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a b s t r a c t

Since most cancer nanomedicine relies on the enhanced permeability and retention (EPR) effect to erad-
icate tumors, strategies that are able to promote nanoparticle (NP) delivery and extravasation are presup-
posed to elevate the EPR effect for more effective cancer therapeutics. However, nanothermotherapeutics
still suffers from limited drug delivery into tumor sites, for even though numerous efforts have been
made to enhance the selective tumor targeting of NPs. In this study, we uncovered that radial extracor-
poreal shock wave therapy (rESWT), an important approach in physical therapy that has been overlooked
in cancer treatment in the past, can largely improve the EPR-dependent tumor uptake of NPs. We here
defined the optimal low dosage and desirable combinatory manner for rESWT in driving NP accumulation
towards tumors. Two underlying biophysical mechanisms responsible for the rESWT-enhanced EPR effect
were proposed. On one hand, rESWT-conducted compressive and tensile forces could relieve high
intra-tumoral pressure; on the other hand, rESWT-induced cavitation bubbles could directly distend
and disrupt tumor blood vessels. All these together synergistically promoted vessel vasodilation, tumor
perfusion and NP extravasation. Further experiments revealed that the combinatory therapeutics
between rESWT and nanothermotherapeutics greatly improved the tumor-killing efficacy. Thus, our
findings open a new path to improve EPR-mediated drug delivery with the assistance of rESWT.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Through making best use of the enhanced permeability and
retention (EPR) effect, nanoparticles (NPs) could more readily
localize in tumor tissues than in normal tissues [1–3]. The EPR
effect is explained by abnormal vessels, in form and architecture,
including the poorly organized alignment of endothelial cells and
a deficiency of the smooth muscle layer [4]. Any exotic and
endogenous factors that could promote the delivery and extravasa-
tion of NPs are believed to enhance the EPR effect in solid tumors
[5–7]. Nonetheless, despite recent encouraging progresses, insuffi-
cient targeting and limited tumor localization impede the satisfac-
tory efficacy of nano-drugs in cancer treatment [8]. Drug delivery
towards tumors substantially relies on the perfusion efficiency of
blood vessels, including capillaries. Meanwhile, growth-induced
high intra-tumoral pressure otherwise compresses tumor vascula-
Elsevier B.V. and Science China Pr
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tures, leading to poor blood perfusion and blocked drug delivery
[9–11]. To this end, even sophisticatedly designed NPs with active
targeting ligands cannot be effectively delivered into tumors, with
less than 0.0014% of the injected dose eventually reaching the tar-
geted cancer cells [12]. Therefore, thus far, a myriad of approaches
is being explored to favor the delivery and extravasation of nano-
drugs from blood vessels into tumor microenvironment.

Radial extracorporeal shock wave therapy (rESWT) has long
been exploited to treat inflammation-related disorders, muscu-
loskeletal diseases, cardiac ischemia, and wound healing [13–17],
while a rather limited understanding has been achieved in
rESWT-related cancer therapeutics. In reality, the permeability of
the tumor vasculature and regional blood flow are significant fac-
tors in governing the EPR effect [18]. rESWT has been demon-
strated to expediate the gap formation within the blood vessel
endothelial walls through which rESWT could expel the proinflam-
matory intermediates, including prostaglandin E2 (PGE2) and
5-hydroxytryptamine (5-HT), to ameliorate the inflammation
symptoms [14,19]. Similar to ultrasound [20], tumor architecture
ess. All rights reserved.
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may be altered to increase leakiness by rESWT-induced cavitation
bubbles, and blood flow could also be remarkably boosted in
response to rESWT [14]. Under this setting, rESWT-induced
endothelial leakiness should supposedly favor the delivery and
extravasation of nano-drugs into the tumor microenvironment
and thereby reinforce tumor targeting and the following treat-
ment. In fact, recent burgeoning evidence indicates that extracor-
poreal shock wave (ESW) is applicable to treat tumors, due to
increased plasma membrane permeability and intracellular drug
concentration that are ascribed to ESW-driven cavitation
[21–23]. Thus, it would be of proven importance to extend ESW
applications in cancer therapeutics, although a wider caliber of
combinatory therapies and deeper understanding of molecular
mechanisms are warranted.

The primary objective of the current study is to test the hypoth-
esis that rESWT increases the EPR effect of nano-drugs for greater
cancer nanotherapeutics. Our combined results demonstrated that
rESWT robustly reinforces cancer nanothermotherapeutics by
increasing NP extravasation. This study unearthed the great value
of rESWT in combination with nanomedicine in cancer
therapeutics.
2. Materials and methods

2.1. Materials

Cholesterol, dipalmi-toylphosphatidylcholine (DPPC) and poly-
ethylene glycol (PEG) conjugated distearinphosphatidyl ethanola-
mine (DSPE-mPEG5k) were purchased from the J&K Scientific Ltd.
and the Shanghai Ponsure Biotech Inc., respectively. 1,10-Dioctade
cyl-3,3,30,30-tetramethylindocarbocayanine perchlorate (DiI) and
1,10-dioctadecyl-3,3,30,30-tetramethylindotricarbocyanine iodide
(DiR) were obtained from the AAT Bioquest Inc. PEG-coated gold
nanoparticles (AuNPs) and gold nanoshells (AuNSs) were pur-
chased from nanoComposix company (San Diego, CA, USA). High
pure nitric acid and hydrochloric acid were purchased from the
Sinopharm Chemical Reagent Co. (Beijing, China). Ultrapure water
was obtained from a Milli-Q Gradient system (SAS-67120, Milli-
pore, Molsheim, France).
2.2. Liposome synthesis

To prepare DiR/DiI-liposome NPs following a standard method,
as described previously [24]. Briefly, the mixed solutions of DPPC,
cholesterol, DSPE-mPEG5k and DiR/DiI at a molar ratio of
6:4:0.5:0.25 was dissolved in 1 mL chloroform, and was then dried
using a vacuum freeze-drying machinery. Next, the dried lipid film
was hydrated with 1 mL phosphate buffered saline and stirred at
45 �C for 1 h, followed by extrusion through a 200 nm polycarbon-
ate filter for 20 times and then a 100 nm polycarbonate filter for 20
times.
2.3. Characterization of NPs

The morphology of DiR/DiI-liposome NPs stained with 1.5%
phosphotungstic acid was examined under a transmission electron
microscopy (TEM, H-7500, Hitachi, Japan). AuNPs and AuNSs were
visualized on a high-resolution TEM instrument (JEM-2100F, JEOL,
Japan). The hydrodynamic diameter and zeta potential in deionized
water were determined on a Zetasizer instrument (Malvern Nano
series, Malvern, UK). Absorbance spectra of all NPs were recorded
on a Shimadzu ultraviolet–visible–near-infrared (UV–vis–NIR)
absorption spectrometer (UV-3600, Shimadzu Co., Japan).
2.4. Animal models and experimentation

Female BALB/c mice (6–8 weeks old, body weight weighing
around 20 g) were purchased from the Vital River Laboratories
(Beijing). All animal experimentation was approved by the Animal
Ethics Committee at the Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences. To establish the xenotrans-
planted tumor model, 2.0 � 105 CT26 cells were first suspended in
50 lL diluted Matrigel (Corning, USA), and were then subcuta-
neously injected into the right rear region on the back. Tumor vol-
ume was closely monitored using a caliper and calculated
according to the formula used in related studies: vol-
ume = length �width2/2 [25–27]. When the tumor size reached
100–120 mm3, the following treatments were launched.

2.5. In vivo fluorescent imaging of DiR-liposome

For in vivo fluorescent imaging of DiR-liposome NPs, 25 mice
bearing comparable CT26 tumors were randomly divided into 5
groups: (1) the control group with DiR-liposome NP injection only;
(2) and (4) groups with DiR-liposome NP injection 20 min prior to
rESWT administration; (3) and (5) groups with DiR-liposome NP
injection immediately after rESWT. To explore the optimal dosage,
parameters for rESWT were set as follows, (i) 250 impulses with
1 bar and 1 Hz, equivalent to 0.04 mJ/mm2 in 3 mm depth per sec-
ond, referred to as rESWTlow; (ii) 500 impulses with 1 bar and 2 Hz,
equivalent to 0.08 mJ/mm2 in 3 mm depth per second, referred to
as rESWThigh. After intravenous (i.v.) administration of 100 lL
DiR-liposome NPs (at 1.25 mg/kg body weight) with or without
different rESWT treatments, mice were anesthetized and imaged
under a Xenogen IVIS spectrum (Caliper Life Sciences, USA) over
the time course. The DiR fluorescence intensity was quantified
using the average radiant efficiency ((photons/sec/cm2/stera-
dian)/(lW/cm2)), as previously described [26].

For further quantitative analysis, mice were sacrificed at 24 h
post treatment, the obtained tumors were weighed and homoge-
nized in lysis buffer (containing 1% sodium dodecylsulfate (SDS),
1% Triton X-100, 10 mmol/L ethylenediaminetetraacetic acid
(EDTA), 10 mmol/L dithiothreitol (DTT) and 40 mmol/L Tris acet-
ate) with a tissue homogenizer. After centrifugation at 3000 r/
min for 5 min, a multimode microplate spectrophotometer (Var-
ioskan Flash, Thermo Fisher Scientific, US) was used to determine
the fluorescence intensity of the clear homogeneous supernatants.
To calculate the percentage of injection dose (ID%), the fluores-
cence intensity of DiR-liposome NPs was also measured.

2.6. Specimen digestion and Au mass determination

Aumass in each tumor specimen was quantified using an induc-
tively coupled plasmamass spectrometer (ICP-MS, 8800 series, Agi-
lent Technologies, Santa Clara, CA, USA). In brief, tumor samples
were digested in a solution containing 400 lL of hydrochloric
acid-nitric acid (3:1) at 75 �C overnight. And the digested solutions
were diluted to 8 mL with the acid concentration below 5% (v:v),
followed by ICP-MS analysis, as previously described [28].

2.7. Immunofluorescent staining

To visualize the tumor microvascular architecture, CD31
immunofluorescent staining was conducted according to an estab-
lished protocol [24,29]. Immediately after treatment, fresh tumor
tissues were imbedded in OCT compound, and then cut into
10 lm frozen slices. Afterwards, all slices were first incubated with
rat-anti-mouse CD31 primary antibody (dilution 1:100, Biolegend
Inc., CA, USA), and were then stained with a rhodamine conjugated
goat-anti-rat secondary antibody (dilution 1:100, Protein-
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tech Group Inc., USA). After counter-staining with 4,6-diamino-2-
phenyl indole (DAPI), the fluorescent pictures were imaged on a
confocal laser scanning microscopy (CLSM) instrument.

To characterize the diffusion of DiI-liposome NPs through
tumor vessels after rESWT, mice bearing comparable CT26 tumors
with or without rESWT were immediately i.v. injected with DiI-
liposome NPs. Twenty-four hours later, all tumor samples were
harvested and processed following the same method, as described
above, where a goat-anti-rat secondary antibody conjugated with
FITC was used instead (dilution 1:100, Proteintech Group Inc.).
Quantitative analyses of blood vessel percentage, effective vascular
area and positive red pixel region of DiI-liposome NPs were carried
out with Image J software (NIH, Bethesda, MD, USA).

2.8. Tumor perfusion evaluation

To evaluate the blood flow of intra-tumoral microvasculature,
the mice were placed on a power Doppler imaging equipment
(Visualsonic Vevo� 2100 LAZER, Toronto, Canada) immediately
after treatment. The instrument parameters were set as follows,
frequency 32 MHz, Doppler gain 35.0 dB, depth 10.0 mm and
width 14.0 mm.

2.9. In vivo combinatory nanothermotherapeutics with rESWT

Mice bearing comparable CT26 tumors were randomly divided
into 6 groups: (I) control group; (II) rESWT group; (III) NIR group;
(IV) rESWT + NIR group; (V) AuNSs + NIR group; (VI) rESWT
+ AuNSs + NIR group. rESWT (250 pulses, 0.04 mJ/mm2 per pulse)
was first conducted to group II, IV and VI. Immediately after
rESWT, 100 lL of AuNSs (at 2 mg/kg body weight) were i.v.
injected into group VI. Even without rESWT, the same mass of
AuNSs were i.v. injected into group V. Twenty-four hours later,
mice in group III, IV, V and VI were subjected to 808 nm laser irra-
diation with the power density of 1 mW/cm2 for 5 min. Mean-
while, a thermal camera (FLIR Systems Inc., USA) was employed
to record the real-time temperature and thermal images of the
tumors. The same procedure was repeated twice on day 2 and
day 4. The tumor volumes were recorded every other day, And
the body weight changes were also monitored.

2.10. Statistical analysis

Experimental data were represented as mean ± standard
derivation (SD). Independent t-test or one-way ANOVA test was
carried out to determine the statistical significance. The statistical
significance was set with *P < 0.05 and #P < 0.001.
3. Results

3.1. Identifying optimal rESWT therapeutics in driving the tumor
uptake of NPs

To probe the possibility of rESWT in promoting the EPR effect in
cancer therapeutics, we first endeavored to figure out the optimal
strategies, including dosage and combinatory manner, using a
model material: DiR-labeled liposome NPs, which bear strong
in vivo fluorescence [25,26,30]. We synthesized uniform, sphere-
like liposome NPs with similar diameters of approximately
100 nm, as characterized by TEM analysis (Fig. 1a). The UV–vis–
NIR absorption spectrum of DiR-liposome NPs revealed a charac-
teristic peak around 755 nm, consistent with that of DiR (Fig. 1b).
Dynamic light scattering (DLS) showed that the average hydrody-
namic diameter of the DiR-liposome NPs was approximately
106 nm, and these NPs were negatively charged (Table S1 online).
Next, we looked for the desirable dosage of rESWT in improving
the EPR effect. Since ESW at high intensity would likely cause dam-
age to tumors and surrounding tissues [21,31,32], two dosages
with relatively low energy flow density (EFD) were thereby chosen
based on our previous study [33], 0.04 mJ/mm2 (here, referred to as
rESWTlow) and 0.08 mJ/mm2 (here, referred to as rESWThigh) specif-
ically. Furthermore, to determine the preferential manner of
rESWT in combination with NPs, two models were conducted,
i.e., model 1 with an i.v. injection of DiR-liposome NPs through tail
vein 20 min before rESWT, and model 2 with an i.v. injection of
DiR-liposome NPs immediately after rESWT (Fig. 1c). To address
these questions, we established a xenotransplantation mouse
model of colon cancer cells with similar tumor size in all groups
prior to treatment, as delineated in Fig. 1c. Fig. 1d–f showed an
overall trend of enhanced uptake of DiR-liposome NPs upon rESWT
compared to the group without rESWT. Regarding the dosage, the
higher dose at 0.08 mJ/mm2 did not improve NP uptake into
tumors compared with the lower dose at 0.04 mJ/mm2, even with
a modest increase (Fig. 1d–f). With respect to the combinatory
mode of rESWT, overall, model 2 overall appeared better in gather-
ing DiR-liposome NPs than the model 1 over time (Fig. 1d–f,
P < 0.05). Twenty-four hours after the administration of DiR-
liposome NPs, tumors were ablated and lysed for DiR fluorescence
determination, and quantitative data showed the greatest DiR flu-
orescence in mice upon rESWT at 0.04 mJ/mm2 under the mode of
rESTW with immediate liposome NP injection, with a 30%–60%
increase relative to the other 3 rESWT-treated groups (Fig. 1f,
P < 0.05). These data together indicated that the manner of rESWT
followed by immediate NP injection would be more efficient in
driving NP localization into tumors, and an EFD at 0.04 mJ/mm2

manifested greater efficacy in enhancing the EPR effect than the
EFD at 0.08 mJ/mm2. To this end, we selected model 2, namely
NP administration immediately after rESWT, and used the EFD at
0.04 mJ/mm2 in the following experiments.

3.2. Enhanced NP targeting inside tumors with the aid of rESWT

To substantiate the reinforced intra-tumoral accumulation of
liposome NPs upon rESWT, we further tracked the NP distribution
inside tumors. To realize the in situ intra-tumoral characterization
of NPs, the CLSM was used to sufficiently visualize the NPs. Since
DiR dye is a NIR fluorescent dye that cannot be visualized using
CLSM [30], DiI was then replaced to label liposome NPs in order
for adequate in situ fluorescent imaging under CLSM. As shown
in Fig. 2a, we synthesized liposome NPs labelled with DiI dye,
showing an average size of approximately 100 nm similar to that
of DiR-liposome NPs. Analogously, DiI-liposome NPs were nega-
tively charged in water with an average hydrodynamic diameter
of approximately 142 nm (Table S1 online). The UV–vis-NIR
absorption spectrum displayed a characteristic peak at 550 nm
for the DiI-liposome NPs, indicating a shift to the right compared
with DiI itself (Fig. 2b). Following the established rESWT strategy,
as described above, DiI-liposome NPs were i.v. administrated
immediately post rESWT (Fig. S2 online). Thereafter, tumors were
collected for frozen sections 24 h after NP injection. As shown in
Fig. 2c, the fluorescent images revealed stronger DiI fluorescence
(in red) in tumor sections with rESWT relative to that in tumors
without rESWT, and quantified data defined >2-fold increase
(Fig. 2d, P < 0.05). Moreover, CD31, a surrogate of vascular
endothelium [34], was stained to localize tumor vasculatures
(Fig. 2c, in green). As shown in Fig. 2c, most DiI signals were co-
localized to the sites with CD31 signals (pointed at by white
arrows) in tumors from the control group, in parallel to the limited
extravasation capability out of blood vessels for NPs with a diam-
eter of approximately 100 nm [35]. However, DiI fluorescence was
found to diffuse away from CD31 fluorescence responding to



Fig. 1. Characterization of the optimal rESWT therapeutic strategies. (a, b) A TEM image and UV–vis-NIR absorption spectrum of DiR-liposome NPs. The inset panel in (a): the
diameter distribution of DiR-liposome NPs. (c) Schematic illustration in defining the optimal conditions for rESWT to enhance tumor accumulation of NPs. (d) The in vivo NIR
fluorescent imaging of mice over time in different groups (n = 5). (e) Quantitative data of the average DiR fluorescence (FL) intensities in tumors for different groups in (d)
(n = 5). Asterisk (*) indicates P < 0.05 for Groups 4 and 5 compared to Group 1. (f) Quantified data for DiR-liposome NP accumulation in dissected tumors, as reflected by the
DiR fluorescence at 24 h in (d) (n = 5). Data are shown as % of injection dose (ID) per g tumor samples. Asterisks (*) for Group 2 and Group 5 indicate P < 0.05 and pound sign
(#) for Group 4 indicates P < 0.001, compared to Group 1. Here, independent t-test was used for comparison between two groups.
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Fig. 2. Enhanced NP targeting into tumors with the aid of rESWT. (a, b) A TEM image and UV–vis–NIR absorption spectrum of DiI-liposome NPs. The inset panel in (a): the
diameter distribution of DiI-liposome NPs. (c) Immunofluorescent staining images of tumor slices at 24 h post rESWT administration. (d) Quantitative analysis of the
percentage of positive red pixel region using the Image J software based on 8 different graphs for each group. (e) A TEM image of AuNPs. The inset panel in (e): the diameter
distribution of AuNPs. (f) Au content in tumors from the control and rESWT-treated mice at 24 h post administration (n = 5). Data are shown as % of injection dose (ID) per g
tumor. Asterisk (*) indicates P < 0.05, compared to the control group.
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rESWT (denoted by the yellow arrow, Fig. 2c). These observations
therefore suggested that rESWT expediated the extravasation of
these NPs from blood vessels into the tumor interstitial space.

To further corroborate this finding, we deliberately employed a
different type of NPs: PEG-coated AuNPs in spherical morphology
with the average diameter of approximately 100 nm, as character-
ized by the TEM analysis (Fig. 2e). In analogy to the liposome NPs,
the average hydrodynamic diameter of AuNPs was approximately
130 nm, and AuNPs were also negatively charged in water
(Table S1 online). Using the same mouse model for the DiI-
liposome NPs, more than 2-fold increase of AuNP uptake by tumors
was demonstrated in tumors upon rESWT compared with that in
those tumors without rESWT, as evidenced by the ICP-MS detec-
tion of Au mass (Fig. 2f, P < 0.05). Collectively, these results uncov-
ered that rESWT facilitated NP extravasation and localization into
the tumor microenvironment through enhancing the EPR effect.
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3.3. rESWT provoked endothelial vasodilation of tumor vasculature to
promote tumor perfusion

Next, in an effort to exploit the underlying mechanisms respon-
sible for the rESWT-mediated elevation of the EPR effect, more
detailed examination was carried out. To depict the changes in
Fig. 3. rESWT induced endothelial vasodilation of tumor vasculature. (a) Representative i
regions for tumors with or without rESWT (n = 5). Tumor vasculatures stained with anti-C
and (c) effective vascular area in (a) using the Image J software. Asterisk (*) indicates P < 0
Doppler imaging analysis of the above mice with or without rESWT. White dashed c
Quantitative data are shown in (d) (n = 3). The P value was calculated by one-way ANO
tumor vasculatures, different regions of the tumors, namely from
the exterior site to the middle and interior sites, were closely scru-
tinized using the rhodamine-conjugated CD31 antibody. As delin-
eated in Fig. 3a, blood vessels in the exterior, middle and interior
regions of the tumors were stained in red, and the fluorescent
intensity was much greater (approximately 2 times) across all
mmunofluorescent images of tumor blood vessels from exterior, middle and interior
D31 antibody are shown in red. Quantitative analysis of (b) blood vessel percentage
.05 and pound sign (#) indicates P < 0.001, compared to the control group. (d) Power
ircles denote intra-tumoral regions and blue arrows indicate Doppler signals. (e)
VA test.
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regions in tumors treated by rESWT than that in tumors without
rESWT, with quantified data shown in Fig. 3b (P < 0.05). Further-
more, the number of dilated blood vessels, as denoted by blue
arrows in Fig. 3a, was also significantly increased in the rESWT-
treated group, as characterized by an approximately 4-fold
increase of the effective area compared to that in the control group
(Fig. 3a and c, P < 0.001). These observations suggested that rESWT
induced significant angiectasis in tumors, resulting in facilitated
blood flow into tumor interstitial space. Under this context, we
thus evaluated tumor perfusion with power Doppler imaging, an
established method for superb tumor microvasculature imaging
and the determination of blood volume and velocity [36]. As shown
in Fig. 3d, Doppler signals emerged mainly in the surrounding
regions with the maximum of 18.5% prior to rESWT, and fairly
strong Doppler signals dispersed nearly throughout the whole of
the tumors after rESWT over time with a maximum of 44.5%.
Fig. 3e indicates a rather large difference in tumor perfusion of
the white dashed circled regions (P < 0.001). These findings there-
fore unveiled that rESWT indeed significantly enhanced the pas-
sage of the blood stream into tumors and, in other words,
reinforced tumor perfusion.

In fact, most solid tumors possess a more abundant vascular
network compared to normal tissues [24,37]. However, tumor
structural components (e.g., compact cells in tumor microenviron-
ment and extracellular matrix) exert high intra-tumoral pressure
on tumor vasculatures, especially capillaries, leading to a com-
pressed morphology of endothelial cells and disordered perfusion
state of the vasculatures [9–11]. Therefore, solid tumor con-
stituents are the main depleting targets for pharmacological strate-
gies to improve drug delivery [10,38], and emerging studies have
focused on depleting extracellular matrix to improve NPs delivery
[39,40]. Likewise, compressive and tensile forces triggered by
rESWT inevitably cause microinjury and depletion on tumor con-
stituents of the localized area, which should supposedly alleviate
high intra-tumoral pressure, hence decompressing tumor vascula-
tures, as reflected by our experimental evidence of increased blood
vessel density and effective vascular area (Fig. 4a).

3.4. rESWT-generated cavitation likely mediated blood vessel
permeability

Cavitation refers to rapid changes of pressure in a solution, cou-
pled to the formation of small vapor-filled cavities, also named
bubbles, and these cavities will collapse upon high pressure [41].
It has been demonstrated that ultrasound-induced cavitation plays
a crucial rule in permeabilizing blood vessels and facilitating drug
delivery [42]. rESWT can create cavitation bubbles inside water
[43], but whether cavitation bubbles could be generated inside
blood is still a mystery, partly due to the limitations of current
in vitro and in vivo models. To understand the role of rESWT-
induced cavitation effects in promoting endothelial permeability
of tumor vasculature, we carried out high-speed imaging analyses
for rESWT-generated bubbles to model blood with serum, the
transparent nature of which allowed for the direct visualization
of cavitation bubbles. Fig. 4b shows the dynamics of a bubble cloud
inside serum. It took approximately 147 ls from generation until
the collapse of the bubbles, and the size of bubbles expanded to
a maximum volume of approximately 0.24 mm at 88.2 ls
(Fig. 4b and Supplementary Movie online). These generated bub-
bles at a size range are subjected to direct interaction with tumor
blood vessels during their volumetric oscillations, similar to ultra-
sound or laser induced cavitation effects [44–47]. Under this set-
ting, blood vessels could be vasodilated when bubbles grew to
their maximum volume, and endothelia cells could be injured dur-
ing volumetric oscillations. As a result, these changes gave rise to
dilated blood vessels and increased endothelial leakiness that
would facilitate NP extravasation, as delineated in Fig. 4a, similar
to a recent study [48]. Collectively, both rESWT-triggered mechan-
ical forces and cavitation effects synergistically contributed to
boosting blood perfusion in the tumor microenvironment and
endothelial leakiness of the tumor vasculature, yielding a benefi-
cial condition for NP-mediated drug delivery.
3.5. rESWT considerably magnified the efficacy of
nanothermotherapeutics

The above findings opened a new path to improve EPR-
mediated drug delivery with the assistance of rESWT, and thus
encouraged us to explore the likelihood of combinatory therapeu-
tics between rESWT and nanothermotherapeutics. To realize this
goal, we intentionally used AuNSs that harbor pronounced ther-
motherapeutic properties. Fig. 5a manifests typical nanoshell mor-
phology with an average size of approximately 100 nm, with the
maximum absorption wavelength remaining around 808 nm
(Fig. 5b). Based on the DLS measurement, the average hydrody-
namic diameter of AuNSs was approximately 132 nm with nega-
tive charge in water (Table S1 online). Afterwards, the
thermotherapeutic efficacy of AuNSs at low dosage was assessed
both with and without assistance of rESWT in the mouse model
bearing CT26 tumors. Based on the previous experimental setup,
24 h after the administration of AuNSs +/� rESWT, mice were anes-
thetized and subjected to irradiation under an 808 nm laser at
1.0 W/cm2 for 5 min (Fig. S2 online). To track the real-time temper-
ature changes of tumors, an infrared thermal camera was used dur-
ing the irradiation by focusing the spot laser beam onto the whole
tumor regions, as indicated by dashed circles in Fig. 5c. Thermal
imaging pictures displayed a marked increase of irradiation-
induced temperature at the xenotransplanted tumor sites over
time after the administration of AuNSs, and a greater extent of
temperature increase was observed in tumors upon AuNSs
together with rESWT, as evidenced in Fig. 5c. Quantified data
showed more than 2-fold increase of temperature in tumors upon
AuNSs with rESWT compared to that upon AuNSs only (Fig. 5d,
P < 0.001). Also, the maximum temperature in the tumors upon
AuNSs with rESWT reached 47 �C, which is enough to kill solid
tumor cells [28,49]. These results hence signified the outstanding
thermotherapeutic efficacy of AuNSs with the assistance of rESWT.

Next, the tumor-killing efficacy was determined after different
treatments, as described in Fig. 5e. The tumor sizes and body
weights were monitored every other day for 14 d. The body weight
recording did not find significant alterations for these mice
responding to these treatments (Fig. S3 online), indicating sufficient
biosafety and bio-compatibility of these treatments. Additionally,
no overt toxicity (including no abnormal activities and diet) were
observed in those mice with different treatments. During the treat-
ment period, tumor growth was greatly suppressed in the AuNSs
+ NIR group, showing no significant increase of the tumor volume
on day 8 post-administration, compared to the control group and
other groups (P < 0.001); however, the tumors were nearly com-
pletely ablated in the rESWT + AuNSs + NIR group after 4 days of
treatment (Fig. 4e, P < 0.001). The final tumor images confirmed
these huge differences among these treatments (Fig. 5f). Together,
these data suggested the greatly improved thermotherapeutic effi-
cacy of AuNSs in eliminating tumors with the assistance of rESWT,
highlighting the rationale of this synergistic therapeutics.
4. Discussion and conclusions

Relative to other physical therapeutic approaches, such as mag-
netic field-guided NP tumor targeting and ultrasound-mediated
enrichment of NPs towards tumors [50,51], rather limited studies



Fig. 4. rESWT alleviated intra-tumoral pressure and increased blood vessel permeability. (a) A working model showing the mechanism underlying rESWT-induced changes to
vasculatures and tumor microenvironment. (b) Cavitation bubble dynamics captured by high-speed camera after one impulse of rESWT with 1 bar and 1 Hz in serum.
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have combined ESW with nanomedicine as anticancer therapy
thus far. Only a few studies employed ESW as a trigger for drug
release [52,53] or sonodynamic therapy [54,55], whereas no stud-
ies have assessed the potential influence of rESWT on the EPR
effect. In the current study, we uncovered the combinatory thera-
peutics between rESWT and nanothermotherapeutics in elevating
the tumor-killing efficacy through enhanced EPR effect. With
respect to the underlying mechanisms, our results deciphered that
both mechanical forces and cavitation bubbles induced by rESWT
accounted for the enhanced EPR effect. On one hand, compressive
and tensile forces could relieve intra-tumoral pressure, resulting in
elevated tumor perfusion. On the other hand, rESWT-induced cav-
itation bubbles could directly distend tumor blood vessels, coupled
to an increased leakiness. In fact, rESWT-induced cavitation bub-
bles mainly took effect in liquid [56], namely blood, whereas
rESWT-conducted mechanical forces predominantly in soft tissues
[57]. Hence, both mechanisms should differentially but synergisti-
cally account for the elevated EPR effect induced by rESWT.

In contrast to this work, previous studies only looked at ultra-
sonic sonoporation caused by cavitation [5]. Of note, rESWT has
no heating effects [23], making a desirable feature for clinical
use. These features together endow rESWT a safer and more conve-
nient clinical therapy than ultrasound from the perspective of
combinatory nanomedicine in cancer treatment. Impaired perfu-
sion is closely associated with reduced oxygen supply, causing a
hypoxic tumor microenvironment that applies for tumor resistance
of radiotherapy (RT) and photodynamic therapy (PDT) [10,24,29].
Meanwhile, hypoxia would recruit tumor-associated macrophages
(TAMs) for polarization into an immunosuppressive type, namely
M2 subtype, generating tumor progression and an immunosup-
pressive tumor microenvironment [24]. Our data unveiled the
improved tumor perfusion with assistance of rESWT, providing
the rationale in combination with RT, PDT and immunotherapy
in the future. Nevertheless, more efforts should be invested to
address existing knowledge gaps, including in vivo cavitation
effects induced by rESWT.

To summarize, this study unveiled the encouraging usage of
rESWT in enhancing the EPR effect to reinforce cancer nanother-
motherapeutics. Our results add to the promising applications of
rESWT in cancer therapeutics, and rESWT-assisted EPR effect for
NP tumor targeting could be taken into consideration for nanome-
dicine to treat cancer.



Fig. 5. rESWT magnified the efficacy of nanothermotherapeutics. (a, b) A TEM image and UV–vis-NIR absorption spectrum of AuNSs. The inset panel in (a): the diameter
distribution of AuNSs. (c) Time-lapsed in vivo infrared thermal imaging in different groupswith an infrared thermal camera.White dashed circles denote the tumor areas inmice.
(d) Quantifieddata showing the corresponding tumor temperature change in (c). The P valuewas calculated byone-wayANOVA test. (e) Tumor growth curves of different groups
upon diverse treatments (n = 5). Control group: saline injection only; rESWT group: rESWT administration; NIR group: NIR irradiation; rESWT + NIR group: NIR irradiation 24 h
post rESWT;AuNSs + NIR group:NIR irradiation 24 hpost AuNSs injection; rESWT + AuNSs + NIR group:NIR irradiation 24 hpost combinatory therapeutics between rESWT and
AuNSs. One-way ANOVA test was used to determine statistical significance among groups. (f) The final representative photographs captured on day 14 post-treatment.
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