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TABLE 2
Cytokine Reference
Human IL-1 March et al., Nature, 315:641, 1985
Murine IL-1 Lomedico et al., Nature, 312:458, 1984
Human IL-T March et al., Nature, 315:641, 1985; Auron et al., Proc.
Natl. Acad. Sci. USA, 81:7907, 1984
Murine IL-1 Gray, J. Immunol., 137:3644, 1986; Telford, NAR,

Human IL-1ra
Human IL-2

Human IL-2
Human IL-3
Murine I1-3

Human IL-4
Murine I1-4

Human IL-5
Murine IL-5

Human IL-6
Murine IL-6
Human IL-7
Murine IL-7
Human IL-8

Human IL-9
Murine IL-9
Human Angiogenin
Human GRO
Munne MIP-1
Murine MIP-1
Human MIF
Human G-CSF

Human GM-CSF
Murine GM-CSF
Human M-CSF
Human EGF
Human TGF-
Human FGF acidic
Human -ECGF
Human FGF basic
Murine IFN-

Human IFN-

Human IGF-I

Human IGF-II
Human -NGF chain
Human NT-3

Human PDGF A chain
Human PDGF B chain

Human TGF-1
Human TNF-

Human TNF-
Murine TNF-
Human E-Selectin

Human ICAM-1
Human PECAM
Human VCAM-1

Human L-Selectin

14:9955, 1986

Eisenberg et al., Nature, 343:341, 1990

Taniguchi et al., Nature, 302:305, 1983; Maeda et al.,
Biochem. Biophys. Res. Commun., 115:1040, 1983
Taniguchi et al., Nature, 302:305, 1983

Yang et al., Cell, 47:3, 1986

Yokota et al., Proc. Natl. Acad. Sci. USA, 81:1070, 1984;
Fung et al., Nature, 307:233, 1984; Miyatake et al.,
Proc. Natl. Acad. Sci. USA, 82:316, 1985

Yokota et al., Proc. Natl. Acad. Sci. USA, 83:5894, 1986
Norma et al., Nature, 319:640, 1986; Lee et al., Proc.
Natl. Acad. Sci. USA, 83:2061, 1986

Azuma et al., Nuc. Acids Res., 14:9149, 1986

Kinashi et al., Nature, 324:70, 1986; Mizuta et al.,
Growth Factors, 1:51, 1988

Hirano et al., Nature, 324:73, 1986

Van Snick et al., Eur. J. Immunol., 18:193, 1988
Goodwin et al., Proc. Natl. Acad. Sci. USA, 86:302, 1989
Namen et al., Nature, 333:571, 1988

Schmid et al., J. Immunol., 139:250, 1987; Matsushima
et al., J Exp. Med., 167:1883, 1988; Lindley et al., Proc.
Natl. Acad. Sci. USA, 85:9199, 1988

Renauld et al., J. Immunol., 144:4235, 1990

Renauld et al., J. Immunol., 144:4235, 1990

Kurachi et al., Biochemistry, 24:5494, 1985

Richmond et al., EMBO J., 7:2025, 1988

Davatelis et al., J. Exp. Med., 167:1939, 1988

Sherry et al., J. Exp. Med., 168:2251, 1988

Weiser et al., Proc. Natl. Acad. Sci. USA, 86:7522, 1989
Nagata et al., Nature, 319:415, 1986; Souza et al.,
Science, 232:61, 1986

Cantrell et al., Proc. Natl. Acad. Sci. USA, 82:6250,
1985; Lee et al., Proc. Natl. Acad. Sci. USA, 82:4360,
1985; Wong et al., Science, 228:810, 1985

Gough et al., EMBO J., 4:645, 1985

Wong, Science, 235:1504, 1987; Kawasaki, Science,
230; 291, 1985; Ladner, EMBO J., 6:2693, 1987

Smith et al., Nuc. Acids Res., 10:4467, 1982; Bell et al.,
NAR, 14:8427, 1986

Derynck et al., Cell, 38:287, 1984

Jaye et al., Science, 233:541, 1986; Gimenez-Gallego et
al., Biochem. Biophys. Res. Commun., 138:611, 1986;
Harper et al, Biochem., 25:4097, 1986

Jaye et al., Science, 233:541, 1986

Abraham et al., EMBO J., 5:2523, 1986; Sommer et al.,
Biochem. Biophys. Res. Comm., 144:543, 1987

Higashi et al., J. Biol. Chem., 258:9522, 1983; Kuga,
NAR, 17:3291, 1989

Gray et al., Nature, 295:503, 1982; Devos et al., NAR,
10:2487, 1982; Rinderknecht, J. Biol. Chem., 259:6790,
1984

Jansen et al., Nature, 306:609, 1983; Rotwein et al., J.
Biol. Chem., 261:4828, 1986

Bell et al., Nature, 310:775, 1984

Ullrich et al., Nature, 303:821, 1983

Huang EJ. Et al., Development. 126(10):2191-203, 1999
May.

Betsholtz et al., Nature, 320:695, 1986

Johnsson et al., EMBO J., 3:921, 1984; Collins et al.,
Nature, 316:748, 1985

Derynck et al., Nature, 316:701, 1985

Pennica et al., Nature, 312:724, 1984; Fransen et al.,
Nuc. Acids Res., 13:4417, 1985

Gray et al., Nature, 312:721, 1984

Gray et al., Nucl. Acids Res., 15:3937, 1987

Bevilacqua et al., Science, 243:1160, 1989; Hensley et
al., J. Biol. Chem., 269:23949, 1994

Simmons et al., Nature, 331:624, 1988

Simmons et al., J. Exp. Med., 171:2147, 1990

Hession et al., J. Biol. Chem., 266:6682; Osborn et al.,
Cell, 59:1203, 1989

Ord et al., J. Biol. Chem., 265:7760, 1990; Tedder et al.,
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TABLE 2-continued

14

Cytokine Reference

(membrane bound)
Human L-Selectin
(soluble form)
Human Calcitonin
Human Hirudin
(E. coli optimized)

J. Exp. Med., 170:123, 1989

J. Exp. Med., 170:123, 1989
Le Moullec et al., FEBS Lett., 167:93, 1984
Dodt et al., FEBS Lett., 165:180, 1984

Ord et al., J. Biol. Chem., 265:7760, 1990; Tedder et al.,

E. Polynucelotides

The polynucleotides to be incorporated within the poly-
mer fibers of the present invention, extend to the full variety
of nucleic acid molecules. The nucleic acids thus include
genomic DNA, cDNAs, single stranded DNA, double
stranded DNA, triple stranded DNA, oligonucleotides,
Z-DNA, mRNA, tRNA and other RNAs. DNA molecules
are generally preferred, even where the DNA is used to
express a therapeutic RNA, such as a ribozyme or antisense
RNA.

A“gene” or DNA segment encoding a selected protein or
RNA, generally refers to a DNA segment that contains
sequences encoding the selected protein or RNA, but is
isolated away from, or purified free from, total genomic
DNA of the species from which the DNA is obtained.
Included within the terms “gene” and “DNA segment”, are
DNA segments and smaller fragments of such segments, and
also recombinant vectors, including, for example, plasmids,
cosmids, phage, retroviruses, adenoviruses, and the like.

The term “gene” is used for simplicity to refer to a
functional protein or peptide encoding unit. As will be
understood by those in the art, this functional term includes
both genomic sequences and cDNA sequences. “Isolated
substantially away from other coding sequences” means that
the gene of interest forms the significant part of the coding
region of the DNA segment, and that the DNA segment does
not contain large portions of naturally-occurring coding
DNA, such as large chromosomal fragments or other func-
tional genes or cDNA coding regions. Of course, this refers
to the DNA segment as originally isolated, and does not
exclude genes or coding regions, such as sequences encod-
ing leader peptides or targeting sequences, later added to the
segment by the hand of man.

The present invention does not require that highly purified
DNA or vectors be used, so long as any coding segment
employed encodes a selected protein or RNA and does not
include any coding or regulatory sequences that would have
a significant adverse effect on the target cells. Therefore, it
will also be understood that useful nucleic acid sequences
may include additional residues, such as additional non-
coding sequences flanking either of the 5' or 3' portions of
the coding region or may include various internal sequences,
i.e., introns, that are known to occur within genes.

Many suitable DNA segments may be obtained from
existing, including commercial sources. One may also
obtain a new DNA segment encoding a protein of interest
using any one or more of a variety of molecular biological
techniques generally known to those skilled in the art. For
example, cDNA or genomic libraries may be screened using
primers or probes with designed sequences. Polymerase
chain reaction (PCR) may also be used to generate a DNA
fragment encoding a protein of interest.

After identifying an appropriate selected gene or DNA
molecule, it may be inserted into any one of the many
vectors currently known in the art, so that it will direct the
expression and production of the selected protein when
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incorporated into a target cell. In a recombinant expression
vector, the coding portion of the DNA segment is positioned
under the control of a promoter/enhancer element. The
promoter may be in the form of the promoter that is naturally
associated with a selected gene, as may be obtained by
isolating the 5' non-coding sequences located upstream of
the coding segment or exon, for example, using recombinant
cloning and/or PCR technology.

In other embodiments, it is contemplated that certain
advantages will be gained by positioning the coding DNA
segment under the control of a recombinant, or
heterologous, promoter. As used herein, a recombinant or
heterologous promoter is intended to refer to a promoter that
is not normally associated with a selected gene in its natural
environment. Such promoters may include those normally
associated with other selected genes, and/or promoters iso-
lated from any other bacterial, viral, eukaryotic, or mam-
malian cell. Naturally, it will be important to employ a
promoter that effectively directs the expression of the DNA
segment in the chosen target cells.

The use of recombinant promoters to achieve protein
expression is generally known to those of skill in the art of
molecular biology, for example, see Sambrook et al. (1989;
incorporated herein by reference). The promoters employed
may be constitutive, or inducible, and can be used under the
appropriate conditions to direct high level or regulated
expression of the introduced DNA segment. Expression of
genes under the control of constitutive promoters does not
require the presence of a specific substrate to induce gene
expression and will occur under all conditions of cell
growth. In contrast, expression of genes controlled by induc-
ible promoters is responsive to the presence or absence of an
inducing agent.

Promoters isolated from the genome of viruses that grow
in mammalian cells, e.g., RSV, vaccinia virus 7.5K, SV40,
HSYV, adenoviruses MLP, MMTV LTR and CMV promoters,
may be used herewith, as well as promoters produced by
recombinant DNA or synthetic techniques. Currently pre-
ferred promoters are those such as CMV, RSV LTR, the
SV40 promoter alone, and the SV40 promoter in combina-
tion with the SV40 enhancer.

Exemplary tissue specific promoter/enhancer elements
and transcriptional control regions that exhibit tissue speci-
ficity include, but are not limited to: the elastase I gene
control region that is active in pancreatic acinar cells; the
insulin gene control region that is active in pancreatic cells;
the immunoglobulin gene control region that is active in
lymphoid cells; the albumin, 1-antitrypsin and -fetoprotein
gene control regions that are active in liver; the -globin gene
control region that is active in myeloid cells; the myelin
basic protein gene control region that is active in oligoden-
drocyte cells in the brain; the myosin light chain-2 gene
control region that is active in skeletal muscle; and the
gonadotropic releasing hormone gene control region that is
active in the hypothalamus. U.S. application Ser. No.
08/631,334, filed Apr. 12, 1996 and PCT Application Serial
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No. PCT/US97/07301, filed Apr. 11, 1997, are both incor-
porated herein by reference for the purposes of incorporating
references even further describing the foregoing elements.

Specific initiation signals may also be required for suffi-
cient translation of inserted protein coding sequences. These
signals include the ATG initiation codon and adjacent
sequences. In cases where the entire coding sequence,
including the initiation codon and adjacent sequences are
inserted into the appropriate expression vectors, no addi-
tional translational control signals may be needed. However,
in cases where only a portion of the coding sequence is
inserted, exogenous translational control signals, including
the ATG initiation codon should be provided. The initiation
codon must be in phase with the reading frame of the protein
coding sequences to ensure translation of the entire insert.
These exogenous translational control signals and initiation
codons can be of a variety of origins, both natural and
synthetic. The efficiency and control of expression may be
enhanced by the inclusion of transcription attenuation
sequences, enhancer elements, etc.

A variety of vectors may be used including, but not
limited to, those derived from recombinant bacteriophage
DNA, plasmid DNA or cosmid DNA. For example, plasmid
vectors such as pBR322, pUC 19/18, pUC 118, 119 and the
M13 mp series of vectors may be used. Bacteriophage
vectors may include gtl0, gtll, gt18-23, ZAP/R and the
EMBL series of bacteriophage vectors. Cosmid vectors that
may be utilized include, but are not limited to, pJBS, pCV
103, pCV 107, pCV 108, pTM, pMCS, pNNL, pHSG274,
C0S8202, COS203, pWE15, pWE16 and the charomid 9
series of vectors. Vectors that allow for the in vitro tran-
scription of RNA, such as SP6 vectors, may also be used to
produce large quantities of RNA that may be incorporated
into matrices.

The selected genes and DNA segments may also be in the
form of a DNA insert located within the genome of a
recombinant virus, such as, for example a recombinant
herpes virus, retroviruses, vaccinia viruses, adenoviruses,
adeno-associated viruses or bovine papilloma virus. While
integrating vectors may be used, non-integrating systems,
which do not transmit the gene product to daughter cells for
many generations will often be preferred. In this way, the
gene product is expressed during a defined biological
process, e.g., a wound healing process, and as the gene is
diluted out in progeny generations, the amount of expressed
gene product is diminished.

In such embodiments, to place the gene in contact with a
target cell, one would prepare the recombinant viral
particles, the genome of which includes the gene insert, and
contact the target cells or tissues via release from the
polymer fiber of the present ,invention, whereby the virus
infects the cells and transfers the genetic material. The
following U.S. patents are each incorporated herein by
reference for even further exemplification of viral gene
therapy: U.S. Pat. No. 5,747,469, concerning adenovirus,
retrovirus, adeno-associated virus, herpes virus and cytome-
galovirus gene therapy; U.S. Pat. No. 5,631,236, concerning
adenovirus gene therapy; and U.S. Pat. No. 5,672,344,
concerning herpesvirus gene therapy.

Genes with sequences that vary from those described in
the literature are also contemplated for use in the invention,
so long as the altered or modified gene still encodes a protein
that functions to effect the target cells in the desired (direct
or indirect) manner. These sequences include those caused
by point mutations, those due to the degeneracies of the
genetic code or naturally occurring allelic variants, and
further modifications that have been introduced by genetic
engineering, i.e., by the hand of man.
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Techniques for introducing changes in nucleotide
sequences that are designed to alter the functional properties
of the encoded proteins or polypeptides are well known in
the art, e.g., U.S. Pat. No. 4,518,584, incorporated herein by
reference, which techniques are also described in further
detail herein. Such modifications include the deletion, inser-
tion or substitution of bases, and thus, changes in the amino
acid sequence. Changes may be made to increase the activity
of a protein, to increase its biological stability or half-life, to
change its glycosylation pattern, confer temperature sensi-
tivity or to alter the expression pattern of the protein, and the
like. All such modifications to the nucleotide sequences are
encompassed by this invention.

It is an advantage of the present invention that one or
more than one selected gene may be used in the gene transfer
methods and compositions. The nucleic acid delivery meth-
ods may thus entail the administration of one, two, three, or
more, selected genes. The maximum number of genes that
may be applied is limited only by practical considerations,
such as the effort involved in simultaneously preparing a
large number of gene constructs or even the possibility of
eliciting an adverse cytotoxic effect. The particular combi-
nation of genes may be chosen to alter the same, or different,
biochemical pathways. For example, a growth factor gene
may be combined with a hormone gene; or a first hormone
and/or growth factor gene may be combined with a gene
encoding a cell surface receptor capable of interacting with
the polypeptide product of the first gene.

In using multiple genes, they may be combined on a
single genetic construct under control of one or more
promoters, or they may be prepared as separate constructs of
the same of different types. Thus, an almost endless com-
bination of different genes and genetic constructs may be
employed. Certain gene combinations may be designed to,
or their use may otherwise result in, achieving synergistic
effects on cell stimulation and tissue growth, any and all
such combinations are intended to fall within the scope of
the present invention. Indeed, many synergistic effects have
been described in the scientific literature, so that one of
ordinary skill in the art would readily be able to identify
likely synergistic gene combinations, or even gene-protein
combinations.

It will also be understood that, if desired, the nucleic
segment or gene could be administered in combination with
further agents, such as, e.g. proteins or polypeptides or
various pharmaceutically active agents. So long as genetic
material forms part of the composition, there is virtually no
limit to other components which may also be included, given
that the additional agents do not cause a significant adverse
effect upon contact with the target cells or tissues. The
nucleic acids may thus be delivered along with various other
agents, for example, in certain embodiments one may wish
to administer an angiogenic factor as disclosed in U.S. Pat.
No. 5,270,300 and incorporated herein by reference.

As the chemical nature of genes, i.e., as a string of
nucleotides, is essentially invariant, and as the process of
gene transfer and expression are fundamentally the same, it
will be understood that the type of genes transferred by the
fiber matrices of the present invention is virtually limitless.
This extends from the transfer of a mixture of genetic
material expressing antigenic or immunogenic fragments for
use in DNA vaccination; to the stimulation of cell function,
as in wound-healing; to aspects of cell killing, such as in
transferring tumor suppressor genes, antisense oncogenes or
apoptosis-inducing genes to cancer cells.

By way of example only, genes to be supplied by the
invention include, but are not limited to, those encoding and
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expressing: hormones, growth factors, growth factor
receptors, interferons, interleukins, chemokines, cytokines,
colony stimulating factors and chemotactic factors; tran-
scription and elongation factors, cell cycle control proteins,
including kinases and phosphatases, DNA repair proteins,
apoptosis-inducing genes; apoptosis-inhibiting genes,
oncogenes, antisense oncogenes, tUMOr SUPPressor genes;
angiogenic and anti-angiogenic proteins; immune response
stimulating and modulating proteins; cell surface receptors,
accessory signaling molecules and transport proteins;
enzymes; and anti-bacterial and anti-viral proteins.
F. Kits

All the essential materials and reagents required for the
various aspects of the present invention may be assembled
together in a kit. The kits of the present invention also will
typically include a means for containing the vials compris-
ing the desired components in close confinement for com-
mercial sale such as, e.g., injection or blow-molded plastic
containers into which the desired vials are retained. Irre-
spective of the number or type of containers, the kits of the
invention are typically packaged with instructions for use of
the kit components.

G. EXAMPLES

The following examples are included to demonstrate
preferred embodiments of the invention. It should be appre-
ciated by those of skill in the art that the techniques
disclosed in the examples which follow represent techniques
discovered by the inventor to function well in the practice of
the invention, and thus can be considered to constitute
preferred modes for its practice. However, those of skill in
the art should, in light of the present disclosure, appreciate
that many changes can be made in the specific embodiments
which are disclosed and still obtain a like or similar result
without departing from the spirit and scope of the invention.

Example 1

Fabrication of Polymer Fibers Containing
Therapeutic Agents

In one embodiment of the present invention, the following
procedure is used to create the drug-releasing fibers. The
apparatus is depicted in FIG. 8. First, a biodegradable
polymer such as poly(L-lactic acid) (PLLA), poly(DL-lactic
acid), polycaprolactone, poly(glycolic acid), polyanhydride,
or copolymers or blends of these or other biodegradable
polymers are dissolved in some appropriate solvent (A) at
concentrations ranging from 5 to 30 wt % depending on the
type of polymer, 10 wt % being preferred for PLLA. In this
embodiment, solvent (A) has low miscibility with water, and
is very miscible with the coagulation bath solvent (B).
Preferred choices of solvent (A) include chloroform and
methylene chloride. Once the polymer is dissolved, an
aqueous solution containing both the biomolecules(s) of
interest and a surfactant, is added to the polymer solution.
The concentration of the aqueous emulsion is typically in the
range of 1 to 50% v/v of the polymer solution, 4-10% being
most typical for monofilament PLLA fibers. The surfactant
can be one or a combination of substances familiar to those
skilled in the art, such as bovine serum albumin (BSA),
poly(vinyl alcohol), pluronics, or biological surfactants such
as the family of phospholipids. Other surfactants not spe-
cifically mentioned here, but known to those skilled in the
art are included by extension. In a typical use, BSA is used
as the surfactant at concentrations ranging from about 10
fold to 100 fold higher than the biological molecule of
interest, with typical concentrations ranging from 10 wt %
to 50 wt % of the aqueous phase.
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Using some form of mechanical energy such as
sonication, vortexing, or shear forces generated by forcing
the liquid through a small orifice, a water-in-oil type emul-
sion is formed between the aqueous and organic phases. This
emulsion must be stable for periods far in excess of time
required for extrusion. The size of the dispersed aqueous
phase droplets is primarily dependent on the quality of the
surfactant, and the amount of mechanical energy imparted to
the system in forming the emulsion. The aqueous phase size
is an important variable in both release kinetics and
mechanical properties of the fiber.

The emulsion is then extruded into a coagulating bath
containing solvent (B). The polymer emulsion is extruded
into the coagulation bath through a dispensing tip ranging in
size from 16 gage down to 30 gage. Solvent (B) must be
highly miscible with solvent (A), and must be a non-solvent
for the polymer; isopropyl alcohol is the most typical choice
but any solvent that is a non-solvent for the polymer and
highly miscible with solvent (A) will work. For example
hexane is very miscible with methylene chloride yet is a
non-solvent for the polymer, therefore, methylene chloride
and hexane make a good solvent and coagulating bath
combination. Because solvent (A) is highly miscible with
coagulating bath solvent (B), it freely diffuses from the
polymer solution stream, into the coagulating bath. The
polymer, however, is not soluble in solvent (B), and there-
fore begins to precipitate upon itself, forming the outer
sheath of a fiber and trapping virtually all of the dispersed
aqueous phase of the emulsion within the forming fiber. In
this way, the fiber is loaded with the drug or protein of
interest. The forming fiber may be passed over a series of
rollers within the coagulation bath to provide a fixed path
length through the coagulation bath should a fixed path
length be desired. The fiber is drawn from the coagulation
bath at a determined rate. In the laboratory, the inventors
have used a cylinder attached to a modified variable-speed
lathe that can accurately maintain its angular velocity. The
drawn and extruded fiber is then removed from the cylinder
and either freeze-dried, frozen, or oven dried and placed in
a desecrator or freezer, depending upon recommended stor-
age conditions of the loaded biomolecules.

By varying the ratio of the infusion speed of the polymer
emulsion into the coagulating bath to the linear winding
speed of the of the lathe, very surprising changes in the
mechanical properties of the fibers have been found, as
shown in FIGS. 9A and 9B. The mechanical properties of the
fibers change as a function of the following variables:
polymer solvent(s), coagulating bath solvent(s), inter-
miscibility of the solvent system, winding speed to infusion
speed ratio, total time in the coagulating bath, ratio of
aqueous phase to polymer solution phase in the emulsion,
and the quality of the surfactant. Changes in mechanical
properties as a function of several of these variables are
shown in FIGS. 10A and 10B.

Another surprising discovery was that the surface texture
of the finished fiber could also be controlled by appropriate
choices of solvent and polymer systems. The inventors have
produced fibers with surface textures that vary from smooth,
to veloured, to longitudinally grooved as shown in FIGS.
11A-11C. These changes in surface texture have practical
applications to cell growth in providing surfaces with greater
adhesive properties in the case of the veloured texture, and
better contact guidance in the case of the longitudinally
grooved fibers. All of the changes in mechanical properties
and surface texture significantly affect the release kinetics of
therapeutic agents.

The diameter of the fibers has been controlled by pro-
cessing conditions as shown in FIG. 12. Because the pro-
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cessing parameters that control the mechanical properties,
surface texture, diameter, and release kinetics are known
fibers with specific properties for specific uses can be tailor
made

That biological therapeutic agents retain biological activ-
ity throughout this fabrication process can be shown with a
sandwich ELISA where the agent loaded into the fiber was
the Fab fragment of mouse IgG. For the ELISA to detect the
presence of the Fab fragment, the biological activity of both
binding epitopes must be maintained.

In another embodiment of the fabrication process, a poor
solvent for the polymer is added to the polymer solution
such as toluene. The addition of the poor solvent changes the
mechanical properties of the fiber.

In another fabrication embodiment, up to 20% v/v of the
polymer solvent is added to the coagulation bath solvent.
The addition of the polymer solvent decreases the concen-
tration gradient from inside the fiber to outside the fiber. This
changes the diffusion rate and hence the rate at which the
outer sheath of the fiber forms. The rate of this outer sheath
formation is critical to the surface texture of the fibers and
the mechanical properties of the fiber, and to the release
kinetics of the biomolecule.

In another fabrication embodiment, a thickening solution,
such as glycerol, is added to the coagulation bath. This
increases the viscosity of the coagulation bath, and changes
the specific gravity of the coagulation bath. Both of these
variables have resulted in substantially increased ability to
form loaded fibers. The concentration of glycerol varies
from 8 to 20% v/v.

Alternatively, coaxial fibers can be fabricated in a single
process by methods familiar to those skilled in the art of
extrusion. Using these techniques, various polymer(s) and
biomolecule(s) can be added in each layer of the coaxial
fiber.

Example 2

Fabrication of Polymer Fibers Containing Variable
Concentrations of Therapeutic Agents

In another fabrication embodiment, the process is similar
to that described in Example 1, with the exception that a
concentration gradient is applied down the length of the
fiber. This is accomplished by having two solutions. One is
a polymer emulsion containing the therapeutic agent(s) of
interest, and the other does not contain therapeutic agents, or
contains different biomolecules. The gradient is accom-
plished by continuously changing the ratio of the two
solutions during the extrusion process. This can be accom-
plished in a number of ways including a butterfly valve at a
“Y” junction as shown in FIG. 13, or using independent
pumps with or without a mixing chamber as shown in FIG.
14. In this way, a well-controlled gradient is established with
known change in concentration per centimeter length.
Another embodiment of the present invention is the creation
of “banded” fibers. In banded fibers, there are several
possible configurations; in one embodiment, both polymer
solutions are emulsions containing different biomolecules.
This is accomplished in the same way as the gradient, where
the gradient is a series of step-functions, switching alter-
nately from emulsion A to emulsion B.

In a second embodiment, one of the bands if from a
polymer emulsion containing one or more biomolecules as
in other embodiments described herein. The other band is a
polymer segment that acts as a sealant so that the finished
fibers can be cut to pre-specified lengths so that each end of
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the finished fibers will be sealed at both ends. In each of
these embodiments, the band lengths are independently
adjustable. These gradient and banded fibers may be used
with or without a concentric coating as described in the next
example.

Example 3

Fabrication of Polymer Fibers With Concentric
Coatings

In yet another fabrication embodiment, a pre-existing
fiber is loaded through a spinneret and through the coagu-
lation bath. The liquid polymer emulsion is added in a “T”
or “Y” junction and coats the fiber before entering a coagu-
lation bath. Thus concentric coatings are applied to the fiber,
with each coating having the ability to contain a different
therapeutic agent(s) as shown in FIG. 4. The coating poly-
mer may be the same or different from the core polymer.
There may be molecules attached to the core fiber to increase
the adhesion of the coating polymer. For example, a thin
layer of BSA, may improve the adhesion of chitosan to
poly(L-lactic acid). By an intricate spinneret, two or more
polymer emulsions each containing a different biomolecule
can be put in the coating. This is accomplished by bringing
all coating materials into the spinneret, with baffles separat-
ing each coating polymer stream. This allows fibers to
release different molecules as a function of angular position
around the fiber. In certain embodiments, the spinneret may
have a non-circular shape, thereby forming fibers with any
desired cross-sectional shape. This is true of the core fiber as
well as the coating polymers.

An alternative fabrication technique is to use specially
designed multilumen spinnerets to create standard fiber
structures well known to those familiar in the art, such as
core and sheath, islands in the sca, etc.

Example 4

Fabrication of Environmentally Responsive
Polymer Gel Fibers

In a different fabrication embodiment, environmentally
responsive polymer hydrogels are formed in nanosphere size
by emulsion polymerization or other methods. Such nano-
spheres are then incorporated into fibers. “Environmentally
responsive gels” are intended to represent polymer gels that
exhibit a substantial change in their physical characteristics
as the environment surrounding the gels undergoes rela-
tively small changes. Polymer hydrogels that have been
found to be useful in the present invention include poly(N-
isopropylacrylamide) (NIPA) and poly(acrylic acid) (PAA)
gels. For example, NIPA gels have the ability to undergo
dramatic volume changes of 100 fold in response to a small
(2-3C) temperature change. These nanospheres may be
loaded with biological molecules by soaking them in an
aqueous solution of the biomolecules. These loaded nano-
spheres are then dried and added to the polymer solution
with or without forming an emulsion. All other fabrication
processes are the same. This process then creates a fiber that
is temperature sensitive. The NIPA phase transition can be
adjusted by those skilled in the art to occur at 38—39C. This
now provides a fiber that is responsive to the physiological
state of the patient. It has a dramatic increase in release
kinetics if the patient begins to run a fever, and because this
is a reversible phenomenon, the release kinetics slow down
again once body temperature returns to normal.
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Example 5

Chitosan Based Fibers

In another fabrication embodiment, rather than ester
based synthetic polymers described above, naturally occur-
ring polysaccharides such as chitosan may be used as the
polymer system. It is well known in the art that chitosan
fibers can be made by dissolving the chitosan in 3% acetic
acid, and using 5% sodium hydroxide as the coagulation
bath. The inventors have found that one can use 1% hydro-
chloric acid to dissolve the chitosan, that the chitosan
concentrations can go as low as 2.5 wt %, and good quality
fibers are obtained if the coagulation bath consists of Tris
base in concentrations ranging from 5 to 15% (FIG. 1). This
is the first reporting of chitosan fibers extruded under these
conditions.

Chitosan is a biodegradable polymer. Chitosan is enzy-
matically degraded by lysozyme, which is present in plasma,
in the interstitial fluid, as well as intracellularly. Since the
action of lysozyme on chitosan is dependent on the presence
of acetyl groups on the polymer backbone, one can
modulate, under specific circumstances, the release rate of
the fibers described above by two alternative ways: a) one is
to extrude fibers as described above from a heterogeneous
mixture consisting of chitosan polymers each with a differ-
ent degree of deacetylation. In this way, one can maintain the
level of released drug in the optimal range for the necessary
period of time; b) another possibility is to extrude segmented
fibers of chitosan, wherein each segment is made from
chitosan having a different degree of deacetylation as
described in FIG. 2. This latter approach can have applica-
tions for migratory cells by creating a temporal gradient
along the fiber.

The inventors have also mixed reconstituted basement
membrane extract (matrigel, Becton Dickinson, Bedford,
Mass.) with chitosan dissolved in hydrochloric acid, and
have demonstrated the ability to extrude good quality fibers
using a coagulation bath consisting of Tris base in concen-
trations ranging from 10 to 15%. In this case, it was found
that axonal extension was improved over chitosan alone.
ELISA confirmed the presence of the two major proteins of
matrigel (laminin and collagen type IV) in the fibers. These
proteins also retained biological activity as demonstrated by
in vitro neuron attachment and axonal extension. Another
possibility is to coat the same Tris base extruded chitosan
fibers with matrigel.

In a surprising finding, if the inventors sulfate the chitosan
prior to adding the matrigel, neuron attachment and axon
extension are improved dramatically compared to the case of
matrigel and untreated chitosan (FIG. 3, FIG. 4). Using the
same chemical extrusion conditions, the inventors could
extrude polymer fibers made of 0.2% sulfated chitosan with
3.2% unmodified chitosan with or without matrigel as a
co-extruded substance.

It is well known in the art that sulfated chitosan has
heparin-like, anticoagulant properties due to their similar
chemical structure. The fibers made of unmodified chitosan
dissolved in hydrochloric acid and extruded in Tris base can
be coated with sulfated chitosan or with matrigel and
sulfated chitosan. This may yield fibers with inherent anti-
coagulant properties that can also be loaded with active
drugs. This may have substantial clinical application in
fabricating vascular stents and other medical devices that
come in direct contact with blood, and require mechanical
strength, and/or the ability to deliver drugs.

The relatively harsh acidic and basic environment in
which chitosan fibers are extruded as described above sub-
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stantially limits the range of biomolecules that can be
incorporated into the fiber to only those biomolecules that
can withstand very large pH transitions. Therefore, to over-
come this inherent limitation, the inventors have developed
a new approach to retain the bioactivity of even the most
sensitive biomolecules loaded into chitosan fibers. In this
embodiment, sensitive biomolecules of interest are loaded
into PLLA microspheres using solvent evaporation or other
techniques well known in the drug delivery literature. These
PLLA microspheres are then mixed with 3.5 wt % chitosan
solution and extruded as described above. A chitosan fiber
loaded with PLLLA microspheres will form when this mix-
ture is extruded using either acetic acid and sodium hydrox-
ide or 1.2% hydrochloric acid and 10 to 15% Tris base. The
PLLA microspheres can protect the sensitive biomolecules
from the harsh processing conditions of the chitosan fibers.

Example 6

Neural Tissue Engineering

In this aspect of the present invention, parallel arrays of
fibers are packed into silicon rubber or other suitable mate-
rial tubes and loaded with neurotrophins for axonal growth
as shown in FIG. 15. These bundles of fibers are placed in
severed peripheral or central nerves. The neurotrophins may
be loaded in a linear or some other appropriate gradient. This
device is implanted bridging the gap between the ends of the
nerve stumps. As the fibers release neurotrophins, axons
begin to migrate out of the proximal end, across the fiber
bundle and into the distal nerve end. Once in the distal end,
guidance cues are provided by existing Schwann or glial
cells and reconnections can then be made. It has been
previously found that axons receive contact guidance by
these fiber bundles and are able to traverse at least 1.8 cm in
a rat sciatic nerve resection using non-loaded fibers. The
optimal density of unloaded fibers in the tube is approxi-
mately 32 fibers in a 1.5 mm diameter tube for rat sciatic
nerve growth.

Example 7

Preparation and Use of Polymer Fiber Stents

In another embodiment, fibers can be loaded with a drug
of interest and used in stents or other medical devices where
mechanical strength is required. The stents can be woven in
such a manner as to have loaded fibers intermingled with
unloaded fibers if needed for mechanical properties.

Fibers can also be used in conjunction with commercially
available stents to deliver drugs at the placement site. In this
case, the fibers would not provide any mechanical support,
but would only serve as a drug delivery reservoir.

Example 8

Preparation and Use of Wound Dressings

In another embodiment, a gauze or dressing can be made
from these fibers. This dressing can have two sides, an upper
surface that will release molecules for re-epithelialization
and provide a substrate for these cells. The bottom surface
will promote regeneration of dermal tissue. This dressing is
designed for dermal wound healing, including burns, full
thickness dermal wounds and chronic or non-healing
wounds and sores. Each fiber can be coated to provide
temporal release of drugs or factors to correspond to the
three phases of dermal wound healing.

For example, in the case of a dressing designed for trauma
patients, the first chemical to be released could be a pro-
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coagulant to help stop the bleeding. The next layer could
then release cytokines to help recruit neutrophils and mac-
rophages for the next phase of wound healing. Finally, a
release of factors to help with reducing excessive scar tissue
and to inhibit contractions, which are particularly disabling
to burn patients.

Example 9

Fabrication of Artificial Arteries

It may be possible to construct an artificial artery using
techniques described herein. A series of hollow, cylindrical
sections can be knitted, woven, braided or fabricated using
non-woven technology with fibers loaded with various bio-
logical agents. The innermost cylinder is preferably tightly
woven and contains drugs or agents to promote migrating,
spreading and functioning of an intact endothelial cell layer.
The next cylinder is composed of a woven or Knitted
architecture with fibers predominately circumferentially
wound around the inner cylinder. This layer will induce the
migration and proliferation of smooth muscle fibers, and
promote the expression of elastin to create the internal
elastic media. The next cylinder is composed of knitted or
non-woven fibers and will contain drugs to promote the
ingrowth of fibroblasts, macrophages and the creation of
extracellular matrix. The last layer will compose longitudi-
nal fibers that will promote the vascularization of the arterial
cells via an artificial vasa vasorum, created by VEGF
releasing fibers, or other promoters of angiogenesis.

Example 10

Drug Delivery Scaffold

In another application embodiment, these fibers can be
used for drug delivery scaffolds in places where a fiber
format is preferred to that of a microsphere. For example, for
drug delivery directly to the blood stream, a fiber can be
attached to a vessel wall, and be contained entirely within
the blood vessel. Microspheres cannot flow through the
circulatory system, as they will become trapped at some
level, potentially compromising the downstream tissue. The
fibers, however, can release drugs and not cause any prob-
lems with occluding downstream branches so long as the
fiber remains intact. Other locations where a fiber may make
more sense than microspheres may include the eye, where
the spheres may be more likely to interfere with the subject’s
vision. A fiber could be tacked down and not float into the
field of view. Fibers may be able to stay in place better than
microspheres, particularly within a space where the fiber can
be coiled. In this way, the mechanical tension within the
fiber will cause it to push against the sides of the tissue space
and thus remain in position.

Example 11

In Situ Arteriogenesis

Similar in scope to example 9, is in situ arteriogenesis. In
this embodiment, a fiber bundle containing VEGF or a
similar substitute is placed into the body with both ends of
the fiber bundle near or touching an existing blood vessel. As
the fiber begins to release VEGF or its substitute, endothelial
cells from the existing blood vessel will be induced to
migrate out from the existing vessel following a process
similar to normal angiogenesis. The leading endothelial cells
will traverse the path of the fiber bundle, thus creating a new
blood vessel along the path of the fiber bundle. This fiber
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bundle may have several forms, it may exist of single or a
few fibers that only release VEGF or its substitute, or it may
be a tube with VEGF or similar growth factor that is
chemotactic for endothelial cells on the inside, and a dif-
ferent factor for smooth muscles on the outside. In this way,
the size of the created vessel may be determined. In this
application, cells are guided into initially cell-free scaffold-
ings by cell-specific growth factors.

Example 12

Bone Fracture Healing

In another wound healing embodiment, proteins known to
enhance bone fracture healing are loaded into a fiber. This
fiber can then be wrapped around the bone at the site of the
fracture, releasing the growth factors and enhancing the rate
of fracture repair.

These fibers can either be in a helical structure (single or
multiple helix), or they may be woven into a loose, open
weave. Either in the helical or in the woven format, the fibers
are placed around the bone fragments, holding them in place
while releasing their growth factors.

In the case of a non-healing fracture that is due to lost or
poor blood supply to the fracture site, a fiber or set of fibers
containing VEGF or its equivalent may be used to enhance
blood supply to the fractured area.

In this embodiment, bone fractures may be healed at
accelerated rates compared to non-treated fractures, and
non-unions may be healed in certain cases.

Example 13

Skin Ulcer Healing

Similar to example 8 which described one form of dermal
wound healing, another important example of this technol-
ogy is the potential of healing chronic skin ulcers of various
origins, such as diabetic foot ulcers, venous ulcers and
general pressure sores. These conditions, and potentially
other similar conditions may be healed based on creating a
non-woven mesh of fibers that release factors known to
accelerate dermal wound healing, for example, platelet
derived growth factor (PDGF), transforming growth factor-
beta (TGF-beta), and VEGF or similar protein. This non-
woven mesh can be inserted or packed directly into the ulcer
or wound, where these growth factors can help accelerate the
wound-healing process. These dressings can be designed for
healing dermal sores and ulcers. In this case, there is little
need to reduce bleeding; rather one of the biggest needs of
these patients, particularly those with diabetic ulcers is lack
of blood supply to the wound site. Therefore, factors that
induce angiogenesis may be able to increase circulation and
help to rejuvenate the tissue at the site of the sore or ulcer.

Each dressing can be designed for the particular needs of
the various types of wounds or sores by altering the bio-
molecules that are released, and the kinetics at which they
are released.

Example 14

Muscle Grafts

In another embodiment, parallel arrays of fibers may be
loaded with muscle stem cells. These stem cells can be of
cardiac, smooth or skeletal muscle origin. Once these
muscle stem cells are seeded onto the fiber array, the fibers
can be mechanically stretched in vitro to help these cells
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align and differentiate properly. Alignment may also be
achieved by using fibers of very small diameter. Our expe-
rience with axons indicates that with fibers on the order of
50 um diameter tend to help cells align parallel to the axis
of the fibers. Other fibers in this bundle can release angio-
genic factors to create a vascular supply for the muscle cells.
In the case of skeletal or smooth muscle tissue, fibers for
nerve growth can also be included to induce the formation
of neuromuscular junctions. Various experimental condi-
tions used to harvest, isolate, reproduce and differentiate
these stem cells are known to those skilled in the art, and is
not a part of this patent.

Example 15

Alternative Fiber Fabrication Procedure 1

To fabricate small volumes of polymer on the order of 100
ul of polymer solution, the following method has been
developed. Create the emulsion as described in example 1.
Add this emulsion to a small container, such as a 1 ml
FALCON® tube that has been modified by inserting a 20 to
30 gauge needle through the bottom of the tube, 23 gauge
being most typical. Place this tube into a modified 50 ml tube
that is full of the coagulating bath solvent. Place the tubes in
a centrifuge and spin between 500 to 1200 rpm, 700 being
most typical. The centrifugal force will push the small
volume of polymer emulsion through the needle and into the
coagulating fluid. By similar solvent exchanges as described
in example 1, a fiber is formed. This method uses substan-
tially less polymer emulsion with very little wasted emul-
sion.

Example 16

Alternative Fiber Fabrication Procedure 2

As an alternative fabrication procedure, the coagulation
solvent(s) are flowed through long vertical tubes at a pre-
scribed rate and the polymer solution is extruded into the
flowing stream of coagulation solvent(s). The flow from the
tube exits into a bath. The fiber passes over one or more
bobbins and is taken from the bath and wound onto a spool.
The solvent flow rate, the rate of polymer extrusion, the
composition of the polymer solution/emulsion, the compo-
sition of the coagulating bath solvent(s), the rate at which the
fiber is wound, any drawing that may take place between
successive bobbins, and any additional baths or treatments
will affect the fiber mechanical and chemical properties as
well as the release kinetics of the loaded biological materi-
als.

Example 17

Treatment of Glaucoma

Similar to drug delivery in the eye, described in example
10, and the neural stent described briefly in example 6,
glaucoma may be treated by combining an intraocular drug
delivery with a neural treatment applied to the optic nerve.
Retinal ganglion cells undergo apoptosis leading to death of
the axons of the optic nerve. It is hypothesized that if the
cells could be supported both within the eye as well as along
the path of the optic nerve, the cells may be able to survive.
A fiber bundle that releases growth factors such as NT-4,
BDNF, CNTF, may be applied topically to the exterior of the
optic nerve. Simultaneously, fibers that release apoptosis
inhibitors, or factors to support the retinal ganglion cells are
implanted within the eye. This combined effort may prolong
or save the sight of those suffering from glaucoma.
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As is seen from the preceding examples, other tissues,
organs, or structures are possible to weave once the basic
physiologic structure is understood. This can be extended to
organs of the digestive system, musculoskeletal system,
urological system, circulatory system, nervous system.

All of the compositions and methods disclosed and
claimed herein can be made and executed without undue
experimentation in light of the present disclosure. While the
compositions and methods of this invention have been
described in terms of preferred embodiments, it will be
apparent to those of skill in the art that variations may be
applied to the compositions and methods and in the steps or
in the sequence of steps of the method described herein
without departing from the concept, spirit and scope of the
invention. More specifically, it will be apparent that certain
agents which are both chemically and physiologically
related may be substituted for the agents described herein
while the same or similar results would be achieved. All
such similar substitutes and modifications apparent to those
skilled in the art are deemed to be within the spirit, scope and
concept of the invention as defined by the appended claims.
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What is claimed is:

1. A composition comprising at least one biodegradable
polymer fiber wherein said fiber is composed of a first phase
and a second phase, the first and second phases being
immiscible, and wherein the second phase comprises one or
more therapeutic agents.

2. The composition of claim 1, wherein said second phase
is derived from an aqueous solution, a hydrogel or polymer.

3. The composition of claim 1, wherein said fiber forms
a scaffold and further wherein, said second phase is manipu-
lated to form an internal porous structure within the fiber.

4. The composition of claim 1, wherein said fiber is
woven, braided or knitted in an assembly with other fibers,
and at least one fiber in the assembly comprises one or more
therapeutic agents.

20

25

40

45

28

5. The composition of claim 1, wherein the one or more
therapeutic agents are distributed within the second phase in
a nonhomogenous pattern.

6. The composition of claim 1, wherein the concentration
of said one or more therapeutic agents varies along the
longitudinal axis of the fiber.

7. The composition of claim 6, wherein the concentration
of said one or more therapeutic agents varies linearly,
exponentially or in any desired fashion, as a function of
distance along the longitudinal axis of the fiber.

8. The composition of claim 1, wherein the concentration
of said one or more therapeutic agents decreases from a first
end of the fiber to a second end of the fiber.

9. The composition of claim 1, wherein said one or more
therapeutic agents vary in a bidirectional manner, and the
content of said one or more therapeutic agents increases
from the first end of said fiber to a maximum and then
decreases towards the second end of said fiber.

10. The composition of claim 1, further comprising at
least one biodegradable polymer fiber containing no thera-
peutic agent.

11. The composition of claim 1, wherein said one or more
therapeutic agents are selected from the group consisting of
drugs, proteins, enzymes, growth factors,
immunomodulators, compounds promoting angiogenesis,
compounds inhibiting angiogenesis, anti-inflammatory
compounds, antibiotics, cytokines, anti-coagulation agents,
procoagulation agents, chemotactic agents, agents to pro-
mote apoptosis, agents to inhibit apoptosis, and mitogenic
agents.

12. The composition of claim 1, wherein said one or more
therapeutic agents include a radioactive agent or a contrast
agent for imaging studies.

13. The composition of claim 1, wherein said one or more
therapeutic agents is selected from the group consisting of
viral vector, polynucleotide and polypeptide.

14. The composition of claim 1, wherein said one or more
therapeutic agents comprise an angiogenesis-promoting
agent.

15. The composition of claim 14, wherein said
angiogenesis-promoting agent is vascular endothelial
growth factor.

16. The composition of claim 1, wherein said biodegrad-
able polymer is a single polymer, a co-polymer, or a mixture
of polymers selected from the group consisting of
polypeptides, polydepsipeptides, nylon copolyamides, ali-
phatic polyesters, polydihydropyrans, polyphosphazenes,
poly(ortho ester), poly(cyano acrylates), polyanhydride,
modified polysaccharides and modified proteins.

17. The composition of claim 16, wherein said aliphatic
polyesters are selected from the group consisting of poly
(glycolic acid), poly(lactic acid), poly(alkylene succinates)
poly(hydroxybutyrate), poly(butylene diglycolate), poly
(epsilon-caprolactone) and copolymers, blends and mixtures
thereof.

18. The composition of claim 16, wherein said modified
polysaccharides are selected from the group consisting of
cellulose, starch-alginate and the glycosaminoglycans,
chondroitin sulfate, heparin, heparin sulfate, dextran, dext-
ran sulfate, chitin, chitosan and chitosan sulfate.

19. The composition of claim 16, wherein said modified
proteins are selected from the group consisting of collagen
and fibrin.

20. The composition of claim 1, wherein said fiber com-
prises a plurality of polymer layers, wherein an outer layer
circumscribes an adjacent inner layer.

21. The composition of claim 20, wherein said plurality of
layers optionally contain one or more therapeutic agents.
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22. The composition of claim 21, wherein said one or
more therapeutic agents are released over time from said
plurality of layers.

23. The composition of claim 1, wherein the fiber contains
more than one therapeutic agent along its length.

24. The composition of claim 23, wherein the concentra-
tion of said more than one therapeutic agent varies along the
length of said subset of fibers.

25. The composition of claim 23, wherein said more than
one therapeutic agents are released at varying rates over time
from said fiber.

26. The composition of claim 1, wherein said one or more
therapeutic agents are released at varying rates over time
from said fiber.

27. A composition comprising a three-dimensional
scaffold, said scaffold comprising fibers that are woven,
non-woven, or knitted, or braided, wherein said fibers com-
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prise fibers containing chitosan or a reconstituted extracel-
lular matrix composition.

28. The composition of claim 27, wherein said chitosan is
sulfated chitosan.

29. A composition comprising fibers containing chitosan,
reconstituted extracellular matrix composition and a thera-
peutic agent.

30. The composition of claim 29, wherein said chitosan is
sulfated chitosan.

31. The composition of claim 21, wherein said one or
more therapeutic agents are distributed within the plurality
of layers in a nonhomogenous pattern.

32. The composition of claim 31, wherein the concentra-
tion of said one or more therapeutic agents varies linearly,
exponentially or in any desired fashion, as a function of
distance within the plurality of layers.
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