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A novel anticancer drug delivery system with contrast-enhanced ultrasound-imaging performance was synthesized by a typical
hard-templating method using monodispersed silica nanoparticles as the templates, which was based on unique molecularly
organic/inorganic hybrid hollow periodic mesoporous organosilicas (HPMOs). The highly dispersed HPMOs show the uniform
spherical morphology, large hollow interior, and well-defined mesoporous structures, which are very beneficial for ultrasound-
based theranostics. The obtained HPMOs exhibit excellent performances in contrast-enhanced ultrasonography both in vitro
and in vivo and can be used for the real-time determination of the progress of lesion tissues during the chemotherapeutic
process. Importantly, hydrophobic paclitaxel- (PTX-) loaded HPMOs combined with ultrasound irradiation show fast ultrasound
responsiveness for controlled drug release and higher in vitro and in vivo tumor inhibition rates compared with free PTX and
PTX-loaded HPMOs, which is due to the enhanced ultrasound-triggered drug release and ultrasound-induced cavitation effect.
Therefore, the achieved novel HPMOs-based nanoparticle systems will find broad application potentials in clinically ultrasound-
based imaging and auxiliary tumor chemotherapy.

1. Introduction

Ultrasound (US) imaging is one of the most used diagnostic
modalities clinically with the unique noninvasive, nonioniz-
ing, real-time, and economic features [1]. However, its imag-
ing resolution and diagnostic precision are still much lower
than clinicalmagnetic resonance, computed tomography, and
positron emission tomography imaging [2].The employment
of ultrasound contrast agents (CAs) has been demonstrated
as an alternative approach to improve the diagnostic precision
of ultrasonography because the elaborately designed CAs can
act as the efficient reflectors for ultrasound [3–6]. However,
the traditional organic microbubbles-based CAs exhibit the
extremely large particle sizes (typically in micrometers)
and show low stability under ultrasound irradiation, which
severely restricts their further clinical applications [1, 7].

Recent preliminary results have demonstrated that hol-
low silica nanoparticles (NPs) with large hollow interiors and
thin shells exhibited satisfactory echogenic properties and
excellent ultrasound imaging performances due to their hol-
low nanostructures, tunable particulate sizes, high stability,
and easy surface functionalization [7–10]. To further explore
the ultrasound-based diagnostic and therapeutic applications
of silica-based NPs, we herein for the first time elaborately
designed and fabricated special hollow periodic mesoporous
organosilica nanoparticles (HPMOs) with organic/inorganic
hybrid features, which function as the CAs for ultrasound
imaging and carriers for in vitro and in vivo ultrasound-based
drug release/delivery simultaneously.The fabricated HPMOs
possess the unique structural and compositional character-
istics for ultrasound-based theranostics. Firstly, the hollow
nanostructures and nanoparticulate sizes endow HPMOs
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with the excellent echogenic properties and enhanced drug-
loading capacity [11–21]. Secondly, the porous HPMOs’ shell
provides the channels for the free diffusion and encapsulation
of drug molecules [22, 23], and hydrophobic antitumor
drug paclitaxel- (PTX-) loaded HPMOs combined with
ultrasound irradiation show fast ultrasound responsiveness
for controlled drug release. Thirdly, their small particle size
can enter the tumor tissue through the gap of the tumor
capillary, which is difficult to be realized based on traditional
organic microbubbles. Importantly, the organic/inorganic
hybrid compositions further guarantee the higher biosafety of
HPMOs than that of traditional silica NPs with pure Si–O–Si
bonds [24]. Based on the well-defined and highly dispersed
HPMOs, their theranostic functions for ultrasound-based
imaging and therapy have been systematically investigated
both in vitro and in vivo.

2. Experimental Section

2.1. Synthesis of HPMOs. HPMOs were prepared by a special
templating method based on a chemical etching process
in alkaline solution. Typically, 74mL of ethanol, 10mL of
H
2
O, and 3.14mL of ammonia (36%–38%) solution were

mixed followed by addition of 6mL of tetraethyl orthosil-
icate (TEOS) at 30∘C. After further 1-hour reaction, the
preformed silica NPs were dropped into amixture containing
100mL of H

2
O, 30mL of cetyltrimethylammonium bromide

(C
16
TAB) solution, and 3mL of ammonia solution. 3mL of

1,4-bis(triethoxysilyl)benzene (BTEB) was then injected into
the above solution dropwise followed by 6-hour reaction
at 30∘C under magnetic stirring. The core/shell structured
SiO
2
@PMOs were collected by centrifugation, which were

further etched in 0.6MNa
2
CO
3
solution at 80∘C for 1 h.

Finally, the surfactant C
16
TAB was removed by extraction

in HCl solution for three times at 80∘C. The products were
washed three times by water and ethanol and were finally
freeze-dried.

2.2. Contrast-Enhanced Ultrasonography of HPMOs In Vitro.
The in vitro contrast-enhanced ultrasound imaging was
conducted using PTX-HPMOs PBS solutions with different
concentrations (2mL : 5mg/mL, 10mg/mL, and 20mg/mL)
by wrapping them into a small sac, which was further
infused into a big sac prefilled with PBS solution. The per-
formance of HPMOs as contrast agents for ultrasonography
was compared with commercial SonoVue (2mL).The in vitro
ultrasonography experiment was carried out on IU-22. In
addition, different ultrasound imaging modalities (contrast
and harmonic modes) and different mechanical indexes
(MI, 0.05–1.2) were employed to systematically investigate
the influence of parameters for ultrasound imaging. The
corresponding average gray values were determined by the
analysis with SONOMATH-DICOM software.

2.3. PTX Loading into HPMOs (PTX-HPMOs) and the
Releasing Performance. The PTX-HPMOs were obtained by
mixing 5.0mg of HPMOs with 3mg of PTX (in 6mL DMSO
solution) at room temperature in the dark, and the mixture

was then stirred for 24 h. The supernatant PTX solutions
were collected by centrifugation, and the concentration of
unloaded PTX was measured. The PTX solutions before and
after the coincubationwithHPMOswere analyzed byUV-Vis
analysis.

PTX-loaded HPMOs (5mg) were added into the dialysis
bag and then introduced into a vial with PBS (50mL) with
or without ultrasound irradiation. Firstly, the medium was
stirred at 110±4 revolutions/min at 37±0.5∘Cwithout ultra-
sound irradiation. At the indicated time intervals (observed
until 72 h), the medium was removed (5mL) and replaced
with fresh PBS (5mL).The absorbance intensity of samples of
the replaced media was detected by a UV spectrophotometer
at wavelength of 233 nm. The released PTX in these replaced
media at different time intervals was calculated from the
standard curve. Then, ultrasound irritation was applied at
1 h, 3.5 h, and 5.5 h to the PTX-loaded HPMOs, respectively.
The parameters of ultrasound irradiation are listed as follows:
frequency of 1MHz, 50% duty cycle, ultrasound power of
1.5W/cm2, irradiation duration of 15 s with 5 s pause. The
whole irradiation time lasted for 2 min each time.

2.4. Evaluation of the Antitumor Activity of Ultrasound-
Mediated PTX-HPMOs In Vitro. The evaluation is based on
the typical CCK8 assay. Typically, HeLa cancer cells were
seeded in 96-well plate at a density of 3 × 103 cells in 200𝜇L
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% (v/v) FBS (fetal bovine serum), penicillin (100 IU/mL),
and streptomycin (100 𝜇g/mL) in a humidified incubator at
37∘C, 5% CO

2
for 12 h. Then, each treatment was carried

out as follows: free PTX group was adding the medium with
different concentrations (0, 2.5, 5, and 10 𝜇g/mL) of free PTX
into the 96-well plate; PTX-HPMOs group was adding the
PTX-HPMOs of the same PTX-equivalent doses, without
ultrasound irradiation; PTX-HPMOs +US groupwas adding
the PTX-HPMOs of the same PTX-equivalent doses com-
bined with ultrasound irradiation; and, in control group, new
DMEM was added. Optical microscope was used to observe
the cell growth and morphology in the culture plate after
the cells were cultured for 24 h. After extraction of medium
in wells, CCK-8 was used to determine the cell survival.
The absorbance was measured at 450 nm using a microtiter
plate reader (Thermomax microplate reader, Molecular
Devices). Consider the following: cell viability (%) =
mean OD value of experimental group/mean OD value
of control group × 100%. The ultrasound parameters are
power: 1.5W/cm2, frequency: 1MHz, duty cycle: 20%, and
irradiation time: 2min with 15 s interval/5 s pause.

2.5. Evaluation of the Antitumor Activity of Ultrasound-
Mediated PTX-HPMOs In Vivo. The antitumor activity of
ultrasound-mediated PTX-HPMOs-treated tumor was eval-
uated using nude mice implanted with a human cervical
cancer HeLa cell line. Animal procedures were in agreement
with the guidelines of the Institutional Animal Care and Use
Committee. 200𝜇L of 2 × 106 tumor cells was inoculated at a
subcutaneous (s.c.) site in the armpit of right anterior limb
of BALB/c female nude mice aged 5 weeks and fed under
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Figure 1: TEM (a and b) and SEM (c) images of HPMOs obtained by alkaline etching in 0.6MNa
2
CO
3
solution at 80∘C for 1 h.

the condition of SPF. Treatments were started after 2 weeks
when tumor in the nude mice reached a tumor volume of
10–15mm3. Mice were randomly divided into four groups: (i)
PTX administration group, (ii) PTX-HPMOs administration
group, (iii) PTX-HPMOs+US administration group, and (iv)
control administration group. Each treatment was carried out
as follows: PTX group was injected intratumorally at a dose
of 200𝜇L (the actual dose was 300 𝜇g and drug concentration
was 1.5mg/mL). The administration dose is calculated to be
10mg/kg. PTX-HPMOs administration group was injected
intratumorally with the same PTX-equivalent doses without
ultrasound irradiation; PTX-HPMOs + US administration
group was injected intratumorally with the same PTX-
equivalent doses with ultrasound irradiation; and, in control
group, animals were given saline. Mice were treated weekly
for 3 weeks. The PTX-HPMOs-treated tumor was exposed
to US at a power intensity of 1MHz, 50% duty cycle,
sound intensity of 1.5 W/cm2, and continued irradiation of
2 minutes.

The antitumor effect was assessed by measuring the
tumor size at two-day intervals. Tumor volumewas calculated
by the formula 𝑉 = 1/2 × 𝑎 × 𝑏 × 𝑐 (where 𝑎 is the longest
diameter of tumor, 𝑏 is the minor diameter of tumor, and 𝑐
is the tumor thickness measurement with ultrasound). The
inhibition rate of tumor weight is the following: % = [1 −
average tumor weight of experimental group/average tumor
weight of control group] × 100%.

2.6. Contrast-Enhanced Ultrasonography of PTX-HPMOs In
Vivo. SonoVue freeze-dried powder containing 59mg SF

6

was diluted to 12mg/mL with 0.9% saline solution before
using Mindray M7 series 10MHz. Animal procedures were
in agreement with the guidelines of the Institutional Animal
Care and Use Committee. 200𝜇L of 2 × 106 tumor cells was
inoculated at a subcutaneous (s.c.) site in the armpit of right
anterior limb of BALB/c female nude mice aged 5 weeks and
raised under the condition of SPF. Treatments were started
after 2 weeks when tumor in the nude mice reached a tumor
volume of 10–15mm3.The first group ofmice as a control was
injected intratumorally at a dose of 200𝜇L saline.The second
group of mice was given 200𝜇L of commercial SonoVue, and
the third group of mice was injected intratumorally at a dose
of 200𝜇L of PTX-HPMOs (the drug diluted with saline to
the concentrationwas 1.5mg/mL).Theultrasound imaging of
tumor tissues was obtained immediately, after 30 s, and after
7 days, respectively.

3. Results and Discussion

HPMOs were synthesized by a typical hard-templating
method based on the stability variations of silica core
(template) and PMOs shell [25]. The core/shell structured
SiO
2
@PMOs were firstly prepared by coating a PMOs shell

onto the surface of as-prepared silica NPs using BTEB as
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Figure 2: In vitro ultrasonographic images of HPMO NPs of harmonic mode at different concentrations ((a)–(d): 20mg/mL; (e)–(h):
10mg/mL; (i)–(l): 5mg/mL) and different mechanical indexes ((a), (e), and (i): 1.2; (b), (f), and (j): 1.0; (c), (g), and (k): 0.8; (d), (h), and
(l): 0.6). (m) The in vitro acoustic signal intensities (gray value) of HPMOs solutions under different imaging modes, concentrations, and
mechanical indexes.
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Figure 3: (a) In vitro PTX releasing fromPTX-loadedHPMOs in PBS solution with (black line) andwithout (red line) ultrasound irradiation;
(b) average cell viabilities (𝑛 = 3) of each treatment against HeLa cells at different concentrations for 24 h; (c) tumor weight after the
administration of saline solution (control), free PTX, PTX-HPMOs, and PTX-HPMOs + US (∗𝑃 < 0.05).

the organosilica precursors. The silica core is less condensed
compared to PMO shell; thus, it can be easily etched away
by alkaline etching. Figure 1 shows that the PMOs shell can
perfectly remain after the mild etching in 0.6MNa

2
CO
3

solution at 80∘C for 1 h. The obtained HPMOs show the
uniform spherical morphology and high dispersity, which are
very beneficial for further in vivo theranostic applications.
The hollow nanostructures can be demonstrated by the
contrast differences between the core and shell in TEM
image (Figure 1(a)). The ordered and well-defined meso-
porous channels within the PMOs shell can be clearly distin-
guished in TEM image with highmagnification (Figure 1(b)).
In addition, SEM image also demonstrates that obtained
HPMOs possess spherical morphology and high dispersity
(Figure 1(c)). The particle size of HPMOs is 450.2 nm. In
addition, the surface area, pore volume, and pore size of
HPMOs are 1029.4m2/g, 0.66 cm3/g, and 2.8 nm, respectively
[25].

Furthermore, we systematically evaluated the in vitro
acoustic enhancement of HPMOs under different concen-
trations, ultrasound imaging modalities, and mechanical

indexes. The typical ultrasonography images were obtained
under both harmonic imaging mode and conventional
contrast mode in the presence of HPMOs. It is interest-
ing that the introduction of HPMOs exhibits the obvious
contrast enhancement under both harmonic and B-modes,
and this special grayscale imaging enhancement is strongly
dependent on the HPMOs concentrations and mechanical
indexes (Figures 2(a)–2(l) and Figure S1; see supplementary
Figure S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2014/972475). This result indicated
that the contrast enhancement generated by the introduction
of HPMOs is very stable under high mechanical indexes
because the adopted mechanical indexes of harmonic mode
are between 0.6 and 1.2, while the commercial SonoVue
suffers from the rapture ofmicrobubbles under highmechan-
ical indexes and only can image under low mechanical
indexes of contrast mode.This phenomenon further demon-
strates the high stability of HPMOs for ultrasonography. The
quantitative measurement of the gray values of ultrasound
imaging using HPMOs as the CAs further demonstrates that
the HPMOs can significantly enhance the responsiveness of
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Figure 4: In vivo ultrasound imaging of tumor-bearingmice before ((a), (c), and (e)) and after ((b), (d), and (f)) the administration of different
contrast agents: saline solution (a and b), PTX-HPMOs (c and d), and SonoVue (e and f). Images (g) and (h) represent tumor ultrasound
images after 7 days of administration of PTX-HPMOs (g) and SonoVue (h).
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HPMOs of ultrasound and generate the contrast enhance-
ment of ultrasound imaging. Importantly, both HPMOs and
SonoVue show good effect of contrast-enhanced ultrasound
imaging under contrast mode (Figure S2).

We further used HPMOs as the drug delivery system
(DDS) for ultrasound-triggered drug release and delivery
due to the unique hollow interiors and mesoporous shell,
which could largely protect the healthy organs from the
toxic drugs and prevent the decomposition/denaturing of the
drugs prior to reaching the targeted tissue [26–28]. The large
hollow interiors leave much more room for drug molecules
and the mesoporous channels provide diffusion pathways
[29]. Paclitaxel (PTX), a typical hydrophobic anticancer drug,
was encapsulated within HPMOs. The drug loading amount
is as high as 90.9mg/g, which is higher than traditional
mesoporous silica nanoparticles due to the contribution of
large hollow interior of HPMOs [30]. Importantly, it was
found that the PTX releasing profile was biphasic, with an
initial abrupt release followed by sustained and slow release
without ultrasound irradiation. Abrupt release occurred at
5min, and 23% of the loaded PTX was released by that
time. Then, the release of PTX showed sustained and slow
release following the initial abrupt release. After 12 h, 40%
of the loaded PTX was still enveloped within HPMOs and
the release enters into the plateau. Comparatively, under
ultrasound irradiation, the PTX release profile can be con-
trolled by ultrasound irradiation. Ultrasound irradiation
can enhance about 18% of the PTX release every time.
After 3 times of ultrasound irradiation, the release of PTX
reached 82.2% at 5.5 h (Figure 3(a)).This result demonstrates
that PTX-loaded HPMOs exhibit ultrasound-triggered drug
releasing performances and could be used in ultrasonic-
assisted chemotherapy of cancer.The unique organic benzene
groups within the framework of HPMOs can interact with
PTXmolecules through supramolecular 𝜋-𝜋 stacking, which
can be disrupted by external ultrasound triggers to cause the
ultrasound-based stimuli-responsive drug releasing.

The in vitro ultrasound-triggered drug releasing behavior
of PTX-HPMOs was further investigated on human cervi-
cal cancer HeLa cell line. It was found that (Figure 3(b))
the loaded PTX with ultrasound irradiation can exhibit
higher cytotoxicity at PTX concentrations of 2.5, 5, and
10 𝜇g/mL. When the concentration of PTX was 5 𝜇g/mL,
there was 35.56% cell survival, but with the further increase
of PTX concentrations up to 10 𝜇g/mL, more than 75.69% of
HeLa cells were killed. However, pure ultrasound irradiation
has no obvious cytotoxicity. Thus, ultrasound irradiation
could enhance the release of PTX from PTX-containing
nanocapsules, which should be responsible for the higher
concentration of PTX in the cell, leading to the enhanced
PTX cytotoxicity and cell death. Moreover, the cavitation
effect of ultrasound may also promote the tumor cell death.

The in vivo ultrasound-triggered drug releasing behavior
of PTX-HPMOs was investigated on tumor-bearing mice. It
was found (Figure 3(c)) that PTX-HPMOs with ultrasound
irradiation exhibit significantly higher tumor inhibition rate
(61%) compared to free PTX (42%) and PTX-HPMOs
(36%). We also observed the large necrosis of tumor tissues

in PTX-HPMOs combined with ultrasound group. There-
fore, the combined ultrasound-triggered drug releasing and
ultrasound-based cavitation effect cause this high therapeutic
efficiency.

Importantly, HPMOs can be used as the CAs for ultra-
sound imaging during the chemotherapeutic process. The
PTX-loaded HPMOs were intratumorally injected and non-
invasively detected by ultrasound at different time intervals
(Figure 4 and Figure S3). It was found that the tumor tissues
exhibited obvious contrast enhancement in ultrasonography
image after the administration of HPMOs (Figures 4(c) and
4(d)), which could diffuse rapidly within tumor tissue. It
is indicated that the PTX-HPMOs’ diameter between 400
and 500 nm can overcome the drawback of particle size of
organic microbubbles and can pass through the link of the
capillaries of tumor tissue to diffuse rapidly within tumor
tissues. Importantly, HPMOs exhibit higher in vivo stability
than commercial clinically used SonoVue (Figures 4(e), 4(f),
4(g), and 4(h) and Figure S3). The contrast enhancement
remained even after 7 days in PTX-HPMOs group, while the
SonoVue did not show such effect. These results show that
HPMOs can also be used for real-time in vivo ultrasound
imaging for the determination of the progress of lesion
tissues during chemotherapeutic process and can release the
anticancer drugs persistently for efficient chemotherapy.

4. Conclusions

In summary, novel molecularly organic/inorganic hybrid
hollowmesoporous periodic organosilica nanoparticles were
elaborately designed and prepared by a typical hard-
templating method, which were further systematically inves-
tigated as the efficient CAs for in vitro and in vivo ultra-
sound imaging and simultaneous ultrasound-triggered drug
delivery systems. HPMOs exhibited excellent in vitro and
in vivo performances in contrast-enhanced ultrasonography
and could be used for the in situ determination of the progress
of lesion tissues during the chemotherapeutic process. Impor-
tantly, PTX-loaded HPMOs combined with ultrasound irra-
diation showed ultrasound responsiveness and higher tumor
inhibition rates compared with free PTX and PTX-HPMOs,
which was due to the ultrasound-triggered drug release and
ultrasound-induced cavitation effect. It is believed that the
achieved novel HPMOs will find great application potentials
in clinically ultrasound-based imaging and therapy.
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