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Abstract

Polymersome vesicles and wormlike filomicelles self-assembled with amphiphilic, degradable
block copolymers have recently shown promise in application to cancer therapy. In the case of
filomicelles, dense, hydrophilic brushes of poly(ethylene glycol) on these nanoparticles combine
with flexibility to nonspecifically delay clearance by phagocytes in vivo, which has motivated the
development of “self” peptides that inhibit nanoparticle clearance through specific interactions.
Delayed clearance, as well as robustness of polymer assemblies, opens the dosage window for
delivery of increased drug loads in the polymer assemblies and increased tumor accumulation of
drug(s). Antibody-targeting and combination therapies, such as with radiotherapy, are emerging in
preclinical animal models of cancer. Such efforts are expected to combine with further advances in
polymer composition, structure, and protein/peptide functionalization to further enhance transport
through the circulation and permeation into disease sites.
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INTRODUCTION

Cancer is one of the leading causes of death in the world, and effective treatments remain a
challenge. Despite the many serious side effects of chemotherapeutic agents, their
administration in cancer therapies is almost inevitable. Drug formulations that maximize
therapeutic efficacy while minimizing side effects have thus been an important aspect of
pharmaceutical research for decades. Shortly after Bangham et al. (1) first described
liposomes as bilayered phospholipid vesicles in 1965, Gregoriadis & Ryman (2) proposed
the application of such assemblies as drug delivery systems. Subsequent studies of
liposome-entrapped drugs demonstrated enhanced bioactivity (3) and altered biodistribution
(4). Liposome formulations have been improved over the years, and after extensive
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development (e.g., scale-up, sterility, stability), some formulations have made their way into
wide clinical use today (5, 6). However, despite many advantageous features, some
properties of liposomes, such as membrane stability and encapsulant retention, can be
limiting. Vesicle-forming, amphiphilic block copolymers have provided a means to
overcome such limitations and broadened the possibilities through a wide range of
accessible chemistries, molecular weights, and functionalities (7).

Amphiphilic block copolymers have been explored extensively in drug delivery (8-10).
Their self-assembly in water can be tuned by modifying the molecular weight of the
hydrophilic and/or hydrophaobic blocks to obtain several stable morphologies beyond
vesicles (Figure 1). The structure of the assemblies can be predicted to some extent from the
packing parameter (p) that relates to the sizes of both blocks (9). Block copolymers with
large hydrophilic chains will generally assemble into spherical micelles and successively, by
increasing the size of the hydrophobic block, into wormlike micelles (or filomicelles) and
vesicles (or polymersomes). In drug delivery, differences in morphology can greatly
influence performance (11). Polymersomes possess a thick hydrophobic core capable of
accommodating hydrophobic drugs or dyes and also possess an aqueous lumen that can
encapsulate hydrophilic drugs or dyes. Spherical and wormlike micelles, however, can
integrate hydrophobic molecules only in their cores. The structural diversity has fostered the
development of various functional systems with different properties for various applications
(8, 12-15).

Polymer composition also plays a very important role in function and application.
Biocompatible and biodegradable block copolymers are particularly important in biomedical
applications, with the ideal being degradation products that are nontoxic and easily
eliminated by the organism. Many drug delivery systems make use of such materials (16—
18). This review focuses on some of the latest work in drug delivery using self-assembled
nanocarriers (i.e., polymersomes and filomicelles) from degradable block copolymers. The
review covers a few key aspects of design, synthesis, and application of such systems,
emphasizing applications to cancer therapy. Due to the large number of contributions to this
topic, only a selection of the most relevant citations in the field is reviewed here.

SYNTHESIS OF DEGRADABLE BLOCK COPOLYMERS

Aliphatic polyesters are among the most commonly used polymers in drug delivery (19, 20)
because their degradation products are nontoxic and can be easily eliminated from the body.
They can be synthesized by polycondensation using diols and a diacid (or acid derivative),
or from a hydroxy acid (Scheme 1). This method has been used traditionally for polyester
synthesis, but it presents significant drawbacks that are difficult to circumvent. These
involve the need for high temperatures, long reaction times, and formation of undesired by-
products that limit the synthesis of high—-molecular weight polymers.

Two polyesters synthesized using this method include poly(tetramethylene adipate) (21) and
poly(ethylene glycol) (PEG)/poly(ethylene succinate) (22). In the latter case, high molecular
weights of the product were obtained by postpolycondensation chain extension reaction. An
alternative and efficient way to obtain high-molecular weight polyesters is the ring opening
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polymerization of lactones, which involves the use of initiators and the presence of a
catalyst. Poly(e-caprolactone) (PCL), poly(lactic acid) (PLA), and poly(lactic-co-glycolic
acid) can be obtained by reacting the initiator (usually an alcohol) with the respective
lactones (i.e., caprolactone and lactide or lactide and glycolide) in the presence of stannous
octoate (Scheme 2). Amphiphilic block copolymers that are suitable for biomedical
application can be readily obtained by using hydrophilic polymers like PEG as
macroinitiators. Furthermore, this synthetic strategy allows for the introduction of end-
functional groups in the block copolymer that can be used for the incorporation of relevant
molecules for application in drug delivery (23, 24). Alternatively, both polymers can be
linked after being polymerized independently, provided that both possess functional end
groups that can react with each other.

ASSEMBLY OF BLOCK COPOLYMERS INTO POLYMERSOMES AND
FILOMICELLES

Even with weakly hydrophobic polymers, the weight fraction of the polymer blocks in a
block copolymer as a hydrophilic/hydrophobic ratio generally dictates the preferred
morphology of polymer assemblies in water (7, 9, 25, 26). Temperature and preparation
procedures are also important factors (25) with, for example, high fluid shear stresses
capable of fragmenting long wormlike micelles into Kinetically stable spherical micelles
(11); this is no doubt why there are many reports of block copolymers that make spherical
micelles when one would predict a formation of wormlike micelles or vesicles. Different
strategies have been developed for the preparation of assemblies from amphiphilic block
copolymers, such as solvent evaporation (26), dialysis, thin-film hydration (27), emulsion-
based methods, and solvent injection (27). Numerous variations of these and other
techniques to modify the aggregates include sonication, extrusion, and freeze-thawing. The
method and modification techniques used will influence the resulting morphology, size, and
distribution of the aggregates, but a useful rule of thumb is the higher the input energy (e.g.,
stirring vigorously), the smaller the aggregate. Therefore, the method of choice will depend
on the application of the resulting aggregates.

The most broadly used methods for the preparation of filomicelles and polymersomes are
solvent evaporation and thin-film hydration. In the solvent evaporation method, a solution of
the block copolymer in an organic solvent is carefully added to water. Slow stirring of the
mixture prompts the evaporation of the organic solvent, leading to the aggregation of the
block copolymers into the preferred morphology. When the organic solvent in which the
block copolymer is dissolved is miscible with water, the dialysis method can be used. The
gradual removal of this solvent by dialysis results in the formation of the assemblies. The
thin-film hydration method involves the formation of a thin film of the block copolymer on
the surface of a vial via slow evaporation of the organic solvent in which the compound is
initially dissolved. Addition of water and slow stirring at moderate temperatures lead to
aggregate formation. Polymersomes can also be prepared via a solvent-injection method in
which a solution of the block copolymer in a miscible organic solvent is slowly added to
water while shaking. The formation of aggregates is noticeable through turbidity, with
further removal of organic solvent required, such as by dialysis. Aggregates formed by any
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of these methods can be visualized by fluorescence microscopy, especially when
hydrophobic fluorophores, such as PKH26, are incorporated into hydrophobic compartments
(Figure 2a) (26). Low doses of dye-functionalized polymers, which integrate into the
assembled structures without altering their properties, have also been employed to aid in
visualization by fluorescence microscopy (Figure 2b) (28). Other techniques used for
visualizing the assemblies include (cryo)-transmission electron microscopy (TEM) (29) and
atomic force microscopy (30), but fluorescence microscopy is faster.

NANOCARRIER DESIGN

Nanocarrier design is important to drug delivery, with factors such as morphology affecting
circulation time in vivo or cellular uptake, whereas chemistry will affect integration of drugs
as well as release of encapsulants in a controlled or uncontrolled manner.

Stealthiness

One of the major challenges when developing a new drug delivery system is avoiding rapid
clearance in vivo. The longer the nanocarrier remains in circulation, the greater the chance it
exits a blood vessel and permeates a tumor to accumulate. This enhanced permeability and
retention (EPR) effect (31) is a key mechanism for the delivery of anticancer therapeutics
into tumors using polymeric nanocarriers. Keeping nanocarriers in circulation is generally
difficult. They are tagged by physisorption of abundant serum proteins (particularly
immunoglobulin and complement) as foreign bodies and then cleared in minutes or hours
(up to days) by phagocytic cells lining the vasculatures of the spleen and liver or residing in
other tissues, including tumors. Various strategies have been developed to increase the
circulation time of nanocarriers in the bloodstream. One widely explored approach for the
past two decades involves attachment of hydrophilic polymers such as PEG. PEG has been
conjugated to drugs (32), proteins (33), and antibodies (34), in addition to lipids in
liposomes (35), providing some degree of stealthiness to all of the systems. PEG is often
used as the hydrophilic block in block copolymers because a wide range of molecular
weights are readily available and the resulting assemblies in water display PEG chains on
the surface of the nanocarrier that delay the physisorption of serum proteins. Despite
growing evidence of immunological responses to PEG (36, 37) that can in principle limit
therapeutic efficacy, it remains a widely used hydrophilic polymer in drug formulations.
Attractive alternatives include zwitterionic polymers (38) that are just emerging in
polymersome applications to tumors (39).

Other approaches for achieving long circulation times in vivo are just beginning to emerge
based on the use of molecules found on host cells that help passivate or avoid phagocytes. A
marker of self protein CD47 on host red blood cells (RBCs) as well as all other cells of the
body specifically engages a phagocyte receptor to inhibit uptake by phagocytes. We have
recently designed and synthesized “self ” polypeptides from human CD47 and attached them
to antibody-targeted polystyrene nanoparticles, and we found that “self ” increased
circulation times compared with nanoparticles with either PEG or a scrambled version of the
peptide (Figure 3a) (40). Although such commercially available nanoparticles are far from
optimal for imaging or delivery, the “self ” peptide has thus far shown significant benefits in
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tumor imaging and tumor delivery of an anticancer drug, regardless of whether or not the
dye/drug-loaded nanoparticles were antibody targeted to the tumor cells.

Perhaps related to the “self ” approach, Zhang and coworkers (41) used the natural RBC
membrane to coat synthetic nanoparticles (RBC-NPs) and showed reduced susceptibility to
macrophage uptake (Figure 3b). Membrane asymmetry may need more attention and control
because lipids such as phosphatidylserine are normally found only on the inner leaflet of
cells and flip to the outer layer as a mark for clearance by phagocytosis. A polysialic acid
capsule on Escherichia coli K1 helps to evade the host immune system (42), which
motivated Deonarain and coworkers (43) to study the influence of polysialylation on
antibody pharmacokinetics, concluding that it too increased blood residency and tumor
accumulation.

In addition to composition, nanocarrier shape and flexibility can also lead to more persistent
circulation (11, 44). In vivo studies comparing flexible filomicelles and PEGylated stealth
polymersomes showed that filomicelles were able to circulate for up to a week, which is
severalfold longer than polymersomes can. To elucidate the type of interaction of
filomicelles with phagocytic cells, fluorescently labeled micelles were incubated in vitro
with human-derived macrophages. Microscope images revealed that only filomicelles
shorter than 2.5 pm were internalized by cells (Figure 4a), with no fluorescence detected for
longer filomicelles. Further experiments in steady flow of spherical micelles and
filomicelles past phagocytes showed facile internalization of spherical micelles after contact
with phagocytes (Figure 4b). In contrast, filomicelles aligned with the flow so that
hydrodynamic shear could pull them off of the phagocyte, thereby escaping internalization.

The EPR effect can promote accumulation of a nanocarrier in a leaky tumor site, and
retention by tumor cells that such nanocarriers collide with can be enhanced by targeting
units on the nanocarrier surface. Examples of targeted polymersomes and/or filomicelles are
increasingly broad and now include peptides (45), antibodies (46), carbohydrates (47), small
organic molecules (48), and oligonucleotides (49), although few have involved in vivo tests.
One strategy for the introduction of targeting molecules onto the surface of preformed
polymersomes and filomicelles is the biotin-streptavidin approach (50, 51). This allows for
the incorporation of a wide variety of targeting molecules by conjugation to streptavidin and
incubation with biotinylated nanoassemblies.

Biotinylated filomicelles have been obtained by self-assembly of biotin-modified PEG
copolymers with nonfunctionalized block copolymers (Figure 5) (52, 53). Streptavidin-
conjugated monoclonal antibodies against endothelial surface molecules were then
successfully incorporated onto the surface. Such functionalized nanocarriers have shown
effective targeting to desired molecules on pulmonary endothelium in vivo at different
cellular locations, with ligand-anchoring able to overcome the opposing effect of blood
flow.

Other approaches for the functionalization of preformed assemblies involve metal
coordination (54), adamantane-cyclodextrin interaction (55), and covalent attachment (56,
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57). Targeting moieties can also be incorporated by end functionalization of the hydrophilic
chain in the block copolymer before aggregates form. This strategy allows for purification
and characterization of the conjugate and for control over the surface density in the
assembly. In this case, however, the self-assembly can be affected by the nature and size of
the targeting units. Following this strategy, van Hest and coworkers (58) synthesized a
polystyrene-block-PEG copolymer covalently attached to tat, a cell-penetrating peptide that
promotes cellular uptake. The peptide-containing block copolymer was assembled together
with polystyrene-block-poly[L-isocyanoalanine(2-thiophen-3-yl-ethyl)amide] (PS-PIAT),
resulting in a tat-polymersome (Figure 6). The tat-polymersome was loaded with the enzyme
horseradish peroxidase (HRP) and incubated with HeLa cells. Results indicated intracellular
activity of HRP as evidence of tat-polymersome internalization, and the system retained its
activity as a nanoreactor.

Drug-Release Mechanism

How a nanocarrier releases an encapsulated therapeutic when the target site is reached is an
important aspect of the efficacy of a designed treatment. Slow release is possible from
nanoparticles containing hydrolytically degradable polyesters like PLA and PCL. With
block copolymers of PEG-PLA or PEG-PCL, a chain-end cleavage mechanism results in a
systematic reduction of the hydrophobic chain length, altering the ratio between the
hydrophobic and hydrophilic blocks in the molecule and inducing an overall morphological
transition of the aggregates (Figure 7) (59). A gradual transition from polymersomes to
wormlike micelles and finally to spherical micelles can be observed for aggregates of this
nature. Importantly, the first pore in a polymersome causes loss of any hydrophilic drugs
inside the vesicles (59), and the more highly curved aggregates that are generated through
further degradation also have a disproportionately smaller compartment for hydrophobic
drugs (60), so that drug release is intimately coupled to microphase transitions.

Degradation of polyesters can be affected by external factors like temperature and pH. At
acidic pH, degradation is considerably enhanced and favors the morphological transition
with the release of an encapsulant. This triggered release is a key factor in the delivery of
drugs into tumor cells. The pH in those cells is acidic (~5.5) so that the circulating
nanocarrier retains its structural integrity owing to the higher pH, but the acidic
environments of tumors or inside cells will accelerate polymer degradation and produce a
morphological change that releases the encapsulated therapeutics. The morphological
transition from filomicelles to spherical micelles as a result of the polyester degradation has
been observed for PEG-PCL assemblies (Figure 8) (60, 61). Fluorescence microscopy was
used to track the contour length changes in dye-labeled filomicelles in time. Gradually the
micelles shortened to spherical micelles. GPC confirmed generation of monomer product
from hydrolysis of PCL (i.e., 6-hydroxycaproic acid), indicating that the degradation took
place via chain-end rather than random cleavage (61). Cryo-TEM images confirmed the
transitions, and molecular simulations also supported the experiments (62). Fluctuations in
the core of the micelle increase along with the mass fraction of the hydrophilic block (fgp),
inducing a strong probability of break-up for fgg = 0.72. The instability initiates at the end
of the micellar structure, propagating as fluctuations through the core and leading to
eventual budding. This correlation between fgg and the molecular weight of the hydrophobic
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tail with the preferred morphology of the aggregates has been determined for PEG-PCL
assemblies (26).

The influence of pH on release kinetics has been investigated using paclitaxel-loaded
filomicelles (Figure 9), with release appearing to be enhanced at low pH (60). After an
initial burst of release, relatively constant release was observed. The OCL designated
copolymer [M,, (PEO or PEG) = 5,000, M,, (PCL) = 6,500] showed release of paclitaxel at
pH 5 over three days, whereas eight days were necessary at pH 7.

Besides release by hydrolytic degradation of the nanocarrier, other strategies have included
stimuli to trigger liberation of encapsulants, taking advantage of specific environments of
cancer cells (e.g., pH, redox potential) or of externally applied stimuli (e.g., temperature,
ultrasound, light). Incorporation of moieties that respond to the specific stimulus can modify
the permeability of the nanocarrier or disrupt it completely. Examples of stimuli-triggered
release by modulating the membrane permeability include the use of polymers responsive to
pH (63), CO, (64), or temperature (65). Hubbell and coworkers (66) developed
polymersomes from triblock copolymer PEG-poly(propylene sulfide)-PEG (PEG-PPS-PEG)
that destabilize under oxidative conditions. The sulfide units on the PPS block are
susceptible to oxidation to sulfoxides and ultimately to sulfones, thus increasing the
hydrophilicity of the mid-block and leading to the disassembly of vesicles or other
assemblies. Other examples include the use of thermoresponsive block copolymers
composed of a hydrophilic and a hydrophobic polymer with variable hydrophilicity
depending on the temperature (67). Along with redox environment (68) and pH (69), light
has induced molecular cleavage with subsequent nanocarrier disruption (70). In these cases,
the stimuli-triggered reaction on a specific site of the molecule leads to molecular cleavage
that destabilizes the assembled structure. Multiresponsive nanocarriers also have been
developed with the idea of being more robust in release (71).

APPLICATIONS

Throughout this review thus far, a few key considerations in the design of a typical drug
delivery nanocarrier have been described. Polymers must be tuned according to application;
therapeutic agents must be incorporated; and—in an iterative design cycle—the drug
delivery system must be tested in a disease model.

Drug Encapsulation

Distinct features of polymersomes and filomicelles allow for the encapsulation or integration
of therapeutics of a different nature, e.g., proteins, oligonucleotides, and hydrophobic drugs.
The vesicular nature of polymersomes allows for the accommodation of both hydrophilic
and hydrophobic molecules in the lumen and membrane, respectively. Filomicelles can only
integrate hydrophobic molecules in their core. Depending on the nature and solubility of the
therapeutic agents and the block copolymers, different encapsulation strategies are generally
followed. Some of the strategies follow the aforementioned procedures for the formation of
the aggregates, only in this case, the drug is dissolved in the polymer solution or added after
assembly formation.
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Direct dissolution is used when the hydrophobicities of the copolymer and the therapeutic
agent are moderate, and the method involves the dissolution of the polymer and the drug in
an aqueous solvent by heating and/or sonicating. Above the critical micelle concentration,
the drug and the block copolymer self-assemble into drug-loaded micelles. When the
solubility of the drug and/or the polymer in water is low, other techniques, such as the
dialysis method, can be followed. This method involves the dissolution of both drug and
block copolymer in a water-miscible solvent. Dialysis of this solution against water leads to
the formation of the drug-loaded aggregates. Alternatively, the solvent evaporation or the
thin-film hydration methods can be followed by dissolving the hydrophobic drug in the
block copolymer solution. Hydrophobic drugs have also been incorporated into the
membranes or cores of preformed polymersomes and micelles by diffusion. A solution of
the hydrophobic drug in a water-miscible solvent is added to the preformed assemblies in
water. Diffusion takes place over time, and the nonencapsulated drug can be removed by
centrifugation or dialysis.

Entrapment of hydrophilic therapeutic agents in the aqueous lumen of polymersomes can be
accomplished by directly injecting the polymer solution in a water-miscible solvent into an
aqueous solution of the agent. An alternative method involves the use of a pH gradient (72).
This method, initially developed for liposomes, has been successfully applied for the
incorporation of doxorubicin into polymersomes (59). Incorporation of enzymes into
polymersomes has also been achieved by lyophilizing samples and injecting them into
water. HRP was successfully entrapped in polymersomes via this method with retention of
enzymatic activity (68).

Delivery of Anticancer Drugs In Vivo

A few examples of in vivo delivery of hydrophilic and/or hydrophobic drugs using
polymersomes have been reported (73, 74). Codelivery of hydrophobic paclitaxel and more
hydrophilic doxorubicin (59) used polymersomes of PEG-PLA mixed with more-stable
PEG-polybutadiene that were injected once into tumor-bearing nude mice. Treated mice
showed considerable and sustained tumor shrinkage (below 40% of initial tumor size)
(Figure 10). Coadministration of both drugs in free form at the maximum tolerated dose
(MTD) did not perform as well as use of the polymersomes.

Degradable filomicelles have proven equally effective as drug delivery systems in vivo.
Tumor-bearing mice injected with OCL filomicelles of different lengths and loaded with
paclitaxel at different doses were compared with those that received single injections of
either free drug or empty filomicelles (11). For the same drug dose, an eightfold increase in
the length of the filomicelles had a therapeutic effect close to that of an eightfold increase in
paclitaxel dosage (Figure 11).

In a comparative study using paclitaxel-loaded filomicelles and spherical micelles from the
same OCL, differences in the MTD in mice were observed (14). Whereas the MTD for free
paclitaxel is 1 mg/kg, the MTD for filomicelles is ~18 mg/kg, and that for spherical micelles
is ~10 mg/kg. The higher value for filomicelles is advantageous in drug delivery because
higher dosages can be administered, resulting in an improved therapeutic effect. Studies
were done on tumor-bearing mice treated with both loaded nanocarriers at concentrations

Annu Rev Chem Biomol Eng. Author manuscript; available in PMC 2015 April 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oltraetal.

Page 9

just below the MTD. Although in all cases that paclitaxel was administered a suppression of
tumor growth was observed, inhibition was highest for paclitaxel-loaded filomicelles (Figure
12). Moreover, only in this case did the treated tumors retain their smaller size after
treatment.

When mice were injected with paclitaxel-loaded filomicelles at MTDgpp, (maximum
tolerated dose for spherical micelles), tumor shrinkage was similar to that observed with
spherical micelles at MTDgpp,. The use of filomicelles, however, showed improved
specificity of tumor cytotoxicity even at MTDgpp, minimizing apoptosis in nontumor organs
(Figure 13). These results illustrate the advantages of using filomicelles over spherical
micelles.

Drug delivery from polymeric nanocarriers controlled by a specific stimulus has also been
investigated. However, although there are numerous examples of stimuli-triggered release of
therapeutic agents in vitro (75, 76), in vivo evidence of successful application is thus far
lacking.

COMBINED THERAPIES

The treatment of some cancers is particularly challenging owing to the development of
resistance to the treatment or to difficulties in accessing the tumor sites. In some of these
cases, a combined therapy has proven to be effective (77). Combined therapies involve the
use of several therapeutic agents or therapies simultaneously. Multiple anticancer drugs are
usually codelivered to suppress drug resistance, which usually develops through selection
within multicellular disease sites, such as tumors. As described above, Ahmed et al. (59)
introduced codelivery of paclitaxel and doxorubicin against aggressive human breast tumors
in nude mice using biodegradable polymersomes. Such codelivery from a single nanocarrier
ensures hitting the same cell with both drugs to maximize cytotoxicity and minimize the
chance of resistance emerging to individual drugs. Other approaches have been reported
involving polymersomes loaded with combinations of chemotherapeutic drugs (doxorubicin)
and siRNA (78) or a multidrug resistance inhibitor (tetrandrine) (79).

Combinations of distinct therapies for the treatment of difficult-to-access tumors, such as
brain tumors, are also beginning to be explored. Brain tumors are difficult to access by
conventional polymeric nanocarriers because the blood-brain barrier blocks the passage of
small molecules and nanoparticles as it protects the brain from harmful agents. However, the
permeability of such barriers can be disrupted by targeted radiotherapy common in the
clinic, which enhances the permeation of nanocarriers loaded with anticancer drugs. A
combination of radiotherapy with paclitaxel-loaded filomicelles has shown better therapeutic
response when treating brain tumors in mice than use of radiotherapy or paclitaxel-loaded
filomicelles alone (80) (Figure 14). The median survival period of mice treated with the
combined therapy was more than doubled (125 days) compared with treatment with
stereotactic radiotherapy alone (57 days).
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CONCLUSIONS

The development of new nanocarrier systems to enhance drug delivery is a promising
pursuit that requires the combined effort of scientists from many different disciplines. As
illustrated here, drug formulations based on polymersomes and filomicelles from degradable
block copolymers show some promise as drug delivery systems effective in cancer treatment
with either single therapeutic agents or in combined therapies. Owing to the diversity in
polymer composition, structure, and functionalization, considerable fine-tuning of the
properties of such nanocarriers remains possible and important. The community has
certainly learned from decades of work that circulation-enhancing polymers such as PEG
have advantages and disadvantages, and this has motivated studies of alternative moieties,
such as “self” peptides found on cells that specifically signal to the immune system. Further
application, and perhaps discovery, of such molecules will undoubtedly intersect with the
block copolymer—based and other nanocarriers reviewed in part here.
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Figure 1.
Self-assembled structures from amphiphilic block copolymers in a block-selective solvent

depending on the size of the hydrophilic and hydrophobic blocks. p is the packing parameter
defined as p = v/(ag * 1), where v is the volume of the hydrophobic chains, ag is the optimal
area of the hydrophilic head group, and | is the length of the hydrophaobic tail. Reprinted
with permission from Reference 9 © 2009 John Wiley & Sons.
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Figure 2.
Fluorescence microscopy images of (a) assemblies from poly(ethylene glycol)-block-poly(e-

caprolactone) (PEO-b-PCL, or OCL) containing fluorophore PKH26. (b) OCL filomicelles
blended with 5% of rhodamine-PCL. Reprinted with permission from Reference 26 © 2010
American Chemical Society.
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Figure 3.
Different strategies to avoid the clearance of nanoparticles from the circulation. (a) “Self ”

peptide—functionalized nanobeads are recognized by SIRPa receptor on the macrophage
surface to signal “self ” and inhibit phagocytic engulfment. Reprinted with permission from
Reference 40 © 2013 Am. Assoc. Adv. Sci. (b) The red blood cell (RBC) membrane is used
to wrap polymeric nanoparticles and elude the immune system. Reprinted with permission
from Reference 41 © 2011 Natl. Acad. Sci. USA. Abbreviation: NP, nanoparticle.
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(a) Interaction of filomicelles of different lengths (Lg) with phagocytes (P) in vitro.
Fluorescence microscopy images show the degree of internalization of filomicelles. (b) An
immobilized macrophage in a flow chamber interacts with a spherical micelle and
internalizes it (left). Flexible filomicelles align with the flow and pass the macrophage,
eventually breaking off a small fragment retained by the macrophage (right). Flow velocity
is ~25 um/s. Reprinted with permission from Reference 11 © 2007 Nat. Publ. Group.
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Figure5.
Antibody functionalization of biotinylated filomicelles by biotin-streptavidin interaction.

Abbreviations: PEE, poly(ethyl-ethylene); PEO, poly(ethylene oxide) (which is equivalent
to PEG); SA, streptavidin.
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Tat-functionalized polymersome by coassembly of tat-poly(ethylene glycol)-block-
polystyrene (tat-PEG-PS) and polystyrene-block-poly[L-isocyanoalanine(2-thiophen-3-yI-
ethyl)amide] (PS-PIAT) containing the enzyme horseradish peroxidase. Reprinted with
permission from Reference 58 © 2010 John Wiley & Sons. Abbreviation: THF,
tetrahydrofuran.
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Figure7.
Morphological transitions of assemblies from poly(ethylene glycol) (PEG)- poly(lactic acid)

(PLA) resulting from PLA progressive degradation. Upon degradation of the hydrophobic
chain, polymersomes convert into filomicelles and finally into spherical micelles. fgg
denotes fraction of the hydrophilic block. Reprinted with permission from Reference 59 ©
2006 Elsevier.
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Figure8.
Fluorescence microscopy images of PKH26-containing filomicelles in water over time.

Insets depict cryotransmission electron microscopy images of the same assemblies in time
(inset, scale bar is 100 um). Reprinted with permission from Reference 61 © 2005 Am.
Chem. Soc.
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Figure9.
Paclitaxel release from poly(ethylene glycol)-block-poly(e-caprolactone) filomicelles at

different pH over time. Reprinted with permission from Reference 60 © 2006 Elsevier.
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Figure 10.
Relative tumor area versus time for tumor-bearing mice injected with free doxorubicin

(DOX) and paclitaxel (TAX) and with polymersomes (Psomes) loaded with both drugs.
Reprinted with permission from Reference 59 © 2006 Elsevier.
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Measured tumor sizes in tumor-bearing mice injected with free paclitaxel (TAX) and
paclitaxel-loaded filomicelles (TAX-filomicelles) of two lengths and at two different doses.
Controls include saline injections and poly(ethylene glycol)-block-poly(&-caprolactone)
empty filomicelles. The error bars show the standard deviation. Reprinted with permission
from Reference 11 © 2007 Nat. Publ. Group.
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Figure12.

Tumor inhibition over a three-week treatment of twice-weekly injections of different
formulations: free paclitaxel in phosphate-buffered saline (PBS) (free TAX, MTD1ax),
paclitaxel-loaded OCL spherical micelles at MTD (~8 mg/kg) (TAX-Sph, MTDsgpp),
paclitaxel-loaded OCL filomicelles at MTD (~16 mg/kg) (TAX-Fil, MTDg;)), and controls.
Controls include PBS alone, empty OCL spherical micelles, or filomicelles. t is time (in
weeks), A and zgrowth are constants of the tumor growth phase, and B and zhrink are
constants of the paclitaxel-inhibition phase. Reprinted with permission from Reference 14 ©
2009 Am. Chem. Soc. Abbreviations: MTD, maximum tolerated dose; OCL, poly(ethylene
glycol)-block-poly(e-caprolactone).
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Figure14.
(a) Hlustration of the combined modality therapy using paclitaxel (TAX)-loaded filomicelles

(green) with localized radiotherapy (yellow). Penetration of drug-loaded nanocarriers (DLN)
to the brain tumor from the blood circulation is prevented by the tumor blood-brain barrier
(T-BBB). Upon radiation, the permeability of the T-BBB is altered and allows extravasation
of the DLN into the tumor tissue. (b) Bioluminescence images of intracranial tumors in mice
treated with radiation therapy (RT) and with a combination of RT and DLN. (c) Kaplan-
Meier survival curves for mice treated with stereotactic RT (SRT) and with a combination of
SRT and a high dose of DLN (hiDLN). Adapted from Reference 80.
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Scheme 1.

Synthesis of aliphatic polyesters by polycondensation of diols and diacids.
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Scheme 2.
Synthesis of poly(e-caprolactone) by ring-opening polymerization using isopropy! alcohol as

the initiator and stannous octoate as the catalyst.
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