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Abstract: Prostate cancer (PC) is the most frequent male cancer in the Western world. Progression to
Castration Resistant Prostate Cancer (CRPC) is a known consequence of androgen withdrawal ther-
apy, making CRPC an end-stage disease. Combination of cytotoxic drugs and hormonal therapy/or
genotherapy is a recognized modality for the treatment of advanced PC. However, this strategy
is limited by poor bio-accessibility of the chemotherapy to tumor sites, resulting in an increased
rate of collateral toxicity and incidence of multidrug resistance (MDR). Nanovectorization of these
strategies has evolved to an effective approach to efficacious therapeutic outcomes. It offers the
possibility to consolidate their antitumor activity through enhanced specific and less toxic active or
passive targeting mechanisms, as well as enabling diagnostic imaging through theranostics. While
studies on nanomedicine are common in other cancer types, only a few have focused on prostate
cancer. This review provides an in-depth knowledge of the principles of nanotherapeutics and
nanotheranostics, and how the application of this rapidly evolving technology can clinically impact
CRPC treatment. With particular reference to respective nanovectors, we draw clinical and preclini-
cal evidence, demonstrating the potentials and prospects of homing nanovectorization into CRPC
treatment strategies.
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1. Introduction
1.1. Prostate Cancer and CRPC Emergence

Prostate cancer (PC) is the most frequent male cancer in the developed world. The ma-
jority of the localized PCs can be treated with surgery or radiation (Table 1). However, if the
disease is diagnosed at the extra-prostatic or metastatic stage, neither radiation nor surgery
can offer a good clinical benefit. While Androgen Deprivation Therapy (ADT)/castration
represents a consensus treatment for advanced PC, it has become more clear that this
disease does not uniformly and completely regress following ADT [1] and may account
for the short-lived clinical benefit of 2-3 years [2—4]. During this period, most patients
become unresponsive to ADT and progress to ADT-resistant PC, a state that is termed
Castration-Resistant Prostate Cancer (CRPC) [5,6]. Unfortunately, to date, this phenotype
is virtually untreatable and ultimately, patients of this category usually die of the disease.
As a sequel to its bad prognosis, CRPC has remained a serious challenge to both clinicians
and drug developers.
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1.2. Classical Androgen Receptor Pathway in CRPC Progression

Androgens are the primary regulators of PC cell growth and proliferation. Blocking
the synthesis of androgen and/or androgen receptor (AR) signaling is the gold standard in
the treatment of metastatic PC and can be achieved through surgical or medical castration.
Nonetheless, most tumors first respond to ADT, while others become resistant to therapy
within two years [7]. Studies show that numerous factors contribute to AR reactivation,
despite castrate serum levels of androgens thereby causing PC recurrence. These include
changes in AR expression and structure through gene amplification, mutation, and alter-
native splicing. Changes in steroid metabolism, cell signaling, and coregulatory proteins
are also important contributors to AR reactivation in CRPC [8]. However, emergence of
CRPC has been linked to prolonged inhibition of the androgen receptor-signaling pathway,
giving rise to androgen receptor-independent clonal evolution [9].

1.3. Non-Androgen Receptor Pathways in CRPC Progression

While the androgen receptor (AR) signaling pathway plays an important role in the
emergence of CRPC and has been well recognized as a hallmark of CRPC [10], recent
findings have identified and characterized several non-AR related pathways and targets
that drive PC progression independent of AR-axis. Following this discovery, there has
been continued interests in targeting alternative pathways that contribute to PC progres-
sion and resistance to therapy such as stress response and cell survival pathways (e.g,
targeting Hsp27 [11] and TCTP [12] in CRPC). Others include Tumor microenvironment,
Microtubules, angiogenesis, intracellular signal transductions, DNA damage response, anti-
apoptotic proteins bcl-2 [13], gene fusion [14], deregulation of tumor suppressor genes [15],
alternative splicing phenomenon [16], miRNA-dependent post-transcriptional modification
and epigenetic alterations [17]. As a result, several experimental and approved therapies
targeting pathways and targets indifferent of AR have been developed for PC treatment [1]
(Table 2) (http:/ /clinicaltrials.gov (accessed on 10 February 2021).

Table 1. Different treatment options for prostate cancer and their pitfalls.

Treatment Strenghts Limitations Ref
Effective for localized tumours, Combine . .

SURGERY with pre/postoperative Ineffective for metastatic PC [18]

chemo/radiotherapies Recurrence rate is high
RADIATION THERAPY Effective with organ specific tumor. Prevents Synonymous with high rate of collateral [19]
post-operative reoccurrence lethality

(HORMONAL THERAPY)ADT Effective for advanced cancers High rate of rec“réelglc,ecand emergence of [20]

CHEMOTHERAPY Effective in combination with ADT Synonymous with with high rate of [21]
collateral lethality

Inhibits specific genes that drive Prostate
GENOTHERAPY Cancer. More effective in combination with Ineffective as a monotherapy [22]

chemotherapy

Table 2. Selected approved and experimental therapeutics agents for CRPC targeting non-AR axis (clinicaltrials.gov,

accessed on 10 February 2021), adapted from Reference [1].

Stress Response

Pathways

Signals Transduction Targets Cellula;i;oeltlsferatlve Tumor Microenvironment

Clusterin, HSP90, Bcl-2,

Microtubules, PARP1, SERCA Neurotransmitters, somatostatin, endoglins,

Targets HSP27 PI3K, Akt, mTOR, elF4E, IGF-IR Pump VEGF/FGFR, ac-integrin
Approved - - Docetaxel, cabaxitacel Denosumab, Radium-223
therapy
Experimental BEZ235, BKM120, AZD6363, Tesetaxel, Patupilone Sibrotuzumab, TRC-105, EMD525797,
p OGX-011, OGX-427 MK2206, AZD8186, Linsitinib, o p ’ BMTP-11, Dovitinib, Beracizumab,
therapy Ixabepilone, G-202

Lapatinib pazopanib, phenelzine, pasireotide

Abbreviations: PI3K, phosphatidylinositol triphosphate kinase; VEGEF, vascular endothelial growth factor; mTOR, mammalian target of
rapamycin; PARP, poly-ADP ribose polymerase; SERCA, sarcoplasmic/endoplasmic reticulum calcium adenosine triphosphatase.


http://clinicaltrials.gov
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1.4. Current Prostate Cancer Treatment Strategies and Their Limiting Factors

As highlighted in Table 1, many treatment strategies have evolved for PC treatment
over the years. However, combination of any of the treatment options with chemotherapy
has been significantly more efficacious than monotherapies [23]. As a result, the last few
years has witnessed a significant increase in the number of FDA-approved chemotherapy
for PC treatment. No doubt that the therapeutic potentials of these agents are incontestable.
However, limitations are common that hinder their clinical success: either inherent in
the drugs themselves (pharmacodynamics) or encountered during their pharmacological
journeys in patients (pharmacokinetics).

Firstly, a plethora of biological barriers exist to the detriment of the efficacy of the
cancer drugs. Consequently, there is increased incidence of non-specific distribution en
route the tissue or cellular compartments of therapeutic interest. These barriers could range
from penetration of cellular membranes, humoral attacks, efflux pump dependent eviction
to endosomal entrapment [24]. In the end, only about 1 in 10,000 drug molecules would
be able to make it to the target site, thus giving rise to poor efficacy [25]. In order to step
up bioavailability and in turn, a relatively adequate amount of drug at the disease site to
achieve desired effects, much higher doses are administered, resulting in an increased rate
of collateral toxicity and incidence of multidrug resistance (MDR) [26].

More specifically, the physicochemical property of Paclitaxel essentially limits its
administration in molecular form. Its poor solubility value (0.0015 mg/mL) negatively
affects their polycyclic chemistry in aqueous solution [27,28] and renders it inappropriate
for intravenous injections [29].

Recently, combination therapy involving the use of cytotoxic agents and antiandrogen
regimens has emerged as a formidable strategy to combat CRPC. Docetaxel, in combina-
tion with Prednisone, is associated with improved clinical outcomes [30,31]. Docetaxel
inhibit the depolymerization of the mitotic spindles to block cell replication. However, its
administration is characterized with a high grade toxicity affecting rapidly dividing cells
such as the bone marrow, hair follicles, germ and blood cells, etc. [32,33]. Major side effects
include neutropenia, hypersensitivity reactions, stomatitis, peripheral neuropathy, and
fluid retention [34]. Even though, with the advent of premedication regimens and longer
administration schemes, the hypersensitivity reaction associated with paclitaxel or doc-
etaxel has been fairly reduced [35]. However, recent reports have implicated docetaxel in
fatal interstitial pneumonitis in CRPC patients [36]. In fact, death due to docetaxel-induced
toxicity accounts for about 2% of the population in a 2045 patient’s study [37].

In addition, co-delivery of multiple agents at the same time is apparently an attractive
strategy in CRPC therapy. However, this approach is limited by the variations in the
independent pharmacokinetics, bio-distribution, and clearance rate of the respective agents,
which makes it difficult for the individual efficacies of these agents to work in an operational
consonance, thereby upturning the essence of synergism.

For these reasons, there is a high demand for a drug delivery system that would
pharmacologically guarantee improved stability, solubility, safety and specificity of a
variety of chemotherapeutic agents. One way to realize this goal is through the field of
nanotherapeutics [38], which allows nanovectorization of drug agents in delivery platforms
that would promote targeted delivery (passive and active targeting) with minimal toxicity
and an improved therapeutic index.

1.5. Nanoparticles in Prostate Cancer Therapies: The Awaiting Possibilities

Given the challenges of collateral toxicity and non-specific distribution of PC therapies,
arising from convectional delivery methods, which translates to poor efficacy, scientists
have embarked on the search for a veritable alternative in order to contend with these chal-
lenges. Nanotechnology provides the platform with inherent characteristics to guarantee
the safety, specificity and therapeutic efficacy of advanced prostate cancer therapies. These
nanoparticles consist of biodevices and materials with functional ductility and various
structural characteristics such as polymers, lipids, inorganic carriers and biological scaf-
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folds to create nanoscale drug carrier systems (nanoparticles) capable of specific delivery
of cancer therapeutics [39].

Indeed, with the advent of nanovectors and nanovectorization of PC therapies, it
is possible to [1] deliver a high dose of anticancer agents, [2] co-deliver two or more
therapeutic molecules in a single nanoformulation, [3] achieve a payload delivery of drug
agent, [4]) reduce toxicity and [5] improve therapeutic outcome.

For instance, functionalized nanovectors can consolidate the individual pharmacoki-
netics and pharmacodynamics of drug agents into one vehicle and increase the likelihood
of delivering each agent to the tumor cells at a ratiometric dose [40]. Additionally, we and
others have recently demonstrated the possibility to co-deliver a Chemogene (chemo-and-
gene based therapy) in a single nanoconstruct to synergize gene silencing and cytotoxicity
for CRPC therapy [41-43]. Indeed, nanoparticles represent an excellent drug delivery
system with enhanced targeted drug delivery capabilities via the passive or the active
mechanisms. They have shown to decrease drug toxicity, concentrate drug at disease sites,
prolong the systemic circulation of the drug as well as protect drugs from humoral at-
tacks [44]. While prostate cancer therapeutics has not enjoyed sufficient attention in the field
of nanomedicine, available data indicate a promising future. For example, near-infrared
fluorescence (NIRF) imaging of PC-3 xenograft-bearing mice showed that PEG-micelles
were selectively accumulated at the tumor site with minimal distribution in major organs,
including liver and spleen [45,46]. Similarly, delivery of paclitaxel via PEGsk-embeliny
micelles leads to superior antitumor activity compared to Taxol in murine models of breast
and prostate cancers [46]. Xang and colleagues have reported the impact of oxygenation
induced by per-fluoro carbon nanodroplet on accumulation in prostate tumors xenograft.
They observed a particle accumulation in mice tumor within 24 h, with a reduction of the
tumor hypoxia without enhancing oxygen breathing [47]. With these available testimonies
and more on the promises of nanoparticles in CRPC treatment, it is sufficiently acceptable
to assert that nanovectorization posits to revolutionize the treatment of CRPC.

1.6. Classification of Therapeutic Nanoparticles in Prostate Cancer

Ideally, for a nanovector to be qualified as a drug delivery material, it must be non-
toxic, biocompatible, non-immunogenic, biodegradable, possess the ability to avoid the
Reticulo-endothelial system (RES) and renal clearance systems [48,49]. These factors are
particularly important to ensure that the perceived gains associated with nanovectorization
of drugs are effectively maximized.

Currently, nanoparticles are classified according to their chemical compositions
(Figure 1): (1) metal-based nanoparticles to include quantum dots, iron oxide and gold
nanoparticles, zinc nanoparticle, mesoporous silica, and organic-inorganic nanoparti-
cles [50], (2) carbon-based nanoparticles such as nanotubes or fullerenes [51], (3) polymer
nanoparticles such as Nanocapsules or dendrimers [52,53], (4) lipid-based nanoparticles
including liposomes and solid lipid nanoparticles [54,55], and (5) a new class based on
nucleolipid nanoparticles.

They can also be decorated with functional moieties such as specific ligands to induce
active targeting. It is also possible to further innovatively engineer them to bring together
the active and passive targeting mechanisms such as, EPR effect, RES avoidance, bio-
recognition moieties, membrane trafficking and efficient intracellular delivery, remote drug
activation and controlled drug release to act in efficacious operational harmony. Ferrari
and colleagues described this group of nanovectors as ‘Logic embedded Vectors” (LEV)
and rationalized their potential in personalized medicine [39].
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Figure 1. Schematic illustration showing the nanoparticles classified according to their chemical
composition (created with Biorender).

These nanoparticles are designed to take advantage of the exclusive tumor signatures
such as Enhanced Permeability and Retention (EPR) phenomenon, pH, hypoxia, as well as
overexpression of tumor-specific receptors [56-58] in order to selectively home into tumor
cells with minimal/no effect on their normal counterparts.

At this moment, several nanovectorized drugs have received FDA’s approval while
some are at different phases of clinical or preclinical development [59-62]. While the field
of nanotherapeutics has been substantially studied, developed and utilized in the treatment
of various cancer types, its enormous potentials have been underutilized in prostate cancer
therapy, both in preclinical and clinical settings. Here, we review the various conventionally
used nanoscale drug carriers such as liposomes, micelles and dendrimer nanovectors. We
bring a deep insight into their structural designs and mechanisms of action. Available
knowledge on their applications in delivering cancer chemotherapeutics is provided with
new specific possibilities in transforming prostate cancer treatment strategies.

2. EPR Effect and Active Targeting in CRPC Therapy

Enhanced Permeability and Retention (EPR) Effect: Tumor cells, in a frantic attempt to
mitigate the circumstance of limited diffusion, which negatively influences nutrient supply,
oxygen supply and waste removal, engage in neoangiogenesis to step up vasculature. In
order to avoid the imminent consequences of hypoxia, ischemia and toxicity, this process
seems to occur very quickly and as a result, the contributions of the angiogenic regulators
are largely excluded. This gives rise to highly disorganized and fenestrated tumor vessels,
with discontinued endothelial linings and undesirable permeability to particles of up to
700 nm in diameter [63,64]. This pathologically orchestrated phenomenon is referred to as
enhanced permeability and retention (EPR) effect [65] (Figure 2). Maeda et al. conceptual-
ized and clearly demonstrated how angiogenic flaws associated with rapid tumor growth
promoted site-specific accumulation and retention of nanoparticle-drug conjugates at the
tumor site [65,660]. Taking advantage of the pressure gradient and leaky vessels at the tumor
site, the nanoparticle-based drug accumulates at the tumor site, extravasates into the tumor
microenvironment, and prolongs the release of therapeutic agents within the tumor with a
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resultant improvement in the treatment outcome. This emerged a land slide achievement in
the field of nanomedicine and widened the scope of nanoparticle-based drug delivery via
passive targeting such that new nanodrug formulations received approval for the treatment
of other disease conditions such as fungal infection, hepatitis A, multiple sclerosis and end
stage renal disease [67]. However, in order to maximize the advantages offered by EPR in
the passive delivery of drugs, the size and surface properties of the nanocarrier must be
controlled to avoid uptake by the reticuloendothelial system (RES) as previously described.
The ideal size range to benefit from the EPR effect is between 10 to 200 nm as particles that
are too small would be cleared by the kidneys, preventing accumulation into the tumor
site, and particles that are too large will not adequately penetrate the tumor vasculature
and interstitial space.

Nanovectors

Intact endothelium

Figure 2. EPR effect. Nanovectors equipped with hydrophilic and flexible polymers escape opsonization and are able to
diffuse selectively through the tumor vascular endothelium (orange color) but not through the endothelium of healthy
tissue (blue color). Created with Biorender; Adapted from [68], College de France, 2013.

Active Targeting Mechanisms: Conversely, the nanovectors can be further engineered
to improve their delivery efficiency via the active targeting strategy. This approach has
been proven to be very specific and effective in delivering drug agents for the treatment
of many disease conditions, including cancer. This strategy is defined by decorating
the outer surface of the nanovectors with bio-recognition moieties such as antibodies,
ligands, aptamers, small peptides to specifically target a tumor-specific receptor/ligand
overexpressed on the tumor or tumor vasculature [69]. For instance, an antibody directed
against the transmembrane receptor (CD33) specific on myeloid lineage, was immune-
conjugated with Calicheamicin for the treatment of Acute Myelogenous Leukemia [70].
By way of ligand-receptor interaction, the anti-tumor agent is internalized into the tumor
cells expressing this receptor via receptor-mediated endocytosis which is very critical for
optimal targeted delivery of therapies [71,72]. However, it appears literally not feasible for a
particular receptor to be exclusively expressed by only tumor cells. As such, overexpression
of these receptors represents tumor specific signature that can be targeted in this fashion [73].
A further classic example is the development of therapeutic monoclonal antibodies to
target membrane receptors that are reservedly overexpressed on tumor cells. This was
demonstrated in the use of Herceptin (Trastuzumab) to target HER2 receptor overexpressed
in a sub-type of breast cancer [74]. Furthermore, conjugation of a nanovector with cyclic
RGD peptide to target neovasculature markers such as alpha and Beta integrins [75], VEGF
or anti-VEGEFR to target vesicular endothelial growth Factor receptor (VEGFR) [76,77],
or development of antibody or ligand to target the prostate specific membrane antigen
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(PSMA) [78,79] constitute active drug targeting strategies that have been well developed
and utilized. Recently, some reports have described the use of PSMA ligand for active
targeting. Felber et al. described a new coating ligand for AuNPs, allowing direct labeling
with radionuclide ™ Tc functionalized with a small prostate specific membrane antigen
(PSMA). Bio-distribution assay revealed higher stability and significantly higher uptake for
particles greater than 14 nm [80,81]. Yari et al. also reported the development of a prostate
specific membrane antigen (PSMA)-tagged liposome for specific targeting of advanced
prostate cancer tumoral cells. Their results have shown the efficiency of active targeting of
prostate cancer cells with PSMA ligand [82].

3. Some Nanoparticles and Their Clinical Adaptations to CRPC Treatment

While only a few works on nanovectorization-based therapies have progressed to
clinical studies for the treatment of prostate cancer, published articles lending support to the
concept of nanovectorization-based drug delivery for prostate cancer therapy have grown
over the past decade. Table 3 contains a list of recent articles describing the development
of nanoparticle for prostate cancer treatment (Table 3).

However, we recently carried out an advanced search for publications in this field:
‘Prostate cancer and nanoparticles drug delivery” on the PubMed Data base to understand
how research in this field has progressed in the past 10 (2011-2021) years. We found
232 publications, which increased to 605 when “drug delivery” was omitted in the search
field out of 41,295 publications on prostate cancer itself within the same period. This data is
represented graphically in Figure 3 below (Figure 3). The highest number of publications in
this field according to our search filters was in 2017, which suggest that, indeed, research in
the nanovectorization-based therapies for prostate cancer treatment is increasingly growing.
Table 4 contains some nanoformulation-based drugs in clinical trials for prostate cancer
treatment (Table 4).

The majority of these articles highlights the gains and drawbacks, the anatomical
and physiological advantages associated with nanoparticles—aided delivery of PC treat-
ment strategies such as chemotherapy, Genotherapy, antitumor peptides, etc., thereby
improving their efficacy and clinical outcome. As of today, liposomes, micelles, polymer
conjugates and dendrimers are particularly useful and fundamental in the development
of drug delivery platforms. They possess attractive biological properties that make them
biocompatible, biodegradable, non-toxic, ability to encapsulate both hydrophobic and
hydrophilic drug agents and protect drugs from systemic inactivation. They encapsulate
chemotherapeutic agents, Genotherapies (siRNA or DNAs) and small molecule drugs
and localize them at tumor sites. They can be used as unmodified (passive delivery) or
modified with bio-recognition moieties (active mechanism) and are discussed below.

Table 3. Tabulation of the Nanoparticle currently used for prostate cancer, their bioactive ingredients
and targets.

Generation Particle Targeting Loading Ref
First Liposome 1 EPR Celecoxib/Genistein [83]
Polymeric 2 /Nanobuble EPR Curcumin [84]

Liposome EPR PEG (avoid RES ® uptake) [59]

Second Liposome 4 Apatamer TFO ® [85]
Liposome 6 Peptide Doxorubicine/Vinorebline [86]

Liposome 7 Antibody 8 Doxorubicine [87]

Third DNA nanostructure Apatamer Doxorubicine [88]
PMB nanoparticle 9 Small Molecule 1 Reservatrol /Docetaxel [89]

Liposome RGD siRNA 1 /Docetaxel [90]

Gold Nanoparticle Small Molecule 1 siRNA [91]

1 eggPC:L-a-phosphatidylcholine/DPPE-PEG-2000: 1,2-dipalmitoyl-sn-glycero-3- phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] ammonium salt; 2 Dextrane; 3 Reticuloendothelial system; * PLGA:
poly(lactic-co-glycolic acid); ° triple forming oligonucleotide; ® PEGylated Lipid; 7 Soybean phosphatidylcholine
(SPQ), cholesterol, and DSPE-PEG;g00-NHS; 8 simvastatin; ¥ Planetary ball milled nanoparticles; 10 Folic Acid;
1 GRP 78 siRNA.
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Table 4. Tabulation of the nanovectorization-based drugs in clinical trials for prostate cancer treatment, adapted from

Reference [92].

Clinicaltrial. Gov

Drug Nanoformulation Phase Trial Status Identifier
Curcumin Nanomicellar gel Second phase ongoing NCT02724618
Paclitaxel Lapatinib Albumin NP First Completed NCT00313599
siRNA for inhibition of M2 Cyclodexrin containing
subunit of Ribonucleotide polymer stabilized by First Terminated in 2013 NCT00689065
reductase (R2) PEG
2-Hydroxyl Flutamide (2-HOF)  Calcium sulphate gel second completed NCT02341404
M-VMS3 (TLRS-receptor and its Adenoviral First Ongoing NCT02654938
agonist protein 502s)
IL-12 Adenoviral First completed NCT00406939

No. of publications each year in the last

40 decade
35

30
25
20
15

10

2021 2020 2019 2018 2017 2016 2015 2014 2013

2012 2011

Figure 3. A graphical representation of the number of published articles relating to prostate cancer

and nanoparticles drug delivery between 2011 and 2021.

3.1. Liposomal Nanoparticles

Liposomal nanoparticles are small artificial, self-assembled vesicular nanostructures
derived from phospholipids and cholesterol molecules. They represent a very good mem-
brane models and are widely used for studying membrane fluidity. However, liposomes
have been recently found to be extremely useful in nanotherapeutics for targeted delivery
of pharmacological agents such as proteins, Oligonucleotides (ASO), siRNA or chemother-
apeutic drugs [55,93]. If the drug is hydrophobic, the encapsulation is within the central
cavity, but in the case of rather neutral or hydrophilic drug, it will then be loaded on the

surface of the lipid membrane [55] (Figure 4).


Clinicaltrial.Gov
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Hydrophobic
Drug tail
Targetting
Protective ligand
layer PEG
Lipid-soluble DNA
drug

Polar Head

Figure 4. Schematization of a liposome used as nanovector. Liposomes generally consist of a lipid
bilayer (phospholipids and cholesterol). The drug is encapsulated in the hydrophobic central region.
The outer surface of the vector may contain polyethylene glycol (PEG) and ligands, created with
Biorender [94].

The first liposome-based drug used in the clinic was the non-PEGylated liposome
that encapsulates Doxorubicin (marketed as Myocet™ in the USA), which increased
the elimination half-life of the encapsulated doxorubicin in the blood compared to free
doxorubicin (DOX) [95]. Upon intravenous administration of MyocetTM, it is internalized
and subjected to enzymatic degradation of the lipid bilayer, which consequently releases
the drug (doxorubicin in this context). This drug then diffuses actively or passively to the
target tissue [62]. Many more of such formulations are in different developmental stages
such as liposomal Vincristine for the treatment of acute lymphoblastic leukaemia [60,96].

To further fortify liposomal drug formulation and enhance its hydrophilicity and
protection from the RES, surface modification with a hydrophilic polymer; polyethylene
glycol (PEG) was used to realize PEGylated liposomal doxorubicin (marketed as Doxil®
in the USA and as Caelyx outside USA). PEG has been shown to prevent opsonization
and recognition by macrophages and enable the liposome to maintain a longer circulation
time in the blood to accumulate at tumor sites, aided by the EPR effect. Within the tumor
environment, the liposomal content (in this case, antitumor agent) can be released near
the tumor particularly due to exclusive pH variation inherent within the tumor territory,
resulting in the burst of the lipid bilayer. Experimental validations have proved that PEGy-
lation of liposomal doxorubicin (Doxil®) prevented RES sequestration, drug inactivation
and significantly increased circulation time from 2.5 h to 55 h as well as decreased clinical
cardiotoxicity in solid tumor patients compare to both DOX and Myocet™ administra-
tion [93]. As a result, the US Food and Drug Administration (US-FDA), for the first time,
granted clinical approval to Doxil® in 1995 for the treatment of Kaposi’s Sarcoma [62,97]
and subsequently for the treatment of recurrent breast and ovarian cancers [98-100]. In
fact, following this milestone achievement, the last two decades have witnessed a dramatic
rise in the development of several liposome-based drugs for cancer treatment with many
of them at the preclinical stage, while others are being assessed at different stages of clini-
cal development such as PEGylated liposomal daunorubicin (DaunoXome®), Vincristine
(Onco-TCS) or PEGylated liposomal cisplatin (SPI-77) [101,102].

Specifically, and as highlighted above, docetaxel, in combination with prednisone,
appear to be the standard of care for CRPC [30,31] with high anticancer activity [103],
but highly toxic to normal cells [104]. Given the advances and prospects of liposomal
drug technology, it is believed that liposomal intervention into the use of docetaxel in
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CRPC treatment would avail patients with a much longer survival benefit than earlier cited
years [2—4]. Studies have demonstrated improved efficacy of liposomal drugs in prostate
cancer models. For example, the combined effect of liposomal forms of curcumin and
resveratrol more significantly inhibited tumor growth and induced apoptosis in PTEN-
CaP8 cell lines with a concomitant reduction in prostatic adeno carcinoma in vivo in PTEN
mice [105]. Additionally, curcumin-loaded liposomes decorated with PSMA antibodies
tested in LNCaP and C4-2B efficiently inhibited cellular proliferation at a very low dose
(5-10 uM) compare to free curcumin [106]. In the wake of these potentials, it is regrettable
to note that only very few preclinical studies on liposomal docetaxel have focused on
prostate cancer. This is even more worrisome given the impact of liposomal formulations
on other antitumor agents such as gemcitabine [107], paclitaxel [108], Mitoxantrone [109]
and doxorubicin [110-113] on prostate tumors.

Furthermore, a cohort study on several advanced tumors revealed a high incidence
of liposomal docetaxel tolerance at elevated doses [114]. Nevertheless, contrasting results
had surfaced when liposomal doxorubicin was investigated on prostate tumor xenograft.
Three different studies realized similar outcome of significant tumor inhibition [115,116].
Another study involving liposomal gemcitabine in an LNCaP model of prostate cancer
xenograft tumors showed more than a 40-fold potency in antitumor activity relative to the
free counterpart [117].

3.1.1. Liposomal Nanoparticle in Therapeutic Gene Delivery

Antisense Oligonucleotide (ASO) therapy is increasingly taking a center stage in
fighting drug resistance in cancer treatment through inhibition of genes implicated in drug
resistance. However, poor cellular uptake and inefficient intracellular delivery of ASO
remains a serious concern to ASO strategy. Liposomal encapsulation of ASO appears
promissory to remediate this challenge. Liposomal ASO has been shown to be effective
in inhibiting multi-drug resistant, mice-bearing tumors xenografts of ovarian cancer. Co-
encapsulation of ASO and DOX in a liposome nanoformulation essentially improved the
antitumor activity [118].

Other Liposome-based enhanced gene delivery approach includes the targeting of the
angiogenic gene (VEGF), which is overtly overexpressed in many cancer types with small
interfering RNA duplexes (siRNA) loaded in Chitosan-coated liposomal formulations and
has been found to exhibit an efficient gene silencing activity in breast cancer cells lines [119]

3.1.2. Liposomal Drug Loading and Release

Drug loading into the aqueous core of the liposome is made possible through a
remote loading protocol like pH gradient and ammonium sulphate methods for doxoru-
bicin and vincristine, respectively [120,121]. Liposome nanovectors can be designed to
release their drug conjugates inside the endosomes or lysosomes displaying acidic pH
and high enzymatic content in order to control the pH-mediated release into subcellular
therapeutic targets.

As of now, with the trajectory of preclinical and clinical successes associated with the
liposomal drugs in cancer treatment, it is sufficiently acceptable to assert that liposomal
encapsulation holds a very promising future for CRPC with an abundance of economic
opportunities for drug developers to exploit

3.2. Micellar Nanoparticles

Micellar nanoparticles are spheroidal nanoscale systems that have been useful in the
targeted delivery of anticancer drugs. They are formed by self-assembly of an amphiphilic
block of copolymers in an aqueous medium. This spontaneous auto-aggregation, which
occurs under certain high concentrations (critical micellar concentration: CMC), gives
rise to a nano-dimensioned molecular structure having a hydrophilic polar head and
a hydrophobic chain all oriented in the same direction with a molecular size of about
1 to 300 nm. Micelles are in two forms: direct and reverse micelles. Direct micelles
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have their hydrophobic nonpolar chains inside the solvent while their hydrophilic polar
heads interact with solvent at the surface. However, the hydrophilic polar heads of the
reverse micelles are found facing inward while the non-polar hydrophobic chains are
positioned outwardly [122] (Figure 5). The micellar hydrophobic core lends itself well to
encapsulation of poorly soluble anti-cancer drugs such as Paclitaxel (an effective anti-cancer
agent inhibiting tumor cell microtubule growth) and enhances its solubility in biological
medium.

Phospholipid Fatty acid
molecule  molecule ........'

Hydrophobic Hydrophilic .‘ ..
(nonpolar) (polar) ®o0®
fatty acid tail Phosphate Head
Reverse Micelle d P Direct Micelle

Figure 5. Showing the reverse and direct micellar structures. Micelle nanovectors consist of direct
micelles with the anti-cancer agent positioned either on the surface for hydrophilic drugs (e.g.,
antisense oligonucleotide for example) or inside for hydrophobic drugs (e.g., chemotherapeutic
agents). (Created with Biorender).

The micelles conventionally used as nanovectors are the direct forms of micelles with
a size generally ranging between 10 and 100 nm. They can be enhanced by conjugating
hydrophilic polymers such as poly (ethylene glycol) (PEG), tagged with a hydrophobic
polymer (Polymeric Micelle: PM). Commonly used hydrophobic polymers for micellar
enhancement include poly (propylene oxide) (PPO), poly (D, L-lactic acid) (PDLLA), poly
(e-caprolactone)) (PCL) or poly (L-aspartic acid) (PLAA), biodegradable polyesters and
polyorthoesters, phospholipids or long chain fatty acids. These block copolymers undergo
auto-assemblage to form a hydrophobic core bordered by a hydrophilic corona [123,124].
The combined physicochemical properties of these copolymers confer amphiphilic charac-
teristics on the PM, thereby rendering them excellent candidates for intravenous adminis-
tration of a variety of chemotherapeutics such as antitumor agents. PEG is the most widely
used hydrophilic polymer in targeted drug delivery even though other polymers such as
poly(N-vinyl pyrrolidone) (PVP) or Poly(N-isopropylacrilamide) (pNIPAM) are also good
water-loving polymers [125,126]. Being non-toxic with unique physicochemical properties,
it offers huge advantages to a wide range of drugs and drug conjugates such as proteins, en-
zymes, small molecules, liposomes and inorganic nanoparticles [127,128]. It does not only
increase the drug-loading capacity of the micelles, but also prolongs drug retention time,
protects drugs from humoral attacks, and as a result, improves their therapeutic potentials.

Drug-PM conjugates are structured through physicochemical and electrostatic inter-
actions and are compatible with both active and passive mechanisms of tumor targeting.
These conjugates can be further fortified to enhance drug solubility in water to as much as
9000 times, the solubility of an apparently soluble drug [129,130].

3.2.1. Polymeric Micelles in Targeted Delivery

Currently, polymeric micelles are being tried in various phases of clinical trials with
promising outcomes. For example, impressive antitumor efficacy was preclinically evident
with doxorubicin encapsulated with PEG-PLA(polyactide)A-micelles conjugate. This
nanoconstruct, which is also referred to as NK911, prolonged the systemic circulation time
and nearly tripled the half-life of the encapsulated drug with decreased drug clearance [131].
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For the treatment of refractory malignancies such as CRPC, paclitaxel was first formulated
with PM-Micelle (genexol-PM: PEG- PDLLA-Paclitaxel: Poly(ethylene glycol) methyl ether-
block-poly(D,L lactide) and was tested in clinical trial. Results from this trial have shown
that genexol-PM offers much more tolerable clinical reactions compared to the convectional
formulation of paclitaxel that contains Cremephor® EL, which has been associated with the
occurrence of hypersensitivity reactions in patients [130]. Following these findings, elevated
doses of paclitaxel allowed into genexol-PM resulted to a more efficacious antitumor
activity of paclitaxel in patients who previously showed resistance to conventionally
administered paclitaxel [129]. These complex micellar-paclitaxel formulation, indeed,
significantly increased its solubility from 0.0015 mg/mL to 2 mg/mL and apparently
allows the drug to evade rapid phagocytosis by the Reticuloendothelial System (RES)
preventing recognition by opsonins [129,130].

While polymeric micelles appear to be clinically relevant through the passive targeting
mechanism, there is a huge possibility for improved delivery through the active targeting
strategy. While the passive EPR effect only facilitates efficient localization of PMs into
the tumor interstitium, active targeting promotes their uptake and internalization via a
receptor mediated endocytosis [132]. Indeed, EPR has been substantially utilised in drug
delivery, albeit, its mechanisms are not without limitations as they lack molecular speci-
ficity. Notwithstanding, the use of a receptor-based active targeting strategy surpasses
the shortfalls associated with EPR. Very significantly, combination of EPR effect with ac-
tive targeting would be of great value in achieving the desired and impactful treatment.
PM-based nanovectorization of anti-tumor agents that is coupled with surface fortification
with targeting entities (ligands or antibodies) that specifically and selectively interact with
a tumor-specific receptor underscores the concept of PM—active targeting. Upon this
interaction, the PM-drug-ligand complex is internalized into the tumor cells via a receptor-
mediated endocytosis, followed by sub-cellular trafficking and release stimulations [133].
In this way, high bioavailability, low systemic toxicity and improved therapeutic outcome
are achieved. Intriguing reports have shown insignificant disparity in the way the drug is
accumulated to tumor sites between the ligand targeted and non-ligand targeted nanovec-
tors [134]. This was perceived to be due to the fact that both carriers leverage on the
benefits of the pressure gradient favoring the tumor interstitium offered by EPR. Until the
nanovectors extravasate into the tumor microenvironment, ligand conjugation to nanovec-
tor appears inconsequential. However, extravasation of the ligand-tagged nanovectors may
become unnecessary if; (1)the targeted tumor receptor is resident on the tumor endothelial
cells and not on the tumor cells; (2)the targeted tumor cells are situated in the vascular
compartment; (3) the target tissue has high accessibility of the vasculature such as alpha
or beta Integrin, ligand or antibody targeting VEGFR or the prostate specific membrane
antigen (PSMA) [131]

3.2.2. Polymeric Micelle Drug Release

At the tumor location, the molecules must be released from the micelles in order to
achieve cytotoxicity. Different approaches of drug release stimulation such as temperature,
PH or ultrasound have been studied for this purpose. For example, pH stimulation is based
on the fact that tumoral tissues tend to have abnormally acidic pH (up to 5.7) compared
to normal tissues (7.4) because of their glycolytic metabolism [134]. Therefore, the release
can be triggered by developing labile acid bonds or by using selective protonations of pH-
sensitive compounds inside the membranes. Similarly, studies have also been conducted
to develop magnetic resonance imaging (MRI), computed tomography (CT) and positron
emission tomography (PET) trackable micelles [128]. Thus, multiple functional components
can be incorporated into a single micelle to combine tumor targeting and imaging [135,136].

Another mechanism of drug release currently being developed combines imaging
and ultrasound release stimulation of anti-cancer agents [135,137]. The tumoral irradiation
makes it possible to stimulate drugs release from the micelles and to temporarily alter
targeted cell membranes, thus increasing the quantity of drugs ingested. In addition,
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ultrasound promotes the drugs diffusion and infiltration into tumors. Using ultrasound
for tumor imaging and treatment appears particularly interesting because of the simple
implementation and its low cost.

The Department of Bioengineering at the University of Utah has developed an
echogenic drug delivery system. The process is composed of two types of nanoparti-
cles, polymeric micelles and perfluoropentane nanobubbles, which contain doxorubicin.
This lipophilic drug is located inside the micelles body and the nanobubbles wall. These
micelles accumulate in tumors interstices via the EPR effect. Once integrated into the
tumor tissues, the small nanobubbles merge into larger, highly echogenic microbubbles
that provide a strong and long-lasting tumor contrasted by ultrasonography (Figure 6).
Ultrasound treatment (sonication for 150 s at 3 megahertz MHZ) causes a significant in-
crease in the number of drugs from micelles and micro/nanobubbles ingested by tumor
cells, notably by disrupting cell membranes and promoting the diffusion of nanoparticles
and nanoparticles-free drugs in tumor tissues. This method has been tested in mice bearing
tumor xenografts of breast cancer and ovarian carcinoma [128,138]
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Figure 6. Schematic representation of the targeting of anti-cancer agents through defective tumor
microvasculature using the system of delivery of echogenic particles. The microbubbles formed by
the fusion nanobubbles become echogenic once inside the tumor. Created with Biorender; Adapted
from [138], MDPI, 2020.

Interestingly, Fuente et al. have reported a new technique for radiolabeling various
N-(2-Hydroxypropyl) methacrylamide-Lauryl Methacrylate (HPMA-LMA-based micellar
aggregates with hydrophobic oxine-complexes of the trivalent radiometals ®Ga and ' In.
In vivo biodistibution in healthy organ mice results in slow polymeric micelles rupture
in contact with blood serum, whereas their stability has been validated in a saline buffer.
Since the hydrophobicity of radionuclide complexes was comparable to the hydrophobic
drug, they have highlighted that polymeric micelle properties drive the strategies on
drug transport [137]. Yang et al. also have described the low stability of the micelle
particularly those from self-assembling once they are injected in the blood stream. To
figure out this issue, they have described the preparation of unimolecular micelles (one
micelle—one macromolecule) from polyamidoamine (PAMAM) dendrimers loaded with
chemotherapeutics agent (e.g., doxorubicin) covalently bound through a hydrazone bond
as a tumor selective theranostic platform. Due to their unimolecular design, the micelles
described were more stable and were able to respond to pH-stimulus for drug release.
After radiolabelling with ®*Cu and conjugation with tumor-targeting peptide sequence,
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micelles were monitored by PET imaging in order to confirm their active targeting. The
results obtained emphasized the use of this type of micelle for theranostic purposes [135].

3.2.3. Micelles in Chemogene Co-Delivery for CRPC Therapy

It has been shown that micelles represent a candidate vehicle for both carriage and
solubilisation of antitumor agents. In preclinical models of prostate cancer, the combination
of docetaxel (antimitotic agent), rapamycin (mTOR inhibitor) and 17-N-allylamino-17-
demethoxygeldanamycin (HSP90 inhibitor) in a single micellar system resulted in a more
efficient inhibition of tumor growth in vitro compared to their individual efficacy and
cytotoxic effects of the drugs were more effective with micellar-dependent delivery [139]

Similarly, our laboratory had previously shown that Translationally Controlled Tumor
Protein (TCTP) is overexpressed in CRPC and plays antiapoptotic and cytoprotection roles
in response to ADT [12,140]. Inhibition of TCTP using Antisense Oligonucleotide (ASO)
correlated well with tumor sensitivity to cytotoxic drug [12]. However, poor intracellular
delivery of ASO has remained a serious challenge to this innovative approach. To overcome
this hurdle, we developed (first word-wide) a lipid-Oligonucleotide conjugate (LASO) that
can self-assemble into small particles, organized into nanomicelles in an aqueous media
(Figure 7) [141]. The micellar core offers great opportunity to encapsulate antitumor drugs
for improved efficacy. We established a proof of concept that this Lipid-ASO nanohybrid
(LASO nanomicelles) is able to improve cellular uptake efficiency of ASO in tumor cells,
enhance gene inhibition in vitro and decreased tumor volume in vivo [141]. In addition to
gene control, LASO nanomicelles posit to reposition the delivery of chemogene therapies,
taking advantage of its amphiphilic property. It is hoped that this innovative nanoconstruct
potentiates a trend towards synergizing gene inhibition and cytotoxicity in a combinational
strategy against CRPC.
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Figure 7. (a) Lipid-conjugated Antisense Oligonucleotide (LASO) structure; (b) Auto assembly—
micelle formation of LASO in aqueous media; with a particle size of 11 nm. Adapted from [141],
Elsevier, 2017.

3.3. Dendrimer Nanoparticles

Dendrimers are supramolecular polymeric vectors consisting of monomers that ra-
dially branch off from the central core. The construction is carried out by repeating the
same reactions sequence until new identical branch generation is obtained at the end of
each cycle. After a few generations, the dendrimer generally takes on a spherical, highly
branched and multi-functional form, thanks to the numerous terminal functions present at
the periphery (Figure 8a). Two types of syntheses are possible. Divergent synthesis occurs
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from the core to the periphery, adding more and more small molecules onto the surface
of the dendrimer (Figure 8b). Convergent synthesis takes place from the periphery to the
core, using dendritic fragments called Dendrons that are attached to a multifunctional core
during a final step [142].
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Figure 8. (a) Representation of the structure of a dendrimer; (b) Different stages of the divergent
synthesis of a dendrimer created with Biorender; Adapted from [143], Drug Discovery Today, 2001.

The dendrimers have a nanometric size and a symmetrical shape. They can be
synthesized identically on a large scale. These unique features make dendrimers attractive
for biomedical applications such as drug delivery. Thanks to this easy and controlled
fabrication, different generations of dendrimer synthesis can be exploited to fulfill the
desired pharmacokinetic requirements in vivo [144].

3.3.1. Mechanism of Action of Dendrimers

The rapid emergence of water soluble and biocompatible dendrimers came with
an increase in their diversity. Polyamidoamine dendrimers (PAMAM), prepared by the
divergent growth approach, are widely used in biology. Surface groups can be linked to
targeting moieties, imaging probes, and therapeutic agents [142]. PAMAM dendrimers
have primary and tertiary amine groups, which differ in their pKa values. Primary amine
groups at the surface participate in DNA binding and cellular uptake of these complexes
(Figure 9). However, indoor tertiary amine groups have a buffer effect in the endosome
and improve the release of DNA into the cytoplasm. The nanocomposite Fe;O,4/Au-Ac-AF,
with folic acid (AF) mediated targeting [145] is an example of PAMAM dendrimers. It
is able to be specifically endocytosed by cancer cells overexpressing AF receptors and to
be used as a nanoprobe. The relatively hydrophobic core of the dendrimers can be used
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to effectively encapsulate hydrophobic anti-cancer drugs. It is possible, for example, to
encapsulate anticancer drugs «-Tos (folic acid alpha-tocopherol succinate) [146].
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Figure 9. Tetrafunctional synthesis of polyamidoamine (PAMAM). Comprehensive Michael ad-
dition of amine groups with methyl acrylate, followed by amidation of the ester resulting from
ethylenediamine. Adapted and modified from [143], Drug Discovery Today, 2001.

PAMAM dendrimers are also able to regulate transportation across the epithelial
barrier, indicating their potential for oral administration [147]. The modulation of the
dendrimers makes it possible to optimize the adaptability of each function. This makes
these nanostructures interesting for the passive and active vectorization of theranostic
agents [148].

3.3.2. Clinical Significance of Dendrimer

Dendrimer has been very useful for several clinical applications Its unique charac-
teristics such as multivalency, variable chemical compositions as well as high biological
compatibility make it suitable for drug delivery purposes and imaging. Their ability to
confirm to diverse surface modifications and interaction with charged functional groups
makes them excellent tool for drug discovery. Furthermore, dendrimers have emerged an
excellent MRI contrast agent. In addition, their involvement in the design of electrochemi-
cal detectors is an attractive area of research rapidly evolving to lend support in the quick
diagnosis of diseases [149].

4. Immunologic Response and Nanovectorization-Based Drug Delivery

Apart from the ability to deliver multiple drug agents at the same time, nanovectors
constitute a formidable tool for immune targeting due to their preferential uptake by
monocytes, macrophages, and dendritic cells within the body upon delivery. They can
serve both as immunomodulation agents themselves and as a platform for delivery of
immunomodulation agents. Different nanovectors can be designed to possess intrinsic
immunomodulatory properties that can trigger antitumor immune response. Thus, whether
through the design of more-efficient delivery devices for immunomodulation agents or
the engineering of sophisticated nanoconstructs that can selectively regulate immune cell
functions, immune nanomedicine represents an exciting opportunity to develop effective
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strategies that may one day significantly improve cancer treatment. For example, the
surface decoration of nanoparticles can be further modified with antibodies, peptides,
or recombinant proteins that further enhance the selective accumulation of drugs within
tumor tissues. These unique advantages of nanomaterials have also been adopted for
immuno-oncology applications [150].

5. Nanotheranostic Approach for CRPC Therapy

The term ‘theranostics” corresponds to the combination of therapeutics (thera) and
diagnostics (nostics) together for individualized disease management. Recent progress in
the field of nanotechnologies has provided new multimodal nanotheranostics platforms
bearing different properties (Figure 9). Theranostic nanoplatforms facilitates diagnostics,
therapeutics, and real time monitoring of tissue response. They are designed to provide
multiple features, including imaging, targeting and delivery characteristics for improving
the therapeutic potential. Development of theranostic nanoplatforms requires several
components with different properties [151]. Hence, several nanoparticles for radionuclide
imaging [152-158] and therapy [159-161] featuring different functionalities have been
investigated (Figure 10).
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Figure 10. Schematic drawing of nanoparticles used for multimodal imaging and therapy (created
with Biorender).

Theranostic nanoparticles are designed to improve therapeutic efficacy and to re-
duce side effects. In this context, an important aim relies on the tumor penetration and
the improvement of therapeutics performance. In order to induce the accumulation of
nanoparticles at the tumor site, the nanoparticles should be designed to take advantage of
the permeability and retention effect (EPR) [162]. Here, the nanoparticles are used to im-
prove the efficacy of chemotherapy and reduce side toxic effects. Different strategies have
emerged for improving tumor penetration such as specific targeting, intratumoral delivery
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or regulating the tumor microenvironement and vasculature. Together, these achievements
lead to better tumor penetration features and improve therapeutic efficiency [163].

6. Studies on Nanovectorization of Chemical Drugs for CRPC Treatment

The first approaches to nanovectorization against prostate cancer have been developed
for chemotherapeutic agents already used for CRPC. This is particularly the case for
docetaxel (see above), for which several nanovectors are under study. A nanovectorization
strategy for this drug is the use of nanoparticles composed of PLGA-PEG polymers forming
a micelle containing docetaxel (Figure 11). Polymers are conjugated to the A10 RNA
aptamer, which targets a membrane antigen specifically expressed by tumor cells of prostate
cancer, thereby significantly enhancing the drug’s contribution to the tumor tissue [164,165].
It has furthermore been demonstrated that the concentration of polymers used for the
synthesis of the nanoparticles is linearly dependent on their size obtained. Moreover, this
size appears to be a determining factor for the bio-distribution and clinical development of
targeted therapies [164]. Bind-therapeutics has developed this treatment under the name
Bind-014. It is currently in phase 2 clinical trial and the first results are promising in terms of
the effectiveness of treatment as well as tolerance and safety. A reduction in the side effects
that usually limit the dose of docetaxel given conventionally has been observed [166]. A
nanovectorization strategy for docetaxel trihydrate, DEPTM docetaxel, using dendrimers
was carried out in phase 1 clinical trials by the company Starpharma [166].

~— PEG ’ Aptamer

Figure 11. Synthesis of the nanoparticle PLGA-b-PEG-COOH: Docetaxel is encapsulated using the nanoprecipitation

method. The nanoparticle is

then covalently conjugated to aptamer (Apt) A10. Created with Biorender; modified from [167],

Springer Science & Business Media; 2013.

Furthermore, nanovectorization has also allowed for the use of doxorubicin, a chemother-
apeutic agent that previously did not appear to be suitable for prostate cancer. Doxorubicin
is indicated for the treatment of leukemias, lymphomas and bone sarcomas. It damages the
DNA of the targeted cells with the intercalation of its anthracycline part, the chelation of
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metal ions or the generation of free radicals [168]. However, when used against prostate
cancer, the drug is rapidly eliminated from the blood stream and too little tumor accumu-
lation is observed. Classically administered, the drug also has a fairly high toxicity that
seems to be due to its large volume of distribution with adverse side effects, including
cardiotoxicity and myelosuppression [169]. Research on the nanovectorization of this drug
follows the rise in prostate cancer resistant to current hormonal treatments and the demand
for new effective molecules. The NK911 nanovectorization system was carried to phase 1
of clinical trial [170]. As described above, it is a micelle composed of copolymers of PEG
and polyaspartic acid (Figure 12). This system of nanovectorization lowers the toxicity of
the drug; however, its effectiveness remains to be improved. One possibility would be to
use it as part of chemotherapy in combination with other agents [111].
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Figure 12. Schematic structure of NK911. A polymeric micelle composed of a copolymer block of PEG and polyaspartic

acid (about 30 units). The polyethylene glycol is located at the outer level of the shell of the micelle. NK911 has a very

hydrophobic heart, which allows it to capture a sufficient amount of doxorubicin, created with Biorender; adapted and
modified from [170], Br J Cancer, 2004.

7. Studies on Nanovectorization of Therapeutic Oligonucleotides for CRPC Treatment

The emergence of gene therapy treatments such as RNA interference (RNAi) or
Antisense Oligonucleotides (ASO) raises many hopes. However, current studies show
that these technologies are still limited by the low permeability of the cells to nucleic
acids and the low stability of the latter with respect to serum proteins and degradation
enzymes, especially for small interfering RNAs (siRNA for “small-interfering RNA”) [171].
One solution to these problems is the use of efficient vector systems that protect nucleic
acids from nucleases present in body fluids and increase the permeability of the plasma
membrane to these therapeutic agents. Viral vectors have initially emerged as an effective
means of vectorizing nucleic acids; however, their potential inflammatory, immunogenic
and mutagenic effects make them less effective and stress the urgent need for alternative
non-viral vectors. Cationic polymers and lipids are the two most common nonviral vectors
for gene therapy. They have the ability to form stable complexes with them via electrostatic
interactions [172].

Chitosan is a cationic polymer that exhibits low cytotoxicity, strong biocompatibility
and for which cells are highly permeable. It is frequently used for the administration of
therapeutic nucleic acid. Nevertheless, present-day actual chitosan-based vectors have
in vivo toxicity and a low release efficiency of nucleic acids. In order to overcome these
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shortcomings, research is currently underway on the development of a nanocomplex
of this polymer in its natural form, conjugated with protamine, lecithin, and thiamine
pyrophosphate for the vectorization of siRNA targeting the Survivin (SVN) gene [171].
This gene codes for an inhibitor of apoptosis (SVN), an attractive target for the treatment of
prostate cancer. In vitro, this vector (GP-L-CT) reduces SVN expression by up to 22% in
human prostate cancer cells. The GP-L-CT tumor growth and targeting inhibition efficiency
also observed in vivo in mice carrying a PC-3 xenograft makes this vector a good alternative
to other formulations composed of polymer nanoparticles. Its use as a therapeutic and
theranostic system against prostate cancer is conceivable [171].

Lipid vectors are presumed to deliver nucleic acid release through a membrane fusion
mechanism, while polymeric vectors utilize the proton sponge effect to escape from the
endosome (in which the acid pH eventually denatures the endosome). Therapeutic nucleic
acids ingested by the cell). An amphiphilic Dendron dendrimer of PANAM can combine
the advantages of both types of vectors [172]. This dendrimer is a kind of lipid /dendrimer
hybrid that consists of a long alkyl chain and a dendrimer part. It has been tested as a vector
of a siRNA repressing the translation of Hsp27, a gene coding for a chaperone protein
that plays an important role for CRPC progression. Inhibition of its translation induces
apoptosis and inhibits cell proliferation in vitro [173] Administration of this treatment to
mice significantly lowered the translation of Hsp27 and produced a potent anti-cancer
effect (Figure 13). This system offers a new alternative to castration-resistant prostate cancer
(CRPC) for which there is still no effective treatment.

Hsp 27 protein downregulation (PC-3 cells)

siRNA -ZE}%

Scramble Hsp 27 siRNA

Figure 13. Structure and anti-cancer effect of the AmDM vector used with a siRNA targeting Hsp27. The AmDm vector is

an amphiphilic dendrimer (in violet the hydrophobic alkyl chain, in green the dendrimer part of PANAM hydrophilic).

Hsp27 protein is significantly under-translated and tumor proliferation reduced with treatment [173], Pharm Res. 2014.

Nanovectors of nucleic acids that can be used against prostate cancer are at a fairly ad-
vanced stage of development. This is particularly the case of the SGT-53 system developed
by SynerGeneTherapeutics, in which the tumor suppressor gene p53 is vectorized within
a liposome. This treatment is currently in Phase 1 clinical trial. The TCTP-LASO system
intended for use against CRPCs is based on the self-assembly of micellar nanoparticles
of antisense nucleotides coupled to a lipid chain. The antisense oligonucleotide of this
treatment targets the TCTP protein (translationally controlled tumor protein) involved in
the cytoprotection role of Hsp27. It was the subject of a filing of a patent by a consortium
of several French laboratories [174].
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8. Conclusions

Today, interplay between technology and biology has tremendously impacted drug
design, drug delivery and disease control. The advent of nanotherapeutics in the last few
decades has reinvigorated and reshaped cancer treatment such that delivery of antitumor
agents can now be controlled using nanovectors, resulting in decreased adverse effects and
enhanced efficacy. As a result, nanovectorization has emerged as an attractive strategy in
cancer therapy.

While new nanovectors are undergoing developmental stages, micelles, liposomes
and dendrimers have been widely studied and utilized a great deal for treatment of various
disease conditions including cancer. Even though research has progressed very rapidly,
lending the concepts of nanotechnology to the treatment of many cancer types, only a few
preclinical studies on nanovectorization-based therapy has focused on prostate tumors.

This review has tried to bring abreast some of the nanovectors that are currently
being used as drug delivery systems in cancer treatment with specific possibilities on
how they can be specifically utilized to transform prostate cancer therapy. The review
started with the description and classification of the nanovectors, continued with how
these vectors are adapted to their various mechanisms of delivery of antitumor agents
with highlights on their structural characteristics that may render them excellent drug
carriers for prostate cancer treatment as well, using gene delivery strategies, especially for
the refractory subtypes. It then bottled up by drawing both clinical and preclinical proofs
demonstrating the benefits and prospects of nanovectorization in the disease context such
as prostate cancer. Whereas the majority of the first generation nanovectors have shown
substantial clinical benefits through the passive targeting mechanism of cancer drugs
delivery, nanovectors based on active targeting strategy are still hurdling to the clinic.

Given the era where genotherapy is taking a center stage in cancer treatment, ei-
ther in combination with chemotherapeutic agent or as a monotherapy and has shown
strong promise to favor CRPC through targeting genes that are activated by androgen
withdrawal, poor cellular uptake, non-specificity and systemic instability have been osten-
sibly intractable. Nanovectorization proffers a lasting solution to the triads of challenge
associated with, not only prostate cancer genotherapy, but also with other cancer types.

We are, indeed, hopeful that, (1) with the high level of interest and speed of research
growing in different laboratories on nanovectorization, (2) with the promises of nanovector-
ization in cancer therapy, (3) with a number of pharmaceutical companies showing strong
interest to hack into nanovectorization strategies for different pharmacological applications,
nanotherapeutics is set to shift the paradigm of cancer therapy from traditional delivery to
tumor-specific, active targeting delivery and concomitant real time in vivo imaging that
will revolutionize both oncological and non-oncological therapies.
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