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(57) ABSTRACT 

A method for tissue augmentation in a mammal is provided 
comprising injecting a polymer at a tissue site in need of 
augmentation and having a tissue temperature, the polymer 
comprising repeating peptide monomeric units selected 
from the group consisting of nonapeptide, pentapeptide and 
tetrapeptide monomeric units, Wherein the monomeric units 
form a series of [3-turns separated by dynamic bridging 
segments suspended betWeen the [3-turns, Wherein the poly 
mer has an inverse temperature transition Tt less than the 
tissue temperature, and Wherein the polymer is injected as a 
Water solution at coacervate concentration in the substantial 
absence of additional Water. A kit containing the injectable 
bioelastic polymer and a syringe is also provided. 
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INJECTABLE IMPLANTS FOR TISSUE 
AUGMENTATION AND RESTORATION 
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rights in the invention as a result of this support. 

TECHNICAL FIELD 

[0002] The present invention relates to the ?eld of poly 
meric materials that can be used as implants (injectable or 
otherWise insertable) in mammals for hard and soft tissue 
augmentation. 

BACKGROUND 

[0003] A number of methods exist for plastic or recon 
structive surgery using injectable implants. The implants 
have been used for cosmetic reasons, such as ?lling in 
dermal creases, and for medical reasons, such as in the 
treatment of urinary incontinence. Concerning urinary 
incontinence, this medical condition affects 10 million, 
mostly elderly, Americans at a cost conservatively estimated 
at more than $10 billion annually. Clearly, the commercial 
applications of a successful material or family of materials 
for tissue augmentation, including urinary incontinence, 
Would be substantial. 

[0004] An additional example of the potential for soft 
tissue is seen in the area of intervertebral disc repair. Each 
year in the US. loW back pain results in productivity losses 
that are greater than for any other medical condition and 
results in health care costs of more than $33 billion. When 
disability and lost productivity are added, the economic 
losses exceed $100 billion per year. The common cause of 
loW back pain is pathology of a soft tissue, the intervertebral 
disc. When disc degeneration occurs, a collapse of the disc 
space occurs, Which leads to neuroforaminal narroWing and 
nerve impingement. Soft tissue restoration or repair of an 
injured intervertebral disc could theoretically occur at tWo 
levels. One level is to improve the outcome of a discectomy 
or laminectomy procedure by using materials to prevent the 
adhesions and ?brosis that result in failed back surgery 
syndrome. Another level is to use a material to regain the 
correct disc dimensions and viscoelastic properties and at 
the same time to provide for cellular attachment Where cells 
can sense the forces that an approximately con?gured disc 
Would sustain. To date, satisfactory materials for these 
purposes have not been developed. 

[0005] Among the materials that have previously received 
serious consideration as periurethral bulking agents to com 
bat urinary incontinence arising from such conditions as 
intrinsic sphincter de?ciency (ISD) are a synthetic organic 
polymer, polytetra?uoroethylene (PTFE) (Blaivas and 
Jacobs,J. Ural.145:1214-1218 (1991); MaliZia, et al.,JAlVlA 
251:3277-3281 (1984)), autologous fat (Santarosa and Blai 
vas, J. Ural. 151:607-611 (1994)), sodium morrhuate (Mur 
less, J. Obstet. Gynaecal. 45:67-73 (1938)), and paraf?n 
(Quackels,Acta. Ural. Belg. 23:259-262 (1955)). While the 
initial use of PTFE indicated a 73% improvement rate for 
stress urinary incontinence (Blaivas and Jacobs (1991)), 
distant particle migration to the lungs, liver, spleen and brain 

Aug. 22, 2002 

Was subsequently observed With formation of foreign body 
granulomas (MaliZia, et al., supra). Other materials have 
been revieWed by Canning (Dial. Pea'. Ural. 14 (1991)). 
Injectable bioglass has also been considered, but a 16- to 
18-gauge needle appears to be required for injection, Which 
results in tissue damage and leakage of the bioglass (Walker, 
et al., J. Ural. 148:645-647 (1992)). 

[0006] Collagen, a natural component of connective tis 
sue, has also been used for soft tissue augmentation (US. 
Pat. No. 5,428,022; Richardson, et al., Adult Uralagy, 
46:378-381 (1995); Frank, et al., Plastic and Reconstructive 
Surgery, 87:1080-1088 (1991); WO95/26761), as have poly 
mer conjugates, such as polyethyleneglycol (US. Pat. No. 
5,476,666). A glyceraldehyde cross-linked bovine dermal 
collagen With reduced antigenicity and increased resistance 
to ?broblast-secreted collagenases emerged as a promising 
material With about 80% of treated patients being either 
cured or improved after injection With this material (Rich 
ardson, et al. (1995); Stricker and Haylen, The Medical 
Journal afAustralia, 158:89-91 (1993)). HoWever, recent 
studies have shoWn that the cure rate is actually 25%, With 
46% of the successful cases needing repeated injections 
Within 3 years, i.e., a cure rate of 10-15% at the 3 year mark. 
Herschorn, et al., J. Ural. 156:1305-1309 (1996). In addi 
tion, up to 5% of patients exhibit a hypersensitivity reaction 
folloWing the required intradermal skin test With this mate 
rial (Siegle, et al.,Arch. Dermatal. 120: 183-187 (1984)), and 
are thus not suitable candidates for collagen therapy. The 
injection results in a mild in?ammatory response in Which 
the injected collagen attracts nearly equal amounts of host 
collagen over a period of about six months, resulting in 
permanent scarring (Stricker and Haylen (1993)). Such 
scarring can complicate further efforts at treatment. Further 
more, the material is completely degraded in 9 to 19 months, 
resulting in a need for repeated injections (Appell, The Craft 
of Uralagical Surgery 21(1):177-182 (1994)). 

[0007] Arti?cial bioelastic polypeptides are a relatively 
neW development that arose in the laboratories of the present 
inventor and are disclosed in a series of previously ?led 
patents and patent applications. For example, US. Pat. No. 
4,474,851 describes a number of tetrapeptide and pentapep 
tide repeating units that can be used to form a bioelastic 
polymer. Speci?c bioelastic polymers are also described in 
US. Pat. Nos. 4,132,746; 4,187,852; 4,589,882; and 4,870, 
055. US. Pat. No. 5,064,430 describes polynonapeptide 
bioelastomers. Bioelastic polymers are also disclosed in 
related patents directed to polymers containing peptide 
repeating units that are prepared for other purposes but 
Which can also contain bioelastic segments in the ?nal 
polymer: US. Pat. Nos. 4,605,413; 4,976,734; and 4,693, 
718, entitled “Stimulation of Chemotaxis by Chemotactic 
Peptides”; US. Pat. No. 4,898,926, entitled “Bioelastomer 
Containing Tetra/Pentapeptide Units”; US. Pat. No. 4,783, 
523 entitled “Temperature Correlated Force and Structure 
Development of Elastin Polytetrapeptide”; US. Pat. No. 
4,500,700, entitled “Elastomeric Composite Material Com 
prising a Polypeptide”; US. Pat. No. 5,250,516 entitled 
“Bioelastomeric Materials Suitable for the Protection of 
Wound Repair Sites”; US. Pat. No. 5,527,610 entitled 
“Elastomeric Polypeptide Matrices for Preventing Adhesion 
of Biological Materials”; and US. Pat. No. 5,336,256 
entitled “Elastomeric Polypeptides as Vascular Prosthetic 
Materials”. 
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[0008] Anumber of other bioelastic materials and methods 
for their use are described in pending US. patent applica 
tions, including: US. Ser. No. 08/316,802, ?led Oct. 3, 
1994, entitled “Bioelastomeric Drug Delivery System”; US. 
Ser. No. 08/187,441, ?led Jan. 24, 1994, entitled “Photore 
sponsive Polymers”; U.S. Ser. No. 08/487,594, ?led Jun. 7, 
1995, entitled “Polymers Responsive to Electrical Energy” 
and published as PCT/US96/09776; U.S. Ser. No. 08/735, 
692, ?led Oct. 16, 1995 entitled “Bioelastomers Suitable as 
Food Product Additives” and published as PCT/US96/ 
05266; US. Ser. No. 08/542,051 ?led Oct. 13, 1995, entitled 
“HypereXpression of Bioelastic Polypeptides”; U.S. Ser. No. 
08/543,020 ?led Oct. 13, 1995, entitled “A Simple Method 
for the Puri?cation of a Bioelastic Polymer” and published 
as PCT/US96/05186. All of the aforementioned patents and 
patent applications are herein incorporated by reference, as 
they describe in detail bioelastomers and/or components 
thereof and their preparation. 

[0009] Arti?cial bioelastic materials are based on elasto 
meric and related polypeptides comprised of repeating pep 
tide sequences (Urry,Angew. Chem. (German) 105 :859-883 
(1993); Angew. Chem. Omt. Ed. Engl. 32:819-841 (1993)). 
As a result of Work conducted by the present inventor, the 
bioelastic polypeptides based on VPGVG have been found 
to be soluble in Water beloW 25° C., but on raising the 
temperature they associate reversibly to form a dense, Water 
containing viscoelastic phase in the polypentapeptide 
(“PPP”) and polytetrapeptide (“PTP”) cases, Whereas the 
polyheXapeptide (“PHP”) associates irreversibly in Water to 
form a granular precipitate, Which usually requires the 
addition of tri?uoroethanol to the aggregate for redissolu 
tion. The viscoelastic phase is called the coacervate, and the 
solution above the coacervate is referred to as the equilib 
rium solution. On cross-linking, the PPP and PTP polymers 
have been found to be elastomers, Whereas the PHP polymer 
is not elastomeric and appears to provide a means for 
aligning and interlocking the chains during elastogenesis. 

[0010] The process of raising the temperature to form the 
elastomeric state is an inverse temperature transition result 
ing in the development of a regular dynamic structure, 
unlike the random netWork structure of typical rubbers. The 
regular structure is a [3-spiral, a loose Water-containing 
helical structure With [3-turns and spacers betWeen turns of 
the heliX Which provides hydrophobic contacts betWeen 
helical turns and has suspended peptide segments. These 
peptide segments are free to undergo large amplitude, loW 
frequency rocking motions called librations. In addition, 
several of these [3-spirals associate to form tWisted ?laments. 
The elastomeric force of these various bioelastomers 
increases as the regular dynamic structure thereof develops. 
By synthesiZing bioelastic materials having varying mole 
fraction amounts of the constituent repeating units and by 
choosing a particular solvent to support the initial viscoelas 
tic phase, it is possible to rigorously control the temperature 
at Which the obtained bioelastomer develops elastomeric 
force. Maximum elastomeric force develops over a rela 
tively narroW temperature range at temperatures spanning a 
range of up to about 75° C. 

[0011] Bioelastic materials have been proposed for a num 
ber of uses and apparatuses, as indicated by the general 
subject matter of the applications and patents set forth 
above, and have been made available in different physical 
forms, such as sheets, gels, foams, or poWders. For eXample, 
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compositions can be used in medical applications ranging 
from the prevention of post-surgical adhesions (Urry, et al., 
“Biotechnological Polymers: Medical, Pharmaceutical and 
Industrial Applications”, pp. 82-103 (1993)) to programmed 
drug delivery. See also Urry, “Bioelastic Materials as Matri 
ces for Tissue Reconstruction,” in Tissue Engineering Cur 
rent Perspectives, (Eugene Bell. Ed.), Birkhauser Boston, 
Div. Springer-Verlag, NeW York, NY, pp. 199-206 (1993). 
Materials functioning as insulator materials for isolating 
Wound repair sites from adhesions, for the protection of burn 
areas, and to facilitate repair of the damaged tissue have 
been described in US. Pat. Nos. 5,250,516 and 5,527,610. 

[0012] Despite the numerous techniques that have existed 
in the past for tissue augmentation, all of the eXisting 
techniques have suffered from one de?ciency or another that 
have resulted in less than optimal results for the patient. 
There remains a need for biocompatible implants, especially 
injectable implants, for tissue augmentation, and the present 
invention provides compositions and methods for meeting 
those needs that do not suffer from the de?ciencies of prior 
techniques. 

SUMMARY OF THE INVENTION 

[0013] It is an object of the invention to provide long 
lasting implants for tissue augmentation or restoration. 

[0014] It is also an object to provide implants that are 
injectable under a variety of surgical conditions, including 
emplacement during endoscopic surgery and related tech 
niques. 
[0015] It is a further object to provide for implants that 
match the compliance of the tissue site of application and 
that can be selected to match different compliance values 
With a minimum of dif?culty. 

[0016] It is yet another object to provide an implant that 
has both a carrier polymer that is biologically inert or at least 
degradable to non-toxic products, and a biologically active 
component. 

[0017] It is another object of the invention to provide an 
implant that is readily steriliZable as Well as being biocom 
patible, eliciting insigni?cant immunogenic and antigenic 
responses in the host. 

[0018] It is a further object of the invention to provide an 
implant that, in biological situations involving implantation 
of eXogenous material into a tissue, as in tissue regeneration 
or restoration, can stimulate cell adhesion and resulting cell 
groWth upon appropriate modi?cation or additions to the 
basic structure of the composition. 

[0019] It is yet another object of the invention to provide 
a method for tissue augmentation, such as in plastic surgery 
(e.g., Wrinkle removal) or to correct medical conditions 
(e.g., urinary incontinence or back pain resulting from 
degenerative defects in intervertebral discs). 

[0020] These and other objects of the invention are 
achieved by providing a method for tissue augmentation in 
a Warm-blooded animal comprising injecting a polymer at 
the tissue site in need of augmentation, Which site has a 
tissue temperature, said polymer comprising repeating pep 
tide monomeric units selected from the group consisting of 
nonapeptide, pentapeptide and tetrapeptide monomeric 
units, Wherein said monomeric units form a series of [3-turns 
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separated by dynamic bridging segments suspended 
betWeen said [3-turns, Wherein said polymer has an inverse 
temperature transition Tt less than said tissue temperature, 
and Wherein said polymer is injected as a Water solution at 
coacervate concentration in the substantial absence of addi 
tional Water. The monomeric units can all be the same or 

they may be different. In speci?c embodiments, tissue 
reconstruction can be advantageously achieved using a 
polymer having the same elastic modulus of the natural 
tissue being augmented and, in some case, having the 
capability to induce natural cells of the tissue (or surround 
ing tissue) to enter and to function at the site of reconstruc 
tion. 

[0021] Further objects of the invention are achieved by 
providing a method for tissue restoration of intervertebral 
discs in a mammal, said method comprising: injecting a 
polymer into the depleted nucleus pulposus site, Which has 
a site temperature, said polymer comprising repeating pep 
tide monomeric units selected from the group consisting of 
nonapeptide, pentapeptide and tetrapeptide monomeric 
units, Wherein said monomeric units form a series of [3-turns 
separated by dynamic bridging segments suspended 
betWeen said [3-turns, Wherein said polymer has an inverse 
temperature transition Tt less than said site temperature, and 
Wherein said polymer is injected as a Water solution at 
coacervate concentration in the substantial absence of addi 
tional Water and sWells to increase the pressure Within the 
disc. 

[0022] The injectable protein-based polymers as taught 
herein can be designed to have numerous advantages includ 
ing biological stability, biological function, and de?ned 
polymer siZe. These advantages are achieved by providing 
polymers composed of easily obtained and coupled mono 
mer units, eg amino acids, that are themselves diverse in 
structure and in chemical properties and are readily modi 
?ed. Furthermore, recombinant peptide-engineering tech 
niques can be advantageously used to produce speci?c 
peptide backbones, either in bioelastic units or non-elastic 
biofunctional segments. Thus, the polymer can be present as 
a copolymer containing a mixture of tetrameric, pentameric 
or other monomeric units. 

[0023] The polymers can be prepared With Widely differ 
ent Water compositions, With a Wide range of hydrophobici 
ties, With almost any desired elastic modulus, and With a 
variable degree of cross-linking by selecting different amino 
acids for the different positions of the monomeric units and 
by varying the cross-linking process (eg chemical, enZy 
matic, or radiation) used to form the ?nal product. Prepa 
ration of a variety of polymers that can be used in the present 
invention has already been described, for eXample in the 
publications discussed above, and the preparation of the 
polymers themselves is noW established and not a novel part 
of the present invention, although the preparation of these 
materials as injectable formulations for use in tissue aug 
mentation is neW. Additionally, there are some preferred 
embodiments of polymers that can be prepared as described 
herein that are themselves neW. For the most part, hoWever, 
the invention involves the application of eXisting polymers 
(as Well as neW polymers) to a neW ?eld Where they have not 
been used before. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The invention Will be better understood by refer 
ence to the folloWing detailed description of speci?c 
embodiments together With the ?gures that form part of this 
speci?cation, Wherein: 

[0025] FIG. 1 illustrates an oligonucleotide sequence 
(SEQ ID NO:1) encoding the bioelastic polymer protein 
sequence made up of the repeating [(GGVP)3 GGFP 
(GGVP)3 GGFP GGVP)3 GGFP] (SEQ ID NO:9) unit, and 
shoWs the encoded protein sequence and restriction enZyme 
sites. 

[0026] FIG. 2 illustrates an oligonucleotide sequence 
(SEQ ID NO:2) encoding the bioelastic polymer protein 
sequence (GVGVP)2 GKGVP GVGVP GVGFP GFGFP 
(SEQ ID NO:10) and restriction enZyme sites. 

[0027] FIG. 3 illustrates an oligonucleotide sequence 
(SEQ ID NO:3 and 4) encoding the bioelastic polymer 
protein sequence VGVP GRGDSP G (SEQ ID NO:11). 

[0028] FIG. 4 illustrates an oligonucleotide sequence 
(SEQ ID NO:5) encoding the bioelastic polymer protein 
sequence (GVGVP)3 GKGVP (GVGVP)2 (SEQ ID NO:12). 
[0029] FIG. 5 illustrates an oligonucleotide sequence 
(SEQ ID NO:6) encoding the bioelastic polymer protein 
sequence (GVGVP)1O GVGVPGRGDSP (GVGVP)1O (SEQ 
ID NO:13). 

[0030] FIG. 6 illustrates an oligonucleotide sequence 
(SEQ ID NO:7) encoding the bioelastic polymer protein 
sequence (GVGVP)1O (GVGVAP)8 (GVGVP)1O (SEQ ID 
NO:14). 
[0031] FIG. 7 illustrates an oligonucleotide sequence 
(SEQ ID NO:8) encoding the bioelastic polymer protein 
sequence (GVGVP)3 GEGVP (GVGVP)2 (SEQ ID NO:15). 
[0032] FIG. 8 illustrates the sequence of oligonucleotide 
adapters useful in cloning bioelastic polymer genes and are 
identi?ed as SEQ ID NOS:30, 31, 32 and 33. 

[0033] FIG. 9 is a mass spectra plot of polymers III and 
IV. 

[0034] FIG. 10 illustrates the sequence of oligonucleotide 
adapters useful in cloning bioelastic polymer genes and are 
identi?ed as SEQ ID NOS:63 and 64. 

DESCRIPTION OF SPECIFIC EMBODIMENTS 

[0035] The process of soft tissue augmentation has typi 
cally been achieved in the past using synthetic polymers or 
collagen derivatives. The prior art methods involving syn 
thetic polymers, such as PTFE (polytetra?uoroethylene), 
have distinct disadvantages in that synthetic polymers are 
recogniZed by the body as foreign material and PTFE 
promotes granuloma formation. Although collagen deriva 
tives have been used With some success, they need to be 
injected With eXcess Water, resulting in complications arising 
from the subsequent decrease in ?lling volume. In addition, 
collagen derivatives degrade and promote scar tissue for 
mation over time. These and other disadvantages of the prior 
art materials used in tissue augmentation are overcome in 
the present invention by the use of injectable bioelastic 
polymers as implants. The methods of collagen injection, 
hoWever, can in the most part be applied directly to methods 
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of using the present compositions for tissue augmentation, 
subject to the variations described herein. 

[0036] The de?ned structure of the arti?cial bioelastic 
polymers used in the invention allow polymers to be 
designed and synthesiZed With chosen physical properties, 
rather than having to rely on the less controllable properties 
of materials prepared from natural products. It should be 
noted that the terms “bioelastic polymers”, “bioelastomeric 
polymers,” and “bioelastomers” are used interchangeably 
herein and further that these terms encompass materials that 
may not be thought of as elastomers (such as certain 
polymers having the characteristics of plastics), since the 
term “bioelastomer” has come to be an art-recogniZed term 
describing polymers comprising repeating peptide mono 
meric units selected from the group consisting of nonapep 
tide, pentapeptide and tetrapeptide monomeric units, Where 
the monomeric units form a series of [3-turns separated by 
dynamic bridging segments suspended betWeen the [3-turns. 
Examples of these materials (in their prior embodiments) are 
described in the numerous publications, including patents, 
that are listed above and that are incorporated herein by 
reference. 

[0037] The bioelastomers can be described either generi 
cally, as above, or With various degrees of speci?city. The 
generic descriptions have been sufficient for the inclusion in 
claims of a number of issued US. and foreign patents. 
HoWever, a number of subgeneric and speci?c descriptions 
Will be provided for those less familiar With bioelastomers. 

[0038] One is to describe a grouping of these materials 
that contain ioniZable amino acid residues (used for pur 
poses described beloW) as containing repeating units of the 
formula otPpQG or VP06, Wherein: 

[0039] V is a peptide-forming residue of L-valine; 

[0040] P is a peptide-forming residue of L-proline; 

[0041] G is a peptide-forming residue of glycine; 

[0042] 0t is a peptide-forming residue of L-valine, 
L-leucine, L-isoleucine, L-phenylalanine or an ion 
iZable peptide-forming residue selected from the 
group consisting of the residues of L-Glu, L-Asp, 
L-His, L-Lys, L-Tyr, and other ioniZable peptide 
forming L-amino acids; 

[0043] p is a peptide-forming residue of glycine or a 
peptide-forming residue of D-Glu, D-Asp, D-His, 
D-Lys, D-Tyr, or (optionally) other ioniZable pep 
tide-forming D-amino acids for the elastic polymeric 
repeats or any L-amino acid for the elastic forming 
repeats; 

[0044] 0 is a peptide-forming residue of L-valine, 
L-leucine, L-isoleucine, L-phenylalanine or (option 
ally) an ioniZable peptide-forming L-amino acids; 

[0045] Q is a peptide-forming residue of glycine or a 
peptide-forming residue of D-Glu, D-Asp, D-His, 
D-Lys, D-Tyr, or (optionally) another ioniZable pep 
tide-forming D-amino acid; and 

[0046] 6 is a peptide-forming residue of glycine or a 
peptide-forming residue of L-Glu, L-Asp, L-His, 
L-Lys, L-Tyr, or (optionally) another ioniZable pep 
tide-forming L-amino acid. 
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[0047] More generally, bioelastic polypeptide polymers 
generally comprise repeating elastomeric units selected 
from the group consisting of bioelastic pentapeptides and 
tetrapeptides, Where the repeating units comprise amino acid 
residues selected from the group consisting of hydrophobic 
amino acid and glycine residues and Where the repeating 
units eXist in a conformation having a [3-turn of the formula: 

HR1 HR 2 
|| II 

O C=O 

I "I 
H 

[0048] Wherein Rl-R5 represent side chains of amino acid 
residues 1-5, and m is 0 When the repeating unit is a 
tetrapeptide or 1 When the repeating unit is a pentapeptide. 
Nonapeptide repeating units generally consist of sequential 
tetra- and pentapeptides. Preferred hydrophobic amino acid 
residues are selected from the group consisting of alanine, 
valine, leucine, isoleucine, proline, phenylalanine, tryp 
tophan, and methionine. In many cases, the ?rst amino acid 
residue of the repeating unit is a residue of valine, leucine, 
isoleucine or phenylalanine; the second amino acid residue 
is a residue of proline; the third amino acid residue is a 
residue of glycine; and the fourth amino acid residue is 
glycine or a very hydrophobic residue such as tryptophan, 
phenylalanine or tyrosine. 

[0049] A particularly useful tetrapeptide is Val-Pro-Gly 
Gly (SEQ ID NO:16). Also useful are GGVP (SEQ ID 
NO:41), GGFP (SEQ ID NO:42) and GGAP (SEQ ID 
NO:50). A particularly useful pentapeptide is Val-Pro-Gly 
Val-Gly (SEQ ID NO:17). Also useful are GVGVP (SEQ ID 
NO:20), GKGVP (SEQ ID NO:43), GVGFP (SEQ ID 
NO:44), GFGFP (SEQ ID NO:45), GEGVP (SEQ ID 
NO:48), GFGVP (SEQ ID NO:49) and GVGIP (SEQ ID 
NOzSl). For other speci?cally preferred individual mono 
meric units and bioelastomers, see any of the patents that are 
herein incorporated by reference. 

[0050] The bioelastomers of the invention can consist of 
only nonamers (a polynonapeptide), tetramers (a polytet 
rapeptide), only pentamers (a polypentapeptide) or a mixture 
of these units, but more typically a miXture of tetrapeptide 
and pentapeptide units (a copolymer). In addition, the 
bioelastomer can be a copolymer formed from one of the 
aforementioned monomeric units and a second peptide unit 
containing 1-100 amino acids, more typically 1-20 amino 
acids. On the smaller side, this second peptide can be for 
eXample, the ?bronectin cell attachment sequence, 
GRGDSP (SEQ ID NO:46) or a monomer such as GVGVAP 
(SEQ ID NO:47) or VGVAPG (SEQ ID NO152), Which is a 
chemoattractant for ?broblasts and monocytes. On the larger 
side (90-100 amino acids), the second peptide can be a cell 
attachment sequence from the Type-III domains of ?bronec 
tin, vitronectin, tenascin, titan or other related cell attach 
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ment protein, Which sequence provides more speci?c cell 
attachment than the somewhat non-speci?c GRGDSP cell 
attachment sequence. 

[0051] In one aspect, the present invention provides inject 
able bioelastic polymers and methods for their preparation 
and use, Where the polymers are selected for and exhibit 
speci?c desired properties for tissue augmentation. For 
example, the polymers preferably exhibit biocompatibility, 
extrusibility through a ?ne surgical needle (e.g., 22-gauge) 
at the temperature of use, as Well as insigni?cant volume 
change after injection. The later characteristic is important, 
since the preferred coaptation (extent of ?lling) at the treated 
site can be assessed visually at the time of injection, for 
example, by cystoscopical examination, Without the need to 
consider subsequent increases or decreases in ?lling volume 
and related complications. The bioelastic polymers can also 
be designed to remain at the site of injection, and to provide 
long-lasting tissue augmentation, as is described in more 
detail beloW. 

[0052] In another aspect, the present invention provides 
injectable bioelastic polymers and methods for their prepa 
ration and use, Where the polymers are selected for and 
exhibit speci?c desired properties for tissue restoration in 
the area of intervertebral disc repair. For example, as for 
tissue augmentation applications, the polymers preferably 
exhibit biocompatibility. HoWever, for disc repair, the poly 
mers are more viscous at the temperature of use and are 

injected through a larger bore such as is present in equip 
ment used in endoscopic or percutaneous discectomy pro 
cedures, as Well as exhibiting a signi?cant volume change 
after injection by sWelling. Certain polymers are preferred 
for this application, especially those polymers containing 
one or more pentapeptide units such as GVGIP (SEQ ID 
NO:51) or one or more monomers that contain one or more, 

typically one or tWo, aromatic residues such as phenylala 
nine, for example, GVGFP (SEQ ID NO:44), GFGFP (SEQ 
ID NO:45), and GFGVP (SEQ ID NO:49). 
[0053] “Injectable” as used herein relates to materials 
having a texture and viscosity Which permits their ?oW 
through a suitable surgical needle or other surgical instru 
ment, such as a equipment used in endoscopic or percuta 
neous discectomy procedures, by employing typical injec 
tion pressures. For example, an injectable material of loW 
viscosity can be forced through at least the diameter of a 
22-gauge needle. Injectable materials of high viscosity can 
be introduced, for example, by ?rst making a hole in the 
annulus With a trocar, then forcing the bioelastomer through 
the bore of large syringe, i.e., a syringe of about 13 to 
19-gauge, under normal pressure applicable by the hand and 
?ngers of a surgeon. The mixture is injected directly into the 
site in need of augmentation, such as dermis (subdermal), 
intervertebral disc, periurethral, tendon or cartilage, and 
causes essentially no detectable in?ammation or foreign 
body reaction. 

[0054] “Augmentation” means the repair, prevention, or 
alleviation of defects, particularly defects due to loss or 
absence of tissue, by providing, augmenting, or replacing 
such tissue. While the invention is primarily designed for 
soft tissue augmentation, hard tissue augmentation is 
encompassed as Well since the injectable compositions of 
the invention can be used in combination With, for example, 
materials to promote mineraliZation or bone formation, as 
described elseWhere. 
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[0055] In its broadest aspect, the present invention pro 
vides a method for tissue augmentation in a Warm-blooded 
animal by injecting a bioelastic polymer at a tissue site in 
need of augmentation. The method Will often be applied to 
humans, but one can also readily understand that the present 
method is applicable to agriculturally important animals, 
including mammals, such as cattle, horses, pigs, and sheep, 
and other animals such as chickens, turkeys, and geese (as 
for example in providing for repair of breeding stock that has 
suffered a traumatic injury), as Well as domestic animals of 
interest, such as cats and dogs. 

[0056] In another embodiment of the invention, the 
method for tissue augmentation or restoration in a mammal, 
comprises the steps of a) identifying a tissue site in need of 
tissue augmentation or restoration, such site having a site 
temperature (TS); and b) injecting a polymer at the site, said 
polymer comprising repeating peptide monomeric units 
selected from the group consisting of pentapeptide and 
tetrapeptide monomeric units, alone or in combination, 
Wherein the monomeric units form a series of [3-turns 
separated by dynamic bridging segments suspended 
betWeen the [3-turns, and Wherein the polymer has an 
inverse temperature transition Tt less than TS, (ii) the poly 
mer is injected as a Water solution at coacervate concentra 
tion in the substantial absence of additional Water, and (iii) 
the coacervate has a viscosity at TS of 1 to 100,000 milli 
poise. 

[0057] Bioelastic polymers are high molecular Weight 
polymers of repeating peptide sequences and are the subject 
of numerous patents and patent applications from the labo 
ratories of the present inventor, as described in the Back 
ground Section. Bioelastomers exhibit inverse temperature 
transitions in the form of a phase separation in Which folding 
and aggregation of Water-soluble polymer chains into more 
ordered states of the condensed (coacervate) phase occur on 
raising the temperature. Although the prior patents and 
applications have not been concerned With injectable com 
positions for tissue augmentation, they provide considerable 
guidance on biocompatibility and on manufacturing of 
bioelastomers to obtain useful structural features for the uses 
described herein. 

[0058] Particularly preferred bioelastic materials are those 
based on elastomeric tetrapeptide, pentapeptide, and non 
apeptide monomers or monomeric units, as these materials 
have already been demonstrated to be biocompatible. The 
elasticity of the monomeric units is believed to be due to a 
series of [3-turns in the protein’s secondary structure, i.e., the 
conformation of its peptide chain separated by dynamic (as 
opposed to rigid) bridging segments suspended betWeen the 
[3-turns. Typical polymers contain at least 5, preferably at 
least 10, more preferably at least 20 monomers, and because 
of limited solubility in aqueous solvents, Which are desirable 
for biological uses, usually contain feWer than 1000, usually 
feWer than 500, of such units. 

[0059] Injectable bioelastic polymers are soluble in Water 
at all proportions at a suf?ciently loW temperature, but on 
raising the temperature above a critical value, designated as 
Tt, they fold, assemble and phase separate into a more 
ordered state of predetermined composition, such as on the 
order of 50% peptide/50% Water by Weight. HoWever, this 
value does vary and a broad range is acceptable for use in the 
applications of the invention. For example, polymers con 
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taining the pentapeptide monomer, GVGVP, have been 
shown to have a resultant ordered state of 40Wt % peptide/ 60 
Wt % Water, While polymers containing GVGIP have a 
resultant ordered state of 60Wt % peptide/40 Wt % Water. 
This phase separation is referred to as an inverse tempera 
ture transition and the more-dense phase is called a coacer 
vate. 

[0060] The transition temperature of the particular 
bioelastic polymer is preferably selected to be beloW the 
normal temperature of the tissue in Which the composition 
Will be injected, Which Will vary slightly With the location of 
the tissue, as is Well knoWn. Skin, for example, in humans 
has a slightly loWer temperature than internal tissues. Thus, 
most of the time Tt Will be selected to be less than 37° C., 
preferably beloW 35° C., more preferably beloW 30° C., even 
more preferably beloW 25° C. and most preferably beloW 
20° C. to provide a stable coacervate. Preparation of a 
bioelastomer With a pre-selected Tt of 25° C. has been 
previously described on numerous occasions. Table I delin 
eates the Tt-based hydrophobicity scale Which may be used 
to change an otherWise non-functional residue to return the 
transition temperature Where desired. Thus, Table 1 repre 
sents a scale for protein engineering. 

TABLE 1 

T‘—Based Hydrophobicity Scale for Protein Engineering 
Using Polv[f (ValProGlvValGlv) f (ValProGlv-X-Glv)] 

T‘, linearly 
Residue X One Letter Code extrapolated to fx = 1 

Lys(NMeN, reduced)a —130° C. 
Trp —90° C. 
Tyr —55° C. 
Phe (F) -30° c. 
His(imidazole) —10° C. 
Pro (P)b (8° C.) 
Leu (L) 5° C. 
Ile (I) 10° c. 
Met (M) 20° c. 
Val (v) 24° c. 
Glu(COOCH3) (Em) 25° c. 
Glu(COOH) (15°) 30° c. 
Cys (C) 30° C. 
His (imidazolium) (HJ') 30° C. 
Lys(NH2) (KO) 35° c. 
Pro (P)C 40° C. 
Asp(COOH) (D°) 45° c. 
Ala (A) 45° c. 
HyP 50° c. 
Asn (N) 50° C. 
Ser (S) 50° C. 
Thr (T) 50° c. 
Gly (G) 55° C. 
Arg (R) 60° C. 
Gln (Q) 60° c. 
Lys(NH*3) (1C) 120° c. 
Tyr((Z}O’) (Y’) 120° c. 
Lys(NMeN, oxidized)a 120° C. 
Asp(COO’) (D’) 170° c. 
Glu(COO’) (E’) 250° c. 
Ser(PO:4) 1000° c. 

a = NMeN represents N-methyl nicotinamide pendant on a lysyl side 
chain, that is, N-methyl nicotinate attached by amide linkage to the 
—(n-NH of Lys; the reduced state is N-methyl-1,6-dihydronicotinamide. 
b = Thez: calculated T‘ value for pro comes from poly(VPGVG) When the 
experimental values of Val and Gly are used. This hydrophobicity value or 
—8° C. is unique to be [5-spiral structure in Which there is hydrophobic 
contact between the Val1—CH3 and Pro2—CH2 moieties. 
C = The experimental value determined from poly 

[fv(VPGVG)2fp(PPGVG)] 
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[0061] Virtually every variable can, With the appropriate 
composition of the protein-based polymer, change the value 
of Tt. Such variables include, among other criteria, (1) 
polymer concentration, (2) polymer length, (3) amino acid 
composition, (4) presence of salts eg the Hofmeister (Lyo 
tropic) Series, (5) organic solutes and solvents, (6) polymer 
side-chain ioniZation, (7) chemical modi?cation of polymer 
side-chains e.g. phosphorylation or nitration, (8) pressure 
e.g., as effecting aromatic residues, (9) redox state of chemi 
cal groups attached to the polymer, (10) light absorption by 
chemical groups attached to the polymer, and (11) side chain 
neutraliZation by ion pairing e.g., cation neutraliZation of 
anionic side chains, anion neutraliZation of cationic side 
chains, and ion-pairing betWeen side chains. 

[0062] Bioelastomers for use in the practice of the inven 
tion can be readily prepared at an appropriate viscosity, 
although this has not previously been of interest in the 
preparation of these materials. Typically, the coacervate has 
a viscosity at the tissue site temperature of 1 to 100,000 
millipoise. By selection of the monomers used, the length of 
the polymer chains, and the amount of crosslinking (as is 
Well knoWn in the polymer art), viscosity can be readily 
controlled. In fact, a Wide range of viscosity can be used 
depending upon the particular application. For example, it is 
desirable to have the viscosity of the coacervate sufficiently 
low to alloW reasonable control of syringe being used by a 
physician or other individual to inject the polymer into the 
desired tissue location for tissue augmentation. On the other 
hand, for tissue restoration such as in intervertebral disc 
restoration, a higher viscosity is desired When the polymer 
is to be injected through a larger syringe. 

[0063] The injectability of the polymer is usually con 
trolled by the viscosity of the coacervate concentration, 
Which is the form in Which injection usually takes place. 
Measurement of viscosity is not required, hoWever, as 
suitability can be readily assessed by simply attempting to 
extrude any previously unused composition from the syringe 
to be used through a needle of the appropriate siZe. For 
example, the polypentapeptide (GVGVP)251 (SEQ ID 
NO:18) is extrusible through a 22 and even a 27 gauge 
needle at 37° C., after having been initially dissolved at 4° 
C. at a concentration of 500 mg/ml (and after expelling of 
excess Water from the coacervate, as described beloW). 
Preferred bioelastic materials for use in the tissue augmen 
tation and restoration aspects of the present invention 
include polytetrapeptides, such as poly[0.6(GGVP), 
0.4(GGFP)] (SEQ ID NOS:41 and 42), Which are extrusible 
through both 22 and 27 gauge needles at 37° C. and remain 
extrusible for sufficient time (Weeks to months) to alloW 
storage of the polymer in ready-to-use form. Preferred 
bioelastic materials for use in the restoration of interverte 
bral discs Will have thicker viscosities, typically exhibiting 
an elastic modulus Within the range of 5><104 to 5><106 N/m2 
at the temperature at the disc site. It may be desirable to 
approximate the elastic modulus of the vascular Wall of the 
femoral artery, Which is about 5><105 N/m2, and even more 
preferable to approximate the elastic modulus of the nucleus 
pulposus, Which is less than 5><105 N/m2. Although particu 
lar polymer systems are mentioned illustratively here and 
elseWhere, it Will be recogniZed that such a description is not 
limiting of the invention, as these and other examples can be 
readily modi?ed to provide numerous compositions that 
have the desired properties for tissue augmentation as dis 
cussed herein. 
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[0064] Polymers are injected in the method of the inven 
tion in a coacervate composition from Which all, or substan 
tially all, of the excess Water has been excluded. As previ 
ously noted, the coacervate state of the polymers used in this 
method is essentially a viscoelastic state containing a ?xed 
ratio of Water and polymer. Excess Water present from the 
initial dissolution of polymer into Water at a temperature 
beloW Tt) usually 4° C., is readily removed from this solid 
phase by any of the techniques available for separating 
phase separated states from supernatant Water. The coacer 
vate therefore provides a stable volume under physiological 
conditions, alloWing a polymer to be injected from a suitable 
surgical needle Without being subject to volume changes at 
the injection site after injection, as occurs With injections of 
collagen, Which require the presence of excess Water. A 
plastic surgeon can therefore readily assess the amount of 
polymer to be injected by observation Without having to 
estimate later shrinkage of the injection site caused by Water 
leakage from the site. 

[0065] It Will of course be recogniZed that some amount of 
excess Water can remain With the coacervate Without detract 
ing from the practice of the invention, as long as the amount 
is not suf?cient to impair the injection of the coacervate. For 
example, as much as 30% (by volume) excess Water can be 
present if the surgeon is Willing to make adjustments in the 
injected volume to anticipate the ?nal volume, although no 
more than 20% excess Water is preferred, more preferably no 
more than 10%, and most preferably no more than 5. 

[0066] As With all bioelastic polymers, transition to the 
coacervate state can occur Without a change in temperature 
but under the control of other environmental factors. This is 
referred to as the ATt mechanism of transition (U.S. Ser. No. 
08/187,441; Urry et al., Biopolymers 24:2345-2346 (1985), 
herein incorporated by reference) and can be achieved by 
changing a number of intrinsic or extrinsic factors. Intrinsic 
to a class of model proteins of 50,000 Da molecular Weight 
or greater are the folloWing: (a) the concentration of polymer 
itself, (b) changes in the amino acid composition Within the 
polymeric bioelastic unit, (c) changes in the degree of 
ioniZation of functional side chains controlled by changes in 
pH, (d) the phosphorylation of side chains such as serine by 
enZymes called kinases, (e) the oxidation or reduction elec 
trically, chemically or enZymatically of a side chain attached 
to the polymer, and chemical reactions of side chains, for 
example in response to electromagnetic radiation. Extrinsic 
chemical changes affecting Tt include the effects of salts, 
organic solutes and solvents. In addition, there is a chain 
length dependence that becomes signi?cant at loWer 
molecular Weights Where a polymer having shorter peptide 
chain lengths exhibit higher values of Tt relative to a 
polymer having longer peptide chain lengths. 

[0067] Thus, bioelastomers can be rationally designed in 
order to achieve the desired properties appropriate for the 
methods of the invention. The choice of individual amino 
acids from Which to synthesiZe the elastomeric units and 
resulting polypeptide is unrestricted so long as the resulting 
structure comprises elastomeric structures With features 
described, for example, in Us. Pat. Nos. 4,474,851 and 
5,064,430, herein incorporated by reference, particularly 
[3-turn formation and the resulting polymer maintains 
attributes useful for purposes intended according to the 
embodiments of the invention including, among other 
things, extrusibility through ?ne gage needles. 
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[0068] In general, selection of the sequence of amino acids 
in a particular monomeric unit and selection of the required 
proportion of monomeric units can be accomplished by an 
empirical process that begins With determining (or looking 
up) the properties of knoWn bioelastomers, making similar 
but different bioelastomers and measuring the transition 
temperature and physical properties as described herein and 
in the cited patents and patent applications. The effect of 
changing the amino acid composition on the value of Tt can 
also be determined using a hydrophobicity scale described in 
detail in US. patent application Ser. No. 08/187,441. For 
example, a rough estimate of the likely transition tempera 
ture can be obtained by summing the mean hydrophobicities 
of the individual amino acid residues in the monomeric units 
of the polymer and comparing the result to the sum obtained 
for polymers having knoWn transition temperatures. Typi 
cally, more hydrophobic residues (e.g., Ile, Phe) loWer Tt, 
Whereas less hydrophobic residues (e.g., Ala, Gly) and polar 
residues (e.g., Asp, Lys) raise Tt. 

[0069] Any chemical means of changing the mean hydro 
phobicity of the polymer, such as dephosphorylation/phos 
phorylation, reduction/oxidation of a redox couple, ioniZa 
tion/deioniZation, protonation/deprotonation, cleavage/ 
ligation, amidation/deamidation, a conformational or a 
con?gurational change (e.g., cis-trans isomeriZation), an 
electrochemical change (e.g., pKa shift), emission/absor 
bance, or other physical change (e.g., heat energy radiation/ 
absorbance), or pressure, or combinations thereof can be 
used to bring about transition. US. Pat. No. 5,226,292 from 
the laboratory of the present inventor details pressure-related 
effects, U.S. Ser. No. 08/187,441, photoresponsive effects, 
and US. Ser. No. 08/487,594, electroresponsive effects, 
each of Which can be used to effect transition. 

[0070] A major advantage of the bioelastic polypeptides is 
the extent to Which ?ne-tuning of the degree of hydropho 
bicity/polarity and resulting shift in the inverse temperature 
transition can be achieved. For example, the hydrophobicity 
of the overall polymer (and therefore the average hydropho 
bicity of functional groups present in the polymer) can be 
modi?ed by changing the ratio of different types of mono 
meric unit. These can be monomeric units containing a 
functional group undergoing the transition or other mono 
meric units present in the polymer. For example, if the basic 
monomeric unit is VPGVG (SEQ ID NO:17) and the unit 
undergoing transition is VPGXG (SEQ ID NO:19), Where X 
is an amino acid residue modi?ed to have an electrorespon 
sive side chain, either the ratio of VPGVG unit to VPGXG 
units can be varied or a different structural unit, such as 
IPGVG, can be included in varied amounts until the appro 
priate transitions temperature is achieved. Furthermore the 
regularity of structure of the protein and protein-based 
bioelastic polymers alloWs optimal arrangement of the struc 
tural components. For example, optimal spatial proximity 
can be achieved by placing coupled residues adjacent to 
each other in the backbone (i.e., based on primary sequence) 
and also by positioning to provide inter-turn proximity. 

[0071] The bioelastic polymers are composed of peptide 
units that form a matrix Which can be modi?ed in a variety 
of Ways to obtain additional properties. For example, one or 
more of the peptide bonds can be optionally replaced by 
substitute linkages such as those obtained by reduction or 
elimination. Thus, one or more of the —CONH— peptide 
linkages can be replaced With other types of linkages such as 
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—CH2NH—, —CH2S—, CH2CH—, —CH=CH— (cis 
and trans), —COCH2—, —CH(OH)CH2—, and 
—CH2SO—, by methods known in the art, for example, see 
Spatola, A. F. (1983) in Chemistry and Biochemistry of 
Amino Acids, Peptides and Proteins (B. Weinstein, ed.) 
Marcel Dekker, NeW York, p. 267 for a general revieW. 
Amino acid residues are preferred constituents of these 
polymer backbones. Of course, if backbone modi?cation is 
made in the elastomeric units, then suitable backbone modi 
?cations are those in Which the elasticity and inverse tem 
perature transition of the polymer is maintained. 

[0072] As is apparent to one of ordinary skill in the art, the 
physical properties of the bioelastic polymer can be adjusted 
as described above, to exhibit desired characteristics, for 
example, viscosity, consistency, modulus of elasticity, sta 
bility, and the like. For example, the parent elastic protein 
based polymer (GVGVP)n (SEQ ID NO:20), When prepared 
With n on the order of 200 and When cross-linked With 20 
Mrads of y-irradiation (described beloW), forms an elastic 
matrix With an elastic modulus approximating that of natural 
vascular Wall, in the range of 105 N/m2. By variations in 
composition and conditions, the elastic modulus can be 
varied from 104 to 108 N/m2. This provides the capacity to 
match compliance over the Wide range of biological soft 
tissues. In other embodiments, the primary sequence of the 
polypeptide can be designed to elicit ?brous capsule forma 
tion thus maintaining the polymer at the site of injection. A 
particular polymer can be assessed for its ability to promote 
?brous capsule formation by methods knoWn in the art, e. g., 
visually after a period of implantation in a test subject. In a 
preferred embodiment, an illustrative polymer that does not 
elicit ?brous capsule formation is X2O-poly(GVGVP) (Urry, 
et al., J. Bioactive Compatible Polym. 6:263-282 (1991)). 
Polymers described in this speci?cation that are prepared by 
irradiation cross-linking are identi?ed as, for example, “X20 
polyVPGVP,” Which refers to a polymer prepared from 
VPGVG pentapeptide units Which has been irradiated With 
a 20 Mrad dose of cobalt-60 radiation to form the cross 
links, thus resulting in an insoluble matrix. Injectable, cross 
linked coacervates Would be obtained by much loWer radia 
tion dosages, usually less than 20 Mrad, often less than 10 
Mrad, and even less than 5 Mrad. 

[0073] In another preferred embodiment, a polymer that 
comprises phenylalanine (Phe, F) residues, such as Xzo-poly 
[0.75(GVGVP), 0.25(GFGVP)] (SEQ ID NOS:20 and 49) 
promotes ?brous capsule formation after implantation With 
out the development of in?ammation. Similarly, in another 
preferred embodiment subcutaneous injections of poly 
[0.6(GGVP), 0.4(GGFP)] (SEQ ID NOS:41 and 42) elicit 
?brous capsule formation. Example 1 beloW illustrates such 
a polymer With (GGVP)3 GGFP (GGVP)3 GGFP (GGVP)3 
GGFP (SEQ ID NO:9). 

[0074] Polymer characteristics can also be affected by 
cross-linking. Thus, the polymers used in the present inven 
tion can be cross-linked prior to, during, or after injection, 
if desired, using any of various cross-linking processes, e.g., 
chemical, enZymatic, or irradiative. Cross-linking provides 
mechanical strength and rigidity to the polymer, and increas 
ing amounts of cross-linking are appropriate for increasing 
demands of rigidity. Although the most preferred polymers 
have little or no crosslinking prior to injection, cross-linking 
to provide one cross-link for every 200-500 repeating units 
is generally acceptable, With more cross-linking being per 

Aug. 22, 2002 

mitted in less viscous polymers and vice versa. Methods for 
cross-linking bioelastomeric polypeptides are knoWn in the 
art. For example, US. Pat. No. 4,589,882, incorporated 
herein by reference, teaches enZymatic cross-linking by 
synthesiZing block polymers having enZymatically cross 
linkable units. Additionally, cross-linking by irradiation is 
described in detail in nearly all of the prior patents arising 
from the laboratories of the present inventor. 

[0075] In situ cross-linking can also be used after injection 
to maintain the polymer at the site of injection (Kagan, et al., 
J. Biol. Chem. 255:3656-3659 (1980)). In this aspect of the 
invention, cross-linking occurs at the site in need of aug 
mentation and cross-linking of the polymer can occur inter 
molecularly and/or to the surrounding tissues, anchoring the 
composition in place. For example, cysteine can be intro 
duced into the polymer to alloW for linkage via disul?de 
bridges to a surface, or lysine can be introduced for enZy 
matic linkage to a surface, using a natural extracellular 
enZyme that cross-links for example, collagens and elastins. 
Example 2, beloW, illustrates such a polymer, (GVGVP)2 
GKGVP GVGVP GVGFP GFGFP (SEQ ID NO:10), Which 
contains a Lys(K) residue in a sequence that is a demon 
strated substrate for the cross-linking enZyme lysyl oxidase. 

[0076] Another approach for maintaining the polymer at 
the injection site involves the inclusion of cell attachment 
sequences (Nicol, et al., J. Biomed. Mat. Res. 26:393-413 
(1992)). 
[0077] The bioelastic polymers can also optionally have 
insertions of, for example, single amino acids betWeen 
monomeric units, substitutions of one amino acid for 
another in an occasional monomer, or inclusion of different 
polypentapeptide, polyhexapeptide or polytetrapeptide 
sequences Which can be added either in parallel or in 
sequence to increase strength in elastic modulus or provide 
some other desired characteristic. See US. Pat. Nos. 4,474, 
851 and 5,064,430. The resulting polymers are thus properly 
knoWn as copolymers, as they are formed from different 
monomeric units. 

[0078] Considerable variations in the amino acids that are 
present at various locations in the resulting polymer is also 
possible as long as the multiple [3-turns With intervening 
suspended bridging segments are retained in order to pre 
serve elasticity. For this reason, it is preferred that at least 
50% of the polypeptide is formed from the repeating mono 
meric units, more preferably at least 70%, even more 
preferably at least 90%. Nevertheless, it is possible to 
prepare polypeptides in Which these monomeric units are 
interspersed throughout a larger polypeptide that contains 
peptide segments designed for other purposes. For example, 
the bioelastomer can contain naturally occurring sequences 
Which are components of connective tissue or impart func 
tions such as biological activity, chemotaxis, cell targeting 
and/or adhesion, drug attachment, or protease or nuclease 
susceptibility. The sequences can be added covalently and 
sequentially or as side chains to provide for the desired 
function. The ratio of these other sequences to the monomer 
residue can range from 1:2 to 1:5000. Preferably the ratio is 
1:10 to 1:100. The upper limit on the number and kind of 
substituents is also in?uenced by the ability of the elastic 
polymer to fold/assemble properly to attain a beta-spiral in 
the relaxed state. 

[0079] For instance, Example 3 illustrates a protein-based 
polymer containing a cell attachment sequence, Arg-Gly 
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Asp, from ?bronectin to result in the elastic matrix 
(GVGVP)10 GVGVPGRGDSP (GVGVP)1O (SEQ ID 
NO:13). Further examples of matrices that promote cell 
adhesion, cell spreading and groWth are Xzo-poly 
[40(GGAP), (GRGDSP)] (SEQ ID NO:21) and poly 
[20(GVGVP),(GRGDSP)] (SEQ ID NO:53) (Nicol, et al., 
“Cell Adhesive Properties of Bioelastic Materials Contain 
ing Cell Attachment Sequences,” In Biotechnol. Bioactive 
Polym, (Charles G. Gebelein and Charles E. Carraher, Jr., 
Eds.), Plenum Press, NeW York, pp. 95-113 (1994)). Such 
polymers alloW cells (e.g., ?broblasts) to migrate into and 
attach to the matrix and to sense the tensional forces to 
Which the matrix is subjected in its functional role, thus 
alloWing the natural cells to regenerate the tissue to sustain 
the forces required for the tissue to function appropriately. 
Thus, numerous methods exist, Which can be used in com 
bination, to maintain the polymer at the site in need of 
augmentation and resulting in long term augmentation. 

[0080] In order to obtain high molecular Weight polymers 
in good yields, a number of approaches are available. 
Synthesis of the bioelastic repeating units is straightforWard 
and easily accomplished by a peptide chemist or by standard 
methods in microbial fermentation. For example, organic 
synthesis of the polymers has been described in the patents 
listed in the Background Section. In particular, the synthesis 
and cross-linking of poly(GVGVP) have been described in 
US. Pat. No. 4,783,523. The synthesis of poly(IPGG) has 
been described in US. Pat. No. 5,250,516 and that of 
poly(GGAP) in US. Pat. No. 5,527,610. Accordingly, the 
teachings of these patents can be applied to the synthesis of 
bioelastic polymers having different monomer units. When 
producing polymers by chemical synthesis, care should be 
taken to avoid impurities, because small levels of impurities 
can result in termination of the polymeriZation process or in 
racemeriZation that can alter the physical properties of the 
resulting polymer, but there are otherWise no particular 
problems of synthesis. Peptide unit purity is important in 
obtaining a material With suitable physical properties, since 
small changes in the preparation of the pentamers can result 
in a transition temperature that varies as much as 15 ° C. This 
variance is important to consider since a polymer that has a 
25° C. transition temperature Will be injectable at 37° C., 
Whereas a preparation having a 40° C. transition temperature 
may not have the desired properties for tissue augmentation. 
The solution of this potential problem is simply to purify the 
components used to prepare the peptide. 

[0081] Pure or substantially pure bioelastomers of the 
invention have been found to be biologically inert. HoWever, 
it has been found that even a less than pure bioelastomer Will 
?nd utility in the methods of the invention. For example, less 
then pure (GVGVP)251 (SEQ ID NO:18) Was found to 
induce a tissue reaction suf?cient to form a ?brous capsule, 
thus maintaining the volume, i.e., insigni?cant volume 
change after injection, as is required for the tissue augmen 
tation method of the invention. 

[0082] The polymer can be prepared as a homopolymer or 
a copolymer. Either random or block copolymers prepared 
from at least tWo of the monomeric units are useful in the 
methods of the present invention but are less preferred When 
an equivalent homopolymer has the desired physical prop 
erties, simply because of the greater complexity of synthesis. 
Irrespective of hoW the bioelastic polymers are synthesiZed, 
these can further be derivatiZed, if desired. For example, 
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photoresponsive or electroresponsive side chains can be 
incorporated into the polymer as described in US. patent 
application Ser. Nos. 08/187,441 and 08/487,594. 

[0083] The protein-based polymers can also be prepared 
using genetic engineering techniques. Using this approach, 
a gene encoding the desired peptide sequence is constructed, 
arti?cially inserted into, and then translated in a host organ 
ism. The organism can be prokaryotic, e.g., bacterial, or 
eukaryotic, e.g., yeast or plants. Techniques are knoWn in the 
art of molecular biology to manipulate genetic information 
(i.e., DNA sequences) for effective gene expression in an 
appropriate host organism (see, for example, Sambrook et 
al., Molecular Cloning: A Laboratory Manual, Second Edi 
tion, Cold Spring Harbor, NeW York (1989)) and include the 
use of enZymes capable of cleaving, joining, copying or 
otherWise modifying polynucleotides. In addition, vectors 
alloWing the introduction of this information into the host 
organism in a suitable manner for expression are knoWn in 
the art. A detailed example of the production of poly 
VPGVG is set out in McPherson, et al., Biotechnol. Prog. 
8:347-352 (1992), a publication arising from the laboratory 
of the present inventor. This publication can be used as 
guidance for genetic-based production of any of the mate 
rials used in the present invention. Polymers With as many 
as 2000 amino acid residues have been expressed in good 
quantity by appropriate E. coli strains. For example, expres 
sion of (GVGVP)121 (SEQ ID NO:40) has occurred at levels 
of 80% of E. coli cell volume. Thus, the cost of production 
of these protein-based polymers can be competitive With 
synthetic, organic polymers and With natural materials that 
need extensive puri?cation. Producers of industrial proteins 
have demonstrated that costs can be reduced signi?cantly for 
biologically produced proteins. Of course, medical applica 
tions requiring high purity can accept higher costs for 
medically important applications. For example, costs for the 
collagen-containing product Contigen®, intended to allevi 
ate urinary incontinence, are understood to be in the range 
of $1000 (US) per gram. 

[0084] The bioelastic polypeptide can be puri?ed, for 
example, from cultures groWn in fermentation reactors or 
from organic syntheses, by its ability to undergo an inverse 
temperature transition. Puri?cation using the inverse tem 
perature transitional properties of the protein-based poly 
mers is preferred With genetically engineered polymers 
expressed in microbial systems as endotoxin levels have 
been demonstrated to be particularly reduced using this 
method. 

[0085] The bioelastic polypeptide compositions are bio 
compatible as a tissue implant and are readily steriliZable. 
“Biological compatible” as used herein, relates to materials 
that in ?nal form Will not harm the organism or cell into 
Which it is implanted to such a degree that implantation is as 
harmful or more harmful than the defect being corrected. 
Biocompatibility can be ascertained by numerous methods 
knoWn to one of ordinary skill in the art (Picciolo, et al., “A 
Biotechnology-derived Biomaterials Modulate Host Cell 
Reactive Oxygen Production as Measured by Chemilumi 
nescence” 19th Annual Meeting, Society for Biomaterials, 
Birmingham, Ala. (1993); Urry, et al., Mat. Res. Soc. Symp. 
Proc. 292:253-264 (1993); and Hoban, et al., J. Surgical 
Res. 56:179-183 (1984)). For example, it can be determined 
Whether the bioelastic material is capable of eliciting an 
immune response. Preferably, the bioelastic compositions 
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are non-immunogenic. “Non-immunogenic” as used herein 
relates to materials Which provoke no substantial immune 
response, in?ammation or foreign body reaction When 
administered. The material can also be tested for biocom 
patibility by implanting the material in an intended host or 
substitute test animal and observing the implant at numerous 
time points after implantation for any adverse reactions. 

[0086] The bioelastic polypeptide compositions can be 
selected to be biodegradable. “Biodegradable” as used 
herein relates to the potential for a material to be degraded 
by the action of enZymes (including, for example, pro 
teases), or other biological processes, to yield non-toxic 
substances or byproducts Which are compatible With normal 
body processes. The degree to Which a material is biode 
gradable can vary depending on the particular indication. 
The propensity of such biopolymers to act innocuously in 
the body alloWs these polymers to be injected at sites in need 
of tissue augmentation Where they can reside in the body for 
days, Weeks or longer. Polymer stability can be controlled by 
appropriate design of the polymer, as it is apparent to one of 
ordinary skill in the art. For example, protease cleavage sites 
can be included in the polymer’s primary sequence to 
increase the polymer’s susceptibility to protease, or “chemi 
cal clocks” as described in European Patent No. 0449592 or 
its corresponding US. application. 

[0087] Injectable compositions of the invention are useful 
in plastic surgery, for example, for tissue reconstruction or 
dermal augmentation (for example, for ?lling in dermal 
creases and providing support for skin surfaces), sphincter 
augmentation (for example, for restoration of urinary con 
tinence), delivery of cells, tumor blood vessel blockage, 
tumor therapy, and contraception/infertility treatments. For 
example, the problem of stress urinary incontinence can be 
overcome by adding a periurethral bulking capacity at the 
base of the bladder. Simply by replacing a Glu residue 
of a (GVGVP4, GEGVPl) (SEQ ID NO:22) polymer by an 
occasional ArgGlyGlu sequence (from the GRGDSPcell 
attachment sequence (SEQ ID NO:46)), subcutaneous injec 
tion of polymer causes generation or restoration of a natural 
tissue With the normal distribution of elastic and collagen 
?bers, rather than simply disappearing. Using the same 
polymer composition, but cross-linking it to form a matrix 
With an elastic modulus matching that of the natural bladder 
and placing on it a human urethral explant containing 
uroepithelial cells, the cells groW out onto the matrix, but the 
groWth is stimulated toWard a greater density of cells and 
extracellular matrix by simulating the tensional force 
changes of bladder ?lling and emptying. 

[0088] A particularly useful technique is the replacement 
of degraded or injured nucleus pulposus in intervertebral 
discs. The bioelastic polymers described herein can be used 
in the restoration of diseased intervertebral discs by means 
of arthroscopic implantation of pressure-responsive and cell 
stimulation bioelastic materials directly into the depleted 
nucleus pulposus. In this approach, the prosthesis should 
match the mechanical properties of the tissue being restored, 
and, in preferred embodiments, it should contain cell attach 
ment sites to Which the normal cells of the tissue attach. 

[0089] In this embodiment of the invention, the method 
for tissue restoration of intervertebral discs in a mammal, 
comprises the step of injecting a polymer into the depleted 
nucleus pulposus site, Which has a site temperature, said 

Aug. 22, 2002 

polymer comprising repeating peptide monomeric units 
selected from the group consisting of nonapeptide, pen 
tapeptide and tetrapeptide monomeric units, Wherein said 
monomeric units form a series of [3-turns separated by 
dynamic bridging segments suspended betWeen said [3-turns, 
Wherein said polymer has an inverse temperature transition 
Tt less than said site temperature, and Wherein said polymer 
is injected as a Water solution at coacervate concentration in 
the substantial absence of additional Water and sWells to 
increase the pressure Within the disc. 

[0090] Typically, during an endoscopic discectomy or 
other percutaneous procedure, the degraded or injured 
nucleus pulposus is removed from the intervertebral discs by 
commercially available endoscopic discectomy equipment. 
First, a trocar is used to make a hole in the annulus. The 
endoscopic discectomy equipment is then inserted through 
the hole and the nucleus pulposus removed. Injection of the 
bioelastomers of the invention can be injected into the site 
through the pre-formed hole, either by a large syringe or by 
modi?cation of the discectomy equipment to provide for 
loading and delivery of the bioelastomer into the space 
vacated by the nucleus pulposus. 

[0091] In another embodiment of the invention, the 
method for tissue restoration of intervertebral discs in a 
mammal, comprises the step of injecting a polymer into the 
depleted nucleus pulposus site, Which has a site temperature 
(TS), said polymer comprising repeating peptide monomeric 
units selected from the group consisting of pentapeptide and 
tetrapeptide monomeric units, alone or in combination, 
Wherein the monomeric units form a series of [3-turns 
separated by dynamic bridging segments suspended 
betWeen the [3-turns, and Wherein the polymer has an 
inverse temperature transition Tt less than TS, (ii) the poly 
mer is injected as a Water solution at coacervate concentra 
tion in the substantial absence of additional Water and sWells 
to increase the pressure Within the disc, and (iii) the coac 
ervate has an elastic modulus at TS Within the range of 5x104 
to 5x106 N/m2. 

[0092] First, the selected bioelastic materials (Which are 
pressure responsive, viscoelastic protein-based polymers) 
are designed to restore proper dimensions by arthroscopic 
emplacement in the depleted nucleus pulposus in a state that 
results in the correct sWelling pressure, i.e., they are 
designed so as to be capable of effecting turgor pressure 
development on implantation for the purpose of mechanical 
restoration of the compressed disc to its correct dimensions 
and internal pressure. Second, biologically active sequences 
can optionally (and preferably) be included in the sequence 
to induce tissue regeneration or restoration While the disc is 
in an improved structural/functional state, i.e., they are 
designed so as to be capable of stimulating tissue restoration 
of the intervertebral disc to its more natural state. By 
multiple attachments of cell to the mechanically correct 
matrix, Which acts as a temporary functional scaffolding, the 
mechanical stresses sustained by the functional arti?cial 
matrix Would be appropriately transmitted to the cells. Since 
it is believed that cells are mechano-chemical transducers 
that respond to the force changes that they sense, this 
mechanical sensing by the cells Would result in the chemical 
remodeling of the matrix into a natural tissue suf?cient to 
sustain those forces (that is, in the elaboration of the required 
extracellular matrix). Polymers of particular interest for this 
application include, by Way of illustration and not limitation, 
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[0093] As noted earlier, the value of Tt depends upon 
numerous factors and, accordingly, the value of Tt can be 
shifted to carry out a Wide variety of energy conversions, 
including the energy required to maintain an internal pres 
sure for an intervertebral disc. 

[0094] As relates to tensional force changes, this 
mechano-chemical transductional property of cells has been 
referred to as “cellular tensegrity”. (Ingber, Int. Rev. Cytol. 
150:173-224 (1994) and Ingber, J. Cell Sci. 104:613-627 
(1993)). It is a more general concept, hoWever, that includes 
both compressional and tensional forces. Recent studies 
have shoWn that the cells of the intervertebral disc are 
mechano-chemical transducers and the proper mechanical 
energy input in terms of applied pressures and the time 
course of ?uctuation in pressure dictate chemical output of 
the cells of the intervertebral disc (Ishihara, et al., J. Appl. 
Physiol. 80(3):839-846 (1996)). 
[0095] Another key aspect is the ability of diseased discs 
to maintain hydrostatic pressures developed on emplace 
ment of the hygroscopic viscoelastic protein based poly 
mers. Studies on autopsy specimens indicate that the nucleus 
pulposus behaves hydrostatically as long as the disc has not 
undergone extensive degeneration. (Nachemson, et al., J. 
Bone Jt. Surg. Am. 46A:1077-1092 (1964) and Nachemson, 
Acta Orthop. Scandinavica, Suppl. 4311-104 (1960)). The 
outer tendinous bands of the annulus ?brosis come under 
increased tension on increasing hydrostatic pressure 
Whereas those of the inner annulus come under compression. 
Further, examination of the compressive stress has shoWn 
that intervertebral discs behave as ?uid ?lled pressure ves 
sels (Nachemson, et al., J. Bone Jt. Surg. Am. 46A:1077 
1092 (1964)). These tWo observations factor into the 
approach taken to design protein-based polymers for inter 
vertebral disc restoration. 

[0096] There are tWo pressure sensitive aspects of the 
viscoelastic proteins based polymers described herein that 
are important in the design and/or selection of polymers 
useful for the restoration of intervertebral discs. One is 
demonstrated by (GVGIP)260 (SEQ ID N055) and the other 
by the introduction of pressure sensitivity by Tt by the 
presence of aromatic residues. This is explained in greater 
detail in the examples. 

[0097] Additional biologically important factors may be 
added for repair of hard tissue (for example, mineral addi 
tives for correction of bone defects or osteogenic factors 
including bone morphogenic proteins to promote mineral 
iZation or bone formation) or to enhance cell groWth in the 
vicinity of the injection (for example, cell-groWth or cell 
attraction agents, host-compatible cells or groWth factors). 
The appropriate amount of material to be added to the 
composition to achieve the desired effect Will be apparent to 
the medical practitioner and is not a requirement of the 
present invention, as such selection is usually made by the 
physician (aided, if necessary, by analytical analysis of 
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biopsied tissue) to achieve the result desired by the physi 
cian and/or required by the injury or defect. Such factors are 
supplemental to the invention itself and are optional, not 
being required or desirable in many cases. 

[0098] The bioelastic material to be injected can be dis 
solved or suspended in a pharmaceutically acceptable liquid 
carrier prior to injection. Examples of an appropriate liquid 
include physiologically buffered salt solutions, Water, glyc 
erol and the like, and may be supplemented With, for 
example, serum, groWth factors, hormones, sugars, amino 
acids, vitamins, metalloproteins, lipoproteins, and the like. 
Most of the carrier Will be removed prior to injection, as 
discussed above, but some may remain in the ?nal injectable 
composition. Thus, compositions used in the invention may 
additionally include one or more biologically active factors 
to aid in the healing or regroWth of natural tissue. For 
example, one may incorporate factors such as heparin, 
epidermal groWth factor (EGF), transforming groWth factor 
alpha (TGF-ot), TGF-B, platelet-derived groWth factor, 
?broblast groWth factor, connective tissue activating pep 
tides, [3-thromboglobulin, insulin-like groWth factors, tumor 
necrosis factors, interleukins, colony stimulating factors, 
erythropoietin, nerve groWth factors, interferons, osteogenic 
factors including bone morphogenic proteins, and the like. 
Incorporation of such factors, and appropriate combinations 
of factors, can facilitate the tissue treatment. Decisions to 
use such factors are typically made by the attending physi 
cian based on judgments about the injury or defect being 
repaired. 

[0099] Similarly, one can inject a mixture comprising cells 
and the bioelastic polymer at the site in need of augmenta 
tion. The cells are living cells, preferably from the host 
receiving the injection or from a cell source suf?ciently 
related to avoid graft/host interactions leading to rejection, 
including human cells. Cells can be autogeneic, isogeneic, 
allogeneic or xenogeneic, more preferably autogeneic or 
allogeneic. Included are cells Which have been genetically 
engineered. The bioelastic compositions can contain differ 
ent cell types, Which may be chosen to act synergistically, 
for example, in the formation of tissue. Examples of types of 
cells include muscle cells, nerve cells, epithelial cells, con 
nective tissue cells, and organ cells. Speci?c examples of 
cells include ?broblast cells, smooth muscle cells, striated 
muscle cells, heart muscle cells, nerve cells, epithelial cells, 
endothelial cells, bone cells, bone progenitor cells, bone 
marroW cells, blood cells, brain cells, kidney cells, liver 
cells, lung cells, pancreatic cells, spleen cells, breast cells, 
foreskin cells, ovary cells, testes cells and prostate cells. 
Other mammalian cells are useful in the practice of the 
invention and are not excluded from consideration here. 
Alternatively, the injectable bioelastic compositions can 
include non-mammalian eukaryotic cells, prokaryotic cells 
or viruses. 

[0100] The present invention also provides kits for per 
forming the method of the invention. Such kits can be 
prepared from readily available materials and reagents and 
can come in a variety of embodiments. For example, such 
kits can comprise, in an amount suf?cient for at least one 
treatment, any one or more of the folloWing materials: 
bioelastic polymer, vessels, steriliZed buffers (e.g., phos 
phate buffered saline) or Water, other reagents necessary or 
helpful to perform the method, and instructions. Typically, 
instructions include a tangible expression describing reagent 
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concentration or at least one method parameter, such as the 
amount of reagent to be used, maintenance time periods for 
reagents, and the like, to allow the user to carry out the 
methods described above. In a preferred embodiment of the 
invention, a kit comprises a means for delivery in Which is 
placed the bioelastic polymer, both of Which are often 
pre-steriliZed. Such means can include, by Way of illustra 
tion and not limitation, a small syringe (22 to 27-gauge), a 
large syringe (13 to 19-gauge) and equipment used in 
endoscopic or percutaneous discectomy procedures. The 
reagents can be provided in solution, as suspensions, or as a 
substantially dry poWder, e.g., in lyophiliZed form, either 
independently or in a mixture of components to improve 
ease of use. Where a degradable reagent is provided, con 
ditions are chosen so as to stabiliZe the reagent, e.g., storage 
at loWer temperature, addition of stabiliZing agents (e.g., 
glycerol or a reducing agent). Unstable reagents can be 
provided together With or separately from the more stable 
components of the kit. 

[0101] Aparticularly preferred embodiment of a kit is a kit 
for augmentation of a tissue, the tissue having a normal 
tissue temperature, comprising a syringe (either small or 
large), a sterile Wrapper surrounding the syringe and pro 
viding a sterile environment for the syringe, and a polymer 
contained in the syringe, Wherein the polymer comprises 
repeating peptide monomeric units selected from the group 
consisting of nonapeptide, pentapeptide and tetrapeptide 
monomeric units, Wherein the monomeric units form a series 
of [3-turns separated by dynamic bridging segments sus 
pended betWeen the [3-turns, and Wherein the polymer has an 
inverse temperature transition Tt less than the tissue tem 
perature. The polymer can be present in the syringe either in 
solution or as a Water solution at coacervate concentration in 
the substantial absence of additional Water. Where the poly 
mer is present in solution, the syringe and the polymer it 
contains are maintained at loW temperatures to stabiliZe the 
polymer, since the polymer is usually in solution rather than 
in the form of a coacervate at loW temperatures (depending, 
as discussed above, on the value of T). In such cases the 
coacervate is formed by raising the temperature of the 
syringe and polymer to above Tt, after Which the excess 

5 ' —GAGGATCCGAAGACAACAGGTGGTGTTCCGGGCGGCGTACCGGGTGGCGT 
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the particular examples given beloW. As for gene construc 
tion, the basic monomer genes Were designed to have 
appropriate cohesive ends comprising an appropriate restric 
tion site sequence (selected using standard techniques, such 
as consideration of the restriction sites present in the vector 
to be used for expression). Polymerization of the basic gene 
Was carried out through the compatible sticky ends gener 
ated by restriction endonuclease digestion, folloWed by 
subsequent ligation using DNA ligase to form multimers of 
the basic gene. This protocol Was used successfully to 
produce each of the monomer gene sequences. The mono 
mers Were then concatameriZed (polymeriZed) to form mul 
timer genes With many different numbers of repeats, and 
many of the multimer genes have been expressed at high 
levels as Will be brie?y reported beloW. 

Example 1 

Phenylalanine-Containing Tetrameric Bioelastic 
Materials 

[0104] This example illustrates a phenylalanine-contain 
ing bioelastic material that can elicit ?brous capsule forma 
tion Without a signi?cant in?ammatory response. Generally, 
the protocols used for this particular construct is applicable 
to other protein elastomers described herein. Standard amino 
acid abbreviations are used here and elseWhere in this 
speci?cation (phenylalanine is abbreviated Phe or 

[0105] Fibrous capsule formation prevents polymer 
migration, thus providing long term tissue augmentation. 
The polymer of this Example 1 is (GGVP)3 GGFP (GGVP)3 
GGFP (GGVP)3 GGFP (SEQ ID NO:9), Where n is generally 
from 1 to 60, usually 10 to 50 and preferably from 20 to 40. 
The polymer has a Tt of about 20° C., thus ensuring 
coacervate formation at 37° C. The polymer is stable and 
extrusible at 37° C. 

[0106] 
[0107] The basic monomer gene for (GGVP)3 GGFP 
(GGVP)3 GGFP (GGVP)3 GGFP (SEQ ID N019) is con 
structed using the folloWing oligonucleotides: 

a. Gene Construction 

(SEQ ID NO:23) 
ACCGGGCGGTTTCCCGGGAGGTGTGCCGGGTGGGGTTCCAGGCGGTGTAC—3 ' 

5 ' —CTGGATCCGAAGACTTCCTGGAAAACCGCCCGGCACGCCACCCGGAACTC (SEQ ID NO:24) 
CACCCGGAACACCGCCCGGAAACCCACCCGGTACACCGCCTGGAACCCCA-3 ' 

Water (noW in a separate phase from the coacervate) can be 
expelled from the syringe prior to injection of the coacer 
vate. An example of such use is described beloW. 

[0102] The folloWing examples describe speci?c aspects 
of the invention to illustrate the invention and provide a 
description of the present method for those of skill in the art. 
The examples should not be construed as limiting the 
invention, as the examples merely provide speci?c method 
ology useful in understanding and practice of the invention. 

EXAMPLES 

[0103] The preparation of the elastic protein-based poly 
mers utiliZes gene construction, development of an expres 
sion system, fermentation and puri?cation as described for 

[0108] The oligos are annealed through the 20-base-pair 
complementary regions at their 3‘ ends and extended With a 
thermostable DNA polymerase and free deoxy-nucleotides 
to give the double-stranded monomer gene illustrated in 
FIG. 1 (SEQ ID NO:1). This gene is ?anked on each end by 
both of the restriction endonuclease sites BamH1 and Bsp1. 
The basic monomer gene is cloned into pUC 118 via the 
BamH1 restriction site. After cloning and characteriZation of 
the monomer gene, it can be digested out of pUC 118 With 
Bsp1 and puri?ed in adequate amounts for polymeriZation. 
Polymerization is achieved by ligation using DNA ligase to 
join the gene fragments in a head-to-tail fashion through the 
non-palindromic Bsp1 ends and in the presence of cloning 
adaptors, thus forming multimers of the basic gene (similar 
to the description in FIG. 3). 
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[0109] The gene sequences chosen allow concatameriZa 
tion of the basic gene sequence such that the gene segments 
remain in proper reading frame. Ligation conditions are that 
typically understood by one of ordinary skill in the art of 
gene cloning. The sequence of the basic concatamer gene is 
veri?ed using routine procedures, such as With Sequenase TM 
from Amersham Life Science, Inc. Genes encoding bioelas 
tic polymers as large as 2000 residues have been expressed 
using this technique. 

[0110] b. Gene Expression 

[0111] Similar to described for FIG. 3, the concatamer 
gene can be expressed using pET plasmids (Novagen, Inc., 
Madison, Wis.), such as pET-11d. These plasmids are part of 
the T7 expression system that utiliZes the T7 phage RNA 
polymerase in conjunction With a T7 promoter to drive 
recombinant gene expression (Studier, et al., Meth. Enzymol. 
185:60-89 (1990)). The gene fragment is released from the 
plasmid, pUC118, by cleavage With Nco1 and BamH1 and 
puri?ed. The fragment is then cloned into the pET plasmid 
at the Nco1 and BamH1 sites placing the initiator ATG 
codon of the concatamer gene adjacent to the T7 promoter 
and ribosome binding sequences. 

[0112] Escherichia coli is transformed With the plasmid by 
methods knoWn in the art and the cells cultured. Expression 
of the concatamer genes is analyZed by groWing a bench 
scale culture of the transformed E. coli. Expression can be 
induced With or Without isopropylthio-[3-galactosidase. 
Crude cell lysates of the cultures, taken pre- and post 
induction, are analyZed by sodium dodecylsulfate-polyacry 
lamide gel electrophoresis (SDS-PAGE) and the products 
visualiZed by CuCl2 staining of the gels. 

[0113] 
[0114] The protein-based polymers are produced by groW 
ing host cells transformed With the polymer-expressing 
PET-11d derivative in either Luria broth (LB) or Terri?c 
Broth (TB) media. The production of the protein-based 
polymers may be induced With the addition of the inducing 
agent IPTG. After an appropriate number of hours of 
groWth, the culture is harvested by centrifugation and cells 
are disrupted by means of a French press to release the cell 
contents. (Daniell et al., Methods in Molecular Biology 
Series Entitled Expression and Detection of Recombinant 
Genes (1995)). The phenylalanine-containing polypeptide 
(or other such elastomer as the case may be) is then 
characteriZed for use as an injectable implant. 

[0115] d. Puri?cation 

c. Fermentation 

[0116] The protein-based polymers can be conveniently 
puri?ed from culture lysates using their inverse temperature 
transitional properties. (Urry, et al., Handbook of Biomate 
rials and Applications, Marcel Dekker, Inc., NeW York, 
pp.2645-2699 (1995); Urry, Angew. Chem. (German) 
105:859-883 (1993); Angew. Chem. Int. Ed. Engl. 32:819 
841 (1993); and McPherson, et al., Protein Expression and 
Puri?cation (1995)). The cell lysate is cooled to 4° C. and 
centrifuged at high speed to remove insoluble material. The 
protein-based polymers form large aggregates and undergo 
phase separation (coacervation) When the supernatant frac 
tion is either Warmed to 37° C., or exposed to a high 
concentration of salt (NaCl) or subjected to a pH change, 
depending upon their composition. The protein-based poly 
mer is then removed by centrifugation and solubiliZed under 
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the appropriate conditions, (e.g., cooling or loWering salt 
concentration). Repeating this process several times results 
in a protein-based polymer With essentially all other proteins 
removed. After centrifugation, the sample is dialyZed to 
remove any residual salts and then lyophiliZed to determine 
initial yield. At this stage, a temperature pro?le for aggre 
gation can be obtained as described beloW. 

[0117] The solution is then to loWer the temperature beloW 
its Tt so as to resolubiliZe the coacervate folloWed by passing 
under pressure through a 0.2 micron membrane as a pre 
?ltration step and then through a sterile bench-top Amicon 
ProFlux M12 tangential ?oW ultra?ltration apparatus 
employing a 100 kDa spiral Wound cartridge. The solution 
is then lyophiliZed, and the protein-based polymer is tested 
at a concentration of 1 mg/ml for endotoxin levels using the 
Associates of Cape Cod, Inc. Pyrotell Limulus Amebocyte 
Lysate (LAL) test. The endotoxin levels are found at this 
stage to be Within the recommended guidelines, e.g., Guide 
line on Validation of the Limulus Amebocyte Lysate as an 
End Product Endotoxin Test for Human and Animal 
Parenteral Drugs, Biological Products, and Medical Devices 
prepared by the Centers for Drug Evaluation & Research, 
Biological Evaluation & Research, Devices & Radiological 
Health and Veterinary Medicine. 

[0118] d. CharacteriZation of the Bioelastic Polymer 

[0119] i. Determination of Tt and the Concentration to 
Obtain No Change in Volume Under Physiological Condi 
tions 

[0120] To determine Tt, the polymer is dissolved at 40 
mg/ml at 4° C.; the cold solution is placed in a spectropho 
tometer, and the temperature is raised to observe the onset 
and development of turbidity. The temperature at Which 50% 
turbidity is obtained is de?ned as Tt. 

[0121] To obtain the concentration at Which there Will be 
no volume change on injection into a mammal, approxi 
mately 1200 mg of the test sample is Weighed into 5 ml 
syringes (B/DR) and dissolved in phosphate buffered saline 
at 4° C. to a volume of 1 ml for each 400 mg of bioelastic 
polymer. Once dissolved, the sample is equilibrated at 37° C. 
to form the coacervate phase and the excess Water extruded. 
Once the Water has been removed, no signi?cant volume 
change occurs on injection. The sealed syringe containing 
coacervate can be gamma-irradiated at 2.5 Mrads for ster 
iliZation. 

[0122] ii. Determination of Extrusibility 

[0123] The sample prepared in (a) immediately above is 
tested for extrusibility in vitro by extruding through a 
22-gauge or a 27-gauge surgical needle after equilibration at 
37° C. 

[0124] iii. In vivo Studies 

[0125] After determining extrusibility, the bioelastic poly 
mer is injected subcutaneously into rats. At intervals of three 
and ?ve Weeks after injection, the animals are sacri?ced and 
examined macroscopically to determine the approximate 
volume of the retained material, and (ii) histologically to 
characteriZe the extent of ?brous capsule formation, to 
determine the occurrence of any cellular migration into the 
injected material, and to assess the presence of any in?am 
matory response or adverse tissue reaction. 










































































































