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SELF-ASSEMBLING POLYMERS,
AND MATERIALS FABRICATED THEREFROM

GOVERNMENT SUPPORT

This invention was made with government support under Grant NAG3-1699
awarded by NASA; and Grants DMR-0090384 and BES-9727401 awarded by the National
Science Foundation. Therefore, the government has certain rights in the imnvention.
BACKGROUND OF INVENTION

Much of biology is based on the special properties of macromolecules. Self-
assembly of biological macromolecules commonly occurs in nature. For mstance,
surfactant molecules such as phospholipids self-assemble to form bi-layered membranes,
unilamellar vesicles, multilamellar vesicles, tubules, and micelles, which are of great
importance to the functions of organisms. See, e.g., J. Schnur, Science, 1993, 262,1670;
and S.A. Safran, Statistical Thermodynamics of Surfaces, Interfaces, and Membranes,
Addison-Wesley, New York, 1994.

Liquid crystal molecules are similar to naturally occurring biological
macromolecules, in that they are also macromolecules and can self-assemble. A liquid
crystal is a thermodynamically stable phase characterized by anisotropy of properties
without the existence of a three-dimensional crystal lattice, generally lying in the
temperature range between the solid and isotropic liquid phase. Liquid crystal molecules
can self-assemble into domains having less order than a crystal, but more order than a
conventional liquid. Because liquid crystals are liquids, their molecules can be oriented n a
straightforward manner.

Because of its supermolecular order, the three-dimensional materials have enhanced
infrared (IR) absorption compared to the polymers from which they are made. When the
self-assembled material described above is applied to the surface of a device the IR
absorption is enhanced. The device can be an IR sensor or an IR filter. Current methods of
enhancing infrared absorption have been limited to coatings and shields, which normally
require careful handling. Examples of such coatings include those made of anodized
aluminum, metal oxides (e.g., ZrO,, Na,O, and Fe;O4), organic-inorganic complexes (e.g., a
dithio-nickel complex), or thermally reactive polymers (e.g., an acrylate copolymer). See,
e.g., U.S. Patent Nos. 4,111,762, 4,525,462, 6,217,796, 6,177,182, and 6,124,425,
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SUMMARY OF INVENTION

In certain embodiments, the present invention 1s drawn to a miniblock polymer
comprising one or more self-fabricating blocks and one or more solubilizing blocks,
wherein the miniblock polymer has a molecular weight of about 1,000 to about 300,000
and, 1 solution, can self-fabricate to form a three-dimensional material having a long-range
order, and wherein the miniblock polymer has a glycine content of at least 20%.

In a further embodiment, the self-fabricating block causes the miniblock polymer to
form a helix.

In a further embodiment, the miniblock polymer comprises two solubilizing blocks
as end blocks, and the self-fabricating block as a core block.

In a further embodiment, the self-fabricating block contains glycine at every third
position of the sequence of the block.

In a further embodiment, the miniblock polymer 1s a polypeptide.

In a further embodiment, the miniblock polymer comprises at least two solubilizing
blocks and one self-fabricating block.:

In a further embodiment, the self-fabricating block has a glycine content of 30-80%.

In a further embodiment, the self-fabricating block contains glycine every third
monomer, contains greater than 25% amino acids, and has a total block length of more than
6 monomers.

In a further embodiment, the self-fabricating block undergoes a random coil to helix
transition.

In a further embodiment, the self-fabricating block is a confirmation selecting block
imparting either hydrophobicity or hydrophilicity to the overall minmiblock polymer and
stabilizing secondary structure intermediates between a twofold extended helix and a
threefold extended helix.

In a further embodiment, the self-fabricating block contains native sequences found
in spider silks, prions, or amyloids.

In a further embodiment, the glycine exists 1n a glycine block selected from the
group consisting of (GX),, (GGX),, (XG),, (XGG),, (GXX),, (XXG),, (GGXGXX),,
(GXGXGGXGXX),, and combinations thereof, wherein X 1s a non-glycine amino acid, and

n 1s an integer from 1 to 5 inclusive.
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In a further embodiment, the glycine exists in a glycine block selected from the
group consisting of GAGAGS, GAGAGY, and (G[AVLI]G[AVLI]),G[YST]), wherein 1 is
an integer from 1 to 5 inclusive.

In a further embodiment, the self-fabricating block has a peptide sequence selected
from the group consisting of:

GGAGGGGTGGLGSGGAGAGGLGGGGAG;
GDVGGAGATGGS;

GNVGGAGASGGS;

GAIGGVGATGGS;
SGAGVGRGDGSGVGLGSGNG;
GPGGTGPGQQGPGGTW;
GPGNNGPGGYGPGNNGPSGPGSA;
DPGVYGPSGNAPGVYGPSGQGAGAGS;
GVGVGS;

GIGIGS;

GVGGGY;

GAGAGY;

GAGAGD;
SGRGGLGGQGAGGGAGQGGYGGLGSQG;
MKHMAGAAGAVVGGLGGYMLGSAM; and
GAGAGT.

In a further embodiment, the miniblock polymer has a peptide sequence selected

from the group consisting of:

(E)sG (C)(GAPGPP)5(C.G(E)s;

(E)s GCCE (GAPGPP), GAPGPR-GDPGPP-GAPGPP(C), G (E)s;
(E), CERGDE (GAPGPP)s ERGDEC (E),;
(E)s (GAPGPP), GCPGPP (GAPGPP); (E)s;
(E)2G (C)s(GAPGPP)s(C)aG (E)z;

(E)2G (C)a(GVPGPP)s(C)4G (E);
(E)3(GCPGPC)s(E)s;

(E)s(GPAGPP)4(E)s;

(E)3(GAOGPO)4(E)s;

(E)3(GVOGPO)4(E)s;
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(E)s(GPPGVP-GPPGPS-GPPGVP-GSPGPP-GPVGPS-GPP)(E)s;
(E)s(GAPGPO)s(E)s;
(E)s(GVOGPO)s(E)s;
(K)s(GAPGPPGDP)4(K)s;
N5 (GPAGPP)g Ns;
N5 (GAPGPP)g Ns;
Ns(GPVGPP)gNs;
N5(GVPGPP)gNGs;
NGSNN(GAPGPP)s NGSNN.
N5(GPAGPP);GPRGDP(GAPGPP)3Ns;
(E)s(GVPGPV)e(E)s;
(E)s(GVPGPA)6(E)s;
(GAPGPP),;
(E)s(GVPGPP)s(E)s;
(E)s(GLPGPP)s(E)s;
(E)s(GIPGPP)s(E)s; and
(K)s(GPPGPPGDP)4(K)s.
In a further embodiment, the miniblock polymer has a peptide sequence selected

from the group consisting of:
SAASAASAASAASAASAA;

SALSVASIASALSVASIA;
YALSVATIAYALSVATIA;
AAAAYAAAAYAAAAYAAAAY;
AAAAYAAYAAYAAYAAY;
AAASSIITAAASIITAAASS;
(E)3(A)is(E)s;
(E)3(A)20(E)s3;
(E)3(A)22(E)s;
(EAAAK),; and
(EAAAK)s.

In a further embodiment, the miniblock polymer has a peptide sequence selected
from the group consisting of:

GIGIGS;
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(E)s(GAGAGD)4(E)s;
(E)s(GYVGVGD)4(E)s;
(E)s(GLGLGD)4(E)s;
(E)s(GIGIGD)4(E)s;
(E)s(GVGVGY)4(E)s;
(E)s(GKGAGD)4(E)s;
(E)s(GAGAGT)4(E)s;
(E)s(GGAGGA)4(E)s;
(E)s(GGAGGT)4(E)s;
(E)s(GGAGGD)4(E)s;
SGAGVGRGDGSGVGLGSGNG;
GDVGGAGATGGS;
GNVGGAGASGGS;
GGAGGGGTGGLGSGG;
GGAGGGGTGGLGSGGAGAGGLGGGGAG;
GPGGTGPGQQGPGGTW;
GPGNNGPGGYGPGNNGPSGPGSA;
DPGVYGPSGNAPGVYGPSGQGAGAGS;
(E)s(GAGAGS)4(E)s;
(E)s(GVGVGS)4(E)s;
(E)s(GIGIGS)4(E)s;
(E)s(GVGVGY)4(E)s;
(E)s(GAGAGY)4(E)s;
(E)s(GAGAGD)4(E)s;
(E)4(GAGAGS),(E)s(GAGAGS)(E)4;
(E)4(GAGAGS)(E){(GAGAGS)(E)4;
(E)s(GAGAGD)3(E)s;
(E)s(GVGVGS)3(E)s;
(E)s(GIGIGS)3(E)s;
(E)s(GVGVGY)3(E)s;
(E)s(GAGAGS)3(E)s;
(E)s(GPGGYGPGQQGPGGY)(E)s;
(E)s(GPGQQGPGGYGPGQQGPSGPGSA)(E)s;

PCT/US02/313735
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(E)s(DPGVY-GPSGQ-DPGVY-GPSGQ)(E)s;
GAIGGVGATGGS;
(R):(GGAGQGGYGGLGSQGAGRGGLGGQGAG)(R)s;
GVGVGS;
(E)s(SGAGVG-RGDGSGV-GLGSGNG),(E)s;
(E)s(GDIGGV-GATGGS),(E)s;

(E)s(GNVGGA GASGGS),(E)s;
(E)s(GVDGGA-GATGGS),(E)s;

GVGGGY;

GAGAGY;

GAGAGD;
SGRGGLGGQGAGGGAGQGGYGGLGSQG;
GAGAGT;

(SGAGVGRGDGSGVGLGSGNG);
(R)3(GGAGQGGYGGLGSQGAGRGGLGGQGAG)(R)s;
(E)s(GDVGGAGATGGS),(E)s;
(E)s(GDVGGAGASGGS),(E)s;
(E)s(GDIGGVGATGGS),(E)s;
(E)s(GPGGYGPGQQGPGGY)(E)s;
(E)s(GPGQQ-GPGGY-GPGQQ-GPSGPG-SA)(E)s; and
(E)s(DPGVY-GPSGQ-DPGVY-GPSGQ)(E)s.

In a further embodiment, the miniblock polymer has a peptide sequence selected
from the group consisting of: " |
SGRGGLGGQGAGMAAAAAMGGAGQGGYGGLGSQG;
MKHMAGAAGAVVGGLGGYMLGSAM;
MDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIATVIVITLVM,; and
(E)4(VSSTGSTSNTDSSSKSAGSRTSGGTSTYGYSSSHRGGS)(E)s.

In a further embodiment, the miniblock polymer contains a peptide sequence
selected from the group consisting of:

DEDEDED;
GAGAGSGAGAGSGAGAGS;
GAPGPP;

GPAGPP;
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GPAGPP;
GAPGPP; and combinations thereof.

In a further embodiment, the miniblock polymer has the peptide sequence:
(EDE)s(GAGAGS)sRGDS(GAGAGS)sPGP(GAGAGY ),PGP(GAGAGS),(EDE)s.

In a further embodiment, the miniblock polymer has the peptide sequence:
NYNS (GCCCG); NSYS (GPGGTGPGQQGPGGTW), GPG (GVGVGSGAGAGD)s.

In a further embodiment, the miniblock polymer has the peptide sequence:
GEGP MKHMA EGPG (GAGAGYGAGY) GPG GESYRGDGSG.

In a further embodiment, the miniblock polymer has the peptide sequence:
GPG (GVPGVAGGP); SYSSNR.

In a further embodiment, the miniblock polymer has the peptide sequence selected

from the group consisting of:
(E)s(GVPGPV)e(E)s;
(E)s(GVPGPA)6(E)s;
(E)s(GLPGPP)s(E)s;
(E)s(GIPGPP)s(E)s;
(K)s(GPPGPPGDP)4(K)s;
(K)s(GAPGPPGDP)4(K)s;
(GSPGPP),,; and

(GAGAGS),; wherein n is an integer from 1 to 5 inclusive.

- In another embodiment, the present invention 1s drawn to a miniblock polymer
comprising one or more self-fabricating blocks and one or more solubilizing blocks,
wherein the miniblock polymer has a molecular weight of about 1,000 to about 300,000
and, in solution, can self-fabricate to form a three-dimensional material having a long-range
order, and wherein the miniblock polymer has a glycine content of at least 20%, and
wherein the miniblock polymer further comprises one or more blocks for triggering self-
fabrication by external or environmental conditions.

In a further embodiment, the external or environmental condition 1s selected from
the group consisting of temperature, light, redox chemistry, enzymatic reactions, and pH.
In a further embodiment, the self-fabricating block causes the miniblock polymer to

form a helix.



CA 02462768 2004-04-01

WO 03/056297 PCT/US02/313735

10

15

20

25

30

In a further embodiment, the miniblock polymer comprises two solubilizing blocks

as end blocks, and the self-fabricating block 1s within the core block.

In a further embodiment, the self-fabricating block contains glycine at every third

position of the sequence of the block.

In a further embodiment, the miniblock polymer 1s a polypeptide.

In a further embodiment, the miniblock polymer comprises at least two solubilizing

blocks and one self-fabricating block.

In a further embodiment, the self-fabricating block has a glycine content of 30-80%.

In another embodiment, the present invention is drawn to a miniblock polymer
comprising one or more self-fabricating blocks and one or more solubilizing blocks,
wherein the miniblock polymer has a molecular weight of about 1,000 to about 300,000
and, in solution, can self-fabricate to form a three-dimensional material having a long-range
order, and wherein the miniblock polymer has a glycine content of at least 20%, and
wherein the miniblock polymer further comprises a block for incorporating turns in the
polymer or for providing sites for chemical modifications. |

In a further embodiment, the self-fabricating block causes the miniblock polymer to

form a helix.

In a further embodiment, the miniblock polymer comprises two solubilizing blocks
as end blocks, and the self-fabricating block is within the core block.

In a further embodiment, the self-fabricating block contains glycine at every third

“_position of the sequence of the block.

In a further embodiment, the miniblock polymer 1s a polypeptide.
In a further embodiment, the miniblock polymer comprises at least two solubilizing

blocks and one self-fabricating block.

In a further embodiment, the self-fabricating block has a glycine content of 30-80%.

In another embodiment, the present inventioﬁ is drawn to a miniblock polymer
comprising one or more self-fabricating blocks, one or more solubilizing blocks, one or
more blocks for triggering self-fabrication by external or environmental conditions, and one
or more blocks for incorporating turns in the polymer or for providing sites for chemical
modifications, wherein the miniblock polymer has a molecular weight of about 1,000 to

about 300,000 and, in solution, can self-fabricate to form a three-dimensional material



CA 02462768 2004-04-01

WO 03/056297 PCT/US02/313735

10

19

20

25

30

having a long-range order, and wherein the miniblock polymer has a glycine content of at
least 20%.

In a further embodiment, the self-fabricating block causes the miniblock polymer to
form a helix.

In a further embodiment, the miniblock polymer comprises two solubilizing blocks
as end blocks, and the self-fabricating block is within the core block.

In a further embodiment, the self-fabricating block contains glycine at every third
position of the sequence of the block.

In a further embodiment, the miniblock polymer is a polypeptide.

In a further embodiment, the miniblock polymer comprises at least two solubilizing
blocks and one self-fabricating block.

In a further embodiment, the self-fabricating block has a glycine content of 30-80%.

In another embodiment, the present invention is drawn to a self-fabricated material
having a three-dimensional structure, comprising a plurality of the miniblock polymers.

In a further embodiment, the present invention is drawn to a self-fabricated material
having a three-dimensional structure, comprising a plurality of the miniblock polymers, and
wherein the self-fabricated material has on its surface a patterned film of mnorganic,

organometallic, or optically active material.

In another embodiment, the present invention is drawn to a method of controlled

delivery of a drug, the method comprising incorporating a drug within the self-fabricated

material having a three-dimensional structure, comprising a plurality of the miniblock
polymers, and administering to a subject in need thereof the self-fabricating material
incorporating the drug.

In a further embodiment, the drug is incorporated within layers of the self-

fabricating material.

In another embodiment, the present invention is drawn to a method of modifying the
optical response of a device in the near to mid infrared wavelength range, the method
comprising applying a self-fabricated material having a three-dimensional structure and

comprising a plurality of the miniblock polymers to the surface of the device.
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In another embodiment, the present invention is drawn to a miniblock polymer
comprising multimeric associated helical segments and non-helical segments, wherein the
polymer in solution can self-assemble to form a material having a long-range order and at
least one of the helical segments comprises a peptide sequence having a glycine (G) residue
at every third position.

In a further embodiment, the non-helical segments are hydrophobic.

In a further embodiment, the non-helical segments comprise glutamic acid.

In another embodiment, the present invention is drawn to a self-fabricated material
having a long-range order in the solid glassy state, wherein the material 1s prepared from a

miniblock polymer comprising helical and non-helical segments.

'BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts schematic diagrams of two simple liquid crystalline arrangements.
Figure 1A shows a cholesteric arrangement that is essentially “one dimensionally ordered.”
Figure 1B shows a smectic arrangement of rod-like molecules assembled into layers.

Figure 2 depicts an illustration of the sequence of a folding block, in which X and Y
stand for conformation-selecting blocks and G stands for a glycine block. Hydrophobic
glycine patterns (Gly-X) and hydrophilic patterns (Gly-Z) are combined to make a helical
“A” block. Sequences are numbered from left to right to correspond to the spiral (helix)
shown.

Figure 3 depicts diagrams of a helical polymer that has a molecular pitch and 1s
inherently chiral. Figure 3A shows a schematic diagram of a helical biopolymer, and
Figure 3B shows chiral twisting and supermolecuié?&iéﬁhé 1_n the Bi(“)ﬁolyﬁer; -

Figure 4 depicts field emission scanning electron microscope (FESEM) 1mages of a
repetitive peptide having a smectic, layered structure. Figure 4B shows a different region
of the same film shown in Figure 4A.

Figure 5 depicts a fourier transform infrared (FTIR) spectrum of a typical collagen-
like molecular helix.

Figure 6 depicts an FTIR spectrum (transmission and reflection FTIR) of a
nonrepetitive collagen-like peptide.

Figure 7 depicts a diagram of a miniblock oligomer 1n a layered structure. The self-

fabricating blocks (gray, which are oriented along helical axis) and the solubilizing blocks

10
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(red, which form unoriented sublayers) in this triblock example result in chemically distinct
nanolayered regions throughout the material.

Figure 8 depicts a diagram of a miniblock oligomer with three blocks. The self-
fabricating block is represented as a smooth cylinder. Solubilizing blocks are shown as
flexible lines at the ends of the cylinder.

Figure 9 depicts diagrams of nanopatterned thin films of a miniblock oligopeptide
with 5 nanometer chemical pattern exposed every 30 nanometers. Figure 9A is a low
magnification image of an oligopeptide with a self-fabricating block based on a silkworm
silk motif. Figure 9B is a high magnification image of films from an oligopeptide with a
spider-silk based motif as a self-fabricating block.

Figure 10 depicts a schematic diagram of a miniblock polypeptide with a complex
block structure.

Figure 11 depicts representations of micrographs of self-fabricated textured “tapes™
from a peptide with sequence (Glu)s(Ser-Gly-Ala-Gly-Val-Gly-Arg-Gly-Asp-Gly-Ser-
GlyVal-Gly-Leu-Gly-Ser-Gly-Asn-Gly),(Glu)s (SEQ ID NO:1). Figure 11A 1s an optical
micrograph showing a 10-15 micron texture that persists through the material thickness.
Figure 11B is a polarizing optical microscope image revealing patterned birefringence,
indicating that the topographic texture is due to a changing material orientation. Figure
11C is a scanning electron microscope (SEM) image showing the topographic structure of
the tape.

Figure 12 depicts representations of self-fabricated tapes of (Glu)s(Ser-Gly-Ala-

~ Gly-Val-Gly-Arg-Gly-Asp-Gly-Ser-GlyVal-Gly-Leu-Gly-Ser-Gly-Asn-Gly),(Glu)s (SEQ |

25

30

ID NO:1). Figure 12A shows helices arranged in layers, layers form a superstructure that
can orient relative to precipitate exterior or another surface. Figure 12B shows that the self-
limited width and thickness of the fibers form the largest length scale 1n the hierarchy".
Figure 12C shows a 3-micron subtexture within the ridges of the 40-micron texture. Figure
12D shows a submicron texture of inclined sheets or layers.

Figure 13 depicts A) an optical micrograph of #ris-Ru(Il)bipyridil chloride
hexahydrate (Rubipy) crystals. The racemic compound 1s weakly birefringent and has a
hexagonal crystal structure. Figure 13B depicts a polarizing optical micrograph of the
same. Figure 13C depicts a typical hexatic liquid crystalline structure from a collagen
miniblock oligopeptide (Es[GPAGPP]4Es). The peptide is weakly birefringent and peptide

liquid crystals appear in “black and white” 1n the polarizing optical microscope.

11
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Figure 14 depicts peptide liquid crystals with Rubipy. A portion of the compound
is incorporated into the peptide liquid crystals and is co-oriented. There 1s excess orange
racemic ruthenium compound excluded from the liquid crystals.

Figure 15 depicts: A) left x-ray pattern of a beam path through a cross section of
pure peptide flake (Es|GSPGPP]¢Es dried at 3 °C), right X-ray pattern of a beam path
through face of the flake; B) x-ray pattern of Es[ GSPGPP]¢Es peptide dried at 3 °C with
Rubipy.

Figure 16 depicts an x-ray pattern of crystals prepared by a peptide + Rubipy
solution dried at 1 °C.

DETAILED DESCRIPTION

Overview

One aspect of the invention relates to miniblock polymers, and more particularly to
miniblock polymers that can self-assemble into three-dimensional materials through liquid
crystalline behavior.

In part, this invention is based on the discovery that by selecting specific monomers
that have a particular chirality, arranging the monomers in a particular sequence, and
combining sufficient monomers to achieve specific molecular weights, one can create so-
called “miniblock” polymers that have a specific overall structure and composition. These
miniblock polymers can be used to prepare long-range ordered fluids (1.e., liquid crystals)
in a variety of phases or forms, which can then undergo very specific structural transitions

to form rigid materials. Such structural transitions can be transitions in folding,

B cqnfonpatipn, aggre gation, or super-secondary structure. Additionally, the liquid crystals

can be easily solidified without losing the liquid crystalline order. The long-range order of:
the ordered fluids provide enhanced properties, such as infrared (IR) absorption. The
polymers can also include miniblocks that can be used to selectively trigger self-assembly.
Each of the new polymers consists of multiple miniblocks arranged 1n a long-range
pattern referred to as a “block architecture” or “block pattern.” By creating the block
architecture with miniblocks that form precise intermolecular interactions (e.g., chemical
bonds, ionic bridges, and hydrogen bonding) and with miniblocks that are charged or
attractive (e.g., in a polar solvent), a new polymer that can fold, or undergo some other
transition, is obtained. Similarly, an identical overall block architecture having different
detailed individual block chemisiries can be used to obtain polymers that aggregate,

undergo a coil-helix conformation transition, or which combine different self-fabricating
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blocks and transition types. For the polymers including charged miniblocks, the pH and
polarity of their solutions determine the degree of ionization, and subsequently whether the
ends are attractive (non-ionized) or repulsive (ionized and charged).

When the new miniblock polymers are unfolded they are flexible and exhibit
surfactant-like behavior and ordered fluid formation. They can thus form micelles, micro-
emulsions, and surfactant phases. By contrast, folded miniblock polymers are nigid, and
exhibit new features (e.g., new geometry, diffusion behavior, exterior accessible chemistry,
biological activity, and new optical and electronic properties) and a variety of possible
liquid crystalline packing and phase behaviors.

Some of the new miniblock polymers have at least two chemically distinct
miniblocks arranged in a pattern. These two types of miniblocks impart different functions
to the new miniblock polymers. At least one of the two miniblocks is a heteroblock and at
least one of the miniblocks, which may or may not be a heteroblock, exists in a rigid chiral
structure after a folding transition. One of the miniblocks can be a solubilizing block, while
the other can be a conformation-forming or fabricating miniblock. :

Because of the presence of the fabricating hetero miniblocks, these new miniblock
polymers can self-fabricate into three-dimensional materials having a patterned long-range
order. The long range ordered structures formed by the miniblock polymers can be
translationally periodic, as in a crystal. In addition, long range ordered structures can
consist of a simple geometric pattern or element, with microscale to nanoscale dimensions,
which is repeated throughout the material. In terms of precisely patterned, precise location
(and often orientation) of molecular subdomains is a characteristic feature. In other
embodiments, the rotation and translatlon or more complex descnptlons spe01fy the
relationship between neighboring “cells” in the pattern. In other words, the long range
ordered materials formed by the miniblocks have a predictable pattern at the nanoscale to
microscale, which persists over many repetitions of the nanoscale or microscale pattern to
create long-range order.

Examples of the new miniblock polymers include modified biopolymers, such as
modified native proteins or polysaccharides, or synthetic polymers, such as recombinant
proteins (e.g., silk-like or keratin-like proteins), polypeptides, polyesters, polyamides (e.g.,
nylons), polyimides, polyimines, or copolymers thereof.

“Miniblock polypeptides” can have an amino acid sequence designed with repetitive

and pseudo-repetitive motifs arranged in different domains (blocks) within the sequence.
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These polypeptides often contain self-fabricating miniblocks with a high (e.g., higher than
20%, 25%, 30%, 40% or more) glycine content, and repetitive solubilizing blocks, which
are typically chemicélly different from the self-fabricating blocks. Different patterns of
monomers in the simple repeated motifs used to construct domains will favor different
helical conformations. In these miniblock polypeptides, the pattern of glycines and/or
prolines is especially important depending on the sequence. Glycine pattern and imino acid
content (proline and hydroxyproline) are important to hydrophobic-hydrophilic patterns.
These polypeptides can also contain short functional motifs designed to incorporate turns,
crosslinks, and ligand binding sequences in specific locations. Miniblock polypeptides that
contain a self-fabricating block and two solubilizing blocks, can form a hairpin
conformation, especially if the hetero-oligomeric self-fabricating block contains greater
than 40% glycine and less than 10% imino acids such as proline and hydroxyproline. In
other variants, different compositions and patterns of amino acids can be used to induce

coiled-coil aggregates, or a conformation transition into an intrachain hydrogen bonded
structure such as an a-helix. The miniblock polypeptides can also contain at least two self-

fabricating blocks and at least two solubilizing blocks, wherein the self-fabricating blocks
can be chemically the same or different from each other and the solubilizing blocks can be
chemically the same or different from each other. In other embodiments, the new
miniblock polymers can include amide linkages such as nylons and their copolymers.
Accordingly, this invention relates to new mini-block polymers that are precisely designed
so that they can undergo the above-described transitions.

~ In another aspect, the invention relates to three-dimensionally patterned, selt-
fabricated materials having a long-range order, which are prepared from the new miniblock
polymers through self-fabrication. These self-fabricated materials are usually in highly
ordered liquid crystalline or liquid crystal-like phases, and can be in the form of films,
fibers, and tapes. The materials are typically comprised of individual nano-scaled layers of
miniblock polymers, in which the layers are often parallel to the plane of the material
surface, but the layers also twist to form periodic domains with a different layer orientation.

The miniblock polymers comprising the new materials are found in rigid conformations
such as triple helix and B-strands in hydrogen bond stabilized 3-hairpins formed by, e.g.,
triblock polymers (see, e.g., FIG. 1.).
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In the miniblock polypeptides, most of the conformations of the self-fabricating
blocks can be defined by ranges of backbone torsional angles “phi and ps1” (see, e.g., FIG.
2), where phi ranges from -20 to —160 degrees, and psi ranges from 90 to 180 degrees.

The self-fabricated materials do not have to be arranged 1n layers. In less ordered
liquid crystalline phases (e.g., cholesteric, see FIG. 3), the liquid crystal will have a local
“typical” orientation, which varies sinusoidally throughout the material. In materials made
from less ordered liquid crystalline phases, such as the cholesteric phase, there will be a
sinusoidal variation in chemistry at every free and every fracture surface, defined by the
position and surface availability of the different blocks (see FIG. 4). In addition,
arrangements of molecules are possible with local short-layered structures frequently
broken up by periodic “defects” (derived from liquid crystalline twist-grain-boundary
(TGB) phases), where defects are sharp sudden changes in layer orientation.

Also within the scope of the invention are methods of controlled delivery of drugs
by incorporating one or more drugs within one of the self-fabricated materials and
administering to a subject in need thereof an effective amount of the drug-containing
material.

The invention also includes methods of modifying the optical response of devices 1n
the near to mid infrared wavelength range (e.g., 1-20 micron wavelengths) by applying one
of the self-fabricated materials to the surface of the device. Thus, this invention also relates
to a method of enhancing IR absorption of a device by applying to the surface of the device
a self-assembled material described above. The device can be an IR sensor or an IR filter.

. Embodiments of the polymers include those having at least one of the helical
segments comprising a peptide sequence having a glycine (G) residue at everythlrd -
position, e.g., (G-V-P-G-P-P),; and those in which the non-helical segments are
hydrophobic, in the polymer chains. The non-helical segments can contain glutamic acid.

Another aspect of this invention relates to a material made from a polymer through
self-assembling in solution. By “self-assembling” or “self-assembly” 1s meant that
“information” (e.g., the helical segments and amino acid sequence) within the polymer
controls the combining of multiple polymers to form a unitary material. This combining of
polymers occurs spontaneously or upon a triggering event, such as an environmental factor
(e.g., temperature or solvent polarity).

Advantages of the miniblock polymers include that their structures, sequences (or

building blocks), compositions, stereochemistry, orientation, spacing, and sizes can be
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readily and precisely controlled at the molecular and sub-molecular levels by changing the
chemical composition of selected miniblocks, thereby tailoring properties (e.g., biological
activities or mechanical properties) of these miniblock polymers. The miniblock polymers
can be used as structural tissue implants, in liquid crystal displays, and for producing high-
performance composites. The process that allows the miniblock polymers to self-fabricate
into three-dimensional, self-fabricated materials can be selectively triggered by specific
conditions and can be used in lieu of costly, error-prone, and time-consuming
nanolithography steps, such as dip pen nanolithography in applications, such as fabricating
chips, patterned surfaces, and nano-scaled materials that can be used as membranes, fibers,
absorbents, reactive materials, catalysts, or catalyst-carriers and templates upon which to
couple other reactants in ordered arrays.

The details of several embodiments of the invention are set forth in the description
below. Other features, objects, and advantages of the invention will be apparent from the
description and drawings, and the accompanying claims.

Definitions

For convenience, certain terms employed in the specification, examples, and
appended claims are collected here.

The articles “a” and “an” are used herein to refer to one or to more than one (1.€. to
at least one) of the grammatical object of the article. By way of example, “an element”
means one element or more than one element.

A “block” is a region of a polymer composed primarily of (1) a single monomer
which case the shorter alternating motifs can be linked together as a longer repetitive
motif). A “miniblock” 1s a block that is not longer than about 230 Angstroms fully
stretched (e.g., 40-200, 50-150, or 75-125 Angstroms), or a block that is comprised of no
more than about 80 monomers (e.g., 3, 5, 10, 20, 30, 50, or 75 monomers). The terms
“block” and “miniblock” are interchangeable in this application. Each miniblock consists
of either a single type of monomer (and therefore is also called a “homoblock™), or two or
more (e.g., 3, 4, 5, or more) chemically different types of monomers arranged in a pattern to
form substructures (also referred to as “motifs”) repeated throughout the miniblock (and
therefore is also called “heteroblock™). The molecular weights of the new miniblock

polymers are usually in the range from about 1,000 to about 300,000. The new miniblock
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amides and are generally heteroblocks.

polymers can contain one or more of a variety of types of miniblocks arranged in various
patterns.

The term “motif” or “patterned motif” refers to a short sequence of monomers (e.g.,
3-15 monomers) that are repeated as an intact pattern with few (< 20%) substitutions
throughout a region of the sequence of the polymer or oligomer, and which adopt a well-
defined regular structure. A motif generally serves a specific and well-defined binding
function, folding function, or other function that is not common to other patterns of
monomers of similar length. This will generally have a preferred secondary structure,
solubilizing function, specific binding function or other feature to distinguish it.

A “solubilizing block” is a block that can cause a polymer to dissolve or form
micelles in a medium such as an aqueous buffer or organic solvent. In principle,
solubilizing blocks contain monomers that are ionic, charge-free, hydrophilic, or
hydrophobic, depending on the nature of the solvent in which the new miniblock polymers
are to be dissolved. Examples of such monomers include styrene, vinyl, pyrrdlidinone,
amino acid, acrylate, acrylic acid, ester, alkylene oxide, alkylene imine, and naphthylene.

A “conformation-forming block™ (also called a “structural” “functional™ or “self-
fabricating” blocks) is a block that facilitates and controls the change 1n a polymer’s super-
secondary and secondary structure, thereby enabling the polymer to transform from a
flexible amphiphile into a rigid, asymmetric molecule by undergoing a conformational
change, e.g., folding, forming helixes, or transforming into a shape, such as a hairpin. Self-

fabricating blocks can contain monomers such as amino acids, pyridine, phthalamide, and

—— ~ ————— - - -——
- - - - -

The term “motif template” or “motif pattern™ fé'fei‘s to é short s“ewchlﬁuéhce con&iﬂiﬁé
monomer “native cards” used to describe families of specific motifs and to design and
construct motifs. An example is a pattern containing glycine residues and hydrophobic and
hydrophilic “native cards,” which are used to create a silk-like oligopeptide structural block
(e.g., GXZGGZ, wherein X is a hydrophobic native card and Z is a hydrophilic native
card). Another example is the GXZGXZ pattern where greater than 50% imino acids 1n the
“XZ” positions are specified, as a generalized collagen-like motif or motif template. In
very specific biological examples in the literature, these types of templates are referred to as
“consensus sequences.”

The term “conformation” or “secondary structure” refers to a three-dimensional

geometric structure or pattern formed when the monomers in a block adopt identical
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torsional angles or a well-defined and repetitive pattern of torsional angles. One example
of a secondary structure for a structural block is a helix, which is a geometric structure
resembling a screw. Each monomer in a helix can be related to the next covalently bonded
monomer through rotation and translation, where rotation occurs about the same axis that
5  defines the translation direction. Helices are often notated in terms of the symmetry
(tightness) of the screw structure, where the number of rotation and translations required to
complete a 360 degree turn define the screw. For example a 31 helix has three umts
separated by a translation and a rotation of 120 degrees. Another common notation simply
specifies a number of covalently bonded chemical units (monomers) required to complete
10  an integer number of full turns. For example a 5/2 helix requires 5 monomers to complete 2
turns (2.5 monomers complete one turn). A “designed helix” 1s a fully specified sequence
of amino acids based on a well-defined motif or motifs arranged into blocks, where a
selected motif template has been used to create a polymer that favors a particular
conformation and has particular well-defined interactions with other helices.
15 The term “super-secondary structure” refers to a three-dimensional geometric
structure formed by all or part of a polymer when a small number of secondary structures
are combined in a well-defined manner. For example, a “Greek key” motif is a super-
secondary structure comprised of a small number of beta strands (helical secondary
structures) separated by turns.
20 A “coiled-coil” resembles a multistrand rope formed from several blocks in helical
conformations deformed to wrap around each other. A coil is an aggregated structure and
 also represents a distinct conformation.
“Supercoiling” is a description of the deformation in the conformations of the
individual strands in the rope needed to create the aggregate conformation. It is also a
25  description of the aggregate conformation, usually referenced to the individual strands’
non-aggregated conformation. For example, the collagen triple helix contains three strands,
which typically form a closely related, un-aggregated helical structure called polyproline II.
Formation of the triple helix requires a slight deformation in the conformation of each
strand, i.e., they adopt a shorter, more compact helical structure when coiled together. The
30 amount by which the triple helix is shorter is the “supercoiling.”

The term “folding” refers to a structural transition whereby the secondary structure

in an entire polymer molecule is converted from an unrelated (or weakly related) sequence
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of helices into a structure where the monomers in a helix have well-defined “neighbors™
which are in close spatial proximity, but not necessarily nearby 1n the primary sequence.

A “flexible amphiphile” is a molecule that has both hydrophobic and hydrophilic
blocks. The blocks are sufficiently flexible to bend back upon themselves, to deform into
micelles, and to adopt statistically defined, but non site-specific, interactions and three-
dimensional structure. More generally, a flexible amphiphile is molecule with chemically
distinct blocks in which a three-dimensional structure is not imposed by structural rigidity
of any block, leaving chemical compatibility the dominant force to position the monomers.

A “Iyotropic liquid crystal” is a phase formed by a flexible amphiphile (most
general definition) with a supermolecular, well-defined geometry of regions rich 1n the
different blocks. This supermolecular geometry forms a repetitive pattern that defines
grains in the liquid (or solid) material. Molecular orientation is localized 1n the interfaces
or boundaries between regions enriched in different monomer chemistries.

The term “long-range ordered surfactant phase” refers to the phase of a lyotropic
liquid crystal formed by a surfactant where a persistent (translationally periodic) geometry
of membranes or bilayers 1s established.

A “thermotropic liquid crystal” is a liquid of anisotropic and rigid molecules or
well-defined supermolecular units, in which the anisotropy and rigidity dictate a packing of
molecules that is not statistically uniform in all directions, 1.e., an anisotropic liquid of
anisotropic rigid constituents. Thermotropic liquid crystals typically possess local

molecular orientation, which is not confined to a membrane or bilayer interface, but rather

persists on a supermolecular scale due to the rigidity of the molecules and order or type of

orientation is determined by temperature.

A “lyotropic rod-like liquid crystal” or “solvent intercalated liquid crystal™ 1s an
anisotropic liquid of rigid anisotropic molecules (or other well-defined units such as viruses
or chitin crystals) where solvent is present in the liquid state — a liquid crystalline solution.

A “one-dimensional liquid crystal” refers to an anisotropic liquid where the local
order in the liquid state is an average orientation of the anisotropic molecules along a
unique axis.

A “nematic liquid crystal” refers tb a one-dimensional liquid crystal in which local
alignment and interactions between anisotropic units are uniaxial and there 1s no innate

tendency to twist.
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A “cholesteric liquid crystal” refers to a “one-dimensional” liquid crystal in which
the local alignment is well defined, but the unique alignment axis tends to twist in a
predictable manner as one moves through the material. Such a material is thus slightly
biaxial.

A “smectic liquid crystal” refers to a liquid crystal in which the anisotropic
molecules are oriented and are arranged in layers. The layered structure 1s well-defined and
highly periodic perpendicular to the layer planes. The packing of the molecules within the
layers resembles a liquid.

A “ferroelectric liquid crystal” refers to a smectic liquid crystal (molecules arranged
in layers) in which the “up” and “down’ directions for a molecule are not equally
represented, resulting in a net dipole moment and effects such as piezoelectricity.

A “hexatic liquid crystal” refers to a smectic liquid crystal with limited packing
order within the layers.

A “smectic structure” refers to a structure with layers and orientation representative
of a smectic liquid crystal, but not necessarily in the liquid state, e.g., the structure of a
material dried from intercalated smectic liquid crystals.

A “smectic layer” 1s a nanoscopic '1ayer of aligned molecules in a smectic structure.

A “nanopatterned material” refers to a material with nanoscale features arranged in
a predictable (translationally periodic) rather than statistical manner.

The term “long-range order” refers to the persistence of the structure and properties
of a small material region across large length scales through translational periodicity. A
pattern is formed by identical tightly packed “cells,” rather like tiles.

" The term “material pattern wavelength” or “material periodicity” refers to the
distance traversed in a material before returning to an area with the same local orientation.
The definition of a wavelength in a material (or a periodicity) can depend on the length
scale of the structures used to define orientation. For example, in a smectic material, layers
may twist and molecules within layers may also twist or tilt. Thus, the distance traversed to
recover an original layer orientation may not be the same as the distance needed to recover
a molecular orientation. If these distances are not integer multiples of one another, a third
“wavelength” or periodicity is defined as the distance required to recover the starting layer
and molecule orientation.

The term “chirality” refers to handedness, which results 1n a tendency towards

biaxial alignment and packing interactions (preferred tilting and twisting directions) of
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molecules and supermolecular structures in a material. It includes chemical chirality, which
is the presence of an optically active chiral center (defined at a particular atomic location on
the picoscale). However, less localized chiral interactions and effects are included as well.
In the case of polymers, chirality can (and often does) refer to handedness of a
conformation such as a helix, or even to the handedness of higher level (larger) ordered
superstructures such as twisting layers in a material.

The term “phase transition” refers to the process of going from one arrangement of
matter to another. This can be at the molecular level, e.g., folding, aggregation, or change
in conformation; or at the material level, e.g., changes 1n liquid crystalline state or
crystallization.

The term “twist-grain-boundary (TGB) phase” refers to a type of soft solid or liquid
order, which is intermediate between cholesteric and smectic phases and involves very
short-layered domains separated by a regular pattern of boundaries where the layers are
twisted or tilted relative to their neighbors. A phase intermediate between different smectic
phases where 'short domains of layered structure are separated by tilted or twisted
boundaries.

The term “frustrated phase” or “frustrated morphology” refers to a state in which
chemical complexity results in a worse thermodynamic state (1.e., higher free energy) for
some portions of a molecule or material as an unavoidable consequence (not kinetic) of
creating a better thermodynamic situation (i.e., lower free energy) for other portions of a
molecule or material.

The term “nanomaterial” refers to a material having distinguishable features on the
hanonieter scale, typicaﬂl); one to | ééﬂreral thouhs;ma. nanometers .

The term “oriented nanomaterial” refers to a material in which distinguishable
features at the nanoscale are oriented in a predictable manmer relative to one another at the
macroscopic (visible light) length scale.

The term “chemical patterning” refers to the creation of a geometric pattern of
chemical entities or groups on a surface, or in a three-dimensional material.

A “thin film” refers to a film having a typical thickness of several microns to a
millimeter, whereas an “ultrathin film” refers to a film having a thickness of less than a

micron. A “thick film” refers to a film thick enough to have properties essentially the same

as a bulk solid, but having the macroscopic form of a sheet.
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A “bulk material” is a three-dimensional material or liquid, and not a thin film,
interface, or coating.

The term “thermal stability” refers to the ability of a material to resist property
changes in response to heat. In the solid state, it can be reflected by the temperature at

5  which distinguishing X-ray scattering features disappear or shift (thermal stability by X-
ray), the temperature at which optical features and optical clarity are lost (thermal stability
through optical measurements), or the temperature at which heat of melting 1s evolved
(thermal stability by differential scanning calorimetry). In the liquid state, thermal stability
can be indicated by the temperature at which distinguishing conformation signals are no

10  longer detectable in a spectrometer (CD, FTIR). For instance, loss or change 1n spectral
features signals protein denaturation.

The term “gel-like” refers to a highly viscous liquid state that retains solid form
against gravity, but yields to slow imposed deformations. Local flow and rearrangement
are observed within “gel-like” materials when swollen, but the overall shape 1s retained

15  over timeframes of days to weeks. No chemical crosslinks, physical gelation, or network
structure 1s 1mplied.

The terms ortho, meta and para apply to 1,2-, 1,3- and 1,4-disubstituted benzenes,
respectively. For example, the names 1,2-dimethylbenzene and ortho-dimethylbenzene are
synonymous. Further, the abbreviations Me, Et, Ph, Tf, Nf, Ts, Ms represent methyl, ethyl,

20  phenyl, trifluoromethanesulfonyl, nonafluorobutanesulfonyl, p-toluenesulfonyl and
methanesulfonyl, respectively. A more comprehensive list of the abbreviations utilized by
organic chemists of_q}'gﬁgary skill in the art appears in the first issue of each volume of the

Journal of Organic Chemistry; this list is typically presented in a table entitled Standard

List of Abbreviations. The abbreviations contained in said list, and all abbreviations

25  utilized by organic chemists of ordinary skill in the art are hereby incorporated by
reference.

It will be understood that "substitution" or "substituted with" includes the implicit
proviso that such substitution is in accordance with permitted valence of the substituted
atom and the substituent, and that the substitution results in a stable compound, €.g., which

30 does not spontaneously undergo undesired transformation, such as by rearrangement,
cyclization, elimination, etc. Further, as used herein, the term "substituted" 1s contemplated
to include all permissible substituents of organic compounds. In a broad aspect, the

permissible substituents include acyclic and cyclic, branched and unbranched, carbocyclic
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and heterocyclic, aromatic and nonaromatic substituents of organic compounds. Illustrative
substituents include, for example, those described herein above. The permissible
substituents can be one or more and the same or different for appropriate organic

compounds. For purposes of this invention, the heteroatoms such as nitrogen may have

hydrogen substituents and/or any permissible substituents of organic compounds described

herein which satisfy the valences of the heteroatoms. This mnvention 1s not intended to be

limited in any manner by the permissible substituents of organic compounds.

The phrase "protecting group" as used herein means temporary substituents which

protect a potentially reactive functional group from undesired chemical transformations.

Examples of such protecting groups include esters of carboxylic acids, silyl ethers of
alcohols, and acetals and ketals of aldehydes and ketones, respectively. The field of
protecting group chemistry has been reviewed (Greene, T.W.; Wuts, P.G.M. Protective
Groups in Organic Synthesis, 2" ed.; Wiley: New York, 1991).

Certain compounds of the present invention may exist in particular geometric or
stereoisomeric forms. The present invention contemplates all such compounds, including
cis- and trans-isomers, R- and S-enantiomers, diastereomers, (D)-isomers, (L)-1somers, the
racemic mixtures thereof, and other mixtures thereof, as falling within the scope of the
invention. All such isomers, as well as mixtures thereof, are intended to be included 1n this
invention.

For purposes of this invention, the chemical elements are 1dentified in accordance
with the Periodic Table of the Elements, CAS version, Handbook of Chemistry and

Unless otherwise defined, all technical ahd Scientiﬁc t.érms uéed hereln have mthé
same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. Although methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, suitable
methods and materials are described below. All publications, patent applications, patents,
and other references mentioned herein are incorporated by reference in their entirety. In
case of conflict, the present specification, including definitions, will control. In addition,
the materials, methods, and examples are illustrative only and not intended to be limiting.

Mini-Block Polymers
The present invention provides miniblock polymers with a block structure based on

block architecture templates as well as designed modifications to existing polymer
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architectures. Specifically, these miniblock polymers include chemically distinct hetero
miniblocks, which are themselves copolymers (e.g., alternating copolymers and
terpolymers). Some of the miniblocks are very short (e.g., consisting of 3 monomers) and
are able to impart to the polymers specific chemical, biological, and physical functionality,
such as cell surface interaction sites, cross-linking sites, optically active sites, and metal-
binding sites. The heterogeneous nature within each block allows variations in the
monomer sequence and function of the polymers, as well as the opportunities for
incorporating useful moieties such as ligand binding epitopes within a core or end block. In
addition, the low to moderate total molecular weight and block size favor smectic-like and
liquid crystalline driven types of organization rather than microphase separated (unoriented)
nanodomains occurring in high molecular weight synthetic block copolymers. The
moderate size of the rigid units in the folded conformations also favor self-assembly in a
reasonable time scale, with a relatively low occurrence of errors, mismatched orientations,
and domain walls and boundaries as compared to a polymeric liquid crystal. The
heterogeneous chemical nature incorporated in the blocks and consequent high solubility of
the selected regions results in enhanced transport in a concentrated solution, where
molecules will be expected to diffuse preferentially in a linear fashion and the soluble
regions can “lead” diffusion modes such as reptation and aid in cooperative absorption from
the bulk.

The miniblock polymers have precise molecular weights, miniblock sizes, and

chemical structure controls to enable users to precisely manipulate and position the physical

and chemical processes of a long-range ordered material self-fabricated from the mimiblock

polymers to an accuracy of 2 nm.

In addition to highly engineerable designed miniblock polymers, the invention also
provides nanostructured, self-fabricated materials formed from these miniblock polymers.
The design of the polymers dictates the features of the self-fabricated materials, such as
nanopatterned long-range ordered solids. These features include processes that work with
the thermodynamic evolution of long-range ordered phases to create extremely stable
nanostructures.

For instance, amphiphilic miniblock polymers can be used to create lyotropic liquid
crystalline order as a precursor phase. Formation of large domains of highly oriented liquid
crystalline structures (or thermotropic liquid crystals with solvent, or lIyotropic rods, or

“solvent intercalated liquid crystal”) can be achieved through folding to form a rigid
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amphiphilic structure from an ordered flexible amphiphilic precursor phase. A controlled
folding transition can be used to control how diffusion and fluidity/solidity develop while a
solvent intercalated liquid crystalline phase is formed, thus allowing control of grain size,
structure, and pattern. A controlled transition to a more rigid (slower moving) structure can
“freeze in” liquid crystalline features in the solid state. Further, the design of multiple
potential transitions or nanochemical and nanophysical “events” into the molecule such that
many of the individual “events” respond most strongly to different physical and chemical
“triggers” or stimuli and can thus be manipulated in a somewhat separate manner.

The self-fabricated materials obtained from the miniblock polymers use the complex
molecular design of the miniblocks to incorporate chemically (e.g., an acid or metal binding
site), physically (e.g., an optically active site), or biologically active groups (e.g., cell
recognition domains or molecule-molecule interaction sites), which are spaced out at a
well-known distance, and oriented by the self-fabricating attached blocks, but are arranged
statistically throughout the material rather than in highly ordered layered structures. These
materials will have sinusoidally varying chemical properties (availability and surface
“exposure” or the physically, chemically, and biologically active groups) at every free and
fracture surface in the material, e.g., as shown 1n FIG. 4.

The self-fabricated materials, which have a multi-layered flat nanolayered structure,
can also be composed of miniblock polymers, in which physically, chemically, and
biologically active groups are arranged and oriented in “sublayer” regions, as shown 1n

FIG. 7. In other words, the self-fabricated materials can have a complex structure such as a

~ hierarchy of twisted, well-defined aggregates of layers and exhibit clustering of regions of
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