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A Multifunctional Nanodevice Capable of Imaging,
Magnetically Controlling, and In Situ Monitoring Drug

Release

By Shang-Hsiu Hu, Kuan-Ting Kuo, Wei-Lin Tung, Dean-Mo Liu,* and San-Yuan Chen*

The multifunctional nanodevice described here integrates nanoscaled
imaging, targeting, and controlled drug delivery, as well as the capability to
monitor, in situ, the amount of drug released from the nanodevice with single-
cell resolution. The nanodevice is composed of a polymer core/single-crystal
iron oxide shell nanostructure bonded to a quantum dot. It shows
outstanding release and retention characteristics via an external on/off
manipulation of a high-frequency magnetic field. Upon magnetic stimulation,
the single-crystal iron oxide shell demonstrates formation of nanometer-sized
polycrystal domains of varying orientation. This allows a variation between
retention and slow release of the drug. Further stimulation causes permanent
rupturing of the shell, causing release of the drug in a burst-like manner. The
quantum dot bonded to the nanodevice provides optical information for in
situ monitoring of the drug release through use of a magnetic field. Remote
control drug release from the nanodevice in a cancerous cell line (HeLa) was
successfully accomplished using the same induction scenario. When
nanodevices equipped with quantum dots are taken into cancerous cells, they
are able to provide real-time drug dose information through a corresponding
variation in emission spectrum. The nanodevice designed in this study has
achieved its potential as a cell-based drug-delivery system for therapeutic

with a fluorescent dye to construct multi-
modal imaging probes.'”*®! Among the
many nanoparticulate systems, semicon-
ductor nanocrystals, known as quantum
dots (QDs), confer advantages over tradi-
tional fluorescent molecules, such as
organic dyes. This is because of their unique
optical properties, including narrow photo-
luminescence (PL) spectra, low photoleach-
ing, and high resistance to chemical
degradation.®! QDs have also been reported
to carry therapeutic agents for healing
applications.'” The combination of both
imaging and therapeutic functions in
nanoparticles introduces an attractive
advance in the field of biomedicine, diag-
nosis, and pharmaceuticals.
Surface-modified, magnetic nanoparti-
cles are widely used in the field of
biomedicine, including drug/gene deliv-
ery,?>23] bioseparation,*”! magnetic reso-
nance imaging,”>2”) and hyperthermia
therapy.””) A magnetic field provides a

applications.

1. Introduction

Surface modification with functional attachments is a widely used
technical strategy to enhance biological, optical, and chemical
functionality of materials in a wide variety of biomedical
applications, such as imaging, diagnosis, drug delivery, implants,
and so on.’"'% Recently, the development of multifunctional,
nanomedical platforms, through a skillful combination of
different nanostructured materials, has been proposed. Owing
to the specific advantages of these nanomaterials, many studies
have been done on multimodal imaging and simultaneous
therapy.!"*~** For example, magnetic nanoparticles were infused
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noncontact force, allowing remote manage-
mentof dosing, where the field triggers drug
release from the magnetic drug car-
riers.”®?° In our previous studies, we
extensively characterized the magnetic-sensitive properties of a
ferrogel under a high-frequency magnetic field (HFMF). Drug
release from the ferrogel was effectively activated via an external
magnetic field.?” Derfus et al. demonstrated that the magnetic
platform had the ability to remotely trigger release of biomolecules
from its surface. This was done in vivo using radio-frequency
electromagnetic field (EMF) activation, which enhances penetra-
tion depth over heat.*" However, there has been little investigation
into fast-response, controlled drug release from nanoscaled
platforms under magnetic stimulation, or monitoring of the
release of therapeutic molecules in a quantitative manner.
Therefore, an integration of these functions will be technically
significant in developing a multifunctional nanodevice capable of
simultaneous imaging, controlled drug delivery, and in situ
monitoring of drug release with molecular resolution.

In our earlier research, we developed a new type of magnetic
core/shell nanocapsule that allows active molecules to be expelled
in the presence of a remotely controlled magnetic field.?? The
release of the active molecules from the nanocapsules can be
finely tuned according to exposure time in the magnetic field.

Adv. Funct. Mater. 2009, 19, 3396-3403



www.afm-journal.de

However, it would be desirable to further @)
engineer the nanocapsules to monitor the
release of active molecules at nanometric or
cellular resolution. We also believe that a
nanocapsule should be able to provide easily
monitored, high-resolution optical informa-
tion, viewable via simple spectroscopic meth-
ods, rather than conventional MRI imaging.
On this basis, here, we designed a new drug-
delivery nanodevice by deposition of quantum
dots, namely, Zn—Cu—In—S (ZCIS) nano-
crystals,**! onto the surface of a core/shell
drug-delivery nanocapsule recently devel-
oped,?? to form a nanometric multifunctional
platform. The core/shell nanocapsule consists
of a polymer core covered with a thin layer of
single-crystal iron oxide shell. This unique
core/shell structure offers great therapeutic
potential for controllable drug release, with
dosage controlled via an external magnetic
field. The quantum dots deposited on the
surface of the magnetic nanoparticles are used
for directly monitoring the release of the drugs.
This is achieved by observing variations in the
fluorescence intensity of the quantum dots.
This property of the QDs varies with absorption
of thermal energy, matching the excitation
binding energy of QDs. Free carriers gener-
ated by exciton dissociation can tunnel between nearby QDs,
causing a decrease in the fluorescence intensity.****! While the
QDs are attached to the surface of the magnetic nanoparticles, the
heat energy induced by the external HEMF can transfer from the
magnetic shell to the QDs via the magnetic nanoparticles. Since
this design is conceptually and technically achievable, it is further
believed that the attachment of the ZCIS QDs on the surface of the
nanocapsules may act not only as a strong fluorescence-emitting
agent, but also as a nanometric sensor to monitor drug release, in
real-time, within a magnetic field.

2. Results and Discussion
2.1. Preparation of a Multifunctional Nanodevice

The procedure for synthesis of magnetic nanocarriers is
schematically illustrated in Figure 1a. Poly(N-vinyl-2-pyrrolidone)
(PVP) nanoparticles, containing a test molecule such as a
fluorescent dye, were prepared through a self-assembly process
in benzyl ether. After self-assembly, the PVP molecules are
aggregated into a micelle structure. Drug molecules are embedded
within the amphiphilic nature of the PVP.**~*# Following micelle
formation, a thinlayer of iron oxide is deposited on the core surface
in single-crystal form. The resulting PVP/Fe;0, core/shell
nanocapsules, shown in Figure 1b, display a spherical geometry
ranging from 10 to 15 nm in diameter. High-resolution transmis-
sion electron microscopy (HRTEM), shown in Figure 1cand in the
Supporting Information (Fig. S1), confirms that the structure of
the nanospheres is an amorphous core and a thin, single-crystal

Adv. Funct. Mater. 2009, 19, 3396-3403

Model Drug

s

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Nanodevice

Nanocapsule

Iron salts Q-dots

Single-Crystal
Fe;0, Shell

Figure 1. a) Schematic of the stimuli-response nanodevice delivery system where quantum dots
were deposited on the shell of the PVP/Fe;O, core/shell nanospheres. Attachment of the ZCIS
QDs on the surface of the nanospheres acts not only as a strong fluorescence-emitting agent, but
also as a sensor to monitor the drug release in a real-time basis under magnetic induction. b)
Transmission electron microscopy (TEM) image and c) high-resolution (HR)TEM image of the
PVP/Fe;O4 core/shell nanospheres. d) HRTEM image of the ZCIS-doped nanospheres. After
incorporation of the ZCIS QDs on the core/shell nanospheres, the suspension displayed a
fluorescence character under UV light (inset).

shell, which suggests self-organization of the iron oxide precursor
upon nucleation and growth in the presence of the PVP. Although
limited to metallic crystals, this agrees with an earlier study of a
similar synthesis scenario.??*% In the current core/shell system,
iron ions can be efficiently anchored onto the pyrrolidone ring of
PVP. This provides epitaxial-like growth of the oxide to form a
single-crystal structure. After the core/shell nanocapsules were
synthesized, ZCIS quantum dots were prepared and grown on the
shell surface. A procedure described by Nakamura et al. is used to
form Fe;0, shell-ZCIS heterodimers.*!! A HRTEM image,
shown in Figure 1d, shows the solid particle residing on the ring-
like shell, corresponding to a ZCIS heterodimer. Energy dispersive
X-ray spectrometry (EDS) analysis confirms that the ring-like
region mainly consists of Fe and the small solid particle consists of
Cuand S, shown in the Supporting Information (Fig. S2). The local
Fourier transfer pattern also demonstrates a high crystallinity of
the ZCIS QD. After incorporation of the ZCIS QDs onto the shells,
the resulting suspension shows a strong yellow appearance under
UVexposure. This can be seen in the inset picture of Figure 1d and
suggests that these ZCIS-modified nanocapsules (hereafter called
nanodevices) can be used not only as drug nanocarriers but also as
nanoprobes for imaging (see Supporting Information, Fig. S3).
The magnetic properties of the nanodevices and nanocapsules
were measured by SQUID (superconducting quantum inter-
ference device) at 298 K, with the magnetic field sweeping from
—10000 to +10000 G. The correlation of magnetization with
magnetic field for both the nanodevices and the nanocapsules,
shown in Figure 2, demonstrates a similar shape with negligible
hysteresis, showing superparamagnetic behavior. The saturation
magnetization (Mj) of the nanodevices is smaller than that of the
nanocapsules because of the dilution effect.
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Figure 2. Field-dependent magnetization curve of nanodevices with and
without quantum dots.

2.2. Drug Release and In Situ Monitoring Abilities of
the Nanodevices

The nanodevices were surface-modified and conjugated with a
targeting ligand, folic acid (FA), to cause hydrophilic behavior. The
process is illustrated in the Supporting Information, Figure S4.
After modification of the nanodevices, a stable aqueous suspen-
sion was prepared. The fluorescence spectrum of the ZCIS
remained identical to the initial preparation, indicating that folic
acid imparts no adverse effect on the optical properties of the ZCIS
QDs. The suspension was subjected to a high-frequency magnetic
field for investigation of the drug release mechanism. Prior to
magnetic stimulation, the green-fluorescence loaded nanocap-
sules showed no sign of release in 24 h of storage in an ambient
environment. This was confirmed via photoluminescence (PL)
spectroscopic monitoring and suggests that the dye molecules are
encapsulated in the core phase for along period of time without any
unwanted leakage. However, subjection to the HFMF for varying
lengths of time, as shown in Figure 3a, reveals an interesting
phenomenon (see Supporting Information, Fig. S5). The intensity
of the dye emission peak at 517 nm increased with the duration of
the magnetic field. In contrast, the intensity of the emission peak
from the ZCIS QDs showed an inverse relationship, a decrease in
emission intensity. The increase in peak intensity with time upon
magnetic stimulation indicates a magnetically induced release of
dye molecules from the nanodevices. In a recent study, such a
release can be easily and precisely controlled with manipulation of
the surrounding magnetic field; from a burst-like profile upon
stimulation to a zero-release profile immediately after removal of
the magnetic field.*” The emission peak from the ZCIS quantum
dots showed strong PL intensity at the beginning of the stimulus.
However, as time elapsed, a gradual reduction in peak intensity
together with a red-shift of the PL spectra for the QDs was clearly
detected over an operation time of 100 s. The peaks for the dye and
QDs reacted oppositely under the same magnetic stimulus,
implying a potential correlation of both spectra.

Bias may arise when determining whether the correlation is
simply coincidence or a rule in this nanosystem. To avoid this,
magnetic fields of varying intensities were applied. This aimed to
determine whether the correlation of the spectra between drug
release and quantum-dot emission is sustainable over a range of
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Figure 3. a) Emission spectra of dye-loaded nanodevices (30 mg per 10 mL
water) under HFMF treatment over a time period of 0 to 100s. Before
HFMF exposure, the dye-loaded nanodevices displayed no sign of dye
release, which causes green fluorescence at an emission wavelength of
517 nm, as determined by fluorescence spectrophotometry. However, a
strong emission signal from the QDs after exposure, red fluorescence at an
emission wavelength of 581-614 nm, shows that dye was released from the
nanodevices. A degenerative green florescence appeared concurrently.
b) Model drug intensity versus QD intensity curves originate from both
the dye and ZCIS emitting spectra and show a near symmetrical profile
under different magnetic-field strengths. This strongly indicates that dye
release can be precisely monitored and quantitatively estimated along with
the spectral variation of the ZCIS QDs from the nanodevices.

operating intensities, from 0.8 to 2.5kAm™' in the current
magnetic system. The resulting correlation in the magnetically
induced changes of the spectra are given in Figure 3b. A linear
relationship exists between the spectral intensity of dye molecules
and the QD emission. The correlation coefficient over a range of
the data reaches 0.97-0.99 and can be obtained for different
magnetic intensities. The quantity of drug released relied mainly
on the strength of the magnetic field under short-term induction.
This implies that a weaker magnetic field results in the slower
release of drugs. A linear relationship exists over the entire range of
operating conditions. Although the emission spectra were
measured from two independent sources, this finding strongly
suggests that the drug release from the nanodevice can be
quantitatively correlated with in vitro, doped ZCIS QDs to a high
precision. Dye release can be precisely monitored along with the
spectral variation of the ZCIS QDs from the nanodevices. This
finding is in agreement with the hypothesis that two independent
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mechanisms can be triggered simultaneously from a given
magnetic field, and that the mechanisms will also be quantitatively
correlated. We believe that this highly correlated relationship may
also be adopted for in situ monitoring of cellular systems. This will
be explained further.

2.3. Spectral Variation of the ZCIS QD Under Magnetic
Induction

The mechanism causing the spectral variation of the ZCIS QDs
upon magnetic induction is of great interest. To further explore the
possible causes, a separate photoluminescence test for the ZCIS
QDs was performed in the same magnetic field; no detectable sign
of change in the emitted spectrum was observed. This indicates an
invariance in the spectral properties of the ZCIS QDs with respect
to magnetic field. Since the variation of emitted spectrum for
quantum dots has been proven to be associated with achange in the
band energy structure or surface composition of the QDs, it is
highly plausible that a number of factors cause changes in the
resulting spectrum of the ZCIS QDs. These changes may include
magnetically induced heating, surface adsorption of the dye
molecules, and/or surface corrosion caused by the presence of
water. However, according to experimental observation, the above
factors have to be rapidly responsive and probably interdependent
since the decrease in the emission intensity and a red-shift of the
spectra occurred relatively quickly, inless than 205, in the presence
of the magnetic stimulation at 2.5 kA m ™. More interestingly, it is
evident that the spectral variation has experimentally proven to be
irreversible. These observations suggest that a permanent change
in either chemical or physical structure has been induced rapidly
on the ZCIS QDs while the nanodevices were subjected to the
magnetic stimulus.

To further explain the reasons behind the spectral degeneration
of the QDs under short-term induction, nanodevices not carrying
the dye molecules were prepared and exposed to the same
magnetic field. The resulting emission spectra were identical to the
case of the nanodevices with the dye. This indicates that dye
molecules exerted little or no influence on the resulting PL
emission spectra of the ZCIS QDs. The PL spectrum of the dye
molecules remained identical in shape and emission peak position
to that given in Figure 2, suggesting that the dye molecules, after
release into an aqueous environment, remained chemically and
physically stable. There is a magnetically induced temperaturerise,
or hot spot, on the shell of the nanodevice due to magnetic energy
dissipation from single-domain particles, such as a Brown and/or
Neel relaxation; this has been verified in a number of recent
studies.[*”) From experimental observation, the temperature of the
solution that contained the nanodevices gradually rises. As shown
in Figure 4, while applying a high-strength magnetic field of
2.5kAm™", the temperature of the solution increased to about
40 °C in 4 min. Since the temperature rise of the solution is solely
resulting from the energy dissipated from the magnetic
nanodevices, the temperature of the nanodevice itself should be
much higher and can be calculated by the thermodynamic
relationship: AH =my, CoAT, = my, CpAT, where Cy and Cpy,
are the specific heat capacity of water and the magnetic material,
respectively, m is the mass of the component, and T and H
are the temperature and enthalpy, respectively. Neglecting any
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Figure 4. Temperature curve of nanodevices during application of HFMFs
of different strengths.

heat loss to the surrounding water, the temperature of the
nanodevices, after subjection to the HFMF for 1 min, can raise to
approximately 200°C in a field strength of 2.5kAm™". Heat
transfer from the shell to adjacent QDs occurs rapidly, causing
quick equilibration with the water environment. However, once
the QDs were heated, free carriers of exciton dislocations in QDs
tunnel to the surrounding environment, causing a deterioration of
the emitted fluorescence intensity.**! Therefore, the temperature
rise of the QDs may cause a certain degree of thermal corrosion,
such as surface oxidation or thermally induced structural variation
of the ZCIS QDs. This would permanently change the surface
structure of the ZCIS QD. This change has been confirmed by
X-ray photoelectron spectroscopy (XPS), as shown in Figure 5. A
changein the binding energy spectrum of the S 2p peak of the ZCIS

Relative Count Rate

180 175 170 165 160 155 150
Binding Energy (eV)

Figure 5. Binding energy of S 2p of the nanodevices with and without expo-
sure to a HFMF for a time period of 180 s. XPS results indicate the binding
energy shift of the S 2p line from 162.3 to 166.2 eV, before the stimulus, to a
single, strong binding-energy peak at 167 eV, after the magnetic exposure.
This could be attributed to $*~ from ZnS, CuS, In,S;, or SO,*~, SO,. The
binding energy at 167 eV on the ZCIS surface is strongly associated with the
presence of oxide groups, including SO,* and SO,, on the surface. This
demonstrates rapid oxidation of the ZCIS QDs after a short period of
magnetic induction.
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Figure 6. PL emission spectra at various time intervals of nanodevice
incubation in PBS solution.

QDs, from 162.3eV before the stimulus to 167eV after the
stimulus, is clearly detected. For the latter, the binding energy is
associated with the presence of oxide groups such as SO,% orSO,,
which strongly suggests a rapid oxidation occurred on the ZCIS
surface under short-term magnetic induction. The associated,
thermally induced emission deterioration of both mechanisms
mentioned above explains the degeneration of emission behavior
and spectral-shift of the ZCIS QDs upon magnetic stimulation.
However, it is difficult to clearly differentiate the degenerative
contribution in a quantitative manner from either mechanism. We
simply consider the degeneration of both as a single event for the
following discussion.

An important concern for practical applications of this
nanodevice is whether the emission degeneration of the attached
QDs occurs spontaneously without the presence of the magnetic
field over a reasonable time period in a physiological environment.
If spontaneous degeneration occurs, the correlation depicted in
Figure 3 becomes unreliable. To examine this possibility, a simple
test was performed by incubating the nanodevices in phosphate
buffered saline (PBS) solution for a time period of 6 h, followed by
measuring the PL emission spectrum at various time intervals, as
shown in Figure 6. Fortunately, the resulting PL spectra of the QDs
remained identical over the evaluation time span. This confirms
the reliability of the linear relationship given in Figure 3 and
further substantiates the correlation between two optical spectra as
sustainable in vitro. However, it is more technically important
from the current research that both spectral variations, the one
from the dye spectrum and the PL emission of the ZCIS, are able to
work independently but are well-correlated. In other words, the
attached ZCIS QD can act as a nanometric sensor to monitor the
quantity of drug released from the drug-carrying nanodevice. This
multifunctional assembly, imaging, drug delivery controller, and
in situ monitor, when integrated onto the nanodevice, may enable
new pathways to advance nanotherapeutic technology.

2.4. Operation Mechanism of the Nanodevice

Based on the mechanism of degeneration of the emission
spectrum of the ZCIS QDs and the deformation mechanism of the
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a) Single-crystal Shell Poly-crystal Shell Rupture
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Figure 7. a) Schematic illustration of the nanodevice with a proposed
mechanism for controlled release of the dye molecules, as well as the
degeneration of fluorescence intensity of the ZCIS QDs. b) Shell vibration
causing enlargement of the dimensions of nanocrevices along the
deformed single-crystal shell, rendering dye release upon short-term
magnetic stimulation. c) After long-term exposure, the deformed shell
has received a sufficient amount of the energy to cause a final, permanent,
mechanical rupture. Meanwhile, rapid surface oxidation altered the surface
structure of the QDs, leading to substantial degeneration of the fluor-
escence intensity.

shell, outlined in a previous investigation,?” we propose an
operation mechanism for the nanodevice in a magnetic field.
Figure 7a shows a schematic drawing of the mechanism of drug
release and shell deformation associated with the structural
degeneration of the attached QDs. Accordingly, after 60s of
exposure to the stimulus, the single-crystal nanoshell structure
was subjected to lattice deformation, forming nanometer-sized
polycrystals of varying orientations, shown in Figure 7b. Nano-
metric scale boundaries between the nano-polycrystalline
domains formed and provided numerous nanoconduits that allow
leaking of the dye molecules to the environment. In other words,
for short-term induction, extremely small cracks or crevices were
formed along the boundary regions of the thin iron oxide shell and
are kept open by the presence of the magnetic field. Extended
magnetic stimulus enlarged the nanocrevices until permanent
rupturing of the shell occurred. At this time, the dye molecules
were released from the nanodevice easily and completely, as shown
in Figure 7c. Meanwhile, the energy structure of the ZCIS QDs
altered considerably as a result of thermally induced photoleaching
along with surface oxidation. This resulted in degeneration of the
fluorescence intensity. While the shell was undergoing permanent
rupture, the bandgap structure of the QDs was irreversibly altered,
turning a dark red after about 100 s at a magnetic field strength of
25kAm™".

2.5. In Situ Monitoring of Drug Release in Cancerous Cells

To understand the optical behavior of the nanodevices within cells,
they were modified using mercaptoundecanoic acid (MUA)

Adv. Funct. Mater. 2009, 19, 3396-3403
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followed by crosslinking with lysine to form a hydrophiliclayer that
exhibits both carboxyl and amine groups on its surface.*” Folic
acid (FA) molecules were attached to the functional layer on the
surface using carbodiimide chemistry to form bioconjugates.
Folate receptors (FR) act as cancer-cell-targeting ligands due to
overexpression in many human cancerous cells, including
mammary gland, lung, kidney, colon, prostate, and throat cells.
However, they are only minimally distributed in normal cells.[**]
Folic acid exhibits high affinity to FR and is expected to allow the
nanodevice to efficiently attach on or enter into cancerous cells via
receptor mediated endocytosis. Incubation of the HeLa (human
cervical cancer cells) cell line with the MUA-modified nanodevices
(MUA-NDs) and FA-modified NDs (FA-NDs) were completed
separately. Both the MUA-NDs and FA-NDs were incubated with
the cells for a period of 4 h. The majority of the FA-NDs can be
clearly observed in the cytoplasm region of the cell, but only a few of
the MUA-NDs were attached or taken by HeLa cells, indicating that
the FA-modified version promotes cellular uptake, as shown in the
Supporting Information, Figure S5. It is expected that higher
attachment or cellular uptake due to FA modification imparts
enhanced therapeutic potential for the nanodevices. Figure 8
shows the results of the MTT (3-(4,5-dimethyldiazol-2-yl)-2,5
diphenyl tetrazolium bromide) assay, as a measure of metabolic
competence of the cell with FA-NDs of different concentrations.
The difference in the cytotoxicity over an incubation period of 12 to
48h is negligibly small. At the highest concentration of 1 wLcm >
FA-NDs, the cell viability remained at approximately 96%. The
results suggest that the nanodevices show minimal toxicity for the
Hela cells. After cellular uptake, controlled drug release and real-
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Figure 8. Cell viability of HeLa cells after 12 to 48 h of incubation with

increasing amounts of FA-modified nanodevices (FA-NDs). Cell viability
was measured using an MTT assay.

time, in situ monitoring of the ZCIS QDs were performed in a
magnetic field with a strength of 2.5kAm™'. As illustrated in
Figure 9 (Supporting Information, Fig. S6), an increase in the
duration of the field from 0 to 180 s caused the dye molecules
(green channel) to be released rapidly within the cells, while the
corresponding fluorescence intensity of the ZCIS QDs (red
channel) decreased. Digital software (Nikon, Japan) was used to
analyze the fluorescence intensities of both the dye molecules and
ZCIS QDs. Bsum, Gsum, and Ry, represent the total intensity of the
blue, the green, and the red channels in the images, respectively.

Red channel

NanoDevice (decreased)

RsumllBsum: 3.4

Green Channel

Model Drug (increased)

Gsum’lBsum: 0.3

Figure 9. Fluorescent combination of the HeLa cells with the dye-loaded nanodevices after 12 h incubation. With increasing duration of HFMF treatment,
both the controlled release of the dye molecules (green channel intensity increased) and the associated real-time, in situ monitoring capability of the doped
ZCIS QDs (red channel intensity decreased) can be manipulated simultaneously to single-cell resolution. This implies that dye release can be precisely
monitored by the variation of the ZCIS QDs from the nanodevices. Gy,m/Bsum represents the intensity ratio of the green to blue channels, and is indicative
of the relative concentration of the model drug in each cell. Ry,m/Bsum is then defined as the relative intensities of the nanodevices in each cell.

Adv. Funct. Mater. 2009, 19, 3396-3403
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Figure 10. The ratios of Ggym/Bsum and Rsum/Bsum versus the duration of
magnetic stimulus in the cells gives rise to two curves. The results
demonstrate the relative drug concentration, represented by Ggum/Bsum,
in the cells with increasing duration of stimulus. The fluorescence intensity
originating from the ZCIS QDS, represented by Rg,m/Bsum, decreased in
proportion at the same time.

The blue fluorescence was due to the 4',6-diamidino-2-phenyl-
indole(DAPI)-dyed nuclei and was expected to be relatively similar
for each cell. Therefore, the intensity of the blue channel was
assumed to be standard for each image. Gy, and Ry, are from
drug release and quantum dots, respectively. Ggym/Bsum, the ratio
of the green channel intensity to the blue channel intensity, is
indicative of the relative concentration of the dye molecules in each
cell. Similarly, Rgym/Bsum is the value of the relative intensities of
the nanodevices in each cell. After measurement, statistical
analysis of fluorescence intensities exhibited a strong correlation
between dye release and spectral variation of the ZCIS within the
cells, as shown in Figure 10. The ratios of Ggym/Bsum and Rgym/
Bgum versus duration of the magnetic field in the cells gives rise to
two separate curves. These curves show that the relative drug
concentration, represented by Ggum/Bsum, in the cells increases
with the duration of stimulus. The fluorescence intensity of the
nanodevice, originating from the ZCIS QDs and represented by
Reum/Bsum, decreased in proportion at the same time. There are
two purposes to the cell culture test. The first purpose is a test of the
short-term cytocompatibility nature of the nanodevice, where the
Hela cells appeared to be viable over the duration of the culturing
step. The second and most critical purpose is the test of the in vitro
monitoring capability of the nanodevices, where drug dosage can
be quantitatively traced within a single cell.

3. Conclusion

The multifunctional drug-delivery nanodevice makes use of
quantum dots to successfully image, target, and deliver drugs via
remote control. The devices also have the capability to monitor the
in situ drug release within a model cancerous cell line, HeLa cells,
to cellular resolution. These nanodevices offer outstanding control
ofrelease and retention for the molecules encapsulated inside their
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polymer core. The dense, single-crystalline shell prevents the
fluorescent dye from escaping prior to the desired release.
Furthermore, the nanodevices are able to monitor real-time drug
dosage through corresponding variation in emission spectrum of
the quantum dots within the Hela cells. The nanodevices have
great potential advantages as a cell-specific drug-delivery system
for therapeutic applications. With the in situ monitoring capability
of the nanodevice, we believe that both target-oriented therapy and
diagnosis can be integrated and managed within a single cell.
Multifunctional nanometer-scaled platforms are expected to open
a new avenue in the development of multifunctional therapeutic
nanosystems. An in vivo analysis is currently underway to treat
brain tumors in mice.

4. Experimental

Preparation of the Nanodevices: Synthesis of the PVP/Fe;O,4 core/shell
nanospheres was reported in our previous work [35]. To encapsulate the
model drug, fluorescent molecules, in the polymer matrix, 4wt%
polyvinylpyrrolidone (PVP; weight-average molecular weight, Mw,
~10000; Sigma) was dissolved in D.I. (deionized) water and preheated
to 80°C. Then fluorescent molecules were added into the solution and
mixed for 6 h. In suitable concentrations, the PVP molecules will assembly
themselves as nanospheres in the solution, forming drug-loaded PVP
nanoparticles. Under a nitrogen atmosphere, FeCl;-6H,0O and
FeCl,-4H,0 with a FeCl,/FeCl; molar ratio of 2:1 were dissolved into
water and mixed with the drug-loaded PVP nanoparticles under vigorous
stirring at 80 °C. After 4 h, the iron salts were deposited on the surface of
the drug-loaded PVP nanoparticles. This was achieved via slow addition of
2mL of ammonium water (NH4OH, 33%), causing precipitation so that
iron oxide shells were immediately formed on the PVP nanoparticle
surfaces. At this stage, a drug-loaded PVP/iron oxide core/shell
nanosphere exists in the solution. Precipitated powders were collected
by centrifugation at 6000 rpm, removed from the solution, and washed in
D.l. water four times. The PVP/Fe;O4 core/shell nanospheres were
separated by the centrifugation. The average diameter of the core/shell
nanospheres was about 12-20 nm.

To grow the ZCIS quantum dots on the surface of the PVP/Fe;O, core/
shell nanospheres, the latter were redispersed in trioctylphosphine (TOP,
90%, technical grade) with diethyldithiocarbamic acid zinc salt,
[(C2Hs)2NCSS],Zn. The solution was diluted with octadecene (ODE,
90%, technical grade) to form Solution 1. Then, CuCl and InCl; were
dissolved in oleylamine at 50 °C to form Solution 2. The two solutions were
mixed and heated to 140 °C in a nitrogen atmosphere for several minutes.
Deposition of quantum dots (QDs) on the surface of the PVP/Fe;O, core/
shell nanospheres caused the solution to turn yellow.

Characterization: The formation of nanostructures was investigated
using transmission electron microscopy (JEM-2010, Japan). A high
frequency magnetic field (HFMF) at 50-100kHz was applied to the
magnetic nanodevices to investigate their drug release behavior. The
HFMF was created using a power supply, a functional generator, an
amplifier, and coolant water. Similar equipment was reported in the
literature [45]. The strength of the magnetic field depends on the coils. In
this study, the coils consisted of eight loops. The frequency was 50 kHz and
the magnetic field strength (H) was 2.5kAm™". The temperature of the
HFMF generator was controlled by cycling water at 25 °C. The drug release
behavior from 0.05 wt% magnetic nanodevices was measured in 20 mL of
phosphate buffered saline (pH 7.4). PL spectroscopy (fluorescence
spectrophotometer F-4500, Hitachi, Japan) was used to characterize the
release profile of the dye molecules and the fluorescence intensity of
nanodevices after application of a HFMF of 50 kHz. The nanodevices, at a
concentration of 0.05 wt%, were dispersed in the water solution for varying
durations. X-ray photoelectron spectroscopy (XPS) was performed in an
ESCALAB 250 instrument (Thermo VG Scientific, West Sussex, UK),
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equipped with a Mg Ko source at 1253.6eV at the anode. The chemical
shifts of the XPS peaks were standardized with respect to the C s peak at
284.6¢€V.

Cell Culture and In Situ Monitoring of Drug Release: Hela, human
cervical cancer cells, were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum, 100 units mL™" penicillin,
and 100 pg mL ™" streptomycin. Cells were cultured at 37 °C in a humidified
atmosphere of 5% CO, in air. The nanodevices were incubated with the
cells for 12 h. The cells were then subjected to a HFMF for 0, 90, and 180's.
Results were observed by PL microscopy (Nikon TE-2000U, Japan). Digital
analysis software (Nikon, Japan) was used to analyze the fluorescence
intensities of the model drug and the nanodevices. The conditions of
exposure were the same for each color channel. Analysis was done by
Nikon C1 software, which defined the fluorescence intensity from 1 to 255.
The ranges of the fluorescence intensities were: blue channel (60-255),
green channel (40-255), and red channel (30-255).
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