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P
rostate cancer (PCa) is the most fre-
quently diagnosed cancer and the
second leading cause of death in

men in the USA.1 Of all cancers, the inci-
dence of prostate carcinoma increases the
most rapidly with age.2 Both the prostate
gland and PCa are dependent on androgens
for growth; their withdrawal induces active
regression of the gland via epithelial cell
apoptosis,3�5 and a similar phenomenon
in PCa cells. For advanced PCa, endocrine
therapy by androgen ablation remains the
mainstay of treatment. However, as the
disease progresses, eventual hormone-
resistance of the cells usually results in death.
After endocrine therapy, chemotherapy

with drugs such as paclitaxel (PTX) and
docetaxel is the primary clinical treatment
to prolong the progression-free period and
overall patient survival.6 However, che-
motherapeutics induce serious toxicity in
other healthy organs and especially in the
hematologic system. In addition, therapeu-
tic efficacy is limited by poor penetration of
drugs into tumor tissues, only three to five
cell diameters from the blood vessels.7,8

Efficacy can be increased by targeting spec-
ific sites in the body. Either molecular tar-
geting using specific peptides or anti-
bodies,9�16 or magnetic targeting using
magnetic drug nanocarriers17�21 results in
high concentrations of drug deposition at
the target site while minimizing nonspecific
toxicity.22

One promising candidate for targeted
PCa therapy is prostate-specific membrane
antigen (PSMA), a 100-kDa type II glycosy-
lated transmembrane protein that is speci-
fically overexpressed on the surface of
human PCa cell lines (LNCaP and CWR22R).

PSMA participates in membrane recycling
and becomes internalized through ligand-
induced endocytosis.23,24 Low binding and
uptake of drugs have been detected in PC3
prostate carcinoma cells, which do not ex-
press significant levels of PSMA.25,26

Although there have been several reports
of targeting nanomedicine to tumor cells
using specific biomolecules,9�16 the deliv-
ery efficiency has generally been low be-
cause of insufficient target-binding ability
or activation of the drug, and short circu-
lation times in the blood. These studies
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ABSTRACT A key issue in cancer therapy is

how to enhance the tumor-targeting efficacy of

chemotherapeutic agents. In this study, we devel-

oped a cooperative dual-targeted delivery plat-

form for paclitaxel (PTX) that has potential

application as a powerful prostate cancer treatment. The nanomedicine was prepared by

first conjugating PTX to nontoxic high-magnetization nanocarriers which can be actively

guided and targeted by an external magnet. Next, the surface was functionalized with

carboxylated o-(2-aminoethyl)polyethyleneglycol (NH2-EPEG-COOH) to enable uptake by the

reticuloendothelial system. Antiprostate-specific membrane antigen antibodies (APSMAs)

were then conjugated onto the carrier to recognize the extracellular domain of the prostate-

cancer specific membrane antigen (PSMA), thus binding to cancer cells as a secondary active

targeting mechanism. We found a significant enhancement of PTX concentration at the tumor

site by nearly 20-fold. In addition, the drug half-life was prolonged more than 4.1-fold

(from 24 to 99 h) at 37 �C. Low-dose (4.5 mg/kg) injection of the dual-targeted therapeutic
nanomedicine in the presence of magnetic targeting significantly prolonged the median

survival of nude mice from 35 to 58 days compared to mice that received a high dose (6 mg/kg)

of free PTX. This report demonstrates the potential utility of targeted nanomedicine in the

clinical treatment of cancer.

KEYWORDS: dual-targeted nanomedicine . PSMA . anti-PSMA . magnetic
targeting . prostate cancer therapy
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suggest that another force such as external magnetic
guidancemust be applied to assist molecular targeting
and to amplify the homing of anticancer drugs to
tumors. Superparamagnetic nanoparticles (SMNPs)
are actively used as magnetic resonance (MR) contrast
agents and magnetic field-guided drug delivery car-
riers in cancer therapy. However, several factors have
limited their application, including insufficient stabi-
lity in aqueous media and marked reticuloendothelial
uptake. The circulation time of SMNPs in blood is only
on the order of minutes due to their rapid capture and
clearance by macrophages, especially in the liver.27�29

Surface modifications with polyethylene glycol have
therefore been used to prolong the circulation time of
SMNPs in the blood.30�32

In this study, we developed a dual-targeted nano-
medicine (PTX-HMNC-EPEG-APSMA) which combines
specific molecular targeting and external magnetic
targeting into a cooperative delivery system for treat-
ing PCa. This nanomedicine improved targeting effi-
cacy and amplified homing of the drug to tumors. In
addition, the nanomedicine was capable of simulta-
neously functioning as a magnetic resonance imag-
ing (MRI) contrast agent to allow both real-time PCa

Figure 1. (A) Stepwise synthesis of the smart nanomedicine, PTX-HMNC-EPEG-APSMA. (B) The mechanism of action of
PTX-HMNC-EPEG-APSMA for targeted cancer chemotherapy in a magnetic field.
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imaging and quantification of the targeted drug.
Our results provide a promising technological platform
for future applications in human cancer chemotherapy.

RESULTS

PTX-HMNC-EPEG-APSMA was synthesized using the
described methodology (Figure 1A).18 It has a high
magnetic nanocarrier (HMNC) core and carboxylated
EPEG linkers with a mean diameter of approximately
20.3 or 97.6 nm as measured by transmission electron
microscopy [TEM] and dynamic light scattering [DLS],
respectively. The hydrodynamic size was greater than
that measured by TEM, mainly due to the process of
sample preparation. The hydrodynamic size was mea-
sured in the hydrated state, whereas TEM images
depicted the size of dried samples. The nanocarriers
were thus expected to have a higher hydrodynamic
volume in the hydrated state due to the hydrophilic
polymer coating, solvent effect, and concentration
effect.33 The magnetization of the HMNCs was 88.3 emu/g
(spin�spin relaxivity = 391.0 mM�1 s�1), which de-
creased to 79.7 emu/g (spin�spin relaxivity =
279.2 mM�1 s�1) for PTX-HMNC-EPEG and to 74.4
emu/g (spin�spin relaxivity = 217.9 mM�1 s�1) for
PTX-HMNC-EPEG-APSMA, likely because of the propor-
tional decrease in Fe3O4 per gram of compound. All
materials displayed superparamagnetic properties
(Supporting Information, Figure S1) with greater
magnetization than the commercially available
MRI contrast agent, Resovist (73.7 emu/g; spin�spin

relaxivity = 103.2 mM�1 s�1). Surface functionalization
of PTX-HMNC with NH2-EPEG-COOH and APSMA was
carried out under standard amide coupling conditions
in the presence of EDC and sulfo-NHS. The FT-IR
spectrum of PTX-HMNC-EPEG revealed new peaks that
corresponded to PTX and EPEG compared to the
spectrum of free HMNC. One peak represented the
stretching vibration (ν) of the C�O�C of PTX at
1117 cm�1. The other peaks corresponded to the ν of
CdO (1639 cm�1) of the amide group of -NH-EPEG-
COOH (conjugated to the carboxyl group of HMNC)
and the ν of C�O (1127 cm�1), C�H (2851 and
2926 cm�1), and CdO (1735 cm�1) of the �COOH
group of EPEG (Supporting Information, Figure S2). The
stretching vibration of Fe�O could still be detected at
584 cm�1. Thus hydrophobic PTX was indeed immo-
bilized on the hydrophilic carriers, and it could be
stably suspended in aqueous solutions without any
observed precipitation. The surface of PTX-HMNC-
EPEG-APSMA has a high negative potential (�40.8 (
2.4 mV) that prevents severe aggregation34 and re-
duces nonspecific interactions between the negatively
charged proteins.35

High-performance liquid chromatography (HPLC)
analysis demonstrated that immobilized PTX reached
a saturating concentration of 259.8 μg PTX/mg HMNCs
whenmore than 400 μg of PTX was added (Supporting
Information, Figure S3). The maximum concentra-
tion of conjugated APSMA was 23.7 μg APSMA/mg
PTX- HMNC-EPEG (Supporting Information, Figure S4).

Figure 2. (A) Western blot analysis of PSMA in PCa cells (PC3, PZ, DU145, CWR22R, and LNCaP). (B) Quantification of PSMA
expression on the surface of PCa cells. (C�F) Immunofluorescence staining of (C) untreated (control) CWR22R cells or after
treatment with (D) free APSMA, (E) HMNC-EPEG-APSMA, or (F) PTX-HMNC-EPEG-APSMA. (G,H) TEM images of CWR22R cells
exposed to (G) PTX-HMNC-EPEG and (H) PTX-HMNC-EPEG-APSMA for 4 h (scale bar: 2.6 μm).
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The binding affinity of conjugated APSMA to surface
PSMA proteins was up to 64.8%.
The mechanism of PTX-HMNC-EPEG-APSMA action

in targeted cancer therapy is presented in Figure 1B. An
external magnetic force is first used to guide the
nanomedicine from the blood to the tumor site and
concentrate it there. The compound then targets PCa
cells and enters them by receptor-mediated endocy-
tosis. The activity of conjugated PTX was estimated
using a tubulin protein assay.36 Tubulin assembly by
PTX-HMNC-EPEG-APSMA was only 72.7% compared to
the same concentration of free PTX, resulting in amaxi-
mum effective capacity of 188.9 μg PTX/mg HMNCs
(Supporting Information, Figure S5). However, the half-
life of PTX stored at 37 �C (Supporting Information,
Figure S6) increased from 25 to 61 h after conjugation
to HMNC, and to 99 h for PTX-HMNC-EPEG-APSMA. The
better thermal stability is expected to prolong the
effective circulation time of PTX.
We investigated the expression of PSMA in human

PCa cell lines PC3, PZ, DU145, CWR22R, and LNCaP by
quantitative Western blot analyses using GAPDH as a
loading control and a normalization standard for band

intensities (Figure 2A). PSMA was expressed strongly
by CWR22R and LNCaP cells andweakly by PC3, PZ, and
DU145 cells. Quantitative analysis indicated that the
amount of PSMA in CWR22R cells was 1.9-fold higher
than in LNCaP cells and 4.7-fold higher than in PC3 cells
(Figure 2B). We concluded that CWR22R cells were a
suitable PCa model to investigate the accumulation
and specificity of molecular targeting with APSMA .
We used immunofluorescence staining to investi-

gate the binding efficacy of APSMA to PSMA on
CWR22R cells. After a 1 h exposure of CWR22R cells
to free APSMA, a fluorescein isothiocyanate (FITC)
signal was clearly visible on the cell surface (Figure 2D)
compared to the untreated control (Figure 2C), indicat-
ing specific binding of APSMA to the CWR22R PCa cells.
CWR22R cells were also specifically targeted by the
bioconjugated forms of APSMA, HMNC-EPEG-APSMA
(Figure 2E), and PTX-HMNC-EPEG-APSMA (Figure 2F).
TEM images confirmed that PTX-HMNC-EPEG and

PTX-HMNC-EPEG-APSMA were both small enough
to penetrate tissues and be taken up effectively by tumor
cells after 4 h of coculture via several endocytic path-
ways (caveolae-mediated endocytosis, macropinocytosis,

Figure 3. (A) Cytotoxicity of CWR22R cells after pretreatment with free or conjugated PTX for up to 3 h. Values are expressed
as means ( SD (n = 8). (B) Cytotoxicity of free and conjugated PTX to CWR22R cells and of PTX-HMNC-EPEG-APSMA with a
magnetic field (MT) of 900 gauss, for 24 h. Values are expressed asmeans( SD (n = 8). (C�G) Fluorescencemicrographs of (C)
untreated control CWR22R cells, cells pretreated with (D) free PTX or (E) PTX-HMNC-EPEG-APSMA for 1.5 h, and cells treated
with (F) free PTXor (G) PTX-HMNC-EPEG-APSMA/MT for 12 h. (Scale bar, 20μm;green,R-tubulin; blue, nuclei). (H)Westernblot
analysis ofR-tubulin in CWR22R cells treatedwith (i) no drug, (ii) free PTX, or (iii) PTX-HMNC-EPEG-APSMA for 1.5 h, or treated
for 12 h with (iv) free PTX or (v) PTX-HMNC-EPEG-APSMA and a 900-gauss external magnetic field. (I�K) Fluorescence
micrographs of CWR22R cells treated with (I) HMNCs, (J) PTX-HMNC-EPEG-APSMA, or (K) PTX-HMNC-EPEG-APSMA and
subjected to a 900-gauss external magnetic field to the right of the white line for 8 h. Green, live cells; red, dead cells
(scale bar: 300 μm).
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or clathrin-mediated endocytosis, depending on the
particle size) (Figure 2G,H).37 More PTX-HMNC-EPEG-APS-
MA was attached to the CWR22R cell membranes com-
pared to PTX-HMNC-EPEG, and the APSMA-conjugated
drug entered the targeted cancer cells through receptor-
mediated endocytosis (Figure 2G,H). Diffraction analysis
of a selected area confirmed that the black nanoparticles
in the cells were Fe3O4 crystals (Figure 2G, inset). These
data suggested that our strategy could be used to target
PSMA-overexpressing cell lines to enhance the specificity
and accumulation of PTX.
To investigate how targeting affected drug delivery,

free or conjugated forms of PTX were precultured with
cells at 37 �C. Cell viability was 91.1% after treatment
with free PTX and 85.1% with PTX-HMNC-EPEG,
but decreased significantly to 64.4% after 1.5 h of
PTX-HMNC-EPEG-APSMA treatment, indicating that
PTX could attach to the cell surface through multi-
valent interactions between PSMA and APSMA. Cell
viability was not significantly different between PTX-
HMNC-EPEG and PTX-HMNC-EPEG-APSMA at in-
creased incubation times of 3 h, because PTX-HMNC-
EPEG could enter the cells by endocytosis after 2 h of
coculture (Figure 3A). All forms of the drug were toxic
toward CWR22R cells in a dose-dependent manner

(Figure 3B). The IC50 (concentration required for 50%
inhibition of cellular growth) of free PTXwas 9.4 μg/mL,
which was higher than that of PTX-HMNC-EPEG and
PTX-HMNC-EPEG-APSMA (both 5.9 μg/mL). The IC50 of
PTX-HMNC-EPEG-APSMA was significantly further re-
duced to 2.2μg/mLwhen a 900-gaussmagnetic fieldwas
applied, presumably because more PTX-HMNC-EPEG-
APSMA was guided to the cells, further enhancing the
local drug concentration.
The interaction of PTX-conjugates with tubulins is

mediated by the C-2 benzoate, C-20 hydroxyl, and C-30

phenyl groups of PTX. PTX-conjugate treatment results
in rapid assembly of cellular R-tubulin into microtu-
bules, without disassembly into tubulin subunits, thus
reducing the amount of intracellularR-tubulin resulted
in the cells not proceeding to mitosis to induce the
apoptosis. Immunofluorescence staining with anti-
R-tubulin-FITC was used to confirm the anticancer me-
chanism of PTX. Free PTX preincubated with cells for
1.5 h had no significant effect on the dynamic balance
between R-tubulin and microtubules compared to the
control (Figure 3C and 3D). In contrast, cytoplasmic
R-tubulin levels were reduced after preincubation with
PTX-HMNC-EPEG-APSMA for 1.5 h (Figure 3E). Like the
cell viability results, these data suggested that PTX was

Figure 4. (A) In vivo behavior of the untargeted nanomedicine in mice. The percentage of Fe remaining in circulation is
expressed as a function of timewith an injection dose of 9.8mgHMNC-EPEG/kg (∼391.1 μg/mouse) (n = 3). In vivo imaging of
the distribution of PTX-bioconjugates in hypodermic tumors treated with (B) PTX-HMNC-EPEG, (C) PTX-HMNC-EPEG-APSMA,
or (D) PTX-HMNC-EPEG-APSMA with magnetic targeting (0.4 T) for 12 h (top, T2-weighted images; bottom, combined R2
maps and T2-weighted images). Staining with Prussian Blue (100�) revealed the uptake of Fe in tumor tissues after
treatment with (E) PTX-HMNC-EPEG-APSMA, (F) PTX-HMNC-EPEG with MT for 12 h, and (G) PTX-HMNC-EPEG-APSMAwith MT
for 12 h (blue: Fe).
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capable of attaching to the cell surface and entering
the cells through receptor-mediated endocytosis be-
fore removal of the drug-containing medium. Free PTX
efficiently reduced R-tubulin levels after a longer
incubation period, confirming the major anticancer
mechanism of PTX (Figure 3F). The PTX-HMNC-EPEG-
APSMA-dependent reduction in R-tubulin expression
was significantly enhanced by application of a mag-
netic field during the culture period, presumably due
to the increased local drug concentration (Figure 3G).
The reduction in R-tubulin levels was confirmed by
Western blot analyses using β-actin as a control
(Figure 3H).
Fluorescence microscopy confirmed that HMNC-

EPEG had no cytotoxic effect (Figure 3I), whereas some
dead cells (red) appeared with PTX-HMNC-EPEG-APS-
MA (Figure 3J). The majority of PTX-HMNC-EPEG-APS-
MA-incubated CWR22R cells died only in the region of
the plate that was exposed to a 900-gauss magnetic
field (Figure 3K). Taken together, these results sug-
gested that PTX can be concentrated at a targeted site
using an external magnetic field to enhance its cyto-
toxic effects against cancer cells.
A long circulation time in the bloodstream is a key

requirement for specific targeting of nanomedicine
and in vivo drug delivery. PTX-HMNC was modified
with functional NH2-EPEG-COOH to prolong its circula-
tion in the blood. The amount of Fe remaining in
systemic circulation 6 min after drug administration
was 81% for PTX-HMNC-EPEG and 12% for PTX-HMNC.
The blood half-life of PTX-HMNC-EPEG was signifi-
cantly prolonged to 26.8 min compared to 2.9 min
for PTX-HMNC (Figure 4A).
Next we investigated the efficacy of in vivo local

delivery of PTX-bioconjugates into subcutaneous
tumors by molecular and magnetic targeting. MR T2-
weighted imaging was used to evaluate the suscept-
ibility to artifact-induced signal loss caused by HMNC
accumulation, and spin�spin relaxation (R2) maps
were used to detect changes caused by differ-
ent amounts of HMNCs. We found that a small amount
of PTX-HMNC-EPEG had accumulated due to the

enhanced permeability and retention (EPR) effect
(Figure 4B). Accumulation was slightly increased by
the multivalent effect of APSMA binding to PSMA on
the cell membrane (Figure 4C). However, accumulation
of PTX-HMNC-EPEG-APSMAwas significantly increased
by approximately 10.3-fold at the tumor site after a
12-h exposure to MT (Figure 4D) compared to no MT
treatment (Figure 4C). Inductively coupled plasma
optical emission spectrometry (ICP�OES) confirmed
the results of MRI R2 maps. The concentration of
accumulated Fe was 178.1 μg/mouse after 12 h of MT
coupled with injection of PTX-HMNC-EPEG-APSMA,
which was higher than injections of PTX-HMNC
(7.8 μg/mouse), PTX-HMNC-EPEG (10.6 μg/mouse), PTX-
HMNC-EPEG-APSMA alone (19.8 μg/mouse), and PTX-
HMNC-EPEG with MT (132.6 μg/mouse) (Table 1). On
the basis of our previous studies, we concluded that R2
maps can serve as a good tool not only for quantifica-
tion but also for imaging the local distribution of
magnetic nanomedicines in vivo.19 The significant
increase in the deposition of PTX-bioconjugates at
the tumor site by MT treatment was histologically
confirmed by Prussian blue staining. In addition, the
level of PTX-HMNC-EPEG-APSMA/MT accumulation
(Figure 4G) was increased compared to that of PTX-
HMNC-EPEG/MT (Figure 4F) when the magnetic field
was removed for 6 h. This increase occurred because
PTX-HMNC-EPEG-APSMAwas bound to the cell surface
by multivalent forces during the MT period, indicating
that a combination of molecular and magnetic target-
ing could maximize the accumulation of chemother-
apeutic drugs (Figure 4E�G).
Treatment efficacy using free PTX and PTX-biocon-

jugateswas evaluated inmicewith hypodermic tumors
induced by the injection of CWR22R cells (Figure 5A).
The combination of PTX-HMNC-EPEG-APSMA and
12 h of MT was most effective for controlling tumor
progression. Approximately 34.7% (51.6 ( 5.7 μg) of
the initial dose (ID) (148.5 μg/mouse) of PTX was
concentrated at the tumor, which was 26.7-fold higher
than for free PTX injection (1.3% ID). Over a 28-day
period, the tumor volume increased by 202 ( 153%
in the PTX-HMNC-EPEG-APSMA/MT-treated group
(effective PTX dose of 4.5 mg/kg) and by 888 ( 234%
in the PTX-HMNC-EPEG/MT-treated group (effective
PTX dose of 4.5 mg/kg) compared to 2873 ( 495% in
the untreated control group and 2568 ( 624% for
treatment with free PTX (6.0 mg/kg). Tumor growth
was slightly inhibited (1952( 382%) in the PTX-HMNC-
EPEG-APSMA-treated group without MT, indicating
that molecular targeting increased binding affinity
but was not sufficient to overcome the effects of blood
flow and uptake by macrophages. In contrast, mag-
netic targeting played an important role in enhancing
the accumulation of PTX-bioconjugates at the tumor
site. Although the conjugates could escape from the
tumor tissue via the bloodstream after removal of the

TABLE 1. The Quantification of Fe and PTX in Tumor

Tissues

Fe (μg/mouse) PTX (μg/mouse)

free-PTXa ; 2.6 ( 1.2
PTX-HMNCb 7.8 ( 2.4 2.2 ( 0.7
PTX-HMNC-EPEGb 10.6 ( 3.1 3.7 ( 0.9
PTX-HMNC-EPEG-APSMAb 19.8 ( 4.6 5.7 ( 1.3
PTX-HMNC-EPEG/MTb,c 132.6 ( 16.1 38.4 ( 4.7
PTX-HMNC-EPEG-APSMA/MTb,c 178.1 ( 19.7 51.6 ( 5.7

a The initial injection doses of PTX was 6.0 mg/kg (∼198.1 μg/mouse). b The initial
injection doses of Fe and PTX were 13.1 mg/kg (∼429.1 μg/mouse) and 4.5 mg/kg
(∼148.5 μg/mouse), respectively. c The accumulation was estimated after
removing the magnetic field of 6 h.
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external magnetic field, PTX-HMNC-EPEG-APSMA
became bound to PSMA expressed on the surfaces
of the CWR22R cells, maintaining the high concen-
tration of the drug and resulting in a 1.3-fold higher
amount of Fe than in the PTX-HMNC-EPEG/MT-
treated group (Table 1). This delivery method may
thus provide a more specific and effective inhibition
of tumor growth at lower drug doses, which would
reduce the side effects of chemotherapy. Treatment
with HMNC-EPEG alone or with HMNC-EPEG/MT was
ineffective for inhibition of tumor growth, indicating
that the accumulation of HMNC-EPEG at the tumor
site did not obstruct the blood vessels and would
therefore not be expected to induce necrosis of
the tumor tissue, consistent with our previous
results.21

Although treatment with free PTX or PTX-HMNC-
EPEG-APSMA alone increased median animal survival
from 25 days to 35 and 39 days, respectively, the
survival increased significantly (more than 72 days) in
animals receiving PTX-HMNC-EPEG or PTX-HMNC-
EPEG-APSMA together with 12 h of MT treatment
(median survival: 51 days for PTX-HMNC-EPEG/MT
and 65 days for PTX-HMNC-EPEG-APSMA/MT; Figure 5B).
Only themice receiving 6mg/kg of free PTX exhibited a
slight weight loss, whereas those receiving the PTX-
bioconjugates did not lose weight during the 28-day
treatment period (Figure 5C). Blood biochemistry anal-
yses confirmed that neither liver nor renal functions
were affected, even at 14 days after injection of the
highest dose of HMNC-EPEG (30 mg/kg) (Figure S7).
Photographs of mice confirmed that treatment with

Figure 5. (A) Quantitative analysis of the effects of various treatments on tumor size. Values are means ( SD (n = 8). (B)
Survival plots of animal experiments. PTX-HMNC-EPEG-APSMA combinedwithMT provided themost significant suppression
of tumor progression and increase in animal survival relative to the other groups. Values are represented as means ( SD
(n = 8). Animals were euthanized when the implanted tumor volume reached 3 cm3. (C) Total body weight changes after
intravenous treatment in the subcutaneous mouse model of PCa. Values are means( SD (n = 8): (black square) control; (red
dot) free PTX; (blue triangle) PTX-HMNC-EPEG; (green triangle) PTX-HMNC-EPEG/MT; (pink triangle) HMNC-EPEG-APSMA;
(brown triangle) PTX-HMNC-EPEG-APSMA/MT). (D�G) Images of representative mice at the initial point (before treatment,
left) and the endpoint (28days after treatment, right) for (D) control, (E) free PTX, (F) PTX-HMNC-EPEG/MT, and (G) PTX-HMNC-
EPEG-APSMA/MT groups. Images were obtained over a 28-day period. The scar tissue and underlying skin at the injection
site are shown for the PTX-HMNC-EPEG-APSMA/MT group, which achieved complete tumor regression. Red arrows indicate
the position of the implanted tumor.
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PTX-HMNC-EPEG-APSMA/MT was significantly more
effective for tumor reduction compared to controls
(Figure 5D�G). Passive tumor targeting of systemic
nanomedicine is affected by both particle size and
charge, with cationic38 and smaller39 particles accu-
mulating to higher levels. Our dual-targeted nanome-
dicine was designed to have a cationic surface and a
small size to facilitate its accumulation within tumors.

DISCUSSION

Several nanoparticle systems for PCa treatment have
previously been developed to improve the efficacy of
drug delivery and to decrease the incidence of serious
side effects. Here we designed a cooperative dual-
targeted nanomedicine for increased specific drug
accumulation and more effective delivery of PTX to
tumors. The potential advantages of our design in-
clude the use of strong magnetization (86.1 emu/g)
to overcome the magnetic gradient decay with
distance,36,40 a small size (20.3 nm) to avoid thrombosis
in blood vessels and organs, functional EPEG to pro-
long circulation in the bloodstream, and high PSMA
binding affinity (64.8%) to increase targeting to tumor
cells. In addition, PTX-HMNC-EPEG-APSMA is a better
MRI contrast agent than Resovist, both in vitro and
in vivo (217.9 mM�1 s�1 for HMNCs vs 103.2 mM�1 s�1

for Resovist). Thus, combining dual-targeting and high
contrast ability provides improved image resolution
and quantitative information on the deposition of
anticancer therapeutics.
Effective therapy requires a high efficiency of PTX

immobilization on the surface of the carriers. Our
bioconjugation method had a superior payload of
PTX, and also enhanced its thermal stability. HMNCs
offer increased binding sites (carboxylic acid groups)
and sufficient space for PTX. The degrees of freedomof
the C-2 benzoate group, C-20 hydroxyl group, and C-30

phenyl group of PTX are limited after bioconjugation.
The resultant decrease in activity of PTXmay be caused
by weakened interactions of these functional groups
with tubulin,40,41 which drastically reduces the confor-
mational changes of PTX and enhances its thermal
stability. The half-life of PTXwas found to be longer due
to protection by the outer layer of carboxylated EPEG
linkers, which drastically reduces PTX distortion and
prevents contact with the surrounding medium.21 This
improvement maintains the cytocidal activity of PTX,
which involves interacting with tubulin proteins to
destroy the cytoskeletal system.
The specific cancer cell surface antigen PSMA is

expressed at 1000-fold higher levels in PCa than in
the normal epithelium, and its expression levels in-
crease with disease progression.42 PSMA-specific li-
gands or antibodies are thus good candidates for PCa
targeting and have the potential to increase the accu-
mulation and specificity of chemotherapeutic agents

at the tumor site. Long, hydrophilic carboxylated EPEG
linkers were incorporated onto the surface of the
nanomedicine to reduce opsonization and to prolong
the time in the blood circulation from 6 min to
approximately 120 min before removal by the reticu-
loendothelial system.43 Although the combination of
carboxylated EPEG and APSMA biomodifications en-
hanced tumor-targeting efficacy of PTX-HMNC-EPEG-
APSMA by 4.6% ID compared to other targeted nano-
particle systems,44,45 the efficacy was still not sufficient
to effectively inhibit tumor progression. Effective hom-
ing to and penetrating of tumor targets requires a
blood half-life of longer than 6 h, and modification of
the nanomedicine surface with targeting ligands or
antibodies that contain charged domainswill generally
be recognized by macrophages, resulting in drug
elimination.43 To overcome the short half-life, we
introduced an external magnetic force to guide and
concentrate PTX-HMNC-EPEG-APSMA in the tumor
tissue, resulting in significantly improved tumor-
targeting efficacy (41.5% ID) compared to magnetic
targeting of PTX-HMNC-EPEG (30.9% ID), as well as a
reduction in the drug burden on the liver. This differ-
ence is likely due to the escape of accumulated
PTX-HMNC-EPEG via the bloodstream after removal
of the external magnetic force. The accumulated na-
nomedicine can easily pass into and out of tumor
vessels because of incomplete tumor vasculature,
which is characterized by leaky vessels with gap sizes
of 100 nm to 2 μm.46 Thus, the significant enhance-
ment of tumor-targeting by the magnetic field can be
further increased by the specific bioconjugate APSMA
which maintains drug accumulation within tumor
tissues.
We used a mouse model to show that cooperative

and synergistic therapy with dual-targeting nano-
medicine could significantly concentrate PTX in the
blood vessels at the tumor site to allow entry into the
tumor tissue through the EPR effect, which reduced the
required drug dose, mitigated toxic side effects, and
more effectively inhibited prostate cancer. The high
tumor-targeting efficacy of PTX-HMNC-EPEG-APSMA
resulted in a significant inhibition of tumor growth
after 28 days of treatment and a prolonged median
survival (65 days vs 25 days in the control group).
Tumors likely recurred due to rapid propagation of
any remaining unkilled cancer cells in the absence of
further injections after 28 days of treatment. Thus,
increasing the number of injections may be expected
to cure tumors. In short, we have shown here that
treatment with PTX-HMNC-EPEG-APSMA/MT was sig-
nificantlymore effective for tumor reductionwith a low
dose and just two injections compared to untreated
and free-PTX treated control mice. These effects were
attributed to maintenance of PTX-HMNC-EPEG-APSMA
at a significantly higher concentration in the tumor,
while PTX-HMNC-EPEG diffused away over time in the
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absence of cellular uptake. Blood biochemical assays
performed to investigate the toxicity of HMNC-EPEG
revealed that neither liver nor renal functions were
affected 14 days after the injection of even the highest
dose (30 mg/kg), which indicated that HMNC-EPEG is
metabolically eliminated from the liver.

CONCLUSIONS

Here we presented a cooperative dual-targeted
nanomedicine that combines molecular and magnetic
targeting to increase the local accumulation of an
anticancer drug in tumors and enhance its in vitro

and in vivo efficacy against PCa cells. This strategy also

significantly prolonged the half-life of PTX to maintain
a more effective dose of the drug in the circulatory
system. Our findings using a CWR22Rmouse xenograft
model of PCa suggest that dual-targeted nanomedi-
cine is more effective in reducing prostate tumors at a
significantly lower PTX dose. Thus, this study demon-
strates an efficient, nontoxic, and specific system for
the administration of HMNC-based chemotherapy
with significant potential for treating human prostatic
carcinoma in vivo.Our results form the basis for further
development of nanomedical systems to evaluate the
most promising candidates for human prostate cancer
chemotherapy.

METHODS

Dual-Targeted Nanomedicine Formulation. Briefly, a 0.2-mL ali-
quot of glutaraldehyde solution (20 wt %) was mixed with
0.2 mL of HMNCs (10 mg/mL) at 25 �C and sonicated for
60 min in the dark at room temperature. After being washed
with deionized (DI) water, HMNCs were sonicated with
0.2 mL of PTX for 0.5 h and shaken for another 2.5 h at
10 �C to form PTX-HMNC. Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, 12 mg) and N-hydroxy-
sulfosuccinimide sodium salt (sulfo-NHS, 27 mg) were dis-
solved in 2 mL of 0.5 M MES buffer (pH 6.3) in the dark. A
0.2-mL aliquot of this solution was mixed with 0.2 mL of PTX-
HMNC (10 mg/mL) at 25 �C and incubated for 30 min in the
dark. After washing with DI water, PTX-HMNC was vortexed
with 0.2 mL of NH2-EPEG-COOH for 2 h in the dark at 25 �C.
The resultant PTX-HMNC-EPEG was mixed with EDC and
the sulfo-NHS mixture at 25 �C and incubated for 30 min
in the dark. After being magnetically separated and washed
with DI water, PTX-HMNC-EPEG was vortexed with APSMA
for 2 h in the dark at 15 �C to form PTX-HMNC-EPEG-APSMA.

Immunofluorescence Staining. CWR22R cells were grown to
approximately 70% confluency on chambered slides. The
medium was removed, and cells were fixed for 5 min in ice-
cold methanol and rinsed twice with phosphate-buffered
saline (PBS). The cells were permeabilized briefly in 0.1%
Triton X-100 in PBS for 10 min and washed twice with PBS.
Blocking serum (1% BSA in PBS) was added to the chambers,
followed by incubation at room temperature for 30 min
before aspiration of the solution. The primary antibodies
(pure APSMA, HMNC-EPEG-APSMA, and PTX-HMNC-EPEG-
APSMA) were added to the cells followed by incubation at
room temperature for 1 h. The cells were washed twice with
PBST, followed by the addition of a secondary antibody (FITC-
labeled mouse antibody), and incubation at room tempera-
ture for 1 h. Cells were washed twice with PBST and incu-
bated with DAPI at room temperature for 5 min. Cells were
washed twice with PBST and visualized with a fluorescence
microscope.

r-Tubulin Reduction Test by Immunofluorescence Staining. CWR22R
cells were grown to approximately 70% confluency on cham-
bered slides. Free PTX and PTX-bioconjugates (10 μL of each)
were added to themedium and incubated for another 12 h. The
medium was removed, and the cells were fixed for 5 min in ice-
cold methanol and rinsed twice with PBS. Cells were briefly
permeabilized in 0.1% Triton X-100 in PBS for 10 min and
washed twice with PBS. Blocking serum (1% BSA in PBS) was
added to the chambers followed by incubation at room tem-
perature for 30 min, then removed by aspiration. Cells were
then incubated with anti-R-tubulin-FITC at room temperature
for 1 h, washed twice with PBS, and stained with DAPI at room
temperature for 5 min. Cells were washed twice with PBS and
visualized with a fluorescence microscope.

Animal Preparation. All animal experiments were conducted
according to protocols approved by Chang Gung University's
Institutional Animal Care and Use Committee, and all mice
were raised in a 26 �C room. Forty-eight mice (Nu/Nu, 25�30 g)
were tested to confirm the efficacy of the proposed ap-
proach. Hypodermic PCaswere induced by injection of cultured
CWR22R cancer cells (1 � 107 cells/mouse). For ethical reasons,
animals were euthanized when the volume of the implanted
tumor reached 3 cm3, which was defined as survival. The tumor
volumewas calculated as: tumor volume (V) = length�width�
width/2.47

Histology and Microscopy. A separate set of animals was eu-
thanized 24 h after injection of PTX-HMNC-EPEG, PTX-HMNC-
EPEG/MT, or PTX-HMNC-EPEG-APSMA/MT. Slides were stained
with Prussian blue (Sigma) to detect Fe deposition. Briefly,
hypodermic tumor sections mounted on slides were stained
with a 1:1 mixture of 2% potassium ferrocyanide and 2%
hydrochloric acid for 30 min at room temperature. The slides
were rinsed with DI water, counterstainedwith Nuclear Fast Red
for 5 min, dehydrated, and photographed.
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