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Over the last 2 decades, the use of nanoparticle imaging has been

investigated extensively for both diagnosis and therapy of prostate

cancer. This review discusses the various classes of nanoparticles
currently in clinical use or at the advanced preclinical stage. In

particular, we focus on the unique properties of nanoparticles, as

a group, that make them suitable for imaging and therapy. The
characteristics of each nanoparticle are detailed. Iron oxide nano-

particles, extensively used for MRI of prostate cancer, are discussed

in depth.
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The definition of nanoparticles includes structures that are
nanometers in size (frequently,100 nm) (Fig. 1) (1). Their source
materials may be of predominantly biologic origin, as in the case
of lipids, phospholipids, lactic acid, and dextran, or they may have
more inorganic chemical characteristics, as in the case of carbon
lattices, metals, silica, and various polymers (2). The utility of
nanoparticles is primarily related to their size, their large ratio
of surface area to volume, and their kinetics for in vivo drug de-
livery (3). The ability to functionalize the surface of nanoparticles
with targeting ligands in addition to imaging and therapeutic moi-
eties enables the formation of multimodal, multifunctional nano-
agents (4). The ability to coat the surface of nanoparticles with
more than one copy of single or multiple ligands provides an op-
portunity to increase targeting affinity through multivalency effects.
The primary barrier to delivery for nanoparticles is the limited

pore size of the endothelial wall (5). Unlike small-molecule moi-
eties, which may more readily diffuse through the capillary wall
into the tissue, nanoparticles depend on gaps in the endothelium to
be able to pass through this barrier. Tissues with a leaky endothe-
lial wall, including bone marrow, liver, spleen, and tumor, usually
allow for a significant uptake of nanoparticles (5). The increased
rate of uptake of nanoparticles by tumor tissue is based on the
“enhanced permeability and retention” effect (6). This is due to
the typically long circulation times of nanoparticles relative to

small molecules, and the increased capillary permeability in tumor
tissue, enhancing accumulation. In addition, tumors are character-
ized by poorly functioning lymphatic drainage. This results in an
increased retention time of nanoparticles in the tumor and thus
allows for local nanoparticle degradation and release of conju-
gated or encapsulated drugs in the region of tumor cells (7,8).
Enhanced uptake in the bone marrow, liver, and spleen is attrib-
uted to macrophages, which are involved in clearing macromole-
cules and particulates circulating in the blood (5). Nanoparticles
have been developed as probes for multimodal imaging (9).
Nanoscale multimodal imaging probes that carry two or more

reporting moieties can overcome the limitations of a single
imaging modality, such as by allowing whole-body localization
through tomographic detection with one moiety and intraoperative
localization with a separate imaging device. Many of these agents
have the capability of being used for diagnosis, therapy, and
detailed response assessment after targeted therapy. The ability to
assess disease response after targeted therapy is of particular
importance, especially as personalized therapies evolve.
The current standard serum test, prostate-specific antigen mea-

surement, has many inherent limitations, including a high rate of
false-positive findings (10). Moreover, serum tests do not provide
any spatial localization, information that imaging readily provides.
Early diagnosis is critical to the optimization of therapy. We note
the complementary role that nanoparticle imaging can play rela-
tive to small-molecule radiotracers that target receptors and met-
abolic changes often observed in prostate cancers.

CLASSIFICATION OF NANOPARTICLES

Liposomal

Liposomes are spheric vesicles that contain a single or multiple
bilayered structure of lipids that self-assemble in aqueous systems
(11). They usually reach their site of action by extravasation into
the interstitial space from the bloodstream (12). Liposomes have
the ability to target specific tissues though active and passive strat-
egies, with active targeting readily achieved through the addition of
ligands to the outer surface of the lipid bilayer (12). These agents
have been used both for cancer imaging and for drug delivery. For
example, a nanohybrid liposome coated with hyaluronic acid–
ceramide that has been developed for tumor-targeted delivery of
doxorubicin and gadopentetate dimeglumine for MRI was demon-
strated to be of use in cancer therapy and diagnosis (13).

Albumin-Bound

Human serum albumin has been demonstrated to be a promising
drug carrier because of its endogenous, nontoxic, and nonimmuno-
genic properties (14). Albumin is a natural carrier of hydrophobic
molecules that allows the transport of these molecules around the
body and their release at the cell surface (15). Nab-paclitaxel is a
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colloidal suspension, homogenized with human serum albumin
(3%–4%), by which it is possible to infuse higher doses of the drug
than the standard dose with fewer side effects, reduced infusion
time, and no premedication (16). The formulation enhances intra-
cellular antitumor delivery and activity (17) and has led to a change
in the treatment algorithm of breast cancer, pancreatic cancer, and
melanoma. Its use in prostate cancer is experimental (18), but a
similar concept may be used to increase delivery of other small-
molecule inhibitors to prostate cancer cells.

Polymeric

The term polymeric nanoparticles is a collective one but addi-
tionally specifically refers to nanospheres and nanocapsules (19).
Nanospheres are typically spheric and solid, with molecules at-
tached or adsorbed to their surface. Nanocapsules are vesicular
systems with substances confined within a cavity consisting of
a liquid core (either water or oil) surrounded by a solid shell
(20). Several polymers have been developed for passive and
ligand-targeted delivery of therapeutic moieties (21). The role of
several of these polymeric nanoparticles is discussed in the section
on therapy.

Carbon-Based

Carbon nanoparticles have been used in fluorescent bioimaging
probes (22). Their suitability is due to their intrinsic fluorescence
and high biocompatibility (23). In addition, their lack of toxicity
and the fact that they can be modified with exogenous chemicals
make them potentially suitable for fluorescent drug delivery sys-
tems (23). Carbon nanotube–induced hyperthermia has been in-
vestigated in prostate cancer xenografts in nude mice, with a
tumor response being demonstrated (24).

Dendrimeric

Dendrimers, a relatively new class of polymeric material (25),
exhibit 3 main architectural components (26): an interior core to
which dendrons are attached, branching layers (generations) sur-
rounding the internal core, and a multivalent shell. The struc-
ture of low-generation dendrimers is usually flexible and open,
whereas dendrimers of higher generations are dense and globular
(26). Because of their unique design, dendrimers can be developed
as sensors as well as drug and gene delivery carriers (27). The
ability to tailor dendrimer properties to therapeutic needs makes
them well suited as carriers for small-molecule drugs and biomol-
ecules (28).

Quantum Dot

Semiconductor nanocrystals, also known as quantum dots, are
composed of atoms from groups II–VI or III–V in the periodic
table (29). Most quantum dots studied consist of a cadmium sel-
enide core and a zinc selenide cap (30). Compared with organic
dyes and fluorescent proteins, semiconductor quantum dots have
several advantages. These include their size and their composition-
tunable emission (from visible to infrared wavelengths), their
large absorption coefficients across a wide spectral range, and
their very high levels of brightness (29). Coated quantum dots
can be functionalized for linking to multiple therapeutic and di-
agnostic agents (31). Quantum dot–based probes have been synthe-
sized for cancer detection. Gao et al. (32) labeled human prostate
cancer cells using a conjugate of quantum dots with an antibody for
prostate-specific membrane antigen. Quantum dots have additionally
demonstrated potential for treating tumors in animal models (33).

Gold

Gold nanoparticles contain useful properties such as a large
surface-to-volume ratio, excellent biocompatibility, and low
toxicity (34). Different combinations of shape and size demon-
strate differing properties that can be exploited for theranostic
purposes, such as optical properties that allow use as a contrast
agent, along with photothermal capabilities in the infrared and
near-infrared range (35,36). The strongly enhanced radiative prop-
erties such as absorption, scattering, and a plasmonic field for
surface-enhanced Raman of adjacent molecules make gold nano-
particles useful for molecular cancer diagnostics (37–41). Gold
nanoparticle probes have been used to identify tuberculosis (42)
as well as cancer biomarkers in the ex vivo setting (43). In a study
published in 2010, the authors functionalized the surface of gold
nanoparticles with an RNA aptamer that binds to prostate-specific
membrane antigen and established a targeted molecular CT imag-
ing system (44). The system had the ability to image prostate
cancer cells expressing the prostate-specific membrane antigen
protein. The resulting prostate-specific membrane antigen aptamer–
conjugated gold nanoparticle demonstrated a more than 4-fold
greater CT intensity for a targeted prostate cancer cell than that
for a nontargeted prostate epithelial cell.

FIGURE 1. Nanomaterials commonly used in medicine. Several nano-

materials are being studied in clinical trials or have been approved by

Food and Drug Administration (FDA) for use in humans; others are in

proof-of-concept stage in research laboratories. (Reprinted with permis-

sion of (1).)
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Iron Oxide–Based

Iron oxide nanoparticles (Figs. 2 and 3) consist of a core made
of iron oxide, usually with a hydrophilic coat of dextran or another
biocompatible compound to increase their stability (45,46). These
agents exhibit size-dependent superparamagnetism, which allows
them to become magnetized with the application of a magnetic
field. The particles no longer show magnetic interaction after re-
moval of the magnetic field. Superparamagnetic iron oxide nano-
particles have been successfully used as T2-weighted MR contrast
agents to track and monitor cells (47). They offer several advantages
over gadolinium-based contrast agents, including slower renal clear-
ance and higher imaging sensitivity and specificity (48,49).
Ferumoxtran-10. Ferumoxtran-10 is a monocrystalline super-

paramagnetic iron oxide core containing a dense coating of dextrans
that is avidly taken up by lymph nodes (50). Ferumoxtran-10
is slowly extravasated from the vascular space into the interstitial
space and from there to lymph nodes via lymphatic vessels (51),
causing reduced signal intensity within normal lymph node tissue on
T2*-weighted iron-sensitive MRI sequences (52). Within metastatic
lymph node tissue, there is often both tumor replacement of nodal
tissue and abnormal macrophage activity, resulting in material that is
not taken up or is taken up inconsistently. The iron nanoparticles
thus act as a negative contrast agent, with normal lymph nodes
showing a low signal. A recent study involving ferumoxtran-10
and diffusion-weighted imaging in patients with bladder and pros-
tate cancer demonstrated a per-patient sensitivity and specificity of
65%–75% and 93%–96%, respectively, for detection of lymph node
metastases (53). In 2011, a large-scale metaanalysis analyzing
lymph node metastases in different body regions (54) reported a
pooled sensitivity of 90% and specificity of 96% for MR lymphan-
giography, as compared with 39% and 90%, respectively, for MRI
without ferumoxtran-10.
Ferumoxytol. Ferumoxytol, which is closely related to ferumoxtran-

10 (55), has a semisynthetic carbohydrate coating whereas
ferumoxtran-10 is dextran-coated (55). A recent phase 1 dosing
study of ferumoxytol for MR lymphography at 3 T in patients with
prostate cancer (55) demonstrated that the signal intensity of normal
lymph nodes drops in a dose-dependent manner. A more homoge-
neous loss of signal intensity in normal lymph nodes was found at a
dose level of 7.5 mg of iron per kilogram of body weight than at
lower doses. The Food and Drug Administration has released a
safety communication recommending modifications to the method
of administration for ferumoxytol (56), which should be given as a
dilute infusion. The rate of anaphylaxis or serious hypersensitivity
remains low, at between 0.2% and 0.9%, depending on the patient
population.
Ultrasmall superparamagnetic iron oxide–enhanced MRI can

also be used in the diagnosis of primary prostate cancer (57). In
patients with prostate cancer, ultrasmall superparamagnetic iron
oxide–enhanced MRI may demonstrate a characteristic decrease in
the signal-to-noise ratio of the prostate gland. In a study performed
in 2008 (57), a decrease in the signal-to-noise ratio was positively
associated with a higher histologic grade of prostate cancer and a
higher level of serum prostate-specific antigen in a limited range.
MRI-detectible nanoparticles, including ferumoxtran-10 and

ferumoxytol, are ideally suited for multimodality PET/MRI.
Because these agents darken normal lymph nodes on T2-weighted
MRI, they may be combined with PET imaging agents such as
18F-fluciclovine and 68Ga prostate-specific membrane antigen, both
of which image tumor cells directly and thus highlight tumor-involved
lymph nodes. Given the complementary targeting using the 2

modalities, such studies will likely take place in the next few years

as PET/MRI systems become more commonplace. Furthermore,

the combination of nanoparticles with diffusion-weighted imaging

has proven effective in the detection of metastases in normal-sized

pelvic lymph nodes of bladder or prostate cancer in patients (53),

demonstrating that contrast-enhanced multiparameter MRI may add

value to multimodality imaging.

FIGURE 2. Electron micrograph of hexagonal lymphotropic super-

paramagnetic nanoparticles (A and B), molecular model of surface-

bound 10-kD dextrans and packing of iron oxide crystals (C and D),

and mechanism of action of lymphotropic superparamagnetic nano-

particles (E). The model lymphotropic superparamagnetic nanopar-

ticles shown here measure 2–3 nm on average (A and B). Mean overall

particle size of 10-kD dextrans is 28 nm (C and D). In E, systemically

injected long-circulating particles gain access to interstitium and are

drained through lymphatic vessels. Disturbances in lymph flow or in

nodal architecture caused by metastases lead to abnormal patterns of

accumulation of lymphotropic superparamagnetic nanoparticles, which

are detectable by MRI.
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Nanocolloidal

The sentinel node concept (58) is based
on the hypothesis that spread of metastatic
cells within a lymph node group proceeds in
an orderly fashion through multiple anatomic
levels. If the sentinel lymph node (the first
node that drains the tumor) is free of malig-
nant cells, then the remaining lymph nodes
should also be free of metastatic disease (59).
Conventional sentinel lymph node mapping
is performed using 20- to 600-nm radiocol-
loids (Fig. 4) (60). A small study using the
multireporter probe 99mTc-labeled Cy7 til-
manocept demonstrated in vitro and in vivo
receptor binding properties for successful
receptor-targeted sentinel lymph node map-
ping with nuclear and optical imaging (59).
99mTc-tilmanocept has a dextran frame
linked with multiple diethylenetriaminepen-
taacetic acid and mannose residues. 99mTc
is attached to DTPA, and mannose residues
bind to mannose receptors (CD206). CD206
is a mannose receptor, primarily present on
the surface of macrophages and dendritic
cells in lymph nodes (61). 99mTc-tilmanocept
has the ability to migrate quickly through the
afferent lymph vessels because of its small
size, as well as the ability to reside within
sentinel lymph nodes because of its specific
binding. A hybrid fluorescent radioactive
tracer has also been applied for sentinel node
identification by mixing indocyanine green
with 99mTc-labeled albumin nanocolloid (62).

Therapeutic

Emerging research is investigating the
development of nanoparticle systems for
drug delivery. A recent study (63) dealt with
the development and characterization of a
glyceryl monooleate–chitosan solid lipid
nanoparticle system containing cyclopamine
and paclitaxel for targeting differentiated cells
and cancer stem cells in the prostate gland.
Both drugs were effective. However, an alter-
nate polymeric system consisting of poly(lactic-
co-glycolic acid) was also developed and
characterized. This carrier system proved
to be significantly more efficient for tar-
geting malignant prostate cancer cells,
as well as demonstrating a cytotoxicity
profile superior to that of the glyceryl
monooleate–chitosan nanoparticles. The au-
thors of the study concluded that the type
of carrier system used for the preparation of
nanoparticles has a major role in the in vitro
release, cytotoxicity, and uptake of the nano-
particles in malignant prostate cells.
Liposomes. There have been multiple

studies performed with liposomal drug
delivery to prostate cancer and its bone
metastases. Passive liposomal targeting of

FIGURE 3. Lymphotropic nanoparticle-enhanced MR images of prostate cancer patients with

benign and malignant lymph nodes. (A and B) Unenhanced image (A) shows small, hyperintense

lymph node in right lower external iliac region (arrow). By 24 h after administration of nanopar-

ticles (B), node has turned homogeneously dark, indicating benign nature, which was confirmed

by pathology. (C and D) Unenhanced image (C) of different patient shows hyperintense lymph

node in left internal iliac region (arrow). This node retains its high signal after contrast enhance-

ment (D), indicating malignant infiltration, which was subsequently confirmed by image-guided

biopsy. (Reprinted with permission of (78).)

FIGURE 4. Preoperative sentinel lymph node mapping. (A and B) After tracer injection in periph-

eral zone of prostate (A), planar lymphoscintigraphic images were acquired (B) to identify sentinel

lymph nodes. (C and D) Paravesical sentinel lymph node (white arrow) not clearly detectable on

lymphoscintigraphic image was identified on 3-dimensional volume–rendered (3D-VR) (C) and axial

(D) SPECT/CT images. In this patient, 5 sentinel lymph nodes were detected, two of which were

outside the extended pelvic lymphadenopathy field (white and pink arrows). (Reprinted from (60).)
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chemotherapeutic doxorubicin displays increased antitumor
efficacy compared with free doxorubicin. In addition, there is
a decrease of side effects (64). This antitumor effect can be
amplified using combination therapy or active targeting. In vivo
liposomal delivery of the glucocorticoid dexamethasone has
been shown to inhibit the growth of malignant bone lesions (65).
Dendrimers. Many chemotherapeutic agents have been incorpo-

rated in the construction of dendrimer-based drug delivery vehicles,
including curcumin (66). Curcumin has demonstrated the potential
to suppress in vitro prostate cancer cell proliferation in both androgen-
sensitive prostate cancer cell line LNCaP and androgen-independent
cell line DU145 (67–70), as well as in vivo tumor growth in a LNCaP
xenograft mouse model (71). Dendrimer scaffolds have been com-
monly used in PET and SPECT studies (72,73). Incorporation of a
nuclear imaging reporter into the nanoconstructs is often used to
follow the in vivo distribution and to quantify the targeted delivery
of the nanoconstruct system and may aid in determining dosimetry of
therapeutics at tumor sites.
Gold. Gold nanoparticles can allow for effective drug delivery. It

has been demonstrated that doxorubicin-loaded aptamer-conjugated
gold nanoparticles more effectively kill targeted cancer cells than
nontargeted cells, suggesting target-specific drug delivery (44). An
efficient combination for photodynamic therapy has been devel-
oped by synthesizing pegylated gold nanoparticle conjugates with
a reversible photodynamic-therapy drug absorption (74). This de-
livery mode demonstrated improvement in drug delivery to the
tumor relative to conventional drug administration. Preliminary
in vitro studies have also demonstrated that gold nanoparticles
can enhance radiation sensitivity and growth inhibition in radiation-
resistant human prostate cancer cells (75). A study using goserelin-
conjugated gold nanorods in vitro and in vivo demonstrated potent
radiosensitization of prostate cancers (76).

CONCLUSION

Nanoparticle imaging has a key role to play in the diagnosis and
therapy of prostate malignancy. Nanoparticle detection spans the
electromagnetic spectrum and extends to ultrasound phonon-based
imaging. MR-based nanoparticle imaging for prostate cancer has
been especially advanced and lends itself to combination with other
modalities such as PET. The coming years will see an increasing
combination of MR- and PET-based agents, imaged using hybrid
systems.
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