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57 ABSTRACT

Substrates and matrices for spatial control of signal transduc-
tion by a biologically active, soluble molecule that transduces
a signal to a cell responsive to the molecule are disclosed.

18 Claims, 4 Drawing Sheets



U.S. Patent Mar. 5, 2013 Sheet 1 of 4 US 8,389,009 B2

A
F Receptor @lntmnn Receptor
b /24 Growth Factor
Peptide Handle
| Low —» Intermedlate —p ngh | Adhesion Ligand
Peptide Handle-Growth Factor Affinity
B
M

=

3 Y

2]

Z

2

Sobe

1Y Y

Handle-GF Affinity
C
. $
(EG3)-SAM o%o/ 's
gq H'l : g..; ¢, €H
G446 SN
- J

Michael-type
Addition ((([

FIG 1



U.S. Patent Mar. 5, 2013

Sheet 2 of 4 US 8,389,009 B2
A
2 3
Signaling Molecule
Handle
o on 1 2 3
ol Ol ek o0 YYY
LinkingGroup[o O/\ I [0\0/\0 Ie [o\o/\o I 1( T ;r
Backbone \ 1) N L) ';?{\orow KZH
\ <N S
A0
- e

et

TRITC-Growth Factor

F!TC-Peptlde Handle .

2

No Ligand

Low Affinity (10,000nM) Medium Affinity (200nM) High Affinity (0.0InM)

FIG2



U.S. Patent Mar. 5, 2013 Sheet 3 of 4 US 8,389,009 B2

A
Photo-Mask
[

hv, wash 4

SH SH
> L
Cys—peptide-Cys

B

C

FIG 3



U.S. Patent Mar. 5, 2013 Sheet 4 of 4 US 8,389,009 B2

“\ XhA EGEP-NT
\/\l\ow

o

&.2kb

Oligonucleotide Handle pEGFP-N1 Plasmid

FIG 4



US 8,389,009 B2

1
SPATIAL CONTROL OF SIGNAL
TRANSDUCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 60/675,225, filed Apr. 27, 2005, incor-
porated herein by reference as if set forth in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

BACKGROUND OF THE INVENTION

The present invention relates to spatial control of signal
transduction by a biologically active, soluble molecule that
transduces a signal to a cell having a receptor for the molecule
present on a surface of the cell. In particular, the invention
relates to, but is not limited to, control of signal transduction
related to cell differentiation and tissue regeneration. Soluble
signals are key regulators of stem cell phenotype in vitro.

Development of most tissue types involves a complex
interplay of multiple signals leading to controlled precursor
cell differentiation into mature, tissue-specific cell types. For
example, marrow-derived mesenchymal stem cells (MSCs)
can be differentiated in vitro into osteoblasts® '3, chondro-
cytes” %1315 myoblasts'>*5!7, adipocytes®%!3-1% neu-
rons and endothelial cells'>*® via exposure to a variety of
growth factors that are known to be present in large quantities
during development of the corresponding natural tissue.

One such growth factor is vascular endothelial growth fac-
tor (VEGF). VEGF is an endothelial cell mitogen®* that is
operative in angiogenesis®>*°. in response to 0.5 nM VEGF,
MSC populations can differentiate into endothelial cells—the
principal cellular component of blood vessels'****”—Also,
bone morphogenetic protein-2 (BMP-2) plays a key role in
bone development®® and drives differentiation of MSCs into
functioning osteoblasts in vitro®!!. Further, in response to
2-200 nM insulin-like growth factor-1 (IGF-1), MSC popu-
lations can differentiate into adipocytes.'®. These and other
examples, demonstrate that a single growth factor, presented
in an appropriate manner, can guide MSC differentiation
down a specific pathway.

A next step in regenerative medicine involves extending
these cell culture protocols to three-dimensional biomaterial
constructs to control cell activity during tissue formation.
Ultimately, control over growth factor activity in a three-
dimensional construct would allow for orchestrated growth of
hybrid tissues or organs containing multiple cell types from a
single stem cell precursor. This objective is, as yet,
unachieved.

Spatial control over the presence of soluble signals, such as
protein growth factors, plays an important role in providing
appropriate developmental environments. Limb morphogen-
esis is a classic example, in which spatially distinct presen-
tation of fibroblast growth factors (FGFs), sonic hedgehog
(SHH) and Wnt7a allow for simultaneous generation of the
multitude of cell and tissue types present in a functioning
limb'. Tooth morphogenesis is another more specific
example, in which patterns of FGF-4, SHH and BMP-2 sig-
naling drive simultaneous differentiation of primitive epithe-
lium and mesenchyme into ameloblasts and odontoblasts,
respectively. These examples, and others, demonstrate a char-
acteristic that pervades tissue growth and development:
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supreme control over local growth factor activity during pre-
cursor cell differentiation®. Similarly, approaches for regen-
erating complex tissues are likely to rely heavily on signals,
such as growth factors, as inductive agents for precursor cells.
The relevance of controlled growth factor signaling in natural
development has led to significant early work in inductive
factor delivery in tissue engineering applications, and the
successes and limitations ofthese approaches are described in
detail below.

In view of the importance of such signaling during natural
tissue development, several strategies have emerged for
delivering growth factors to tissues®>. Unfortunately, no
method has yet approached the level of complexity displayed
in natural development of complex tissues. Traditional
growth factor presentation approaches focus on embedding
growth factors in plastic microspheres®*>* or suspending
growth factors in highly hydrated gels***'. While these
approaches are useful in various biomedical applications,
their application to tissue regeneration is limited. For
example, traditional plastic microspheres do not provide a
structural matrix for tissue ingrowth and are difficult to pro-
cess into structural matrices while retaining growth factor
biological activity. Likewise, hydrated gels are also non-ideal
carriers, as growth factors typically diffuse out of the gel
matrix rapidly, resulting in limited signaling. Furthermore,
these carriers do not fully recreate developmental processes
because they do not provide spatial and temporal control at a
microscopic level when presenting growth factors to tissues.

Newer materials allow longer-term growth factor
release—up to several months—within structural matrices
that support tissue ingrowth. Newer plastic microspheres are
engineered both to bind to cell surface receptors and to release
soluble nerve growth factor, thereby creating aggregates in
which growth factor signaling can be “programmed” during
tissue development™®-**. In addition, a method for gas foam-
ing of porous plastic scaftfolds allows growth factors to be
incorporated and released at variable release rates of up to
several months with excellent biological activity*>*’. This
method is flexible in the types of growth factors that can be
included and has recently been extended to deliver multiple
active growth factors*®.

In another approach, active growth factors are covalently
immobilized in a hydrogel matrix to locally contain growth
factor for signaling and to limit diffusion. This approach has
been successfully applied to VEGF>! and nerve growth fac-
tor>~>* signaling, and could in principle be applied to other
growth factors that remain active when covalently immobi-
lized on a two-dimensional substrate, including transforming
growth factor P2 (TGFP2)* and epidermal growth factor
(EGF)*S. Covalently immobilized growth factors have also
been engineered to enable cell-triggered growth factor
release, again leading to longer term growth factor activity.
Taken together, these approaches have been very successful
in actively influencing cell activity within structural matrices
during tissue regeneration.

Growth, development and regeneration of nearly all tissue
types are dependent on the ingrowth of a functional vascular
supply. The vasculature not only allows for transport of nutri-
ents and wastes to and from a neo-tissue, but has also been
implicated in regulation of developmental processes such as
endochondral ossification (bone development)***°. The
importance of a vascular supply in tissue regeneration has
provoked widespread interest throughout the tissue-engineer-
ing field, and several investigators are focused on engineering
functional vascular tissue within material constructs. Natural
vascular ingrowth typically proceeds via either vasculogen-
esis, which involves de novo formation of an endothelium
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from primitive blood islands, or angiogenesis, which involves
de novo formation of new blood vessels from a pre-existing
vascular supply?.

The early stages of each of these processes involve rapid
proliferation and organization of endothelial cells into tubes,
followed by vessel maturation. Based on these natural pro-
cesses, strategies designed to induce blood vessel ingrowth
for tissue engineering applications have primarily focused on
patterning of endothelial cells into networks™ or on deliver-
ing angiogenic growth factors and/or endothelial cells to pro-
mote new blood vessel growth*5-#8:1:92,

Current delivery approaches are not readily extended to a
realm of spatially controlled growth factor activity because of
an inability to process heterogeneous materials with distinct
microscopic depots for releasing growth factors or because of
an inability to further process polymer chains that are
covalently attached to active growth factors. These limita-
tions make it difficult to orchestrate multiple activities (e.g.
stem cell differentiation) within a single material construct,
which is likely to be crucial in complex tissue engineering.
Accordingly, the limitations in current growth factor presen-
tation systems demand new approaches that allow for pat-
terned growth factor activity.

BRIEF SUMMARY

In one aspect, the present invention is summarized in that a
handle having an affinity for a cell-signaling molecule (an
agonist or antagonist) is associated with, optionally
covalently associated with, a two-dimensional substrate or
three-dimensional matrix that includes a solid-phase, biologi-
cally inactive polymer backbone. When provided in a fluid
medium, the signaling molecule associates specifically,
reversibly and non-covalently with the handle. When the
handle is locally associated with a portion of the matrix or the
substrate, the signaling molecule associates only with regions
of'the substrate to which the handle is associated. Depending
upon the affinity of the handle for the signaling molecule, the
interaction will be strong or weak. By providing handles
having a range of distinct affinities for the signaling molecule,
or by providing handles having affinities for distinct signaling
molecules or by providing an array of handles having an array
of affinities, one can create one or more microenvironments
that contain sequestered signaling molecules suitable for
influencing cells having one or more specific growth require-
ments. By sequestering a signaling molecule through its asso-
ciation with the handle, the local concentration of the signal-
ing molecule is higher than that of surrounding regions that
lack the handle. Consequently, the activity of the signaling
molecule is amplified. The ability to vary the affinity of a
handle for a signaling molecule allows for extensive tailoring
of the sequestered signaling molecule’s availability on the
substrate or matrix.

In some embodiments, the handle is an oligopeptide or an
oligonucleotide aptamer (alternatively, ‘aptomer”).

In some embodiments, a link connects the substrate or
matrix with the associated handle.

In some embodiments, the biologically inert polymer
includes spaced-apart regions containing one or more asso-
ciated handles.

In some embodiments, cells responsive to the signaling
molecule are included in the matrix.

It is an object of the invention to direct a cell process at a
spatially defined location in a two-dimensional or in a three-
dimensional culture by controlling soluble signaling at the
location.
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It is another object of the invention to direct a cell differ-
entiation process by controlling exposure of the cell to a
soluble signaling molecule, such as a growth factor, at a
location.

It is yet another object of the invention to direct stem cell
differentiation by controlling exposure of the stem cell to at
least one signaling molecule at a location in a two-dimen-
sional or a three-dimensional culture.

It is still another object of the invention to direct MSC
differentiation by controlling exposure of MSCs to at least
one growth factor that directs differentiation of MSCs at a
location in a two-dimensional or in a three-dimensional cul-
ture.

It is still another object of the invention to direct tissue
growth in a three-dimensional matrix by controlling exposure
of cells in the matrix to at least one sequestered growth factor
that directs production of the tissue from the cells.

Itis an advantage of the present invention that the handle is
highly stable relative to a covalently bound protein that relies
upon tertiary structure for its activity, such that it is easier to
process materials that contain handles than materials that
contain active growth factors.

Itis another advantage of the present invention that one can
readily and systematically vary or tune the affinity of a handle
for a signaling molecule over orders of magnitude by varying
the handle sequence®”-%°. The affinity can therefore be tuned
to provide control over not only the location, but also over the
effective activity of sequestered growth factors, as is detailed
below.

Itis still another advantage of the present invention that the
ability to present signaling molecules to cells in locally high
concentration allows one to reproduce complex developmen-
tal processes (e.g. organogenesis) and is particularly impor-
tant in the context of stem cell-based approaches to tissue
regeneration.

It is a feature of the present invention that cell signaling
molecules immobilized indirectly, reversibly and specifically
to a material retain biological activity, resulting in amplified
signaling molecule activity at specified sites.

It is a feature of the present invention that the two-dimen-
sional or three-dimensional substrate on which the peptide
handles are displayed is inert to non-specific protein adsorp-
tion, such that only specific protein-peptide handle affinities
are involved in the sequestering.

It is a feature of certain embodiments of the present inven-
tion that the biologically inactive polymer is translucent,
thereby facilitating examination of the influence of the sub-
strate on cells associated therewith.

These and other objects, advantages and features of the
present invention will become better understood from the
description that follows. In the description, reference is made
to the accompanying drawings, which form a part hereof and
in which there is shown by way of illustration, not limitation,
embodiments of the invention. The description of preferred
embodiments is not intended to limit the invention to cover all
modifications, equivalents and alternatives. Reference should
therefore be made to the claims herein for interpreting the
scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood and features,
aspects and advantages other than those set forth above will
become apparent when consideration is given to the follow-
ing detailed description thereof. Such detailed description
makes reference to the following drawings, wherein:
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FIG. 1A-C depict an approach to sequestering a signaling
molecule (i.e. a growth factor) in accord with the invention;

FIGS. 2A-B depict an approach to achieving and monitor-
ing spatial control over signaling;

FIGS. 3A-C depict an approach to patterned photo-
crosslinking of polymer-peptide conjugates in hydrogels and
anapproach for three-dimensional sequestering of a signaling
molecule in a hydrogel for spatially directed stem cell differ-
entiation by the sequestered signaling molecule; and

FIG. 4 depicts an approach to sequestering a signaling
molecule with an oligopeptide handle.

DESCRIPTION OF PREFERRED
EMBODIMENTS

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which the invention
belongs. Although any methods and materials similar to or
equivalent to those described herein can be used in the prac-
tice or testing of the present invention, the preferred methods
and materials are now described.

In accord with the present invention, and with reference to
FIG. 1A-C, a handle immobilized on a solid-phase biologi-
cally inactive polymer of a two-dimensional cell culture sub-
strate or a three-dimensional hydrogel matrix substrate inter-
acts with and sequesters a signaling molecule having a
biological activity that influences cells (e.g., an activity that
directs cell growth or differentiation) upon interaction with
the cells. The reversibility of the interaction between the
handle and the signaling molecules allows for delivery of the
signaling molecules to nearby cells. Furthermore, the avail-
able range of affinities between the handle and the signaling
molecules makes it possible to optimize presentation empiri-
cally. This capability is important, as at low affinity there will
be little interaction with the immobilized handle, and at high
affinity a large proportion of active sites on the signaling
molecules may be occupied by the handle and may be inac-
tive. Suitable signaling molecules can include a protein, espe-
cially a growth factor, as well as oligopeptide-, peptide-, and
polypeptide fragments thereof that retain a signaling activity
of' the full length protein, along with a mimetic of any of the
foregoing. The following description is generally presented
in terms of a peptide handle and a growth factor signaling
molecule, although the invention is not intended to be so
limited, embracing oligonucleotide handles and non-growth
factor signaling molecules.

For atypical ligand having a 1 uM affinity for its target, a 1
UM peptide concentration is needed in solution to occupy half
of the available growth factor, based on the relation K, =
[PI[LY/[PL] (where [P], [L], and [PL] are the concentration
of protein, ligand and protein-ligand complex,
respectively)’®”!. This need for such a high soluble ligand
concentration limits the potential application of peptide
antagonists. However, for immobilized ligands on a solid
phase support, the relatively low-affinity (and highly revers-
ible nature) of the protein-peptide interaction becomes a
mechanism for growth factor localization. For example,
including a peptide ligand into a hydrogel matrix as a covalent
cross-linker allows for local peptide concentrations up to the
mM range, and a modest estimate would be a gel containing
100 uM bound peptide ligand. Even if this gel were incubated
in a solution containing a low concentration of soluble growth
factor (100 uM), a peptide with 1 uM affinity would allow for
a 10 nM protein concentration within the gel. The resulting
hydrogel-growth factor interaction is non-covalent, with a
high dissociation rate constant k_; and low free energy of
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interaction (~30 kl/mol, using the relation AG=-RTIn
[K,])7%", allowing for highly reversible interaction of the
growth factor with the peptide. A significant amount of the
bound growth factor would be available to surface receptors
on cells anchored in the hydrogel matrix, and these receptors
would tightly bind any free growth factor due to their afore-
mentioned high affinity for growth factors. Based on these
preliminary considerations, sequestering of growth factors
within a matrix is expected to provide locally enhanced
growth factor activity.

As a first step for localizing a signaling molecule, such as
a growth factor, in a region of a substrate, a handle that
associates specifically, non-covalently and reversibly with,
and has a suitable affinity for, the active site of a growth factor
of interest, is covalently coupled to a two-dimensional or to a
three-dimensional substrate that is biologically inactive (i.e.
inert to non-specific protein adsorption). Two-dimensional
substrates find particular applicability for proof of principle
of the invention and for investigative and diagnostic arrays
employed commercially in laboratories to evaluate the role
and kinetics of an interaction between a signaling molecule
and a cell responsive to the signaling molecule. Three-dimen-
sional substrates find particular applicability as substrate tem-
plates for tissue generation or regeneration. A “two-dimen-
sional” substrate refers to a monolayer as described herein,
although the monolayer need not be planar. A “three-dimen-
sional” matrix refers to a substrate provided in a non-planar,
non-monolayer configuration.

The handle can be selected from an oligonucleotide and an
oligopeptide. The coupling between the handle and the bio-
logically inactive polymer can be indirect, via a handle-reac-
tive linking group. Suitable handle-reactive linking groups
for an oligopeptide handle include an amine (which reacts
with a carboxylic acid group on the handle), a carboxylic acid
(which reacts with an amine group on the handle) or an
alpha/beta unsaturated carbonyl group such as a maleimide, a
vinylsulfone, a sulthydryl or an acrylate (each of which reacts
with a sulthydryl group on an available cysteine residue). A
cysteine residue can be provided on the peptide (e.g., at the N-
or C-terminus of the peptide) to make available a sulthydryl
group for this linking reaction. Similarly, an oligonucleotide
handle can be 3'- or 5'-end-modified with any of the afore-
mentioned linking groups to provide a terminal group for
linking the polymer to the handle as described for an oli-
gopeptide, via, for example, by a Michael-type addition reac-
tion or by photo-crosslinking the reactive terminal groups on
the polymer and on the handle. A suitable link between the
handle and the polymer can be, e.g., an ester, a thioether or an
amide link.

Peptides can be synthesized via solid phase peptide syn-
thesis and can be HPLC-purified. Peptide immobilization can
be confirmed using routine matrix-assisted laser desorption
ionization time of flight mass spectrometry on the gold-
coated chips.

Each oligopeptide should contain at least a pair of internal
cysteine residues, each possessing a sulthydryl terminated
side-chain. An oxidation reaction involving the two sulthy-
dryl groups on these residues forms a disulfide linkage to
provide a cyclic secondary structure. When the number of
cysteine residues and sulthydryl groups exceeds two (includ-
ing a terminal cysteine provided for attachment to the linking
group), standard solid-phase peptide synthesis techniques
generate molecules having various disulfide linkage loca-
tions. To prevent this, regioselectivity of the cyclization can
be achieved using a sulthydryl-protecting group that is not
removed during standard solid-phase peptide synthesis tech-
niques. This protecting group can control both the number
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and the location of sulthydryl groups available for oxidation.
In addition, it allows for specific control over the number and
the type of amino acid residues incorporated into the cyclic
structure. The covalent disulfide linkage thus formed is
retained during and after cleavage of the sulthydryl-protect-
ing group from any remaining cysteine residues.

Suitable peptides can, but need not, be cyclic (by virtue of
a disulphide bond formed between a pair of cysteine residues
internal to the peptide and spaced apart by about seven to
seventeen amino acid residues) and have a length of up to
about thirty residues, or between about fifteen and about
thirty residues. Each internal cysteine residue is also between
one and about five amino acid residues from the C-terminus
or between one and about seven residues from the N-termi-
nus. As noted above, a terminal cysteine residue can be pro-
vided at a terminus of the peptide to facilitate attachment to
the linking group.

Suitable oligopeptide and oligonucleotide, handles having
an affinity for a growth factor are listed in Table 1, as is the
affinity of each handle for its growth factor’’~*®. The lists are
not considered to be exhaustive, and the optional terminal
cysteine is not depicted in Table 1. See Fairbrother W, et al.,
“Novel peptides selected to bind vascular endothelial growth
factor target the receptor-binding site,” Biochemistry
37:17754 (1998); and Burmeister P, et al., “Direct in vitro
selection of a 2'-O-methyl aptamer to VEGEF,” Chem. Biol.
12:25 (2005), incorporated herein by reference as if set forth
in its entirety.

TABLE 1

5
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haps surprising that peptides can be effectively used as
antagonists. However, at high peptide concentrations relative
to the density of cell surface receptors, peptide ligands can
block growth factor activity effectively.

The skilled artisan is also aware of the literature relating to
oligopeptides and oligonucleotide DNA or RNA aptamers
and their affinities for target molecules. Previous studies pro-
vide a wealth of information about oligopeptides and oligo-
nucleotides that interact with specific signaling molecules,
especially proteins like growth factors®”-°>%%, These aptam-
ers have been identified via high-throughput phage display
for use as antagonists of growth factor activity. Multiple
rounds of screening can produce several aptamers for use as
handles with distinct affinities for growth factors.

The skilled person can look for suitable handles for other
signaling molecules in the literature and is also familiar with
the methods of phage display in which peptides having affin-
ity for a target are identified in a library of peptides engi-
neered into phage proteins. Some papers that describe pep-
tides obtained by phage display that can be suited for use in
the present invention include: Sidu S, et al., “Exploring pro-
tein-protein interactions with phage display,” Chem. Bio.
Chem. 4:14 (2003); Pan B, et al., “Solution structure of a
phage-derived peptide antagonist in complex with vascular
endothelial growth factor,” J. Mol. Biol. 316:769 (2002);
Schaffer M, et al., “Complex with a phage display-derived
peptide provides insight into the function of insulin-like
growth factor I,” Biochemistry 42:9324 (2003); Fairbrother et

Examples of oligonucleotide and oligopeptide handles.

Affinity

Protein Molecular Handle (Kp)

VEGF AUGCAGUUUGAGAAGUCGCGGAU (SEQ ID NO: 1) 0.01 nM
VEGF AAGAAACGGAAGAAUUGGAGACACGCUCGU (SEQ ID NO: 2) 1 nM
VEGF AGUUUUGGAAGAAUUGGAUGUUCCGAUCGU (SEQ ID NO: 3) 10 nM
VEGF GGAAGAAUUGGUCAUCGUCGUCUCCGCCUCCC (SEQ ID NO: 4) 100 nM
VEGF VEPNCDIHVMWEWECFERL (SEQ ID NO: 5) 200 nM
VEGF RGWVEICAADDYGRCLTEAQ (SEQ ID NO: 6) 2,000 nM
VEGF EELWCFDGPRAWVCGYVK (SEQ ID NO: 7) 10,000 nM
IGF-1 RNCFESVAALRRCMY (SEQ ID NO: 8) 100 nM
IGF-1 HDCFASVEALRRCMY (SEQ ID NO: 9) 500 nM
IGF-1 VTCAADALGFLYCWE (SEQ ID NO: 10) 2 M

Of special interest are growth factors that drive differen-
tiation of adult human MSCs in culture. Due in part to their
importance in tissue development®>-2%-6%-57_ two particularly
well-studied developmental growth factor examples are
VEGF>®% and IGF-1°"%°. Recombinant VEGF-165 (Inter-
gen; Purchase, N.Y.) and IGF-1 (Genentech; San Francisco,
Calif.) are commercially available. Specific ligands for these
growth factors that vary from 100 nM-100 uM affinity (“affin-
ity” is used interchangeably with dissociation constant K,,)
have been identified. In contrast, natural VEGF receptor 1
binds VEGF at ~7.5 pM affinity®® and natural IGF-1 receptor
binds IGF-1 at ~160 pM® according to previous studies.
Given the tremendous disparity in affinity for growth factors
between peptide ligands and cell surface receptors, it is per-
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al., supra.; and Fan H, et al., “Selection of peptide ligands that
bind to acid fibroblast growth factor,” IUBMB Life 49:545
(2000), each of which is incorporated herein by reference as
if set forth in its entirety.

Some papers that describe aptamers that interact with
growth factors include Green L, et al., “Inhibitory DNA
ligands to platelet-derived growth factor B-chain,” Biochem-
istry 35:14413 (1996); Green L, et al., “Aptamers as reagents
for high-throughput screening,” BioTechniques 30:1094
(2001); Ruckman J, et al., “2'-fluoropyrimidine RNA-based
aptamers to the 165-amino acid form of vascular endothelial
growth factor (VEGF | 45),” J. Biol. Chem. 273:20556 (1998);
Floege J, et al., “Novel approach to specific growth factor
inhibition in vivo: antagonism of platelet-derived growth fac-
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tor in glomerulonephritis by aptamers,” Am. J. Pathol. 154:
169 (1999), each of which is incorporated herein by reference
as if set forth in its entirety.

A paper by Behnam K, et al, “BMP binding peptide: a
BMP-2 enhancing factor deduced from the sequence ofnative
bovine bone morphogenetic protein/non-collagenous pro-
tein,” J. Ortho. Res. 23: 175 (2005), incorporated herein by
reference as if set forth in its entirety, describes another pep-
tide that interacts with a signaling molecule.

An optimal affinity of a handle for its growth factor is the
affinity evidencing either optimal local activity or concentra-
tion of the growth factor. The complex relationship between
growth factor availability, cell surface receptor density and
endogenous growth factor secretion likely precludes theoreti-
cal optimization of the growth factor sequestering concept. It
is likely that only a subset of the sequestered growth factors
will be active at a given time. This is because a fraction of their
active sites will be occupied by interactions with oligopeptide
handles (FIG. 1B). Therefore, it is not trivial to determine the
amount of growth factor that can be considered available in
the vicinity of a peptide handle (the “effective” growth factor
concentration). Comparison between sequestered growth
factor activity and standard experiments in which growth
factors are provided in solution without surface sequestering
can provide guidance for determining effective growth factor
concentrations in the near-surface region.

One can vary the affinity of a handle by varying the primary
sequence of the handle (Table 1). This approach can be used
to pattern signaling activity, while accommodating variable
impact of a signaling molecule upon a target. The affinity
between a handle and its associated signaling molecule is
measured and verified empirically, and the measure provides
a basis for determining the effective activity of the signaling
molecule as well as guidelines for selecting an appropriate
handle concentration. Published affinities of peptides for their
corresponding signaling molecule are solution measurements
that do not take into account the specific characteristics of
solid-phase peptide presentation, which is effectively multi-
valent. Previous studies have indicated a significant differ-
ence between solution affinities and those measured on solid
supports, so an assessment of the affinity under solid-phase
conditions is helpful™.

To evaluate affinity, a substrate presenting a handle is pre-
pared as described herein. A spectrometer (e.g., Biacore 2000
SPR; BlAcore; Uppsala, Sweden) is used to determine the
affinity of the handle for the signaling molecule. Rate con-
stants for association (k;) and dissociation (k_,) are deter-
mined by fitting the SPR sensogram data using BIA evalua-
tion 3.0 software (BlAcore), and using the following

equations:
R,=Rye 10 ¢y
Re= Ry 1”00 @
where R, .. is the maximum response, R, is the response at

time t, R, is the initial response, k, is the dissociation rate
constant, k; is the association rate constant, and C is the
concentration of the protein in solution®®. The dissociation
constant of the interaction is determined by calculating k_,/
k.

The specificity of handle-growth factor interactions is
helpful, as the substrates can be used in heterogeneous cell
culture media that contain serum proteins, including growth
factors. In contrast, in a typical cell culture, exposure to a
growth factor requires supplemental addition of an expensive
recombinant growth factor. In the present invention, growth
factor present in the culture media is sequestered and made
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available at a desired location by providing the appropriate
handle. Specificity can be demonstrated by measuring no
binding in solutions that contain saturating concentrations of
soluble handles, or by observing no significant protein-sub-
strate interactions when a first signaling molecule is applied
to a substrate that presents a handle specific for a second
signaling molecule, and vice versa. In addition, unrelated
proteins can be flowed over the substrates that present each
peptide as a complementary confirmation of specificity.

Additionally, oligopeptides having utility as an artificial
cell adhesion ligand can be co-immobilized with at least one
handle of the invention to promote adherence of cells (e.g.,
endothelial cells and fibroblasts) to the cell adhesion ligand.
Such adhered cells can be acted upon in a method of the
invention by the signaling molecules that are associated with
the handle. A well-known example of such a ligand is arg-
gly-asp (RGD), a sequence present in a variety of extracellu-
lar matrix proteins®>7>""® Ligand-containing peptides suit-
ably have a length comparable to that of the handle, to
encourage uniform reactivity between the peptide’s terminal
cysteine residue and the substrate. For example, a 9-mer
oligopeptide handle can be coimmobilized with a peptide that
includes RGD, such as CGGGGRGDSP (SEQ ID NO:11).
This, in turn, results in homogeneous presentation of each
peptide on the substrate.

A suitable bio-inert substrate background for a two-dimen-
sional substrate is a self-assembled monolayer (SAM) of
alkanethiolates on gold. The alkanethiolates can be termi-
nated with a non-reactive group, such as tri(ethylene glycol)
[(EG),]; substrate alkanethiolates designed to accept a pep-
tide handle are terminated with a handle-reactive linking
group such as acrylate. It will be appreciated that a low level
of non-specific protein adsorption to the inert substrate back-
ground can be acceptable, as long as one can distinguish
specific adsorption from non-specific adsorption. For
example, the regions designated for specific adsorption
should have a signal strength at least about ten times as great
as the background signal.

For three-dimensional substrates, poly(ethylene glycol)
(PEG)-based hydrogels or alginate-based hydrogels are suit-
ably used. Such hydrogels are as inert to non-specific protein
adsorption as two-dimensional (EG);-based monolayers.
Alginate hydrogels are polymers in which the constituent
monomers have carboxylic acid groups available as linking
groups for attachment to a handle.

EXAMPLES

As proof of principle, the following examples are based on
well-characterized and flexible protein-peptide interactions,
though it will be appreciated that nearly any signaling mol-
ecule of biomedical interest can, in principle, be amplified
using this approach by identifying a ligand or ligands specific
to a given signaling molecule, as described above. In addition,
due to the importance of growth factor signaling in develop-
ment of all tissue types, this approach enables several areas of
regenerative medicine.

(EG);-terminated alkanethiolates can be synthesized using
a standard synthetic protocol®*”2. Briefly, 11-bromo-1-un-
decene (Sigma-Aldrich; St. Louis, Mo.) is reacted with tri
(ethylene glycol) in heated NaOH solution, and the product of
this reaction is photo-reacted with thioacetic acid in the pres-
ence of a photoinitiator such as 2,2'-azobisisobutyronitrile
(AIBN; Sigma-Aldrich). The product of the photoreaction is
refluxed in HCI and purified to give the (EG);-terminated
alkanethiolate.
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From the (EG);-terminated alkanethiolates, acrylate-ter-
minated alkanethiolates for presentation of peptide ligands
can be generated. The terminal sulthydryl group of an
alkanethiol is protected with a trityl group to forma protected,
(EG);-terminated alkanethiol chain that is then reacted with
acryloyl chloride in benzene with triethylamine base to pro-
vide an acrylate group at the alcohol terminus of the protected
alkanethiol. The protected sulthydryl is deprotected to yield
an acrylate-terminated alkanethiolate. The acrylate is a desir-
able linking group for peptide immobilization in a two-di-
mensional substrate because of forward compatibility and
consistency with three-dimensional hydrogel matrix chemis-
tries used in the context of tissue engineering applications
(see, infra) where hydrolytic degradability is an advantage.
Although an ester group in the acrylate termini is susceptible
to hydrolysis in aqueous solution, SAMs that contain ester
bonds are known to be sufficiently stable in aqueous environ-
ments®>”* over the time course of the cell culture such that
this is not an issue. The stability of the linking group can be
varied depending upon the choice of linking group and a more
stable linking group can be used as necessary. For example, of
the linking groups noted above, acrylate is more labile than
the others.

Once the acrylate-terminated alkanethiolates are synthe-
sized, mixed SAMs of acrylate-terminated (5%) and (EG);-
terminated (95%) alkanethiolates are formed on gold-coated
glass. A cysteine-terminated peptide is then immobilized on
the acrylate-terminated alkanethiolates via a Michael-type
addition of the nucleophilic sulthydryl group on the terminal
cysteine to the electrophilic olefin of the acrylate group. This
reaction is rapid and is highly efficient in aqueous solution at
physiologic pH. The peptide immobilization is performed
“on chip,” resulting in a substrate that presents a controlled
peptide ligand density among (EG); groups that resist non-
specific protein adsorption.

The bio-inert nature of a SAM that presents only (EG),
groups can be verified by measuring binding (more accu-
rately, lack of binding) of a model protein (such as albumin or
fibrinogen) using surface plasmon resonance (SPR) spectros-
copy.

Spatially patterned handle presentation can also be
achieved by spotting drops containing the handle in solution
onto mixed monolayers of acrylate-terminated alkanethi-
olates and (EG);-terminated alkanethiolates. Reference is
made to FIGS. 2A-B. The drops can also contain a cell adhe-
sion ligand, as noted above. The area of peptide solution
spotting is modulated by varying the volume of each spot
within an array, with the smallest feature size on the order of
500 um. After spotting of peptide handles, the entire substrate
can be incubated in a solution with a cell adhesion peptide and
a scrambled “dummy” peptide. Therefore, the resulting sub-
strates have patterned spots containing peptide handles dis-
played on a background of a scrambled peptide. Patterned
growth factor sequestering can be characterized by simulta-
neously imaging fluorescein isothiocyanate (FITC)-labeled
peptide handles immobilized on the surface and Texas Red
isothiocyanate (TRITC)-labeled signaling molecules. Regis-
tration of the peptide pattern and the signaling molecule pat-
tern evidence spatial control and display the effective resolu-
tion of growth factor patterning. Further pattern complexity
can be achieved, e.g., using poly(dimethyl siloxane) (PDMS)
microstamping of substrates.

To determine the effective concentration of a growth factor,
such as VEGF, sequestered on a solid-phase substrate, a
method*® for quantifying the biologically active fraction of
soluble VEGF released from biomaterials (Murphy, W. L.;
Peters, M. C.; Kohn, D. H.; Mooney, D. J. “Sustained release
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of vascular endothelial growth factor from mineralized poly
(lactide-co-glycolide) scaffolds for tissue engineering.” Bio-
materials 2000, 21,2521-2527, incorporated herein by refer-
ence as if set forth in its entirety, is modified by: (1) attaching
human dermal microvascular endothelial cells (HDMVECs;
Cascade Biologics; Portland, Oreg.) to substrates presenting
each peptide handle for VEGF or a scrambled peptide; (2)
culturing cells in media containing defined concentrations of
soluble VEGF over a broad range (0.01 ng/ml to 100 ng/ml);
and (3) characterizing total DNA at 48-hour time intervals as
a measure of proliferation.

The substrates presenting scrambled peptide are a control,
and the data from these control conditions constitute a stan-
dard curve of total DNA versus soluble VEGF concentration.
One should expect that in some conditions in which a growth
factor is sequestered on the surface there will be a greater
mitogenic effect due to the higher effective VEGF concentra-
tion in the near surface region. In other conditions, a reduced
effect of soluble VEGF may be observed due to high affinity
interactions between the growth factor and the substrate (and
limited k_, ). Therefore, the effective VEGF concentration on
the substrates are distinct from the actual concentration, and
these cell-based experiments allow for a clear quantitative
distinction. In each condition, RGD-containing peptides are
presented on the surface along with the peptide handles to
mediate cell attachment. The cell-based assay for IGF-1
activity is identical to the VEGF assay, except that BALB-c
3T3 fibroblasts are used in place of HDMVEC:s, as this cell
line displays a well-characterized proliferative response to
IGF-1%°.

Once one has determined effective growth factor concen-
trations near the surfaces presenting peptide handles, one
assesses the influence of sequestered growth factors on dif-
ferentiation of adult human MSCs. To direct MSC differen-
tiation down the endothelial cell lineage, MSCs are cultured
on substrates that present the RGD-containing peptide and a
scrambled dummy peptide and confirm their response to
soluble VEGF. Results of this set of experiments delineate the
dose response of MSCs to soluble VEGE.

One can predict the peptide handle-VEGF combination
that is most likely to drive differentiation of MSCs down the
endothelial cell lineage by combining these results with effec-
tive VEGF concentrations determined in the well-defined
biological activity assays described above. MSCs are then
cultured on substrates presenting the appropriate peptide
handle and expression of markers specific to the endothelial
cell lineage is examined. In each condition, cells are cultured
in low glucose DMEM with 10% fetal bovine serum, 1x
Insulin-Transferrin-Selenium, 1x Linoleic acid-BSA, 10 nM
dexamethasone, 100 uM ascorbic acid-2-phosphate and anti-
biotics. This culture environment has been shown to support
differentiation of MSC populations into endothelial cells in
response to VEGF>.

Similarly, the influence of sequestered IGF-1 on MSC dit-
ferentiation down the adipogenic lineage can be examined in
experiments similar to those described for VEGF-induced
MSC differentiation, except that adipogenesis markers are
examined. To promote adipogenesis, the cells are cultured in
DMEM with 10% fetal bovine serum, 1 uM dexamethasone,
0.2 mM indomethacin, 0.5 mM isobutyl methyl xanthine and
antibiotics. This culture environment has been shown to sup-
port adipogenic differentiation of MSCs in response to
IGF-1'%. One should note that in all MSC differentiation
experiments, the solution growth factor concentration will be
kept at least an order of magnitude lower than the concentra-
tion necessary to drive differentiation of these cells to avoid
differentiation in response to solution growth factor concen-
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trations. This will allow for specific delineation of the effects
of sequestered growth factor. The lower threshold concentra-
tion for solution growth factor will be determined in control
conditions without immobilized peptide handles.

Prior to all experiments MSCs are expanded in MSC
growth medium (Cambrex, Inc.; Baltimore, Md.), and their
ability to differentiate down multiple mesenchymal lineages
will be confirmed, for quality control purposes, via standard
soluble induction and assays for osteogenesis, adipogenesis
and chondrogenesis'®'® (Cambrex, Inc. induction protocols).
Cells on substrates that sequester VEGF are fixed in 4%
paraformaldehyde and immunostained with primary antibod-
ies to human CD31, CD34, vascular endothelial cadherin and
von Willebrand Factor (vWF) (Chemicon, Inc. or Santa Cruz
Biotechnology, Inc.). The latter marker is often found in the
cytoplasm, and therefore vWF analysis involves permeabili-
zation in cold methanol prior to staining. Cells on substrates
that sequester IGF-1 are stained with oil red O, which stains
lipid vacuoles red, to examine adipogenesis in vitro. Endot-
helial and adipogenic differentiation are further characterized
via gene expression profiling of MSCs. Real time RT-PCR is
used to characterize expression of endothelial-specific mark-
ers (CD31, CD34, VE cadherin and vWF) or adipocyte-spe-
cific markers (peroxisome proliferator activating receptor v,
adipsin, aP2 and ADD1/SREBP1c).

To form three-dimensional matrices, alcohol-terminated
PEG chains are derivatized with acrylate groups via reaction
with acryloyl chloride in benzene with triethylamine base,
leaving acrylate-terminated PEG chains. Reference is made
to FIGS. 3A-C. Reaction of these chains with peptide handles
terminated at both ends with cysteine residues, or RGD-
containing, cysteine-terminated peptides, will then result in
rapid and efficient Michael-type addition of the nucleophilic
sulthydryl group on cysteine to the electrophilic olefin in the
acrylate group. Michael-type addition produces a covalent
conjugate of PEG chains with peptide, and the ratio of peptide
concentration to PEG-diacrylate concentration is kept low
(less than 0.1) to avoid gelation of this solution. Because of
the high concentration of PEG-diacrylate relative to peptide,
the resulting solution contains copious unreacted acrylate
termini capable of mediating photo-crosslinking into a net-
work gel. The PEG-peptide conjugates are then mixed with a
solution of 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-me-
thyl-1-propanone photoinitiator (12959; Ciba; Basel, Swit-
zerland) and exposed to 365 nm UV radiation at 0.4 mW/cm?
via a handheld UV lamp to form photocrosslinked network
gels containing covalently bound peptide handles and RGD-
containing peptides.

The concentration of peptide handles is well-defined—
based on the total peptide included and the gel volume—and
is kept constant at 0.5 mM. Based on the previously deter-
mined K, of the peptide handle-VEGF interactions”*:*> and
on the relationship between K, and growth factor/peptide
concentrations, this peptide concentration yield 0.5-500 nM
bound growth factor in solutions containing 1 pM-1 nM
soluble growth factor, assuming a 1 pM peptide-growth factor
affinity (which is in the middle of the range of available
affinities). This is likely to be the appropriate range of bound
growth factor for maximum effect on cell activity, as previous
studies indicate that optimal soluble VEGF and IGF-1 activ-
ity are in the 10-100 nM concentration range*®>>*>-*3 How-
ever, the flexibility of the material system and the wide range
of peptide-growth factor affinities available allow for sub-
stantial variation in the amount of bound growth factor if
necessary.

When cells are included into the hydrogel matrix, they are
mixed with polymer-peptide conjugates prior to photo-
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crosslinking. The aforementioned 12959 photoinitiator
avoids significant cytotoxicity during long wavelength UV
photocrosslinking of gels containing MSCs®**®. It is also
important to determine the appropriate concentration of RGD
to support cell adhesion and spreading. In an initial set of
experiments, the desired concentration of RGD-containing
peptide is determined pragmatically by varying the peptide
concentration and examining attachment and spreading of
endothelial cells.

MSCs are cultured on patterned substrates, using the pep-
tide handles found to optimize MSC differentiation down the
endothelial cell lineage or the adipocyte lineage. An array of
spots is produced in which particular spots contain differen-
tiated endothelial cells, others contain differentiated adipo-
cytes, and the areas that have not been spotted contain undif-
ferentiated MSCs. Cells are cultured in medium that
encompasses the components of endothelial differentiation
media and adipocyte differentiation medium, either in com-
bination or serially. These substrates are characterized by
immunocytochemistry to identify markers specific for difter-
entiated endothelial cells or adipocytes (detailed below), and
the diameter of the spots containing differentiated cells will
be compared with the diameter of the peptide-containing
region and the diameter of sequestered growth factor to deter-
mine the spreading of the growth factor sequestering effect.

Characterization of three-dimensional growth factor
sequestering focuses on VEGF, as the ability to spatially
control differentiation of MSCs into endothelial cells is of
tremendous value to regenerative medicine. Sequestering in
hydrogels is examined using TRITC-labeled VEGF and fluo-
rescent microscopy, generating a standard curve of VEGF
concentration versus fluorescence intensity using defined
soluble VEGF concentrations in the absence of peptide
handles and using Simple PCI image analysis software
(Hamamatsu, Inc.; Tokyo, Japan). The standard curve is used
as a basis to measure sequestered VEGF concentration in
hydrogels with peptide handles included. This method of
determining VEGF concentrations is preferred over methods
based on radiolabeled growth factor, as it facilitates quanti-
tative microscopic analysis of patterned growth factor
sequestering within hydrogel matrices as well. To confirm the
bioinert nature of the PEG hydrogels, the amount of TRITC-
labeled albumin and fibrinogen (model proteins) included in
the hydrogels containing peptide handles is compared to
hydrogels without peptide handles. A lack of included albu-
min and fibrinogen, indicated by no difference between the
amount of protein in solution and the amount of protein in the
hydrogel, indicates that sequestered VEGF is being presented
in a matrix that is resistant to non-specific protein adsorption.
Ultimately, this set of experiments is designed to confirm that
any differentiation that takes place within the three-dimen-
sional matrices can be attributed to growth factor sequester-
ing rather than undefined, non-specific interactions.

The biological activity of VEGF sequestered in the hydro-
gel—the effective VEGF concentration—is determined,
using a proliferation assay based on human dermal microvas-
cular endothelial cells. At various time points, cells in hydro-
gels are lysed, and total DNA is characterized. Comparison of
standard curves of total DNA versus soluble VEGF concen-
tration allows for a quantitative analysis of VEGF activity.
These measurements can then be used as guidelines for
directed differentiation of MSCs into endothelial cells.

Several assays can be performed in the experiments
described above to measure cell attachment, viability and
proliferation within three-dimensional hydrogel matrices.
Upon gel formation, cell viability can be measured using a
LIVE/DEAD cell viability kit (Molecular Probes/Invitrogen;
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Carlsbad, Calif.), which distinguishes live and dead cells on
the basis of membrane integrity and esterase activity. The kit
can be used to stain cell populations for imaging within the
hydrogels, or to quantify markers using a fluorescent micro-
plate assay. Formalin-fixed endothelial cells with immun-
ostained actin cytoskeletons (antibodies from Chemicon,
Inc.; Temecula, Calif.) can also be microscopically analyzed
within gels to confirm attachment—mediated by RGD-con-
taining peptides—and cell spreading. Further, endothelial
cell proliferation can be measured using a CyQUANT cell
proliferation assay kit (Molecular Probes/Invitrogen), a
DNA-binding dye that can be used to quantify total DNA in
gels using a fluorescent microplate reader. These assays rep-
resent important tools to characterize the effects of hydrogel
processing and growth factor sequestering on cell activity.

As a proof-of-concept for spatial control over MSC differ-
entiation, the three-dimensional matrices are used to spatially
control differentiation of MSCs into endothelial cells to
encourage early development of a patterned vasculature. The
ultimate goal will be formation of a network of endothelial
tubes in a matrix of MSCs, where the characteristics of the
network are quite flexible based on material design. The
resulting matrix can ultimately be applied to regeneration of
functional bone, muscle, and perhaps neural and hepatic tis-
sues, depending on which signals are subsequently presented
to the undifferentiated MSCs in the matrix.

One can include MSCs into hydrogels presenting peptide
handles for VEGF, and the gels will be cultured in the medium
described. One should initially use the peptide handle that
provides about a 0.5 nM effective concentration of active
VEGF, as this is the soluble VEGF concentration previously
shown to induce differentiation of MSCs into endothelial
cells'****. However, the concentration of peptide handles and/
or the identity of the peptide handle can be systematically
altered to define conditions for optimal MSC differentiation if
necessary. At various time points after gel formation, cell
populations are examined for markers of endothelial differ-
entiation using fluorescent confocal microscopy using a Bio-
Rad MRC-1024 laser scanning confocal microscope. Use of
confocal microscopy is preferred, as it facilitates subsequent
analysis of patterned differentiation.

A patterned hydrogel containing an appropriate peptide
handle for VEGF can be created using the described photo-
crosslinking method, with slight modification. In the pres-
ence of MSCs, solutions of peptide-polymer conjugates,
including the peptide handle for VEGF, are flowed into a glass
chamber and then exposed to long wavelength UV light
through a photomask. The photomask is composed of lino-
type film, and includes an array of 100 um diameter circular
openings. This diameter is chosen specifically because it is
consistent with the typical diameter of blood vessels growing
into a developing tissue*®*®. Once the cylindrical pillars are
photocrosslinked, the remaining non-crosslinked solution is
removed from the chamber and is replaced with a solution
that does not contain the peptide handle for VEGF. The entire
chamber is then exposed to UV radiation, resulting in
crosslinking of a continuous hydrogel in which only 100 um
diameter cylindrical pillars sequester active VEGF. Each of
the polymer-peptide conjugate solutions also includes RGD-
containing peptides and MSCs. Patterning of peptide handles
is verified by imaging FITC-labeled peptides, and corre-
sponding patterning of VEGF will be microscopically ana-
lyzed by imaging TRITC-labeled VEGF. The resulting
hydrogel matrices are then cultured in the media described,
and analyzed as described below at 48-hour intervals for 10
days to characterize MSC differentiation.
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The assays for analysis of MSC differentiation into endot-
helial cells are like the assays used to analyze differentiation
in a two-dimensional matrix, although confocal microscopy
can be used to examine immunostained endothelial cell dif-
ferentiation markers, since the cells are embedded in a three-
dimensional hydrogel matrix. The emphasis will be on iden-
tification of endothelial cells at early time points (two to eight
days) followed by identification of endothelial tubes at later
time points (eight to sixteen days). These time frames are
based on the time scales previously found to be necessary for
VEGF-induced differentiation of MSCs**?* and endothelial
tube formation by endothelial cells®"*2, respectively. Analy-
sis of the pattern of endothelial differentiation and compari-
son with the previous analysis of sequestered, TRITC-labeled
VEGF will allow the effective resolution of patterned differ-
entiation to be determined.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 11
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 23

TYPE: DNA

ORGANISM: Artificial
FEATURE:

<400> SEQUENCE: 1

augcaguuug agaagucgeg cau

<210> SEQ ID NO 2

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 2

aagaaacgga agaauuggag acacgcucgu

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 3

LENGTH: 30

TYPE: DNA

ORGANISM: Artificial
FEATURE:

<400> SEQUENCE: 3

aguuuuggaa gaauuggaug uuccgaucgu

<210> SEQ ID NO 4

<211> LENGTH: 32

<212> TYPE: DNA

<213> ORGANISM: Artificial

OTHER INFORMATION: Synthetic oligonucleotide

OTHER INFORMATION: Synthetic oligonucleotide

23

30

30
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-continued

24

<220> FEATURE:
<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 4

ggaagaauug gucaucgucg ucuccgccuc cc

<210> SEQ ID NO 5

<211> LENGTH: 19

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligopeptide

<400> SEQUENCE: 5

Val Glu Pro Asn Cys Asp Ile His Val Met Trp Glu Trp Glu Cys Phe
1 5 10 15

Glu Arg Leu

<210> SEQ ID NO 6

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligopeptide

<400> SEQUENCE: 6

Arg Gly Trp Val Glu Ile Cys Ala Ala Asp Asp Tyr Gly Arg Cys Leu
1 5 10 15

Thr Glu Ala Gln
20

<210> SEQ ID NO 7

<211> LENGTH: 18

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligopeptide

<400> SEQUENCE: 7

Glu Glu Leu Trp Cys Phe Asp Gly Pro Arg Ala Trp Val Cys Gly Tyr
1 5 10 15

Val Lys

<210> SEQ ID NO 8

<211> LENGTH: 15

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligopeptide

<400> SEQUENCE: 8

Arg Asn Cys Phe Glu Ser Val Ala Ala Leu Arg Arg Cys Met Tyr
1 5 10 15

<210> SEQ ID NO 9

<211> LENGTH: 15

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligopeptide

<400> SEQUENCE: 9

His Asp Cys Phe Ala Ser Val Glu Ala Leu Arg Arg Cys Met Tyr
1 5 10 15

32
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-continued
<210> SEQ ID NO 10
<211> LENGTH: 15
<212> TYPE: PRT
<213> ORGANISM: Artificial
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic oligopeptide

<400> SEQUENCE: 10

Val Thr Cys Ala Ala Asp Ala Leu Gly Phe Leu Tyr Cys Trp Glu

1 5 10

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 11

LENGTH: 10

TYPE: PRT

ORGANISM: Artificial
FEATURE:

OTHER INFORMATION: Synthetic oligopeptide

<400> SEQUENCE: 11
Cys Gly Gly Gly Gly Arg Gly Asp Ser Pro

1 5 10

15

What is claimed is:

1. A substrate or matrix for sequestering a cell-affecting
signaling molecule, the substrate or matrix comprising:

a biologically-inactive polymer having a solid-phase back-

bone, and

a handle associated with the polymer, the handle having a

specific, reversible and non-covalent affinity for the sig-
naling molecule,

wherein the handle is selected from the group consisting of

an oligonucleotide aptamer and an oligopeptide,
wherein the oligopeptide comprises up to about thirty
amino acid residues and has an intramolecular disulfide
bond between internal cysteine residues spaced apart by
about seven to about seventeen residues.

2. The substrate or matrix as claimed in claim 1 further
comprising:

a signaling molecule in communication with the handle;

and

cells responsive to the signaling molecule.

3. The substrate or matrix as claimed in claim 2, wherein
the cells are stem cells.

4. The substrate or matrix as claimed in claim 2, wherein
the signaling molecule is selected from a growth factor, an
oligopeptide fragment of the growth factor, a peptide frag-
ment of the growth factor, a polypeptide fragment of the
growth factor, and a mimetic of any of the foregoing.

5. The substrate or matrix as claimed in claim 4, wherein
the growth factor is selected from the group consisting of
vascular endothelial growth factor, bone morphogenetic pro-
tein-2 and insulin-like growth factor-1.

6. The substrate or matrix as claimed in claim 1, wherein
the backbone is selected from the group consisting of an
alkanethiolate, a polyethylene glycol and an alginate.

7. The substrate or matrix as claimed in claim 1, further
comprising a link between the handle and the backbone.

8. The substrate or matrix as claimed in claim 7, wherein
the link is selected from the group consisting of an ester, a
thioether, and an amide.
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9. The substrate or matrix as claimed in claim 1, further
comprising a cell adhesion ligand.

10. The substrate or matrix as claimed in claim 9, wherein
the cell adhesion ligand comprises an RGD sequence.

11. The substrate or matrix as claimed in claim 9, wherein
the cell adhesion ligand comprises SEQ ID NO: 11.

12. The substrate or matrix as claimed in claim 9, wherein
the cell adhesion ligand consists essentially of SEQ ID NO:
11.

13. The substrate or matrix as claimed in claim 1, wherein
the handle comprises the oligopeptide.

14. The substrate or matrix as claimed in claim 13, wherein
the oligopeptide comprises between fifteen and thirty amino
acid residues.

15. The substrate or matrix as claimed in claim 13, wherein
the oligopeptide is selected from the group consisting of SEQ
ID NO: 5-10.

16. The substrate or matrix as claimed in claim 1, wherein
the handle comprises the oligonucleotide aptamer.

17. The substrate or matrix as claimed in claim 16, wherein
the oligonucleotide is selected from the group consisting of
SEQ ID NO: 1-4.

18. A cell culture comprising:

a substrate or matrix for sequestering a cell-affecting sig-
naling molecule, the substrate or matrix comprising a
biologically-inactive polymer having a solid-phase
backbone, and a handle associated with the polymer, the
handle having a specific, reversible and non-covalent
affinity for the signaling molecule;

cells associated with the substrate or the matrix; and

a fluid medium,

wherein the handle is selected from the group consisting of
an oligonucleotide aptamer and an oligopeptide,
wherein the oligopeptide comprises up to about thirty
amino acid residues and has an intramolecular disulfide
bond between internal cysteine residues spaced apart by
about seven to about seventeen residues.
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