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Chapter 6
Applications of Nanoparticles Probes
for Prostate Cancer Imaging and Therapy

Tang Gao, Anyao Bi, Shuiqi Yang, Yi Liu, Xiangqi Kong, and Wenbin Zeng

Abstract Prostate cancer (PCa) is the most common type of cancer in men with
high morbidity and mortality. However, the current treatment with drugs often leads
to chemotherapy resistance. It is known that the multi-disciplines research on
molecular imaging is very helpful for early diagnosing, staging, restaging and pre-
cise treatment of PCa. In the past decades, the tumor-specific targeted drugs were
developed for the clinic to treat prostate cancer. Among them, the emerging nano-
technology has brought about many exciting novel diagnosis and treatments sys-
tems for PCa. Nanotechnology can greatly enhance the treatment activity of PCa
and provide novel theranostics platform by utilizing the unique physical/chemical
properties, targeting strategy, or by loading with imaging/therapeutic agents. Herein,
this chapter focuses on state-of-art advances in imaging and diagnosing PCa with
nanomaterials and highlights the approaches used for functionalization of the tar-
geted biomolecules, and in the treatment for various aspects of PCa with multifunc-
tional nanoparticles, nanoplatforms and nanodelivery system.

Keywords Prostate cancer - Molecular imaging - Molecular probe - Biomarker -
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6.1 Introduction

In 1851, Adams first described prostate cancer (PCa) through histological examina-
tion [1]. At that time, peopled defined the case of prostate cancer as a rare disease.
But to date, prostate cancer becomes the most common type of cancer for males,
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particularly in the developed countries [2]. Additionally, the incidence of prostate
cancer has kept increasing. In 2012, more than 1.1 million cases were diagnosed
with prostate cancer and 307,000 died [3]. To reduce the public health impact of
PCa, research has been focused on developing detection and treatment strategies for
PCa [4, 5]. CT and MRI technologies are very useful to diagnosis of prostate cancer
in clinic. However, to date these technologies haven’t been applied for the intraop-
erative imaging [6]. Fluorescence imaging would be an ideal approach to detect
PCa and the image-guided surgery due to its high sensitivity, real-time, noninvasive
and high compatibility [7, 8]. On the other hand, the main clinical treatments for
PCa include surgery, radiotherapy and chemotherapy [9—11]. Chemotherapy with
drugsis the primary clinical treatment to prolong patient survival [ 12]. Unfortunately,
the serious toxicity of chemotherapeutics to normal tissues, poor penetration into
deeper tumor tissues and the chemotherapy resistance limited their efficacy [13,
14]. Recently, the emerging nanotechnology has brought about many exciting novel
diagnosis and treatment systems for PCa. Utilizing the unique physical/chemical
properties and targeting strategies, or loading with imaging/therapeutic agents,
nanotechnology can greatly enhance the treatment activity of PCa and provide a
diagnosis/theranostics platform for cancer. Nanotechnology can greatly enhance
the treatment activity of PCa and provide novel theranostics platform by utilizing
the unique physical/chemical properties, targeting strategy, or by loading with
imaging/therapeutic agents. Nanotechnology is promising to diagnosis and treat-
ment of cancer by using the unique properties of engineered nanoparticles [15]. We
can benefit a lot from nanotechnology, such as delivery of poorly water-soluble
drugs, improving the targeting of drugs, increasing of cell permeability, construc-
tion of innovative therapeutic and diagnostic probes [16]. In this review, we focus
on the bench-to-bed advances of nanotechnologies for fluorescence diagnosis and
treatment of PCa.

6.2 Nanotechnologies for Fluorescence Diagnosis of PCa
in vivo

Diagnostic can offer phenotype, and stage of cancer and aid in guiding treatment.
The multi-disciplines research on molecular imaging is helpful for the early diag-
nosing, staging, restaging and precise treatment of PCa. Nanotechnology used in
diagnostic provides imaging with high sensitivity, resolution, specificity, and reli-
ability. With the developing of nanotechnology and imaging technology, we can
detect cancer biomarkers at the molecular and evaluate therapeutic outcomes
in vivo. Although CT and MRI are commonly used to diagnosis of prostate cancer
in clinic, this section we will focus on fluorescence imaging, due to the high sensi-
tivity, real-time, noninvasive and high compatibility. To realize early detection and
imaging in current therapies PCa, various biomarkers of PCa have been discovered,
such as prostate specific antigen (PSA), [17, 18] prostate specific membrane antigen
(PSMA), [19] hepsin [20] and matriptase [21].
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6.2.1 Targeted PSA Nanoprobe for Imaging PCa

PSA is produced by the prostate gland that is a 33 kDa androgen-regulated serine
protease. Nowadays, diagnosis of PCa is often relied on the usage of biomarkers,
especially PSA. It has been applied as an organ-specific biomarker for a long time
and has been one of the most commonly diagnosis index for PCa, leading to the
obvious enhanced detection at earlier stage and helping to decrease the number of
metastatic patients.

In 2001 Lovgren reported a detection technology based on a europium (III)
nanoparticles and successfully demonstrated the concentration detection and visu-
alization of PSA molecules by a time-resolved microscope [22]. They first washed
and activated the commercially available europium chelate (f-diketone)-
incorporated polystyrene nanoparticles by phosphate buffer and Fluka. Then,
15 mmol/L streptavidin was added into the activated nanoparticles buffer for 2 h
incubation. Finally, the particles were loaded with streptavidin. Biotinylated PSA
was incubated with streptavidin-coated 107-nm nanoparticles, with a small volume
of 30 pL in order to make PSA direct react on the bottom of the plate for detection.
The detection limit was 0.38 ng/L, or 10 fmol/L of PSA molecules correspondence.
The nanoparticle loaded with streptavidin was more than ten-fold sensitive than the
previously reported molecule probe in a microtiter plate-based PSA assay [23]. In
addition, the nanoparticles could achieve an obvious visible in a 45-s exposure time
to PSA, indicating a good future in clinical application.

In 2006, Lee designed a hybrid probe with artificial tag molecules by combining
particle and peptides, which have high specificity to PSA [24]. After the digestion
reaction by with PSA, the peptide was cleaved, leading an individual surface
enhanced Raman scattering (SERS) of nanoparticles signal change. The probe
could achieve PSA proteolytic reactions imaging. The probe was prepared starting
from evaporating nanoscale Au layer on polystyrene nanoparticles. Meanwhile,
peptides were preparation by the PSA specific substrate sequence (HSSKLQ) and
were ended by a Raman tag molecule. The peptides were linked through a Au-S
bond of the nanocrescents to the Au surface at last. During the peptide digestion
experiments, the peptide-conjugated nanoparticles were incubated with PSA mole-
cules for 2 h on a 37 °C thermal plate. Monitored by the SERS spectra on the pep-
tide digestion experiments, the peaks of the Raman tag molecules, such as 525 cm™!
from biotin almost disappeared completely after the digestion reaction had finished.
The results indicated that such peptide-conjugated nanoparticles could be applied as
a specific probe on the concentration of the cancer biomarker PSA image.

Fluorescent probes with multiplexing capability and improved brightness are in
great need for low abundance targets analysis in bioassays and clinical cases. QDs
are found to be 20-50 times brighter than single dye molecules, and were of vital
importance to various applications owing to their desirable optical properties. Gao
developed a new strategy of nanoparticles probe design, successfully demon-
strated a sensitive detection of human prostate specific antigen (PSA) probe in
2009 [25]. They developed a new method for preparation of QD based on
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nanoparticle-amphiphilic polymer complexes self-assembly in homogeneous
solution. QDs coupled with polymaleic anhydride-octadecene via multivalent
hydrophobic interactions are highly soluble in tetrahydrofuran but form aggregates
in polar solvents. As a new approach of the formation mechanism, a great deal of
QDs can be loaded into a nanocore and the embedded nanoparticles space distribu-
tion could be manipulated. In 2016, Chen reported the application of novel sub-5 nm
LusOsFg:Eu® nanoprobe for the successful detection of PSA in clinical cases [26].
They have developed inorganic lanthanide fluoride nanoparticles based on dissolu-
tion-enhanced luminescent bioassay technique, leading to amplified signal and
improving the detection sensitivity. They synthesized monodisperse and ultra-small
Ln** doped lutetium oxyfluoride nanoparticles via a modified thermalde composi-
tion route. Ln**-NPs were activated with EDC and NHS. Then, the activated NPs
were purified by centrifuging at 13,600 rpm and incubated with avidin in phosphate
buffered saline. Biotinylated anti-PSA monoclonal antibody was added to each
well and the plate was incubated. Thereafter, avidin-conjugated LusOsFg:Eu** NPs
was added to each well and the plate was incubated. The buffer was measured at
room temperature under the kinetic and time-resolved detection mode on a multi-
modal microplate reader. The limit of detection for PSA was as low as 0.52 pg/mL,
almost a 200-fold sensitivity to that of a commercial DELFIA kit, which indicated
a highly promising for the early diagnosis of PCa.

6.2.2 Targeted Prostate-Specific Membrane Antigen (PSMA)
Nanoprobes for Imaging PCa

The PSMA is expressed in both the benign, and the neoplastic prostatic epithelial
cells, and in other tissues, such as kidney, liver and brain. It is up-regulation in
metastatic disease and in hormone-resistant states. It is a transmembrane with 750
amino acid and type II glycoprotein which is primarily expressed in normal human
prostate epithelium while overexpressed in PCa cells. PSMA is a very significantly
target for PCa imaging and therapy because it is expressed by virtually all PCa cells
and its expression is further increased in poorly differentiated, metastatic and
hormone-refractory carcinomas [27].

Research work indicated that biotinylated anti-PSMA antibody conjugated to
streptavidin-labeled iron oxide nanoparticles would be used as the unique probe for
detection and diagnosis of PCa cells. In 2013 Berkman exhibited the first AuNPs
system for targeting PSMA expressing level in PCa cells with conjugation of a
small molecule peptidomimetic inhibitor [28]. The construction of the PSMA-
targeted AuNPs was generated by commercially available 5 nm AuNPs coated with
streptavidin and incubating the biotinylated PSMA inhibitor. The PSMA-targeted
AuNPs was generated by commercially available 5 nm, and the AuNPs was coated
with streptavidin and incubated by the biotinylated PSMA inhibitor. After centrifu-
gal filtration to remove redundant biotinylated PSMA inhibitor, the PSMA-targeted
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nanoparticles has been composed in suspension and characterized by transmission
electron microscopy. The PSMA inhibitor-mediated binding test indicated that the
PSMA-targeted nanoparticles have a superior significant binding ability to LNCaP
cells, compared to non-targeted AuNPs nanoparticles. The results suggested that
the unique targeting of PSMA-targeted AuNPs is better than over non-targeted
non-specificity AuNPs, and for the first time it demonstrated that AuNPs can be
used to target PSMA by the employment of small molecule inhibitors.

6.3 Nanotechnologies for Prostate Cancer Treatment

6.3.1 Treatment of Prostate Cancer via Chemotherapy
with Nanomaterials

In clinical practices, current treatments of prostate cancer are predominantly sys-
temically administered chemotherapy, surgery and radiotherapy [29]. Chemotherapy
with drugs, such as paclitaxel (PTX), doxorubicin and docetaxel (DTX) is effective
to prolong survival and improve quality of life for patients. However, chemothera-
peutics can cause many side-effects, such as body weight, hair loss, nausea, cardiac,
liver and kidney toxicity and a destructive “bystander” effect to neighboring cells
[30, 31]. In addition, due to the poor penetration of drugs into tumor tissues, the
therapeutic efficacy is limited [32]. In order to overcome the systemic toxicity and
low therapeutic efficacy, many technologies, such as drug analogs, prodrugs and
nanomaterials, have been developed for clinical applications [33, 34]. In recent
year, nanomaterial has been one of the most promising tools to significantly enhance
antitumor efficacy because of their unique intrinsic physical and chemical properties,
[35] and more and more studies were devoted to the treatment of prostate cancer via
chemotherapy with nanomaterials to increase drug efficacy, decrease drug toxicity,
and maintain a relatively high concentration of drug at the site of interest.

As known, poly(D,L-lactic-co-glycolic acid) (PLGA) is an excellent con-
trolled release polymer because of their safety in clinic. In 2008, Farokhzad’s
group reported a unique nanotechnology to deliver cisplatin to prostate cancer
cells [36]. In their strategy, platinum (IV) compound c,t.c-
[Pt(NH;),(O,CCH,CH,CH,CH,CH;),Cl,], as a cisplatin-prodrug, was encapsulated
in nanoparticles to deliver cisplatin, and the prostate-specific membrane antigen
targeting aptamers (Apt) was introduced to decorate the surface of the nanoparticles
and target to the prostate cancer cell. The nanoparticles were derived from PEG-
functionalized PLGA and used as a controlled release polymer system to deliver
and release drugs to target cells with high safety and low clearance. Through the
intrastrand cross-links, the cisplatin could be reductive released from the nanopar-
ticles forms. Cell experiments demonstrated that the curative effect of aptamer-
derivatized Pt(IV)-encapsulated nanoparticles was better than cisplatin or
nontargeted nanoparticles significantly. The in vivo result demonstrated that system
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was efficacious in reducing prostate tumors at a significantly low dose of platinum
[37]. Further, they codelivered cisplatin and docetaxel to prostate cancer cells
through a self-assembled polymeric nanoparticle platform in 2010 [38]. The self-
assembled polymeric NPs could target to PSMA through the A10 aptamer on the
surface with an outstanding efficacy on PCa. In addition, since NPs size could affect
the penetration and distribution of tumor cells through the enhanced permeability
and retention effect, more and more studies focused on the size to enhance the drugs
to tumor sites and improve the efficacy. For example, C. Furman group designed
and synthesized a paclitaxel-loaded small PLGA NPs [39]. The size of NPs was
between in 45 and 95 nm. Their results showed that the small paclitaxel-loaded
PLGA NPs have better efficacy than the free drug and larger NPs. Besides the
PLGA and related materials mentioned above, there are many other materials, such
as carboxymethylcellulose (Cellax) NPs, [40] polyethylene glycol hyperbranched
polymers [41] and so on, could be applied as the vehicle to deliver chemical drugs
to prostate cancer cell. Recently, magnetic nanoparticles (MNPs) have been attracted
more attention due to its advantages such as chemical stability, low toxicity, good
biocompatibility. Usually, MNPs refer to the nanomaterials containing cobalt (Co)
or iron (Fe) as well as their oxides and alloys. They become superparamagnetic at
room temperature when its size is below a critical value. Additionally, MNPs have
been treated as promising drug delivery vehicles for therapeutic applications. For
instance, Masatoshi’ group designed and synthesized a MgNPs-Fe;0, nanoprobe to
carry drugs to prostate cancer cell, and founded that the nanoprobe could signifi-
cantly increase ROS production in prostate cancer cell lines and induce oxidative
DNA damage [42]. Compared with the chemical drugs alone, the combination of
MgNPs-Fe;0, and a low dose of drug have a superior efficacy on prostate cancer
cell in vitro. In 2015, Wang and co-workers reported a magnetic nanoparticle clus-
ters (MNCs) loading chemotherapeutic agent of DOX and developed the combina-
tion of photothermal therapy (PTT) and chemotherapy for destruction of PC3 cells
[43]. Due to the near-infrared property of MNCs, DOX@MNCs could be used as
both photothermal mediators and drug vehicles, and could be applied in the combi-
nation of PTT and drug delivery for therapy of prostate cancer. The in vitro results
showed that a higher therapeutic efficacy could be obtained by the chemophotother-
mal therapy of DOX @MNC:s. Recently, gold nanoparticles were also considered as
ideal drug delivery platforms due to their nonimmunogenicity and nontoxicity.
Moreover, they were synthesized easily, and the high surface area could increase
drug density. For example, Liang and co-workers developed a targeted drug delivery
strategy based on GSH-stabilized gold NPs (Au@GSH NPs) consisting of a plati-
num (IV) drug and a receptor targeting peptide CRGDK [44]. Their results indi-
cated that the cytotoxicity and uptake efficiency of this NPs is superior to that of
Au@GSH and Au@Pt(IV) systems, and further demonstrated potent cytotoxicity
against prostate cancer cells that overexpress Nrp-1 receptors.

In the recent years, some anti-cancer compounds have been confirmed to have
the potential to improve effectiveness of current cancer chemotherapies. For exam-
ple, some natural products such as curcumin [45, 46] epigallocathechin-3-gallate
(EGCG), [47] resveratrol taxanes [48] have been encapsulated or loaded in
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nanoparticles and exhibited significant efficacy against prostate cancer. Moreover,
the vascular disruptive agents (VDAs) have been known to synergistically enhance
radiation and chemotherapy. Bischof’s group designed and synthesized a gold
nanoparticle conjugated VDA to significantly improve VDA tumor specific action
in combination with locally applied thermal therapy in prostate cancer [49].

6.3.2 Treatment of Prostate Cancer via Gene Delivery
with Nanomaterials

As one of the most effective approach in cancer cure, gene delivery has caused wide
concern over the recent years. To realize cancer gene therapy, toxic genes need to be
diverted to cancer cells and toward cells death steadily and accurately [50]. As a
significant regulator for various conditions including developmental, physiological,
and pathological, microRNA (miRNA), an endogenously expressed non-coding
RNA molecule, have been regarded as potential therapeutic targets in many disease
[51, 52]. While, because of the existence of cell membranes and other obstacles,
naked genes cannot realize cancer gene therapy alone. Therefore, an adequate vec-
tor that can divert the genes efficiently and preserve it from degradation in the blood
stream should be designed at once [53]. Recently, non-viral gene delivery systems,
including lipids, polymers and nanomaterials, have been developed for siRNA
delivery [54, 55]. Frank’s group reported the delivery of small interfering RNA
(siRNA) through LbL-assembled microcapsules [56]. In his report, based on the
LbL(layer-by-layer) assembly of a crosslinked poly(methacrylic acid) film, two dif-
ferent types of microcapsules were used to deliver an siRNA targeting survivin and
the expression of the anti-apoptotic protein was observed. The function of this film
is to maintain capsule integrity in the oxidizing bloodstream and in the extracellular
environment, thereby, protecting the siRNA from denaturation and make sure the
siRNA was released in the reducing intracellular environment. Similarly, Joseph’s
group reported the fabrication of poly(lactic acid-co-glycolic acid)/siRNA nanopar-
ticles coated with lipids by a unique soft lithography particle molding process
named particle replication in nonwetting templates (PRINT) [57]. Combining poly-
mers and lipids, hybrid NPs with high drug encapsulation yields, tunable and sus-
tained drug release profiles, and excellent serum stabilities could makes it applicable
drug delivery platform [58].

Polycationic monodispersed poly(L-lysine) (PLL) is a promising carrier among
the variety of polymers designed for gene delivery as the result of controllable size,
shape, and the feasible for flexible chemical modification [59, 60]. Nevertheless, the
relatively low transfection efficiency limited the application of PLL-based poly-
plexes in clinical treatment [61]. Through PEGylation of poly-L-lysine-cholic acid
(PLL-CA), a kind of amphiphilic polycations have been synthesized [62]. With
‘stealth’ capacity, the benzoic imine linker between PEG and PLL-CA is stable at
physiological pH. It is cleavable at lower pH especially in the extracellular
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environment of tumours and the interior of endosomes/lysosomes. It was reported
that the solid lipid PEI hybrid nanocarrier has various advantages including the high
silencing efficiency in vitro and in vivo, and the low poisonousness and immunoge-
nicity. As one of the most popular polycationic polymers, polyethylenimine (PEI)
was widely used as nonviral gene carriers [63]. Because of the high charge density,
PEI molecules can form well-condensed complexes with nucleic acids and can
strengthen the interaction with cell surfaces [64]. Furthermore, nucleic acids can be
released efficiently from the endosomes through proton sponge effect [65]. Those
outstanding properties make contribution to the high transfection efficiency of PEI
among nonviral gene carriers. Wang’s group reported a lipid PEI hybrid nanocarrier
(LPN) which combining linear PEI with hydrophobic, hexadecyl groups (hydro-
phobic hexadecylated polyethylenimine (H-PEI)) [66]. The LPN would solved or
improved several key issues of siRNA/PEI systems. It includes physical encapsula-
tion of the siRNA rather than coating them on carrier surface, reduction of the loss
of siRNA and easiness of controlled, continuing intracellular siRNA release, pre-
vented cells from quick exposure to a high level of unencapsulated PEI molecules,
provided more sites for grafting cell-targeting [67—70]. While, the severe cytotoxic-
ity of PEI caused by the high density of positive charge was discovered and limited
the application of PEI [71]. Contrapose this phenomenon, a kind of non-viral cat-
ionic polymer vector mPEG-PEI nanoparticles was used as a carrier and the shRNA
plasmid was rebuilt [72]. With the engrafted of moieties polyethylene glycol, PEI
polymers showed a lower cytotoxicity and better stability. To further increase cell
biocompatibility, disulfide linkage was introduced in the branched PEI (SSPEI)
containing multiple amine backbone [73]. SSPEI polymer labeled with poly-argi-
nine (R11) which has the highest uptake by different prostate cancer cell lines com-
pared with other four cell permeable peptide was used to deliver miR-145 to the
prostate cancer. Moreover, SSPEI polymer introduced a polyethylene glycol chain
linker which could enhance biocompatibility and extend circulation time in the
bloodstream [74, 75]. The result showed that the R11-SSPEI/FAM-miR-145 com-
plex could dramatically inhibit tumor growth and prolong survival time. To build a
better gene delivery system, the ability of target is significant.

With the development of gene therapy technology, therapeutic effects of single
gene-targeted therapy was regard as limited, and multiple gene silencing was pro-
posed. Recently, the combinatorial RNAi technology and simultaneous multiple
gene silencing have been attempted to cancer therapy and received a big success
[76-79]. Therefore, a new class of dual-genes targeted two different sequences of
siRNA (vascular endothelial growth factor (VEGF) and B-cell lymphoma 2 (Bcl-2))
and its their delivery systems for efficient cancer treatment was were developed
[80]. Carrying glycol chitosan nanoparticles, the dual-poly-siRNA encapsulated
thiolated glycol chitosan (tGC) nanoparticles (dual-NPs) can provided efficient and
controlled dual-poly-siRNA delivery and achieved multi-gene silencing with syner-
gistic effects of cancer therapy. Recently, researches showed that the suppression of
crucial gene products such as REV1, REV3L can resistant the sensibility of tumors
to chemotherapy reduce the drug resistance of relapsed tumors during the error-
prone translation DNA synthesis pathway. Based on those researches, a promising
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strategy which combining siRNA based therapeutics with traditional DNA-
damaging chemotherapy was proposed for treating patients with malignancies [81,
82]. A versatile nanoparticle platform was developed to deliver REV1/REV3L-
specific siRNAs and a cisplatin prodrug to the same tumor cells simultaneously.
Obviously, the result showed a better therapeutic efficacy both in vitro and in vivo
than signal single cisplatin prodrug or REVI1/REV3L-specific siRNAs [83]. To
overcome the accumulation of chemotherapeutic agent in tumor tissue, a synergistic
and selective inhibition of cancer cell proliferation platform was reported [84]. With
high positive charges on the surface, the DTX-encapsulated bovine serum albumin-
polyethylenimine layer-by-layer (LBL) nanoparticles (DTX/BSA-PEILBL NPs)
can could adsorb the negative charged p44/p42 MAPK siRNA efficiently. And then,
branched polyethylenimine (bPEI) was adsorbed on the surface to form DTX/BSA-
PEILBL/siRNA NPs. The result reported a less values of ICs, and a higher median
survival, provided a promising synergistic delivery system for clinical treatment of
PCa. To realize the application of RNAI therapeutic regimen in clinical treatment of
prostate cancer, an approach to evaluate the siRNA delivery at the intended site of
action is significant. Therefore, theranostics nanoparticles that associated imaging
with therapeutic features was proposed and developed [85]. A nice platform for
theranostic imaging of prostate cancer was designed and developed [86]. This ther-
anostic nanoparticle was combined by three core components including the prodrug-
activating enzyme bacterial cytosine deaminase (BCD), the imaging carrier
poly-L-lysine which traced with a near-infrared fluorescent probe Cy5.5 and the
carrier which is not only for siRNA delivery but also for labeling with ['''In]DOTA
for SPECT imaging. Their results verified the feasibility of the platform for associ-
ate detection and treatment. Later, a multimodal theranostic lipid-nanoparticle was
reported. The probe was constitutive by a near-infrared (NIR) fluorescent core, cov-
ered by phospholipid monolayer, instituted with siRNA payloads with ultra-small
particle size (<30 nm) [87]. The siRNA delivery with the orthotopic tumor model
was evaluated by image co-registration of computed tomography and fluorescence
molecular tomography, achieving efficacious RNAi therapy.

6.3.3 Treatment of Prostate Cancer via Cancer
Immunotherapy with Nanomaterials

Cancer immunotherapy is an approach of triggering lymphocyte reaction of cancer
related antigen [88]. With the development of tumor-specific therapies, treatments
such as peptide-TAAs, protein-TAAs, or cell-based vaccination approaches, was
reported and they were potentially capable of stimulating pre-existing antitumor
immunity or of inducing de novo antigenic responses. However, after decades of
intensive pursuit, this remains a challenging goal. Classical vaccination approaches
have been extensively tested and found to be largely inefficient [89, 90]. Whereas,
current vaccine design paradigms can effectively generate prophylactic and
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therapeutic immunities against foreign pathogens, they maybe ill-suited as plat-
forms with which to build cancer fighting vaccines. Compared to conventional
approaches, nanoparticles can protect the payload (antigen/adjuvant) from the sur-
rounding biological milieu, increase its half-life, minimize its systemic toxicity,
promote its delivery to APCs, or even directly trigger the activation of TAA-specific
T-cells. The application of nanomedicine in cancer immunotherapy is currently one
of the most challenging areas in cancer therapeutic intervention. Development of
nanovaccine formulations was mainly from two directions, nanoparticles as vehi-
cles for drug delivery and nanoparticle-based approaches to elicit antitumor immu-
nity. During the last two decades, several nanoparticle-based compounds delivering
encapsulated or conjugated cytotoxic drugs had reached the clinical trial stage [91,
92]. On the other hand, nanoparticle-based delivery TAAs to professional APCs
were reported as a potential nanovaccine formulation. It has been shown that certain
nanoparticle designs possess immunostimulatory properties, and that antigens
delivered by these nanoparticle types can induce T- and B-cell responses in the
absence of exogenously added adjuvants [93, 94]. Efficient and targeted delivery of
immunomodulatory and immunostimulatory molecules to appropriate cells is vital
to the successful development of nanovaccine formulations [95].

Recently, nanoparticles were used as vehicles for drug delivery. For example,
Lee had established an interesting platform for effective chemoimmunotherapy. He
described a delivery system based on a dendrimer and a single-strand DNA-A9
PSMA RNA aptamer hybrid, and was designed to overcome the drawbacks of con-
ventional cancer therapies. Employing these vehicles, they researchers had demon-
strated the promising possibility of this chemoimmunotherapeutic system against
prostate cancer both in in vitro and in vivo models. The system has many advantages
including cancer-targeting ability, immune-stimulating function, and drug delivery
for chemotherapy. The drug-loaded conjugate showed excellent antitumor efficacy
and target specificity in an in vivo prostate tumor model due to the high drug-loading
capacity and enhanced stability of oligonucleotides in vivo. This proof-of-concept
demonstrates the potential value of this nanostructure system (the high drug-loading
capacity and enhanced in vivo stability) as a new combination approach for improv-
ing cancer treatments [96]. Sun designed a redox-responsive immunostimulatory
polymeric prodrug carrier, PSSN10, for programmable co-delivery of an immune
checkpoint inhibitor NLG919 (NLG) and a chemotherapeutic doxorubicin. In his
work, the prodrug carrier could achieve synergistic therapeutic efficacy, prevent
cancer relapse, and combined chemotherapy with immunotherapy as a new modal-
ity for tumor treatment. NLG-containing PSSN10 prodrug polymers were self-
assembled into nano-sized micelles that served as a carrier to load DOX (DOX/
PSSN10 micelles). The PSSN10 carrier dose-dependently enhanced T-cell immune
responses in the lymphocyte-Panc02 co-culture experiments, and significantly
inhibited tumor growth in vivo. DOX/PSSN10 micelles showed potent cytotoxicity
in vitro against 4T1.2 mouse breast cancer cells and PC-3 human prostate cancer
cells comparable to that of DOX [97]. Successful treatment requires delivery of
critical amounts of drug into the cancerous tissue [98—100]. As a model, Jankun and
coworkers used LnCAP human prostate cancer cells targeted by antibody (against
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prostate-specific membrane antigen) to conjugate with hematoporphyrin (HP)
through protein-based nanotechnology. Their results suggested that mAb/HP conju-
gates could deliver HP to the tumor cells and then result in considerably less HP in
the circulation and, therefore, lower the delivery of HP to normal tissue, and fewer
side effects [101]. Nanoparticle-based approaches can elicit antitumor immunity.
Regulating molecular interactions in the T-cell synapse to prevent autoimmunity or,
conversely, to boost anti-tumor immunity has long been a goal in immunotherapy.
However, delivering therapeutically meaningful doses of immune-modulating com-
pounds into the synapse is still a major challenge [102]. For this purpose, Stephan
and coworkers reported a male imide-functionlized nanoparticles by covalent cou-
pling to free thiol groups on T-cell membrane proteins. It could efficient delivery of
compounds into the T-cell synapse. They had demonstrated that surface-linked NPs
are rapidly polarized toward the nascent immunological synapse (IS) at the T-cell/
APC contact zone during antigen recognition. Combination of NSC-87877-the
loaded NPs on the surface of tumor specific T cells can cause the tumor site to pro-
duce a large number of T cell proliferations before cancer cells to adoptive transfer
in mice. Relative to the other of the same drug intake system, nanoparticle-based
can improve survival rate of the treated animals [103].

6.4 Conclusion and Future Trends

Molecular imaging probes represent an important, growing class of chemical com-
pound for biology, pharmaceutical sciences, preclinical and clinic studies and fur-
ther application. In conjunction with the nanoparticle, the identification of molecular
imaging targets and the development of new labeled molecular probes for those
targets are crucial for expanding the capability of in vivo molecular imaging for
biological research, molecular diagnostics and drug discovery.

Various nanomaterials, such as PLGA NPs, cellax NPs, MNPs, AuNPs and etc.,
have been developed owing to their unique properties. Compared with traditional
chemotherapy, the nanomaterial drug/anti-cancer compound delivery system has a
better targeting and a lower toxicity, and thus they could exhibit a high therapeutic
efficacy for prostate cancer. There is still a long way to realize the application of
RNAI therapeutic regimen in clinical treatment of prostate cancer. Too much work
need to be done, such as novel miRNA and siRNA with higher efficiency to kill
cancer cells, better siRNA delivery system with no cytotoxicity, low accumulation
in in tumor tissue, better targeting and other properties that can improve therapeutic
efficiency and make patients feel more comfortable, better evaluating and monitor-
ing system toward all aspects of RNAI therapeutic regimen. Combination therapy
may be another practicable strategy to get a better therapeutic efficiency.
Nanoparticle-based tumor immunotherapy is still in its infancy, but apparently this
is a method with great prospects for development. Some researchers have reported
various nanoparticles as vehicles for drug delivery to tumor antigens and immune
stimulating molecules to DCs and other professional APC type. Compared to



110 T. Gao et al.

conventional approaches, nanoparticles can protect the payload (antigen/adjuvant)
from the surrounding biological milieu, increase its half-life, and minimize its sys-
temic toxicity. Similarly, nanoparticle-based approaches aimed at regulating molec-
ular interactions in the T-cell synapse to prevent autoimmunity or, conversely, to
boost anti-tumor immunity have also provided preliminary evidence of efficacy.

The design, synthesis and application of dual- and multi-modality probes will be
a hot research area, which may be the next generation of probes. The combination
of different functional modality undoubtedly will improve the accuracy of diagnosis
and analysis to prostate cancer. On the other hand, a targeted gene-therapy approach
is also being developed to activate the immune system to recognize prostate cancer
cells. To discovery nanoprobes based on labeled gene and related macromolecule
and these types of approaches might provide a new direction of prostate cancer
therapies. We believe that such imaging probes will play a vital role in further
understanding of prostate cancer, for PCa’s early detection and more effective
treatment.
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