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Integrated Multifunctional Nanosystems for Medical
Diagnosis and Treatment
By Donglu Shi*
This article provides an overview on the development of integrated

multifunctional nanosystems for medical diagnosis and treatment. In

particular, a novel system is developed specifically for achieving simultaneous

diagnosis and treatment of cancer. Critical issues are addressed on the

architecture and assembly of nanocomponents based on medical

requirements: targeted in vivo imaging, controlled drug release, localized

hyperthermia, and toxicity. Nanotube-based carriers are summarized with

surface functionalized properties. Other types of nanocarriers are also

included such as super paramagnetic composite nanospheres and

biodegradable hydroxylapatite nanoparticles. In addition, polymeric-based

nanosystems are introduced with several novel features: they can be bio-

dissolved due to environmental pH and temperature fluctuations. The

nanocarriers are surface tailored with key functionalities: surface antibodies

for cell targeting, anti-cancer drug loading, and magnetic nanoparticles for

both hyperthermia and MRI. Future requirements, aims, and trends in the

ith intelligent
1. Introduction
development of multifunctional nanosystems, particularly w

functionalities for fundamental studies, are also provided.
Therehas been an increasingneed for the early detection of cancer,
prior to the detection of anatomic anomalies, in order to obtain
maximum therapeutic benefit. In early diagnosis, the current
clinicalmagnetic resonance imaging (MRI) scan can readily detect
lesions as small as a fewmillimeters.[1–6] DynamicMRI of human
cancer inmice has reached ahigh spatial resolution.[7,8] ButMRI is
costly and time consuming to implement. Furthermore, in clinical
diagnosis with MRI, it is difficult to achieve simultaneously high
spatial and temporal resolution. Compared to MRI, optical
imaging is much easy to use and cost effective, and can be
applied to cancer diagnosiswith high resolution in a rapid fashion.
Recently, for diagnosing breast cancer, MRI and near-infrared
optics have been combined as a potentially more accurate
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method.[9] By combining these two techni-
ques, MRI produces the basic image of the
breast, while simultaneously the near-
infrared optical means provides the func-
tional information of the tissue, such as the
oxygen consumption rate at a particular
region, which could indicate early cancer
development.

On theotherhand, as a result of diagnosis
and surgery being clinically separated
procedures, it is difficult to visually locate
these small lesions during operation
because the cancer cells are not biolumi-
nescent. Furthermore, MRI contrast agents
have no cell targeting functions (e.g., they
are not specific to tumors), making the
interpretation of the diagnosis results
largely dependent on the experience of the
physician. This leaves an uncertainty in
providing a conclusive diagnosis. There-
fore, it is highly desirable to develop novel
methods that can achieve simultaneous cell
targeted in vivo imaging and treatment
based on nanotechnology. For instance, ideally, while achieving
concurrent high spatial and temporal resolution of the lesions via
cell targeting, special non-evasive treatments are implemented by
variousmeans, suchas localizeddrugrelease andhyperthermia, in
a controlled fashion.

To achieve simultaneous targeted imaging and treatment, or in
vivo imaging-aided surgery, the critical challenges have been the
development of multifunctional nanosystems with integrated
capabilities. Such a nanosystem must be able to locally biomark
cancer cells for efficient therapeutic treatment through a process
called ‘‘cell targeting.’’[10–15] In this process, the nanosystem with
multifunctionalities, in the nanoparticle form, will be intrave-
nously (i.v.) injected into the blood stream at a very low dosage.
Since these nanoparticles are surface functionalized with
antibodies that are cancer specific, they will selectively attach
onto the cancer cells (they act as the so-called biomarkers or tags).
The cell targeting is accomplished based on the antibody–antigen
reaction, that is, it is tumor specific.

Localized delivery of drugs into tumor lesions is also a key
challenge for successful management of cancers. If designed
correctly, one may achieve localized drug release in a highly
controlled fashion. The controllability implies an externally installed
wireless switch that can turn on and off the drug release process in
the vicinity of the tumor. Nanoparticles with special structures and
geometries may offer unique drug delivery capabilities.[16–21] These
include hollow nanospheres, nanocapsules, and porous matrix
Adv. Funct. Mater. 2009, 19, 3356–3373
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systems through which the drug is dispersed. In drug storage, the
drug needs to be protected by the nanostructures from being
leaked during the transport process. This will ensure maximum
localized drug delivery at the cancer tumor site. In the vesicle-like
nanostructures, the drug must be confined to an aqueous or oily
cavity protected by a biodegradable membrane.

Suppression of cancer cells can also be accomplished
bymagnetic hyperthermia without drugs.Magnetic hyperthermia
is associated with a heating phenomenon when magnetic
nanoparticles such as Fe3O4 are placed in an alternating magnetic
field.[22–26] The magnetic hyperthermia mechanisms can be
explained by both hysteresis and relaxation losses, depending up
on the characteristics of the nanomaterials.[22] For ferromagnetic
nanoparticles, hysteresis loss counts for the area of the
magnetization hysteresis curve. For nanoparticles that exhibit
super paramagnetic properties, the so-called Neél relaxation
becomes responsible due to fluctuation of the magnetic moment
direction across an anisotropy barrier.[22,27] If the nanocarriers are
rendered magnetic, hyperthermia can be applied for cancer
treatment. Upon arrival of the nanoparticles at the cancer sites via
cell targeting, they will heat up locally to 41 8C due to an externally
applied alternating magnetic field.[28,29] Above this temperature,
the cancer cells can be effectively killed. The hyperthermia
treatment does not involve any medicine, but only generates local
heat at the cancer regions in a controlled fashion.

Having established the concepts of cell targeting and localized
treatment based onnanotechnology,we are able to provide another
important aspect in cancer diagnosis from the imaging perspec-
tive. For the diagnosis and treatment of cancer, it is highly
preferred for the physicians to be able to observe the nanocarriers
at all times in a clinically convenient fashion. This will require the
nanoparticles, byusing thecommercial in vivo imagingsystems, to
be observable through strong fluorescence in deep tissues. This is
an important step in simultaneous diagnosis and treatment as the
process can noninvasively take place at very early stage of cancer
growth.

Therefore, the terminology used in this paper: ‘‘integrated
multifunctionality’’ specifically implies that the nanosystem is
equipped with the following capabilities: cell targeting, drug
storage, hyperthermia, and in vivo imaging. This means that the
delivered nanocarriers are not only surface functionalized with
antibodies that enable them to be targeted at the cancer cells, but
also stored with drugs or rendered magnetic for hyperthermia
treatment. In addition, fluorescent materials are conjugated on
these nanocarriers so that diagnosis and treatment may be carried
out simultaneously.
Figure 1. Schematic diagram showing an idealized integrated multifunc-

tional nanosystem to be used in cancer diagnosis and treatment.
2. Development of Integrated Multifunctional
Nanosystems

Based on these biomedical requirements of the nanostructures
described, the integrated multifunctional nanosystems for both
cancer diagnosis and treatment have beendesigned anddeveloped
as shown in Figure 1. As discussed above, the geometry of the
nanocarrier may have some biomedical preferences for both drug
storage and fluid dynamics. A hollow or porous structure may be
needed for storage and diffuse of drugs. An idealized ‘‘football’’
shape has been proposed for the optimum fluid dynamical
Adv. Funct. Mater. 2009, 19, 3356–3373 � 2009 WILEY-VCH Verl
properties. As shown in Figure 1, the interior of the nanocarrier is
filled with anti-cancer drug, which is also attached on the spring-
like connections on the outer surface. The spring-like connectors
on the outer surface are able to release the drug at their tips upon
environmental fluctuations in temperature and pH values. The
outer surface of the nanocarrier is conjugatedwith fluorescent and
magnetic nanoparticles for imaging and hyperthermia. Photo-
dynamic chemical sensitizers can also be attached on the surface
for photo driven functions in treatment of cancer. The football-
shaped shell may dissolve due to temperature changes that are
controlled externally, thus releasing the drugs.

The nanosystem depicted in Figure 1 for simultaneous in vivo
imaging and treatment will need novel design and development
involving multiple components. For imaging purposes, fluores-
cent materials must be incorporated into the nanosystems while
possessing other functionalities such as drug storage, hyperther-
mia, and targeting. This requires the fluorescent component not
only retain its intrinsic properties, such as emissions at the
optically preferred range, but should not interfere with the
properties of other components. This has been one of the key
challenges in the development of multifunctional nanosystems.
For instance, in previous studies, it has been found that
ag GmbH & Co. KGaA, Weinheim 3357
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Figure 2. Schematic diagram illustrating the concept of a CNT functional-

ized with plasma polymer coating, luminescent QDs, and loaded with anti-

cancer drugs. The functionalized CNT can be used as a biomarker and a

drug carrier.
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conjugation of quantum dots (QDs) onto various nanocarriers
such as carbon nanotubes (CNTs) and Fe3O4 magnetic nano-
spheres (MNSs) have resulted in considerable emission blue-
shifting.[30]

According to the design shown in Figure 1, the nanocarriers
must be rendered fluorescent, emitting visible light, preferably in
the near infrared range. For tumor diagnosis, the fluorescent
signals must have strong intensities against the background
autofluorescence from the animal bodies. This is particularly
important for deep tissue imaging. Therefore, the first task in
nanotechnology for medical diagnosis is to deposit fluorescent
materials onto the nanocarriers. The deposited fluorescent
materials must be able to retain their intrinsic optical properties
that satisfy all diagnostic requirements. In the following, several
unique synthesis methods are introduced for deposition and
conjugation of different fluorescent materials on a variety of
nanosubstrates including CNTs and Fe3O4 nanocomposites.
Figure 3. Bright-field TEM image showing the surface deposition of Eu-

doped Y2O3 film on a MWCNT, heat treated at 950 8C. The darker

nanoparticles on MWCNT are the crystalline Eu-doped Y2O3.
2.1. Rare Earth Doped Nanophosphors on Multiwalled Carbon

Nanotubes (MWCNTs)

What has been described above and depicted in Figure 1 is an
idealized design and nanostructure. In reality, the experimental
approach has to rely on the identification of suitable and available
nanosubstrates that can be of the closest approximations to the
model shown in Figure 1. Therefore, for medical diagnosis and
treatment, the design and selection of a clinically viable substrate is
the key to the development of multifunctional nanosystems. As
described in the introduction, an optimized hollow structure may
serve as a ‘‘reservoir’’ for storage of anti-cancer drugs. The CNT
may be qualified as a possible candidate due to its unique
properties, including appropriate dimensionality and chemical
stability.MWCNTshavehollow structureswith inner diameters on
the order of 50–150 nm,whichmaybe an appropriate geometry for
drug transport and delivery. On the other hand, the CNTstructure
is thermally stable to high temperatures, which allows surface
modifications by a variety of chemical and physical synthesis
methods.[31–36]

However, CNTs have been observed to exhibit weak IR
emissions,[33,37] and therefore do not have sufficient fluorescence
for in vivo imaging. Among all fluorescent materials, those
containing optically active rare earth ions have been of great
interest in both fundamental studies and biomedical applications.
Their unexpected optical properties have been found to be
dependent on electron–phonon interaction strength, on particle
size,[38,39] surface quenching,[40] modification in transition
intensity andfluorescence lifetime,[41] single ion luminescence,[42]

and restricted phonon relaxation and anomalous thermaliza-
tion.[43–47] All these behaviors are related to structural character-
istics of the nanoparticles and distribution of the emission centers
within them.

Based on these considerations, a more realistic design of the
nanosystem is developed, and is shown in Figure 2. In this design,
as an initial step, experiments have been carried out to deposit rare
earth doped Y2O3 on MWCNTs.[36] These MWCNTs were 70–
150 nm in diameter and several microns in length. The rare earth
doped Y2O3 was deposited on MWCNTs by a solution method[37]
� 2009 WILEY-VCH Verlag GmbH & C
and heat treated for consolidation at 650 and 950 8C, respectively.
Figure 3 shows a bright-field transmission electron microscopy
(TEM) image of a surface-functionalized MWCNT heat treated at
950 8C. As seen in this figure, the outer surface of the nanotube is
uniformly coated by nanoparticles of rare earth doped Y2O3. In the
selected area electron diffraction study, it has been found that the
diffuse diffraction pattern acquired from the tubular substrate
corresponds to the (002) graphite layer of theCNTs. Thediffraction
patterns from the surface-coated nanoparticles can be indexed
using the structural data of Y2O3 crystals described by hexagonal
unit cell. This result is also confirmed by the corresponding
Fourier-filtered transformed (FFT) image that is indexed from the
same Y2O3 structure. The energy-dispersive X-ray spectroscopy
(EDS)measurements indicate themajorelementsofcarbon,yttrium,
andeuropiumonthenanotubesurface,whichareconsistentwith the
coatingprocess andTEMobservations. The above results suggest the
identity of the nanoparticle as Eu-doped Y2O3.

Under 355-nm pulsed laser excitation, Eu3þ luminescence has
been observed at room temperature from samples of the coated
MWCNTs heat-treated at 650 and 950 8C (Fig. 4). As shown in
Figure 4a and b, the emission lines are characteristic of the Eu3þ
5D0–

7FJ (J¼ 0, 1, 2) electronic transitions. The efficiency of
luminescence emission from the sample treated at 950 8C ismuch
higher than that from the sample treated at 650 8C. The sharp lines
o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3356–3373
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Figure 4. Luminescence emission spectra of Eu-doped Y2O3-coated

MWCNTs a) heat treated at 650 8C and b) at 950 8C. Reproduced with

permission from Reference [36], copyright 2006 Wiley-VCH.
in the emission spectrum of the sample treated at 950 8C indicate
that Eu3þ doped in Y2O3 has a well-defined crystalline structure,
whereas the broader spectrum of the sample treated at 650 8C
suggests a more disordered atomic-scale structure.

The above results have shown that fluorescent materials can be
deposited onto CNTs while retaining their optical properties. It is,
therefore, possible to design and synthesize other types of
fluorescent materials on nanosubstrates for medical diagnosis.
2.2. Deposition of Fluorescent Materials on Biodegradable

Nanocarriers

In search of nanocarriers formedical diagnosis and therapy, one of
the concerns has been their biodegradability and toxicity.[48–53] It is
desired that these nanocarriers, after diagnosis and treatment
procedure, be removed from the body through natural biological
processes in a medically safe fashion. However, some of the
nanomaterials, although exhibiting fascinating properties for
medical applications, may present some toxic effects.[48] It is,
therefore, important to search for nontoxic and biocompatible
substrates inbiomarkinganddrug-delivery applications.[10–21] The
difficulty involved in choosing a good nanocarrier candidate has
been the paradox that a highly biodegradable material may not be
fluorescent. Thus, it becomes essential to develop novel
approaches that can integrate needed properties in one system.
The design concepts depicted in Figures 1 and 2 illustrate the ideal
structures one is able to accomplish through nanotechnologies.
Adv. Funct. Mater. 2009, 19, 3356–3373 � 2009 WILEY-VCH Verl
Based on the initial experimental results presented in
Section 2.1, it is possible to deposit fluorescent materials on
biodegradable nanosubstrates. In the calcium phosphate system,
hydroxyapatite (HA) [Ca10(PO4)6(OH)2] exhibits superb biological
stability and affinity.[54–59] HA has been routinely used in
orthopedic surgery in both powder and bulk forms.[60] Due to
its biodegradable nature, HA nanoparticles may serve as an ideal
candidate for both cancer diagnosis and drug delivery. It has been
reported that the surface of HA is quite porous, an ideal structure
for drug storage.[61]

TakingadvantageofHA’sbiodegradability, basedon the thermal
deposition experimental results presented in Section 2.1, HA
nanoparticles have been surface functionalized by depositing
optically active Y2O3:Eu

3þ nanoparticles, leading to strong visible
luminescence. It should be noted that Y2O3 ceramic has been used
as substrate in orthopedic implants as a bioinner material.[62]

Furthermore, the Eu doping level is considered extremely low and
may have minimum toxic effects. It has been found that the
microstructure of rare earth nanophosphor–HA composites and
their optical properties can be well controlled by varying the
annealing temperature. The Eu3þ-doped Y2O3 on HA exhibits
luminescent emission in the visible light range, and thephosphors
are associated with doped HA nanoparticles via Y2O3 as the
medium. The biodegradable nature of HA, combined with
optically active rare earth doped phosphor nanoparticles may find
important applications as a transport agent in biomedical systems.

Several nanomaterials have been found to exhibit visible and
infraredemissions, but their intensities areoften too low for invivo
imaging.[63–66] For instance, single walled CNTs have been known
to have emissions in the infrared range, but their weak intensity
means that they are unsuitable for deep tissue and whole-body in
vivo imaging.[63,64] Fluorescent proteins and small organic dyes
have been used as fluorescent contrast agents for living animal
imaging.[67–72] The ideal fluorescent probe would contain a
fluorescent agent that emits light on target emission.

Among all fluorescent nanomaterials, QDs have superior
properties, including higher quantum yield and much sharper
emission spectra.QDs canbe ‘‘tuned’’ based on their size andhave
superb optical properties, resulting from quantum confinement
effects.[73,74] They offer high resistance to photobleaching, thus
making them attractive materials for optoelectronics[75,76] and in
vivo biosensing applications.[77] Bruchez et al.[78] and Chan and
Nie[77] first reported the use of QD conjugates for labeling
biological specimens. Subsequently, several other studies demon-
strated the labeling of whole cells and tissue sections using
different surface modifications of QDs.[79–81] Due to these unique
properties, extensive research has also been carried out on cancer
diagnosis byusingQDs.[82–87] Thefirst studyofQDfor cell labeling
was reported byChan andNie in 1998.[77] In our previous research,
we have demonstrated that it is possible to use HA nanoparticles,
one of the well-known biodegradable materials, for clinical in vivo
applications.[88,89] However, in order to diagnose deep-tissue
cancer cells under whole-body in vivo imaging conditions, much
brighter luminescent nanoparticles are needed, particularly for
complex tissue structures.

For achieving deep tissue imaging in vivo, HA nanoparticles
have been surface conjugated with QDs (HA–QD). To obtain the
HA–QD conjugation, a unique coupling procedure has been
employed. Figure 5 shows a bright-field TEM image of the HA–
ag GmbH & Co. KGaA, Weinheim 3359
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Figure 5. Bright-field TEM showing the image of QDs attached on the HA

nanoparticles surface; the finer particles are QDs dispersed on the HA

substrate (gray and larger particles in the background), as identified by both

HRTEM and EDX.
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Figure 6. Typical emission spectrum of pure EviTags 600CdSe/ZnS QDs

without coupling–the maximum peak is at 600 nm with line width of

13 nm–and luminescence spectrum of QD attached on HA nanoparticles.

The experimental curve is fit by a Lorentzian line shape function with peak

centered at 603 nm and line width of 32 nm. Reproduced with permission

from Reference [89], copyright 2008 the Institute of Physics.
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QD.As canbe seen, theQDshave a quite uniformsize distribution
in the range between 5 nm and 10 nm. The QDs exhibit a
distinctive morphology that can be easily differentiated from the
substrate HA nanoparticles, whose dimensions (�50 nm) are
considerably larger than those of the QDs. High-resolution TEM
(HRTEM) images clearly show the lattice structure of CdSe/ZnS
QDs deposited on the surfaces of the HA nanoparticles.[88,89] To
further identify the conjugation of QDs on the HA nanoparticles’
surfaces, the energy dispersive X-ray spectrum (EDX) has also
been acquired, confirming the elemental signals from the CdSe/
ZnS QDs and HA.[88,89]

Figure 6 shows the emission spectrum of CdSe/ZnS QDs
adsorbed on theHA nanoparticles. The spectrum is obtained with
laser excitation at 355 nmat room temperature. The luminescence
spectrum is centered at 603 nm, a 3-nm redshift from the EviTags
600CdSe/ZnS QDs. In comparison with 13-nm linewidth for the
single QD, the 32-nm linewidth for the studied system is
broadened as a result of conjugation with HA nanoparticles.
Because the emission wavelength of the individual QD is a
function of size and local environment, the observed line
broadening can be understood as index of variation in local
environment.

2.3. Conjugation of Quantum Dots on Carbon Nanotubes

The development of an ideal nanostructure with all integrated
properties for clinical diagnosis is still a great challenge in both
materials and medical sciences. One of the challenges lies in
creating optimum emission intensity and frequency from the
nanocarriers, that provides the highest possible resolution in a
three-dimensional fashion in deep-tissue in vivo imaging. In
particular, deep-tissue tumor imaging requires a frequency close to
the near-infrared range (>700 nm) for avoiding the background
emissions from the animal body autofluorescence. CNTs are
intrinsically florescent in the near-infrared region,[63,64] whereas
human tissues and biological fluids[83] are practically transparent
to these emissions.[84–87] However, these emission intensities are
quite low and not useful for deep-tissue or live-animal imaging.
� 2009 WILEY-VCH Verlag GmbH & C
It has been found that, for in vivo imaging, QDs must have
adequate circulating lifetime, must show minimal nonspecific
deposition, andmust retain their fluorescence for sufficiently long
periods. This nonspecific targeting can be reduced by coating
nanoparticles with hydrophilic polymers, such as polyethylene
glycol (PEG), to allow greater vascular circulation time, but
nonspecific uptake cannot be eliminated completely.[90–92]

Toxicity and biocompatibility have been major concerns for the
use of nanoparticles in biomedical applications.[93,94] Before
clinical applications of QDs become possible, the biocompatibility
of these nanoparticles must also be thoroughly investigated. For
cell culture studies, a biocompatible particlemust be nontoxic and
inert, as well as stable over the course of an assay. Recently, Derfus
et al.[95] used cultured liver cells to determine the cytotoxicity of
CdSe/ZnS QDs with various surface coatings. The results
suggested that the surface coatings must be sufficiently stable
in order to prevent oxidation of the QD surfaces, which results in
the release of divalent cadmium, a known toxin and suspected
carcinogen. PEG and other biologically inert polymers may be
useful for making QDs biocompatible. So far, nearly all studies on
the in vivo use of QDs have reported normal organism
development and no short-term detectable toxicity.[80,96–99]

To explore further on the integration of multifunctional
nanosystems, we have carried out experiments on conjugating
QDs on CNTs. The CNTs have been surface functionalized by a
unique plasma polymerization process.[100–103] The procedure for
coupling the acrylic acid (AA)-functionalized CNTs with amine-
functionalized QDs has been reported previously. Two different
QDs have been used for CNTconjugation, with 680- and 800-nm
emissions, respectively. QDswith emissionwavelength of 680 and
800 nm are supplied by Invitrogen Corporation (Carlsbad, CA,
USA). This QD has a core of CdSeTe and a shell of ZnS with a
covalently attached, amine-functionalized layer of PEG.

TEM images of CNTs and CNTs with surface conjugated QD680

(QD with emission at 680 nm) are shown in Figure 7. Figure 7a
o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3356–3373
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Figure 7. a) TEM image of an uncoated, original MWCNT, b) HRTEM

image showing plasma deposited AA polymer thin film (�3 nm) on CNT,

c) TEM image of the crystalline CdSe QDs (CNT–QD600) deposited on the

surface of CNT, and d) HRTEM imaging showing the lattice structures of

both QD600 and CNT.

Figure 8. HRTEM image of the crystalline CdSeTe/ZnS QD (QD800)

deposited on the surface of the CNT (CNT–QD800).

Figure 9. The fluorescent emission spectra of the pure QD and CNT–

QD800. The maximum peak at 795.6 nm is the typical emission of QD800.

The blueshift from CNT–QD and a broad shoulder around 650 nm may be

associated with the interactions and the background emissions of the

CNTs. Reproduced with permission from Reference [130], copyright 2008

Wiley-VCH.
shows bright-field TEM image of an original MWCNT. As can be
seen in thisfigure, theCNThasanopenendwithanouterdiameter
of 80 nm and inner diameter of 50 nm, respectively. Figure 7b
shows an HRTEM image of the surface-functionalized CNTs. An
ultrathin AA film of 3 nm is clearly evident on the outer surface of
the nanotube after plasma polymerization (Fig. 7b). The
characteristic lattice fringe spacing for carbon can be seen in
contrast to the amorphousAAfilm.TheAAfilmappears tobequite
uniform, covering the outer surface of the nanotube.

As can be seen in Figure 7c, theQDs exhibit a dark contrast with
an average particle size of 5–10 nm, randomly distributed on the
surface of the nanotubes. In the bright-field TEM image of
Figure 7c, these QDs appear to be light gray on the CNT surface
with someaggregated clusters. Figure 7d shows anHRTEM image
of surface conjugated QDs. As can be seen in Figure 7d, the QDs
are quite evenly distributed and embedded on the surface of the
CNT. The lattice image of QD indicates the crystalline features
of CdSe/ZnS QDs deposited on the surfaces of the CNTs. Very
similar TEM images have been obtained from QD800 (QD with
emission of 800 nm) conjugated on CNTs. One of these HRTEM
images is shown in Figure 8. As can be seen in this figure, the
interlayers of the CNTand lattice of QD800 are well resolved in the
HRTEM image.

Figure 9 compares the fluorescent spectra of uncoupled QD800

and theCNT–QD800 coupling product. As is seen in this figure, the
maximum emission of the uncoupled QD (dash dot line) is at
795.6 nm, which is consistent with the specification of the
commercial product. For CNT-conjugated QD800, the maximum
Adv. Funct. Mater. 2009, 19, 3356–3373 � 2009 WILEY-VCH Verl
emission (solid line) is shifted to 752.5 nm, with a broad shoulder
around 650 nm.
2.4. Conjugation of Quantum Dots on Fe3O4/Polystyrene (PS)

Composite Nanospheres

Among many possible nanosubstrates, a more fascinating novel
nanocomposite has been recently developed, namely Fe3O4�PS
MNSs.Ashasbeenwell established, for somemedical applications
such as hyperthermia, the nanoparticles have to be super-
paramagnetic as they disperse in the fluid under zero-
magnetic field. However, micrometer-sized Fe3O4 often exhibits
ag GmbH & Co. KGaA, Weinheim 3361
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Figure 10. Schematic diagram illustrating surface-immobilized QDs on magnetic PS nanospheres. Reproduced with permission from Reference [128],

copyright 2009 Wiley-VCH.

Figure 11. a) Bright-field TEM image of surface-conjugated QDs on MNS;

b) HRTEM image depicting surface lattice structures of fabricated MNS–

QD800.

3362
ferromagnetic behaviors with irreversible hysteresis curves. The
superparamagnetic property can be effectively obtained by
synthesizing monodispersed, nanometer-size Fe3O4 parti-
cles.[104–106] Although Fe3O4 can be rendered superparamagnetic
by reducing the size to the nanometer-range, magnetic moments
are also significantly reduced. In order to keep the nanoparticles
superparamagnetic while retaining highmagnetic moments for a
variety of applications, the so-called MNSs have been synthesized
by a mini-emulsion/emulsion polymerization method.[107]

The novel concept is based on a unique nanostructure of PS
nanospheres fabricated within a narrow size distribution
(�100 nm) that contain Fe3O4 nanoparticles (5–10 nm) embedded
in their matrices. In this way, superparamagnetism is not only
ensured by the nanometer-size Fe3O4, but is also caused by high
concentration in a spherical PS matrix for exhibiting high
magnetic moments. As discussed before, for simultaneous in
vivo imaging and treatment, two major physical properties are
needed in the nanocarrier: i) superparamagnetism for hyperther-
mia and ii) fluorescence for in vivo imaging. Other requirements
include monodispersity, surface functionalization with conjuga-
tion of biological molecules, and anti-cancer drug-storage
capability. Our research has been centered on these requirements
in the development of integrated multifunctional nanosystems.

Basedonabove considerations, thefirst step is to conjugateQDs
onMNSs. A schematic representation of the nanostructure design
used toproduceMNSswith surface-immobilizedQDs (QD–MNS)
is shown in Figure 10. Conjugated QDs on the surface of MNSs
provides the fluorescent property needed for in vivo imaging. The
spherical shape and monodispersity of the QDs allow control of
surface functionalization with suitable ligands that facilitate
effective tumor-cell targeting. A high fraction of Fe3O4 nanopar-
ticles inside the PS matrix will exhibit much stronger magnetic
moments for hyperthermia treatment of cancer. The MNS
dimension is controlled in the range of 100 nm; a size medically
preferred for clinical applications.[108]

To synthesize the nanocomposite depicted in Figure 10,
CdSeTe/ZnS QDs have been dispersed and conjugated onto
MNS, by using a combined strategy of covalent coupling and
electrostatic adsorption. The carboxyl groups resulting from
auto-oxidation and partial cleavage of ethylene oxide subunits of
MNS-incorporated polysorbate[109] allow covalent coupling of the
amine-functionalized QD using conventional carbodiimide
chemistry.[110]
� 2009 WILEY-VCH Verlag GmbH & C
Figure11a shows theHRTEMimageofQD–MNSparticles. The
spherical shape of the PS–Fe3O4 composite particles can be clearly
seen in this figure. Within the PS nanosphere, the Fe3O4

nanoparticles (dark) are embedded in the PS (light) matrix at a
o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3356–3373
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Figure 12. The emission spectra of pure QD800 and theMNS–QD800. Data

from Reference [128].
high concentration. ODs can also be seen on the surface of the
nanospheres in Figure 11a. An HRTEM image of QD–MNS
(Fig. 11b) further supports random distribution of surface-
associated QDs on the composite nanospheres. A Fourier-
transformed image of a randomly selected nanoparticle on the
nanosphere surfaces can be indexed as ZnS. These data provide
experimental evidence of successful immobilization of the
commercial QDs onto the surface of composite PS nanospheres.

Fluorescence of CdSeTe/ZnS QD has been observed at room
temperature from theMNS–QDsample (Fig. 12). As shown in this
figure, the peak is broad with a maximum around 770 nm. A
blueshift can be seen in this figure in comparison with the
emission of isolated QDs. For the commercial QDs used in this
experiment, the maximum fluorescence is at 800 nm.
Figure 13. a) Fabrication of polymer micelles by assembling block copolyme

micellization to prepare polymer micelles with high concentrations up to 200m

solid sphere, and rod synthesized from self-assembly of polymer complexes

antibody on its outer surface.

Adv. Funct. Mater. 2009, 19, 3356–3373 � 2009 WILEY-VCH Verl
2.5. Polymer Micelles for Imaging and Drug Delivery

All nanosystems introduced above are mainly based on inorganic
materials. As is well known, there have been extensive research
activities in developing polymer-based nanomaterials for imaging
anddrugdelivery. Peng et al. (c.f. Refs. [117–119]) have pioneered a
new approach in synthesizing temperature- and pH-sensitive
polymer micelles with multiple functions that can be used for
medical imaging and diagnosis.

Polymer micelles are defined as self-assembled core–shell
nanostructures, typically with hydrophobic core and hydrophilic
shell, formed in aqueous solutions from copolymers. In recent
decades, polymermicelles have been extensively explored as drug-
delivery vehicles due to their unique advantages.[111] Firstly,
hydrophobic drugs can be readily entrapped in micelle cores and
transported at much higher concentrations compared to naked
ones.[112] Secondly, hydrophilic polymer chains in the shell form
hydrogen bonds with aqueous surroundings to produce a tight
shell around the core. Therefore, hydrophobic cores are effectively
protectedagainsthydrolysisandenzymaticdegradation. Inaddition,
micelles areprotected fromuptakeby the reticuloendothelial system
(RES) with prolonged blood half-lives. Thirdly, chemical composi-
tions and molecular weights of blocks can be easily adjusted to
control sizes and morphologies of micelles.[113] Finally, as delivery
vehicles, polymer micelles can be readily incorporated with
multifunctional properties important for tumor treatments.

Inmost cases, polymeric micelles are synthesized by assembling
block copolymers in selective solvents (Fig. 13a).[114,115] Unfortu-
nately, this synthesis can only be performed in very dilute solutions
(typically 1mg mL�1) with low efficiencies and high cost, which
largely limits their applications in both scientific studies and
practical uses for drug delivery. New synthetic methods have been
then developed aiming at high concentrations. For instance, Peng
and co-workers have recently reported three high-efficiency routes
to produce micelles with concentrations up to 200mg mL�1, that
rs in selective solvents; b) schematic illustration of cross-linking induced

g mL�1; c) polymer micelles with tunable morphologies of hollow sphere,

in common solvents; d) targeting modification of polymer micelle with

ag GmbH & Co. KGaA, Weinheim 3363
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Figure 14. Schematic diagram showing the nano ‘‘Cargo-ship’’ [126]. The

center sphere represents Fe3O4 as an MRI contrast agent; elliptical shaped

particles surrounding the center Fe3O4 are the anti-cancer doxorubicin; the

smaller spheres are QDs for imaging, and outer structures are modifying

lipids. Reproduced with permission from Reference [126], copyright 2008

Wiley-VCH.
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is, crosslinking induced micellization, one-pot approach, and
self-assembly of complexes in common solvents.[116–120] In
case of cross-linking induced micellization (Fig. 13b),[116] block
copolymers were first dissolved in common solvents; crosslinker
was then added to crosslink one block; the crosslinked block
aggregated to induce micellization. For above methods, polymer
micelles with tunable morphologies have been also synthesized
(Fig. 13c).[117–119] Micelles with different morphologies may
provide drastically different pharmacokinetic properties, as in the
case of filamentous nanocarriers which can provide different flow
behavior over spherical particles due to anisotropic alignment.

Combination of targeted delivery and controlled drug release is
desirable to treat various oncologic diseases. In other words, drugs
are expectedly delivered only to cancer cells over an extended
period of time without killing the surrounding noncancerous
tissue, and then released in a required speed. One efficient
approach for targeted delivery is to connect ligands which
recognize tumor-specific or tumor-associated antigens on the
outer surface of delivery vehicles. A wide variety of targeting
ligands, including humanized antibodies, minibodies, and
peptides, have been investigated for potential applications in
cancer therapy.[120] For instance, the Peng laboratory has reported
the accurate targeting of polymer micelles modified with anti-
carcinoembryonic antigen (CEA) antibody (Fig. 13d).[121] To
determine functional effectiveness of labeled micelles in seeking
a labeled target, both of the silica beadswithout CEA andwith anti-
CEA antibody modification, as a control, were first located at the
inner wall of the microchannel. After passing of the antibody-
modifiednanoparticles through themicrochannel, nodrugsignals
could be detected in the above silica beads by fluorescent
spectrometer. As a comparison, the same experiment utilizing
the CEA-modified silica beads did produce a strong drug signal.
That is, the bioconjugate nanoparticles were only attached to the
silica beads with CEA. For controlled drug release, polymer
micelles are made of environment-responsive polymers which
show a sharp change in properties upon a small or modest change
in environmental condition, for example, temperature, light, salt
concentration, pH, or combination of several responses.[122–124]

For instance, temperature-sensitive polymer micelles made of
poly(NIPAAm-co-DMAAm) show a very slow release of drug at
37 8Candexhibitmuch improved releasingspeedswith increase in
temperatures.[125] This system can be used for hyperthermia
treatment. Polymer micelles with targeted delivery, controlled
drug releases, and other desirable properties are often called
‘‘smart’’ delivery vehicles.

2.6. Cargo-Ship Nanocomposite

Another recent development in the design and synthesis of
multifunctional nanosystems is the so-called ‘‘Nano Cargo-Ship’’
that involves speciallymodified lipids andanti-cancerdrugs.[126] To
have controlled release of drugs that are protected from the body’s
natural defenses, Park et al.[126] designed a new structure by
modifying lipids that are circulating in the bloodstream for a
prolonged time period in order to achieve the most effective
therapies. Several nanocomponents–QDs, superparamagnetic
iron oxide, and anti-cancer doxorubicin–are placed in the ship’s
hold as depicted in Figure 14. The iron oxide particles are for MRI
� 2009 WILEY-VCH Verlag GmbH & C
imaging before surgery that can locate the tumor. The QD
fluorescence will assist the surgeon during the operation for
removal of the tumor parts. The release of the drug can treat the
tumor in a controlled and localized fashion.
3. In Vivo Imaging by Multifunctional
Nanosystems

Based on the successful integration and developments of
multifunctional nanosystems described above, biomedical related
experiments including invivo imaging,drugstorage, and targeting
have been carried out using QD-conjugated nanocarriers such as
HAs, CNTs, and MNSs. It should be noted the concept of QD
conjugation on different nanoparticles is intended for achieving
simultaneous in vivo diagnosis and treatment. The combination of
the magnetic nanoparticles and QDs can also be used in the so-
called two-mode imaging, that is, amechanism switching between
MRIandoptical imaging formore accuratediagnosis of cancer.[127]

Thus, the purpose intended is to construct a nanosystem that
possesses biomedically required functionalities: strong fluores-
cence for in vivo imaging, superparamagnetic for hyperthermia,
two-modeMRI/fluorescent imaging, surface functional groups for
conjugation of biological molecules needed in cell targeting,
hollow structures for drug storage, and biodegradability and
biocompatibility.

One of the challenges in deep-tissue imaging is the
autofluorescence in the background that severely interferes with
the quality and resolution of the images. Although QDs exhibit
strong visible emissions, a few experiments have been carried out
on QD-conjugated nanosubstrates in deep-tissue in vivo whole-
body imaging. As such, we have systematically conjugatedQDs on
a variety of nanocarriers including hydroxylapatite (HA-QD),
CNTs-QD, and Fe3O4/PS composite nanospheres (MNS-QD).[128]

Initial in vivo imagingexperimentshavebeenattempted inmiceby
o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3356–3373
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Figure 15. In vivo fluorescence images of a) from HA–QD600 intramus-

cularly injected at positions A, B, C, and D; the fluorescent intensities

decrease from 7 900, 6 800, 5 900 to 4 700. The suspensions of HA–QD600

are diluted by PBS at different concentrations of HA nanoparticles (A,

10mmol mL�1; B, 5mmol mL�1; C, 2.5mmol mL�1; and D, 1.25mmol

mL�1); b) HA–QD800 i.v. injected into the tail vain under 720-nm excitation

and c) HA–QD800 i.v. post-injection after circulation for 24 h. Reproduced

with permission from Reference [89], copyright 2008 the Institute of

Physics.
both direct and intravenous injections of the QD conjugated
nanocarriers with varied concentrations in the solutions.

3.1. In Vivo Imaging by HA–QD

For HA–QD, we have used QDs with 600-nm (HA–QO600) and
800-nm (HA–QO800) emissions, respectively. The in vivo imaging
of the mice has been studied by using the Kodak Whole-Mouse
Image Station (Kodak 4000MM). The excitation light from a high-
intensity lamp with the 10� zoom lens is directed through the
selected excitationfilter to themice. The red excitation of 525 nm is
selected as the HA–QD has a high absorbency in this range. The
red-light excitation also improves the visualization at increased
tissue depth.

The hypodermic injection of HA–QD600 into various regions of
the mice has been performed. The images were collected after
exposure of 2min (Fig. 15). The suspensions of HA–QD600 were
diluted by phosphate-buffered saline (PBS) at different HA-
nanoparticles concentrations (A, 10mmol mL�1; B, 5mmol mL�1;
C, 2.5mmol mL�1; and D, 1.25mmol mL�1). These suspensions
Adv. Funct. Mater. 2009, 19, 3356–3373 � 2009 WILEY-VCH Verl
were injected by the volume of 10mmL into various abdomen
locations from head to the tail. As shown in Figure 15a, from the
injection positions A, B, C, and D, the fluorescent intensities
decrease from 7 900, 6 800, 5 900 to 4 700 (arbitrary units). The
position A with the highest dosage of 10mmol mL�1 exhibits the
brightest image, while its intensity graduate decreases as theHA–
QD concentration is diluted. However, even for the lowest
concentration of 1.25mmol mL�1, as marked at position D, the
image still exhibits pronounced fluorescence intensity. The
intensity bar indicates the relative fluorescence index of the
injection position. Comparing to the mice background fluores-
cence of 2 300 (arbitrary units), the injection positions of HA–
QD600havefluorescent intensities in the range from4 600 to 9 000.
These intensities from the injected body area show significant
uptake of the HA–QD600 in the underskin tissues of the live
animal. It demonstrates that the fluorescence intensities correlate
to the concentrations of the HA–QD600 administered to the mice.
The intensive in vivo imagesobtained in this study indicate that the
HA–QD600 can be easily imaged by hypodermic injection.

These results clearly indicate that HA–QD can serve as an ideal
biomarker candidate for in vivo imaging. However, it has been
found that the emissions in this visible range below 700 nm can
easily overlap with those autofluorescence from the animal bodies
as a background noise, such as the autofluorescence signals from
skin wrinkles in the upper body. To further enhance the imaging
contrast particularly for deep tissue imaging, the QD with longer
emission wavelength (800 nm) was used to conjugate on the HA
nanoparticles (HA–QD800). With the same procedure described
above, the mice were i.v. injected with HA–QD800. The
fluorescent microscopy images of the HA–QD800 solution are
shown in Figure 15b and c. Figure 15b shows the imaging result
obtained fromHA–QD800 immediately after i.v. injection into the
tail veins of the mice. The enhanced contrast in these images
indicates that the HA–QD800 can be visualized against an
essentially black background, without interference from the
mouse autofluorescence. As a result of high quantum yield and
high absorbency, the fluorescence of HA–QD800 in the superficial
vasculature (the whole tail vein in Fig. 15b) is readily visible
immediately after injection. However, at this early post-injection
time, HA–QD800 cannot be imaged in organs; some emission is
seen from the stomach, from food autofluorescence. Upon
migrating for 24 h, a fluorescent image (Fig. 15c) shows strong
signals ofHA–QD800 in both liver and spleen. The intense contrast
of the inner organs with the mouse low-noise background
demonstrates the successful i.v. injection and circulation of HA-
QD800 invivo.TheaccumulationofHA-QD800 in liver andspleen is
due to the nanoparticles being easily uptaken by the RES (most
notably in the liver). The efficient circulation and delivery of HA–
QD800 in the live animal shows the high potential of HA–QD800

as a biomarker.
Based on these experimental results, it can be seen that not only

can theQDsbewell conjugatedonto theHAnanoparticles, but also
resulted in sharp in vivo imaging. The in vivo results presented
hereare initial attempts to see thepossibilitiesof invivo imagingby
QD-conjugated nanosubstrates. The current research activities
deal with subcutaneous and intravenous injections of HA-QD in a
sequence of cancer xenograftmice.With these preliminary data, it
is therefore possible to explore in vivo imaging from other QD-
conjugated nanosubstrates such as CNTs.
ag GmbH & Co. KGaA, Weinheim 3365
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Figure 16. In vivo fluorescence images of CNT-QD i.v. injected into nude mice and imaged after

circulation at various time intervals; a-0 to a-4) the images taken from the side of mice; b-0 to b-4)

from the front; c-0 to c-4) from the back of mice, and d–g) organ images taken after having

sacrificed the mice on the sixth day of post-injection. These pictures show prominent CNT–QD

uptaking in the liver, kidney, stomach, and intestine. Reproduced with permission from Reference

[130], copyright 2008 Wiley-VCH.
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3.2. In Vivo Imaging by QD-Conjugated Carbon Nanotubes

Ashasbeen found in the invivo experimentsusingHA–QD,oneof
the key issues involves the intensity and the frequency of the
emissions from the QD-conjugated nanoparticles. For deep-
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
tissue imaging, highly intense emissions are
required at frequency in the near infrared range
(>700 nm). In the in vivo imaging experiments
ofCNT–QD, it has been found that 800-nm-QD-
conjugated CNTs experienced considerable
blueshift, as shown in Figure 12. As seen in
Figure 12, the maximum emission of the
uncoupled QD (dash dot line) is at 795.6 nm,
which is the consistent with the specification of
this commercial product. For CNT-conjugated
QD, the maximum emission (solid line) is
shifted to 752.5 nm, with a broad shoulder
around 650 nm.

Thisblueshift hasbeen found tobeassociated
with the surface-charge-induced Stark effect on
the quantum-confined emitting state of QDs
conjugated on the surface of CNTs.[30] The local
electrostatic field on the functionalized CNT
surface could influence the excitonic states of
QDs by inducing a Stark shift up to 0.59 eV. This
is much greater than the electron–hole binding
energy. The Stark shift of QD luminescence
exhibits a linear and quadratic function of the
local field, which is consistent with the previous
observations for single free QDs.

Based on extensive previous developments of
multifunctional nanosystems, we have carried
out a systematic experiment on a CNT-based
assembly. The nanostructure design for in vivo
imaging and drug storage is schematically
illustrated in Figure 2. The hollow core and
polymer-coated surfaces of the nanotube can be
used to store antitumor agents such as paclitaxel
as a consequence of non-covalent adsorption.
The CNTs are surface functionalized with an
ultra-thin poly(D,L-alctide-co-glycolide) (PLGA)
coating by plasma polymerization. Quantitative
determination of paclitaxel drug loading has
been achieved for this novel nano-assembly. For
deep tissue imaging, the outer surface of the
nanotube is conjugated with QDs.

The experimental procedures for in vivo
imaging are explained briefly in the following.
CNT-QD800 was i.v. injected via tail vein into
mice. The in vivo images were taken from live
animals at various time intervals (i.e., immedi-
ately after injection, 1, 2, and 4 days) using the
Kodak 4000MMWhole-Mouse Imaging System
(CarestreamHealth, Inc., Rochester, NY; excita-
tion, 725 nm; emission, 790 nm). Figure 16
shows grayscale imaging results obtained from
CNT-QD800 i.v. injected into the tail vein ofmice
(red color indicates the area where fluorescent
emission is saturated). The fluorescence of
CNT-QD800 in the superficial vasculature (tail veins in Fig. 16a-1,
b-1, c-1) is readily visible under the Kodak Imaging System
immediately after injection. However, no fluorescent images can
be observed in organs and tissues at this early post-injection stage.
After circulation for 2–4 days, the images (Fig. 16a-2 to a-3, b-2 to
Adv. Funct. Mater. 2009, 19, 3356–3373
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Figure 17. In vivo and ex vivo images after intravenous injection of QD–

MNSs in nude mice. Red fluorescence signals indicate QD-MNS accumu-

lation in the spleen; a) in vivo fluorescence before injection; b) in vivo

fluorescence one day after injection; c) bright-field microscope image of a

histological spleen section; d) corresponding fluorescence image of the

same section of tissue shown in (c).
b-3, c-2 to c-3) appear with strong signals of CNT–QD800 in several
organs of live animal including liver, kidney, stomach, and
intestine. These fluorescent images are sharp with high resolu-
tions in an essentially black background. No significant
interference by autofluorescence of the animal was observed.
The sharp images indicate that QDs at the near-infrared range can
provide clearfluorescence visualization in live animals. To confirm
CNT–QD800uptake in these organs, the liver, kidney, stomach, and
intestine were harvested for ex vivo imaging (Fig. 16d–g). The
strong fluorescent emissions in these organs under epi-UV
illuminationare consistentwith the images fromFigure16a–c, as a
result of the emission fluorescence from CNT–QD800. These
experimental results show that CNTswith surface conjugatedQDs
can serve as viable nanotools for deep tissue in vivo imaging.

3.3. In Vivo Imaging by QD-Conjugated Fe3O4–Polystyrene

Nanospheres

In vivo imaging experiments have been carried out in live mice
with the QD-conjugated Fe3O4–PS nanospheres (QD-MNS).[128]

The imaging facility used was the Kodak Imaging Station, with in
vivo fluorescence monitored before and after i.v. injection of
QD-MNS (10mgmL�1 in PBS, 100mL of QD-MNS per animal) in
nude mice via tail vein.

Thegrayscalefluorescence images are shown inFigure 17, from
both control and QD–MNS-injected animals. It can be seen in
Figure 17a that certain ventral regions exhibit autofluorescence in
the control mouse. However, significant fluorescence signals
appear after one day post-injection, attributable toQD–MNS in the
anatomical region of the spleen (Fig. 17b).

To investigate local biodistributions ofQD–MNSand associated
imaging, animalswere sacrificedandorgansharvested.Theexvivo
fluorescence imagesof the spleen are shown in insets ofFigure17a
and b, respectively, which indicate the accumulation of QD–MNS
in this organ of the treatedmouse.No significant fluorescencewas
registered in the ex vivo image of the untreated control animal. For
histological evidence, tissue was embedded in optimal cutting
temperature compound (EMS, Hatfield, PA). Ten micrometer
cryosection was prepared at �20 8C using an UltraPro 5000
cryostat (Vibratome Comp., Louis, MO, USA). Microscopic
evaluation of these sections in bright-field (Fig. 17c) and
fluorescence (Fig. 17d) mode clearly indicate the accumulation
of fluorescent QD-MNS in non-sinusoidal mouse spleen with
limited distribution into red pulp reticular meshwork. These data
are direct evidences that in vivo administration of QD–MNS
results in detectable fluorescence signals in a live animal. Current
research deals with surface functionalization with antibodies for
cell targeting and drug storage for localized treatment.

Magnetic and hyperthermal properties of polyethylene oxide-
modified PS–MNS have been evaluated previously.[22–29] In this
study, magnetic hysteresis measurements and hyperthermia
experiments were performed on QD-functionalized MNS. The
heating rate of MNS is measured using Hilger’s technique.[27,129]

For comparison, two samples were measured under the same
experimental conditions. The detailed experimental procedures
canbe found inRefs. [22,27,129]. The frequency and amplitude of the
magneticfieldusedwere63 kHzand7 kAm�1, respectively.A total
of 0.1mL magnetic fluid that contained 50mg MNSs with an
Adv. Funct. Mater. 2009, 19, 3356–3373 � 2009 WILEY-VCH Verl
average diameter of 100 nm dispersed in iodinated oil was placed
in a sample container.Anoptical fiber thermometer probe (FTI-10;
FISO Co., Ltd., Canada) was used inside the container for
monitoring the temperature change. The temperatures of both
samples increase almost linearly up to 31 8C for a heating time
of 20min. Continued heating results in steady temperature
increase up to 45 8C, as previously demonstrated for the Fe3O4

nanoparticles.[128,129] The heatingmechanism has been attributed
to the Néel relaxation behavior, a well established model in
hyperthermia.[22,24–29]
4. Cell Targeting and Drug Storage

Based on anovel nanostructure design,QDshave been conjugated
onto the surfaces of the CNT and MNS for in vivo imaging. Anti-
cancer drug has also been efficiently loaded in PLGA-coated CNT.
ThePLGA-coatedCNTs showhigh loadingefficiency forpaclitaxel,
which demonstrates in vitro antitumor efficacy against human
prostate cancer cells.[130,131] ICP-MS studies indicate predominant
CNT-QD uptake in liver, kidney, stomach, and intestine following
i.v. administration inmice. The development of CNT-QD as a non-
invasive optical in vivo imaging anddrugdelivery systemmayhave
a great impact in early detection, diagnosis, and treatment of cancer.
ag GmbH & Co. KGaA, Weinheim 3367
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4.1. Cell Targeting

The above experimental results have indicated that deep tissue
imaging canbewell established byQD-conjugated nanosubstrates
that are integrated with multifunctionalities. So far, imaging
experiments from livemice have been successful using a variety of
nanosystems including HA nanoparticles, CNTs, and Fe3O4–PS
MNSs. But it must be emphasized that during the imaging tests
with these nanosystems they are not surface functionalized with
tumor specific ligands or organ targeting moieties. Therefore, the
observed biodistribution pattern following i.v. administration
reflects the results of non-specific binding and elimination
processes. It is expected, however, that coupling with specific
targeting ligands such as peptides and antibodies will alter the
biodistribution pattern.

Therefore, cell targeting with surface functionalized tumor
specific antibodies will be essential in achieving early cancer
diagnosis and treatment by these multifunctional nanosystems.
One of the experimental approaches for prostate cancer cell-
targeting using MNS is schematically illustrated in Figure 18. As
shown in thisfigure, theMNScanbe conjugated to themonoclonal
mouse anti-human prostate specificmembrane antigen and Alexa
Fluor 594 goat anti-mouse IgG. The secondary antibody can be
conjugated to the carboxyl groups on the MNS surface using
carbodiimide coupling chemistry. Theprimary antibodies are then
attached on the secondary antibody by recognizing them. Some
preliminary immunocytochemical data have indicated strong and
specific binding of the anti-PSMA conjugated MNS to a human
prostate cancer cell line, LNCaP, which is known to express PSMA
on the cell surface.

Immunocytochemical studies of anti-PSMA-conjugated MNSs
binding activity inLNCaPprostate cancer cells hasbeen carriedout
using goat anti-mouse IgG, Alexa Fluor 594. LNCaP cells were
stained successfully in the presence of the anti-PSMA bioconju-
gated on the MNSs surface and minor staining was detected in
LNCaP cells exposed to the secondary antibody-conjugated MNSs
in the absence of anti-PSMA. This establishes that anti-PSMA
Figure 18. Schematic diagram showing the conjugations of antibodies to

conjugated to the secondary antibody, Alexa 594 goat anti-mouse IgG in the

antibody is bonded to the secondary antibody by high affinity.

� 2009 WILEY-VCH Verlag GmbH & C
conjugated MNS can be used as a cell surface-specific marker for
LNCaP prostate cancer cell lines. In a similar way, CNTs and other
nanosubstrates can also be conjugated with cancer antibodies for
cell targeting.
4.2. Drug Storage and Cytotoxicity

Another challenge incancerdiagnosis is localizeddeliveryof drugs
in a controlled fashion. While accomplishing in vivo imaging and
cell targeting, for effective cancer treatment, anti-cancer drugs
need to be stored within the nanosystem for local delivery to the
lesions. Since these nanosubstrates exhibit quite different
structural characteristics, the drug loading methods may differ.
We have carried out drug loading experiments for both CNTs[130]

and MNSs.[128]

Paclitaxel is an antitumor agent demonstrating significant
activity in clinical trials against a variety of solid tumors.[132–134]

However, due to itshighhydrophobicity and low therapeutic index,
its application has been limited. Therefore, a wide variety of
nanomaterials for paclitaxel delivery system such as liposomes,
nanoparticles, macrospheres, and soluble polymers have been
investigated. Among these new drug delivery systems, polymeric
materials have drawn attention as promising carriers for anti-
cancer agents because of their higher stability and the possibility to
surface functionalization. In particular, PLGA is a biodegradable
polymer and used most often for drug delivery.

In our previous research, CNTs incorporated with PLGA were
developed for paclitaxel delivery by plasma polymerization and
emulsion technique. The drug-loading efficiency of PLGA-coated
CNTs and their cytotoxicity on human prostate cells have been
investigated.[130] Based on the previous experimental results in
Ref. [130], further investigation on drug storage and cytotoxicity
has been carried out.

In this current research, paclitaxel-loaded CNTs were prepared
by the emulsion technique.[130,35] Briefly, 2.5mg PLGA-coated
MNSs. The MNS is covalently

presence of EDC. The primary

o. KGaA, Weinheim
CNTs and 2.5, 1.25, and 0.625mg
of paclitaxel were dissolved in
DCM under ultrasonication for
15min. For the control, an iden-
tical experiment was carried out
without any paclitaxel. The organic
solution was added into water and
the oil-in-water emulsion was
formed by sonicating with energy
output of 5W in a pulsemode. The
oil-in-water emulsion was soni-
cated under reduced pressure for
evaporating the organic solvent,
DCM and then, the sample was
centrifugedandwashed three times.
Finally, the gathered sample sus-
pended in water was freeze-dried
overnight and kept refrigerated.

High-performance liquid chro-
matography (HPLC) was used for
determining the efficiency of drug
loading on PLGA-loaded CNTs.
Adv. Funct. Mater. 2009, 19, 3356–3373
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Table 1. Paclitaxel-loaded efficiency of PLGA-coated CNTs from HPLC [a].

Incubating time [h] AUC Conc. [mg mL�1] [%] of loading

0 6889226 0.1918 76.74

1 6870555 0.1913 76.53

2 6904272 0.1923 76.90

4 6834890 0.1903 76.13

6 6845667 0.1906 76.25

Mean 6868922 0.1913 76.51

[a] The theoretical concentration of paclitaxel loaded in CNTs is

0.25mg mL�1, supposing that all the paclitaxel is loaded on the CNTs.

100

 Paclitaxel
 Paclitaxel-loaded CNTs
The mixture of 50/50 v/v acetonitrile and water was used as a
mobile phase. Briefly, CNTs loaded with a known amount of
paclitaxel were dissolved in 500-mL acetonitrile and kept in an
incubator at 37 8C for 0–6 h to release all paclitaxel from the CNTs.
The samples were then centrifuged to remove CNTs. To draw
standard plot of paclitaxel in both DMSO and acetonitrile, various
concentrations between0.25 and0mgmL�1were testedbyHPLC.
Thedrug-loading efficiency is expressed as the ratio of real amount
of drug loaded on the CNTs to initial amount of drug for the drug-
loaded CNTs.

The cytotoxicity ofpaclitaxel-loadedCNTswasevaluatedbyMTT
assay using the PC3 mm2 human prostate carcinoma cells. Cells
were cultured in EMEMsupplementedwith 5%FBS, nonessential
amino acids, sodium pyruvate, vitamin A, and glutamine at 37 8C
in a balanced air humidified incubator with an atmosphere of 5%
CO2. Cells in exponential growth phase were harvested by a 2-min
treatment with a 0.25% trypsin/0.02% EDTA solution and
maintained by periodic dilutions with fresh medium. Effects of
paclitaxel-loaded CNTs on cell growth in vitro were evaluated by
MTTassay. Cells in 100-mLEMEM-1%FBSwere plated at a density
of 1 000 cells in a 96-well plate. After an overnight incubation
culture period, the cells were incubated in EMEM/1% FBS
containing different concentrations of paclitaxel or paclitaxel-
loaded CNTs at 37 8C in 5%CO2 for 4 days. During this period, the
cells grew exponentially without change of medium. After 4 days,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(2mg mL�1 in PBS) was added to the cultures at 0.05mL per
well during the final 2 h of incubation. The medium was then
carefully removed, and the dark blue formazan was dissolved in
100mL per well of DMSO. The absorbance of each well was
measured with a FluoStar Optima multi-detection microplate
reader (BMGLabtechnologies, Durham,NC,USA) at 570 nm.The
percentages of growth inhibition were calculated according to
the following formula: growth inhibition (%)¼ (1 – Abs570 of
treated group/Abs570 of control group)� 100.

Astandard curveofpaclitaxel in acetonitrile solution is shown in
Figure 19 to calibrate paclitaxel concentration. The curve is linear
with the range of 0.25–0mgmL�1 with a correlation coefficient of
R2¼ 0.998 and the acetonitrile solution does not interfere with
paclitaxel peak. Table 1 shows the paclitaxel-loading efficiencies of
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Figure 19. Standard curve of paclitexal in acetonitrile in the range of

0–0.25mg mL�1 concentration.
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PLGA-coated CNTs with various incubation times. The 34%
weight ratio of paclitaxel to PLAG-coated CNTs was used in this
research (i.e., 8.5mg of paclitaxel and 25mg of CNTs.). A certain
amount of paclitaxel-loaded CNTs was diluted in a solution to
0.25mg mL�1. This means that a given amount of paclitaxel-
loaded CNTs has loaded 0.25mg of paclitaxel, assuming that all
initial paclitaxel was loaded on CNTs. To determine drug loading,
the known amount of paclitaxel-loaded CNTs was suspended in
acetonitrile at 37 8C for 0–6 h., and paclitaxel was released from the
CNTs.

From Table 1, it can be seen that paclitaxel is released
immediately after being in acetonitrile. PLGA-coated CNTs can
achieve around 76% drug loading efficiency. Although there is
possibility that the PLGA coating layer could be dissolved in a
solvent, and may form its own micro- or nanoparticles during
emulsion process, the PLGA-coated CNTs have a high loading
efficiency in comparison with polymer nanoparticles by emulsion
method, especially in high drug/materials ratio.[135,136]

The cytotoxicity of paclitaxel-loaded CNTs on growth of cells in
vitro was evaluated byMTTassay. As can be seen in Figure 20, over
60 nM of concentration, both paclitaxel and paclitaxel-loaded CNTs
inhibit growth of cells by 85%. However, below 60 nM of
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Figure 21. Effects of varying paclitaxel:CNT ratios (2.5mg:2.5mg;

1.25mg:2.5mg; 0.625mg:2.5mg; and 0mg:2.5mg) on the cytotoxicity

of PC3 mm2 cells by growth inhibitions of human PC 3 mm2 prostate

cancer cells. Tumor cells are treated with CNTs or paclitaxel-loaded CNTs

dispersed in culture media supplemented with 1% FBS for 4 days.

3370
concentration, paclitaxel shows a much higher inhibition of cell
growth compared to drug-loaded CNTs. The cytotoxic effect of
paclitaxel at 16 nM of concentration demonstrates 80% inhibition
in cell growth, as compared to 26% inhibition at the same
concentration of paclitaxel from paclitaxel-loaded CNTs. This is
due to drug release being affected by the PLGA coating layer on
CNTs. It was reported that the in vitro drug release from the
paclitaxel-loaded PLGA nanoparticles exhibit less than 30% of
encapsulated drug after 10 days.[137] In this study, a faster drug
release was achieved as a result of PLGA coating on CNTs.

Figure 21 shows the effects of paclitaxel to CNTs ratio (2.5mg:
2.5mg; 1.25mg:2.5mg; 0.625mg:2.5mg, and0mg:2.5mg) on the
cytotoxicity for PC3 mm2 cells. There is a consistent correlation
between the ratio of paclitaxel to CNTs and the cell growth
inhibition. It is clear that a higher concentration of paclitaxel in a
solvent results in more paclitaxel to be loaded on the CNTs.
However, it is shown that theeffect ofCNTwithoutpaclitaxel on the
cell growth is less than 10% of inhibition at the concentration of
1.25mg mL�1.

4.3. Toxicity of Carbon Nanotubes

As iswell known, thepresenceofnanoparticles in theenvironment
has caused considerable concerns.[138] Although there have been
extensive experiments carried out to study the toxicity of CNTs, the
results have shown different observations. Lam et al. reported the
toxicity of single-walled CNTs (SWCNTs) by exposing groups of
mice to as-grown SWCNTs containing themetal catalysts.[94] They
have found that, when the lungs of mice were treated with
SWCNTs, it induced dose-dependent epithelioid granulomas,
while no abnormal effects were observed when expositing to
carbon black. In vitro cytotoxicity screens on cultured human
dermal fibroblasts (HDF) were performed on a set of functional-
ized SWCNTs by Sayes et al.[139] Their results have shown that, as
the degree of surface functionalization increases, the SWNT
sample becomes less cytotoxic. Further, surface functionalized
SWCNT samples are substantially less cytotoxic than surfactant
� 2009 WILEY-VCH Verlag GmbH & C
stabilized SWCNTs. A more recent study by Schipper et al.
indicates no evidence of toxicity after having injected functional-
ized SWCNTs in the bloodstream of mice.[140] Their experimental
data on necropsy and tissue histology only show age-related
changes. They found that the functionalized SWCNTs persisted
within liver and spleen macrophages in a prolonged period of 4
months, but showing no apparent toxicity. Thus, it appears that the
toxicity of CNTsmay depend on a variety of factors including types
of materials, processing methods, surface properties, particle
sizes, and even batch conditions.
5. Intelligent Nanosystems for Biomedical
Studies: A Future Trend

In fundamental biomedical studies, the development of multi-
functional nanosystems also presents significant advantages for
sensing, actuating, regulating, and signaling the biological
responses in order to have precision controls at cell levels. A
typical example is DNA manipulation[141] by nanotechnology,
which has been an intensive research due to its key role in gene
detection,[142] transfection,[143–145] and therapy.[146] The critical
issues in these areas deal with basic understandings of nano–bio
interfaces and underlying conditions that dictate the biological
feedbacks due to the implant of nanoengineered devices.

In previous studies, a variety of nanomaterials have been
developed for biomedical applications, including colloid gold,[147]

silica nanoparticles,[148] QDs,[82–87] magnetic nanoparticles,[22–26]

and functional polymers.[111–113] However, in most of these
developments, the nanomaterials developed are utilized only with
their limited and isolated intrinsic properties, be it magnetic,
fluorescent, or hyperthermic. Nonetheless, the complicity of a
biological system requires intelligent performance of a nanoscale
device that can function in a selective, controlled, localized, and
predictable manner.

Design and development of multifunctional intelligent nano-
systems will pave a new path in the biological manipulation and
medical diagnosis. The multifunctionality is based on the
structural integration of several nanospecies with unique proper-
ties including QDs for in vivo imaging, magnetic nanocomposites
for hyperthermia and separation, nanotube capsules for drug
storage, and surface functional groups for biological selectivity.
Furthermore, biodegradable polymer micelles exhibit pH and
temperature sensitive behaviors that are highly desirable in
biomedical applications.These combined componentsprovide the
needed functionalities in both biological manipulation and
medical diagnosis. The intelligent nanosystems utilize integrated
functionalities and perform controlled actions such as switching
on/off the drug release, signaling to the sensing device,
recognizing a specific cell, and monitoring the concentration
level in a biological and living system. The development of these
multifunctional systems requires both engineering design of
the nanostructure and biomedical tuning of the intelligent
responses, therefore demanding a true interdisciplinary research
in synthesis, nanostructure architecture, surface engineering, and
biomedical system integration.

Future research needs to be devoted to the development of
intelligent and integrated multifunctional nanosystems that can
perform in vivo, real time biomedical imaging, actuating, and
o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3356–3373
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regulating at the subcellular level. The integrated multifunctional
nanosystem is designed and equipped with intelligent capabilities
that enable the registration of progressive response of the living
host, and at the same time, the alteration of active conditions for
control, manipulation, and selection. Based on such an intelligent
system, not only can superior understanding be established for
cell mechanics and tissue interfaces in living system, but also
well-manipulated and programmed biological system via artifi-
cially engineered intelligent devices.
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