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Abstract
The tubulin-binding anticancer activity of noscapine, an orally-available plant-derived anti-tussive
alkaloid, has been recently identified. Noscapine inhibits tumor growth in nude mice bearing
human xenografts of hematopoietic, breast, lung, ovarian, brain and prostate origin. Despite its
non-toxic attributes, significant elimination of the disease has not been achieved, perhaps since the
bioavailability of noscapine to tumors saturates at an oral dose of 300 mg/kg body weight. To
enable the selective and specific delivery of noscapine to prostate cancer cells, we have engineered
a multifunctional nanoscale delivery vehicle which takes advantage of urokinase plasminogen
activator receptor (uPAR) overexpression in prostate cancer compared to normal prostate epithelia
and can be tracked by magnetic resonance imaging (MRI) and near-infrared (NIR) imaging.
Specifically, we employed the human-type 135 amino-acid amino-terminal fragment (hATF) of
urokinase plasminogen activator (uPA), a high-affinity natural ligand for uPAR. Noscapine (Nos)
was efficiently adsorbed onto the amphiphilic polymer coating of uPAR-targeted nanoparticles
(NPs). Nos-loaded NPs were uniformly compact-sized, stable at physiological pH and efficiently
released the drug at pH 4 to 5 within a span of 4 h. Our results demonstrate that these uPAR-
targeted NPs were capable of binding to the receptor and were internalized by PC-3 cells. uPAR-
targeted Nos-loaded NPs enhanced intracellular noscapine accumulation as evident by the ~6-fold
stronger inhibitory effect on PC-3 growth compared to free noscapine. In addition, Nos-loaded
iron oxide NPs maintained their T2 MRI contrast effect upon internalization into tumor cells
owing to their significant susceptibility effect in cells. Thus, our data provide compelling evidence
that these optically- and magnetic resonance imaging (MRI)- trackable uPAR-targeted NPs may
offer a great potential for image-directed targeted delivery of noscapine for the management of
prostate cancer.

Keywords
Prostate; Noscapine; Nanoparticles; uPAR; MRI

© 2010 Elsevier B.V. All rights reserved.
*Address for correspondence: Ritu Aneja, Department of Biology, Georgia State University, Atlanta, GA 30303; raneja@gsu.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Control Release. Author manuscript; available in PMC 2012 February 10.

Published in final edited form as:
J Control Release. 2011 February 10; 149(3): 314–322. doi:10.1016/j.jconrel.2010.10.030.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Despite advances in diagnosis and treatment, prostate cancer continues to be one of the
deadliest cancers and ranks the second most frequent cause of cancer-related deaths in males
in the United States [1]. Although current chemotherapeutics including docetaxel have
shown promise for the treatment of hormone-refractory prostate cancer, toxicity has been a
serious limitation associated with systemic chemotherapy [2]. Thus, novel strategies
including targeted therapies are gaining importance and are being intensively investigated
[3–4].

Multifunctional iron oxide nanoparticles (IO NPs) have recently emerged as attractive
candidates for cancer chemotherapeutic approaches that obviate toxicity issues and display
improved tumor targeting [3, 5–9]. A key component of multifunctional NPs is the tumor-
targeting moiety that guides them to cancer-specific receptors with high-affinity and
specificity [10–12]. A specific prostate cancer target and a useful biomarker, the urokinase-
type plasminogen activator (uPA) and its receptor (uPAR) are selectively overexpressed at
high levels in invasive prostate cancer, sparing the normal prostate epithelia[13]. Owing to
the differential expression of uPA and uPAR in cancer tissues relative to normal tissues,
they are being employed for potential prognostic and/or therapeutic applications [14–16].
The amino terminal fragment (ATF) of uPA, which consists of 135 amino acids is, in
particular, a desirable homing moiety as it contains all the determinants required for uPAR
binding [17–19]. Recently, Yang et al. reported murine ATF as a targeting moiety to guide
iron oxide NPs for in vivo imaging of breast cancer [20]. Since ATF is a remarkable
targeting moiety for tumor cells, it can be advantageously employed as a therapeutic-vehicle
to steer ‘drug-loaded’ NPs selectively to tumor sites.

Noscapine, an antitussive agent, has been discovered as a tubulin-binding anticancer drug,
and is in Phase I/II clinical trials for the treatment of multiple myeloma. Noscapine does not
change the steady state monomer/polymer ratio of tubulin [21–23]. Thus, noscapine does not
cause any hemo-, immuno- and neuronal toxicity [21]. This is a unique-edge over currently-
available antimicrotubule drugs that either overpolymerize microtubules (taxanes) or
depolymerize them (vincas) and hence cause various toxicities such as leucocytopenias, and
peripheral neuropathies [24–27]. Extensive studies have reported the potential usefulness of
noscapine in the therapy of lymphomas, melanoma, prostate and lung cancers [28–31]. The
pharmacokinetics of noscapine has also been reported [32] showing that the orally
administered drug peaks within 2–3 h and is not detectable after 6 h, indicating the short
circulation time of noscapine in the system [33–34].

Although noscapine has been shown to significantly inhibit tumor growth in preclinical mice
models [21–22, 31, 35], near-complete tumor elimination has not been achieved even after
increasing the dosage to 450 mg/kg. This is perhaps due to its shorter circulation time as
well as to the possible saturation of drug uptake by tumor cells. In this study, we present the
design, preparation, optimization and characterization of multifunctional nanoparticles that
significantly enhanced noscapine uptake by making noscapine ‘targetable’ to cancer cells.
We report the development of a multifunctional nanoparticle delivery vehicle which can be
tracked by magnetic resonance imaging (MRI) and near infrared (NIR) imaging and takes
advantage of uPAR overexpression to selectively and preferentially deliver noscapine in
prostate cancer cells. This novel delivery approach allows for enhanced intracellular
noscapine accumulation to selectively cause significant growth inhibition and cell death in
prostate cancer cells.
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2. Materials and Methods
2.1. Chemicals and reagents

Polymer coated IO NPs with carboxylic acid reactive groups, and the conjugation kit were
from Ocean Nanotech (Springdale, AR). Noscapine hydrochloride, Isopropyl-β-D-
thiogalactopyranoside (IPTG), N-hydroxysulfosuccinimide (Sulfo-NHS), 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide (EDAC), tris(2-carboxyethyl)-phosphine (TCEP) were
from Sigma (St. Louis, MO). Cy5.5 monomaleimide was from GE Healthcare (Piscataway,
NJ). The peptide, human-type ATF (hATF) of the uPA, was produced and purified.

2.2. Cancer cell lines
Human prostate carcinoma (LNCaP, DU-145 and PC-3) cells were cultured in RPMI-1640
supplemented with 10% FBS. Human prostate carcinoma, RC-77T/E, and normal prostate
epithelial cells, RC-77N/E, were maintained in Gibco Keratinocyte-SFM medium
(Invitrogen, Carlsbad, CA) supplemented with EGF (human recombinant) and bovine
pituitary extract. Human embryonic kidney cells (HEK293) were cultured in DMEM.

2.3. Preparation and characterization of hATF-Cy5.5-IO-Nos NPs
2.3.1 Production of recombinant hATF—A cDNA fragment encoding the first 135
amino acids of human uPA was isolated by PCR amplification and cloned into pET-20(b)
expression vector. Initial plasmid cloning and sequence verification was carried out in E.
coli Top 10 F′ cells. After the plasmid was verified to contain the correct hATF sequence,
the plasmid was purified and transformed into E. coli BL-21 for peptide expression using
IPTG induction and purification under native conditions using FPLC (Amersham
BioSciences).

2.3.2. hATF-Cy5.5 conjugation—Cy5.5 monomaleimide was used to conjugate
fluorescent Cy5.5 dye with hATF at cysteine residues using the manufacturer’s protocol (GE
Healthcare, Piscataway, NJ). Free dye molecules were separated using Nanosep 3K
centrifugation column (Pall Corp, Ann Arbor, MI). The prepared hATF-Cy5.5 conjugate
was PBS washed and used immediately or stored at 4°C.

2.3.3. Conjugation of hATF or hATF-Cy5.5 complex to IO NPs—We used ~10 nm
core size IO NPs for this study. The core size and hydrodynamic size of IO NPs were
measured using transmission electron microscopy (TEM) and light scattering scan,
respectively. The particles were coated with amphiphilic triblock polymers which stabilize
IO NPs in water and provide reactive carboxyl groups on the particle surface for
bioconjugation. hATF peptides were conjugated to the surface of IO NPs via cross -linking
of carboxyl groups to amino side groups on hATF peptides. Briefly, polymer-coated IO NPs
were activated with EDAC and sulfo-NHS for 15 min in 20 mM borate buffer (pH 5.0). The
activated IO NPs were purified using Nanosep 100k columns and reacted with hATF or
hATF-Cy5.5 complex (ratio of 1:10) in 10 mM borate buffer (pH 8.5) for 2h at room
temperature and then overnight at 4°C to generate hATF-IO or hATF-Cy5.5-IO NPs. The
resulting Cy5.5-hATF-IO or hATF-IO were separated from the reaction buffer using
Nanosep 100K column. The conjugates were purified by washing with PBS buffer followed
by resuspension in sterile distilled water, and stored at 4°C.

2.3.4. Particle size and zeta potential measurements—To determine the size of the
non-targeted IO NPs (NT-IO NPs), hATF-Cy5.5-IO and hATF-Cy5.5-IO-Nos, TEM was
performed using negative staining method (TEM LEO906E, Oberkochen, Germany). The
size of NPs was determined from TEM images. The mean hydrodynamic particle size and
zeta potential of the various NPs were determined using dynamic laser scattering (Zetasizer-
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II, Malvern Instruments, Worcestershire, UK). All measurements were made at a scattering
angle of 90° at 25°C.

2.3.5. Encapsulation of Noscapine (Nos) onto hATF-Cy5.5-IO NPs—An aqueous
solution of noscapine (1 mg/mL) was added to NT-IO or hATF-Cy5.5-IO NPs at a ratio of 1
mg drug to 3 mg of iron (Fe) and the mixture was rotated at RT for 4h and then at 4°C
overnight. After filtration of NPs through the 100K Nanosep column, the free drug was
analyzed by HPLC (Agilent 1100). Encapsulation efficiency of noscapine was calculated as
the mass ratio of the amount of drug entrapped in nanoparticles to the initial amount used in
drug loading. The number of Nos molecules encapsulated in an IO nanoparticle was derived
by dividing the total number of Nos molecules by the total number of IO NPs in each
sample. The total number of IO NPs was determined by measuring the optical density (OD)
at 500 nm for Fe concentration. The concentration of Fe was then used to calculate the
number of IO NPs using a standard formula.

2.3.6. pH-dependent drug release—The pH-dependent drug release was determined by
incubating drug containing NPs in solutions of different pH (4, 5, 6, or 7) and measuring
Nos concentration in the flow-through by HPLC. The free drug molecules in the buffer were
then separated from the NT-IO and hATF-IO-Cy5.5NPs using 100K Nanosep column. The
amount of free Nos was calculated from a standard curve of drug concentration and HPLC
signal intensity.

2.4. hATF-mediated binding efficacy of NPs to PC-3 Cells
2.4.1. siRNA knockdown of uPAR expression—Human uPAR siRNA (Santa Cruz,
CA) is a pool of three target-specific 20–25 nt siRNAs designed to knockdown uPAR gene
expression. Cells were transfected with the pool of three target-specific 20–25 nt siRNAs to
human uPAR according to the manufacturer’s protocol. A scrambled siRNA sequence was
used in parallel as a control. After 48 h, uPAR levels decreased by ~80–90% as confirmed
by western blotting.

2.4.2 Western blotting—LNCaP, DU-145, PC-3, RC-77T/E, control or uPAR siRNA
transfected PC-3 cell lysates were subjected to immunoblotting. Membranes were probed
with rabbit anti-uPAR antibody (American Diagnostica, Greenwich, CT) followed by HRP-
conjugated secondary antibody (Santa Cruz, CA). uPAR was detected by
chemiluminescence method.

2.4.3. Prussian blue staining—Prussian blue staining was used to confirm presence of
iron in cells treated with IO NPs. Control or uPAR siRNA transfected PC-3 cells or
untransfected LNCaP cells were incubated with 30 pmole/mL of NT-IO or hATF-Cy5.5-IO
NPs for 4h followed by staining with Prussian blue (1:1 mixture of 5% potassium
ferrocyanide and 5% HCl) for 4h at RT. Bright field images were obtained and blue-stained
cells were quantified and represented as percentage of positive cells compared to total
number of cells.

2.4.4. In vitro near-infrared optical imaging—PC-3 cells cultured in 12-well plates
were incubated with various concentrations (20, 30, 40 pmole/mL) of hATF-Cy5.5-IO NPs
for 4h at 37°C. Control samples were incubated with equal amounts of hATF-IO NPs at
similar conditions. Cells were then washed, fixed and imaged using a Perkin-Elmer
Ultraview ERS microscope with an excitation wavelength of 650 nm and an emission of 680
nm.
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2.4.5. In vitro MRI Scan—PC-3, LNCaP and HEK293 cells were incubated with 40
pmole/mL of hATF-Cy5.5-IO or NT-IO NPs for 2h at 37°C. Cells were washed, trypsinized,
collected and then embedded in 1% agarose in 1.5 mL eppendorf tubes. Samples were
scanned using a 3-T MRI scanner (Siemens Healthcare) using T1-weighted gradient echo
and multi-echo T2-weighted fast-spin echo imaging sequences. T2 values of each sample
were calculated from obtained multi-echo (TEi, i=20, range from 10–200 ms, interval=10
ms). Transverse relaxation times, T2, of each sample were calculated by fitting decay curve
on a pixel-by-pixel basis using the nonlinear mono-exponential algorithm of Mi= M0 * exp
(−TEi/T2), in which Mo is the MRI signal intensity at TE of 0 and Mi is the MRI signal
intensity at a selected TE.

2.6. Cytotoxicity assay
RC-77NE, PC-3 or uPAR siRNA transfected cells were treated with serum-free medium
containing NT-IO-Nos or hATF-Cy5.5-IO-Nos NPs, or free Nos (10 μM). Control groups
were treated with NT-IO or hATF-IO-NPs without Nos that had equal amounts of IO as test
samples. Cells were incubated for 4h, followed by serum addition to the medium for an
additional 48h. Percentage of tumor cell death was determined by crystal violet assay. The
optical density was read at 590 nm using a microplate reader (SpectroMax, Molecular
Devices). Absorbance values were normalized to control values to obtain the percentage of
viable cells.

2.7. Statistical analyses
Data are presented as mean ± SEM of at least 3 separate experiments performed in triplicate.
P<0.05 was considered statistically significant.

3. Results and Discussion
3.1. Design, preparation, characterization and optimization of multifunctional NPs

We have designed, developed and optimized ‘multifunctional’ NPs using a recombinant
peptide hATF of uPA conjugated to magnetic IO NPs. The NIR imaging dye Cy5.5 was
conjugated to cysteine residues of hATF. Subsequently, using amino groups of amino
terminus and those of lysine residues from hATF, the hATF-Cy5.5 bi-conjugate was
coupled with carboxyl ends offered by the amphiphilic polymer coating on IO core to form
tri-conjugate hATF-Cy5.5-IO NPs. Finally, noscapine was loaded on the tri-conjugate
molecule by physical adsorption onto the IO NP polymer coating (Scheme 1).

3.1.1. Size characterization of various conjugates
3.1.1.1. Transmission electron microscopy (TEM): Effective drug delivery to tumor tissue
requires appropriately sized NPs that can stay in the blood-stream for requisite time to
selectively release their payload at the tumor site [36]. Since elevated levels of vascular
permeability characterize most solid tumors, it is pertinent for NPs to possess a compact size
to steer through immature and leaky tumor vessels and proficiently enter tumor mass [37].
Thus, ideally NPs should be large enough (>10 nm) to prevent their rapid leakage into blood
capillaries but small enough (<100 nm) to escape capture by macrophages that are lodged in
the reticuloendothelial system [36, 38]. We first examined the size of NT- IO NPs using
TEM to assess increase in their size at varying stages of each conjugation step. Fig. 1 (left)
presents TEM image of NT-IO NPs, which confirmed the uniformity of the core IO NPs
with an average diameter of 11.2 ± 2.5 nm. Next, we attempted to visualize the size of the
polymer coating surrounding the IO core. To this end, we stained NT-IO NPs using
phosphotungstic acid to contrast the thin polymer layer with an optically opaque fluid. Fig. 2
(middle) shows negatively stained NT-IO NPs that determined the polymer coating to be at
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an average of 4.2 nm making the overall size of these particles to be 15 ± 3.1 nm. It was not
possible to determine the exact increase in size of the polymer coated IO NPs after
conjugation of hATF-Cy5.5 and drug loading (Fig. 1, right).

3.1.1.2. Dynamic light scattering (DLS): To measure size of the prepared NP conjugates,
we used DLS to measure size of NP conjugates that provides size distribution of NPs in
addition to their hydrodynamic size. The size distribution reveals formation of any
aggregates upon conjugation of protein and drug loading. Table 1 presents hydrodynamic
size data of NT-IO, hATF-Cy5.5-IO, hATF-Cy5.5-IO-Nos NPs. NPs retained a narrow size
distribution after conjugation of peptide-dye and drug loading. As expected, the size of NT-
IO NPs (21.36 ± 1.6 nm) increased upon conjugation of hATF-Cy5.5 (35.21 ± 3.7 nm) to
their outer surface while it remained relatively constant upon drug loading (35.62 ± 4.1 nm).
In general, overall size of the nanoscale drug delivery vehicle was uniform and within the
desired size range of 10–100 nm for optimal drug delivery [36, 38].

3.1.2. Surface charges of NPs at varying stages of build-up—The surface charge
of NPs determines their circulation time in blood stream and is a measure of NP stability in
aqueous solution and their interaction with the cell membrane [39]. Table 1 collates zeta
potential measurements. The NT-IO NPs had a negative charge of −52.41 ± 3.1 mV on the
surface, which is due to carboxylic groups of polymer coating. This value correlated with
the value (−51.41 mV) provided in the Certificate of Analysis of NT-IO NPs from the
manufacturer. Conjugation of hATF-Cy5.5 to some of the carboxylic ends resulted in a
decrease of surface charge of NPs to −33.4 ± 5.61 mV for hATF-Cy5.5-IO NPs. The
loading of hydrophobic Nos on the hATF-Cy5.5-IO NPs further decreased the surface
charge to −21.6 ± 3.3 mV. Despite surface charge decrease of hATF-Cy5.5-IO-Nos NPs,
they were well-dispersed in sterile water with no observable precipitation for a few months.
The stability of drug-loaded NPs in aqueous media is crucial for potential biomedical
applications as no vehicle solution is needed to inject them. Moreover, surface charge data
reflect that hydrophilicity of NPs did not decrease which in clinical settings may prevent
their opsonization by plasma proteins and elongate their blood circulation time.

3.1.3 Efficiency of noscapine loading—Incorporation of sufficient drug amounts onto
NPs is vital for effective therapy. Based on drug properties, it can either be covalently
conjugated to the polymer coating of NPs or can be physically adsorbed onto the polymer
coating [12, 40]. A downside of covalent linking is that it may limit the amount of drug
molecules conjugated to each NP as well as present a low efficiency of drug release upon
cell entry. Physical adsorption of drug molecules onto NPs, on the contrary, may ferry more
drug molecules into cells and release the drug efficiently. Thus, we next investigated the
efficiency of noscapine encapsulation in the prepared uPAR-targeted NPs. Using a ratio of 1
mg drug to 3 mg IO, we were able to encapsulate 98.7% of Nos onto the NT-IO NPs (Table
2) as determined by HPLC analysis. This high drug encapsulation efficiency may perhaps be
due to a favorable interaction between the hydrophobic noscapine molecules and the
hydrophobic segment of the amphiphilic polymer coating of NPs. We observed that there
was a 10% decrease in efficiency of drug encapsulation when Nos was loaded after
conjugation of hATF-Cy5.5 to the surface of IO NPs. The decrease in drug encapsulation
was perhaps attributed to steric hindrance to the drug molecules caused by the space
occupied by the hATF-Cy5.5 conjugates on the surface of IO NPs [41]. Table 2 also shows
the number of Nos molecules adsorbed per IO NPs in NT IO NPs as well as in NPs with the
conjugated targeting moiety-dye (hATF-Cy5.5). There was a ~24% percent reduction in the
number of Nos molecules adsorbed on the surface of NT-IO and hATF-Cy5.5-IO NPs. The
difference in percent drug encapsulation and percent decrease in the number of adsorbed
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Nos molecules per IO NP may perhaps be due to uneven drug encapsulation in a given
sample.

3.1.4. pH-dependent drug release characteristics from multifunctional NPs—It
is recognizable that the efficiency of any drug delivery vehicle is best evaluated by its ability
to release the ‘payload’ drug into cells and not systemically in the patient’s circulation
system. To simulate physiological conditions, we examined the amount of Nos that can be
released from the NPs at pH 7. Slightly acidic pH conditions simulated the environment of
tumor interstitium, while more acidic pH was more representative of the pH in intracellular
vesicles such as endosomes and lysosomes. Fig. 2A shows overlays of HPLC
chromatograms to depict the amount of Nos detected in the supernatant of hATF-Cy5.5-IO-
Nos NPs at various pHs. At pH 7, no peak was detected for Nos indicating that the drug was
not released due to its strong adsorption to the polymer coating on the IO NPs (Fig. 2B).
However, when the pH was lowered, the amount of detected Nos increased with the increase
in the acidity of the medium. The area under the peak was used to calculate the percentage
of drug release from the NT-IO-Nos or hATF-Cy5.5-IO-Nos NPs (Fig. 2B). While no drug
was detected at pH 7, the NPs released about ~25–30% of their drug payload at pH 6. At pH
5, the percentage of drug released from NPs increased to ~60%. At pH 4, over ~80% of drug
molecules were efficiently released from NPs. These results indicated strong adsorption of
drug onto the IO NP surface, thus facilitating drugs release at acidic pH. Enhancement of
drug release may be due to the onset of polymer degradation at lower pH or the breakage of
hydrophobic interactions between polymer and drug molecules. Another plausible
explanation for enhanced drug release at lower pH exists based upon hydrogen bonding.
Since the lower benzofuranone ring of noscapine has electronegative oxygen atoms
(particularly the ‘two oxygens’ in the lactone ring of the molecule) that can participate in
hydrogen bonding, the extent of hydrogen bonding of noscapine would reduce with decrease
in pH (protonation) resulting in a pH dependent drug release. In conclusion, these data
suggested that the targeted NPs can serve as efficient carriers of drug payload that can be
delivered in acidic environments which particularly exist in the hypoxic tumor milieu.

3.2. Binding and internalization efficiency of hATF-targeted NPs
3.2.1. Determination of uPAR expression in various prostate cancer cells—
Previous studies have shown that PC-3 cells are highly metastatic, whereas DU145 and
LNCaP cells are moderately and poorly metastatic, respectively [15, 42–43]. Because uPAR
is important for tumor invasion and metastasis, we first compared uPAR expression level in
various prostate cancer cell lines with different metastatic potentials. As shown in Fig. 3A,
uPAR levels corresponded well with the metastatic potential of cells. uPAR expression was
significantly higher in PC-3 and DU145 cells compared to LNCaP and RC-77T/E cells (Fig.
3A). More importantly, the normal prostate cells, RC77N/E, showed very low levels of
uPAR expression, suggesting that uPAR is selectively overexpressed in cancer cells and
almost spares normal cells. Having identified expression levels of uPAR, we next evaluated
the uptake efficiency of targeted and non-targeted IO NPs by these cells with varying uPAR
expression.

3.2.2. Prussian blue staining—Previous reports show that the binding of ATF to uPAR
has species specificity [18]. Thus, to preserve species specificity, we employed human ATF
rather than murine ATF as previously reported [18]. The binding of hATF peptide to high
uPAR-expressing PC-3 and low uPAR-expressing LNCaP cells was investigated.
Subsequent to binding, the consequent internalization was examined by Prussian blue
staining that stains iron. Fig. 3B shows bright field images of PC-3 cells treated with NT-IO
and hATF-Cy5.5-IO NPs. Low-uPAR expressing LNCaP cells were treated with hATF-
Cy5.5-IO NPs. Fig. 3C presents quantitation data of percent blue-stained cells. PC-3 cells
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incubated with hATF-Cy5.5-IO NPs showed a high level of iron staining (>80% blue-
stained cells) both intra and extracellularly which suggested that targeted NPs were able to
bind and be internalized by the uPAR-overexpressing PC-3 cells. PC-3 cells incubated with
NT-IO exhibited a very low level of non-specific iron staining. Next, we performed an
indirect experiment to demonstrate that the internalization of targeted NPs is mediated by
the interaction of hATF with uPAR displayed on PC-3 cells. To this end, we saturated uPAR
sites on PC-3 cells by adding an excess of free hATF peptide (1h) prior to addition of
targeted NPs. Fig. 3B (bottom left) shows micrographs of uPAR-saturated PC-3 cells that
exhibited a much lower iron staining compared to non-saturated PC-3 cells (<20% blue-
stained cells). Next, we incubated low uPAR-expressing LNCaP cells with targeted NPs.
Fig. 3B (bottom right) shows micrographs of LNCaP cells with insignificant amount of
scattered non-specific iron staining (<5% blue-stained cells). These data suggested that high
uPAR expression in PC-3 cells facilitated binding and internalization of targeted NPs.

3.2.3. In vitro near-infrared (NIR) optical imaging—We further confirmed the
binding and internalization of the targeted multifunctional NPs in PC-3 cells using confocal
microscopy by imaging the NIR-dye, Cy5.5 which was conjugated to the hATF peptide. To
this end, PC-3 cells were treated with increasing amounts of the hATF-Cy5.5-IO NPs and
DIC (differential interference contrast) as well as NIR images were acquired (Fig. 4A, B).
Our results showed an increase in the number of Cy5.5-positive cells with increase in
concentration of iron oxide in the hATF-Cy5.5-IO NPs (Fig. 4B). Quantitation of Cy5.5-
positive cells is shown in Fig. 4B. The percentage of Cy5.5 cells increased from ~45% to
~60% on increasing the dose level from 20 pmol to 30 pmol and peaked to a maximum of
~90% at 40 pmol of iron oxide in the NPs. This data validated the high-affinity binding
between hATF guided IO NPs and uPAR displayed on the surface of tumor cells. As a
negative control, we treated PC-3 cells with hATF-IO NPs and as expected, there was no
NIR signal due to absence of Cy5.5 moiety. The incorporation of Cy5.5 in NPs might offer a
simple and sensitive approach to quantify tumor targeting and to monitor distribution of NPs
in small animal models. Furthermore, the multifunctional hATF-Cy5.5-IO NPs offer the
prospect to image both primary and metastatic tumor lesions with hATF-guided NPs that
target high-uPAR expressing prostate cancer at their invasive sites.

3.2.4. In vitro magnetic resonance imaging (MRI)—Multifunctional nanoparticles
can serve to simultaneously deliver anticancer drugs and allow tumor imaging and are being
increasingly investigated for their improved therapeutic efficacy and lower toxicity.
Superparamagnetic IO NPs are widely used as contrast agents in MRI because of their
negative enhancement effect on T2-weighted sequences. Our multifunctional NPs included
the iron oxide core which typically induces reduction of transverse relaxation time and T2-
weighted contrast change. The signal drops in MRI allow for tracking the targeted drug
delivery using clinically capable MRI systems. MRI scans of untreated as well as treated
PC-3 cells with NT-IO and hATF-Cy5.5-IO NPs are shown in Fig. 5A. LNCaP and HEK293
treated with hATF-Cy5.5-IO NPs were used as controls. The MR images demonstrated
significant target specificity. A pronounced reduction of T2 values was detected in PC-3
cells treated with the hATF-Cy5.5-IO NPs. This indicated that high amounts of IO are
bound to high uPAR-expressing PC-3 cells. On the other hand, both LNCaP and HEK293
cells incubated with hATF-Cy5.5-IO NPs did not exhibit the MRI signal drop with T2
weighted contrast and reduction of T2 values. These results corroborated our Prussian blue
staining and NIR optical imaging data emphasizing that uPAR expression was essential for
successful binding and internalization of the targeted NPs by PC-3 cells. Fig. 5B presents
MRI signal differences of different samples in T2-weighted images which correlated well
with the reduction in the T2 values of different samples. We found that PC-3 cells treated
with targeted hATF-Cy5.5-IO NPs appeared dark in the T2-weighted MR image due to the
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presence of high level of hATF-IONPs (Fig. 5B). On the contrary, untreated PC-3, NT-IO
NPs treated PC-3, and hATF-Cy5.5-IO NPs treated LNCaP and HEK293 cells remained
bright and indistinguishable due to the absence of iron.

3.3. uPAR-targeted noscapine-loaded IO NPs exert a robust cytotoxic effect
To evaluate the selective advantage of targeted NPs to enhance noscapine delivery, we
examined the cytotoxic effect of Nos-loaded targeted or non-targeted IO NPs on PC-3 cells.
The hATF-Cy5.5-IO-Nos NPs caused ~60% cell death compared to NT-IO-Nos. However,
free Nos at the same concentration (10 μM) did not show pronounced cell death. Next, we
measured concentration of free noscapine required to achieve ~60% cell death. To this end,
we conducted a dose-dependent experiment by treating PC-3 cells with 10–100 μM
concentration of free Nos. As shown in Fig 6B, the equivalent dose of free Nos to achieve
~60% cell death was 60 μM. Thus, the uPAR-targeted NPs caused ~6-fold enhancement in
cell death compared to the free drug. This enhancement may be ascribed to the efficient
intracellular drug delivery by the targeted NPs. Next, we used human uPAR siRNA to
knockdown uPAR gene expression in PC-3 cells. The efficiency of gene knockdown was
confirmed by immunoblot analysis as shown in Fig 6C. The normal prostate epithelial cells,
RC77-N/E, did not express a detectable amount of this protein. Next, we determined the
cytotoxicity of hATF-Cy5.5-IO Nos NPs on PC-3 and normal prostate RC-77N/E cells with
silenced uPAR expression. Fig 6D showed that ~20% cell death was observed in PC-3 cells
with silenced uPAR and no almost cell death was seen in RC77-N/E. These experiments
confirmed the targeted delivery of noscapine via the uPA-uPAR system.

4. Conclusion
We have demonstrated the design, development, characterization and optimization of
noscapine-loaded uPAR-targeted iron oxide NPs for efficient delivery of the noscapine into
prostate cancer cells. Guided by the highly specific and selective ATF of the uPA receptor,
the NPs bind to uPA receptor and were internalized by PC-3 cells. The targeted release of
noscapine from NPs resulted in a ~6-fold higher drug efficacy compared to free drug. In
conclusion, these multifunctional NPs offer NIR-MRI dual imaging functionality provided
by the Cy5.5 (NIR) and the iron oxide core (MRI) in addition to targeted drug delivery.
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Fig. 1.
TEM micrographs of polymer coated IO NPs before and after conjugation of peptide-dye
conjugates. Left, NT-IO (Bar=200 nm). Middle, NT-IO-Stained: negative stained IO NPs
showed the polymer layer surrounding the IO core (Bar=200 nm). Right, hATF-Cy5.5-IO-
Stained: negative-stained polymer coated IO NPs after conjugation of peptide-dye showed
roughness on the edge of polymer coating thus limiting exact NP size determination even at
higher magnification (Bar= 100 nm).
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Fig. 2.
Examination of pH-dependent release of Nos from targeted and non-targeted NPs. 10 μL of
NT-IO-Nos or hATF-Cy5.5-IO-Nos NPs were placed in different buffer solutions with pH
4, 5, 6 and 7 for 2h at 37°C. A, Overlay of HPLC chromatograms illustrate the amount of
Nos released from hATF-Cy5.5-IO-Nos NPs in buffers with different pHs. While no
pronounced peak was detected for Nos at pH 7, a Nos peak was detected and increased in
size at lower pHs. B, Percentage of drug released from NT-IO-Nos and hATF-Cy5.5-IO-Nos
NPs calculated from the area under the peak of the HPLC chromatograms.
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Fig. 3.
A, uPAR expression was examined by immunoblotting of whole cell lysates from PC-3,
DU145, LNCaP, and RC-77T/E. β-actin was used as a loading control. B, Prussian blue
staining of PC-3 cells treated with 30 pmole of NT-IO, hATF-Cy5.5-IO NPs, free hATF
peptide (10 times excess as a competition probe to occupy existing receptors) followed by
hATF-Cy5.5-IO NPs. C, Quantitation of PC-3 cells stained with Prussian blue.
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Fig. 4.
Binding specificity of hATF-Cy5.5-IO NPs to PC-3 cells using in vitro NIR optical imaging.
A, DIC and NIR images of PC-3 cells treated with 20, 30, and 40 pmoles/mL of hATF-
Cy5.5-IO-Nos NPs. PC-3 cells treated with hATF-IO NPs served as a negative control.
(Scale bar=100 μm) B, Quantitation of Cy5.5-positive cells in 20, 30, 40 pmole hATF-
Cy5.5-IO.
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Fig. 5.
In vitro MRI scans show binding specificity and negative enhancement effect on T2-
weighted images by NT-IO and hATF-Cy5.5-IO NPs on PC-3 cells. A, Reduction in T2
relaxation time in treated cells B, T2W and T2 maps correlated with reduction in T2 values.
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Fig 6.
Cytotoxicity assay to test the efficiency of hATF-mediated Nos delivery into PC-3 cells. A,
hATF-Cy5.5-IO-Nos NPs decreased the percentage of viable cells (~60%) compared to free
Nos or NT-IO-Nos. Cell viability remained same with NT-IO and hATF-IO NPs. B, Percent
cell viability in PC-3 cells treated with 0–100 μM free Nos. C, Immunoblot analysis of
uPAR expression in PC-3 cells transfected with control or uPAR siRNA. RC77-N/E
expressed very low uPAR protein. D, Bar graph showing cell death in PC-3 or RC-77N/E
cells transfected with control or uPAR siRNA in combination with hATF-Cy5.5-IO-Nos
NPs.
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Scheme 1.
Schematic of preparation steps of uPAR-targeted hATF-Cy5.5-IO-Nos NPs. The Cy5.5 dye
was conjugated to cysteine residues of hATF peptide. The hATF-Cy5.5 complex was then
conjugated to the carboxylic ends of the amphiphilic polymer coated IO NPs (10 nm in
diameter) followed by Nos loading by physical adsorption onto the amphiphilic polymer
coating.
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Table 1

Size and zeta potential characterization of NT-IO, hATF-Cy5.5-IO, and hATF-Cy5.5-IO-Nos NPs

Nanoparticles Size (nm) Zeta Potential (mV)

TEM DLS

NT-IO 14.4 ± 2.1 21.36 ± 1.6 −52.41 ± 3.1

hATF-Cy5.5-IO ------ 35.21± 3.7 −33.4 ± 5.61

hATF-Cy5.5-IO-Nos ------ 35.62 ± 4.1 −21.6 ± 3.3
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Table 2

Encapsulation efficiency of Nos in NT-IO and hATF-Cy5.5-IO NPs.

Nanoparticles NT-IO-Nos hATF-Cy5.5-IO-Nos

% Encapsulated drug 98.7 ± 0.7 88.2 ± 2.3

Number of Nos molecules per 740 ± 98 558 ± 74
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