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HIGH ASPECT RATIO NANOFIBRIL
MATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/858,314, filed Jul. 25,2013, which
is hereby incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] Supramolecular self-assembly of amphipathic
block copolymers has been utilized to generate nano- and
microscale materials with controllable architectures. By con-
trolling block and polymer characteristics including chemical
composition, relative hydrophobicity and hydrophilicity, and
absolute and relative block size, spherical micellar, linear
fibrillar, and spherical vesicular architectures can be
accessed.

[0003] Supramolecular assemblies can be created from
homogeneous or heterogeneous mixtures of molecular pre-
cursors containing synthetic oligomer and polymer, polypep-
tide, and lipid components. A wide range of biomedical appli-
cations have been found for these soft materials; of particular
interest are stimulus-responsive materials, in which changes
in assembly architecture and/or biological activity are dic-
tated by external stimuli which may include pH, redox status,
or enzymatic function.

[0004] Chemical composition represents a defining charac-
teristic of constituent molecules designed to undergo
supramolecular self-assembly. In assemblies destined for
biological applications, and in constituent molecules com-
posed of synthetic polymer, the biocompatible polymer poly
(ethylene glycol) (PEG) is a common component. Presenta-
tion of PEG surface chemistry to the biological environment
limits recognition by phagocytes and increases material life-
time upon injection or implantation. For the preparation of
block copolymer amphiphiles that yield micellar, fibrillar,
and vesicular architectures upon self-assembly (Cerritelli et
al., 2009), PEG-based macroinitiators have been utilized for
ring-opening polymerizations of the monomer propylene sul-
fide.

[0005] Incomparison to the spherical architecture of micel-
lar and vesicular self-assembly architectures, linear fibrillar
(or “worm-like”) structures enable a wider variety of down-
stream material applications and biological performance
characteristics. Self-assembled materials relevant for biologi-
cal applications are typically defined by presentation of a
hydrophilic surface, with self-assembly at least partially
driven by hydrophobic interactions and avoidance of the
aqueous environment. Amphiphilic linear fibril precursors
are defined by a variety of molecular components including
synthetic polymers (Geng and Discher, 2005), polypeptides
(Rudra et al., 2010), and peptide-lipid constructs (Hartgerink
et al., 2001). Fibrillar platforms have been utilized in vivo
with methodologies analogous to those optimized for micel-
lar/vesicular platforms; for example, in the context of inject-
able small molecule carriers. When injected intravenously,
polymer-based, hydrolysis-sensitive linear fibrils are capable
of circulating in the blood as spherical materials do, but with
very different circulation behaviors (Geng et al., 2007).
Assembly or cross-linking of fibrillar assemblies also permits
formation of bulk three-dimensional structures, for molecular
depot or synthetic matrix applications. For example, Webber
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et al. employed assembly of pre-formed peptide-lipid
ampbhiphiles to create dexamethasone-releasing gels (Webber
et al., 2012), while Silva et al. utilized cross-linked fibril
assemblies prepared from related materials for neural pro-
genitor cell differentiation (Silva et al., 2004). The helical
conformation of polyisocyanopeptides gratted with oligo(et-
hylene glycol) yielded thermally-responsive filamentous
structures capable of extracellular matrix-mimetic hydrogel
formation (Kouwer et al., 2013).

[0006] In addition to establishing defined control over the
formation of self-assembled supramolecular architectures, it
is valuable to define disassembly or degradation mechanisms
by choice of material chemistries. A spectrum of defined
control exists, ranging from relatively non-specific thermal or
light sensitivity and hydrolytic susceptibility, to biologically-
relevant pH or redox dependence, to highly-specific confor-
mal or enzymatic reactivity. Previously, light sensitivity (Vas-
dekis et al., 2012), oxidative sensitivity (Napoli et al., 2004),
and redox sensitivity (Cerritelli et al., 2007) have been
explored in vesicular assemblies derived from PEG-poly(pro-
pylene sulfide). Material sensitivity to redox status in particu-
lar is relevant both in the context of inflammation in the
extracellular environment and post-phagocytic lysosomal
processing in the intracellular environment. Han and cowork-
ers developed hydrogen peroxide-responsive selenium-con-
taining polymer micelle constructs assembled from electro-
static interactions (Han et al., 2010). In another approach,
Mahmoud et al. utilized emulsion solvent evaporation to pre-
pare hydrogen peroxide-sensitive micelles for protein deliv-
ery (Mahmoud et al., 2011). Both thioketal-containing nano-
particles (Wilson et al., 2010) and thioether-containing
micellar constructs (Segura and Hubbell, 2007) have been
generated for intracellular siRNA delivery from oxidation-
sensitive particles. Exquisite sensitivity to the biological
environment has been demonstrated in nanoparticles
assembled from CXCR4-derived transmembrane peptide;
peptide conformational change is associated with nanopar-
ticle disassembly and spontaneous fusion with cell membrane
(Tarasov et al., 2011).

SUMMARY OF THE INVENTION

[0007] We describe linear and three-dimensional supramo-
lecular fibril materials self-assembled from block copolymers
comprising oligo(ethylene sulfide) (OES). We address
amphiphilic block copolymer fibril constituents that upon
self-assembly are capable of forming both water-suspendable
linear structures as well as cross-linked bulk three-dimen-
sional structures. The fibrillar materials are sensitive to oxi-
dation, which leads to decreased OES block hydrophobicity
and crystallinity, and increased water solubility of the poly-
mer constituents. Molecular loading options, coupled with
oxidative sensitivity, allow implantable or injectable fibril
suspensions or cross-linked three-dimensional matrices to
demonstrate significant biomedical potential, especially in
the context of extracellular and intracellular molecular deliv-
ery and applications related to infection and disease.

[0008] In general, the present invention relates to a block
copolymer including a hydrophilic block and an oligo(ethyl-
ene sulfide) (OES) block, supramolecular assemblies thereof,
and methods of their use.

[0009] In a first aspect, the invention provides a block
copolymer including a hydrophilic block and an oligo(ethyl-
ene sulfide) (OES) block. In some embodiments, the hydro-
philic block is selected from the group consisting of poly
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(ethylene oxide)-co-poly(propylene oxide) random, di- or
multiblock copolymers, poly(ethylene oxide) (PEG), poly
(vinyl alcohol), poly(ethylene-co-vinyl alcohol), poly(N-vi-
nyl pyrrolidone), poly(acrylic acid), poly(methyloxazoline)
(PMOXA), poly(ethyloxazoline), poly(alkylacrylates), poly
(acrylamide),  poly(N-alkylacrylamides),  hydrophilic
polypeptide, polysaccharide, poly(N,N-dialkylacrylamides),
hyaluronic acid, alginate, cyclodextrin, or poly (N-acryloyl-
morpholine). In particular embodiments, the hydrophilic
block is PEG. In certain embodiments, the PEG is of molecu-
lar weight 500 to 50,000. In other embodiments, the degree of
polymerization of the OES block is 2 to 10. In yet other
embodiments, the block copolymer is linear. In still other
embodiments, the block copolymer is branched (e.g., a multi-
arm copolymer). In particular embodiments, the block
copolymer further contains a moiety selected from a fluoro-
phore; a protecting group; peptide; chemokine; pharmaceu-
tically-relevant small molecule drug; adjuvant molecule
including Toll-like receptor ligands, other pathogen-associ-
ated molecular patterns (PAMPs), and damage-associated
molecular patterns (DAMPs); natural or recombinant protein
or protein conjugate; sugar, saccharide, or carbohydrate; syn-
thetic polymer; and conjugates thereof covalently attached to
the hydrophilic block or the OES block.

[0010] In a second aspect, the invention provides a
supramolecular assembly containing a plurality of block
copolymers of the first aspect (e.g., dispersed in a liquid or
gel). In some embodiments, the assembly is a fibril, rod, or
micelle. In other embodiments, the assembly is a matrix. In
certain embodiments, the plurality of block copolymers com-
prises linear and branched copolymers self-assembled or
covalently linked to form the matrix. In particular embodi-
ments, the supramolecular assembly further contains a sec-
ond polymer matrix, e.g., poly(acrylamide). In other embodi-
ments, the second polymer matrix forms a polymer
interpenetrating network with the plurality of block copoly-
mers. In yet other embodiments, the block copolymers form
fibrils that are dispersed in the second polymer matrix. In still
other embodiments, the supramolecular assembly further
includes a hydrophobic or amphoteric molecule dissolved or
dispersed in the assembly (e.g., the hydrophobic or amphot-
eric molecule is selected from the group consisting of a fluo-
rophore; peptide; chemokine; pharmaceutically-relevant
small molecule drug; adjuvant molecule including Toll-like
receptor ligands, other PAMPs, and DAMPs; and conjugates
thereof).

[0011] In athird aspect, the invention provides a method of
delivering a target molecule to a subject, the method includ-
ing providing a supramolecular assembly of the second
aspect, in which the supramolecular assembly contains the
target molecule; and contacting the subject with the supramo-
lecular assembly, thereby delivering the target molecule to the
subject. In some embodiments, the target molecule is
covalently attached to the supramolecular assembly. In cer-
tain embodiments, the target molecule is a hydrophobic mol-
ecule dissolved or dispersed in the supramolecular assembly.
In further embodiments, the supramolecular assembly is a
depot deposited internally in the subject. In particular
embodiments, the supramolecular assembly is dispersed in a
liquid carrier when contacted with the subject.

[0012] In some embodiments, the supramolecular assem-
bly is for use as a medicament.
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[0013] In a fourth aspect, the invention provides use of a
supramolecular assembly of the second aspect in the manu-
facture of a medicament.

[0014] In a fifth aspect, the invention provides a pharma-
ceutical composition containing the supramolecular assem-
bly of the second aspect and a pharmaceutically acceptable
carrier.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1. Oligomerization of ethylene sulfide from
PEG macroinitiator, for preparation of PEG,,-OES;.

[0016] FIG. 2. Preparation of block copolymer amphiphile
PAM-OES.
[0017] FIG. 3. Cryo transmission electron microscopy

(cryoTEM) of fibrils formed from water/dichloromethane
emulsion solvent evaporation of PEG,,-OES;.

[0018] FIG. 4A. Chart showing the relationship between
the numbers of monomers and the morphology of the
supramolecular assembly. The number n-m indicates the
number of ethylene oxide repeating units (n) and the number
of ethylene sulfide repeating units (m) in the structure CH,
(OCH,CH,),S(CH,CH,S), H. % ES designates the weight
percentage of the OES block. D(nm) designates the observed
assembly diameter; the D value for PEG,,,-OES, was not
obtained because of the variability of the obtained structures.
[0019] FIG. 4B. CryoTEM images of PEG,,-OES; (44-3),
PEG,,,-OES; (112-5), PEG, ,,-OES; (112-8), and PEG, ,,-
OES9 (112-9).

[0020] FIG.5. Fluorescence of conjugated and core-loaded
dyes was fibril concentration-dependent and demonstrated
two unique methods for molecular modification of fibrils.
Each data point represents the mean of samples acquired in
triplicate; error bars not visible due to low SEM values.
[0021] FIG. 6A. Cryo transmission electron microscopy of
PEG,,-OES,; fibrils treated with 1% hydrogen peroxide.
[0022] FIG. 6B. Histograms showing that exposure of
PEG,,-OES; leads to fibril shortening as observed by confo-
cal microscopy.

[0023] FIG. 7. Ultra high performance liquid chromatog-
raphy (isocratic flow in dimethylformamide) of fibrils treated
with 1% hydrogen peroxide over time.

[0024] FIG.8.1H-NMR of 1% H,O,-treated PEG,,-OES,
fibrils and unmodified polymer demonstrated increasing
hydrophilic sulfoxide and sulfone signal with time, in parallel
with decreasing sulfide signal.

[0025] FIG. 9. Cryo transmission electron microscopy of
lyophilized, reconstituted fibrils.

[0026] FIG. 10A. Assembly of linear OES-PEG-OES
block copolymer into a matrix.

[0027] FIG. 10B. Assembly of multiarm C(PEG-OES),
block copolymer into a matrix.

[0028] FIG. 11. Graph of the rheological analysis of hydro-
gel samples composed of linear or multi-arm precursors. G'
(closed squares) and G" (open squares) correspond to storage
and loss moduli, respectively. n* (open inverted triangles)
corresponds to complex viscosity.

[0029] FIG. 12. Graph of the surface plasmon resonance
analysis of a hydrogel sample composed of multi-arm pre-
cursors. Each one-headed black-arrow indicates exposure of
the hydrogel to the mobile phase (1% hydrogen peroxide) for
30 seconds. The control sample was exposed to the mobile
phase bursts (water).

[0030] FIG. 13. Fibril distribution to selected subsets in
secondary lymphoid organs after intradermal injection.
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[0031] FIG. 14. Fibril associated with tumor-resident
immune cell subsets following intravenous injection.

[0032] FIG. 15. Fibril associated with splenic dendritic
cells following intravenous injection independent of tumor
burden.

DETAILED DESCRIPTION OF THE INVENTION

[0033] We describe block copolymers including a hydro-
philic block and an oligothioether block, where the oligoth-
ioether block includes oligo(ethylene sulfide), and assembly
of these block copolymers into fibrillar architectures. In par-
ticular, we expand the self-assembly capabilities of PEG-
thioether block copolymer amphiphiles by replacing propy-
lene sulfide with a related but previously unexplored
monomet, ethylene sulfide. Oligo- and poly(ethylene sulfide)
is obtained through cationic or anionic ring-opening poly-
merization of the cyclic ethylene sulfide monomer. In poly-
mer form, ethylene sulfide is a hydrophobic and highly crys-
talline molecule. The instant invention demonstrates that
under self-assembly conditions, these characteristics drive
formation of supramolecular structures, given appropriate
relative molecular weights of the PEG and oligo(ethylene
sulfide) blocks. The instant invention demonstrates that even
very low degrees of polymerization of ethylene sulfide pro-
vide very stable self-assembled structures.

[0034] A convenient hydrophilic block is poly(ethylene
glycol) (PEG), and other synthetic or natural hydrophilic
polymers may be used. The PEG-oligothioether copolymer is
composed of the hydrophilic PEG block, covalently attached
to a hydrophobic block composed of OES. The free PEG
terminus not connected to the hydrophobic block may be one
of'a number of chemical groups, including but not limited to
hydroxyl, methoxy, thiol, amine, maleimide, halogen, pro-
tecting group, drug, or biomolecule. Both blocks may vary in
molecular weight and therefore size, the adjustment of which
alters block copolymer amphiphilic behavior. A preferred
embodiment is a linear PEG-OES block copolymer whose
relative block sizes yield formation of supramolecular linear
fibrillar (high-aspectratio) architecture following self-assem-
bly. A preferred embodiment of the self-assembly of PEG-
OES block copolymers into supramolecular fibrillar architec-
tures is driven by enthalpically favorable crystallization of the
hydrophobic ethylene sulfide domain, for example through
emulsion solvent evaporation from immiscible organic and
aqueous cosolvents, or for example from thin film evapora-
tion. A special feature of the invention is that self-assembly is
driven by both hydrophobicity and crystallization of the OES
block, and the energetic contribution of crystallization drives
formation of supramolecular structures at much smaller OES
block lengths than would be necessary with amorphous ana-
logs such as oligo(propylene sulfide) or poly(propylene sul-
fide) (these denominations are used interchangeably herein).
Moreover, the formed supramolecular structures are more
stable to dissociation than those formed with the amorphous
analogs. Linear high-aspect-ratio organic materials are uti-
lized as components to, for example, increase mechanical
strength of heterogeneous materials. A preferred embodiment
is formation of covalent polymer networks in the presence of
self-assembled linear fibrils generated from linear PEG-OES
block copolymer.

[0035] Preparation of three-dimensional fibrillar matrices
is achieved following self-assembly of branched and/or
multi-arm PEG-OES block copolymers. A preferred embodi-
ment of the multivalent PEG-OES block copolymer is a
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branched and/or multi-arm PEG core, variant both of absolute
size and of molecular weight between branches, in which
three or greater branches or arms terminate in an OES block
of appropriate molecular weight to allow self-assembly for-
mation of a fibrillar matrix, using techniques described above
for linear supramolecular assemblies. In a preferred embodi-
ment, fibrillar matrices are achieved by assembly of branched
or multi-arm constituent block copolymer in the presence or
absence of co-assembly with linear constituent block copoly-
mer that forms linear fibril assemblies. Matrices are also
achieved by covalently cross-linking pre-formed linear fibril
architectures with a network-forming component that pre-
sents two or more sites for conjugation to reactive sites on the
formed fibrils. A preferred embodiment is linear fibril assem-
blies connected by a bi- or multi-valent natural or synthetic
polymer, a polysaccharide, a natural or recombinant protein
or protein conjugate, and/or another pre-formed fibril assem-
bly. Heterogeneous polymer-derived networks are generated
by initial formation of one cross-linked matrix structure, fol-
lowed by formation of an interpenetrating network via matrix
formation from secondary polymer component. Thus a pre-
ferred embodiment of three-dimensional fibrillar matrix for-
mation is formation of interpenetrating polymer networks
(IPNs), in which the three-dimensional fibrillar matrix is
formed in either the initial or secondary network formation
step.

[0036] Building from the linear and branched/multi-arm
PEG-OES block copolymers described above, the constituent
polymer may undergo covalent modification prior to
supramolecular assembly into linear or branched fibril struc-
tures. Covalent modification may occur at one or more ter-
mini; in the case of multiple modifications, the modifying
moieties may be the same or different. In a preferred embodi-
ment, a modifying moiety may include but is not limited to a
fluorophore; a protecting group; peptide; chemokine; phar-
maceutically-relevant small molecule drug; adjuvant mol-
ecule including Toll-like receptor ligands, other pathogen-
associated molecular patterns (PAMPs), and damage-
associated molecular patterns (DAMPs); natural or
recombinant protein or protein conjugate; sugar, saccharide,
or carbohydrate;

[0037] synthetic polymer; and conjugates thereof. In a pre-
ferred embodiment, supramolecular linear fibril assemblies
and three-dimensional fibril networks may be generated via
self-assembly of one or more unmodified or modified linear,
branched, or multi-arm constituent block copolymers.
[0038] Molecular modification of supramolecular fibril
structures, in both high-aspect-ratio linear assemblies and
three-dimensional fibril networks, is also achieved through a
process of initial fibril and/or network self-assembly fol-
lowed by covalent modification. In a preferred embodiment,
a modifying moiety may include but is not limited to a fluo-
rophore; peptide; chemokine; pharmaceutically-relevant
small molecule drug; adjuvant molecule including Toll-like
receptor ligands, other PAMPs, and DAMPs; natural or
recombinant protein or protein conjugate; sugar, saccharide,
or carbohydrate; synthetic polymer; and conjugates thereof.
Multiple and sequential fibril modifications are achieved by
removing chemical protecting groups with subsequent modi-
fication.

[0039] Incorporation of hydrophobic small molecules into
the hydrophobic OES supramolecular core yields non-cova-
lent molecular modification of linear fibril assemblies and
three-dimensional fibril networks. In a preferred embodi-
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ment, a linear fibril or three-dimensional fibril network is
initially formed, into which one or more hydrophobic small
molecules are allowed to diffuse. Alternatively, one or more
hydrophobic small molecules is dissolved in the organic sol-
vent phase used to prepare fibril assemblies through emulsion
solvent evaporation or thin film evaporation. In a preferred
embodiment, one or more small hydrophobic molecules are
represented by a fluorophore; peptide; chemokine; pharma-
ceutically-relevant small molecule drug; adjuvant molecule
including Toll-like receptor ligands, other PAMPs, and
DAMPs; and conjugates thereof, and their incorporation into
the hydrophobic core domain of the linear fibril assembly or
three-dimensional fibril network does not interfere with or
prevent assembly.

[0040] As described above, there are myriad permutations
for assembly and for covalent and non-covalent modification
of fibril-constituent block copolymer species. The invention
includes assemblies generated from any individual or combi-
nation of step-wise modification. This includes heteroge-
neous linear or matrix assemblies containing unmodified and/
or differently modified constituent polymers; assemblies may
also be subsequently modified or loaded.

[0041] Fibril degradation or disassembly mechanism rep-
resents an important aspect of fibril performance, for material
processing or downstream biological applications. In a pre-
ferred embodiment, oxidative conditions promote fibril dis-
assembly by progressive chemical conversion of hydropho-
bic and crystal-forming ethylene sulfide residues (or mers) to
increasingly hydrophilic and decreasingly crystalline sulfox-
ide and sulfone groups. Within the constituent block copoly-
mers, subsequent and progressive loss of amphiphilic behav-
ior without chain scission promotes fibril disassembly and
formation of populations heterogeneous with micellar con-
structs, then to loss of supramolecular architectures (Napoli et
al., 2005). In a preferred embodiment, oxidative sensitivity of
the fibrillar materials will be utilized to promote disassembly
in the extracellular environment in the presence of reactive
oxygen species. In an additional preferred embodiment,
redox sensitivity of the fibrillar materials will be utilized to
promote disassembly in the intracellular environment, in the
context of endolysosomal processing subsequent to cellular
uptake via phagocytic mechanisms. In a preferred embodi-
ment, chemical treatment (oxidizing conditions) or physical
processing (lyophilizing) promotes fibril shortening to rod-
like structures and micelles.

[0042] Although the above description refers to PEG as the
hydrophilic block, other hydrophilic polymers may be used in
place of PEG including poly(ethylene oxide)-co-poly(propy-
lene oxide) random, di- or multiblock copolymers, poly(eth-
ylene oxide), poly(vinyl alcohol), poly(ethylene-co-vinyl
alcohol), poly(N-vinyl pyrrolidone), poly(acrylic acid), poly
(methyloxazoline) (PMOXA), poly(ethyloxazoline), poly
(alkylacrylates), poly(acrylamide), poly(N-alkylacryla-
mides), hydrophilic polypeptides, polysaccharides, poly(N,
N-dialkylacrylamides),  hyaluronic  acid,  alginate,
cyclodextrin, or poly (N-acryloylmorpholine). The hydro-
philic block may be present at a molecular weight of between
500 and 50,000. The OES block may have between 2 and 50
monomer units (e.g., between 3 and 40 monomer units, 3 and
30 monomer units, or 3 and 20 monomer units).

[0043] The block copolymers of the invention can be used
to form supramolecular assemblies (e.g., fibrils, rods, or
matrices), e.g., in liquids or gels. The supramolecular assem-
blies of the invention, when dispersed in a second polymer
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matrix, can form, e.g., fibril-embedded or interpenetrating
matrices. Suitable second polymer matrices include gels.
Gels that may be used to prepare the supramolecular assem-
blies of the invention include those from poly(acrylic acid),
poly(saccharides) (e.g., alginic acid, carboxymethylcellu-
lose, ethylcellulose, hydroxyethylcellulose, hydroxypropyl
cellulose, methylcellulose, tragacanth gum, xanthan gum or
sodium alginate), polypeptides (e.g., gelatin), poloxamers,
poly(vinyl alcohol), and poly(acrylamide), and mixtures
thereof (e.g., acacia gum). In certain embodiments, the sec-
ond polymer matrix includes poly(acrylamide).

[0044] The block copolymers of the invention can be used
for the encapsulation of pharmaceutical agents such as pep-
tides, nucleic acids, antibiotics (e.g., ampicillin or tetracy-
cline), chemotherapeutics (e.g., doxorubicin), or other small
molecule pharmaceutical agents. Pharmaceutical composi-
tions may also employ excipients that increase the encapsu-
lation efficiency of one or more block copolymers for phar-
maceutical agents that are hydrophilic, hydrophobic, or
amphiphilic. The excipients may increase the compatibility
of the pharmaceutical agent with one or more blocks in the
block copolymer, e.g., by reducing repulsive forces or
increasing attractive forces between the pharmaceutical agent
and one or more blocks of the block copolymer.

[0045] Suitable exemplary excipients are 1,8-diazabicyclo
[5.4.0lundec-7-ene (DBU) and polyethylene glycol (e.g.,
PEG 600). PEG having a molecular weight between 400 and
800 Da is effective as an excipient. Other excipients that may
be used are PPS-PEG copolymers and hydrobromide or
hydrochloride salts of common organic bases such as trietha-
nolamine, triethylamine, or pyridine. The addition of an
excipient to a mixture containing a block copolymer and a
pharmaceutical agent may increase the efficiency of encap-
sulation of the pharmaceutical agent by greater than 1.5-fold,
3-fold, 5-fold, 10-fold, or 50-fold.

[0046] In various embodiments, the pharmaceutical com-
position includes about 1 ng to about 20 mg of pharmaceutical
agent, e.g., a nucleic acid or a hydrophobic compound (e.g.,
paclitaxel or dexamethasone). In some embodiments, the
composition contains about 10 ng to about 10 mg, about 0.1
mg to about 500 mg, about 1 mgto about 350 mg, about 25 mg
to about 250 mg, or about 100 mg of pharmaceutical agents.
Those of skill in the art of clinical pharmacology can readily
arrive at dosing amounts using routine experimentation.
[0047] Suitable carriers include, but are not limited to,
saline, buffered saline, dextrose, water, glycerol, ethanol, and
combinations thereof. The composition can be adapted for the
mode of administration and can be in the form of, for
example, a pill, tablet, capsule, spray, powder, or liquid. In
some embodiments, the pharmaceutical composition con-
tains one or more pharmaceutically acceptable additives suit-
able for the selected route and mode of administration. These
compositions may be administered by, without limitation,
any parenteral route including intravenous, intra-arterial,
intramuscular, subcutaneous, intradermal, intraperitoneal,
intrathecal, as well as topically, orally, and by mucosal routes
of'delivery such as intranasal, inhalation, rectal, vaginal, buc-
cal, and sublingual. In some embodiments, the pharmaceuti-
cal compositions of the invention are prepared for adminis-
tration to vertebrate (e.g., mammalian) subjects in the form of
liquids, including sterile, non-pyrogenic liquids for injection,
emulsions, powders, aerosols, tablets, capsules, enteric
coated tablets, or suppositories. Conventional procedures and
ingredients for the selection and preparation of suitable for-
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mulations are described, for example, in Remington’s Phar-
maceutical Sciences (2003-20th edition) and in The United
States Pharmacopeia: The National Formulary (USP 24
NF19), published in 1999.

[0048] Pharmaceutical agents may be hydrophilic, hydro-
phobic, or amphoteric. Typically, hydrophilic agents will be
covalently attached to the copolymer, and hydrophobic
agents will be encapsulated in the interior of an assembly.
Agents that may be employed with copolymers of the inven-
tion include but are not limited to natural and synthetic com-
pounds, e.g., a nucleic acid, having the following therapeutic
activities: anti-arthritic, anti-arrhythmic, anti-bacterial, anti-
cholinergic, anticancer, anticoagulant, antidiuretic, antidote,
antiepileptic, antifungal, anti-inflammatory, antimetabolic,
antimigraine, antineoplastic, antiparasitic, antipyretic, anti-
seizure, antisera, antispasmodic, analgesic, anesthetic, beta-
blocking, biological response modifying, bone metabolism
regulating, cardiovascular, diuretic, enzymatic, fertility
enhancing, growth-promoting, hemostatic, hormonal, hor-
monal suppressing, hypercalcemic alleviating, hypocalcemic
alleviating, hypoglycemic alleviating, hyperglycemic allevi-
ating, immunosuppressive, immunoenhancing, muscle relax-
ing, neurotransmitting, parasympathomimetic, sympathom-
inetric plasma extending, plasma expanding, psychotropic,
thrombolytic, chemotherapeutic, and vasodilating.

EXAMPLES
Example 1

Preparation of Linear PEG-OES and OES-PEG-OES
Block Copolymers by Ring-Opening
Oligomerization of Ethylene Sulfide from PEG
Macroinitiator

[0049] Using monomethoxy-terminated PEG (MW 2000)
as the starting material, a monomethoxy-PEG-thioacetate
macroinitiator species was prepared according to previously
described methods (Napoli et al., 2001; Velluto et al., 2008).
Monomethoxy-PEG-thioacetate was transferred to Schlenk
tube under argon and dissolved in tetrahydrofuran. The solu-
tion was stirred at room temperature under argon for thirty
minutes following addition of 1.1 equivalents sodium meth-
oxide (0.5 M solution in methanol). After sodium methoxide
activation, various equivalents (2, 3, or 4) of cyclic ethylene
sulfide monomer were added. The reaction was terminated by
adding excess glacial acetic acid (FIG. 1). The constituent
block copolymer was obtained after washing, filtration, pre-
cipitation in diethyl ether, and vacuum drying. This technique
is easily expanded to a wide range of alternatively-terminated
PEG starting materials; for example, with fluorescent labels
or protecting groups replacing the methoxy group described
above. After drying, PEG-OES block copolymer was
obtained in 80-90% yield and analyzed by 1 H-NMR (400
MHz, CDCI;) §3.83-3.44 (s, OCH,CH,), 3.37 (s, OCH,),
2.87 (td, CH,SH) 2.81-2.72 (m, SCH,CH,). With target eth-
ylene sulfide degree of polymerization (DP)=2 from MW
2000 macroinitiator, observed DP in block copolymer
samples was a mixture of 1 and 2. Target DP=3 was consis-
tently obtained in ethylene sulfide oligomerization from MW
2000 macroinitiator. Initiation of oligomerization from MW
2000 macroinitiator with target DP=4 led to irreversible pre-
cipitation of organic solvent-insoluble polymer product. Ini-
tiation of oligomerization from MW 5000 macroinitiator of
ethylene sulfide DP=3 and 4 is feasible. These examples
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demonstrate that for downstream self-assembly, design and
synthesis of block copolymers comprised of oligo(ethylene
sulfide) is a balance between controlling defined block size,
and avoiding irreversible polymer precipitation. OES-PEG-
OES having the theoretical formula of H(SCH,CH,),S
(CH,CH,0)_,,,CH,CH,S(CH,CH,S),H was prepared fol-
lowing a similar procedure in which the starting material was
dihydroxyl-terminated PEG.

Example 2

Preparation of Linear OES Copolymers with other
Hydrophilic Polymers

[0050] Synthetic polymers besides PEG may be utilized as
the hydrophilic block of the fibril constituent amphiphilic
block copolymer. For example, it has previously been shown
that diblock copolymers in which poly(acryloylmorpholine)
(PAM) represents the hydrophilic block are capable of form-
ing nanoscale self-assembled micellar constructs (Jo et al.,
2008). In this approach, PAM homopolymers and diblock
copolymers are synthesized by reversible addition-fragmen-
tation chain-transfer polymerization (RAFT). In order to
obtain PAM-OES constructs, the technique is modified, uti-
lizing a two-step process involving (1) PAM homopolymer-
ization by RAFT followed by (2) ring-opening oligomeriza-
tion of ethylene sulfide using PAM as the macroinitiator (FI1G.
2). PAM homopolymerization was described (Jo etal., 2008);
briefly, N-acryloylmorpholine monomer and 2-[(2-phenyl-1-
thioxo)thio]propanoic acid chain transfer agent are dissolved
in 1,4-dioxane. Following evacuation, polymerization pro-
ceeded at 90° C. for 24 hr, and polymers are obtained by
precipitation in diethyl ether and vacuum drying. PAM
homopolymer presents a labile terminal phenyldithioester;
after dissolving in tetrahydrofuran under argon atmosphere,
activation with 1.1 equivalents sodium methoxide (0.5 M
solution in methanol) to the PAM macroinitiator yields a
terminal thiolate. Addition of ethylene sulfide monomer
yields ring-opening polymerization that is quenched with
excess glacial acetic acid. Both RAFT and ring-opening poly-
merization permit narrow control over absolute and relative
block molecular weight and therefore size. Indeed, PAM
homopolymers of approximately 7000 MW have been
obtained with low dispersity (Jo et al., 2008). These values are
directly relevant for adaptation to amphiphilic PAM-OES
block copolymers capable of undergoing self-assembly.

Example 3

Preparation of Multi-Arm PEG-OES Block
Copolymer by Ring-Opening Oligomerization of
Ethylene Sulfide from Multi-Arm PEG
Macroinitiator

[0051] Using hydroxy-terminated branched or multi-arm
PEG as the starting material, thioacetate-terminated branched
or multi-arm PEG macroinitiator species were prepared, as in
Example 1. In this example, four-arm MW 15000 starting
material was used, although branched or multi-arm PEG MW
10000 and 20000 are feasible. The thioacetate-terminated
four-arm PEG MW 15000 macroinitiator was transferred to
Schlenk tube under argon and dissolved in tetrahydrofuran.
The solution was stirred at room temperature under argon for
thirty minutes following addition of 1.1 equivalents sodium
methoxide (0.5 M solution in methanol) per arm. After
sodium methoxide activation, 3 equivalents of cyclic ethylene
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sulfide monomer per arm were added. The reaction was ter-
minated by adding excess glacial acetic acid. The multi-arm
block copolymer was obtained after washing, filtration, pre-
cipitation in diethyl ether, and vacuum drying. After drying,
block copolymer was obtained in 70-80% yield and analyzed
by 1 H-NMR (400 MHz, CDCl,) §3.82-3.42 (s, OCH,CH,),
2.87 (td, CH,SH) 2.79-2.72 (m, SCH,CH,). Extending from
this example, oligomerization of ethylene sulfide with DP=4
per arm is also feasible. Similarly, a four-arm OES-termi-
nated precursor having a theoretical formula of
C[(CH,CH,0)_,,,CH,CH,S(CH,CH,S);H], was prepared.

Example 4

Production of Linear Macromolecular Fibril
Assembly

[0052] PEG-OES as prepared in Example 1 was dissolved
in low vapor pressure organic solvent, here chosen as dichlo-
romethane. After dropwise addition of water, the resulting
emulsion was allowed to stir at room temperature until com-
plete evaporation of organic solvent, resulting in high-aspect-
ratio linear fibrils, as confirmed by cryo transmission electron
microscopy (FIG. 3). The resultant fibrils are completely
suspendable in aqueous media and solvent exchange through
diafiltration achieves fibril suspensions in aqueous media
such as phosphate-buffered saline solutions or media. The
hydrophobic and crystalline character of the short (DP=3)
OES block of PEG-OES drives assembly of the amphiphile
into linear fibrillar structures, with a core composed of asso-
ciated OES chains and PEG blocks radiating outward. OES
blocks with DP=4 or higher are expected to generate similar
architectures, provided the size of the PEG block provides
sufficient solubility to maintain the copolymer in solution
during the ring-opening polymerization reaction (no precipi-
tation). In contrast to this finding, in amphiphilic block
copolymers composed of PEG and amorphous PPS blocks, a
much higher degree of polymerization of propylene sulfide is
required to form self-assembled structures. For example,
polymerization of propylene sulfide from a PEG,, macroini-
tiator required DP=10 to yield amphiphiles for spherical
micelle self-assembly (Velluto et al., 2008). From the same
PEG block size, initiation of propylene sulfide polymeriza-
tion with DP=44 was observed to yield polymers that form
cylindrical/fibrillar micelles upon self-assembly, but these
structures are metastable and also form spherical micelles
(Cerritelli et al., 2009).

[0053] As shown in FIGS. 4A and 4B, the morphology of
supramolecular assemblies of PEG,,-OES,, depends on the
variables n and m and the resulting molecular weight percent-
age of the OES block.

Example 5

Incorporation of Linear Fibrils within
Polyacrylamide Gel

[0054] 50 microliters acrylamide and 75 microliters 4x Tris
buffer pH 6.8 were mixed. 175 microliters fibril suspension in
water (1-10 mg/ml.) were added to dilute the mixture and
introduce the fibrils. 2.5 microliters of ammonium persulfate
solution and 0.5 microliters TEMED reagent were added to
initiate gelation of fibril-embedded polyacrylamide matrix.
Although a specific hydrogelator is described, the approach
may be generalized for linear fibril embedding in the context
of cross-linked polymer, polysaccharide, or polypeptide gels.
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Example 6

Covalent Modification of Fibril Assembly

[0055] Linear fibril assembly dispersed in water was incu-
bated overnight at room temperature with a maleimide-con-
jugated dye, for example Alexa Fluor 647 C, maleimide
(AF647), which reacted with chemically available thiol
groups presented from the OES core. Thiol availability was
previously confirmed via Ellman’s assay. Fibrils covalently
modified with fluorescent label were exhaustively dialyzed to
remove unreacted label. Fluorescence signature of loaded
fibrils was confirmed spectrophotometrically (FIG. 5). Fibril
modification with small molecules via reactive thiols repre-
sents a general approach; furthermore, the incorporation of
chemically-reactive groups at the fibril surface presenting
constituent block copolymer PEG termini provides another
location to perform single or orthogonal covalent molecular
attachment. Larger molecules may be covalently attached in
this way to linear or three-dimensional fibril assemblies. The
preparation of multivalent fibril structures presenting mul-
tiple biologically-relevant compounds is achieved by mixing
a heterogeneous population of pre-conjugated and/or reactive
constituent polymers, followed by orthogonal loading tech-
niques or sequential deprotection/modification. Such
approaches allow the formulation of linear or three-dimen-
sional fibril assemblies presenting complementary biological
signals, for example adjuvant and antigen.

Example 7

Non-Covalent Loading of Hydrophobic Small
Molecule into Linear Fibril Assembly

[0056] Linear constituent PEG-OES sulfide block copoly-
mer and lipophilic membrane fluorescent dye (DiO) were
dissolved in dichloromethane. Water was added dropwise and
the emulsion was stirred at high speed until complete dichlo-
romethane evaporation. The resulting aqueous solution was
subjected to exhaustive dialysis to remove unloaded fluores-
cent label. Fluorescence signature of loaded fibrils was con-
firmed spectrophotometrically (FIG. 5). This technique rep-
resents a broadly applicable technique for loading
hydrophobic small molecules into linear or three-dimen-
sional fibril assemblies, that may or may not have covalent
modifications as described in Example 8.

Example 8

Hydrogen Peroxide-Mediated Fibril Disassembly

[0057] A suspension oflinear fibrils was reacted with vary-
ing concentrations of hydrogen peroxide for pre-determined
periods oftime. Cryo transmission electron microscopy (FI1G.
6A) performed on unlyophilized, exhaustively diafiltered
aqueous fibril solutions confirmed fibril shortening and for-
mation of micellar particles, assemblies whose higher inter-
facial curvature is favored under such conditions (Napoli et
al., 2005). Oxidized polymers were subjected to UHPLC in
dimethylformamide under isocratic flow (FIGS. 7) and 1
H-NMR in chloroform-d (FIG. 8). These techniques con-
firmed time-dependent conversion of sulfide groups to more
hydrophilic sulfoxide and sulfone groups, with no change in
relative length of the fibril constituent polymer. Histograms in
FIG. 6B demonstrate that exposure of the linear fibrils to 1%
hydrogen peroxide leads to fibril shortening, as observed by
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confocal microscopy. In contrast, no change in fibril length
was observed upon long-term storage in water.

Example 9

Linear fibril Shortening to Rod-Like and Micellar
Structures by a Physical Process of Lyophilization

[0058] Mechanical processing can be utilized to adjust
fibril architecture following assembly. An aqueous suspen-
sion of previously formed fibrils was flash frozen in liquid
nitrogen and lyophilization. Following resuspension in ultra-
pure water, cryo transmission electron microscopy (FI1G. 9)
confirmed that this treatment yields rod-like and micellar
structures, possibly through shear. This example also con-
firms that fibril suspensions are preferably not lyophilized
prior to downstream applications, as the process changes the
desired high aspect ratio shape.

Example 10

OES-Terminated Linear and Multi-Arm Polymers
form Shear-Thinning Hydrogels

[0059] As shown in FIGS. 10A and 10B, the OES-termi-
nated linear and multi-arm polymers containing PEG and
OES form a matrix. Hydrogels generated from linear and
branched precursors are shear-thinning, as demonstrated by
frequency-dependent changes in storage (G', closed squares)
and loss (G", open squares) moduli (FIG. 11). Inverse linear
dependence of complex viscosity (q*, open inverted tri-
angles) on frequency underlines the solid to liquid transition
in both systems.

[0060] FIG. 12 shows surface plasmon resonance analysis
oxidation-responsive gel degradation of hydrogel sample
composed of branched precursor. In this Example, the hydro-
gel was exposed to mobile phase or 1% hydrogen peroxide
bursts (30 s, single-headed black arrows). Following a single
hydrogen peroxide exposure event in the control flow cell
(lower trace), no mass loss was observed upon continuous
exposure to the mobile phase (water). In contrast, repeated
exposure to hydrogen peroxide accumulates mass loss
(double-headed black arrow) from hydrogel in the exposure
flow cell (upper trace)

Example 11

Aqueous Dispersions of Linear Fibril Assemblies are
Phagocytosed In Vitro

[0061] RAW-Blue mouse macrophages (InvivoGen) were
cultured according to vendor instructions. One day prior to
visualization, macrophages were plated at 50,000 cells per
well in collagen-coated glass-bottom culture trays. Cells
were labeled with fluorescent intracellular cytoplasmic stain
(for example, CellTracker Red) and incubated with linear
AF647-modified fibril-containing media for three hours, then
rinsed with fresh media. Nuclear stain (for example, Hoechst
33342) was added to culture wells immediately prior to visu-
alization by spinning disc confocal microscopy. Confocal
microscopy confirmed that macrophages phagocytose linear
fibril fragments in vitro; in three-dimensional (Z-stack)
analysis, the nuclear and cytoplasmic compartments were
clearly labeled and delineated, with punctate AF647 fibril
signal distributed within the cytoplasmic compartment.
These findings support downstream biological applications
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for fibril-mediated molecular delivery to phagocytic immune
cells such as specialized macrophage subsets and dendritic
cells.

Example 12

Intradermal Injection of Fibril Suspension for Depot
Effect or Molecular Delivery to Downstream
Sentinel Lymph Node

[0062] Mice were intradermally injected under isoflurane
anesthesia at each forelimb and hindlimb hock with a suspen-
sion of AF647-modified linear fibrils, as prepared in Example
6. The total amount of injected fibril was 100 pug per mouse,
with or without 10 pg soluble Toll-like receptor ligand CpG-
B. One vehicle mouse received sterile Dulbecco’s phosphate
buffered saline alone. Relevant secondary lymphoid organs
were harvested 24 hr later and processed for flow cytometry to
assess fibril distribution and cellular association following
intradermal injection, in the absence or presence of CpG-B-
mediated inflammation. In both cases, fibril-positive signal
was comparable to background (vehicle) in the spleen, indi-
cating that intact or phagocytosed fibrils did not reach the
spleen over the period of one day (FIG. 13A).

[0063] In the context of fibril injection without CpG-B,
fibril-positive signal was comparable to background (vehicle)
in the downstream sentinel lymph nodes, whether pooled
axial and brachial lymph nodes associated with the forelimb
injection sites, or popliteal lymph nodes associated with the
hindlimb injection sites (FIG. 13A). This finding suggests
that the majority of injected fibril suspension remained at the
injection site. As such, intradermally injected suspensions of
fibrils bearing covalently- or non-covalently-bound biomol-
ecules or small molecule drugs could be utilized for depot
effect at the injection site. Similar depot effects may also be
achieved by subcutaneous implantation of matrix-like three-
dimensional fibril constructs.

[0064] In the context of fibril injection with CpG-B, fibril-
positive signal in CD45-positive cells (brachial/axial lymph
nodes) or all live cells (popliteal lymph nodes) was signifi-
cantly greater than background. This finding suggests that in
the context of local inflammation, intact or phagocytosed
fibril was transported to the sentinel lymph node. For
example, in brachial/axial lymph nodes, cell counts of fibril-
positive lymph node-resident dendritic cells and peripheral
dendritic cells showed that both populations were increased
in the context of CpG-B (FIG. 13B). This result indicates that
under such conditions, fibril transport to the sentinel lymph
node was both flow- and cell-mediated. This approach may be
applied for fibril-mediated delivery of biomolecules to anti-
gen-presenting cells or for delivery of immunomodulatory
drugs to the lymph node.

Example 13

Drug and Small Molecule Delivery to Tumor

[0065] Intravenous injection of fibril suspensions was
explored in the context of tumor-bearing and naive mice.
Tumor-bearing mice previously received subcutaneous cul-
tured GFP B16F10 mouse melanoma xenotransplant at the
left shoulder blade; tumors were monitored daily for one
week prior to fibril injection. Tumor-bearing and naive mice
received 100 pgtotal fibril in 100 ul. volume per mouse, while
vehicle mouse received Dulbecco’s phosphate-buffered
saline. After 3 hr, tumors from tumor-bearing mice, as well as
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spleens from tumor-bearing, naive, and vehicle mice were
harvested for flow cytometry, to assess fibril distribution and
cellular association following intravenous injection. In both
tumor-bearing and naive mice, fibril signal in spleen was
comparable to background (vehicle), while signal was sig-
nificantly associated with tumor-associated CD11b* CD11c¢*
populations (dendritic cells and some macrophage popula-
tions; FIG. 14, top panel). Within tumor, fibril signal also
associated with the monocytic phenotype of myeloid-derived
suppressor cells (FIG. 14, bottom panel). As they show that
fibrils associated with the tumor mass and with tumor-related
immune cell subsets, these findings support the exploration of
anti-tumor drug and/or small molecule delivery to tumor, for
potential therapeutic applications.

Example 14

T Cell-Dependent and -Independent Vaccine
Technology

[0066] In the context of the intravenous fibril administra-
tion route introduced in Example 13, we observed that fibril
association varied by tissue type and immune cell subset. For
example, a small but notable population of CD11b- CD11c+
dendritic cells were fibril positive in the splenic compartment,
independent of tumor burden (FIG. 15). This outcome sug-
gests that following IV injection a portion of the fibril bolus
was taken up in the spleen, a lymphoid organ highly relevant
for lymphocyte immune response to circulating antigens. In
particular, fibril covalently conjugated with peptide or protein
antigens could be utilized for T cell-mediated humoral
response to loaded antigen, and fibril covalently conjugated
with repetitive structures for clustered B cell receptor engage-
ment could be utilized for T cell-independent humoral
response. Both of these approaches represent directions for
use of linear fibril suspensions for vaccine technology.
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OTHER EMBODIMENTS

[0087] Various modifications and variations of the
described device and methods of use of the invention will be
apparent to those skilled in the art without departing from the
scope and spirit of the invention. Although the invention has
been described in connection with specific embodiments, it
should be understood that the invention as claimed should not
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be unduly limited to such specific embodiments. Indeed, vari-
ous modifications of the described modes for carrying out the
invention that are obvious to those skilled in the art are
intended to be within the scope of the invention.

[0088] Other embodiments are in the claims.

What is claimed is:

1. A block copolymer comprising a hydrophilic block and
an oligo(ethylene sulfide) (OES) block.

2. Theblock copolymer of claim 1, wherein the hydrophilic
block is selected from the group consisting of poly(ethylene
oxide)-co-poly(propylene oxide) random, di- or multiblock
copolymers, poly(ethylene oxide), poly(vinyl alcohol), poly
(ethylene-co-vinyl alcohol), poly(N-vinyl pyrrolidone), poly
(acrylic acid), poly(methyloxazoline), poly(ethyloxazoline),
poly(alkylacrylates), poly(acrylamide), poly(N-alkylacryla-
mides), polypeptide, polysaccharide, poly(N,N-dialkylacry-
lamides), hyaluronic acid, alginate, cyclodextrin, or poly
(N-acryloylmorpholine).

3. Theblock copolymer of claim 1, wherein the hydrophilic
block is PEG.

4. The block copolymer of claim 3, wherein the PEG is of
molecular weight 500 to 50,000.

5. The block copolymer of claim 1, wherein the degree of
polymerization of the OES block is 2 to 10.

6. The block copolymer of claim 1, wherein the block
copolymer is linear.

7. The block copolymer of claim 1, wherein the block
copolymer is branched.

8. The block copolymer of claim 1, further comprising a
moiety selected from a fluorophore; a protecting group; pep-
tide; chemokine; pharmaceutically-relevant small molecule
drug; adjuvant molecule including Toll-like receptor ligands,
other pathogen-associated molecular patterns (PAMPs), and
damage-associated molecular patterns (DAMPs); natural or
recombinant protein or protein conjugate; sugar, saccharide,
or carbohydrate; synthetic polymer; and conjugates thereof
covalently attached to the hydrophilic block or the OES
block.

9. A supramolecular assembly comprising a plurality of
block copolymers of any of claims 1 to 8.

10. The supramolecular assembly of claim 9, wherein the
assembly is a fibril, rod, or micelle.

11. The supramolecular assembly of claim 9, wherein the
assembly is a matrix.
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12. The supramolecular assembly of claim 11, wherein the
plurality of block copolymers comprises linear and branched
copolymers self-assembled or covalently linked to form the
matrix.

13. The supramolecular assembly of any of claims 9 to 12,
further comprising a second polymer matrix.

14. The supramolecular assembly of claim 13, wherein the
second polymer matrix forms a polymer interpenetrating net-
work with the plurality of block copolymers.

15. The supramolecular assembly of claim 13, wherein the
block copolymers form fibrils that are dispersed in the second
polymer matrix.

16. The supramolecular assembly of any of claims 9 to 15,
further comprising a hydrophobic or amphoteric molecule
dissolved or dispersed in the assembly.

17. The supramolecular assembly of claim 16, wherein the
hydrophobic or amphoteric molecule is selected from the
group consisting of a fluorophore; peptide; chemokine; phar-
maceutically-relevant small molecule drug; adjuvant mol-
ecule including Toll-like receptor ligands, other PAMPs, and
DAMPs; and conjugates thereof.

18. A method of delivering a target molecule to a subject,
the method comprising providing a supramolecular assembly
of any of claims 9 to 17, wherein the supramolecular assem-
bly comprises the target molecule; contacting the subject with
the supramolecular assembly, thereby delivering the target
molecule to the subject.

19. The method of claim 18, wherein the target molecule is
covalently attached to the supramolecular assembly.

20. The method of claim 18, wherein the target molecule is
a hydrophobic molecule dissolved or dispersed in the
supramolecular assembly.

21. The method of claim 18, wherein the supramolecular
assembly is a depot deposited internally in the subject.

22. The method of claim 18, wherein the supramolecular
assembly is dispersed in a liquid carrier when contacted with
the subject.

23. The supramolecular assembly of any of claims 9 to 17
for use as a medicament.

24. Use of a supramolecular assembly of any of claims 9 to
17 in the manufacture of a medicament.

25. A pharmaceutical composition comprising the
supramolecular assembly of any of claims 9 to 17 and a
pharmaceutically acceptable carrier.
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