainly attributed to the uptake of
nanoparticles by macrophages in reticuloendothelial
systems (RES) (Fig. S7B). The capability of TA
imaging contrast enhancement and high tumor
accumulation inspired us to use HSA-SPIO for TA
therapy.

Evidence of TA shockwave destruction and in
vitro cancer cell viability test

In order to evaluate the destructive effect of TA
shockwave, HSA-SPIO was enwrapped with a
cell-like alginate-polylysine-alginate ~microcapsule
[46] (Fig. S8A). Irradiation with ultra-short pulsed
microwave broke the microcapsules (Fig. S8C). In
contrast, microcapsules without HSA-SPIO
maintained good morphology (Fig. S8B) even
irradiated with microwave for 10 min (Fig. S8D).
These results implied that the HSA-SPIO under
microwave-pulse excitation could generate a
powerful TA shockwave that destroyed the
membrane. Thereafter, the killing effect of TA
shockwave for cancer cells was tested. Firstly,
HSA-SPIO was labeled with FITC (FITC-HSA-SPIO)
and incubated with 4T1 cells for different durations of
time. Low fluorescence of FITC-HSA-SPIO was
observed on the cell membrane after incubation for 1
hour. Two hours later, bright fluorescence was
observed in the membrane and cytoplasm (Fig. S9),
indicating the accumulation of FITC-HSA-SPIO, and
which is likely related to the interaction of HSA
sheath with cell surface glycoprotein receptor or
SPARC. Cell membranes permeability is known to
increase with initiation of cell injury. The increase in
cell membranes permeability would allow the
translocation of fluorescent dyes into the nucleus [47].
In this study, propidium iodide (PI) as a qualitative
indicator of the cell plasma membrane integrity was
used for assessing the loss of cell membrane integrity
caused by the TA shockwave. PI could not penetrate
viable cells, while it was able to penetrate

comparatively leaky membranes [48]. After
incubation with HSA-SPIO for 2 hours, PI was added
and immediately irradiated with microwave for 5
min. In the microwave-alone or HSA-SPIO-alone
treatment groups as well as in the control group, the
cells retained their morphology, and no fluorescence
was observed in the nucleus. In contrast, in the
HSA-SPIO+microwave group, 4T1 cells displayed red
fluorescence in nucleus, which indicated that the
enhanced membrane permeability allowed PI
infiltration into cells (Fig S10). It implied that the
powerful TA shockwave of HSA-SPIO impaired the
cell membrane integrity while the cell membrane
damage was related to cell death [49]. Subsequently,
cell viability after treatment with microwave and
various concentrations of nanoparticles was assessed
by Cell Counting Kit-8 (CCK-8) assay. After 24 hours
of incubation with HSA-SPIO, the relative viability of
cells sharply decreased with the increase in the
concentration of HSA-SPIO on irradiation with
microwave (Fig. 4A). To further visually identify the
cell killing capability of TA effect, 4T1 cells were
incubated with HSA-SPIO (0.2 mg mL?) and
irradiated with ultra-short pulsed microwave. Six
hours later, 4T1 cells were stained with Hoechst 33258
to directly observe the live and death/apoptotic cells.
Cells in the HSA-SPIO+microwave group showed
more bright blue fluorescence in condensed
chromatin of nucleus than that in other groups (Fig.
4B). It indicated that HSA-SPIO under ultra-short
pulsed microwave radiation had induced cell
death/apoptosis. Finally, flow cytometry assays
(FACS) was used for quantitative analysis of the
tumor cell killing effect. The apoptotic cells were
stained by Alexa Flour 488-annexin V, while the
necrotic cells were stained with propidium iodide
(PI). Low apoptotic and necrotic rates were observed
in cells treated only with nanoparticles or microwave,
which showed negligible differences from those in the
control group; this further confirmed the safety of the
nanoparticles and microwave for cells. Notably, the
cells treated with HSA-SPIO and microwave showed
a remarkable increase in cell apoptosis and death (Fig.
4C). Statistical analysis suggested that TA effect of
HSA-SPIO induced apoptosis of 79% of the cells
(annexin V-FITC positive cells; Fig. 4D), which
indicates that the mechanism of TA therapy is mainly
due to cell apoptosis rather than necrosis. The above

findings proved that HSA-SPIO pumped by
ultra-short pulsed microwave could generate
powerful TA shockwaves, which mechanically

destroys the membrane structure of cells thus
showing high-efficacy for causing cancer cell death.
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Figure 3. In vivo multimodal imaging. (A) T>-weighted MR images of 4T1 tumor-bearing mice after intravenous injection of HSA-SPIO. (B) T2 signal intensity in the
tumor region. (C) TA images of mice before HSA-SPIO injection and at 4 h post-injection. (D) TA signal intensity of tumor region.
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In vivo TA therapy

Motivated by the tumor accumulation of
HSA-SPIO and its powerful TA effect to
highly-efficiently kill cancer cells, in vivo TA therapy
was performed in 4T1 tumor-bearing mice. Mice were
randomly divided into four groups for different
treatments: microwave irradiation, HAS-SPIO
injection, no treatment or both microwave irradiation
and HAS-SPIO injection. Evaluation of tumor volume
showed a remarkable inhibition of tumor growth only
in the HSA-SPIO+microwave group, whereas in the
other treatment groups, tumor showed a comparable
trend of rapid growth (Fig. 5A). The representative
mice photos showed the change in tumor size before
TA treatment and 21 days later (Fig. 5B), which
suggest that neither HSA-SPIO nor microwaves, per
se, affect tumor development. Histological analysis of
tumor tissue in different treatment groups at two days
post-treatment showed almost no damage to tumors
in the control, microwave-alone and HSA-SPIO-alone

249 ——Control

- —s—Microwave

> 211 ——HSA-SPIO

> —+—HSA-SPIO+Microwave

21

groups. In marked contrast, the tumor tissue sections
from the HSA-SPIO+microwave group showed
abundant karyorrhectic debris and considerable
karyolysis, which indicated a significant damage to
cancer cells (Fig. 5C). The tumor slices were further
stained by terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) to evaluate the
treatment efficacy. Tumors treated with HSA-SPIO
and microwave irradiation showed  bright
fluorescence, which implies remarkable cell
apoptosis, while only background level fluorescence
was observed in the other treatment groups (Fig. S11).
These findings were consistent with the results of
H&E staining. Furthermore, survival curves for the
different groups showed that life span of mice in the
control, HSA-SPIO-alone and microwave-alone
groups were not more than 34 days (Fig. 5D).
However, mice in the HSA-SPIO+microwave group
survived for over 50 days.
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Control

p =

+Microwave HSA-SPIO Microwave
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Figure 5. TA therapy in subcutaneous xenograft tumor model. (A) Relative volumetric change in tumor size in various treatment groups (Vo = tumor volume at the
time of microwave treatment). Data presented as mean * SD (n = 6); (B) Representative photographic images showing effect of different treatment on tumors pre-
and post-21 days of treatment; (C) Histopathological examination of the excised tumors 48 h after treatment (H&E stained representative specimens at

10xmagnification). (D) Survival rate of mice bearing 4T1 tumor by study group.
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TA therapy is a recently proposed therapeutic
technique, which is different from the microwave
thermal therapy. Herein, the temperature change of
deionized water and HSA-SPIO solution were
recorded by infrared thermal camera before and after
microwave irradiation. No more than * 1 °C
temperature change was found in infrared thermal
imaging pictures even after microwave irradiation
with high concentration of HSA-SPIO (8 mg mL) for
10 min (Fig. S12A, B). After intravenous injection of
HSA-SPIO, the  thermographic images  of
tumor-bearing mice showed negligible increase in the
temperature of the tumor region (Fig. S12C), which
indicated that there was just a tiny temperature
increase during TA therapy. These results showed
that HSA-SPIO mediated TA therapy efficiently
inhibited tumor growth, which prolonged the life
span of tumor-bearing mice, while its mechanism of
action did not depend on hyperthermia.

HSA-SPIO Microwave Control

HSA-SPIO
+Microwave

Analysis of side effects

HSA has already been approved by FDA [16, 41,
50] and various non-toxic and biodegradable
formulations of SPIO are available for using as
contrast agents for MRI [33, 51, 52]. However, it was
necessary to evaluate the potential side effects of
nanoparticles, microwave and TA therapy.
Histological analysis of the major organs of mice
including heart, liver, spleen, lung, and kidney
showed no obvious signs of organ damage or
inflammatory lesions in the HSA-SPIO, microwave
irradiation or HSA-SPIO+Microwave groups as
compared to that in the control group (Fig. 6A). Body
weights of mice were monitored during the entire
treatment course. No significant difference was
observed between the treatment and control groups in
this respect (Fig. 6B), which indicated that neither
HSA-SPIO nor the therapeutic approach resulted in
acute fatal toxicity.
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Figure 6. Side effects of TA therapy. (A) Representative H&E stained sections of major organs (heart, liver, spleen, lung, and kidney) at 10xmagnification. (B) Body
weights of mice were measured during the 21-day evaluation period under different conditions. Data presented as mean + SD (n=6).
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Representative photographic images of tumors in different treatment groups at post-21 days; (C) Tumor weight in different treatment groups 21 days after treatment.
Data presented as mean + SD (n=5). (D) Representative H&E-stained sections of tumor tissue from different treatment groups (10% magnification).

TA therapy in orthotopic tumor model

The excellent performance of HSA-SPIO in
tumor accumulation, cell killing effect as well as the
highly-efficient TA therapy in subcutaneous tumor
models inspired us to further explore their potential
application in deep-seated tumor models, given the
deep penetrability of microwave in tissues.
Orthotopic breast tumors were inoculated into the
mammary fat pad of mice to establish a deep-seated
tumor model. Mice photographs were recorded
before TA treatment and 21 days later. Tumors in the
HSA-SPIO+Microwave group were confined in situ
and its growth was inhibited, while tumors in the
other groups showed rapid growth (Fig. 7A). Mice
were sacrificed 21 days later and the size/weights of
tumors were compared (Fig. 7B). Mean tumor weight
in the HSA-SPIO+Microwave group (0.15 + 0.05 g)
was significantly lower than those in the control (0.72
+ 0.03 g), microwave-alone (0.68 + 0.05 g) and
HSA-SPIO-alone (0.68 + 0.06 g) groups (Fig. 7C). On
histological examination, tumor sections from the

HSA-SPIO+Microwave group showed more vacuoles,
condensed nuclei, and change in cell shapes
consistent with severe injury, while no obvious cell
destruction was observed in the other groups (Fig.
7D). All of the above results indicated that the TA
effect of HSA-SPIO pumped by pulsed microwave
could not only inhibit tumor growth in the
subcutaneous xenograft tumor models but also in the
deep-seated tumor models.

Discussion

Multifunctional nanoparticle-mediated micro-
wave thermal therapy has been shown to be highly
efficient in ablating tumors [53-58]. It shows great
promising in cancer therapy, which combines the
advantages of deep tissue penetrability with excellent
safety and efficacy. In order to explore the potential of
microwave therapy for clinical application, we
developed a new cancer therapeutic approach named
TA therapy, which is based on the thermoelastic effect
of mitochondria-targeting single wall carbon
nanotubes (SWNTs) pumped by pulsed microwave
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[32]. TA therapy differs from microwave thermal
therapy in several respects. Firstly, the microwave
generation source is different. The microwave thermal
therapy used a continuous microwave source, while
TA therapy employs ultra-short pulsed microwave.
The pulse repetition frequency and pulse energy of
ultra-short pulsed microwave is adjustable which was
closely related to the treatment efficiency. Secondly,
the microwave thermal therapy employs use of
microwave susceptible agents such as ionic liquid to
absorb the continuous microwave energy, which is
then transferred to the kinetic and interionic energy.
Thereafter, the energy is transformed into Joule
heating of salt ions. The ionic liquid was encapsulated
in the microcapsule, leading to more frequent
interactions between salt ions, and rapid increase in

temperature. In contrast, nanoagents such as
mitochondria-targeting SWNTs absorb pulsed
microwave energy and transform it into TA

shockwave which causes selective destruction of the
targeted mitochondria followed by apoptosis of
cancer cells. Based on the theory of TA effect, the
contrast agent absorbed pulsed microwave and
converted into heat. The nanoagents are instantly
heated and undergo rapid thermal expansion, and the
energy is ultimately released in the form of TA
shockwave [59]. Similar to the photoacoustic effect,
once the microwave absorber absorbs a microwave
pulse with a temporal duration of tp, the thermal
diffusion length during the pulse period can be
estimated by 0r = 2,/ Dytp, where Dr is the thermal
diffusivity of the sample, and a typical value for most
soft tissues was Dr =~ 1.4x1073 cm2/s [60]. Given that
microwave power dissipation in a region was uniform
and so rapid, the ultra-short pulsed microwave (t,=10
ns) induced thermal diffusion in biological tissues
would be negligible (81 = 0.075 pm) [61]. On the other
hand, if the pulse width of the excited microwave is
less than the thermal relaxation time, the
instantaneous temperature rise in tissues is expressed
by the equation AT=E./C,p, where E, is the energy
density per volume. As an example, the parameters
for muscle tissue are C, = 3.7 J/(gK) and p ~ 1.06
g/cm3. The nanosecond pulsed microwave with a 10
ns pulse width, energy density per area of 400 1] /cm?
and penetration depth of about 3.57 cm will result in
an instantaneous temperature rise of
0.4/3.57/(3.57x1.06)= 0.03 mK. Even on irradiation
for 10 min, the total temperature rise using a
nanosecond pulsed microwave will be 0.18 K, which
can be almost ignored. Moreover, the
thermoregulatory mechanism of the human body
further reduces the temperature increment [62]. Based
on these, it can be theoretically predicted that pulsed
microwave hardly caused thermal damage. We

believe that the TA therapeutic effect does not depend
on hyperthermia, thus it did not cause damage to
normal tissues or drug resistance. Lastly, the
shockwave generated in TA therapy can be acquired
and reconstructed to realize TA imaging. TA imaging
with relative low energy microwave and low
concentration of contrast agents affords greater
resolution and contrast. It provides real-time
information of change in TA signals and dynamic
distribution of nanoagents in the tumor, which allows
choosing the right time for the subsequent TA
therapy. TA imaging shows good prospects for early
detection of localization and to monitor dynamic
distribution of nanoagents. Moreover, TA therapy
induced by high doses of microwave and nanoagents
showed evident anti-tumor effects for a deep-seated
tumor model due to deep penetrability of microwaves
in biological tissue. Therefore TA imaging and
imaging guided therapy as a new theranostic
technique is worthy of further research and
development in a standard ultra-short pulsed
microwave platform.

Our preliminary results show cell apoptosis to be
the main mechanism of cell death caused by TA
therapy. It is considered to be better for cancer cell
elimination because apoptotic cells could afford more
tumor antigens and induce high immune response
[63]. We believe that the TA shockwave in TA therapy
is essentially similar to the cavitation effect reported
in photoacoustic therapy [4]. Pulsed microwave with
0.5 ps-pulse width was shown to induce TA effect on
tissues by causing increase in pressure of the order of
several hundred Pascals [64]. In this study, the
absorption  coefficient of HSA-SPIO as a
microwave-absorbing agent was shown to be several
times or even several dozen times higher than that of
biological tissue at 434 MHz [35, 45, 60], which would
enhance the TA pressure on HSA-SPIO several
dozen-fold higher than that on biological tissue.
Moreover, the development of ultra-short pulsed
microwave has shown that TA pressure pumped by
pulsed microwave with a 10 ns-pulse width could be
enhanced hundred-fold of that with 0.5 ps-pulse
width [30]. Therefore, benefiting from the ultra-short
pulsed microwave with 10 ns-pulse width and SPIO
as a microwave-absorbing agent, the TA pressure of
ultra-short pulsed microwave pumped SPIO would
enhance several hundreds or even thousand-fold than
microwave (0.5 ps-pulse width) pumped tissues
(hundreds Pascals) and could be up to 0.1 MPa, which
was shown to be sufficient to cause cavitation and
induce cell apoptosis [65]. Based on this, TA
shockwave destroys the cell membrane, leads to
influx of extracellular Ca?* followed by degradation of
the actin network, and produces a dramatic blebbing
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response [66]. Moreover, micro-explosion in
lysosomes triggers release of lysosomal proteases, and
activation of caspases, thereby inducing cell apoptosis
[67]. Overall, TA shockwave probably causes
mechanical destruction of the cell membrane or
lysosomes, enhances cell permeability and triggers
cell apoptosis [46, 47, 66].

In this study, although some of large HSA-SPIO
exceeded 200 nm, HSA-SPIO was found to have a
good safety profile as a nanoprobe and did not cause
obvious cytotoxicity and in wvivo toxicity, which
indicate their excellent biocompatibility. Therefore,
HSA-SPIO consisting of two safe components shows
great potential to be a clinical theranostic agent.
Firstly, the albumin layer prevents recognition by the
reticuloendothelial system (RES) to a large extent,
meanwhile increases stability in plasma and prolongs
the circulation time, which is attributed to the
protection conferred by the albumin layer and the
more permeable microvascular environment of the
tumor tissue, i.e. the EPR effect (enhanced
permeability and retention effect). Furthermore, the
interaction of the HSA sheath with cell surface
glycoprotein (gp60) receptor (albondin) and/or
SPARC (secreted protein acid and rich in cysteine)
expressed on the surface of various types of cancer
cells facilitates the transportation of the nanoparticles
[68, 69]. This targeted interaction also plays an
important role in tumor accumulation and explains
the excellent cellular uptake. In addition, significant
magnetism of SPIO makes it a good MRI probe with
the ability to realize magnetic targeting in future
applications.

Microwave irradiation exposes a relatively large
area of the body to microwave field. Protection of
normal tissues from microwave-induced damage is
essential to safe clinical application in future. In
particular, prolonged accumulation of nanoagents in
metabolically active organs such as liver and kidney is
a key concern. Therefore, improving the targeting of
nanoagents and reducing the microwave dose are two
straight forward ways to minimize the potential side
effects. Development of focused pulsed microwave
has made treatment of specific solid tumors feasible
with minimal damage to normal tissues. Moreover,
covering of normal parts with metallized knitted net
fabrics protects against microwave radiation. Further
development of TA therapy aim at the specific tumor
sites by designing different metallized knitted net
fabrics clothes and radiating local tumor sites.

Conclusion

In this study, we for the first time attempted to
develop HSA-SPIO as a theranostic agent for MRI and
TA imaging guided therapy in an ultra-short pulsed

microwave platform. HSA-SPIO comprising of two
clinically used components shows great potential to
be a multifunctional agent in clinical settings. It not
only provided clear anatomical image on MRI, but
also showed a high sensitivity for detection of
nanoprobes accumulation and TA effect enhancement
in tumor region, which provided comprehensive and
complementary information of tumor. More
importantly, HSA-SPIO mediated TA therapy
achieved outstanding anti-tumor effect even for the
deep-seated tumor model, because of the great
microwave-absorbing  properties of HSA-SPIO,
ultra-short pulsed microwave with high energy
conversion efficiency to excite shockwave and deep
penetrability for biological tissue. Fortunately, the
mechanism of TA therapy was based on the TA
effect-induced cavitation and did not depend on
hyperthermia, which avoid the thermal injury to the
contiguous healthy tissues. Therefore, thermoelastic
effect of multifunctional nanoprobes pumped by
ultra-short pulsed microwave shows great promising
for further development as a versatile technique for
visualizing tumor localization, monitoring
distribution of nanoprobes and highly-efficiently
inhibiting tumor growth.
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