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a b s t r a c t

This work reports the preparation of chitosan hollow nanospheres and their uses as the
ultrasound-induced imaging agents. Reaction of chitosan to the 4-isocyanato-4′-(3,3-dimethyl-2,4-
dioxo-azetidino)diphenylmethane modified silica nanoparticles forms silica@chitosan core shell
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nanoparticles. Removal of the silica cores with hydrofluoride generates the chitosan hollow nanospheres.
Structures and morphology of the silica@chitosan core–shell nanoparticles and chitosan hollow
nanospheres are characterized with an X-ray photoelectron spectroscopy and electron microscopies.
Moreover, perfluoropentane is used an imaging gas to be filled into the chitosan hollow nanospheres.
The gas-filled chitosan hollow nanospheres show ultrasonic-induced imaging behavior, demonstrating
their potentials of applications in ultrasound-induced image.
ltrasound image

. Introduction

Gene delivery plays an important role in gene therapy. Concern-
ng the safety and operation convenience of the gene delivers, the
esearches trend to using non-viral delivers to replace viral vec-
ors (Ghosh, Kim, Han, Forbes, & Rotello, 2008; Green et al., 2008;
uo & Stalzman, 2000; Strand, Danielsen, Christiansen, & Varum,
005; Takahashi, Hirose, Kojima, Harada, & Kono, 2007; Zhang et
l., 2008). Organic and inorganic nanoparticles are the most studied
andidates of the non-viral delivers. The transfection efficiency of
he non-viral systems is not comparable to the efficiency of the viral
elivers (Kodama, Katayama, Shoji, & Nakashima, 2006; Strand et
l., 2005). Therefore, the relatively high transfection efficiency of
he gas-filled microbubbles is noteworthy (Cavalier et al., 2008;
heng, Xia, & Chan, 2004; Lentacker et al., 2006; Marmottant &
ilgenfeldt, 2003; Mehier-Humbert, Bettinger, Yan, & Gyu (2005);
ehier-Humbert et al., 2007; Suzuki et al., 2007; Taniyama et al.,

002). The gas-filled microbubbles are ultrasound contrast parti-
les for molecular imaging (Klibanov, 2005), which can be utilized

n gene delivery through the ultrasound-induced cavitation tech-
ique. The gas-filled bubbles should have sizes smaller than red
lood cells for intravascular applications (Cavalier et al., 2008;
uzuki et al., 2007), and are easily decorated with other materials.

∗ Corresponding author. Tel.: +886 3 2654130; fax: +886 3 2654199.
E-mail addresses: ylliu@cycu.edu.tw, yingliu.tw@yahoo.com.tw (Y.-L. Liu).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.03.033
© 2010 Elsevier Ltd. All rights reserved.

One example is the liposome bubbles. Gas-filled liposome bubbles
together with the ultrasound-induced cavitation technique show
high efficiency in gene delivery (Suzuki et al., 2007). However,
the stability of the bubble liposomes is not satisfied. To improve
the stability of microbubbles, Cavalier et al. (2008) reported the
cross-linked poly(vinyl alcohol) (PVA) microbubbles using NO as
an imaging gas. There still was some space to reduce the sizes of
the PVA bubbles.

The bubble systems need size reduction to be sub-micrometers
and high stability. Chitosan is a nature polysaccharide. Chitosan
has some attractive characteristics, such as low price, biocompati-
bility, hydrophilicity, moderate mechanical property, and chemical
versatility, for uses gene and drug delivery. The hollow spheres of
chitosan have received research attentions for drug delivery. Hol-
low chitosan spheres can be prepared using inorganic nanoparticles
as sacrificial templates. One example is removal of AgCl cores from
AgCl@polypyrrole–chitosan core–shell nanoparticles to obtain the
corresponding polypyrrole–chitosan hollow nanospheres (Cheng
et al., 2004). Hu et al. (2005) reported a core-template free approach
to prepare chitosan/poly(acrylic acid) (PAA) hollow nanospheres.
The applications of the chitosan/PAA hollow nanospheres as drug
carriers were also studied (Hu et al., 2007). Qian, Zhang, Li,

Liu, & Hu (2008) prepared chitosan hollow microspheres using
carboxyl-functionalized polystyrene (PS-COOH) particles as tem-
plates. Chitosan shell absorbed onto PS-COOH particle surfaces
through electrovalent interaction. Removal of the PS cores with
tetrahydrofuran (THF) resulted in the corresponding chitosan hol-
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Fig. 1. Preparation of core–shell silica@chitosan nanop

ow spheres. However, to our best knowledge, the uses of chitosan
ollow spheres as ultrasound-induced imaging bubbles are not
tudied.

In this work we report the preparation of chitosan hollow
pheres and explore the uses of the chitosan hollow spheres as
ubble agents in the ultrasound imaging techniques. The prepara-
ion of chitosan hollow spheres includes surface-functionalization
f silica nanoparticles (SNPs), reaction of chitosan to the function-
lized SNPs, cross-linking the chitosan shell layer, and removal of
he silica cores with hydrofluoride (Fu, Shang, Hong, Kang, & Neoh,
005a; Fu, Shang, Hong, Kang, & Neoh, 2005b; Fu, Zhao, Sun, Kang,
Neoh, 2007). Perfluoropentane is used an imaging gas to be filled

nto the chitosan hollow spheres. The gas-filled chitosan hollow
anospheres demonstrate the ultrasonic-induced imaging behav-

or, indicating their potentials of applications for gene delivery with
he ultrasound-induced cavitation technique.

. Experimental

.1. Materials

Chitosan (85% of deacetylation) was received from Sigma chem-
cal Co. Nanoscale silica particles were purchased from Nissan
hemical Co., Japan. The commercial product of MIBK-ST, in
hich 30 wt% of silica (particle size: 10–20 nm) was dispersed

n methylisobutylketone (MIBK), was used. 4-Isocyanato-4′-
3,3-dimethyl-2,4-dioxo-azetidino)diphenylmethane (MIA) was
repared in our laboratory according to the reported method (Chen,
ai, Chang, Su, & Jeng, 2005). Glutaraldehyde from Acros was used
s a cross-linking agent for chitosan. Perfluoropentane was pur-
hased from Jing-He Science Co., Ltd. (Taoyuan, Taiwan). SonoVue®

R from Bracco Co. (Milan, Italy) was used for a control test of
ltrasound-induced imaging.
.2. Characterization

FTIR spectra were recorded with a Perkin-Elmer spectrum One
TIR. X-ray photoelectron spectroscopy (XPS) analysis was con-
s (SIA-CH) and chitosan hollow nanospheres (CH-HN).

ducted with using a VG MICROTECH MT-500 ESCA (British) using
a Mg K� line as a radiation source. Transmission electron micro-
graphs were taken with a Hitachi H-7500 TEM. The specimens
were deposited onto copper grid directly from suspension. Scan-
ning electron micrographs (SEM) were obtained with a Hitachi
S-4800 field-emission SEM. Thermogravimetric analysis (TGA) was
performed with an instrument from Thermal Analysis Incorpora-
tion (TA-TGA 2050) at a heating rate of 10 ◦C/min under nitrogen
atmosphere. The sizes of nanoparticles were measured with a par-
ticle analyzer of Zetasizer Nano ZEN3600, Malvern Instrument, UK.
A 633 nm laser was fitted to the instrument.

2.3. Preparation of core–shell silica@chitosan nanospheres

MIA modified silica nanoparticles (SIA) with a MIA content of
about 30 wt% was prepared in the laboratory according to the
reported method (Liu, Wu, Jeng, & Dai, 2009). MIBK-ST (9.0 g) and
MIA (1.1 g) were put into a 15 mL round-bottom flask. After reaction
at 60 ◦C for 6 h under a dry nitrogen atmosphere, silica nanoparti-
cles were collected with a centrifuge (13,000 rpm) and dried under
vacuum at 30 ◦C for 3 h. SIA was obtained with a yield of 81 wt%.

Chitosan was dissolved in an 1 wt% acetic acid aqueous solu-
tion to prepare a chitosan solution of 1.5 wt%. SIA (0.3 g) was added
into the chitosan solution (50 mL). After being treated with an ultra-
sonic bath for 15 min, the solution was reacted at 60 ◦C for 6 h. Silica
nanoparticles collected with a centrifuge (13,000 rpm) were re-
dispersed in acetic aqueous solution and collected again to remove
out the physically absorbed chitosan. After drying at 30 ◦C under a
reduced pressure, core–shell silica@chitosan nanospheres (SIA-CH)
were obtained (0.22 g).

2.4. Preparation of chitosan hollow nanoparticles
SIA-CH (0.2 g) was dispersed in glutaraldehyde at 30 ◦C for 24 h
to cross-link the shell chitosan layer. The collected cross-linked
SIA-CH was dispersed in a hydrofluoride aqueous solution (1 wt%)
to remove out the silica cores of the SIA-CH nanoparticles. The
nanoparticles were then collected with a centrifuge, washed with
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ig. 2. TGA thermograms of the prepared nanoparticles SIA, SIA-CH, and CH-HN.

istilled water, and dried at 30 ◦C under vacuum to result in the
hitosan hollow nanospheres (CH-HN, 0.13 g).

.5. Ultrasound imaging in vitro

Chitosan hollow nanospheres (CH-HN) were charged into an
-ml tube. The tube was then sealed and vacuumed. Liquid-form
erfluoropentane (0.6 ml) was added to the tube and allowed to
aporize at 40 ◦C. After addition of phosphate buffered saline (PBS),
he particle-contained liquid was transferred into a phantom for
ltrasound detection (Lafon et al., 2005). The probe (L38/10–5 MHz)
f a high resolution ultrasound system (Titan®, SonoSite, Bothel,
A, USA) was positioned next to the phantom and the bubbles
ere imaged. Commercially available ultrasound agent suspension,

onoVue®, was used for the control test.

. Results and discussion

.1. Preparation of chitosan hollow nanosphere

MIA possesses two functional groups, one is isocyanate and the
ther one is azetidine-2,4-dione. The isocyanate groups of MIA are
ighly reactive toward the silanol groups of SNPs. MIA molecules
an decorate to the surfaces of SNPs through the reaction between
socyanate and silanol groups. The MIA-modified SNPs (SIA) pos-
ess azetidine-2,4-dione groups, which are highly selective and
eactive toward primary amine groups (Chen et al., 2005). There-
ore, chitosan, which possesses side primary amine groups, could
eact onto SIA through the reaction between the azetidine-2,4-
ione groups of SIA and the amine groups of chitosan. The obtained
anoparticles have chitosan shells and SNP cores, i.e. the core–shell
ilica@chitosan nanoparticles (SIA-CH). After cross-linking the chi-
osan shell of SIA-CH with glutaraldehyde and removal of their silica
ores with HF treatment, we obtained the corresponding chitosan
ollow nanospheres (CH-HN) (Fig. 1).

SIA exhibits a weight loss of about 25 wt% in thermogravimet-
ic analysis because of the degradation of the organic MIA portion.
eanwhile, SIA-CH exhibits a 65 wt% loss in its TGA thermogram

Fig. 2). The increase in the weight loss originates from the chitosan

hell layer, indicating the success of chitosan incorporation to SIA.
he weight ratio of silica core to organic shell is 35/65 (about 0.54)
or SIA-CH. The weight fractions of silica core, MIA, and chitosan in
IA are about 35, 12, and 53%, respectively. The two-stage weight
oss of SIA-CH is noteworthy. The first stage of weight loss appeared
Fig. 3. XPS spectra of the prepared nanoparticles SIA, SIA-CH, and CH-HN.

at 220–300 ◦C and the other one did at 300–400 ◦C. As SIA showed
a major weight loss at about 270–350 ◦C, the first-stage weight loss
observed with SIA-CH comes from the degradation of chitosan por-

tion and the second-stage from the MIA degradation. The thermal
degradation behavior of the chitosan hollow nanospheres was simi-
lar to that observed with SIA-CH, as they possessed similar organic
portions. The degradation temperatures of CH-HN shift to higher
temperatures because the cross-linked structure of chitosan in CH-
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Table 1
XPS elemental analysis on the nanoparticles SIA, SIA-CH, and CH-HN.

Samples O (%) N (%) C (%) Si (%)

H
s
t
r
q
b
c
g
a
o
H
d
s
N
e
i
a
s
c
t
S
7
c

t
t
p
t

SIA 30.4 1.2 16.7 51.2
SIA-CH 14.4 7.9 70.9 6.7
CH-HN 13.3 7.1 78.3 1.3

N. In addition, the char yield of CH-HN is about 20 wt%, which is
maller than that observed with SIA-CH (35 wt%). The decrease in
he char yield indicates the decreases in the silica portion and the
emoval of silica cores from SIA-CH. Removal of silica cores conse-
uently transforms the core–shell silica@chitosan nanoparticles to
e the chitosan hollow nanospheres. However, the removal of silica
ore might not be completed. In addition, the FTIR analytical results
ive additional supports to the removal of silica cores of SIA-CH
nd formation of CH-HN hollow nanospheres. The peak intensities
f the silica absorptions at about 1095 cm−1 for SIA-CH and CH-
N decrease with HF treatments (figure not shown). XPS analysis
ata also support to the chemical structures of the nanoparticles. As
hown in Fig. 3, besides O and Si signals, SIA also exhibited C1s and
1s signals at about 400 and 264 eV, respectively due to the pres-
nce of MIA moieties. The incorporation of chitosan to SIA resulted
n the elemental content increases from 1.2 to 7.9% for nitrogen
nd from 16.7 to 70.9% for carbon (Table 1). Meanwhile, the mea-
ured Si content decreased from 51.7% of SIA to 6.7% of SIA-CH with
hitosan incorporation. The Si content of CH-HN further decreased
o 1.3% due to the removal of silica with HF. Removal of silica from
IA-CH also results in an increase in the carbon content from 70.9 to
8.3%. Meanwhile, the no obvious changes appear with the nitrogen
ontents of SIA-CH (7.9%) and CH-HN (7.1%) (Table 1).
Fig. 4 shows the micrographs of SIA-CH core–shell particles and
he corresponding chitosan hollow nanospheres CH-HN. The par-
icle sizes of SIA-CH are about 180 nm in SEM micrographs. The
article size of SIA-CH is close to the value (200 nm) read from
he light scattering measurement. The core shell structure of SIA-

Fig. 4. SEM micrographs of SIA-CH (A) and CH-HN (B);
ymers 84 (2011) 770–774 773

CH is not clear in the SEM micrographs, but appears in the TEM
micrographs. As shown in Fig. 4C, the dark portion presents the sil-
ica core and the corona portion the polymer shell, as silicon has
a relatively high electron contrast in TEM observation. After HF
treatment, CH-HN particles show hollow structures in both SEM
and TEM micrographs. HF treatments remove out the silica cores
of SIA-CH and do not obviously change the particle sizes.

3.2. Chitosan hollow nanosphere mediated ultrasound-induced
images

The application potential of the chitosan hollow nanospheres
in ultrasound imaging techniques and ultrasound-induced cavita-
tion gene delivery is examined by an ultrasound-induced imaging
test with perfluoropentane as an imaging gas. Previously, Suzuki
et al. (2007) utilized bubble liposomes for the ultrasound-induced
cavitation gene delivery. In their study, sonication of the liposomes
under high pressure with the fluorocarbon gas is the critical step
in the preparation of liposome bubble imaging agents. However,
one advantage of the chitosan hollow spheres is that perfluo-
ropentane could fill the chitosan hollow nanospheres without any
sonication or shaking. As shown in Fig. 5, chitosan nanoparti-
cles without perfluoropentane infusion did not induce any cloudy
ultrasonographic image. On the other hand, the ultrasonographic
image of chitosan hollow nanosphere suspension infused with
perfluoropentane became cloudier, similar to that observed with
the control test using SonoVue® BR as an agent. The ultrasound-
induced images appeared with the chitosan hollow spheres confirm
that the chitosan hollow nanospheres trap perfluoropentane gas

and the gas-infused chitosan hollow nanospheres could demon-
strate the ultrasound imaging property. Further studies are under
investigation to optimize the preparation conditions of CH-HN
and to perform the ultrasound-induced cavitation gene deliv-
ery.

TEM micrographs of SIA-CH (C) and CH-HN (D).
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Qian, Z., Zhang, Z., Li, H., Liu, H., & Hu, Z. (2008). Facile preparation of monodisperse
hollow cross-linked chitosan microspheres. Journal of Polymer Science Part A:
Polymer Chemistry, 46, 228–237.
ig. 5. The ultrasonographic images of (A) chitosan nanoparticles without perfluor
erfluoropentane. The ultrasonographic images of PBS solution and the liquid-form

. Summary

In this work we report a facile approach to prepare sil-
ca@chitosan core–shell nanoparticles and the corresponding
hitosan hollow nanospheres. The preparation route is effective
or other polymeric hollow nanospheres made of polymers with
rimary amine groups. With perfluoropentane as an imaging
as, the gas-filled chitosan hollow nanospheres demonstrate the
ltrasonic-induced imaging behavior, showing their application
otentials in ultrasound images and gene delivery.
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