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Fig. 7. Cell viability of dendrimer phthalocyanine-loaded polymeric
micelles (DPc/m) without irradiation (filled square) and with 10 min
irradiation at a fluence of 1.8 J/em2 (unfilled square). A 24 h
incubation after photoirradiation; B 48 h incubation after photo-
irradiation. Data are shown as mean + SD (n=4).

In this study, we successfully achieved the light-induced
activation of chemotherapeutic agents by the PCI using the
combination of CPT/m and DPc/m under the condition at
which the photosensitizer (PS) alone showed no photo-
cytotoxicity. Although there are several previous reports
regarding the photo-activated chemotherapy using the com-
bination of chemotherapeutic agents and PSs, in those studies
the light-induced enhancement of the cytotoxicity of chemo-
therapeutic agents was observed only when the PS alone
showed significant photocytotoxicity (42,43). The highly light-
selective activation of chemotherapeutic agents by our system
may be attributed to (1) the aforementioned CPT release
selectively after the endosomal escape of CPT/m by the PCI
and (2) highly selective photodamage to the endo-/lysosomal
compartments by DPc/m. It is reported that low-molecular
weight PSs such as sulfonated phthalocyanine (AlPcS,,),
which were used in other studies, show significant photo-
cytotoxicity accompanied by the PCI (8,9), probably because
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they are assumed to accumulate not only in the endo-/
lysosomes but also in other organelles susceptible to the
photodamage such as the plasma membranes and mitochon-
dria. In contrast, DPc/m is assumed to accumulate selectively
in the endo-/lysosomes, thereby achieving the PCI without
compromising the cytotoxicity. Regarding the intracellular
behaviors of DPc/m upon photoirradiation, we previously
reported that DPc/m showed 100-fold higher in vitro photo-
cytotoxicity against HeLa cells than free DPc, which cannot
be explained by four times higher cellular uptake of DPc/m
compared with free DPc (24). Therefore, it appears that
DPc/m in a micellar form should play a pivotal role in the
intracellular photochemical reactions rather than released
free DPc. Indeed, we confirmed that the physicochemical
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Fig. 8. Cell viability after treatment with CPT and CPT-DP combined
with a non-toxic concentration of DPc/m with and without 10 min
irradiation at a fluence of 1.8 Jlem® A 24 h incubation after
photoirradiation; B 48 h incubation after photoirradiation. Non-
photoirradiated CPT plus DPc/m, filled square; non-photoirradiated
CPT-DP plus DPc/m, filled triangle; photoirradiated CPT plus DPc/m,
unfilled square; photoirradiated CPT-DP plus DPc/m, unfilled triangle.
Data are shown as mean + SD (n=4).
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properties (scattering light intensity, cumulant diameter and
polydispersity index) of DPc/m were not changed during the
photoirradation under the tested conditions in this study
(Supporting Information). The detailed intracellular behav-
iors of DPc/m are now under investigation, and the results
will be reported elsewhere in the near future.

Recent developments in fiber optics and laser technology
allow illuminating many sites inside the human body, e.g.
gastrointestinal tract, urogenital organs, lungs, brain and
pancreas. However, as for PDT, one important in vivo
restriction is the limited penetration of light into the tissue.
In tissues, the light penetration decays approximately expo-
nentially (e™") for every 2-3 mm, with a theoretical maximum
for PDT effects of about 1 cm if a photosensitizer that absorbs
in the far-red region of the light spectrum is used (9). For
PCI, the penetration depth would be substantially larger,
since very good PCI effects can be achieved with very feeble
light doses. Accordingly, the penetration depths of light for
effective PCI could be expected at approximately 2 cm (9). In
addition, in the PCI-mediated chemotherapy, chemotherapeutic
agents released from the nanocarriers after photoirradiation
can diffuse through the tumor tissue, allowing the treatment
of thicker and hypoxic tumors, which are known to be
intractable by PDT alone due to the limited light penetration
and low oxygen concentration, respectively. Another benefit of
PDT and chemotherapy combination is that PDT has shown to
overcome multidrug resistance in many /z2 vivo tumor models
(43). Recent in vitro results indicated that PCI has the ability to
circumvent the multidrug resistance in adriamycin-resistant
breast cancer MCF-7 cells by release of the adriamycin
localized at end-/lysosomes after PCI (42, 44, 45).

CONCLUSION

We have designed a novel PCl-activated drug carrier for
the delivery of CPT using the glutathione-sensitive polymeric
micelle. The micelle showed very low release of free drug
under physiological conditions. However, in the presence of a
reductive agent (DTT), the drug release increased rapidly.
The effect of PCI strikingly enhances the in vifro cytotoxicity
of CPT/m by augmenting the micelle access to the cytosol.
The PCI employing the combinational micelle formulations of
DPc/m and CPT/m could allow the long-sought ability to
deliver chemotherapeutics where, when, and in the required
doses, thus maximizing their effect and reducing side effects
and damage to healthy tissues. The present results not only

Table L. In Vitro Cytotoxicity of Free Camptothecin, Thiolated Camptothecin, CPT-Loaded Micelles Plus 1x10™ mg/ml of Dendrimer
Phthalocyanine-loaded Micelles Against HeLa Cells

1C50 (M)

Irradiation (min) Post-incubation (h) CPT + DPc/m CPT-DP + DPc/m CPT/m + DPc/m
0 24 2 1 N.D
0 48 1.5 0.4 65
10° 24 1 0.7 20
10 48 1.5 0.2 10

CPT Camptothecin, CPT-DP thiolated camptothecin, CPT/m CPT-loaded micelles, DPc/m dendrimer phthalocyanine-loaded micelles
“ICS0 value obtained by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide assay

b Cells were photoirradiated at a fluence of 1.8 Jjcm®
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warrant the further development of CPT/m with respect to
the optimization and the in vivo development, but also
indicate the potential of the PCI technology applied to
polymeric micelles that specifically release their contents
under reductive conditions.
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Abstract

Nanoassemblies from amphiphilic block copolymers are promising nanomedicine platforms
for cancer diagnosis and therapy due to their relatively small size, high loading capacity of
drugs, controlled drug release, in vivo stability and prolonged blood circulation. Recent
clinical trials with self-assembled polymeric micelles incorporating anticancer drugs have
shown improved antitumor activity and decreased side effects encouraging the further
development of nanoassemblies for drug delivery. This review summarizes recent approaches
considering stimuli-responsive, multifunctionality and more advanced architectures, such as
vesicles or worm-like micelles, for tumor-specific drug and gene delivery.

Keywords: block copolymers, self-assembly, drug delivery, gene delivery, cancer

1. Introduction

Decades of cancer treatment research have led to a multimodal
approach combining surgery, radiation and chemotherapy;
however, advanced stage tumors are only slightly hindered
with current therapies at the cost of considerable patient
morbidity. Nanoparticle therapeutics have shown tremendous
potential for achieving the so-far-elusive objective to
specifically deliver drugs and genes in the body, and to
increase the efficiency and reduce detrimental side effects
by selectively targeting cancerous tissues [[-3]. The tumor
targeting in these nanomedicine technologies is based on the
enhanced permeability and retention (EPR) effect [4], i.e. the
increased accumulation of macromolecules in tumor tissue,
due to the high permeability of tumor blood vessels, and the
retention of these macromolecules because of the impaired
lymphatic drainage at the cancer site. Thus, the improved

1468-6996/10/014109+09$30.00

concentration ratios of target-to-non-target tissues and the
increased drug residence at the target site, as well as the
enhanced cellular uptake and intracellular stability, greatly
emphasize the use of nanoparticulate delivery systems for
cancer treatment.

Highly ordered self-assembled polymer nanoparticles
present several distinctive advantages for the development
of multifunctional delivery systems, including the relative
small size, the versatile capacity to integrate diagnostic
and therapeutic functions within the constructs, and the
ability to precisely control the interaction with the biological
environment [1-3, 5, 6]. The first nanoassemblies considered
for tumor delivery in the late 1980s included drug-loaded
polymeric micelles—a self-assembly of amphiphilic block
copolymers consisting of (i) hydrophobic segments, forming
the drug-loaded core and (ii) water-soluble segments,
forming the biocompatible shell [1]. Current clinical studies

1 © 2010 National Institute for Materials Science Printed in the UK
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Figure 1. Block copolymer nanoassemblies reported for tumor
targeted drug and gene delivery.

asses several micelles formulations, which incorporate
such anticancer drugs as doxorubicin (Dox), paclitaxel,
SN-38, cisplatin and DACHP (activated oxaliplatin) (NK911,
NK105, NK012, NC6001 and NC4016, respectively), and the
first four drugs have advanced to phase II study [7]. According
to these clinical studies, polymeric micelles showed reduced
side effects and high effectiveness to various intractable
tumors including triple-negative breast cancers [7]. Moreover,
the progress of nanoassemblies into clinical evaluation has
encouraged the further development of therapeutics based
on polymeric nanoassemblies including micelles, worm-like
micelles and vesicles (figure 1). This review focuses on
the recent advances in polymer nanoassemblies, including
micelles and vesicles, with special focus on drug delivery
and gene therapy. It provides a comprehensive perspective
of recent breakthroughs and applications of nanoassemblies
designed for improved tumor therapy.

2. Nanoassemblies design: Overcoming barriers

In biological environment, nanoassemblies are exposed to
harsh conditions, and they should overcome certain biological
barriers to reach the therapeutic targets [5]. The knowledge
gained through the extensive research on drug delivery
systems during these years has helped to determine critical
parameters for the design of self-assembled nanocarriers. As
a result, high stability in physiological media, as well as
stealth surface, charge and dimensions of the nanoassemblies
have been identified as crucial factors for the design of long
circulating drug carriers with the ability to extravasate and
accumulate at tumor sites. Hydrophilic surfaces are essential
to avoid the interaction with the plasma proteins and the
recognition by the reticuloendothelial system (RES) providing
stealth properties to the nanoassemblies. Accordingly, several
hydrophilic backbones [8, 9] have been used as building
blocks to produce nanoassemblies with stealth properties
and prolonged blood circulation. Among those, poly(ethylene
glycol) (PEG) is most popular due to its linearity, lack
of charge, immunogenicity, low polydispersity, and easy
activation for conjugation [10]. In addition, drug carriers
should not be cationic but either neutral or slightly anionic
to avoid a non-specific interaction with the luminal surface
of blood vessels, which is highly negatively charged. Thus,
cationic nanoassemblies are adsorbed on the vascular surface

having a short in vivo half-life [11]. Moreover, a relatively
small size of the nanocarrier, in combination with a small
polydispersity, is also key factor to achieve prolonged
circulation. Current knowledge on the effect of the size of
nanocarriers alleges that the nanoparticles should be in the
range of 10-100 nm to avoid glomerular excretion and attain
a deep tumor penetration [3].

The efficiency of drug delivery through nanoassemblies
can also be improved by adjusting their design to provide
controlled drug release, identification of the targeted site,
and specific cellular uptake. Thus, novel nanoassemblies have
been considered, which have more advanced architectures
and include stimuli-responsiveness, target recognition and
imaging ability.

3. Shape effect

Shape effects of the nanoassemblies have not been studied in
detail in vivo, and most of the reported nanoassemblies for
drug delivery are spherical. In nature, a number of viruses
exhibit filamentous morphologies, such as H5N1 with 1 um
length [12] and Ebola with length above 10 um [13]. This
motivated the recent development and study of worm-micelles
for drug delivery. Discher et al studied the shape effect of
worm-micelles, also called filomicelles, from amphiphilic
block copolymers, both in vitro and in vivo [14, 15]. These
worm-micelles were prepared from blends of degradable
PEG-b-poly(lactic acid) (PEG-b-PLA) and the degradation of
PLA by hydrolysis led to the self-shortening of worms and
a clear transition toward spherical micelles. Moreover, the
high flexibility of worm micelles allows them to penetrate
nanoporous gels where 100 nm-sized vesicles cannot enter,
suggesting that the tissue permeation of these nanostructures
might be augmented in the in vivo situation. In in vitro
flow experiments, cells take up the spherical and short
worm-micelles faster than longer filaments because the latter
are extended by the flow. The worm-micelles were shown
to circulate in the blood stream for at least one week
after intravenous injection, which is approximately ten times
longer than their spherical counterparts. They also effectively
delivered paclitaxel to solid tumors leading to remarkable
antitumor activity. These findings not only suggest that it is
not necessary for long-circulating nanocarriers to be spherical,
but also reveal the strong effect of the nanoassemblies shape
on their biological properties [15].

4. Controlled drug delivery

A nanocarrier system incorporating stimuli-responsive
property would be suitable to overcome some of the
systemic and intracellular delivery barriers. Moreover, the
selective release of the nanocarriers cargo should enhance
the drug targeting and improve the efficiency of the delivered
therapeutics. The stimuli used for controlling the drug release
can be classified as endogenous and exogenous triggers. The
former are intrinsic stimuli existing in the body given by the
unique pathways of the nanoassemblies or the pathological
characteristics of the malignancy, and the latter are external
stimuli that selectively enhance the nanoassemblies release.
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4.1. Endogenous triggers

Several endogenous stimuli have been used to design
environment-responsive drug delivery systems. Accordingly,
the selective drug release or destabilization of the nano-
assemblies has been achieved using the differences in pH
in the body, the intracellular reductive environment, and the
glucose concentration as endogenous triggers.

Solid tumors and inflammatory tissues present mildly
acidic conditions of approximately pH 6.8 [16]. They provide
a selective trigger for the drug release from nanoassemblies,
since blood and normal tissues have a pH of 7.4. Moreover,
because nanocarriers enter the cells via endocytosis and are
localized in the endosomes or in the lysosomes [17], the pH
of endosomal and lysosomal compartments of cells (pH 5-6)
is also a very useful stimulus.

Nanoassemblies from polyesters have shown enhanced
drug release rate at low pH as the polyester hydrolysis
increases with decreasing pH. In vivo studies with
polymersomes composed of PEG-b-polyester demonstrated
growth arrest and shrinkage of rapidly growing tumors [18].
Although the rate of polyester hydrolysis increases at low
pH, such system does not specifically release its cargo
synchronously to pH changes. Alternatively, polymers that
change polarity in response to pH will maintain structural
integrity of the nanoassemblies and result in localized burst
release. In this way, PEG-b-poly(L-histidine) (PEG-b-P(His))
was used to prepare pH-sensitive polymeric micelles
incorporating Dox [19]. These micelles showed an accelerated
release of the drug when the pH decreased due to the
ionization of the P(His) block forming the micelle core.
PEG-b-poly(2-vinylpyridine) (PEG-b-P2VP) [20] and poly(2-
(methacryloyloxy)ethyl phosphorylcholine)-b-poly(2-(diiso-
propylamino)ethyl methacrylate) (PMPC-b-PDPA) [21] have
been shown to form pH-sensitive polymersomes and micelles.

Nanoassemblies having pH sensitivity can also be
constructed by the use of an acid-labile bond between the
drug and the carrier polymer, such as pH-sensitive Dox-loaded
polymeric micelles prepared by chemically conjugating Dox
to PEG-b-poly(aspartic acid) (PEG-b-P(Asp)) copolymers
via an acid-labile hydrazone bond [22]. These micelles
specifically released Dox at endosomal-pH conditions (pH
5.0), whereas Dox was retained in the micelle core at
physiological pH. They efficiently suppressed tumor growth
in vivo, while the toxicity was negligible due to the minimal
drug leakage [23].

Synthetic self-assembled gene vectors based on cationic
polymers can also use pH to enhance their transfection
efficiency. The complete dissociation of the nanoassemblies
to unimers at endocytic pH has been considered as a
targeted strategy to deliver DNA [24], though the endosomal
escape of macromolecules is limited. Thus, the selective
destabilization of endosomal membranes using pH-sensitive
nanoassemblies is a potent strategy to increase the
transfection efficiency and selectivity. Accordingly, Miyata
et al reported polyion complex (PIC) micelles made from
PEG-b-poly(NV-N*(2-amino-ethyl)-2-aminoethylaspartamide)
(PEG-b-P[Asp(DET)]) (figure 2(a)) [25]. These micelles
accomplished appreciably high in vifro and in vivo gene

transfection due to the membrane destabilization at the acidic
pH of late endosomal compartment, which corresponded
to the protonation change of the ethylenediamine in the
P[Asp(DET)] backbone (figure 2(b)) [26]. Thus, after
endocytosis of these polyplexes, the ethylenediamine unit
in the block copolymer is expected to facilitate the efficient
translocation of the micelle from the late endosomes toward
the cytoplasm. Moreover, Lee et al prepared PIC micelles
from PEG-b-poly[(N’-citraconyl-2-aminoethyl)aspartamide]
(PEG-b-P(Asp(EDA-Cit))) with the ability to switch the
charge from anionic to cationic at the endosomal pH due
to the degradation of the citraconic amide side chain at pH
5.5 [27, 28]. This strategy is very promising for loading a
wide range of charged compounds, while controlling the
stability, charge and biological fate of the nanoassemblies.

Instead of relying on pH changes to cleave acid-labile
bonds or shift the polarity of the hydrophobic block,
destabilization of nanoassemblies, by either oxidation or
reduction in responsiveness, can result in the selective release
of the encapsulated drugs. The redox triggering can occur at
inflammatory and tumors sites since they present activated
macrophages that release oxygen-reactive species. Moreover,
the thiol-rich environment of the cytosol of cells offers a
selective reductive stimulus for the controlled release of
therapeutics. Hubbell et al prepared polymersomes using
triblock copolymers consisting of PEG-b-poly(propylene
sulfide)-b-PEG (PEG-b-PPS-b-PEG) [29]. After exposing
these vesicles to oxidative agents, the PPS block is oxidized
to poly(propylene sulfoxide) and poly(propylene sulfone)
leading to the hydrophilization of the originally hydrophobic
block and the dissociation of the vesicles.

Disulfide bonds are another type of reduction-sensitive
functional group that can be introduced to nanoassemblies
since they can be selectively cleaved in the reductive
intracellular environment. Accordingly, PIC micelles with
disulfide-crosslinked cores selectively dissociated under
reductive conditions, as found from the decrease in the
static light scattering (SLS) intensity after the addition of
dithiothreitol (DTT; figure 3), and efficiently delivered the
loaded pDNA [30-33]. The intracellular glutathione, which
concentration is 50 to 1000 times higher than extracellular
glutathione, reductively cleaves the disulfide links leading
to disruption of this system and enhancing the in vivo
transfection efficiencies [33].

4.2. Exogenous triggers

External triggers such as light, temperature and ultrasound
can also be applied to achieve selective drug delivery
through a destabilization of the carriers or an enhanced
drug release. Poly(N-isopropylacrylamide) (PNIPAAm),
has been widely studied as thermosensitive polymer for
biomedical applications due to its sharp lower critical
solution temperature (LCST) in water at approximately
32°C [34-36]. Moreover, the LCST of a thermosensitive
polymer can be modulated by copolymerizing it with
hydrophilic comonomers to increase LCST since PNIPAAm
is in its precipitated form at body temperature. The
copolymerization of NIPAAm with the hydrophilic
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Figure 2. (a) Chemical structure of PEG-b-PAsp(DET) copolymer bearing an ethylenediamine unit at the side chain, which can form stable
polyplexes with pH-sensitive protonation properties. (b) The protonation change of the ethylenediamine in the PAsp(DET) backbone of the
polyplexes leads to the membrane destabilization at the acidic pH of late endosomal compartments facilitating the efficient translocation of

the polyplexes to cytoplasm.

dimethylacrylamide (DMAAm) resulted in a random
copolymer (P(NIPAAm-co-DMAAm)) with an LCST
slightly above body temperature (40°C) [36]. Thus, the
release of Dox from PMNIPAAm-co-DMAAm)-b-PLA
micelles was very slow at 37 °C, while the Dox release rate
increased at 42.5°C suggesting the potential of this system
as temperature-sensitive nanoassembly. Another promising
thermosensitive polymer is poly(2-isopropyl-2-oxazoline)
(PiPrOx), with an LCST near physiological conditions
[37, 38]. Park et al prepared novel thermosensitive
PIC micelles with a constant cloud-point temperature
of approximately 32°C via the complexation of a pair
of oppositely charged block copolymers containing the

thermosensitive PiPrOx segments, PiPrOx-b-P(Lys) and
PiPrOx-b-P(Asp) [39]. Since the LCST of PiPrOx can also be
tuned by copolymerization [40], these PiPrOx-PIC micelles
have high potential as a size-regulated temperature-responsive
nanocarrier for loading charged compounds.

An attractive feature of light-responsive polymeric
assemblies is that the drug release can be induced at
a specific time at the site of light exposure. Light in
the ultraviolet (UV), visible (VIS) or near-infrared (NIR)
region has been applied as the trigger [41]; however,
since NIR light penetrates deeper into tissues and induces
minimal damage to healthy cells, it is of particular interest
for biomedical applications [42]. Jiang et al reported a
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Figure 3. PIC micelles sensitive to reductive conditions. Change
in the relative scattering light intensity of disulfide-crosslinked
PIC complex micelles after the addition of dithiothreitol (DTT)
(0,0.5mM; A, 1.0mM; 0, 2.0 mM) in 10 mM PBS at pH 7.4.
(Reprinted with permission from [30] © 1999 American Chemical
Society.)

PEG-b-poly(2-nitrobenzyl methacrylate) system [43] where
the cleavage of 2-nitrobenzyl moieties occurred by photolysis
either via one photon UV (365nm) or two-photon NIR
(700 nm) excitation. The formation of carboxylic acid after
irradiation shifted the hydrophilic/hydrophobic balance and
resulted in the break up of the micelles, or the swelling
of the micelle core when it was crosslinked with a
diamine. Nevertheless, the sensitivity of this system was
low because of inefficient two-photon absorption. Recently,
NIR photosensitive polymeric micelles were prepared
with block copolymers bearing coumarin chromophores,
namely, [7-(diethylamino)coumarin-4-ylJmethyl, having a
large two-photon absorption cross section (figure 4). The
photolysis of [7-(diethylamino)coumarin-4-yl]methyl esters
by one-photon UV or two-photon NIR irradiation leads to the
release of 7-diethylamino-4-(hydroxymethyl)coumarin, and
the conversion of the ester groups to carboxylic acid shifting
the hydrophobic backbone to hydrophilic poly(methacrylic
acid) (PMA) (figure 4). Thus, the disruption under irradiation
of polymeric micelles prepared with this block copolymer
released both preloaded nile red and photocleaved coumarin
molecules from the hydrophobic micelle core [44].

Ultrasound can also be used to release the drug from
nanoassemblies while precisely controlling the irradiation
position inside the body. Ultrasound has been used as a
non-invasive trigger for the in vitro and in vivo release
of drugs from PEG-b-poly(propylene oxide) (PPO)-b-PEG
(poloxamer) micelles [45-47] implying that ultrasound could
be focused on a localized tumor and the anti-cancer agent can
be released from the micelles and delivered directly to the
malignancy.

5. Active targeted nanoassemblies

The controlled interaction of the nanoassemblies with the
pathological tissues is a key point in the design of efficient
drug delivery systems. Given the PEG shielding, the activity
of most long circulating nanocarriers decreases due to their
poor cellular uptake, which is often a disadvantage for
exerting drug efficacy compared to free drugs that rapidly
move into the interior of the cells. Therefore, it is likely that
if a drug carrier is actively transported then the specificity and
bioavailability of those drug delivery systems should exceed
those of a drug delivery system that just take advantage of the
EPR effect to target the tumor.

A wide variety of targeting molecules have been
assessed, with varying degrees of success, for their
potential application in cancer therapy, including humanized
antibodies and single-chain Fv generated from murine
hybridoma or phage display, minibodies, aptamers and
peptides [48]. Several tumor-specific antibodies have been
used to modify PEG-based assemblies in order to recognize
tumor-associated antigens and increase the exposure of the
nanoassemblies to the malignant cells [49, 50]. Nevertheless,
the antibody-targeted carrier systems still have several
limitations regarding problems with immunogenicity, stability
and storage, and expensive and time-consuming procedures.

Aptamers [51] have been recently considered as targeting
moieties that counterpart the potential of antibodies for
diagnostic and therapeutic applications [52]. Aptamers are
RNA or DNA oligonucleotides that fold by intramolecular
interaction into three-dimensional conformations with the
ability to specifically bind targeted proteins. The small size,
lack of immunogenicity, and ease of isolation of aptamers
have resulted in their rapid progress into clinical trials [53].
These molecules have been considered for targeted delivery of
Dox-loaded polymeric micelles to prostate cancer presenting
selective tumor accumulation and uptake by the cancer
cells [54, 55]. Biotinylated nanoassemblies have also been
shown to attach to cells and to surfaces coated with the
biotin receptor avidin. In this way, they efficiently deliver Dox
from pH sensitive micelles, which consist of PEG-b-P(His)
and Biotin-P(His)-b-PEG-b-PLA and show improved activity
compared to the non-targeted micelles [56]. Stable worm
micelles have also been targeted using end-biotinylated
block copolymers to mediate high-affinity binding to both
avidin-bearing surfaces and biotin-specific receptors on
smooth muscle cells [57].

An alternative to cell-specific cancer targeting strategies
is the use of HIV-derived transactivator of transcription
(TAT) peptide, which has a strong capability to translocate
nanoparticles into cells and to enhance the cellular uptake
of the nanoassemblies. Accordingly, Lee et al reported
polymeric micelles from TAT-P(His)-b-PEG-b-PLA for the
delivery of Dox. The surface of these micelles can hide
TAT during circulation at pH 7.4; it can also expose TAT
at the slightly acidic tumor extracellular pH to enhance
internalization of the micelles. This pathway increased
intracellular concentrations of Dox and the drug potency in
various cell lines including Dox-resistant cells in vitro and
in vivo [58].
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uptake by folate-mediated endocytosis of folate-conjugated
nanoassemblies. The plasma membrane envelops the nanoassembly/
folate receptor complex to form an endosome. As the lumen of the
maturing endosome acidifies up to pH 5.5, the receptor changes the
conformation and releases the conjugate.

The use of the existing endocytosis pathways for specific
drug delivery is a practical strategy, and the conjugation
of normally endocytosed ligands to nanocarriers frequently
improves their uptake and accumulation. Among these
ligands, folic acid has been intensively investigated as a
means for tumor-specific delivery of a broad range of
experimental therapies including several conceptually new
treatments [59]. The folate receptor (FR) is able to bind and
transport a wide variety and a broad size range of chemical
conjugates of folic acid, antifolate drugs and immunological
agents. This property generates an immense interest in
pH-sensitive nanoassemblies that would selectively target
FR-positive malignancies (figure 5). Furthermore, several
malignant tumors are known to overexpress FR [60-63]

and significant correlations have been made between the FR
expression level and the grade and differentiation status of the
tumor; the highest expression of FR is associated with poorly
differentiated and more aggressive tumors [64]. Accordingly,
Bae et al were able to selectively target pharyngeal cancer
cells in vitro and in vivo with folate-conjugated pH-sensitive
micelles incorporating Dox [65]. Moreover, Dox-loaded
pH-sensitive micelles prepared from folate-PEG-b-P(His)
were able to overcome multidrug resistance in MCF-7/DoxR
solid tumors both in vitro and in vivo [66].

The tumor endothelial cells overexpress several cell-
surface molecules promoting cell invasion and proliferation
during tumor vascular remodeling and angiogenesis that can
be used as pilot molecules for nanoassemblies [67]. One
such molecule is the oy B3 integrin, which plays a key role
in endothelial cell survival during angiogenesis [68]. In fact,
ayBs was recently used as an endothelial cell target in
several nanoassemblies approaches such as tumor targeted
paclitaxel-loaded nanoparticles [69] and non-viral gene
delivery [70, 71]. Moreover, Oba et al recently reported that
cRGD functionalized PIC micelles were distributed in the
perinuclear region preferentially through caveolae-mediated
endocytosis (figure 6(a)). This doubled the signal of the
micelles in the caveosomes (figure 6(b)), which may be a
desirable pathway for avoiding the lysosomal degradation of
delivered genes, and enhanced the transfection efficiency of
the nanoassemblies [72].

Another interesting approach considered is the
functionalization of polymeric vesicles with the adhesive
properties of leukocytes, i.e. leuko-polymersomes. Thus,
functionalizing the terminal groups on the outer shell of
vesicles via avidin-biotin chemistry, Hammer ét al attached
adhesion ligands, selectins and integrins, mimicking the
two critical adhesion pathways that leukocytes utilize to
achieve adhesion in the fast fluid flow of blood vessels [73].
These leuko-polymersomes achieved specific adhesion at
hydrodynamic flow rates at which leukocytes adhere. Given
the close relationship between tumors and inflammatory
processes, such vesicles might be very useful not only for
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and Experimental Therapeutics.)

monitoring or treating inflammation, but also for cancer
application [74].

Despite various remarkable results, the cell targeting
strategies have found impediments to be translated to
in vivo conditions due to complications from opsonization
by serum components and competitive interactions with other
cells. Though promising, targeted carriers must contact the
desired target either by convection or diffusion before their
pilot molecules can increase the chances of cellular uptake and
localized release. Therefore, future design of nanoassemblies
with targeting ligands should thoroughly consider the benefits
from active targeting versus passive targeting via the EPR
effect.

6. Imaging, diagnosis and therapy: theranostic
nanoassemblies

Theranostic nanoassemblies should be able to diagnose and
deliver targeted therapy and monitor the response to the
therapy [75]. This integration of diagnostic imaging capacity
with therapeutic involvement is critical for addressing the
challenges of cancer alterations and heterogeneities. As a
platform technology, nanoassemblies have the advantage of
being able to combine targeting to multiple tumor markers and
delivery of multiple agents, simultaneously.

Real-time diagnosis, therapy monitoring and feedback
on efficiency are the essential components of theranostic
nanoassemblies, and the recent advances on their design have
brought these goals closer. In this way, several approaches
combining tumor targeting with magnetic resonance imaging

(MRI) and drug delivery have been reported. Accordingly,
theranostic micelles showed an increased and «, S¢-dependent
cell targeting in H2009 lung cancer cells. These micelles
were functionalized with a lung cancer-targeting peptide
(LCP) and loaded with superparamagnetic iron oxide (SPIO)
and Dox for MRI and therapy, respectively. T2-weighted
MRI images showed clear contrast in the H2009 cells
incubated with LCP-encoded micelles while enhancing
the cytotoxicity. The integrated diagnostic and therapeutic
design of multifunctional nanomedicine potentially allows for
image-guided, target-specific treatment of lung cancer [76].
Also, theranostic cRGD-functionalized polymeric micelles
were loaded with Dox and SPIO nanoparticles. In vitro
and in vivo MRI and cytotoxicity studies demonstrated
the ultrasensitive MRI imaging and «, 83-specific cytotoxic
response of these theranostic micelles [77].

Not only MRI has been used as the imaging modality
of theranostic nanodevices, quantum dots (QD)-based
theranostic nanoassemblies were recently reported. The high
surface-to-volume ratio of QDs enables the construction of
smart multifunctional assemblies, where the QDs serve not
only as an imaging agent but also a nanoscaffold. The
QD-aptamer—Dox system (QD-Apt(Dox)) directed to the
prostate cancer sensed the drug release based on a bi-FRET
design. In the drug-loading state, both QD and Dox were
not fluorescent because the QD fluorescence was quenched
by the Dox, while the Dox fluorescence was quenched by
the aptamer. On the other hand, in the drug-release state, the
Dox was released from the QD-Apt complex, thus turning
both QD and Dox fluorescence back ON. This multifunctional
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QD was demonstrated to enhance the therapeutic specificity
against the targeted prostate cancer cells (LNCaP) compared
to non-specific cells (PC3) in vitro [78].

Although in vivo data of theranostic nanoassemblies are
limited, the results obtained so far suggest the high potential
and feasibility of this approach. The emergence of theranostic
nanoassemblies will lead to a new conception of cancer
treatments where therapies can be personalized to individual
patients and real-time adjustment for improved efficiency.

7. Conclusion

Nanoassemblies are potent platforms for the development of
cancer-specific drug delivery systems. Several characteristics
of the nanoassemblies have been identified as crucial for
their targeting success and already become imperative for
the proper nanostructure design. Yet, the current methods
to assess the optimal properties of the nanoassemblies
are inadequate or inefficient mainly because of the
dynamism of the biological environment. Thus, the
success of cancer-targeted nanoassemblies must be
evaluated experimentally for every particular case. A deeper
understanding in cancer biology, nanobiology and polymer
chemistry will catalyze optimization pathways to achieve
more efficient anti-tumor systems. Gaining insights to the
differences between normal and pathological tissues will also
lead to the development of new selective triggers, targeted
therapies and a highly promising role for stimuli-responsive
nanoassemblies. Moreover, since most of the therapeutic
targets are located intracellularly, the controlled release
and tissue targeting of the nanoassemblies should evolve to
specific drug delivery to subcellular targets. This approach
may enhance the drug function, overcome drug resistance and
lead to unprecedented therapeutic effects.
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