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ne of the critical challenges in
early cancer diagnosis and treatment by nanotechnology is the
development of multifunctional particles at
the nanoscale that simultaneously serve as
sensitive, cell-specific bioprobes and localized tumor treatment. Extensive efforts
have been devoted to designing nanocarriers that combine cell targeting with efficient in vivo imaging, drug storage, and
controlled drug release capabilities.1⫺3 Specific material features required to implement these properties include surface functional groups suitable for bioconjugation
and fluorescent imaging modules in addition to controlled drug storage and release
mechanisms. On the basis of specific medical requirements, the multifunctional nanocarriers must also be biocompatible. For effective early cancer diagnosis and
treatment, the colloidal nanocarriers are required to be less than 200 nm in diameter4,5
and monodispersed to achieve efficient distributions in the targeted tumor lesions.
Spherical shape is preferred as it facilitates
uniform surface conjugation of celltargeting ligands (e.g., antibodies) and
imaging probes. Fluorescent emission near
800 nm is most suitable for deep tissue in
vivo imaging.6 Incorporation of superparamagnetic properties into nanocarriers further benefits medical applications by facilitating multimodal imaging, hyperthermia
therapy, and magnetic manipulation.7⫺9
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ABSTRACT For early cancer diagnosis and treatment, a nanocarrier system is designed and developed with

key components uniquely structured at nanoscale according to medical requirements. For imaging, quantum dots
with emissions in the near-infrared range (⬃800 nm) are conjugated onto the surface of a nanocomposite
consisting of a spherical polystyrene matrix (⬃150 nm) and the internally embedded, high fraction of
superparamagnetic Fe3O4 nanoparticles (⬃10 nm). For drug storage, the chemotherapeutic agent paclitaxel
(PTX) is loaded onto the surfaces of these composite multifunctional nanocarriers by using a layer of biodegradable
poly(lactic-co-glycolic acid) (PLGA). A cell-based cytotoxicity assay is employed to verify successful loading of
pharmacologically active drug. Cell viability of human, metastatic PC3mm2 prostate cancer cells is assessed in
the presence and absence of various multifunctional nanocarrier populations using the MTT assay. PTX-loaded
composite nanocarriers are synthesized by conjugating anti-prostate specific membrane antigen (anti-PSMA) for
targeting. Specific detection studies of anti-PSMA-conjugated nanocarrier binding activity in LNCaP prostate
cancer cells are carried out. LNCaP cells are targeted successfully in vitro by the conjugation of anti-PSMA on the
nanocarrier surfaces. To further explore targeting, the nanocarriers conjugated with anti-PSMA are intravenously
injected into tumor-bearing nude mice. Substantial differences in fluorescent signals are observed ex vivo between
tumor regions treated with the targeted nanocarrier system and the nontargeted nanocarrier system, indicating
considerable targeting effects due to anti-PSMA functionalization of the nanocarriers.
KEYWORDS: quantum dot · targeting · fluorescent imaging · drug storage ·
magnetic nanosphere

Previously, we reported on the design
of unique, fluorescent, magnetic nanospheres (MNSs) that allow effective in vivo
imaging due to their strong fluorescence
emissions of surface-conjugated quantum
dots (QDs). Our experimental results indicated that these MNSs successfully induced
hyperthermia under an alternating magnetic field.10 The fabricated MNSs had an
average diameter around 150 nm and were
composed of Fe3O4 nanoparticles
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Figure 1. Schematic diagrams illustrating surface functionalization of MNSs: (a) conjugation of amine-functionalized quantum dots (QDs) to the surface of carboxylate-functionalized MNSs using conventional NHS/EDC coupling method; (b) PTX
loading using a thin PLGA coat on the surface of QD-MNSs.

(⬃15⫺20 nm in diameter) embedded in a polystyrene
matrix. TGA analysis shows that the weight ratio of the
embedded Fe3O4 nanoparticles to polystyrene in MNS is
4:1.11 QDs were covalently conjugated to the surface
of these MNSs using standard carbodiimide chemistry.
Our results demonstrated strong in vivo and ex vivo
fluorescence that facilitated biodistribution monitoring
of multifunctional, fluorescent MNSs in mice. In addition, the high volume fraction of magnetite was sufficient to induce hyperthermia that can be utilized for tumor cell suppression and drug release control.
In this study, we have further advanced the multifunctional nanosystem by tailoring the surfaces of MNSs
with therapeutic modality including cell targeting and
drug storage capabilities. In this way, the multifunctional nanosystem will be fully developed specifically
for preclinical applications including in vivo imaging,
cell targeting, and drug storage. Note that these functionalities can be potentially utilized simultaneously
within one nanosystem for cancer diagnosis and
chemotherapy.12,13
RESULTS AND DISCUSSION
Figure 1 depicts the unique composite structure
with nanosized Fe3O4 particles embedded inside a
spherical polystyrene matrix. The QDs are conjugated
onto the MNSs for effective in vivo imaging. Combining QDs and Fe3O4 nanoparticles in the same MNS enB
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ables two-mode imaging by fluorescence and magnetic resonance, respectively. This would effectively
enhance the imaging capabilities for clinical versatility.
Furthermore, the new design allows concurrent pharmacological intervention at the tumor site mediated by
the chemotherapeutic agent paclitaxel (PTX) that is
loaded onto the surface of these MNSs using a layer of
biodegradable poly(lactic-co-glycolic acid) (PLGA). PTX
is a microtubule-stabilizing agent that is clinically administered to treat various solid tumors.14⫺17 PLGA is a
biocompatible and FDA-approved copolymer that allows diffusion- and erosion-controlled drug release and,
in addition, is sensitive to temperature-dependent
degradation.18⫺20 Both PTX and PLGA have been extensively used in current drug delivery research focused
on cancer therapies.21⫺24
The schematic diagram in Figure 1 illustrates the basic components of the multifunctional nanocarrier design. Covalent conjugation of amine-functionalized,
fluorescent QDs to the surface of carboxylatefunctionalized, polyethylene oxide modified MNSs is
achieved using the conventional EDC/NHS coupling
method. Microscopically, the surface modification can
be visualized in Figure 1a by a change in the smooth
surface structure of the original MNS (transmission electron microscopy image on the left) to a dark spotted,
ruffled surface (transmission electron microscopy image on the right) after QD conjugation. Surfacewww.acsnano.org
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immobilized QDs are more clearly identified by their
distinctive lattice structures seen in the high-resolution
transmission electron micrographs (HRTEM, Figure 1b).
Previous research from our laboratory employed similar
coupling strategies to conjugate near-infrared QDs to
polystyrene-Fe3O4 composite nanospheres for in vivo
fluorescent imaging.10
In this study, QDs with a visible emission wavelength of 655 nm were selected for the in vitro cell imaging experiments, and QDs with a near-infrared
emission wavelength of 800 nm were used for the in
vivo and ex vivo imaging. After conjugation of QDs to
MNSs, PTX was incorporated into the fluorescent nanocarrier using a drug-loaded PLGA coating layer (PTXPLGA-QD-MNSs). The transmission electron micrograph
(TEM) in Figure 1b clearly shows a uniform, 7⫺10 mm
thick PLGA layer surrounding the QD-MNS surface
boundary. As PTX cannot be distinguished microscopically from the PLGA matrix, a cell-based cytotoxicity assay was employed to verify successful loading of a pharmacologically active drug.
Cell viability of human, metastatic PC3mm2 prostate cancer cells was assessed in the presence and absence of various MNS populations using the MTT assay.
Figure 2 shows that incubation of these tumor cells
with a broad dosing range of unmodified MNS, QDlabeled, fluorescent MNSs, and PLGA-coated, fluorescent MNSs does not significantly affect mitochondrial
dehydrogenase activity as compared to vehicle control.
These results experimentally underline the safety of
drug-free, fluorescent nanocarriers up to 25 g/mL. In
contrast, PTX-PLGA-QD-MNSs dose-dependently decreased cell viability of human PC3mm2 prostate cancer cells in vitro after a 96 h incubation. The estimated
PTX-PLGA-QD-MNS concentration associated with 50%
inhibition of the mitochondrial enzyme activity (IC50)
was 125 ng/mL. Previously, we determined that the IC50
value of solubilized paclitaxel in the same cancer cell
line is 5 ng/mL.25 As cytotoxic efficacy of PTX-PLGA-QDMNS is associated with solubilized PTX, we estimate
that approximately 0.5 ng of PTX was released from the
PLGA drug storage compartment leading to a free PTX
concentration of 5 ng/mL. Therapeutically, the relationship between drug loading capacity of colloidal nanocarriers and drug release rate is of utmost importance.
Consequently, further experiments are planned to
quantify drug loading efficiency and time-dependent
release properties from these multifunctional MNSs using different fabrication procedures, including double
emulsion and organic coating methods.
To confirm the role of PLGA copolymer as a drugholding and drug-releasing substance, the loading efficacy of paclitaxel on the MNSs according to the different ratio of PLGA was estimated in vitro by the MTT
assay. For this purpose, the amount of PLGA was
doubled or reduced by half from the original volume.
It is shown that the cell viabilities are decreased by increasing the amount of PLGA used for paclitaxel loading (Figure 3). This indicates that the increased volume

Figure 2. Dose-dependent effects of MNSs, QD-MNS, PLGA-QD-MNS,
and PTX-PLGA-QD-MNSs on viability of human PC3mm2 prostate
cancer cells. Tumor cells were treated for 96 h with various doses of
drug-free or PTX-containing MNSs dispersed in EMEM/5% FBS. Cell
viability was assessed using the MTT assay.

of PLGA on the surface of MNSs may have enhanced
paclitaxel loading efficiency on the MNSs. However, it
is observed that the variations of cell viabilities according to decreasing dosages of paclitaxel-loaded MNSs
show the same increasing rates regardless of the ratio
of paclitaxel to PLGA, which means that in vitro drug release behavior is not affected by the volume of PLGA,
coated on the MNSs. It has been reported that the in
vitro drug release from the paclitaxel-loaded PLGA
nanoparticles exhibit less than 30% of encapsulated
drug after 10 days.26 This suggests that the characteristics of PLGA copolymer, such as the variation of monomer ratio by breaking the ester linkages, or the glass
transition temperature, may have been changed during the process of a sequences of dissolving in dichloromethane (DCM) and reprecipitating in an aqueous solution, phosphate buffered saline (PBS).
Recently, it was reported that particle-associated
PTX accumulates more efficiently than solubilized drug
in tumor models in vivo.27 Since intracellular PTX concentration directly correlates with tumor cell kill, the cellular binding and transport studies were carried out in

Figure 3. Drug loading effects on the MNSs according to the ratio
of paclitaxel (PTX) and PLGA by viability of human PC3mm2 prostate cancer cells. Tumor cells were treated for 4 days with various
amounts of MNSs or drug-loaded MNSs dispersed in culture media
supplemented with 5% fetal bovine serum for 4 days.
VOL. XXX ▪ NO. XX ▪ 000–000 ▪ XXXX
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Figure 4. Cellular interaction of PTX-PLGA-QD-MNSs with human PC3mm2
prostate cancer cells evaluated by fluorescence microscopy: (a) optical
image of live PC3mm2 cells incubated with PTX-PLGA-QD-MNSs, and
(b) fluorescence image of PC3mm2 cells incubated with PTX-PLGA-QDMNS (EX ⴝ 560/40 nm, EM ⴝ 620/40 nm).

this research to understand the mechanisms by which
polymeric PTX particles are taken up into cells. The results showed a significant contribution of caveolindependent, receptor-mediated endocytosis of intact
particles augmenting intracellular PTX concentrations.
To determine whether similar endocytic pathways exist in human PC3mm2 prostate cancer cells, cellular uptake of PTX-PLGA-QD-MNSs was assessed by fluores-

cence microscopy. The optical image in Figure 4a clearly
shows the cellular boundaries of PC3mm2 cancer cells.
The same field visualized under fluorescence (EX ⫽
560/40 nm, EM ⫽ 620/40 nm) demonstrates strong
emission of MNS-immobilized QDs that appear to reside in the cytosol (Figure 4b). Without z-stack images
acquired by confocal laser scanning microscopy, it cannot be verified whether PTX-PLGA-QD-MNSs successfully accumulated inside the cancer cells. However,
even close association of drug-loaded, fluorescent
MNSs with the cell membrane is predicted to enhance
the therapeutic index of PTX as a consequence of improved tumor targeting. Further studies are required to
delineate molecular events underlying increased binding to and/or uptake of PTX-PLGA-QD-MNSs into human PC3mm2 prostate cancer cells.
Targeted PTX-PLGA-QD-MNSs were synthesized by
conjugating anti-prostate specific membrane antigen
(anti-PSMA) on the PTX-PLGA-QD-MNSs for in vitro and
in vivo targeting (Figure 5). The surface of QD-MNSs was
carboxyl-functionalized using carboxyl-terminated
PLGA with incorporation of PTX. The anti-PSMA was

Figure 5. Schematic diagrams illustrating surface functionalization of MNSs: (a) carboxyl functionalization using carboxylterminated PLGA on the surface of QD-MNSs with PTX loading; (b) amine functionalization by conjugation of ethylenediamine to the surface of carboxylate-functionalized PTX-PLGA-QD-MNSs using conventional NHS/EDC coupling method;
(c) conjugation of anti-PSMA to the PTX-PLGA-QD-MNSs, and (d) new multifunctional (fluorescent imaging, targeting, hyperthermia, and chemotherapy) nanocarrier system.
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Figure 6. In vitro targeting studies of anti-PSMA-conjugated PTX-PLGA-QD-MNSs’ binding activity in cultured LNCaP prostate cancer cells, which are PSMA-positive, and PC3mm2, which are known as PSMA-negative.

coupled to PTX-PLGA-QD-MNSs through ethylenediamine using the conventional EDC/NHS coupling
method. In this fashion, the novel multifunctional nanocarrier system (anti-PSMA-PTX-PLGA-QD-MNSs) was
composed with multiple components: targeted antibodies, fluorescent probes, chemotherapeutic agents,
and superparamagnetic nanoparticles, ideally suited for
early cancer diagnosis and treatment.
For cancer cell targeting, specific detection studies
have been carried out on the anti-PSMA-conjugated
MNSs’ binding activity in LNCaP prostate cancer cells.
Anti-PSMA-PTX-PLGA-QD-MNSs and nontargeted PTXPLGA-QD-MNS, as a control, were incubated with the
fixed LNCaP and PC3mm2 prostate cancer cells, respectively (Figure 6). Substantially different behaviors are
observed between the targeted PTX-PLGA-QD-MNSs
and the nontargeted PTX-PLGA-QD-MNSs. LNCaP cells,
which express PSMA, are targeted successfully by the
conjugation of anti-PSMA on the PTX-PLGA-QD-MNSs
surface (Figure 6b). No fluorescent signals were detected in LNCaP cells exposed to nontargeted PTXPLGA-QD-MNS (Figure 6a). In contrast, PC3mm2 human prostate cells, which are known as PSMA-negative,
show no fluorescent signals with and without antiwww.acsnano.org

PSMA conjugation (Figure 6c,d). The binding activity of
anti-PSMA to LNCaP cancer cells was also confirmed by
immunocytochemical studies using Alexa Fluor 594
F(ab=)2 fragment of goat anti-mouse IgG (H⫹L) as a secondary antibody (data not shown). These results indicate that the specific targeting to cancer cells can be effectively achieved by the multifunctional nanocarrier
system.
To further explore the effects of targeting, the biodistribution of the nanocarriers administrated via tail
vein was analyzed. The PTX-PLGA-QD-MNSs conjugated
with anti-PSMA were intravenously injected into a
tumor-bearing nude mouse. This study was approved
by the Institutional Animal Use and Care Committee
(IACUC) at the University of Cincinnati in compliance
with relevant State and Federal Regulations. Thirty minutes after injection of the nanocarrier system, the PTXPLGA-QD-MNSs were biodistributed in various organs
of the mouse. These organs were then harvested and
compared with a nontreated mouse as a control. Ex vivo
images were initially taken under the condition for the
original emission wavelength of the quantum dot (excitation wavelength ⫽ 720 nm, emission wavelength ⫽
790 nm). As shown in Figure 7, ex vivo fluorescence imVOL. XXX ▪ NO. XX ▪ 000–000 ▪ XXXX
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are associated with the nanocarriers accumulated as a
result of targeting. The current research deals with a
systematic in vivo targeting imaging study on tumorbearing mice with intravenously injected anti-PSMAPTX-PLGA-QD-MNSs.

Figure 7. Fluorescent images of excised organs in mice. The images of
organs and tumor from the sample mouse injected with anti-PSMA-PTXPLGA-QD-MNSs are compared with those of the nontreated control
mouse.

ages of the tumor indicate an accumulation of the
nanocarrier system in this organ of the treated mouse.
No significant fluorescence in the tumor was measured
in the untreated control animal. As can be seen in Figure 7a, there is a considerable fluorescent signal in the
tumor region. It was found that the fluorescent signal
was significantly enhanced by using a lower wavelength filter set (excitation wavelength ⫽ 625 nm, emission wavelength ⫽ 700 nm). Under this condition, the
tumor shows sharper contrast of fluorescent signals associated with the nanocarrier system compared to the
original condition (Figure 7b). This is due to the emission peak of quantum dot being blue-shifted during
sample preparation. This difference is a strong indication that the fluorescent signals from the tumor region

METHODS
Surface Conjugation of QDs to MNSs: Carboxylate-functionalized
MNSs were washed three times with phosphate-buffered
saline, pH 7.4 (PBS), and incubated for 20 min at room temperature in 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) solution (100 L of 400 mM in PBS) and
N-hydroxysuccinimide (NHS) solution (100 L of 100 mM in
PBS). Excess coupling reagent was removed by magnetic separation. The NHS-activated MNSs were conjugated to aminofunctionalized QDs [Qdot 655 ITK amino (PEG), Invitrogen Corp.,
Carlsbad, CA] following procedures previously published by this
laboratory.5,18 QD-MNSs were washed three times with PBS and
stored in 200 L of PBS until used.
PTX Loading of QD-MNSs: A suspension of 1 mg of QD-MNSs,
100 g of PTX, and 100 g of PLGA in 100 L of acetonitrile
was mixed using a sonication bath. Drug-free nanocarriers were
fabricated as controls. The organic suspension was added to 500
mL of Milli-Q purified water and emulsified by sonication using
an energy output of 5 W. The organic solvent was removed from
the oil-in-water emulsion under reduced pressure. PTX-PLGAQD-MNSs and drug-free control carriers were washed three
times in PBS and stored at 4 °C until used.
Synthesis of Amine-Functionalized PTX-PLGA-QD-MNSs: A suspension
of 1 mg of QD-MNSs in acetonitrile was mixed with 100 g of
carboxyl-terminated PLGA and 100 g of PTX by sonication. The
mixed organic suspension was emulsified in 500 mL of Milli-Q
purified water and then sonicated using an energy output of 5
W. The organic solvent was removed from the oil-in-water emulsion under reduced pressure. The suspension was applied by applied external magnetic field, and carboxyl-functionalized PTXPLGA-QD-MNSs were collected and washed three times with
PBS. Amine reactive groups on the surface of the PTX-PLGA-QDMNSs were obtained by amine coupling of ethylenediamine to
carboxyl-functionalized PTX-PLGA-QD-MNSs. A carboxyl-
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CONCLUSIONS
We have developed a multifunctional nanocarrier
system for medical diagnosis and treatment. This
unique system is composed of several key components, namely, fluorescent superparamagnetic nanoparticles for multimodal imaging and hyperthermia,
tumor-specific antibodies for cell targeting, and anticancer drugs for localized treatment. The unique nanostructures and surfaces are designed and developed according to biomedical requirements and procedures so
that these functionalities may be effectively utilized
clinically, allowing simultaneous cancer diagnosis and
therapy. Experimental evidence from in vitro studies
suggests acceptable safety profiles for drug-free, fluorescent PLGA-QD-MNSs. However, inclusion of PTX inside a biocompatible PLGA copolymer layer transforms
this multifunctional nanocarrier into an effective therapeutic strategy. In addition to the chemotherapeutic
treatment, the nanocarrier system is able to target specific cancer cells and ex vivo organs. Further clinical development of the PTX-PLGA-QD-MNS concept as a
novel, targeted imaging and drug delivery system may
benefit cancer patients in the future due to significantly
reduced systemic toxicity and greatly improved noninvasive monitoring capabilities.

functionalized PTX-PLGA-QD-MNS suspension was treated with
ethylenediamine for 30 min at room temperature. Excess ethylenediamine was removed by external magnetic field, and aminefunctionalized PTX-PLGA-QD-MNSs were collected and washed
three times with PBS.
Conjugation of Anti-PSMA on the Surface of PTX-PLGA-QD-MNSs: Aminefunctionalized PTX-PLGA-QD-MNSs (500 g) were treated with
200 L of 400 mM EDC and 200 L of 200 mM NHS for 30 min
at room temperature. The PTX-PLGA-QD-MNSs incorporated
with amine-reactive NHS-esters were collected by applying magnetic field and washed with Milli-Q purified water three times
to remove unreacted chemicals. An anti-PSMA solution was
added with the NHS-activated PTX-PLGA-QD-MNSs for 2 h at
room temperature and then washed three times with Milli-Q
purified water.
In Vitro Cytotoxicity Assay: Human PC3mm2 prostate carcinoma
cells were cultured in Eagle’s minimal essential medium (EMEM)
supplemented with 5% (v/v) fetal bovine serum (FBS), nonessential amino acids, sodium pyruvate, vitamin A, and glutamine at
37 °C in a humidified atmosphere of 5% CO2. Cells in exponential growth phase were harvested using 0.25% (w/v) trypsin/
0.02% EDTA (w/v) solution. For cell viability experiments,
PC3mm2 cells were plated at a density of 1000 cells/well in 96well plates. Untreated PC3 cells plating at 1000 cells/well will
reach confluence 4 days later and give OD values of MTT staining in linear range. After an overnight attachment period, cells
were exposed for 96 h at 37 °C to various MNS populations at
doses between 0.016 and 50 g/mL. MNS suspensions were prepared in EMEM/5% FBS and dosed at 100 L/well. During the final 2 h of incubation, 20 L of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (2 mg/mL in PBS) was added to
each well. At the end of the incubation period, the medium was
carefully aspirated, and the blue formazan complex dissolved in
100 L of dimethyl sulfoxide. Absorbance of each well was quan-
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tified at  ⫽ 570 nm using a FluoStar Optima microplate reader
(BMG Labtechnologies, Durham, NC). Cell viability was normalized to EMEM/5% FBS-treated vehicle control cells and expressed
as %.
In Vitro Targeting: To determine anti-PSMA-PTX-PLGA-QD-MNS
binding to LNCaP cells, immunocytochemical studies were carried out. LNCap and PC3mm2 cells were fixed by incubating
them in 4% (v/v) paraformaldehyde in PBS for 20 min at room
temperature, blocked with 0.1% bovine serum albumin (5 min
at room temperature), and then treated with anti-PSMAconjugated PTX-PLGA-QD-MNSs and nontargeted PTX-PLGAQD-MNS. After 30 min, the cells were washed with PBS three
times and examined under the microscope (excitation ⫽ 560/40
nm, emission ⫽ 620/40 nm).
Ex Vivo Targeting: Ex vivo fluorescence images of the mouse
were taken with 720 nm excitation filter and 790 nm emission filter set using a Kodak 4000MM Whole-Mouse Image Station.
Nu/nu nude mice, obtained from the National Cancer Institute,
were 6⫺8 weeks old and typically weighed 18 g. Mice were anesthetized for imaging by beutal saline intraperitoneally, and the
250 g dosage of anti-PSMA-PTX-PLGA-QD-MNSs dispersed in
100 L of PBS was administrated via tail vein injection. After 30
min postadministration, the mouse was sacrificed. The excised
organs from the control mouse and the treated mouse were
placed in a same place, and the fluorescent image of the organs was taken. This study was approved by Institutional Animal Use and Care Committee (IACUC) at the University of Cincinnati, OH.
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