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C
hemotherapy is one of the most
common treatment modalities of a
variety of cancers.1�5 The mecha-

nism of many chemotherapeutic drugs cur-
rently used for killing cancer cells is based
on cytotoxic effects. However, one of the
main drawbacks of this therapy is that the
most commonly used anticancer drugs
are not specifically toxic to tumor cells and
are toxic to all tissues they contact.1,2 Because
of the low selectivity of the anticancer drugs
to the cancer cells, the dose of drug required
to achieve clinically effective cytotoxicity
in tumors often causes severe damage to

surrounding healthy cells, resulting in un-
desirable side effects that limit the dose and
therapeutic window.1,2 In addition, the effi-
cacy of free chemotherapeutic agents is also
hampered by multidrug resistance.3,4

To overcome these problems, a variety of
drug nanocarriers that are triggered by
stimuli (i.e., pH, enzyme, temperature, and
light) have been developed to enhance
accumulation in tumor tissues and cells,
decrease systemic toxicity, and increased
maximum tolerated dosages.6�12 Drug
nanocarriers can accumulate in tumors
through passive targeting mechanisms
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ABSTRACT The high intensity focused ultrasound (HIFU) and thermosensitive cerasomes

(HTSCs) were successfully assembled by employing cerasome-forming lipid (CFL) in combination

with the component lipids of conventional low temperature sensitive liposomes (LTSLs) including

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoetha-

nolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG-2000) and 1-stearoyl-2-hydroxy-

sn-glycero-3-phosphocholine (MSPC). The HTSCs showed spherical shape with a mean diameter

around 200 nm, exhibiting good biocompatibility. Both hydrophilic and lipophilic drugs can be

efficiently encapsulated into HTSCs. In addition, the release rate of HTSCs could be conveniently

adjusted by varying the molar ratios of CFL to DPPC. The drug loaded HTSCs showed much longer

blood circulation time (half-life >8.50( 1.49 h) than conventional LTSLs (0.92( 0.17 h). An in

vitro study demonstrated that the drug loaded HTSCs are highly stable at 37 �C and show a burst

release at 42 �C, providing a capability to act synergistically against tumors. We found that the HTSCs with a proportion of 43.25% of CFL could release more

than 90% hydrophilic drugs in 1 min at an elevated temperature of 42 �C generated by HIFU exposure. After intravenous injection of doxorubicin (DOX)
loaded HTSCs at 5 mg DOX/kg, followed by double HIFU sonication, the tumor growth of the adenocarcinoma (MDA-MB-231) bearing mice could be

significantly inhibited. Therefore, the drug loaded HTSCs combined with HIFU hold great potential for efficient local chemotherapy of cancer due to the

ability to deliver high concentration of chemotherapy drugs directly to the tumor, achieve maximum therapeutic efficacy and minimal side effects, and

avoid the damage to the healthy tissues caused by systemic administration of drugs.
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known as the enhanced permeability and retention
(EPR) effect,13,14 active targeting with specific anti-
bodies or other ligands15 and endothelial cell leakiness
effect called NanoEL effect.16,17 Among the stimuli-
responsive drug delivery systems, thermal triggering
takes a unique advantage according to the controll-
ability of the temperature at the desired location
and time by applying an external biomedical device
system such as near-infrared light,18 radio frequency,19

microwave,20 and high intensity focused ultrasound
(HIFU).21�23

Liposomes acting as excellent nanocarriers of ther-
apeutic agents have attracted intensive interests due
to their capability to circumvent multidrug resistance
and elicit less host immune response.24�31 One of the
most effective way to reduce unfavorable side effects
while treating cancer patients is the employment of
temperature sensitive liposome (TSL) in combination
with mild hyperthermia (39�42 �C), which can effec-
tively increase the intratumoral drug concentration to
circumvent multidrug resistance and elicit less host
immune response.27�29,32�39 HIFU beam can be colli-
mated into a tight focal spot in themillimeter scale at a
distance from its source to produce the required high
temperature elevations for thermal ablation and direct
tumor destruction,40,41 and HIFU-mediated drug deliv-
ery could noninvasively enhance the site-specific
delivery of therapeutic agents to targeted tumors
by providing nonlethal temperature elevation and
increasing cell membrane permeability.21�23,42�48

Compared with the other heating methods, HIFU is
advantageous as a localized stimulus tool since it can
propagate into deep tissue and specifically focus into
the target.40,41 Therefore, many researchers are cur-
rently investigating the temperature-induced drug
delivery technique based on HIFU and low tempera-
ture sensitive liposomes (LTSLs), which were prepared
by incorporation of the temperature-sensitive com-
ponent, such as 1-stearoyl-2- hydroxy-sn-glycero-3-
phosphocholine (MSPC).42�48

An ideal drug nanocarrier should be stable enough
during blood circulation and give a rapid release of
high concentrations of active drug after reaching
targeted region. However, it is not easy to achieve
both rapid temperature responsiveness and good
blood stability since these two elements are apparently
different. For example, the insufficient morphological
stability of liposomes may limit their applications in
drug delivery and controlled release.49,50 The interac-
tions between liposomes and plasma proteins via

electrostatic, hydrophobic, and van der Waals may
result in destabilization of the liposomes, leading to
rapid clearance of the vesicles from circulation and a
burst release of the encapsulated drugs before reach-
ing the target, which may cause undesirable side
reactions.51�53 Therefore, we have pressing need to
develop blood stable thermosensitive liposomes.

Recently, a liposomal nanohybrid cerasome has
drawn much attention as a new type of drug delivery
system since its atomic layer of polyorganosiloxane sur-
face imparts cerasomes higher morphological stability
than conventional liposomes while its liposomal bilayer
endows better biocompatibility than silica nanopar-
ticles.54�60 The anticancer drugs loaded cerasomes
exhibited sophisticated controlled release behavior and
remarkablyhigh stability toward surfactant solubilization,
long-term storage, acidic treatment, and all factors that
are prone to destabilize conventional liposomes.54�60

Nevertheless, the drug release from such stable cera-
somes is too slow tomaintain an effective concentration
at the target site, conducing drug resistance in cancer.
With the aim to develop a drug delivery system

which is stable enough to minimize drug leakage during
blood circulation and mediate a rapid drug release upon
HIFU sonication, this study reported the successful fabri-
cation of HIFU and temperature sensitive cerasomes
(HTSCs) from a cerasome-froming lipid (CFL) of N-[N-(3-
triethoxysilyl)propylsuccinamoyl]-dihexadecylamineby in-
troducing thermosensitive liposome forming lipids of 1,2-
dipalmityol-sn-glycero-3-phosphocholine (DPPC), MSPC,
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
PEG-2000 (DSPE-PEG-2000) into the cerasomes according
to the Bangham method in combination of sol�gel
reaction and self-assembly process (Figure 1).54�60

Both hydrophilic and lipophilic chemotherapy drugs
were loaded into the internal aqueous core and lipid
bilayer of HTSCs, respectively. The physicochemical
properties of the HTSCs were characterized and the
stability of vesicles was investigated in terms of particle
sizes. In addition, the in vitro HIFU triggered drug
release behavior and in vivo antitumor efficacy of the
doxorubicin (DOX)-loaded HTSCs were also evaluated.

RESULTS AND DISCUSSION

Preparation and Characterization of HTSCs. As shown in
Figure 1, the HIFU and temperature sensitive cerasomes

Figure 1. Schematic illustrationfor the formationofdrug loaded
HTSCs and the drug release from HTSCs upon HIFU sonication.
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of HTSCs are composed of a synergistic combination of
four types of lipids including CFL, DPPC, MSPC and
DSPE-PEG-2000. Each component could play a differ-
ent role. CFL acts as the host lipid that forms the bilayer
and endows the carrier with high stability. DPPC with
a melting transition around 41.5 �C imparts thermal
sensitivity to the HTSCs vesicles. MSPC, a mono C18
lipid, can induce thermally enhanced permeability to
the encapsulated drugs. DSPE-PEG-2000 is incorpo-
rated for long-circulation and ultrafast drug release.37

In order for modulation of the blood stability and
thermal sensitivity of HTSCs, the molar ratios of CFL
to DPPC was varied from 25.95% to 60.55% by fixing
the contents of MSPC and DSPE-PEG-2000 at 9.7% and
3.8%, respectively.

HTSCs were prepared using a thin-film hydration
method in combination of sol�gel reaction and self-
assembly process from the mixture of CFL and tem-
perature sensitive lipids (TSL) at different molar ratios
(Table 1). Upon ultrasonication, the liposomal bilayer
self-assembled and rigidified via in situ sol�gel reac-
tion (Si-OCH2CH3 þ H2O f Si�OH þ CH3CH2OH
followed by 2Si�OHf Si�O�SiþH2O) on the surface
(Figure 1). As shown in Table 1, the mean diameters
(Dhy) of HTSCs were evaluated to be ranging from
170 to 190 nm with narrow particle size distribution
by dynamic light scattering (DLS) measurements, well
suitable for the application for drugdelivery.58 All these
HTSCs were negatively charged and the zeta potentials
ranged from �28 to approximately �38 mV due to
deprotonation of the silanol groups of CFL on the
HTSCs surface, which resembles silica particles. It was
found that the zeta potentials of HTSCs increased
with the increasing molar ratios of CFL. TEM and SEM
images showed that the representative cerasomes of
HTSCs-3 were spherical and the vesicular size was
consistent with DLS measurements (Figure 2).

Surfactant solubilization method was used to eval-
uate morphological stability of liposomes in aqueous
media. As shown in Figure 3, when nearly 5 equiv of

nonionic surfactant Triton X-100 (TX-100) was added to
the conventional liposomes of LTSLs consisting of
DPPC, MSPC and DSPE-PEG-2000, the hydrodynamic
diameter of vesicles drastically decreased, indicating a
collapse of the vesicle. On the contrary, the HTSCs
exhibited remarkablemorphological resistance toward
TX-100 because of the formation of siloxane networks
surrounding HTSCs surfaces. The DLS analysis revealed
little change in the size of HTSCs containing 60.55%,
51.90%, and 43.25% CFL even after up to 30 equiv of
TX-100 was added. As the molar ratios of CFL de-
creased to 25.95% and 34.60%, HTSCs displayed a
small reduction in the diameter after the addition of
10 equiv of TX-100. Moreover, the addition of more
equivalents of TX-100 resulted in bigger drop in the
diameter of HTSCs-1 and HTSCs-2 consisting of 25.95%
and 34.60% CFL, respectively. It indicated that HTSCs
containing more than 43.25% CFL showed good sta-
bility. Nevertheless, the incorporation of more than
43.25%DPPC into HTSCsmight block the development
of siloxane networks around HTSCs surfaces, condu-
cing to lower stability of the HTSCs.

Effect of the Vesicular Composition on the Release Behavior
of HTSCs. Three cerasomes (HTSCs-3, HTSCs-4 and
HTSCs-5) exhibiting high stability toward surfactant
solubilization were then chosen to investigate the
effect of the vesicular composition on the release
behavior of HTSCs by using calcein as a model drug,
a common dyewith property of fluorescent quenching
at high concentration while dequenching at a low
concentration. The in vitro calcein release profiles from
these stable HTSCs were examined over a time period
of experimental observation of 2 min both at 37 and

TABLE 1. Hydrodynamic Diameter and Zeta Potential of HTSCs with Different Chemical Compositions

HTSCs compositions (molar ratio) CFL:DPPC:MSPC:DSPE-PEG-2000 hydrodynamic diameter (nm) zeta potential (mV)

1 25.95%: 60.55%: 9.7%: 3.8% 178.7 ( 10.1 �28.6 ( 3.6
2 34.60%: 51.90%: 9.7%: 3.8% 185.5 ( 9.8 �30.1 ( 4.2
3 43.25%: 43.25%: 9.7%: 3.8% 175.3 ( 8.5 �30.5 ( 5.5
4 51.90%: 34.60%: 9.7%: 3.8% 186.3 ( 5.5 �35.8 ( 2.9
5 60.55%: 25.95%: 9.7%: 3.8% 180.4 ( 10.7 �38.1 ( 4.5

Figure 2. TEM (a) and SEM (b) images of HTSCs-3.

Figure 3. Hydrodynamic diameters of the various vesicles
upon the addition of TX-100 (data represent themean value
for n = 3).
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42 �C (the gel-to-liquid transition temperature of
DPPC). As shown in Figure 4a, almost no calcein was
released from HTSCs-3, HTSCs-4 and HTSCs-5 at 37 �C
and they showed similar release profiles. In contrast,
when heated at 42 �C, all these HTSCs vesicles dis-
played a fast release profiles. HTSCs-3 released nearly
100% calcein within 2 min, while HTSCs-4 and HTSCs-5
released about 83% and 68% of calcein, respectively.
Clearly, all three HTSCs were temperature sensitive and
the vesicular composition had an obvious effect on the
release rate. It is proposed that the presence of MSPC
and DSPE-PEG-2000 facilitates rapid release of encap-
sulated drugs from the HTSCs formulation. The 100 Å
toroidal pores formed by lysolipid of MSPC induced
permeability of the lipid bilayer membranes.61 DSPE-
PEG-2000 present in the pore, or at the event horizon,
provided a steric barrier and repulsive force to stabilize
the pore and keep the pore open.62 In addition, the
accumulative release rates of calcein from the compo-
site vesicles decreased as the content of CFL increased.
It is attributed to the siloxane networks, which block
the drug release channels. Thus, it takes longer time for
drugs to be released from HTSCs with the high degree
of polymerization.54 Therefore, HTSCs-3 was selected
for further studies due to its good stability and rapid
drug release rate.

The temperature responsiveness of HTSCs-3 was
evaluated by investigating its drug release profiles over

the physiological temperature (37�42 �C) in compar-
ison with conventional LTSLs. As shown in Figure 4b,
the release rates increased with increasing tempera-
ture for both HTSCs-3 and LTSLs. LTSLs released 11%
and 38% of calcein at 39 and 40 �C, respectively,
obviously quicker than HTSCs-3. When the tempera-
ture increased to above 41 �C, both HTSCs-3 and LTSL
displayed a similar release profile and they released
near 100% calcein at 42 �C. These results indicated that
HTSCs were highly thermosensitive and the optimal
temperature for triggering drug release should be
42 �C. In clinical trials, there are still some factors
hampering the application of thermosensitive lipo-
somes since mild hyperthermia often cause heteroge-
neous heat distributions within the tumor tissue due to
variations in tumor vascularity, which in turn lead to a
variation in drug delivery efficiency.63 Compared to
LTSLs, HTSCs-3 showed a more narrow temperature
responsive range, which should be better for heat
control to improve the drug release to the full extent
in the mild hyperthermia range.

Biocompatibility of HTSCs. To maximize chemothera-
peutic efficacy on cancer, HTSCs should not only have
rapid temperature responsiveness, but also good bio-
compatibility. Hence, in vitro cytotoxicity of HTSCs-3
was first studied by MTT assay by testing the standard
cell viability of three kinds of cells including normal
cell line of HUVECs cells, immune cells of BMDCs and
T cells. As shown in Figure 5A, both HTSCs-3 and LTSLs
exhibited low cytotoxicity to HUVECs cells. HUVECs
cells remained 90% viable when the HTSCs-3 concen-
tration increases to 0.2 mg/mL. A slight decrease of the
cell viability was observed at the HTSCs-3 concentra-
tion higher than 0.5 mg/mL, but the HUVECs cell
viability was still above 80% when the HTSCs-3 con-
centration reached 1 mg/mL. This result demonstrated
that HTSCs-3 had excellent biocompatibility, which
was comparable to traditional liposomes.

BMDC and T cells from SD rats were further used to
evaluate the biocompatibility of HTSCs-3. As shown
in Figure 5B,C, HTSCs-3 exhibited little cytotoxicity
to both BMDC and T cells. Cells viability was then
detectedby stainingwithbothcalcein-AMandpropidium
iodide (Figures S1 and S2 in Supporting Information).
Fluorescence microscopy images showed that the BMDC
cells and T cells treated with HTSCs-3 for 48 h exhibited
bright green color and no dead cells were observed even
at a high concentration of 0.5 mg/mL, consistent with
the MTT results. All these data provided an additional
evidence that HTSCs-3 had good biocompatibility.

HIFU Triggered Drug Release Profile of HTSCs. HIFU
sonication induced temperature elevations was first
investigated using the duty cycles (DC) of 30% at the
working voltage of 180, 185, 190, and 200 mV, respec-
tively. As showed in Figure S3 in the Supporting
Information, a thermocouple was fixed in the middle
of sample holder to detect the temperature of the

Figure 4. Effect of the vesicular composition on the release
behavior of HTSCs. (a) Calcein release profiles fromHTSCs at
both 37 and 42 �C. (b) Calcein release fromLTSLs andHTSCs-
3 in 2 min at different temperatures.
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sample solution under HIFU sonication. The initial
temperature was kept at 37 �C by using a water bath.
Upon HIFU sonication, the temperature of the sample
solution increased to 41 and 43 �C in 175 s when the
working voltage was 180 and 200 mV, respectively.
Therefore, the working voltage was optimized to
be 185�190 mV, where HIFU sonication with the DC
of 30% gave a temperature around 42 �C in 175 s
(Figure 6).

Numerous studies have demonstrated that HIFU
can trigger rapid drug release from thermosensitive
liposomes.42�48 Herein, we investigated the release
behavior of both hydrophilic and lipophilic molecules
from HTSCs-3 upon HIFU sonication with a working
voltage of 190 mV and DC of 30%. As shown in
Figure 7a, upon HIFU sonication, the fluorescence
intensity of hydrophilic calcein increased gradually
with the increasing time, indicating the release of
calcein from the HTSCs-3. The HTSCs-3 released 20%
calcein in the first 6 s, then 53% calcein in 12 s, and
more than 90% calcein released in 1 min (Figure 7b). It
indicated that HIFU sonication resulted in much more
rapid drug release from HTSCs-3 than heating at 42 �C,
where about 80% drug was released from HTSCs-3 in
1 min (Figure 4a). In contrast, without HIFU sonication,
the encapsulated calcein was hardly released from
HTSCs-3 at all at 37 �C for 8 min. Then, we further
investigated the capability of HTSCs-3 to release
hydrophobic molecules in PBS solution from their
hydrophobic compartment in response to HIFU

sonication by using lipophilic fluorescent Nile Red
(NR) as a model drug. As shown in Figure 7c,d, without
HIFU sonication, NR was released very slowly from
HTSCs-3 at 37 �C. On the contrary, upon HIFU sonica-
tion, the fluorescence intensity of Nile red (NR) de-
creased gradually with increasing time, suggesting the
release of NR from the HTSCs-3 lipid bilayer membrane
since the fluorescence intensity of NR is lower in
aqueous solution than in the hydrophobic environ-
ment of the vesicle membrane.64 HTSCs-3 released
nearly 10% Nile red in the first 2 min, then another
7% NR within the next 6 min. It showed that lipophilic
NR had much slower release rate than the hydrophilic
calcein, probably due to the strong hydrophobic inter-
action between NR and the lipid bilayer of HTSCs.59

Figure 5. Biocompatibility of HTSCs-3. (A) Cell viability of HUVECs cells after treatment with different concentrations of
HTSCs-3 and LTSLs for 24 h. The cell survival rate of BMDCs cell (B) and T cells (C) after treatment with different concentration
of HTSCs-3 for 48 h as determined by MTT assay.

Figure 6. Optimization of HIFU parameters. Temperature
change as a function of time using the duty cycles (DC) of
30% at the working voltage of 180, 185, 190, and 200 mV,
respectively. Note that the initial temperature was 37 �C.
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Finally, anticancer drugs of hydrophilic doxorubicin
hydrochloride (HDOX) and lipophilic doxorubicin
(LDOX) were loaded into HTSCs-3 to investigate the
HIFU triggered release behavior. Entrapment efficien-
cies were evaluated to be 58.73 ( 3.20% and 85.51 (
4.18%, and drug loading contents were 4.06 ( 0.22%
and3.71(0.18%forHDOX-HTSCs-3 andLDOX-HTSCs-3,
respectively. Higher encapsulation efficiency (EE)
values exhibited by LDOX-HTSCs-3 should be mainly
due to the strong hydrophobic interaction between
HTSCs lipid bilayer and the lipophilic drug. The zeta
potentials were �20.23 ( 0.85 and �30.5 ( 5.51 mV
for HDOX-HTSCs-3 and LDOX-HTSCs-3, respectively.
HDOX-HTSCs-3 exhibited a higher zeta potential than
LDOX-HTSCs-3 due to the protonatable amine residues
of some hydrophilic doxorubicin adsorbed on the
outer surface of HTSCs-3 via electrostatic interaction,

thus eliciting an increase of the negative charge.59 To
further evaluate the clinical potential of DOX-HTSCs-3,
stability of the HTSCs-3 was tested by measuring DOX
leakage as a function of time at 37 �C in serum. We
found that both HDOX-HTSCs and LDOX-HTSCs exhibi-
ted good stability at 37 �C and released only 9.6( 0.9%
and 5.5 ( 0.7% encapsulated DOX within 30 min,
respectively (Supporting Information Figure S4). In
contrast, LTSL showed much lower stability at 37 �C,
and 35 ( 1.8% of the encapsulated DOX was leaked
after incubation time of 30 min in serum (Supporting
Information Figure S4). Due to the minor drug leakage
(less than 10% DOX) at physiological temperatures
(37 �C), HTSCs-3 showed great potential for in vivo

drug delivery. Then, HIFU triggering drug release ex-
periment was carried out by using the DOX-loaded
HTSCs-3. Similar to the calcein loaded HTSCs-3, almost

Figure 7. HIFU triggered drug release profile of HTSCs. (a) Fluorescence spectra of the calcein loaded HTSCs-3; (b) release
profile of the calcein loadedHTSCs-3; (c) fluorescence spectra of theNile red loadedHTSCs-3; (d) Release profile of theNile red
loaded HTSCs-3; (e) release profile of the HDOX loaded HTSCs-3; (f) release profile of the LDOX loaded HTSCs-3 upon HIFU
sonicationwith aworking voltage of 190mV andDC of 30%. Note that the initial temperaturewas 37 �C in the case of noHIFU
sonication.
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no HDOX or LDOX was released from HTSCs-3 at all at
37 �C for 8 min without HIFU sonication. Upon HIFU
sonication, the HTSCs-3 released 22% HDOX in the first
6 s, then 52% HDOX in 12 s, and nearly 100% HDOX
released in 2 min (Figure 7e). Then, the efficiency of
drug release from HTSCs-3 was further assessed in
simulated body fluid (SBF) medium which is closer to
real biological systems. As shown in Supporting Infor-
mation Figure S5, HDOX-HTSCs-3 showed similar drug
release behavior in both SBF and PBSmediumwhether
HIFU treatment was used or not. The mechanisms for
the HIFU triggered rapid drug release from HTSCs-3
may be due to either thermal or nonthermal effects
(cavitation and radiation force). The heat induced
conformational change of the alkyl chains of the DPPC
at 42 �C would lead to an increase in the volume
occupied by the hydrocarbon chains in themembrane,
while the DSPE-PEG-2000 sensitive to HIFU cavita-
tion would further induced the membrane destabi-
lization,65 generation of pores on the membranes, and
thus an increase in the permeability of the HTSCs
bilayer, resulting in ultrafast drug release. Nevertheless,
only 9.7% LDOX was released from HTSCs-3 in the first
2min (Figure 7f), much slower release rate than that for
HDOX probably due to the strong hydrophobic inter-
action between LDOX and the lipid bilayer of HTSCs.59

Pharmacokinetic Profiles of DOX Loaded HTSCs-3. The
blood pharmacokinetics of LDOX-HTSCs-3 and HDOX-
HTSCs-3 were monitored in the tumor free mice. The
blood samples were collected at 0.2, 0.5, 1, 2, 4, 8, 12,
and 24 h after intravenous (iv) injection of the drug
loaded HTSCs-3 (Supporting Information Figure S6)
followed by the determination of the plasma level of
Si and doxorubicin, respectively. The percentage of
the injected dose in the blood (ID%) over time was
shown in Figure 8. Compared with the pharmaco-
kinetics of DOX in LDOX-HTSCs-3 and HDOX-HTSCs-3,
the pharmacokinetics of Si content in LDOX-HTSCs-3
and HDOX-HTSCs-3 displayed amore prolonged blood
circulation time and higher blood concentrations, re-
spectively, implying some premature leakage of the
encapsulated drugs from the carriers at physiological
temperatures (37 �C) followed by a rapid blood clear-
ance of the leaky drugs. In addition, HDOX-HTSCs-3
exhibited higher drug release rate than the LDOX-
HTSCs-3, consistent with the in vitro drug release
experiments (Supporting Information Figure S4). Ap-
proximately 81.7 ( 7.1% and 79.3 ( 6.3% of DOX
remained in the blood circulation at 30 min after the
administration of LDOX-HTSCs-3 and HDOX-HTSCs-3,
and 71.8 ( 6.7% and 63.4 ( 5.5% remained after 1 h.
This can easily be explained by the increase in hydro-
phobic interaction between the HTSCs bilayer and
LDOX.Moreover, HDOX-HTSCs-3 showed slightly slower
blood clearance than LDOX-HTSCs-3, which might be
due to the lower negative charge of HDOX-HTSCs-3
(∼�20.2mV). LDOX-HTSCs-3 (∼�30.5mV) with higher

charge density weremore easily taken up by reticuloen-
dothelial system (RES), resulting in relatively shorter half-
life.66�68 The area under the plasma concentration�
time curve (AUC) was calculated for 0�24 h, showing
the order of Si inHDOX-HTSCs-3 (1047.7( 85.1%ID 3 h) >
Si in LDOX-HTSCs-3 (955.5 ( 56.4%ID 3 h) > DOX in
LDOX-HTSCs-3 (718.2 ( 84.8%ID 3 h) > DOX in HDOX-
HTSCs-3 (547.7 ( 71.5%ID 3 h). The half-life time (t1/2)
was evaluated tobe12.3(0.95h for Si inHDOX-HTSCs-3,
10.9( 1.12 h for Si in LDOX-HTSCs-3, 8.50( 1.49 h for
DOX in LDOX-HTSCs-3, and 8.87 ( 1.79 h for DOX in
HDOX-HTSCs-3. Although there was some premature
drug release of HTSCs-3, the HDOX and LDOX in DOX
loadedHTSCs-3 still showed remarkably higher half-life
(8.87 ( 1.79 and 8.50 ( 1.49 h) than the reported
conventional LTSL (0.92 ( 0.17 h).48 All these data
demonstrated that HTSCs-3 had high blood stability
and the DOX loaded HTSCs-3 displayed a significantly
long blood circulation time, which were very suitable
for in vivo drug delivery.

Biodistribution Study of DOX Loaded HTSCs-3 under Mild
Hyperthermia Using HIFU. The in vivo biodistribution of
the drug loaded HTSCs was studied in BALB/c mice
bearing two tumors at both lower legs of BALB/c mice.
The tumor on the right leg was used as the untreated
control and the tumor on the left leg was treated with
HIFU immediately after the iv injection of 5mgDOX/kg
HDOX-HTSCs-3 and LDOX-HTSCs-3, respectively. Then,
the DOX content in the tissues was determined along
with the measurement of Si content in the tissues
(Figure 9). The measurements of both DOX and Si
content in tissues showed that HIFU treatment led to
significantly increased tumor uptake of HDOX-HTSCs-3
and LDOX-HTSCs-3 as compared to the untreated
tumor. In addition, the DOX content was much higher
than the corresponding Si content at the treated tumor
tissue. These results were expected since HIFU treat-
ment can not only enhanced the DOX loaded HTSCs-3
uptake, but also triggering the DOX release from their

Figure 8. Pharmacokinetics profiles of the drug loaded
HTSCs-3, which weremonitored by determining the plasma
level of Si in HDOX-HTSCs-3 (closed squares) and LDOX-
HTSCs-3 (open squares), as well as the plasma level of DOX
in HDOX-HTSCs-3 (closed circles) and LDOX-HTSCs-3 (open
circles), respectively. Data are mean ( SD (n = 5).

A
RTIC

LE



LIANG ET AL. VOL. 9 ’ NO. 2 ’ 1280–1293 ’ 2015

www.acsnano.org

1287

carrier of HTSCs-3 when circulating through the tumor
site. The DOX uptake in the HIFU treated tumor in-
creased by 3.5-fold and 2.7-fold compared to the non-
HIFU treatedone forHDOX-HTSCs-3 and LDOX-HTSCs-3,
respectively. Moreover, HDOX-HTSCs-3 enhanced the
delivery of DOX to the HIFU-treated tumor by 1.72-fold
compared to LDOX-HTSCs-3.

It was noteworthy that in most organs including
untreated tumor, heart, spleen, and kidney, the mag-
nitude of organ uptake for HDOX-HTSCs-3 was slightly
higher than that for LDOX-HTSCs-3. In contrast, LDOX-
HTSCs-3 showed significantly higher uptake in the liver
than the HDOX-HTSCs-3 (Figure 9). This may be due to
the surface charge difference between HDOX-HTSCs-3
and LDOX-HTSCs-3. LDOX-HTSCs-3 (∼ �30.5 mV)
with higher charge density may cause higher liver
uptake than less negatively charged HDOX-HTSCs-3
(∼ �20.2 mV), which was likely due to active phago-
cytosis bymacrophages (Kupffer cells) in the liver.68�71

The relative lower uptake of less negatively charged
HDOX-HTSCs-3 in the liver may be attributed to the
electrostatic repulsion that minimize the recogni-
tion and nonspecific uptake by macrophages in the
liver.71,72 Furthermore, it can be found that the content
of doxorubicin in most organs was lower than the
amount of Si except for the treated tumor and kidney.
This can be caused by the uptake of DOX-HTSCs-3 that
already lost part of their DOX contents during the
circulation and HIFU treatment.

Antitumor Efficacy of DOX Loaded HTSCs-3 under Mild
Hyperthermia Using HIFU. The rapid temperature respon-
siveness and good blood stability of HTSCs-3 encour-
aged us to investigate the in vivo therapeutic efficacy
of the DOX loaded HTSCs-3. Female BALB/c mice bear-
ing MDA-MB-231 tumor were divided into 6 groups
with 8 mice in each group: PBS only, HDOX-HTSCs-3
only, LDOX-HTSCs-3 only, PBSþHIFU, HDOX-HTSCs-3þ
HIFU, and LDOX-HTSCs-3 þ HIFU. The drug loaded
HTSCs-3 suspensions in PBSwere intravenously injected
into the mice (dose: 5 mg DOX kg�1). Then, the tumor
areas of the mice in the three HIFU groups with con-
tinuous anesthesia were exposed to pulsed-HIFU soni-
cation at DC of 30% and voltage of 190 mV for 5 min
twice: immediately and 24 h after injection. The tumor
temperature change was monitored during HIFU
sonication. The temperature in the tumor areas of mice
fromtheHDOX-HTSCs-3þHIFUgroup rapidly increased
to about 42 �C within 100 s, and maintained at this
temperature for nearly 200 s, whichwas long enough to
release the drug from the carriers of HTSCs-3 in the
tumor. Similar result was also observed for the LDOX-
HTSCs-3þ HIFU and PBSþ HIFU groups (Figure 10A). In
contrast, the control group without HIFU sonication
maintained the temperature at about 37 �C.

The therapeutic effectiveness was evaluated by
measuring the tumor sizes and the representativemice
photographs of each group were recorded at certain

day after treatment (Figure 10B�F). We found that
inoculated tumors grew uniformly over time in the
groups of PBS only and PBS þ HIFU, showing similar
tumor growth rate; tumor volume increased from
∼106 to approximately 240 mm3 at 16 days after
treatment (Figure 10B and Figure S7 in Supporting
Information). These results indicated that HIFU sonica-
tion alone at the experimental condition did not
cause potential destructive effects; the absence of
any harmful effects was not surprising in light of the
low mean peak temperatures elevations of 4�5 �C
measured in the tumors during the exposures. In
contrast, the tumors were effectively inhibited in both
HDOX-HTSCs-3 only and LDOX-HTSCs-3 only groups
(Figure 10B�D). At 16 day after treatment, the tumor
volume of the LDOX-HTSCs-3 only group was main-
tained at about 127mm3while reducing to 71mm3 for
the HDOX-HTSCs-3 only group. The therapeutic differ-
ence between these two groups maybe due to the
slower drug release rate of LDOX-HTSCs-3. The above
results revealed that the DOX loaded HTSCs-3 could
accumulate in the tumor tissue and perform a sus-
tained release of the encapsulated drug in the acidic
tumor environment to inhibit the tumor growth.
As expected, excellent therapeutic effectiveness was
clearly observed for the HDOX-HTSCs-3 þ HIFU and
LDOX-HTSCs-3 þ HIFU groups, and tumors were
further effectively destroyed as compared to the drug
groups without HIFU sonication, leaving scars at
their original sites which fell off after about 16 days
(Figure 10E,F). This could be explained by the fact that
upon HIFU sonication immediately after DOX-HTSCs-3
administration, HTSCs released partial drugs quickly
when they circulated through the blood vessels at the
tumor site,29 inducing local high concentration of
drugs in the tumor. Another HIFU treatment at 24 h

Figure 9. Biodistribution of DOX and Si element at 1 h after
the iv injection of 5 mg DOX/kg HDOX-HTSCs-3 and LDOX-
HTSCs-3 in combination with local HIFU treatment to the
tumor in the left lower leg. The tumor in the right leg served
as the untreated control. Data are mean ( SD (n = 5). **p <
0.01, significant difference compared with the untreated
tumor; *p < 0.05, significant difference compared with
HDOX-HTSCs-3 in liver.
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after injection further triggered drug release from
HTSCs-3 accumulated in the tumor area by the EPR
effect, resulting in more effective tumor drug concen-
tration, especially for the LDOX-HTSCs-3 treated group.
Although drug release rate of LDOX-HTSCs-3 under
HIFU sonication was obviously slower than that of
HDOX-HTSCs-3, double HIFU sonication could induce
sufficient therapeutic drug concentration in the tumor,
resulting in similar therapeutic efficacy of the two
groups. Compared with the other groups, the two
DOX-HTSCs-3 þ HIFU groups exhibited much higher
anticancer efficacy. This is because the HTSCs formula-
tion was stable enough to retain drugmolecules inside
the vesicles and to be delivered to the tumor by EPR
effect during blood circulation, as well as thermosensi-
tive enough to give a rapid drug release over physio-
logical temperature (39�42 �C) upon HIFU sonication.
In addition, HIFU may improve the transcapillary trans-
port, improve the transport through the extracellular
matrix, and facilitate the cellular uptake. It has been
reported that silica nanoparticles could be used as
sensitizing agents for HIFU therapy.73,74 HTSCs with a
partial silica surface combined some characteristics of
both silica and liposome, so it is quite valuable to
evaluate the potential of HTSCs to assist HIFU therapy.
It is known that the conventional LTSLs still shows
some limitations in antitumor efficacy study due to its

relatively short half-life and the drug leakage during
blood circulation. On the contrary, HTSCs-3 showed
significantly higher stability and longer blood circula-
tion time than LTSLs, beneficial for maximizing the
effect of chemotherapy on cancer. On the other hand,
longer lag time between intravenous injection and
HIFU treatment would facilitate practical operation in
clinical application; thus, the therapeutic effect of
HTSCs þ HIFU (24 h) treatment groups was worth
further systematic investigation. For assessing the
in vivo toxicity of drug loaded HTSCs-3 to healthy
tissue, the vital organs including heart, liver, spleen,
lung, and kidney of the HDOX-HTSCs-3 and LDOX-
HTSCs-3 treated mice without HIFU treatments were
collected at 16 days after treatment and used for
further histological examination. Hematoxylin and
eosin (H&E) stained images showed that neither
noticeable organ damage nor inflammation could be
observed in all major organs of the treated mice
(Supporting Information Figure S8), indicating the
relative lower accumulation and slower release rate
in the normal tissues because of the high stability of
drug loaded HTSCs-3 with longer blood circulation
time. Change of mice body weight was also investi-
gated, as shown in Figure S9 in the Supporting Infor-
mation. No apparent difference was observed among
different groups within 16 days, suggesting that all

Figure 10. Antitumor efficacy using HIFU. (A) Temperature change curves of the nude mice tumor after different treatments
as a function of HIFU exposure timewithworking voltage of 190mV andDC of 30%. (B) Tumor volume changewith time after
different treatments. Representative photographs of tumor-bearingmice before and after various treatments for 4, 8, 12, and
16 days: (C) HDOX-HTSCs-3 only; (D) LDOX-HTSCs-3 only; (E) HDOX-HTSCs-3 and HIFU sonication; (F) LDOX-HTSCs-3 and HIFU
sonication.
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treatments were tolerated well by the tumor-bearing
mice. Therefore, the drug loaded HTSCs-3 in combina-
tion with HIFU sonication could be used as a powerful
therapeutic strategy for in vivo treatment of cancer.
Furthermore, the HTSCs may be exploited to load
antimicrobial agents or even antifever drugs like aspi-
rin or paracetamol, which can be released during high
fever (above 42 �C). Obviously in this case, there is no
need for ultrasound; HTSCs can make smart drug
release according to the circumstances of the cell.75

CONCLUSIONS

We reported the successful fabrication of the tem-
perature-sensitive nanohybrid cerasomes of HTSCs
with high physiological stability and tunable release
characteristics by introducing LTSLs lipid components
into cerasomes. The HTSCs had a blood circulation
time with half-life >8.50 ( 1.49 h, much longer than
conventional LTSLs (0.92 ( 0.17 h). Such high blood
stability can avoid rapid clearance of the vesicles from
circulation and a burst release of the encapsulated
drugs before reaching the target which may cause
undesirable side reactions. In addition, the introduced
LTSLs lipid components can change structure quickly
at an elevated temperature generated by HIFU expo-
sure, creating channels in the liposome bilayer that
guarantee the drug releasemainly occurringwithin the

designated area in need of treatment. We found that
the HTSCs could released more than 90% hydrophilic
drugs in 1 min upon HIFU sonication. The in vivo

experiments showed that the tumor growth was
significantly suppressed after systemic administration
of drug loaded HTSCs, followed by double HIFU soni-
cation. As a result, HTSCs in combination with HIFU not
only enable the delivery of higher concentrations of
chemotherapy drugs directly to the tumor and achieve
maximum therapeutic efficacy and minimal side ef-
fects, but also avoid the damage to the healthy tissues
caused by systemic administration of drugs. Therefore,
HTSCs combined with HIFU hold great potential for
efficient local chemotherapy of cancer. The HTSCs
platform also has the capability to be employed on a
variety of drug products. In addition, there is still room
for improvement of HTSCs. The new lipids and mem-
brane compositions reported by May et al.63 could be
considered to combine with cerasomes to further
modulate HTSCs thermosensitivity. For enhancing
release of hydrophobic drugs, the combination of
cerasome with gas generating agents such as perfluo-
ropentane76 and ammonium bicarbonate77 may be a
good choice. The generated gas bubbles may induce
permeable defects in the lipid bilayer that could rapidly
trigger local drug release upon heating, the investiga-
tion of which is under way in our laboratory.

MATERIAL AND METHODS
Lipids and Chemical Reagents. All chemicals and lipids were

commercially available and used as obtained. Cerasome
forming lipid of N-[N-(3-triethoxysilyl)propylsuccinamoyl]-di-
hexadecylamine was synthesized according to the reported
method.54�60 DPPC, DSPC, and DSPE-PEG-2000 were provided
by Lipoid (Ludwigshafen, Germany). MSPC was purchased from
Avanti Polar Lipid, Inc. HDOX was purchased from Pharma-
chemie, and LDOXwas obtained by treating HDOXwith triethyl-
amine according to the report methods.78 Calcein and NR were
supplied by Sigma-Aldrich (Steinheim, Germany). Deionized
water (DI water) (resistivity 18.2 MΩ 3 cm

�2) was obtained by
purification of house-distilled water with a Milli-Q Gradient
System, and simulated body fluid (SBF) were prepared accord-
ing to the literature.79

Preparation of HIFU and Temperature Sensitive Cerasomes. Un-
loaded HTSCs were prepared using the conventional Bangham
method, in combination with a sol�gel method and self-
assembly process.54�60 Briefly, the lipid materials including
CFL, DPPC, MSPC and DSPE-PEG-2000 at various molar ratios
were codissolved in chloroform. After removal of the organic
solvent in a vacuum rotary evaporator, the resulted lipid thin film
was then dried overnight in vacuum and hydrated in DI water at
45 �C for about30min followedby vortex for 20min. Theobtained
suspensions of multilamellar vesicles were further ultrasonicated
with a probe-type sonicator for 3 min in an ice bath. Conventional
low temperature sensitive liposomes (LTSLs) consisting of DPPC,
MSPC, and DSPE-PEG-2000 (the molar percentage ratio is
86.5:9.7:3.8) were prepared using the same procedure.

Calcein-loaded HTSCs (Calcein-HTSCs), NR-loaded HTSCs
(NR-HTSCs), hydrophilic DOX-loaded HTSCs (HDOX-HTSCs),
hydrophilic DOX-loaded LTSLs (HDOX-LTSLs) and lipophilic
DOX-loaded HTSC (LDOX-HTSCs) were also prepared as de-
scribed above. For DOX loading, the usedmolar ratios of drug to
total lipidswere 1:30 for LDOXor 1:10 for HDOX according to the

reported methods.57�59 The unentrapped NR and LDOX were
separated by centrifugation at 6000 rpm for 10 min, and the
unloaded calcein and HDOX were removed by passing through
a sephadexG-50 columnwith PBS as an eluent. All sampleswere
stored at 4 �C in a sealed container for further studies. Thewhole
procedure was performed in the dark.

HTSCs Characterization. The size distribution and zeta potential
of the blank and drug-loaded HTSCs were determined using
a 90Plus/BI-MAS dynamic light scattering (DLS) analyzer
(Brookhaven Instruments Co.). Vesicle suspensions were diluted
with PBS before the measurement. Six replicate measurements
were performed using a wavelength of 632.8 nm at a scattering
angle of 90� at room temperature. The obtained data were
analyzed in automatic mode. Vesicle size is expressed as
intensity mean diameter ( SD of values.

The morphology and structure of HTSCs were analyzed by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The SEM specimens were prepared by cast-
ing an aliquot of the HTSCs suspension onto copper foil. The
specimens were sputtered with gold for 2 min, and then
inspected using a Hitachi S-4800 field emission scanning elec-
tron microscope. TEM evaluation was carried out using an
H-7650 apparatus (Tokyo, Japan) with a tungsten filament at
an accelerating voltage of 100 kV. Briefly, the TEM sample was
prepared by depositing the particle suspension (200 mmol/mL)
onto a 300-mesh Formvar-coated copper grid. Samples were
blotted away after 10 min incubation, and the grids were
negatively stained with freshly prepared and sterile filtered
2 wt % uranyl acetate aqueous solution for 5 min at room
temperature. The grids were then washed twice with distilled
water and air-dried prior to imaging.

Evaluation of Drug Loading Content and Encapsulation Efficiency. The
amount of DOX entrapped in the HTSCs was measured spec-
trophotometrically.57 Specifically, 0.5 mL of HTSCs (40 μM) was
suspended in 0.5 mL of HCl solution (1 M), followed vigorous
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stirring overnight and centrifugation at 6000 rpm for 10 min.
The fluorescence intensity of the DOX solutions was measured
at an excitation wavelength of 480 nm and an emission
wavelength of 580 nm. The amount of DOX was determined
by fluorescence spectrophotometry using the corresponding
standard calibration curve, and the weight of the vesicles was
determined after freeze-drying. The encapsulation efficiency
(EE) and drug loading content (DLC) were calculated as

EE(%) ¼ Weight of drug encapsulated in HTSCs
Initial weight of drug

� 100

DLC(%) ¼ Weight of drug in HTSCs
Total weight of drug and lipid

� 100

Cell Culture and Biocompatibility Study of HTSCs. Human umbilical
vein endothelial cells (HUVECs) were cultured in RPMI-1640
medium supplemented with 2 mmol 3 L

�1
L-glutamine,

500 U 3mL�1 penicillin, 10% fetal bovine serum (FBS), and
50 μg 3mL�1 streptomycin at 37 �C in a humidified atmosphere
containing 5% CO2. Bone marrow dendritic cells (BMDC) were
generated by culturing bone marrow stem cells from SD rats in
complete IMDM (Iscove's Modified Dulbecco's Medium) with
20 ng 3mL�1 recombinant granulocyte/macrophage colony
stimulating for 6 days at 37 �C and T cells obtained from SD
rats were cultured in cIMDM at 37 �C. Biocompatibility of the
HTSCs to HUVECs was investigated by the MTT assay. Briefly,
HUVECs cells were plated at a density of 1� 105 cells/well in 96-
well plates at 37 �C in 5% CO2 atmosphere. Wells without cells
acted as blank control. After 24 h, the medium was replaced
with fresh medium containing blank HTSCs at the final con-
centrations of 0.01, 0.05, 0.1, 0.2, 0.5, and 1.0 mg 3mL�1. Every
concentration was added to five wells as parallel control and
wells without HTSCs as negative control. After 24 h, 20 μL ofMTT
at a concentration of 5 mg 3mL�1 was added to each well and
the samples were incubated for 4 h. Then, the medium was
removed and 150 μL of DMSO was added. The absorbance of
each well was recorded at 560 nm with a microplate reader
(Multidkan MK3, Thermo). Five replicate wells were run for each
concentration and each experiment was repeated three times.
BMDC cells and T cells were also used for evaluation according
to the same procedure as descried above. After incubation with
HTSCs for 48 h, cell viability was further determined by staining
with both calcein-AM and PI, and observed using a fluorescence
microscope.

Pharmacokinetic Study of Drug Loaded HTSCs. Wistar rats were
obtained from Vital River, Beijing. To determine the circulation
time, HDOX-HTSCs and LDOX-HTSCs (5 mg of DOX/kg) were
injected into tumor free rats via the tail vein. Blood samples
(0.3mL) were collected at the time points of 0.2, 0.5, 1, 2, 4, 8, 12,
and 24 h after intravenous injection. The pharmacokinetics
profile of HTSCs in bloodstream was finally evaluated by
measuring the Si content in blood over the course of 24 h via
Inductively Coupled Plasma (ICP) method after decomposing
the blood samples by aqua regia. The DOX content in the
plasmawasmeasured according to reportedmethods.48 Briefly,
the blood was first collected in a tube and centrifuged at
2500 rpm at 4 �C for 15 min to isolated the plasma, then mixing
10 μL of plasma with 990 μL of acidified isopropyl alcohol, and
the resulting mixture was incubated at 4 �C in the dark over-
night. Finally, the resulting sample was centrifuged for 10min at
12 000g and the supernatant was transferred into a 96-well
plate for determination of fluorescence at the excitation wave-
length of 480 nm and the emission wavelength of 580 nm. The
plasma DOX concentration was determined by comparing the
fluorescence with a calibration curve generated from known
amounts of DOX in mouse plasma. Parameters including elim-
ination half-life (T1/2) and area under the plasma concentration�
time curve from zero to time infinity (AUC) were evaluated by
using the Kinetica software package (version 5.0, Thermo Fisher
Scientific Inc., MA). All the animal experiments were approved by
institutional animal use committee and carried out ethically and
humanely.

Biodistribution Study. Theexperimentwasperformedaccording
to the reported method.48 The MDA-MB-231 cells (∼5� 107 cells)

were subcutaneously implanted into both lower legs of female
BALB/c athymic nude mice. When the tumors volume reached
∼106 mm3, the mice were anesthetized, and the left lower leg
was immersed into a water bathmaintained at 37 �C. The tumor
was then treated with HIFU for 5 min immediately after the iv
injection of different drug formulations (5 mg DOX/kg). The
tumor on the right leg was used as the untreated control. One
hour after the treatment, the mice were sacrificed, and major
organs including tumors, heart, liver, spleen, lung and kidney
were excised. The tissue samples were washed with PBS and
weighed after removing excess fluid. The Si content in the
tissues was assessed via ICP measurement after decomposing
the tissue samples by aqua regia. The DOX content in the tissues
was determined using the method described previously.48

Briefly, tissue samples (about 100 mg) were first suspended in
1.5mL of nuclear lysis buffer (10mMHEPES, 1mMMgSO4, 1mM
CaCl2, pH 7.4) and homogenized by a tissue homogenizer (2 �
30 s at 6600 rpm). An aliquot of the homogenate (100 μL)
was transferred into a 1.5 mL microtube, and then a mixture
consisting of 50 μL of 10% (v/v) Triton X-100, 100 μL of water,
and 750 μL of acidified isopropyl alcohol was added and the
resulting mixture was stored at �20 �C overnight. Then, the
mixture was thawed and centrifuged for 10 min at 12 000g, and
the supernatant was transferred into a 96-well plate (Ex 480 nm/
Em 580 nm) for DOX determination. The data were compared
with standard curves made from spiking known amounts of
DOX into different tissue homogenates from the untreatedmice
to get the absolute quantification of DOX in different tissues.

HIFU Equipment Used for in Vitro Drug Release. The HIFU equip-
ment employed in this research was made in-house. It com-
prises two main components: ultrasound generator and
acoustic lens transducer. The schematic diagram of apparatus
is shown in Figure S3 in Supporting Information. The acoustic
lens transducer with an effective diameter of 64 mm and a focal
length of 52 mm was mounted at the bottom of a tank filled
with water (37 �C, mimicking the in vivo situation) and the
beams of ultrasound were pointed upward and focused as a
circular spot. The ultrasound output power can be adjusted in
the range of 0�100 W and the frequency of ultrasound is
0.5 MHz. The focused beams of ultrasound passed through
latex membrane and acted on the sample solution in the
cuvette reactor. The water bath was covered by ultrasound-
absorbing material to avoid ultrasound reflection before HIFU
exposure. The temperature at the position of the focal point was
measured with a thermocouple fixed in the middle of sample
holder.

The Drug Release Behavior of HTSCs Triggered by Heat and HIFU. The
drug release behavior of HTSCs triggered by heat and HIFU was
investigated using the reported method.37 Briefly, calcein re-
lease was determined using a fluorescence dequenching assay.
For heat triggered release, 1 mL of different calcein-loaded
HTSCswas added to 30mL of PBS preheated to 37, 38, 39, 40, 41,
42 �C using a thermostat-controlled water bath and mixed well.
At certain time intervals, 2 mL samples were taken and cooled
on ice to quickly stop drug release. For HIFU triggered release,
1 mL of calcein loaded HTSCs was added to 30 mL of PBS
preheated to 37 �C and mixed well, then 2 mL of the sample
was added to the cuvette reactor (Figure S3 in Supporting
Information), and HIFU sonication was performed. At certain
time intervals, samples were taken and cooled on ice to quickly
stop drug release. The percentage of the released calcein was
calculated by

Release Efficiency(%) ¼ F(t) � F0
Fc � F0

� 100%

where F(t) is the fluorescence of the sample treated by heat or
HIFU followed by cooling down on ice and equilibrating back to
room temperature, F0 is the florescence of the control sample
with no heat or HIFU treatment, and Fc is the average fluores-
cence of six of the samples after being destroyed. The calcein in
each sample was quantified separately by fluorescence in a
Thermo Scientific Lumina spectrofluorophotometer using an
excitation wavelength of 490 nm and an emission wavelength
of 520 nm. The release of both DOX andNR in PBS, SBF, or serum
from the HTSCs or LTSLs was performed and calculated similarly
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as described for calcein release. The used excitation and emis-
sion wavelengths were 480 and 580 nm for the DOX release and
570 and 630 nm for the NR release, respectively. All experiments
were performed in triplicate.

Antitumor Efficacy Study of the HDOX-HTSCs and LDOX-HTSCs. Mice
and Tumors. All animal work was done according to an ap-
proved animal protocol and in strict compliance with the
Animal Care and Use Committee guidelines and regulations
of Institutional Animal Care and Use Committee at the Institute
of Biophysics of Peking University. A mammary adenocarcinoma
cell line of MDA-MB-231 was selected. The cells were cultured in
RPMI 1640 with 10% fetal bovine serum, supplemented with
L-glutamine (200mmol/L) and2.2%of 100� penicillin�streptomycin,
and incubated at 37 �C and 5% CO2. For tumor inoculations,
female BALB/c athymic nude mice (5�6 weeks old) were
implanted by a subcutaneous injection of ∼5 � 107 cells in
PBS at the right abdominal mammary position.

Pulsed-HIFU Exposures. All mice were anesthetized with
inhalation isoflurane throughout the pulsed-HIFU exposure
process. Each mouse was positioned in a holder, and tumor
was placed upon the hole of the holder in a tank of degassed
water maintained at 37 �C. This positioning allowed for the
entire tumor to be treated directly within the focal zone of the
transducer. The used exposure parameters were 190 mV of
voltage, 5 kHz of pulse repetition frequency, and 30%duty cycle
(DC) (30 ms ON/70 ms OFF).

Tumor Temperature Detection under HIFU Sonication.
Briefly, during the whole HIFU exposure process, the tempera-
ture inside tumors was measured with a thermometer with
super miniature type temperature probe (diameter = 0.5 μm,
Guang Zhou Sungun Measurement and Control Technology
Co., Ltd.), in which one thermocouple was placed in the tumor
without HIFU sonication served as an external control, a second
thermocouple was placed in the tumor outside of the region
being exposed to HIFU. The profile showed an exponential
increase in temperature and then stabilization of the peak
temperature during the exposure, followed by an exponential
thermal relaxation to baseline.

Effects on Tumor Growth. In this experiment, tumors were
grown at the right abdominal mammary position. Treatments
were started when the tumors volume reached ∼106 mm3,
which was designated as day 0. The tumor-bearing mice were
divided into 6 groupswith 8mice in each group: PBS only group,
HDOX-HTSCs-3 only group, LDOX-HTSCs-3 only group, PBS þ
HIFU group, HDOX-HTSCs-3þ HIFU group, and LDOX-HTSCs-3þ
HIFU group. A volume of 200 μL (dose: 5 mg DOX/kg) HDOX-
HTSCs-3 or LDOX-HTSCs-3 was intravenously (iv) injected
into the tumor-bearing mice, and treated with pulsed-HIFU
at 190 mV with DC of 30% for 5 min. Double pulsed-HIFU
exposures were given immediately following the injections and
24 h later. The tumor sizes were measured by a caliper
at certain time interval; tumor volume was calculated as V =
(L � W2)/2, where L and W were the length and width of the
tumor, respectively. In addition,micewere sacrificed after 16 days,
and major organs including heart, liver, spleen, lung, and kidney
were collected and fixed in formalin. Fixed tissue specimens were
embedded in paraffin, stained with hematoxylin and eosin (H&E),
and subsequently examined by light-field microscopy.

Statistical Analysis. Results are presented as mean ( SD. The
mean in vivo drug and silicon contents difference in major
organs among different groups was analyzed by the Student's t
test, with p < 0.05 considered to be statistically significant.
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