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Abstract

A growing number of medications must be administered through parenteral delivery, i.e.,
intravenous, intramuscular, or subcutaneous injection, to ensure effectiveness of the therapeutic. For
some therapeutics, the use of delivery vehicles in conjunction with this delivery mechanism can
improve drug efficacy and patient compliance. Macromolecular self-assembly has been exploited
recently to engineer materials for the encapsulation and controlled delivery of therapeutics. Self-
assembled materials offer the advantages of conventional crosslinked materials normally used for
release, but also provide the ability to tailor specific bulk material properties, such as release profiles,
at the molecular level via monomer design. As a result, the design of materials from the “bottom up”
approach has generated a variety of supramolecular devices for biomedical applications. This review
provides an overview of self-assembling molecules, their resultant structures, and their use in
therapeutic delivery. It highlights the current progress in the design of polymer- and peptide-based
self-assembled materials.
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1. Introduction

Recent developments in the pharmaceutical industry have led to the discovery of new
therapeutics that target specific diseases, genetic disorders, and chronic ailments [1,2]. Due to
limitations in bioavailability and formulation challenges associated with some of these
pharmaceuticals, parenteral drug delivery is a necessary method of administration. This
includes intravenous, subcutaneous, and intramuscular injection [3-6]. For specific, localized
treatments, other methods of delivery that involve invasive surgical procedures or material
implantation are utilized [6]. Administering drugs parenterally is often associated with poor
retention of the pharmaceutical at the site of delivery for localized treatments. In the case of
systemic delivery, short circulation half-lives can be problematic [4,6]. To compensate for
these drawbacks, drugs administered parenterally are typically done so at high concentrations
or at high dosing frequencies. However, high concentrations of the drug can result in adverse
side effects or can elicitan immune response [7]. Thus, the invasive nature, the chronic, lengthy
delivery procedure, and the low effectiveness of these therapies are frequently faced with
patient discomfort and noncompliance.

*Part of the Self-Assembling Biomaterials Special Issue, edited by William L. Murphy and Joel H. Collier.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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One promising approach to increase the efficacy of parenteral drug delivery is through the use
of delivery vehicles. In this method, the administered drug is encapsulated within a material
that releases the therapeutic in a controlled manner that optimizes the dosage for a specified
period of time [4,6,8-11. For localized treatments, the delivery vehicle is acutely retained at
the site of delivery, ensuring the local administration of the therapeutic. For therapeutics that
are delivered through the vasculature, the delivery vehicle increases the circulation half-life,
and in some cases, targets the therapeutic to a desired tissue. Irrespective of the delivery method
(local or systemic), the material acts as a depot for high concentrations of therapeutic, providing
a solubilizing and protective environment. These attributes have the potential to increase the
shelf life of the therapeutic before administration as well as to improve its efficacy after
administration. Accompanying the enhanced performance are possible reductions in dosing
concentrations and frequency of administration, which can increase patient compliance [7].
Current, commercially available therapies that employ drug vehicles are summarized in Table
1, some of which are derived from self-assembled systems. The therapies in Table 1 utilize
micelles, vesicles, microspheres, hydrogels, and solid implantable devices. Pharmaceuticals
delivered by a vehicle include small molecules, peptides, and DNA. To our knowledge,
delivery systems to accommodate protein and antibody therapeutics and small interfering RNA
(siRNA)l, as well as cells, are either not available commercially or not widely used
commercially, but may be under development.

Engineering delivery vehicles that use self-assembled materials offer an attractive alternative
to crosslinked polymers, rubbers, and metallics. Molecular self-assembly is a process by which
noncovalent, weak interactions formed between molecules drive their assembly and
organization, affording supramolecular structures that define the material [5,12-14]. Inspection
of Table 1 shows that, to date, self-assembly has been employed to construct mainly micelles
and vesicles from lipids and polymers for delivery purposes. However, other structures such
as tubules, fibrils, or complex systems such as molecular hydrogels can be prepared via self-
assembly [15]. Monomeric building blocks can be designed to self-assemble spontaneously or
to assemble in response to an exogenous stimulus, yielding materials whose bulk properties
are defined at the molecular level by the monomer. Thus, the release profiles as well as the
mechanical properties of these materials can be tailored specifically for their intended use by
appropriate monomer design [12]. Also, in some cases, the therapeutic can be present when
self-assembly is triggered, and therefore, precise concentrations of drug can be directly
encapsulated within the supramolecular structure, offering a distinct advantage with respect to
the loading of the therapeutic.

Herein, an overview of self-assembling molecules and their resultant structures will be
provided, highlighting the potential of these materials for encapsulating and delivering
therapeutics. Focus is placed on micelles, vesicles, and molecular gels that are prepared from
self-assembled polymers, peptides, proteins, and hybrid materials. Design criteria and
mechanistic considerations that enable effective encapsulation and delivery of a variety of
therapeutics, such as small molecules, peptides, proteins, DNA, siRNA, and cells, from these
supramolecular structures will be discussed. Specific examples of recent progress in the
literature will be given.

LAbbreviations used: 9-NC, 9-nitro-20(S)-camptothecin; bFGF, basic fibroblast growth factor; BMP-2, bone morphogenetic protein-2;
CDDP, cis-dichlorodiammine platinum (11); CES, (cholesteryl oxocarbonylamido ethyl) methyl bis ethylene ammonium bromide
sebacate; CMC, critical micelle concentration; CMT, critical micelle temperature; DACHPt, dichloro(1,2-diaminocyclohexane) platinum
(11); DPT, poly-(3-[(3-aminopropyl)amino]propylaspartamide; EGF, epidermal growth factor; IGF-I, insulin-like growth factor I; LCST,
lower critical solution temperature; MTX, methotrexate; PBO, polybutylene oxide; PCL, polycaprolactone; PDGF-BB, platelet-derived
growth factor BB; PDPA, poly 2-diisopropylamino ethyl methacrylate; PEEP, polyethyl ethylene phosphate; PEG, polyethylene glycol;
PEI, polyethyleneimine; PLA, polylactic acid; PMDS, poly N-methyldietheneamine sebacate; PMPC, poly 2-methyacryloyloxyethyl-
phosphorylcholine; PNIPAAm, poly N-isopropylacrylamide; PPA, polyphosphoramidate; PPO, polypropylene oxide; PPS,
polypropylene sulfide; PSO, polystyrene oxide; RGD, Arg-Gly-Asp; SDF-1, stromal cell-derived factor-1; siRNA, small interfering
RNA.
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2. Self-assembling materials

Most self-assembling molecules are amphiphilic in structure, containing both hydrophobic and
hydrophilic domains. The hydrophilic portion can be charged (anionic, cationic, or
zwitterionic) or uncharged [5,12,15]. Amphiphilicity is imparted to a molecule by spatially
segregating the hydrophobic and hydrophilic portions either along the length of the molecule
or on distinct faces of a structured molecule [16]. The concept of using amphiphilicity to drive
molecular assembly is grounded in Nature, where amphiphilic molecules such as lipids,
peptides, and proteins serve as building blocks for the construction of functional assemblies,
such as cellular membranes, the cytoskeleton, and the extracellular matrix. One of the simplest
amphiphilic structures is the lipid (Fig. 1). Lipids, whether naturally or synthetical derived, are
composed of a hydrophilic polar head region and hydrophobic tail(s) region where
amphiphilicity is imparted along the length of the molecule. Synthetic block copolymers are
similar in that distinct blocks of hydrophilic and hydrophobic polymers are segregated along
the molecule’s length. Peptide and proteins are typically distinct in the manner in which
amphiphilicity is displayed. When intramolecularly folded, these macromolecules can display
specific faces or solvent-exposed regions that are either hydrophobic or hydrophilic in nature.
For example, the cylindrical structure of an a-helix could contain a stripe of hydrophobic
residues along one face of the cylinder and a hydrophilic stripe of residues on the opposite face
of the cylinder. For B-strand or B-sheet structures, the peptide chain can be composed of
alternating hydrophilic and hydrophobic residues, such that the side chains of these residues
are displayed on opposite faces of the strand or sheet, as shown in Fig. 1. Hybrid amphiphiles
derived from combining peptides, polymers, and lipids have also been reported, where the
amphiphilicity may be displayed either along the length or on distinct faces of the molecule
[11,17-21].

Under aqueous conditions, these amphiphilic molecules associate through weak, noncovalent
interactions to form ordered assemblies with sizes that range from nanometers to microns
[15,16]. The thermodynamic driving force of most self-assembly events is provided by the
desolvation, collapse, and intermolecular association of the hydrophobic portions of
monomers. Intermolecular polar interactions, such as electrostatics and hydrogen bonding, can
also occur and help define the structural specificity (Fig. 1). For lipids, the area of the head
group, the length of the extended hydrocarbon chain, and the volume occupied by the
hydrocarbon tail(s) also control the final assembled structure [5,15]. The morphology of the
final assembled structure is dependent not only on the structure of the monomer but also on
the external environment in which self-assembly occurs [13,22] The temperature, pH, and ionic
strength of the solution, as well as the concentration of the monomer, can dictate the formation
of a variety of structures formed by a single, distinct amphiphile. Self-assembly is a dynamic
process, and therefore can be triggered or reversed by these external stimuli, offering the
possibility of forming the assembly before delivery and disassembling the final supramolecular
structure after delivery to the site of interest [12-14].

Molecular amphiphiles self-assemble to form a variety of nano- and microscale structures
under aqueous solution [12,15,16]. The most common three-dimensional structures include
micelles, vesicles, and molecular gels composed of tubules, fibrils, and fibers (Fig. 1). Micelles
typically consist of a hydrophobic inner core that is surrounded by a hydrophilic solvent-
exposed outer shell; micelles normally vary in diameter in the order of five to hundreds of
nanometers [5,23-25]. Micellar structures include spheres, disks, and wormlike assemblies
[5]. Micellar structures tend to form spontaneously from molecules with low hydrophobic
content above a critical micelle concentration (CMC) and temperature (CMT) [26].
Amphiphiles with an intermediate level of hydrophobicity prefer to assemble into bilayer
vesicles. Vesicles are spherical, hollow, lamellar structures that surround an aqueous core
[11,22,27,28]. The hydrophobic portion of the amphiphile is internalized within the bilayer

Acta Biomater. Author manuscript; available in PMC 2009 August 19.
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with the hydrophilic segment exposed to the inner and outer aqueous environments.
Differences in processing techniques can lead to unilamellar or multilamellar vesicles having
diameters ranging from as small as 20 nm up to several micrometers, depending on the number
of bilayers present [22]. Lamellar structures also include water-filled tubes and sheets [5,22].
Molecular hydrogels encompass one of the largest structures possible through self-assembly.
Hydrogels are three-dimensional continuous networks of fibers surrounded by a liquid aqueous
phase [7,11,12,16,21,29-33]. Fibers can consist of self-assembled peptides, proteins, lipids,
and hybrid amphiphiles. Hydrogels formed purely from self-assembly are noncovalently
crosslinked, and their mechanical integrity relies on the physical branch points and fibril
entanglement that define the network [34].

considerations for therapeutic delivery

The use of drug delivery vehicles is beneficial for many pharmaceutical agents that are typically
administered parenterally (Fig. 2a) [3-6]. For example, small hydrophobic drugs used for the
treatment of cancer (paclitaxel) [35], for female birth control (levonorgestrel) [36], and for
anti-inflammatory care or pain relief (morphine) [37] often have limited water solubility, poor
oral bioavailability, and/or short half-lives. These molecules can be encapsulated and delivered
from vehicles that have hydrophobic interiors to increase their efficacy [6,35,38]. Water-
soluble drugs, such as the anticancer molecule doxorubicin, that are nonspecific in their action
are best delivered to specific locations to reduce adverse side effects [6,38] Delivery vehicles
that can target specific tissue types improve the effectiveness of these types of drugs.
Biopharmaceuticals, such as proteins and peptides, can also benefit from being delivered by a
vehicle. Many biopharmaceuticals have limited long-term structural stability when formulated
at high concentrations, which limits their shelf life. In addition, many are susceptible to
biodegradation when delivered [4,39,40]. For example, chronic hormone treatments (human
growth hormone, leuprolide). [41,42] and diabetic drugs (insulin) [43] are protein- and peptide-
based products that show improved efficacy when delivered from a vehicle.

Delivery vehicles for the above therapeutics and the others listed in Table 1 are commercially
available; however, methods of delivery for other promising therapies are currently being
developed or still need to be addressed. For example, DNA-based therapies that attenuate or
override the influence of a malfunctioning gene and siRNA-based therapies that inhibit protein
synthesis are more successful with the use of an appropriate delivery carrier [44-48].
Furthermore, emerging tissue-engineering strategies that involve the localized delivery of cells
would benefit from a vehicle that mimics the extracellular matrix and results in the acute
retention of cells at the delivery site [49].

The criteria by which new delivery vehicles are designed are highly dependent on the
therapeutic and the intended application. However, there are general criteria that should be met
irrespectively [4,6,11,20,24,50]. First, the delivery vehicle should be constructed with
materials that are noncytotoxic, biocompatible and, in most cases, biodegradable [20,24,50].
Second, the delivery vehicle should provide solubilizing environments that exhibit a high
loading capacity. This results in therapies that can be delivered at lower frequencies, increasing
patient compliance [6,20]. Next, the spatial distribution of the drug within the vehicle should
be controllable to allow consistently defined release profiles, and the methods used to load the
vehicle should not damage or alter the therapeutic agent [4,20]. When administered, the vehicle
should protect the therapeutic from physical and chemical degradation, as well as antibody
neutralization [4]. If necessary, the delivery carrier should be capable of targeting and being
retained at the desired site of action, where it releases the therapeutic with defined and
reproducible temporal resolution [7]. The therapies should be easily administered with little
discomfort. Finally, vehicles should be able to be fabricated in quantities commensurate with
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the market size at an acceptable cost [3]. Self-assembled materials display many of these
criteria, as discussed in the next section.

4. Examples of self-assembling materials for therapeutic delivery

The first self-assembled materials used as drug carriers were predominantly prepared from
lipids. Vesicles (liposomes) and lipid-based micelles have been extensively studied, and, have
been investigated for drug delivery applications as early as the 1970s [51]. As a result, a
significant number of liposomal drug formulations are available commercially (Table 1) and
many others are undergoing clinical trials, making these systems one of the leading drug
vehicles today. Recently, novel polymeric and peptide self-assembling systems have been
developed for drug delivery. These carriers mimic the capabilities of conventional lipid
systems, and in some cases demonstrate improved drug delivery qualities [52,53]. The
remainder of this review will focus on the current progress of polymer and peptide self-
assembled materials for therapeutic delivery; excellent reviews on lipid carriers can be found
elsewhere [5,51,54].

4.1. Micellar delivery vehicles

Diblock copolymers are commonly used to construct micellar assemblies [23-26,38,55]. In
these systems, the hydrophobic blocks assemble, yielding a hydrophobic core shielded by a
hydrophilic shell. Fig. 3 shows structures of the repeat units for many of the polymers discussed
in this review. The majority of diblock copolymers have hydrophilic blocks of polyethylene
glycol (PEG) [24]. This well-studied, FDA-approved polymer is biocompatible. PEG
demonstrates notable an antifouling properties, and micelles having an outer shell of this
polymer are able to resist protein adsorption and cellular adhesion. The nonfouling nature of
PEG increases the residence time of circulation in blood and minimizes the detection by the
immune system [23,38]. The most widely used polymer moieties for the hydrophobic portion
are typically polycaprolactone (PCL) and polylactic acid (PLA). These hydrophobic polymers
form the inner core of the micelle and can serve as a depot for small drugs with poor water
solubility (Fig. 2b) [23-25,38]. For example, PEG-PCL micelles are commonly employed for
the encapsulation of small hydrophobic drugs, such as rapamycin, cucurbitacin-1 and B, and
paclitaxel [56-58]. Likewise, PEG-PLA micelles have been utilized for amphotericin B,
pioglitazone, 9-nitro-20(S)-camptothecin (9-NC), and methotrexate (MTX) [59-63].

The self-assembly of block copolymers is often spontaneous and can be performed in the
presence of small molecules, affording micelles encapsulated with drugs that have diameters
up to hundreds of nanometers. Since the therapeutic is present during the self-assembly process,
drugs are loaded easily. For example, PEG-PCL micelles have been used to encapsulate
rapamycin, a small antibiotic, to form micelles that are less than 100 nm in diameter.
Rapamycin can be encapsulated at concentrations of >1 mg mI~1, which is exceptionally higher
than the solubility of the free drug in water (2.6 ug ml™1) [56]. MTX, an anticancer and anti-
rheumatoid arthritis agent, can be sequestered in micelles of PEG-PLA block copolymers in
a similar manner (Fig. 4). These micellar structures have diameters that range from 50 to 200
nm, with loading capacities of 12% by weight and encapsulation efficiencies as high as 50%
[63].

In addition to PCL and PLA, other hydrophobic polymers, fatty acids, and peptide segments
have been conjugated to PEG to form diblock polymeric micelles for the delivery of
hydrophobic drugs. For example, polyethylene oxide (PEO)—polybutylene oxide (PEO-PBO)
and PEO—polystyrene oxide (PEO-PSO) copolymers have been utilized for the encapsulation
of the anticancer drug docetaxel [64]. PEG derivatized with the fatty acid group poly N-hexyl
stearate-.-aspartamide self-assembles into micelles incorporating amphotericin B in its
hydrophobic core [65]. Micelles composed of PEG—poly(.-aspartate) and PEG—poly(.-
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glutamic acid) have been utilized for the encapsulation of amphotericin B, doxorubicin,
paclitaxel, cis-dichlorodiammine platinum (1) (C CDDP), and dichloro(1,2-
diaminocyclohexane) platinum (I1) (DACHpt) [23,66-71].

There are several mechanisms by which drugs are released from micelles. After delivery, if
the concentration of the micelles is above the CMC, drugs are released by passive diffusion
(Fig. 2b). If the micellar concentration falls below the CMC, the drugs are released by micelle
disassembly. An additional mechanism that occurs when biodegradable micelles are employed
entails the release of the drug as the micelles are being degraded [38,72]. Variations of these
mechanisms that involve competitive binding and covalent drug attachment have also been
utilized and examples are discussed later in this section. An example of passive diffusion entails
the release of MTX from PEG-PLA micelles. MTX is a small molecule inhibitor of
dihydrofolate reductase. Its mechanism of action for cancer treatment is primarily to inhibit
DNA and RNA synthesis in rapidly dividing cells. Currently, MTX (Trexall) is administer
intravenously and intramuscularly without the use of a vehicle. Even at high dosing
concentrations, the half-life of MTX is 8-15 h [73]. It has been found that the sensitivity of
cells to MTX increases with prolonged exposure. Thus, designing a delivery vehicle that
enables lower dosing concentrations and slow prolonged delivery would decrease the
occurrence of adverse side effects and sensitize cancer cells to the drug’s inhibitory action
[74] Fig. 4c shows that PEG—PLA constructs of nearly equal weight percent of PEG and PLA
blocks are capable of slowly releasing MTX over days. Interestingly, increasing the weight per
cent of the hydrophobic PLA block to 95% decreases the release rate significantly. This
demonstrates that by proper design the passive release of hydrophobic drugs from micelles can
be controlled [63].

Inherently, micelles are able to target cancerous tissues because their small size ensures access
and accumulation within the small vasculatures of tumors [26,38]. In addition, increasing the
therapeutic efficacy can be accomplished by releasing the therapeutic when it reaches the site
of intended action, i.e., coupling the temporal and spatial resolution of the delivery event. One
clever example that employs triggered release via a competitive binding event uses the
anticancer inorganic platinum complex DACHPt. This compound contains two coordinating
chlorides that are ligated with cis geometry in relation to the platinum metal ion. When this
drug is encapsulated into micelles of PEG—poly(.-glutamic acid), the chlorine ligands are
displaced by the carboxylates of the glutamate side chains and the therapeutic becomes
coordinately appended to the inner core of the micelle [67]. When the loaded micelle is stored
in water, no release of the therapeutic occurs since it is coordinately sequestered to the micelle.
However, upon the addition of biological buffer, the inherent chloride ions of the buffer
penetrate the micelle and undergo a ligand exchange reaction with the carboxylates, thus
regenerating DACHPt and liberating it from the polymer. Interestingly, the induction period
for this mechanism is 12-15 h. This implies that the platinum-loaded micelles would have an
extended shelf life when stored in water, yet when administered and placed in contact with
serum, become activated. Importantly, the long induction time ensures sufficient time for the
micelles to accumulate in the small vasculature before the drug is released. Other micelles have
been designed from diblock copolymers with release profiles that are responsive to changes in
pH [75-78] and temperature [61,79,80]. These systems have been recently reviewed [81,82].

In addition to taking advantage of the micelle size to target delivery, ligands that bind to cell

surface receptors can be appended to the solvent-exposed corona of the micelle. For example,
the commonly used tripeptide Arg—Gly—Asp (RGD) has been employed to target paclitaxel-

loaded PEG-PLA block copolymer micelles to cancer cells that overexpress various integrin
receptors. In comparison to unfunctionalized micelles, the functionalized carriers show higher
tumor uptake and concomitant enhanced tumor reduction [83]. In addition to targeting, peptides
can also be used to increase the probability of cellular uptake. Cell-penetrating peptides have
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proven to be effective for this function [84]. Small molecules can also be used to target delivery.
For example, breast, ovarian, and prostate cancer cells overexpress a receptor for folate, a low
molecular weight vitamin. When folic acid is conjugated to the exterior of micelles, the micelles
are targeted to cancer cells, and upon binding to the receptor, the micelle is endocytosed. This
mechanism allows anticancer therapies to be delivered more selectively [85].

In addition to diblock copolymers, many triblock and star polymers have been developed to
form micelles in the presence of several small drugs. Triblocks, such as PLA-PEG-PLA, PEG-
PCL-PEG, Pluronics, and polyethylethylene phosphate and polycaprolactone (PEEP-PCL-
PEEP) form micelles capable of encapsulating and delivering small hydrophobic molecules
[86-89]. When poly N-isopropylacrylamide (PNIPAAmM) is incorporated as one of the blocks,
micelle stability and therapeutic release become temperature sensitive [90-93].

In addition to the delivery of hydrophobic drugs, micelle carriers can be utilized for the delivery
of DNA. Inverted micelles have been designed to bind to and package DNA for eventual
delivery. Inverted micelles are composed of a hydrophilic outer shell and a polycationic inner
core that can favorably interact with negatively charged DNA [48,94]. PEG is usually used for
the outer shell. Polylysine, polyethylenenimine (PEI) and polyphosphoramidate (PPA) have
been used for the inner core [95-98]. Diblocks alone in solution do not self-assemble, but when
the polyanionic DNA is added, it binds the polycation blocks, decreasing the overall net charge.
Self-assembly follows and leads to micelle formation where the polycation-DNA phase
constitutes the inner core. The micelles protect the DNA from enzymatic and hydrolytic
degradation during delivery. When encountered by cells, the loaded micelles are endocytosed,
the DNA is released, and the cells become efficiently transfected [48]. An in vivo demonstration
of this approach was reported by Kataoka et al. The gene for luciferase was encapsulated into
PEG-polylysine inverted micelles, which were injected into the supramesenteric vein of mice.
Sustained expression of the gene was observed in the liver over 3 days [95].

DNA delivery is not limited only to inverted micelles. Micelles composed of hydrophobic
cores and polycationic exteriors can also be used. For example, polypeptides with a
hydrophobic block composed of polyalanine and a hydrophilic block composed of polylysine
and polyhistidine form micelles that condense DNA on their outer corona. Even though DNA
is bound to the outer shell of the micelle, it is still protected from enzymatic degradation. In
addition, these micelles were demonstrated to be noncytotoxic and capable of delivering genes
to HEK293, HepG2, and 4T1 cancer cell lines [99]. In general, the spatial resolution of delivery
for DNA-carrying micelles can be enhanced in the same manner as the micelles designed for
small hydrophobic molecules; namely the outer corona can be decorated with peptide [100],
protein [101], antibody [102], and small molecule ligands [103] that target the vehicle to a
specific binding site.

Micelles capable of dual delivery of DNA and other therapeutics have also been designed
[104-107]. For example, poly N-methyldietheneamine sebacate and (cholesteryl
oxocarbonylamido ethyl) methyl bisethylene ammonium bromide sebacate (PMDS-co-CES)
form micelles having an inner hydrophobic core composed of cholesterol surrounded by
polycationic polymer. These micelles are able to sequester paclitaxel into the inner core,
whereas plasmid DNA encoding for interleukin-12 partitioned to the outer core. The co-
delivery of the micelle containing paclitaxel and the plasmid DNA suppresses tumor growth
in a 4T1 mouse breast cancer model more effectively than the delivery of micelles with either
therapeutic alone [104].

Micelles are also capable of delivering siRNA. These molecules silence gene translation and
can be engineered as potential therapeutics. However, their effectiveness necessitates that they
be present inside the cell [108]. Inverted micelles composed of PEG outer shells and PEI
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[46,109] or poly-3-[(3-aminopropyl)amino] propylaspartamide (DPT) inner cores have been
used [110]. Triblock copolymers have also been used for SiRNA delivery. For example, the
triblock PEG—polypropylene sulfide-peptide, where peptide is either a polylysine sequence or
the TAT peptide sequence, sequesters siRNA, mediates the transport of RNA into HeLa cells,
and downregulates the expression of the enzyme GAPDH [111].

4.2. Vesicle delivery vehicles

In addition to micelles, amphiphilic block copolymers can self-assemble into vesicles in water,
and are referred to as polymersome. Polymersomes have been used for the delivery of small
hydrophobic drugs and DNA/RNA molecules and possess similar drug delivery characteristics
to micelles (Fig. 1 and Fig. 2b) [11,22,28,112]. For example, hydrophobic drugs, such as
paclitaxel, can be solubilized into the lamellar bilayer of the vesicle, protecting the therapeutic
from external degradation [91]. A unique benefit of polymeric vesicles, however, is that the
water-filled core allows for the additional encapsulation of hydrophilic drugs and
biotherapeutic peptides and proteins. For example, encapsulation studies of doxorubicin using
PEG-PCL and PEG-PLA diblock vesicles show loading ratios of approximately 1:1
copolymer:drug [113]. In general, release from the aqueous core can be achieved either by the
therapeutic diffusing through the vesicular bilayer or when the vesicle degrades and expels its
contents (Fig. 2b) [114].

Since polymersomes can encapsulate both hydrophilic and hydrophobic molecules, they are
ideal vehicles for dual delivery. For example, Discher et al. mixed two distinct block
copolymers to form vesicles. The mixed vesicles are composed the 75% of the inert PEG—
polybutadiene copolymer and 25% of the biodegradable PEG—PLA copolymer. This vesicle
can sequester doxorubicin the aqueous lumen and paclitaxel within the hydrophobic layer of
the vesicle wall (Fig. 5b). These vesicles have a long circulating half-life and are nonhemolytic.
Fig. 5¢ shows that the loaded vesicle shrinks tumors in mice more successfully than a
combination of the drugs administered without the carrier [115].

Amphiphilic polypeptides are also capable of forming vesicles in aqueous solution. Although
no release experiments have been performed for this class of assemblers, efficient
encapsulation of model compounds has been demonstrated. For example, block copolypeptides
of polylysine/polyarginine and polyleucine form stable vesicles with controllable diameters
that are capable of encapsulating fluorescently labeled dextrans [116,117]. An intriguing
example of a small peptide that self-assembles into vesicles was reported by Mastrobattista et
al. The sequence, acetyl-AAVVLLLW-(E),=2/7-COOH, has an N-terminal hydrophaobic region
and a negatively charged C-terminal region. Interestingly, the hydrophobic content of the
peptide increases as one travels from the N to the C terminus of the hydrophobic portion; small
hydrophobic alanines give way to larger valines, then leucines, and finally the large aromatic
side chain of tryptophan. These amphiphilic peptides spontaneously form nanosized vesicles
via hydrophobic collapse and can encapsulate model fluorophores during assembly [118]. Very
small dipeptides, such as Lys-dehydrophenylalanine, are even capable of vesicle formation
[119].

Vesicles can be designed to release their payload in response to environmental changes in pH
[120,121], temperature [122], and redox potential [123-125]. For example, vesicles composed
of copolymers of PEG and the temperature-sensitive PNIPAAm undergo phase transitions in
response to temperature. A unique property of PNIPAAm is its ability to undergo a reversible
coil-to-aggregate transition in response to changes in temperature in aqueous solution. Below
the lower critical solution temperature (LCST), the polymer is in an extended, water-soluble
conformation; above this temperature, it forms insoluble, hydrophobic aggregates. When
incorporated into a diblock with PEG vesicles are formed at temperatures above the LCST.
When the temperature is decreased below the LCST, the PNIPAAmM block becomes solubilized
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and the vesicle disassembles. As a result, entrapped molecules are released from the vesicle
when the temperature decreases below the LCST [122].

Redox-responsive vesicles have been designed to undergo phase transitions in response to
oxidative potential. A triblock copolymer consisting of two hydrophilic blocks of PEG
surrounding a hydrophobic block of polypropylene sulfide (PPS) self-assembles to form
vesicles. Under reducing conditions, the PPS block contains thioether moieties that are
hydrophobic and stabilize the vesicular bilayer. When subjected to an oxidant, such as
hydrogen peroxide, these functionalities become oxidized, affording relatively hydrophilic
sulfoxide and sulfone functionalities. This change in hydrophobic content destabilizes the
lamellar bilayer and the vesicle ruptures. Although delivery from this device has not yet been
demonstrated, it is an elegant design [124,125].

Surprisingly, there are very few examples of vesicles that have been engineered to deliver DNA
[126,127]. The diblock copolymer poly 2-methyacryloyloxyethyl-phosphorylcholine—co-poly
2-diisopropylaminoethyl methacrylate (PMPC-PDPA) forms stable vesicles under
physiological pH. The PMPC block is hydrophilic and biocompatible, and the hydrophobicity
of the PDPA block is pH sensitive. At pH 7, the tertiary amines of the PDPA block are neutral,
making this portion of the diblock hydrophobic. However, decreasing the pH to 5-6 protonates
the amines, destabilizing the lamellar bilayer and resulting in vesicle disruption. Cell
experiments with the polymersome show that transfection is efficient in both CHO and HDF
cell lines [127].

4.3. Hydrogel delivery vehicles

Hydrogel materials derived from self-assembly have been designed to encapsulate and deliver
hydrophilic therapeutics (Fig. 2b). Although examples exist in the literature that describe the
delivery of only small hydrophilic molecules, proteins and cells, the delivery of DNA and RNA
should be possible. Hydrogels are porous networks that entrap a large volume of water [7,11,
12,16,2130-33]. Therapeutics can be directly encapsulated into the network by triggering self-
assembly in the presence of the drug. For example, triblock copolymers of PEG and
polypropylene oxide (PPO) and Pluronics have been used to encapsulate and release the small
molecules sulindac [86], MTX [128], lidocaine [129], and pilocarpine [130], and proteins, such
as insulin [131], interleukin-2 [132], chymotrypsin, and lactose dehydrogenase [133].
However, major shortcomings of these systems include weak mechanical strength, rapid
erosion and fast release of therapeutics from the gel networks [134].

Hydrogels assembled from peptide-based monomers have also been utilized for the delivery
of hydrophilic molecules. The RADAL6 peptide first reported by Zhang [135] has been used
to encapsulate and deliver epidermal growth factor (EGF) to accelerate cutaneous wound repair
[136]. This peptide has also been used to deliver platelet-derived growth factor BB (PDGF-
BB) [137,138], stromal cell-derived factor-1 (SDF-1) [139], and insulin-like growth factor |
(IGF-I) [140] to the myocardium.

Peptide-amphiphiles, self-assembling peptides with hydrophobic alkyl tails, also form
hydrogels that have been used for the encapsulation and delivery of growth factors. The three-
dimensional encapsulation of bone morphogenetic protein-2 (BMP-2) [141] and basic
fibroblast growth factor (bFGF) [142] was carried out by mixing an aqueous solution of peptide
amphiphile with a suspension of the growth factors. In other work, although delivery has not
been demonstrated, the amphiphilic peptides KVW15 and EVW10 were shown to undergo
hydrogelation in the presence of proteins, such as lysozyme and ubiquitin, resulting in their
encapsulation [143].
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Self-assembled peptide hydrogels are currently being developed for the encapsulation and
delivery of cells for tissue regeneration. Schneider and Pochan have developed a set of B-hairpin
peptides that self-assemble into rigid hydrogels. These peptides fold into facially amphiphilic
hairpins in response to several stimuli, and subsequently self-assemble into fibrils that
noncovalently crosslink to afford self-supporting hydrogels [144-147]. The B-hairpin peptide
gels are cytocompatible toward a variety of mammalian cells, such as fibroblasts, mesenchymal
stem cells, primary articular chondrocytes, and hepatocytes [16,49,144]. Cells can be
encapsulated during self-assembly, affording hydrogels with cells homogeneously distributed
throughout the gel network. In addition, these peptide hydrogels possess the ability to shear
thin and recover, allowing the gel—cell constructs to be delivered via syringe (Fig. 6a). For
example, mesenchymal stem cells encapsulated within the peptide hydrogel MAX8 were
delivered via this mechanism. Fig. 6b shows mesenchymal stem cells that have been
encapsulated into the gel network during the folding and self-assembly process using cell
culture media (DMEM) to trigger gelation. The live/dead image shows that the cells remain
viable after two weeks provided that the cellular nutrients are refreshed. To assess the effect
of delivery on cell viability, a preformed gel—cell construct was shear-thin delivered via syringe
to a cell culture plate. Live/dead assays were performed directly after delivery and after longer
times post delivery. These experiments indicate that cells remain viable during and after
delivery. Fig. 6¢ shows a live/dead image that was taken two weeks after the cells had been
delivered. Separate experiments show that the gel remains localized at the injection site when
delivered to various types of surfaces [49].

Hydrogels of RAD16 and other self-assembling linear peptides developed by Zhang et al. have
also been used for three-dimensional cell culture. Cell types that have been cultured include
mesenchymal stem cells [148], neural cells [149], venous endothelial cells [150], hepatocytes
[151], and chondrocytes [152]. Injectable delivery has been shown with gels of RADAL6
encapsulating neonatal cardiomyocytes. When injected into the myocardium, these cells
remained viable and were capable of recruiting neighboring endogenous cells into the gel
[153].

Although delivery of cells has not been shown, several peptide and protein hydrogels support
both two- and three-dimensional culture of many cell types, demonstrating their potential as
delivery scaffolds. Peptide hydrogels from dipeptide sequences modified with aromatic groups
self-assemble into nanosized fibrillar hydrogels that can support the culture of chondrocytes
under physiological conditions [154,155]. Peptide amphiphile hydrogels were able to promote
the growth and differentiation of neural progenitor cells into neurons, as well as sustain the
three-dimensional culture of osteogenic cells for three weeks [156-158]. Finally, hydrogel
surfaces of a genetically engineered, triblock protein also show good cytocompatibility with
fibroblast cells [159]. Although promising, it is not yet known whether these systems are
capable of shear-thinning and recovering after delivery, material attributes that will allow the
delivery of cells by syringe.

5. Future perspectives for self-assembled delivery vehicles

As the number of medications that require parenteral delivery increases, delivery vehicles that
improve therapeutic efficacy will find increasing use. Improved drug stability during storage
and delivery, minimization of potential side effects, reduction in the frequency of
administration, and decreased dosing levels are possible benefits of using release vehicles,
addressing many of the issues often associated with parenteral delivery. The result should be
improved therapeutic effectiveness and patient compliance. Macromolecular self-assembly
offers a versatile, alternative method to traditional polymers for the encapsulation and
controlled delivery of therapeutics. In addition to the advantages offered by traditional
materials, self-assembled materials can be tailored at the monomer level to enable specific bulk
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material properties and release profiles that suit the intended application. In addition, the direct
encapsulation of the therapeutic during material formation is possible. As a result, the design
of materials from the “bottom up” has resulted in the recent production of intriguing
supramolecular devices that can be used for delivery.

There remain many interesting challenges for the future of self assembled materials and their
use in therapeutic delivery. Current challenges entail altering known delivery vehicles to
optimize performance for a given application. This can be accomplished by establishing
structure—function relationships for existing technologies that enable the design of new block
copolymer and peptide self-assembling systems with highly tailored and predictable
characteristics. More interestingly, an opportunity exists to vary the traditional building blocks
used to make micelles, vesicles and gels. As a result of reviewing the literature for this article,
we casually observed that research within the self-assembly community appears to be
somewhat segregated by the type of amphiphilic molecules and the type of assemblies that are
studied. For example, micelle and vesicle designs have primarily exploited lipids and polymers
as their building blocks. There is only a small subset of examples where micelles and vesicles
are made solely from proteins or peptides. Conversely, in the hydrogel community, a majority
of self-assembled networks are composed of peptides, proteins, and peptide amphiphiles.
Cooperative research between currently segregated disciplines will result in new monomeric
building blocks that are capable of assembling not only into traditional morphologies but
perhaps novel supramolecular structures. The future for self-assembled materials and their
resultant applications for drug and cell delivery is ripe with many possibilities.
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Fig 1.

Common self-assembling monomers include lipids, block copolymers, peptides and proteins.
Intermolecular interactions that drive and define self-assembly include hydrophobic
association and the formation of polar interactions, respectively. The resultant structures
formed through self-assembly are shown. The hydrophilic portions (blue) and hydrophobic
portions (orange) have been color-coded. (For interpretation of color mentioned in this figure
the reader is referred to the web version of the article.)
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Fig 2.

(a) Common therapeutics with sizes ranging from the nanoscale to the microscale. (b) Self-
assembled structures used for therapeutic delivery, highlighting the types of encapsulated
therapeutics and methods of release. In general, release is diffusion-controlled but systems can
be engineered to undergo active degradation or disassembly. The hydrophilic portions (blue)
and hydrophobic portions (orange) have been color-coded. (For interpretation of color
mentioned in this figure the reader is referred to the web version of the article.)
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Common polymers used for self-assembled delivery vehicles.

Acta Biomater. Author manuscript; available in PMC 2009 August 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Branco and Schneider Page 23

—O— 5% PEG: 95% PLA

a H
, : RSN .
.4.;»\“ Q. ) | 4 T
A H ¥ ‘ = : Z 'J/ Ny (]
PEG-PLA " Methotrexate
(Polyethylene glycol-co-polylactic acid) (MTX)
Cc
b igg(y = 60~
(/\/ 6.%7% /\/\ o —A- 53% PEG: 47% PLA
%0 ks —@- 36% PEG: 64% PLA
£ —&- 18% PEG: 82% PLA
=
[
=

ST

@

0 | 2 3 4 5 6
Time (days)

Fig 4.

(a) Structure of polyethylene glycol-co-polylactic acid (PEG-PLA) and the anticancer drug
methotrexate (MTX). (b) A sketch depicting the drug-loaded micelle. The hydrophilic portions
(blue) and hydrophobic portions (orange) of the copolymer have been color-coded. (c) Release
profiles of MTX from PEG-PLA micelles with varying weight per cents of block copolymers
in phosphate-buffered saline (PBS) at 37°C. As the weight per cent of the hydrophobic polymer
increases, the rate of delivery decreases. Reprinted from Ying Zhang et al., Methotrexate-
loaded biodegradable polymeric micelles: preparation, physicochemical properties and in vitro
drug release, Colloids and Surfaces B: Biointerfaces, 2004;44(2-3):104-109, with permission
from Elsevier. (For interpretation of color mentioned in this figure the reader is referred to the
web version of the article.)
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(a) Structure of the block copolymers, polyethylene glycol-co-polybutadiene (PEG-PB) and
PEG—polylactic acid (PEG-PLA). The hydrophilic and hydrophobic portions of PEG-PB are
dark blue and dark orange, respectively; the hydrophilic and hydrophobic portions of PEG—
PLA are light blue and light orange, respectively. The structures of the anticancer drugs,
doxorubicin and paclitaxol, are shown. (b) Sketch of vesicle containing 75% PEG-PB and 25%
PEG-PLA encapsulating doxorubicin in the aqueous lumen and paclitaxol in the hydrophobic
bilayer. (c) Plot showing the relative tumor area as a function of time after a single injection
of the indicated therapeutic. Tumors were formed by subcutaneous injection of MDA-MB231
cells (2 x 106 cells initially) into nude mice. Therapeutic was delivered by tail-vein injection.
Tumor areas are normalized to the tumor areas of the control groups: empty polymersomes
and saline injection. No differences were seen between these two control groups. Reprinted
from Fariyal Ahmed et al., Biodegradable polymersomes loaded with both paclitaxel and
doxorubicin permeate and shrink tumors, inducing apoptosis, Journal of Controlled Release,
2006; 116(2):150-158, with permission from Elsevier. (For interpretation of color mentioned
in this figure the reader is referred to the web version of the article.)
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(@) Mechanism of self-assembly and shear-thinning properties of MAX8 peptide hydrogel.
Under low ionic strength, aqueous conditions, the peptide is unfolded and freely soluble.
Folding and assembly is triggered by the addition of cell culture media to yield a mechanically
rigid, noncovalently crosslinked hydrogel directly within a syringe. Depressing the syringe
plunger applies stress to the gel, converting it into a low-viscosity gel that flows and can be
delivered through the syringe needle. At the site of delivery, the gel immediately reforms,
recovering its mechanical rigidity. When gelation is triggered in the presence of cells, the cells
become encapsulated and the resulting gel—cell construct can be delivered via syringe. Cells
are not shown in (a) for clarity. (b) Live/dead cell viability assay showing C3H10t1/2
mesenchymal stem cells in 0.5 wt.% MAX8 hydrogels after triggered encapsulation in the gel.
Image was taken two weeks after encapsulation. Live cells are green; dead cells are red. (c)
Live/dead viability assay showing encapsulated mesenchymal stem cells after being shear-thin
delivered with a syringe. Image taken two weeks after delivery. 50 x 106 cells were initially
loaded into the scaffold. Scale bar is 100 um. (For interpretation of color mentioned in this
figure the reader is referred to the web version of the article.)
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Table 1
List of commercially available delivery carriers and the corresponding type of therapeutic and its indication, categorized
by the type of delivery system and the type of material used to construct each.
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Delivery system

Material composition

Product name

Therapeutic

Type of drug: indications

Micelles Leucine-glutamate copolymer Basulin Insulin Peptide hormone: diabetes

Vesicles Lipid Abelcet Amphotericin B Small molecule: antifungal
Allovectin-7 HLA-B7 plasmid DNA: anticancer
AmBisome Amphotericin B Small molecule: antifungal
Amphocil Amphotericin B Small molecule: antifungal
Amphotec Amphotericin B Small molecule: antifungal
DaunoXome Daunorubicin Small molecule: anticancer
Depocyt Cytarabine Small molecule: anticancer
Depodur Morphine sulfate Small molecule: pain
Doxil Doxorubicin Small molecule: anticancer
MiKasome Amikacin Small molecule: antibiotic
Myocet Doxorubicin Small molecule: anticancer
Stealth Doxorubicin Small molecule: anticancer

Microspheres Crosslinked albumin LeuProMax Leuprolide Peptide hormone: cancer and

PLA (polylactic acid)

PL-ethylphosphate
PLG (polylactide-glycolide)

Lupron Depot

Paclimer

Eligard

Risperdal Consta
Trelstar LA

Leuprolide acetate

Paclitaxel

Leuprolide acetate

Risperidone

Triptorelin pamoate

Alzheimer’s

Peptide hormone: cancer and
Alzheimer’s

Small molecule: anticancer

Peptide hormone: cancer and
Alzheimer’s

Peptide: schizophrenia

Peptide hormone: prostate
cancer

PLGA-glucose Sandostatin LAR Octreotide Peptide: anti-growth hormone
Polybutylene terephthalate Locteron rh IGN-a Protein: chronic hepatitis C
Gels Hydroxyl methacrylate Vantas Histrelin Peptide hormone: prostate
cancer
PLGA Oncogel Paclitaxel Small molecule: anticancer
Implants Collagen CollaRx Gentamicin Small molecule: antibiotic
PLGA Durin Leuprolide Peptide hormone: cancer and
Alzheimer’s
Zoladex Goserelin acetate Peptide hormone: prostate/
breast cancer
Polyanhydride Gliadel Wafer Carmustine Small molecule: anticancer
Silicon rubber Implanon Levonorgesterol Small molecule: birth control
Jadelle Levonorgesterol Small molecule: birth control
Titanium mechanical device Viadur Leuprolide acetate Peptide hormone: cancer and

Alzheimer’s
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