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Surfactant-Free, Self-Assembled PVA-Iron Oxide/Silica Core–
Shell Nanocarriers for Highly Sensitive, Magnetically Controlled
Drug Release and Ultrahigh Cancer Cell Uptake Efficiency**

By Shang-Hsiu Hu, Dean-Mo Liu, Wei-Lin Tung, Chen-Fu Liao, and San-Yuan Chen*
Surfactant-free, self-assembled iron oxide/silica core–shell (SAIO@SiO2) nanocarriers were synthesized as bifunctional mag-

netic vectors that can be triggered for the controlled release of therapeutic agents by an external magnetic field. In addition, drug

release profiles can be well-regulated through an ultrathin layer of silica shell. The hydrophobic drug molecules were

encapsulated within the iron oxide-PVA core and then further covered with a thin-layer silica shell to regulate the release

pattern. Remote control of drug release from the SAIO@SiO2 nanocarriers was achieved successfully using an external magnetic

field where the core phase being structurally disintegrated to a certain extent while subjected to magnetic stimulus, resulting in a

burst release of the encapsulated drug. However, a relatively slow and linear release restored immediately, directly after removal

of the stimulus. The nanostructural evolution of the nanocarriers upon the stimulus was examined and the mechanism for

controlled drug release is proposed for such a core–shell nanocarrier. Surprisingly, the surfactant-free SAIO@SiO2 nanocarriers

demonstrated a relatively high uptake efficiency from the HeLa cell line. Together with a well-regulated controlled release

design, the nanocarriers may provide great advantages as an effective cell-based drug delivery nanosystem for biomedical

applications.
1. Introduction

Controlled release of therapeutic agents from nanometric

carriers has received increased interest because it provides

numerous advantages, such as high delivery efficiency and site-

specific therapy, compared to traditional dosing techniques.

Owing to these advantages, many research reports propose to

integrate active drug molecules with host materials, aimed at

manipulating the drug release profile. It is desirable that the

drug release behavior can be optimized with either a slow,

zero-order release pattern or a burst-like releasemimicking the

natural release of biological molecules, such as the hormones

insulin or thyroxine formed in endocrine glands, in the body.[1]

Therefore, many studies have been published in response to

specific stimuli, such as temperature,[2,3] pH,[4] electric field,[5]

ultrasound,[6,7] and magnetic field[8–11] to deliver drugs in a

therapeutically desirable manner. Many traditional stimuli,

such as electric signals, mechanical force, pH, etc, usually

needed a physical contact with the drug carriers in order to

trigger drug release. However, triggering a drug release in such
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a manner may not be practicable in the human body.

Furthermore, real-time release upon a short-time stimulus is

difficult to achievewith traditional stimuli-responsive polymeric

materials, this is especially critical for certain clinical

complications. Therefore, development of a desired drug

carrier for ‘‘real life’’ applications should possess real-time

responsiveness to the stimuli, for example when urgent

disease control measures are required and/or a slow, sustained

release to meet different clinical complications.

Recently, iron oxide nanoparticles obtained through surface

modification or combination with functional moieties have

been widely used in a variety of biological applications such as

drug/gene delivery,[12–15] bioseparation,[16,17] magnetic reso-

nance imaging,[18–20] and hyperthermia therapy.[21] In contrast,

there are only a limited number of reports addressed to the use

of magnetic nanoparticles for controlled drug delivery. The use

of a magnetic field to modulate drug release through magnetic

nanoparticles from drug carriers was developed previously.[8–

11] Saslawski et al. reported the use of alginated microspheres

crosslinked with polyethylenenimine for pulsed release of

insulin by an oscillating magnetic field.[22] The insulin release

rate from the alginate-strontium ferrite microspheres was

enhanced in the absence of a magnetic field. In our previous

studies, a ferrogel with high-frequency magnetic field (HFMF)

magnetic-sensitive properties has been characterized and the

amount of drug released from the ferrogel was effectively

released while applying an external magnetic field.[23]

Recently, the core/single-crystal iron oxide shell nanospheres

for magnetically triggered release were also developed by our
Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 2946–2955
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team. To the best of our knowledge, little investigation has so

far been addressed on the controlled drug release from

nanometer-sized carriers under external magnetic stimulation.

However, nanocarriers with controllable drug release proper-

ties are highly desirable because such small carriers can be

designed to deliver drug to a specific site of disease, and then

the therapeutic molecules can be delivered at the desired

location at the right time with a therapeutically effective dose.

However, this is far from achievable with the current drug

delivery systems, especially with particulate drug delivery

nanodevices, and it seems that there is a need for a successful

marriage between the field of materials technology, biology,

pharmaceutics, and stimuli environment.

From a clinical point of view, it is more desirable that a ‘‘zero

or near-zero release profile’’ can be tailored as practically

needed before the drug-containing nanocarriers reaches the

targeted sites because the nature of diffusion of drug molecules

from the nanocarriers to the environment is virtually thermo-

dynamically unavoidable in the presence of a drug concentra-

tion gradient. Once such a mechanism is triggered right after

administration, the risk of undesired clinical complications

may result, including a reduced therapeutic efficacy. Here, a

novel nanodevice was designed and constructed by preparing

self-assembled iron oxide (SAIO) nanoparticles with drug

molecules embedded in an ultra-thin silica nanoshell. A

structurally dense silica shell has designed as a physical barrier

to eliminate undesirable drug release before reaching the

target sites appears to be practically desired. A mixture of

magnetic nanoparticles and amphiphilic PVAwas employed as

a functional phase in the resulting nanocarriers, which allows

the response of the resulting drug carriers to be activated more

dynamically and efficiently, aimed to achieve a real-time

response to an immediate environmental change, i.e., magnetic

field. In the meantime, the PVA phase provides not only a glue

to assemble the nanoparticles, but also a matrix to immobilize

therapeutical active agents of either hydrophilic or hydro-

phobic nature within. It is more interesting to know that a high-

frequency magnetic field, in the range of tens to hundreds of

KHz, allows a pulsed drug release to be achieved easily on a

real-time responsive base without the undesirable delay in
Figure 1. Schematic illustration of the synthesis and structure of the sel
magnetically controlled drug release.
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dosing accuracy under administration, and more desirably,

restores to zero or near-zero release immediately after removal

of the high-frequency magnetic field. In addition, the cell

uptake efficiency of these novel SAIO@SiO2 nanocarriers was

examined.
2. Results and Discussion

2.1. Preparation of SAIO@SiO2 Nanocarriers

The synthetic procedure of the SAIO@SiO2 nanocarriers is

schematically illustrated in Figure 1. The first step is to

synthesize the monodispersed superparamagnetic iron oxide

nanoparticles (Fe3O4) via high-temperature decomposition of

Fe(acac)3.
[24] Two key steps were employed to form these

monodispersed nanoparticles: firstly, the growth of nuclei was

carried out at 200 8C, and then the reaction temperature was

raised to 300 8C in order to permit the iron oxide nanoparticles

to grow to a uniform size. The iron oxide nanoparticles showed

an average diameter of 5 nm (Figure 2a) and were well

suspended in benzyl ether. In the second step, the nanoemul-

sion method using polyvinyl alcohol (PVA) as a binder was

applied to prepare the SAIO nanoparticles, Figure 2b. The iron

oxide nanoparticles appeared to assemble uniformly and pack

regularly throughout the PVA nanomatrix; this is believed to

result from possible interactions such as hydrogen bonding or

dipole-dipole interaction between the functional groups on the

iron oxide surface and hydroxyl groups of the PVA, fromwhich

a PVA-induced structural alignment of the iron oxide

nanoparticles can evolve. The SAIO nanoparticles having a

diameter of about 77 nm, determined with dynamic light

scattering (DLS, Fig. 2f), were well dispersed in aqueous

solution without the need of surfactant for stabilization. Then,

the SAIO was coated with a thin silica shell by hydrolysis and

condensation of TEOS to obtain final core–shell SAIO@SiO2

nanocarriers, Figure 2c. The SAIO@SiO2 nanocarriers with a

diameter of about 86 nm (Fig. 2g) possessed an ultrathin layer

of dense silica shell of about 5 nm in thickness. No observable
f-assembled iron oxide/silica core–shell (SAIO@SiO2) nanocarriers for
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Figure 2. TEM images of a) iron oxide nanoparticles, b) self-assembled iron oxide (SAIO) nanospheres, and c) and d) self-assembled iron oxide/silica
core–shell (SAIO@SiO2) nanocarriers. The thickness of silica shells coated on the SAIO nanoparticle is 4–5 nm. The insets display the color of the solution
for different particles. e)–g) The size distribution of iron oxide nanoparticles, SAIO nanoparticles, and SAIO@SiO2 nanocarriers weremeasured by dynamic
light scattering (DLS).
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crevices or cracks were microscopically detectable in the

regions between the SAIO and the silica shell, implying a

compatible interface between the core and shell phases. The

resulting core–shell nanocarriers again formed a stable

suspension in both PBS solution and cell-culture solution

without further chemical modification on the surface for

stabilization purposes. Such a surfactant-free nanocarrier

should be advantageous for many clinical practices and

potential development, since it not only reduces adverse

effects that may possibly originate from surfactant agents but

also allows further surface modification by specific functional

or biological molecules for enhanced functionality and

performance, as will be further elucidated in a section below.

The ultrathin silica shell was designed as a physical barrier to

eliminate undesirable drug release and regulate desirable

release in a controllable manner. Upon the synthesis, organic

fluorescence dye was incorporated onto the silica shell through

the co-condensation method for cell imaging[25] (to be

discussed later).
2.2. Characterization of SAIO@SiO2 Nanocarriers

X-ray diffraction (XRD) analysis showed that the crystalline

phase of iron oxide nanoparticles is Fe3O4 (magnetite),

Figure 3a. Six diffraction peaks at 2u¼ 30.1 8, 35.6 8, 43.3 8,
53.5 8, 57.2 8, 62.9 8 assigned as the characteristic peaks of

standard Fe3O4 crystal plane were observed (according to

Fe3O4 (JCPDS [85-1436]).[26] Although PVA is a semicrystal-

line polymer, the XRD pattern of iron oxide nanoparticles and
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
SAIO is very similar, suggesting that the PVA/Fe3O4 ratio was

negligibly small. After the SAIO was embedded by the silica

layer, the relative diffraction intensity of the Fe3O4 peaks

became weaker because the introduction of the silica phase

diluted to a certain extent the concentration of iron oxide. In

addition to the diffraction peaks of iron oxide, a broad and

weak peak at 2u� 23 8 was observed and identified as the semi-

crystalline silica. The magnetic property of Fe3O4 nanoparti-

cles, SAIO and SAIO@SiO2 nanocarriers was estimated by

SQUID at 298K with the magnetic field sweeping from

�10 000 to þ10 000 G. Figure 3b shows the correlation of the

magnetization with the magnetic field for the Fe3O4 nano-

particles, SAIO and SAIO@SiO2 nanocarriers, where the

curves show similar shape with negligible hysteresis. The

presence of PVA and silica dilutes the concentration of Fe3O4

nanoparticles, resulting in a lower saturation magnetization

(Ms) of the SAIO and SAIO@SiO2 nanocarriers than that of

the pure Fe3O4 nanoparticle. The magnetic properties of the

SAIO@SiO2 nanocarriers were also tested by applying a

magnet near the cuvette, where the SAIO@SiO2 nanocarriers

were completely attracted to the side of the cuvette nearest to

the magnet, as displayed in Figure 3b, suggesting that the

nanocarriers themselves possess magnetic properties.
2.3. Drug Release of SAIO and SAIO@SiO2 Nanocarriers

Figure 4 shows the cumulative drug release of the SAIO and

SAIO@SiO2 nanocarriers in a PBS buffer solution of pH 7.4.

The diagram clearly proves that both systems exhibit sustained
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 2946–2955
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Figure 3. a) X-ray diffraction patterns of iron oxide nanoparticles, SAIO
and SAIO@SiO2. b) Field-dependent magnetization curve of iron oxide
nanoparticles, SAIO and SAIO@SiO2 nanocarriers. The inset shows that
the SAIO@SiO2 nanocarriers are attracted by an external magnet.

Figure 4. Cumulative drug release of SAIO and SAIO@SiO2 nanocarriers.
Coated with silica shells, the SAIO@SiO2 nanocarriers exhibited a smaller
amount of cumulative drug release than SAIO nanoparticles.
release behavior, but the release rates are apparently different.

The amount of ibuprofen (IBU) released from the SAIO

reaches 90% in 48 h; this, together with a corresponding release

rate, is much higher than that from the SAIO@SiO2

nanocarriers. The difference in release rate should mainly

be attributed to the presence of silica shells, acting as a physical

barrier, limiting the outward diffusion of the IBU. IBU, a

hydrophobic drug, has limited solubility in PBS buffer so it

remains readily in the SAIO. However, a concentration

gradient gives rise to a driving force causing outward diffusion

of the IBU through the SAIO carriers without any physical

barrier to regulate the release kinetically. However, for the

SAIO@SiO2 nanocarriers, the release profile is highly

regulated and shows a zero-order kinetic, where the rate of

release is relatively slow, reaching only 8% over a time period

of 48 h. This clearly indicates that the silica shell, albeit with a

thickness of as small as 5 nm, acts as an effective barrier, which
Adv. Funct. Mater. 2008, 18, 2946–2955 � 2008 WILEY-VCH Verl
prevents the IBU molecules to a considerable extent from

passing through. This finding also suggests that the ultrathin

silica shell is structurally compact with full coverage over the

entire surface of the SAIO core, as evidenced in Figure 2c,

wherein no observable defects were detected along the regions

of the thin shell and subsurface regions, indicating a well-

compatible interface between the silica and core phase. In

comparison with these two nanocarriers, the addition of an

ultrathin silica shell is apparently highly capable of achieving a

relatively slow release pattern, which is advantageous for

preserving and protecting the drug molecules within the

nanocarrier from both undesirable leakage and damage.

To investigate the diffusion mechanism of the drug from the

nanocarriers, the drug release kinetics can be characterized

using the equation:

Mt=M ¼ ktn;

where Mt is the mass of drug released at time t, M the mass

released at infinite time, k a rate constant, and n is a

characteristic exponent related to the mode of transport of the

drug molecules.[27] The diffusion parameters (i.e., n and k)

were calculated through a log–log analysis of above equation

under the condition ofMt/M< 0.6. The values of rate constant

k for the nanocarriers were then determined and found that the

k values decreased in the order of SAIO (k¼ 0.10)>

SAIO@SiO2 nanocarriers (k¼ 0.01), indicating a lower diffu-

sion rate by a factor of 10 for the SAIO@SiO2 nanocarriers.

This finding strongly ascertains the efficient inhibition effect of

the nanometer-sized silica shell for drug release from the

SAIO@SiO2 nanocarriers.
2.4. Magnetic-Sensitive Drug Release Behavior

Under magnetic stimulus, the release profile of IBU for both

the SAIO and SAIO@SiO2 nanocarriers is demonstrated in
ag GmbH & Co. KGaA, Weinheim www.afm-journal.de 2949
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Figure 5. Cumulative drug release profiles of IBU from a) SAIO and
b) SAIO@SiO2nanocarrierswere triggeredby 1 to4minofHFMFtreatment.
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Figure 5, where a significant increase in the release profile was

detected for both compositions, compared to those in

absence of the stimulus (Fig. 5a). For the SAIO nanoparticles,

the cumulative release amount is increased from 0.4% to

about 5.5% over a 4min stimulus. The slow-to-burst release

profiles were also observed while applying a consecutive

magnetic stimulus at 1min and 2min duration. With different

time durations of the stimulus, the amount of drug released

from the nanocarriers showed a linear increment with the

stimulus time. This finding indicates that the applied HFMF

controlled the released amounts through the operation time.

However, the release profile from the SAIO nanoparticles

could hardly be restored right after removal of the stimulus.

Moreover, the release rate was increased considerably

compared to that of the as-prepared SAIO nanoparticles

without subjecting to any HFMF treatment. This finding

suggests that the SAIO nanoparticles can be physically and

irreversibly deformed in structural integrity.
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
For the SAIO@SiO2 nanocarriers, Figure 5b shows a slow-

to-burst release profile while subjecting to HFMF, similar to

the release behavior of the SAIO nanoparticles. However, a

closer look at the drug release profiles of the SAIO@SiO2

nanocarriers under magnetic stimulus, the cumulative release

amount after 4min period operation increased from 0.1 to

2.7%, which is smaller by a factor of 2 than that from the SAIO

nanoparticles (5.5%), suggesting the silica shell effectively

regulated the IBU release from the SAIO@SiO2 nanocarriers.

The amount of IBU from the SAIO@SiO2 nanocarriers was

much smaller than that from the SAIO nanoparticles. More

interestingly, the release profile of the SAIO@SiO2 nanocar-

riers possessed a zero-order release pattern, even under

stimulus. In other words, the IBU released from the

SAIO@SiO2 nanocarriers, albeit in a burst-like profile under

HFMF stimulus, can still be well regulated with a controllable

dosage. When the stimulus was removed, the drug release

profile immediately restored to the original pattern, i.e., to a

relatively slow and zero-order release profile. Such a fast-

acting and precise dosing response of the SAIO@SiO2

nanocarriers relative to the given HFMF is believed to be

easily achievable for practical purposes and a very promising

candidate for application in magnetic-sensitive drug delivery

manipulation.
2.5. Nanostructure Evolution under Magnetic Treatment

To investigate the release mechanism, especially under

stimulus, the nanostructural evolution of the SAIO@SiO2

nanocarriers subjected to HFMF was monitored, as shown in

Figure 6a and b. Although the fast response to a magnetic

stimulus that causes a burst release was carried out under

HFMF for a 4min duration, the nanocarriers retained their

structural integrity, indicating that the drug molecules, which

have a size less than 1 nm, have been accelerated considerably

while passing across the silica shell. The rigid silica shell coated

on the SAIO@SiO2 nanocarriers acts like a framework to keep

the integrity of the SAIO core phase from physical deforma-

tion or damage under extensive magnetic stimulus. Figure 6b

shows that no observable cracks or defects developed on the

thin silica shells, when IBU molecules were released after

being subjected to HFMF treatment.

In order to estimate the structural evolution of the core

phase of the SAIO@SiO2 nanocarriers under the HFMF, the

nanostructural evolution of the SAIO core phase without the

silica shells was examined. From TEM analysis it was clear that

the morphological structure of the as-synthesized SAIO

nanoparticles in the absence of HFMF treatment displayed

excellent structural integrity with the magnetic nanoparticles

being well distributed within the PVA phase. However, after

4min HFMF stimulus, the stresses induced by HFMF caused

two types of structural deformation on the SAIO nanoparti-

cles. First, nanocavities of 20–60 nm in size developed on the

core SAIO nanoparticle, as shown in Figure 6c and d.

However, some nanoparticles seemingly remained structurally
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 2946–2955
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Figure 6. TEM images of nanostructures of a) and b) SAIO@SiO2 nanocarriers, and c)–f) SAIO
after 4min duration of HFMF treatment. a) and b) SAIO@SiO2 nanocarriers displayed no
obviously crack after HFMF treatment. c)–f) SAIO without silica shells showed obvious cracks or
deformation after applying HFMF.

Table 1. TGA analysis of SAIO and SAIO@SiO2 nanospheres before and
after a 4min HFMF treatment.

Sample Inorganic [wt %] Organic (PVA) [wt %] PVA Lost [%]

SAIO@SiO2-HF4 84.3 15.7 �2

SAIO@SiO2 84 16 –

SAIO-HF4 80.5 19.5 �7

SAIO 79 21 –
intact. Second, the stress-induced serious structural deforma-

tion of the SAIO nanoparticles exhibited in Figure 6e and f.

These nanocavities probably result from the dissolution of

PVA in aqueous solution under magnetic-induced heating.

Because the HFMF is able to induce heat energy from the

magnetic nanoparticles at a faster rate, some ‘‘hot spots’’ are

believed to cause structural dissociation of the SAIO core,

since it is well known that heat generation, governed by the

mechanism of magnetic energy dissipation for single-domain

particles (Brown and Néel relaxations), is detrimental to the

crystal size and the materials.[28] The temperature of the

solution (5mg cm�3 water) will increase about 12 8C, from 24

to 36 8C. Once the energy induced by HFMF increased the

temperature of SAIO nanoparticles, the PVA molecular

chains became more flexible (glass transition temperature of

PVA is about 80 8C), as they are subject to an aqueous and

heating environment, causing the IBU molecules to diffuse

more easily in the flexible and soft SAIO nanoparticles,

whereupon a physical deformation of the SAIO nanoparticle

was detected, as depicted in Figure 6e and f.

To investigate the weight loss of PVA after HFMF stimulus,

thermogravimetric analysis (TGA) was used. After a 4min

HFMF treatment the PVA lost 7 and 2% by weight for the

SAIO nanoparticles (also as a core phase for the core–shell

nanocarrier) and SAIO@SiO2 nanocarriers, respectively,

indicating that a substantially large portion of the PVA phase

still stayed within the core phase, especially for those covered

with a silica shell (Table 1). However, the findings suggest that

the weight loss of the PVA in the core phase is a result of

outward diffusion due to the presence of surface defects such as

nanopores along the silica shell. This seems to provide a
Adv. Funct. Mater. 2008, 18, 2946–2955 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA,
reasonable explanation of the burst-like

release behavior. However, what is interest-

ingly observed from the release behavior,

Figure 5b, is that the release profile followed

near zero-order kinetics even under HFMF

stimulus, which further substantiates that

the regulating effect of the shell structure

remained the same. In other words, while

subjected to the HFMF, the nanostructural

perturbation of the inner core phase accel-

erated considerably the movement of the

IBU molecules due to the dissociation of the

PVA phase and in the meantime, thermally

induced diffusion, a significant increase in the

collision frequency of the IBU to the silica

shell by a factor of est. 10 was observed. In

consequence, a burst-like release behavior

for the SAIO@SiO2 nanocarrier was

detected. However, once the stimulus was

removed, the inner core phase must restore

rapidly to original status, where the PVA

solidified and thermal perturbation due to

superparamagnetic nature of the nanometer-

sized iron oxide nanoparticles ceased. The

nanostructural integrity of the silica shell
remained intact, where the regulating effect kept identically

effective, as evidenced in the release profiles upon several ‘‘on–

off’’ operations, Figure 5b.

Mechanical motion of iron oxide nanoparticles within the

core phase under HFMF gives rise to an alternative contri-

bution to the burst-release pattern of the SAIO@SiO2

nanocarriers. The degree and speed of deformation of the

SAIO core phase depended on the interactions among the

nanomagnets and PVA phase, where both phases are in

intimate contact within a nanometric confinement. Magnetic

nanoparticles in the magnetic field stretch along the field

direction due to the magnetostatic energy:

Ems ¼ 1=2ðNk � N?ÞM2V (1)

where Njj and N? are demagnetizing factors in the directions

parallel and perpendicular to the magnetic field. Ems is the

energy of magnetic interaction of the magnetic moment M of

the nanoparticles with magnetic field H. V is the volume of

magnetic nanoparticles.[11] While applying a magnetic field,
Weinheim www.afm-journal.de 2951
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magnetostatic interactions induced by the magnetic field will

cause the appearance of a demagnetizing field inside the SAIO

core. Owing to this magnetostatic interaction, the magnetic

particles in the core phase will tend to move, resulting in

establishing stresses inside the nanostructures. Such stresses

may act a factor accelerating the formation of the nanocavities

and deformation of SAIO nanoparticles as shown in Figure 6c

to f. From experimental observations, it suggests that such a

HFMF-induced nanostructural evolution involves the follow-

ing four stages: (i) heating of the SAIO core locally, (ii) causing

a certain degree of relaxation of polyvinyl alcohol that further

combines with (iii) the mechanical motions of iron oxide

nanoparticles, following (iv) defect formation, which is

especially pronounced for SAIO nanoparticles. Such a

nanostructural evolution under HFMF stimulus surely

enhances the burst release behavior from within the core

phase for the SAIO@SiO2 nanocarriers.
2.6. Cell Uptake

Cellular uptake of the FITC-labled SAIO@SiO2 nanocar-

riers was investigated by PL microscopy and flow cytometry.

After 24 h of HeLa cell incubation, which is employed as a

cancer cell model, cells treated with FITC-SAIO@SiO2

nanocarriers for various time durations were monitored.

Figure 7a–d shows that the nanocarriers subjected to the cells

with an exposure time varying from 30min to 4 h were
Figure 7. Time-course PL microscopy images of HeLa cells labeled with FITC
riers, the cell skeleton wsa stained with rhodamine phalloidin (red), and c
(purple). Cells were incubated with FITC-SAIO@SiO2 nanocarriers for a) 30
d) 4 h.

www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
gradually uptaken by the cells, probably through endocytosis.

The green fluorescence dye can clearly be observed in the

cytoplasm. The green FITC nanocarriers appear localized as

discrete dots suggesting that the nanocarriers do not show any

detectable leaching. For an incubation time of 30min, some of

the nanocarriers appeared to attach rapidly on the surface of

the cell membranes, Figure 7a, and this further increases for a

1 h incubation, Figure 7b, showing that a large amount of the

labeled nanocarriers adsorbed onto the cells and some

appeared to be residing in the cells. Figure 7c shows that

after 2 h of incubation the nanocarriers largely migrate to the

cytoplasm region, where some light spots can be clearly visually

detected in their cytoplasm. With 4 h of incubation, consider-

able regions of the cytoplasm displayed strong green

fluorescence illuminance, as shown in Figure 7d, indicating

that the nanocarriers are efficiently localized within the cell. It

is also illustrated a relatively fast cellular uptake efficiency for

the SAIO@SiO2 nanocarriers, the absence of un-desirable

surfactant and highly biocompatible, textured silica shell may

take responsible for such an ultra-fast cell uptake behavior.

Figure 8a shows the results of the MTT (3-(4,5-dimethyl-

diazol-2-yl)-2,5 diphenyl Tetrazolium Bromide) assay, which

represents a measure of metabolic competence of the cell with

SAIO and SAIO@SiO2 nanospheres for different concentra-

tions. The difference in the cytotoxicity at 12 to 48 h of

incubation is negligibly small. At a highest concentration of

5 mL cm�3 SAIO, the cell viability also remained at about

100%. The results suggest that the microcapsules were low in
-SAIO@SiO2 nanocar-
ell nucleus with DAPI
min, b) 1 h, c) 2 h, and

& Co. KGaA, Weinheim
toxicity with respect to the HeLa cell

line. Flow cytometric spectra, Figure 8b,

also indicate that the FITC-SAIO@SiO2

nanocarriers are capable of penetrating

the HeLa cells efficiently. Although flow

cytometry cannot clearly define the

surface-bound and intracellular nano-

carriers, the PL image strongly suggests

that the nanocarriers are largely being

uptaken by the cancer cells over a

relatively short contact time. With

increasing incubation time of the nano-

carriers, i.e., from 30min to 2 h, the

fluorescence intensity measured by flow

cytometry increased proportionally,

further indicating that cellular uptake

of the FITC-SAIO@SiO2 nanocarriers

can occur efficiently and rapidly. This

finding indicates that the SAIO@SiO2

nanocarriers showed little cytotoxicity

to the HeLa cells, suggesting excellent

biocompatibility and should accordingly

be highly compatible with healthy cells.

As a critical requirement for anti-cancer

drug delivery strategy, reduction of the

cytotoxicity of the drug carrier itself can

be achieved and a further minimization

of the cytotoxicity of the drug can be
Adv. Funct. Mater. 2008, 18, 2946–2955
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Figure 8. a) Cell viability of HeLa cells after 12 to 48 h of incubation with
increasing amounts of SAIO and SAIO@SiO2 nanospheres. Cell viability
wasmeasured using anMTT assay. b) Flow cytometry analysis for the FITC-
SAIO@SiO2 nanocarriers accumulated in HeLa cells for incubation of
30min and 2 h.
obtained as well. To our surprise, the ultra-fast cellular uptake

of the nanocarriers occurred within dozens of minutes, which,

associated with a rapid and precise dosing corresponding to an

external stimulus, provides a pathway for cellular-based,

controlled drug delivery and also offers potential advantages

for application in cellular imaging.
3. Conclusions

Self-assembled iron oxide/silica core–shell (SAIO@SiO2)

nanocarriers were fabricated as multifunctional drug vectors.

The core–shell nanocarriers are able to well-disperse easily in

an aqueous solution without using any interfacial molecules for
Adv. Funct. Mater. 2008, 18, 2946–2955 � 2008 WILEY-VCH Verl
stabilization, which provides great advantages for practical

medical uses such as forming a suspension for injection or oral

administrations. The ultrathin, 4–5 nm, outer silica shell coated

on the SAIO core, a mixture of iron oxide nanoparticles and

PVA, blocked the drug molecules effectively from therapeu-

tically undesirable release from the core phase before

subjecting to magnetic stimulation. Under HFMF treatment,

the SAIO@SiO2 nanocarriers displayed a fast-acting and

precise stimulus-time-dependent dosing response to the

environment and restored to the original state, i.e., a relatively

slow and zero-order release profile, immediately after removal

of the stimulus. In addition, the surfactant-free SAIO@SiO2

nanocarriers were allowed a high efficiency uptake by HeLa

cells within dozens of minutes and have been shown to exhibit

excellent cytocompatibility, implying the nanocarriers are

potentially capable of offering highly efficient, cellular-based

delivery following a fast-acting, accurate release of therapeutic

agents for anti-cancer applications.
4. Experimental

Materials: The synthesis was carried out under airless conditions
and using commercially available reagents. Absolute ethanol (99.5%),
benzyl ether (99%), 1,2-hexadecanediol (97%), oleic acid (90%),
oleylamine (>70%) and Iron(III) acetylacetonate were purchased
from Aldrich Chemical Co. Polyvinyl alcohol (PVA, Mw: 72k) were
purchased from Fluka Chemical Co. Tetraethylorthosilicate (TEOS)
and 3-aminopropyltrimethoxy silane (APTMS) were purchased from
Merck. Fluorescein isothiocyanate (FITC, Sigma) were used to label,
which help nanocarrier visualization under a fluorescence microscope.
Ibuprofen (IBU, Fluka) was used as the model drug.

SynthesisofMagneticNanoparticles: Monodisperse iron oxide nano-
particles were synthesized by a method developed by Sun et al.
[24]. Briefly, 5 nm of iron oxide nanoparticles were synthesized by
mixing 2 mmol Fe(acac)3 (iron III acetylacetonate), 10 mmol 1,2-
dodecanediol, 6 mmol oleic acid, 6 mmol oleylamine, and 20mL benzyl
ether under a flow of nitrogen. The mixture was stirred magnetically
and preheated to reflux (200 8C) for 30min, and then, heated to 300 8C
for another 1 h under nitrogen atmosphere. The black-brown mixture
was allowed to cool to room temperature and added 50mL ethanol to
participate. The products were collected by centrifugation at 6 000 rpm
for 10min and then 4 times washed with an excess of pure ethanol. The
product, iron oxide nanoparticles, was centrifuged to remove solvent,
and redispersed into hexane.

Synthesis of Self-Assembled Iron-Oxide Nanoparticles/Silica Core–
Shell (SAIO@SiO2) Nanocarriers: To prepare self-assembly iron oxide
nanoparticles (SAIO), 10mg of iron oxide nanoparticles were
centrifuged at 6 000 rpm for 10min, and then redispersed in 4mL
chloroform to form an uniform organic phase. 200mg of polyvinyl
alcohol (PVA) as a polymer binder was dissolved in 10mL de-ionized
(DI) water at 70 8C. After PVA has been totally dissolved in the
solution, the clear solution was cooled to room temperature. Then,
organic phase was added into the PVA solution. The mixture was
emulsified for 5min with an ultrasonicator at 100W. Under the
ultrasonicating, the mixture was heated and evaporated the organic
solvent. Themixture was stirredmagnetically and heated again to 50 8C
on a hot plate to ensure removal of the organic phase. After
evaporation of the organic solvent, the products were washed 3 times
with DI water and then centrifuged at 6 000 rpm to collect the products.
The precipitates were redispersed in water; the diameter of the
redispersed particles (hereinafter termed as SAIO) was about 77 nm.
ag GmbH & Co. KGaA, Weinheim www.afm-journal.de 2953
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Once the solvent was removed, a mixture of PVA and iron oxide
nanoparticles was formed where the iron oxide nanoparticles appeared
to assemble in a somewhat uniform and regular configuration in the
resulting SAIO phase. An ultrathin silica shell was then coated on the
SAIO nanoparticles by a modified Stöber method. In brief, 5mg of
SAIO were dispersed in 4mL of 99.5% ethanol and 0.1mL of 33%
NaOH4 for 30min. 40mmof tetraethylorthosilicate (TEOS) was slowly
added to the mixture and stirred for 12 h. After hydrolysis and
condensation, a silica nanoshell was coated on the SAIO nanoparticle
to form the resulting PVA/iron oxide/silica core–shell (termed as
SAIO@SiO2) nanocarriers.

Characterization: The morphology of iron oxide nanoparticles,
SAIO nanoparticles, and SAIO@SiO2 nanocarriers were examined
using field emission scanning electron microscopy (FE-SEM, JEOL-
6500, Japan) and transmission electron microscopy (TEM, JEM-2100,
Japan). For SEM analysis, the nanocarriers were dried on the
0.5 cm� 0.5 cm silicon waters. After drying, the microcapsules were
coated with an ultrathin metal layer through the platinum sputtering to
enhance the image quality taken in the experiments. X-ray
diffractometer (XRD, M18XHF, Mac Science, Japan) was used to
identify the crystallographic phase of iron oxide nanoparticles and
magnetic nanospheres, at a scanning rate of 6 8 2u per min over a range
of 2u from 10 8 to 70 8. The magnetization of the SAIO@SiO2

nanocarriers was measured by a superconducting quantum inter-
ference device (SQUID, MPMS-XL7) at 298K and �8000 G applied
magnetic field. Before SQUID analysis, the iron oxide nanoparticles
and microcapsules were dried in the vacuum oven for 60 8C for 2 d. A
high-frequency magnetic field (HFMF) was produced by a power
supply, functional generator, amplifier, and cooling water. The strength
of the magnetic field depended on the coils. In this study, the coil was
8 loops, frequency 50 kHz and the strength of the magnetic field (H)
2.5 kA m�1. The temperature of HFMF generator was controlled by
cycling cooling water at 25 8C.

Drug Loading and Release: In this investigation, IBU was used as a
model drug to estimate the drug release behaviors of the SAIO@SiO2

nanocarriers, loading in nanocarriers through an in situ process. First,
4% IBU was dissolved in chloroform with iron oxide nanoparticles to
form the organic phase. This organic phase was used to prepare the
SAIO nanoparticles. IBU can be encapsulated in the SAIO
nanoparticles through amphiphilic polyvinyl alcohol (PVA). Then,
the process of constructing SAIO and silica shells was also applied to
prepare drug-loading SAIO@SiO2 nanocarriers. Before the drug
release test, the nanocarriers were washed with a phosphate buffered
saline (PBS) solution (pH 7.4), following by washing with DI water.
IBU-containing nanocarriers were used in PBS buffer solution for all
the drug-release experiments. A quantitative estimate of IBU loading
was obtained byUV–vis spectrophotometry. The drug release behavior
from the nanocarriers was measured in a 20mL PBS solution per
sponge cube (pH 7.4). To measure the concentration of the drug
release, 1.5mL PBSmediumwith the dispersed nanospheres was taken
out, and separated by centrifugation at 4 000 rpm. The clear solution
without the nanospheres was used to estimate the concentration of
drug release UV–vis spectroscopy (Agilent, 8453 1UV-Visible
spectrophotometer) was used for characterization of absorption peak
at 264 nm (Imax of free IBU). The nanocarriers were absent and did not
affect the measurements.

Cell Culture: HeLa (human cervical cancer) cells were maintained
in DMEM (Dulbecco’s modified Eagle’s medium) containing 10%
fetal bovine serum, 100 units/mL penicillin, and 100mg mL�1

streptomycin. Cells were cultured with complete medium at 37 8C in
a humidified atmosphere of 5% CO2 in air. For all experiments, cells
were harvested from sub-confluent cultures by use of trypsin and were
resuspended in fresh complete medium before plating. A comparison
of in vitro cytotoxicity of SAIO@SiO2 nanocarriers with different
concentrations and times was performed on HeLa cells with an in vitro
proliferation method using MTT [50]. Briefly, 1� 104 cells were plated
in 96-well plates to allow the cells to attach and then exposed to the
serial concentrations of SAIO@SiO2 nanocarriers at 37 8C. At the end
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
of the incubation, 20mL of MTT solution was added and incubated for
another 4 h. Then, themediumwas replaced with 200mL of DMSOand
the absorbance was monitored using a Sunrise absorbance microplate
reader at dual wavelengths of 570 and 650 nm.

In order to estimate the cellular uptake of the nanocarriers, green-
emitting fluorescein dye was attached SAIO@SiO2 nanocarriers
(FITC-SAIO@SiO2) for the study. First, fluorescein isothiocyanate
(FITC) was mixed with ethanolic 3-aminopropyltrimethoxysilane
(APTMS) solution for 24 h at room temperature to form N-1-(3-
trimethoxysilylpropyl)- N-fluoresceyl thiourea (FITC-APTMS). Sepa-
rately, 5mg of SAIO were dispersed in 4mL of 99.5% ethanol and
0.1mL of 33% NaOH for 30min. 40mm Tetraethylorthosilicate
(TEOS) and 10mmFITC-APTMSwas slowly added to themixture and
then stirred for 12 h.After hydrolysis and condensation, the FITC-silica
was coated on the SAIO to form FITC-SAIO@SiO2 nanocarriers. The
unreacted chemicals were removed by rinsed with DI water for 3 times.
The SAIO@SiO2 nanocarriers were incubated with the cells for
different periods of time and then studied by PL microscopy.
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