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Biocompatible composites comprising peptide amphiphiles 
and surface modified substrates and related methods for 
attachment thereon. 
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METHODS AND MATERALS FOR 
NANOCRYSTALLINE SURFACE COATINGS 

AND ATTACHMENT OF PEPTOE 
AMPHIPHILE NANOFIBERS THEREON 

0001. This application claims priority benefit from U.S. 
provisional application Ser. Nos. 60/446,421 and 60/495,965 
filed Feb. 11, 2003 and Aug. 18, 2003, respectively, each of 
which is incorporated herein by reference in its entirety. 
0002 The United States Government has certain rights to 

this invention pursuant to grant No. DEFG02-00ER45810 
and DMR0108342 from the Department of Energy and the 
National Science Foundation, respectively, to Northwestern 
University. 

BACKGROUND 

0003 Techniques of tissue engineering employing bio 
compatible scaffolds provide viable alternatives to prosthetic 
materials currently used in prosthetic and reconstructive Sur 
gery (e.g., craniomaxillofacial and spinal Surgery). These 
materials also hold promise in the formation of tissue or organ 
equivalents to replace diseased, defective, or injured tissues. 
Compatible, biodegradable materials may be used for scaf 
folds which initiate and sustain tissue or bone growth, but 
which are naturally degraded over time within the body. Such 
materials may also be used for controlled release of therapeu 
tic materials (e.g., genetic material, cells, hormones, drugs, or 
pro-drugs) into a predetermined area. Polymers, such as poly 
lactic acid, polyorthoesters, and polyanhydrides, used to cre 
ate these scaffolds are difficult to mold and, result in, among 
other things, poor cell attachment and poor integration into 
the site where the tissue engineered material is utilized. With 
Some exceptions, they also lack biologically relevant signals. 
0004 Self-assembled peptide-amphiphile nanofibers 
have been used to direct the growth of biominerals such as 
hydroxyapatite. These nanofibers are comprised peptide-am 
phiphiles, that are comprised of a hydrophobic aliphatic tail 
coupled to a relatively hydrophilic peptide head group. The 
peptide head group may include at least two segments: a 
structural segment and a functional segment. Structural seg 
ments may include between 2 and 4 cysteine residues may be 
used to covalently stabilize the self-assembled peptide 
amphiphile structures via disulfide bond formation between 
individual peptide amphiphile molecules within a fiber. Alter 
natively, the structural segment may contain other residues, 
Such as serine, leucine, alanine, or glycine for example. 
Though these residues may not promote covalent stabiliza 
tion of the nanofibers, they may participate in structural orga 
nization, such as beta-sheet formation, in the assembled 
nanofibers. The functional head group may be composed of 
different amino acid combinations and include moieties Such 
as carboxyl, thiol, amine, phosphate, and hydroxyl functional 
groups located near the end of the molecule most distant from 
the molecule's aliphatic tail. Examples of carboxyl group 
containing residues include aspartic acid or glutamic acid. 
Examples of amine or guanidinium-containing residues 
include lysine or arginine respectively. When the peptide 
amphiphiles are self-assembled under aqueous conditions, it 
is expected that these functional residues will be displayed 
near the self-assembled micelle (generally a nanofiber) Sur 
face where they may be available for reaction with other 
moieties to bind the peptide amphiphile. 

Apr. 26, 2012 

0005. The versatility and functionality of these self-as 
sembling nanofibrous materials may prove to be useful in 
tissue repair, cell growth, or organ reconstruction. The term 
tissue includes muscle, nerve, vascular, and bone tissue and 
other common understandings of tissue. The present inven 
tion may also find application in regulation, inhibition or 
promotion of axon outgrowth in neurons as well as the regu 
lation, inhibition or promotion of cell-substrate adhesion 
among nerve cells. Coating these peptide amphiphile compo 
sitions on Surfaces of scaffolds and implants, for example 
stainless steel stents, electrodes for electrical stimulation of 
nerves, or metal-based orthopedic implants, may furthermore 
enhance existing tissue engineering strategies. Importantly, 
multiple peptide signals may be used in the same Supramo 
lecular self assembled peptide amphiphile to accomplish dif 
ferent and potentially synergistic effects. 
0006. The peptide amphiphile composition(s) of such a 
system may include a peptide component having residues 
capable of intermolecular cross-linking. The thiol moieties of 
cysteine residues can be used for intermolecular disulfide 
bond formation through introduction of a suitable oxidizing 
agent or under physiological conditions. Conversely Such 
bonds can he cleaved by a reducing agent introduced into the 
system or under reducing conditions. The concentration of 
cysteine residues, when utilized, can also be varied to control 
the chemical and/or biological stability of the nanofibrous 
system and therefore control the rate of therapeutic delivery 
or release of cells or other beneficial agent, using the nanofi 
bers as the carriers. For example, enzymes could be incorpo 
rated into such nanofibers to control their biodegradation rate 
through hydrolysis of the disulfide bonds. Such degradation 
and/or the concentration of the cysteine residues can be uti 
lized in a variety of tissue engineering applications. The thiol 
functionality of such peptide amphiphiles may also be useful 
for binding the Supramolecular structures to Surfaces. 
0007. The complimentary nature of the biological por 
tions of the peptide amphiphiles may mimic amino acid 
sequences found in naturally occurring peptides. Self-as 
sembled gels composed of peptide-amphiphile nanofibers 
with the RGD peptide sequence mimic the function of col 
lagen fibrils to organize and direct the growth of the 
hydroxyapatite crystals. Other potentially useful amino acid 
sequences in such peptides may include the YIGSR and 
IKVAV amino acid sequences. Such amino acid sequences in 
self assembled peptide amphiphiles may have a synergistic 
effect on cell growth and nerve regeneration. The growth of 
cells on substrates implanted or delivered to the body would 
be beneficial to implantation of artificial hearts, restoring 
nerve function, healing of grafting blood vessels; forming 
skin grafts and preparing “artificial skin' by culturing epider 
mal cells on a fibrous lattice. 

0008 Damage to the endothelial and medial layers of a 
blood vessel, such as often occurs in the course of balloon 
angioplasty and stent procedures, has been found to stimulate 
neointimal proliferation, leading to restenosis of atheroscle 
rotic vessels. The normal endothelium, which lines blood 
vessels, is uniquely and completely compatible with blood. 
Endothelial cells initiate metabolic processes which actively 
discourage platelet deposition and thrombus formation in 
vessel walls. Damaged arterial Surfaces within the vascular 
system are highly susceptible to thrombus formation. While 
systemic drugs have been used to prevent coagulation and to 
inhibit plateletaggregation, a need exists to treat the damaged 
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arterial surface directly to prevent thrombus formation and 
Subsequent intimal Smooth muscle cell proliferation. 
0009 Stents made up of metals such as titanium and its 
alloys have been designed to promote organized endothelial 
cell growth. Such stents comprise a plurality of depressions in 
the surface of at least a portion of the stent body, preferably 
arranged in a regular pattern on at least the interior Surface of 
the stent body, such as a waffle weave. Other stents have 
Surface features which comprise a plurality of pleats, ridges, 
channels or pores in the stent body wherein at least some of 
the pores run between the interior and exterior sides of the 
stent body (i.e., penetrate the stent body) and are sized to 
promote the organized cell growth. 
0010. The directed growth of cells, for example nerve cells 
and endothelial cells, on implantable surfaces and scaffolds 
would be desirable for the regeneration and growth of cells, 
organs, and tissue within the body. It would be desirable to 
provide Surgical implants that may facilitate the growth of 
tissue, vascular tissues, nerve, and cells on or in tissue Sur 
rounding the surgical implant. It would be desirable for new 
and better Scaffolds, implants, stents and electrode for place 
ment into a body that are adapted to promote growth of 
infiltrating cells into organized cellular structures, such as 
take place during angiogenesis and/or neovascularization, to 
aid in repair of damaged body organs and vessels. 
0011. As part of a related consideration, titanium and its 
alloys have been used extensively as skeletal implant materi 
als where the metals high strength to weight ratio, toughness 
and the bioinert character of the naturally forming oxide layer 
have lead to widespread clinical Success. As tissue engineer 
ing has developed, however, researchers have explored the 
use of calcium phosphate coatings on titanium-based implant 
surfaces to introduce an element of bioactivity to the other 
wise inert oxidized metal surfaces. In vitro studies have 
shown that calcium phosphates may form osteoconductive 
coatings which enhance cellular attachment and prolifera 
tion. In vivo models have shown an improvement in implant 
interfacial strength when titanium Surfaces are coated with 
various calcium phosphate coatings, often hydroxyapatite 
(Cao(PO4)(OH)2). Studies have also shown that degrada 
tion of these calcium phosphate coatings at implant-tissue 
interfaces facilitates the accelerated formation of de novo 
bone. 

0012 Commonly used methods for coating Ti with these 
calcium phosphate coatings include plasma spraying, elec 
trophoresis, Sol-gel, and solution-phase precipitation. Meth 
ods such as plasma spraying or Solgel tend to produce dense, 
often highly crystalline apatitic phases with little or no phase 
selectivity, and some of these methods are also unable to coat 
interior Surfaces of porous titanium structures. Many of these 
methods for growth involve extremely long growth times, 
weeks to months, offer little control over crystal size or shape, 
and lack any added chemical functionality, Such as that 
afforded by organic macromolecules. Organic macromol 
ecules have been known to play roles in biomineral crystal 
modification. Additionally, where clusters form on porous 
surfaces, surface coating is frequently less than 100%. Solu 
tion-phase growth, however, enables nucleation of calcium 
phosphate coatings directly on implant Surfaces, even porous 
Surfaces. In addition, this wet chemical approach allows for 
the formation of not only hydroxyapatite, but also other bio 
logically relevant calcium phosphate phases, such as octacal 
cium phosphate, (Cas (PO).5H2O), a precursor to 
hydroxyapatite. Solution-phase growth of these coatings also 
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allows for the introduction of organic macromolecules into 
the coating, a feature not possible with Some of the high 
temperature coating processes, such as plasma spraying. 
0013 Work has been done investigating the interactions of 
various biological macromolecules with calcium phosphate 
coatings. The growth of calcium phosphate coatings in the 
presence of biomolecules Such as albumin, fibronectin, and 
poly(aminoacids), is Substantially inhibited. Poly(L-lysine), 
for example, is a well-established cell adhesion promoter 
with excellent chemical functionality, but has been shown to 
inhibit apatite growth on a titanium alloy surface. Poly(amino 
acids) have been used as nucleating agents and macromolecu 
lar tethers to address this problem by growing poly(L-lysine)- 
containing organoapatite onto poly(amino-acid)-coated tita 
nium-based Surfaces. This method uses poly(amino acids) in 
several of the coating steps and layers; it also produces rela 
tively bulky clusters of organoapatite, which may be disad 
Vantageous in coating structures with fine porous textures. An 
alternative approach investigated is growing a calcium phos 
phate coating containing albumin onto a preexisting calcium 
phosphate layer. 
0014. It would be desirable to form polyamine-modified 
nanotextured calcium phosphate coating on implantable 
metal Surfaces. Grown onto calcium phosphate seeds the new 
material combines the versatility and simplicity of Solution 
phase calcium phosphate growth on an implantable Surface 
with the chemical and biological functionality of a poly 
(amine). 
0015. It would be desirable to coat the surfaces of materi 
als with biominerals so that substantially all of the surface is 
coated, and that the coating provides a favorable Surface for 
chemical modification, attachment of peptide amphiphile 
nanofibers, cell and tissue growth and adhesion. It would 
further be desirable if the coating could be applied to a mate 
rial Suitable for implant into a patient and that the coating be 
degradable under physiological conditions. 

SUMMARY 

0016. In part, embodiments of the present invention are 
directed to binding self assembled peptide amphiphiles to 
other materials such as metals. The newly formed linkages 
would bond the original self assembled peptide amphiphile 
nanofiber or spherical micelle assembly to another material. 
Bonding between the suitable self assembled nanofibers or 
micelles and the secondary surface may be used to further 
orient cell or tissue growth on the secondary Surface. Alter 
natively, peptide amphiphiles may be bonded to Surfaces and 
used to orient grown of peptide amphiphile nanofibers, or 
may be used to initiate self assembly of nanofiber structures 
on the material surface. Such surfaces would be useful for 
tissue repair, adherence of cells to implants, and minimization 
of conditions such as restenosis when the material of interest 
is a stent. 
0017. The binding of the peptide amphiphile with the sec 
ondary Surface may be by the physisorption, chemisorption, 
or covalent attachment of peptide amphiphiles, or self 
assembled nanofiber or micelles comprising them with the 
Surfaces. Examples of Such binding include but are not lim 
ited to ionic, coordination, chelation, amide or ester linkages 
between the self-assembled nanostructures and the surface. 
Such a binding scheme is expected to provide a stable mecha 
nism for attachment of peptidic nanostructures to other mate 
rials, including metal Surfaces, polymers, peptide-modified 
biomaterial coatings, or other peptide containing structures. 
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This attachment would allow a peptide containing micelle to 
be robustly stabilized on a material surface. Such a delivery 
scheme may lend itself to applications ranging from modify 
ing cell-specific behaviors to drug delivery. In one embodi 
ment the peptide amphiphile nanofibers contain a carboxyl 
rich peptide sequence. Such peptide amphiphile are bound to 
Surfaces displaying free amines. Alternatively, the peptide 
amphiphile nanofibers could contain residues displaying the 
free amines, while the secondary Surface or structure could 
display carboxyl functional groups. 
0018 With regard to such functionally modified surfaces, 
consider the embodiments of this paragraph through para 
graph 0025, inclusive. An embodiment of the present inven 
tion is an organically modified biomineral coating on an 
implantable substrate whose surface has been pre-seeded 
with a mineral. In a preferred embodiment the organically 
modified coating comprises calcium phosphate coated onto 
an metal Substrate that has been pre-seeded with calcium 
phosphate. One embodiment of the present invention is a 
method for coating a substrate with a biomineral coating. 
0019 Embodiments of the present invention include poly 
(L-lysine)-modified nanotextured calcium phosphate coating 
on titanium Surfaces which is grown onto calcium phosphate 
seeds on the metal Surface. 

0020. In an embodiment of the present invention, the coat 
ing on the pre-seeded Substrate is comprised of (calcium-) 
metal deficient (octacalcium phosphate) mineral, the crystal 
growth of which has been frustrated and modified by a 
polyamine, and preferably a polyamine that includes amino 
acids Such as poly(L-lysine) that are present during mineral 
ization. It is furthermore believed that the (poly(L-lysine)) 
poly(amino acid) is intimately incorporated into the mineral 
phase. 
0021 One embodiment of the present invention is a com 
position for coating a Substrate with a modified crystalline 
material Surface for promoting cell attachment, tissue growth, 
or use in delivering therapeutic compositions. The coating 
Solution comprises a solution of a dissolve crystalline mate 
rial and a polyamine and preferably a polypeptide or acid salt 
thereof. The composition includes the dissolved crystalline 
material of interest and a polyamine that may include amino 
acids monomers. Preferably the polymer includes amino 
acids which when incorporated into the mineral have free 
functional groups for forming bonds with peptides, peptide 
amphiphiles, proteins, and cells. Preferably the polymer 
includes lysine monomers, and more preferably is poly 
lysine or acid salts thereof. 
0022. In one embodiment the coating is useful for cell 
growth and cell adhesion and the coating is susceptible to 
degradation under physiological conditions. 
0023. Another embodiment of the present invention is a 
Substrate for growing cells, tissues, or for releasing therapeu 
tic compositions. Such a substrate may be used in vitro to 
culture cells or tissue or it may be used in vivo to grow or 
culture cells or tissues such as bone. The substrate will be 
made of a biocompatible material whose surface has been 
preseeded with a mineral and that is Subsequently coated with 
a mineral or material whose normal crystalline structure is 
modified by incorporation of a polyamine, preferably a 
polypeptide, within the material. The coating on the Substrate 
may be further bonded to peptides by another bond, such as a 
disulfide oramide bond to the polyamine in the coating mate 
rial or by other bonds to the crystalline material itself. Alter 
natively the coating on the substrate may be bonded to self 

Apr. 26, 2012 

assembled peptide amphiphiles or cross linked self 
assembled peptide amphiphiles, preferably through an amide 
bond. The material coating the Substrate may also include 
oxide, hydroxide, phosphate, carbonate, oxalate, and combi 
nations of these ions which may themselves be bonded with 
peptides or self assembled peptide amphiphiles. 
0024. Another embodiment of the present invention is a 
method for modifying the morphology of a material coating 
on a Substrate. The method comprises pre-seeding a biologi 
cally compatible Substrate and then treating the pre-seeded 
Substrate with a composition that is a solution of a dissolved 
crystalline material or biomineral with a polyamine or poly 
(amino acid), or acid addition salt thereof, that will be incor 
porated into the crystalline material or biomineral to form a 
nanocrystalline mineral. The morphology of the resulting 
coating may be controlled by the composition and the method 
of coating the substrate. The method may further include acts 
of bonding molecules to the polyamine incorporated into the 
nanocrystalline material of the coating. 
0025. The morphology of the embodied coatings resulting 
of the present invention consists of irregular features 1-2 
orders of magnitude Smaller than purely inorganic mineral 
coatings. This increased texture and reduced feature size will 
be advantageous for promoting cell attachment, proliferation, 
and spreading on monolithic Substrates or Surface coated with 
Such organically modified materials. In addition, the dis 
rupted, poorly crystalline character of the coating, combined 
with the enzyme-Vulnerable organic component of the min 
eral composite will advantageously make the coating particu 
larly accessible for natural re-absorption and remodeling pro 
cesses. Finally, the incorporation of polyamino acids into the 
coating provides additional chemical functionality via the 
free amines or Sulfide groups on the side chains of the lysine 
polymer. Such chemical functionality may be used for incor 
poration or covalent attachment of biological, molecules, 
Such as growth factors, biologically relevant peptide 
sequences, or therapeutic drugs. 
0026. The new material combines the versatility and sim 
plicity of Solution-phase calcium phosphate growth on tita 
nium with the chemical and biological functionality of poly 
(L-lysine). 
0027. Accordingly, embodiments of the present invention 
can also comprise self assembled peptide amphiphile coated 
onto implantable scaffolds, Surgical devices, electrodes, 
stents and other Substrate Surfaces. Peptide amphiphile-com 
prising coatings on these surfaces may enhance the growth of 
cells and thus tissues within the body. 
0028. One embodiment of the present invention provides a 
system of self-assembled peptide-amphiphiles micelles, 
spherical or cylindrical, comprising one or more biological 
signals that are deposited onto a substrate. Variations of struc 
tural peptide sequences in the peptide amphiphile may enable 
the assembled nanofibers to be reversibly cross-linked on the 
substrate for more or less structural stability, or may allow for 
control of the rate delivery of molecules encapsulated in the 
hydrophobic core of the nanofibers or adsorbed on their 
hydrophilic Surfaces. 
0029. In another embodiment, the peptide element of the 
peptide amphiphiles are preferably carboxyl terminated, so 
that once assembled into fibers, these fibers may participate in 
further or carbamide bonding to functionalize a metal Surface 
or some other type of Surface. 
0030. Another embodiment of the present invention is a 
method for making and utilizing self assembled peptide 
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amphiphile nanofiber coated Surfaces as temporary scaffold 
ing for cellular growth and implantation. 
0031. Another embodiment of the invention is biodegrad 
able, non-toxic self assembled peptide amphiphile nanofiber 
coated surfaces and scaffolds which can be utilized for cell 
growth, both in vitro and in vivo as Support structures for 
endothelial cells, organ tissue, and nerve cells immediately 
following implantation. 
0032. Another embodiment the present invention is a 
method for configuring and constructing biodegradable self 
assembled peptide amphiphile nanofiber coated Surfaces and 
scaffolds that provide a support for cell growth but allow and 
enhance vascularization of the growing cell mass following 
implantation of the surface or scaffold. 
0033. Another embodiment of the invention is self 
assembled peptide amphiphile nanofiber coated surfaces with 
domains of chemically different self assembled peptide 
amphiphile coatings so that more than one type of cell can be 
grown or the growth rate of cells on the substrate can be 
controlled. 
0034. Another embodiment of the present invention is an 
implantable self assembled peptide amphiphile nanofiber 
coated Stent that is adapted to promote angiogenesis within a 
blood vessel or other tubular lumen into which the stent is 
implanted. 
0035 Another embodiment of the present invention is an 
implantable self assembled peptide amphiphile nanofiber 
coated Stent that is adapted to enhance or stimulate neointimal 
infiltration, but with organization of the infiltrating cells so as 
to result in neovascularization. 
0036) Another embodiment of the present invention is an 
implantable self assembled peptide amphiphile nanofiber 
coated Stent that is adapted to promote ingrowth of living 
cells, when cultured in a cell-rich in vitro environment or 
when implanted within a tubular body lumen, such as a blood 
vessel. 
0037 Another embodiment of the present invention is a 
self assembled peptide amphiphile nanofiber coated stent 
populated with living cells growing throughout pores and/or 
other Surface features designed to promote growth of the cells 
into an organized cellular structure when the cell is implanted 
into a tubular body lumen or organ. 
0038 Another embodiment of the present invention 1 is a 
self assembled peptide amphiphile nanofiber coated stent 
wherein the living cells are genetically engineered to produce 
a therapeutic bioactive agent to be released from the coating 
nanofibers, such as one selected to inhibit or promote angio 
genesis or proliferation of intima within the implanted Stent. 
0039. Another embodiment of the present invention pro 
vides a technique whereby functional cells from a needed 
organ are grown on a scaffolding coated with nanofibers 
comprised of self assembled peptide amphiphiles. The coated 
scaffold may be used in Vivo or in vitro—using cell culture 
techniques followed by transfer of the scaffold-cell compos 
ite into a patient at a site appropriate for attachment, growth 
and function, after attachment and equilibration. Nutrients 
and growth factors are Supplied during cell culture allowing 
for attachment, survival or growth as needed. Alternatively 
nutrients and growth factors are encapsulated by the self 
assembled peptide amphiphile micelles. 
0040. The use of self assembled peptide amphiphile 
nanofiber coated Scaffold or Surgical device to grow cells and 
tissue is advantageous because its high Surface area permits a 
large number of sites for cell adhesion and growth. The 
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fibrous nature of the coating allows nutrients to penetrate the 
growing cell culture by diffusion until new blood vessels 
form. For an organ to be constructed in tissue culture and 
Subsequently successfully implanted, the matrices must have 
Sufficient Surface area and exposure to nutrients such that 
cellular growth and differentiation can occur prior to the 
growth of blood vessels following implantation. After 
implantation, the configuration must allow for diffusion of 
nutrients and waste products and for continued blood vessel 
ingrowth as cell proliferation occurs. Nanofiber gels and 
micelles prepared from self assembled peptide amphiphiles 
have a high Surface area and are ideally Suited for providing a 
good growth environment. 

DESCRIPTION OF THE DRAWINGS 

0041. In part, other aspects, features, benefits and advan 
tages of the embodiments of the present invention will be 
apparent with regard to the following description, appended 
claims and accompanying drawings where: 
0042 FIG. 1A: Experimental setup (schematic) for 
growth of calcium phosphate coatings on titanium foil. FIG. 
1B the foil sample schematic used, protecting foil underside 
from precipitate settling out of Solution. 
0043 FIG. 2: Time dependent pH variation of reaction 
Solution during sample preseeding and calcium phosphate 
coating growth. 
0044 FIGS. 3A-B: Scanning electron micrograph digital 
images comparing purely inorganic OCP (A) and pLys-CP 
(B) coatings on titanium foil. Inset of (b) is a high magnifi 
cation image revealing nanoscale character of the pyS-CP 
coating. 
004.5 FIG. 4: Powder XRD patterns for OCP and pLys 
CP. Major diffraction planes for OCP are labeled. 
0046 FIG. 5: Reflective FTIR spectra for OCP and pLys 
CP coatings on Ti. Inorganic coating patterns reveal charac 
teristic bands for OCP, while plys-CP coating shows con 
comitant presence of poorly crystalline OCP and poly(L- 
lysine). High frequency bands between 1350 and 2000 and 
above 3400 are believed to be due to ambient water from the 
reflective experimental setup. 
0047 FIGS. 6A-B: A) Scanning electron micrograph digi 

tal image of a titanium surface, preseeded for 10 minutes with 
CaCl and NaHPO. No calcium phosphate seeds are vis 
ible; B) Scanning electron micrograph digital image of a 
titanium surface preseeded for 2 hours with CaCl and 
NaHPO. Seed crystals are clearly visible on a Ti surface 
after 2 hours of growth. 
0048 FIG. 7: Scanning electron micrograph digital 
images and corresponding EDS patterns showing different 
degradation behaviors of the OCP coating versus the plys-CP 
coating. Scale bars are 1 micron. The x-axis on the EDS plots 
represents energy (eV) and EDS patterns have been normal 
ized by the background intensity between 3000 and 3500 eV. 
0049 FIG. 8: S:N ratios determined by XPS illustrating 
binding affinity of cysteine to OCP and pLys-CP coatings. 
Neither sulfur nor nitrogen was substantially detected on 
OCP samples. Error bars represent +1 standard deviation 
from duplicate measurements. 
0050 FIG. 9 is a schematic structural illustration of a 
peptide useful for attachment to coatings of the present inven 
tion, where (PO) indicates phosphorylated serine; 
0051 FIGS. 10A-B (A) A scanning electron micrograph 
digital image of self assembled peptide amphiphile nanofiber 
bundles attached to a poly(L-lysine) modified calcium phos 
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phate textured coating of the present invention; (B) a higher 
magnification scanning electron micrograph of the self 
assembled nanofiber in (a), revealing layers of individual 
fibers: 
0052 FIGS. 11 A-C Scanning electron micrograph digital 
images of preosteoblastic mouse calvaria cells spreading on 
pIys-CP coating on titanium foil after (A) 1 day, (B) 4 days 
and (C) 7 days of culture. 
0053 FIG. 12: Scanning electron micrograph digital 
images of peptide amphiphile nanofibers covalently linked to 
an amino-silanized titanium Surface, showing low and high 
magnification images of these fibers covalently bound to the 
Ti surface; 

DETAILED DESCRIPTION 

0054 Embodiments of the present invention relates gen 
erally to bonding self assembled peptide amphiphile nanofi 
ber or micelle coatings on secondary Substrates to be placed 
within the body of a mammal. Such substrates may include 
porous scaffolds, electrodes, and Surgical implants like Stents. 
The self assembled peptide amphiphile nanofiber coating is 
comprised of peptide amphiphiles having amino acids pro 
moting the growth and adhesion of cells and tissues to the 
substrate. Preferably, the peptide-amphiphiles design and 
function is patterned after naturally occurring structures like 
proteins, cells, and collagen. The Substrates may be used 
outside the body to grow cells on the substrate and then placed 
within the body; alternatively the coated substrates may be 
placed directly within the body and promote the growth of 
cells or tissue. The nanofibers or micelles may also encapsu 
late active compounds to promote the growth of such cells and 
tissues. Before the present compositions and methods are 
described, it is to be understood that this invention is not 
limited to the particular molecules, compositions, method 
ologies or protocols described, as these may vary. It is also to 
be understood that the terminology used in the description is 
for the purpose of describing the particular versions or 
embodiments only, and is not intended to limit the scope of 
the present invention which will be limited only by the 
appended claims. 
0055. It must also be noted that as used herein and in the 
appended claims, the singular forms “a”, “an', and “the 
include plural reference unless the context clearly dictates 
otherwise. Thus, for example, reference to a “cell' is a refer 
ence to one or more cells and equivalents thereof known to 
those skilled in the art, and so forth. Unless defined otherwise, 
all technical and Scientific terms used herein have the same 
meanings as commonly understood by one of ordinary skill in 
the art. Although any methods and materials similar or 
equivalent to those described herein can he used in the prac 
tice or testing of embodiments of the present invention, the 
preferred methods, devices, and materials are now described. 
All publications mentioned herein are incorporated by refer 
ence. Nothing herein is to be construed as an admission that 
the invention is not entitled to antedate such disclosure by 
virtue of prior invention. 
0056 Before the present compositions and methods are 
described, it is to be understood that this invention is not 
limited to the particular molecules, compositions, method 
ologies or protocols described, as these may vary. It is also to 
be understood that the terminology used in the description is 
for the purpose of describing the particular versions or 
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embodiments only, and is not intended to limit the scope of 
the present invention which will be limited only by the 
appended claims. 
0057 Coupling agents, used for the binding of the peptide 
amphiphile with the secondary Surface, may be by the phys 
isorption, chemisorption or covalent grafting of the peptide 
amphiphile, and or their self assembled spherical micelles or 
nanofibers with the secondary Surfaces. Examples of cou 
pling agent binding include but are not limited to ionic bonds, 
coordination bonds, chelation bonds, metal sulfide bonds, 
amide or ester bonds between the self-assembled nanofibers 
or micelles and the Surface. Such a binding scheme is 
expected to provide a stable mechanism for attachment of 
peptidic nanostructures to secondary Surface materials 
including but are not limited to, other self assembled peptide 
amphiphiles, the Surfaces of cells, proteins, cartilage, metals, 
alloys, ceramics, glasses, minerals, polymers, and biocom 
patible implants such as stents, scaffolds, electrodes, and 
orthodontics. This attachment would allow a peptide contain 
ing micelle to be robustly stabilized on a material surface. In 
one embodiment the peptide amphiphile nanofibers contain a 
carboxyl-rich peptide sequence are used. Such peptide 
amphiphiles are bound to Surfaces displaying free amines. 
0058. In one embodiment of a coupling, peptide 
amphiphile nanofibers are bonded to an amino-silanized 
metal Surface like titanium or a metal alloy. The chemicals 
and methods used to form the amide linkages between pep 
tide amphiphiles and a Surface having such an amino-silane 
surface group are similar to those used in peptide synthesis 
(Knorr, et al; Fields et al; Wellings, et al.; the methods of 
which are incorporated herein by reference in their entirety) 
The reaction is conducted in a polar organic solvent, for 
example but not limited to N,N-dimethylformamide (DMF) 
or N-methylpyrrolidinone (NMP), both of which are capable 
of solublizing amino acids. The method also involves utiliz 
ing a compound such as O-Benzotriazole-N.N.N.N-tetram 
ethyl-uronium-hexafluoro-phosphate (HBTU) as a catalyst to 
increase the reactivity of carboxylic acid functional groups on 
the peptide amphiphile. Other peptide coupling agents or 
activators include but are not limited to: dicyclohexylcarbo 
diimide (DCC); O-(7-azabenzotriazol-1-yl)-1,1,3-,3-tetram 
ethyluronium hexafluorophosphate (HATU); and benzotria 
Zol-1-yl-ox ytripynolidinophosphoniurn 
hexafluorophosphate (PyBOP). These reactive acid groups 
then undergo a reaction with free amines, in the presence of 
the basic proton sink, diisopropylethylamine (DIEA), even 
tually leading to the final elimination reaction to remove the 
HBTU and water, leaving behind a stable amide linkage. 
0059 Metal and metal alloy oxide surfaces may be modi 
fied with various amino-silanes for biological applications. 
These modifications may be used for attachment of different 
peptide amphiphiles or self assembled micelles to the oxide 
surfaces. For example, incubation of TiO-passivated tita 
nium Surfaces with the desired amino-silanes produces 
Ti O Si bonds at the oxide-solvent interface, covalently 
linking the aminosilane to the oxidized metal Surface. This 
arrangement leaves a free amine exposed for standard amide 
couple reactions with a suitable peptide amphiphile; the free 
amines tethered to the metal Surface and the exposed carboxy 
lic acids on the nanofibers to form an amide bond, covalently 
linking the fibers to the silanized Ti surface. 
0060. In an embodiment of the present invention, a stan 
dard amide coupling reaction is applied to a pre-assembled, 
cross-linked peptide nanofiber. For example, a dilute solution 
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of peptide amphiphile molecules, meeting the compositional 
requirements described above and maintained in a solution of 
a mild reducing agent (such as dithiol threitol (DTT)), is self 
assembled in acidic conditions to form peptide nanofibers. 
These nanofibers are crosslinked by the addition of a non 
destructive oxidizer, Such as iodine, forming stable intermo 
lecular, intrafiber disulfide bonds. The resulting suspension of 
these fibers is dialyzed against water to remove all reducing or 
oxidizing agents (such as DTT and iodine). This dialyzed 
suspension of cross-linked fibers is then lyophilized and the 
dried fibers are re-suspended by vigorous agitation and ultra 
Sonication in a peptide-solublizing polar organic solvent, 
such as DMIF or NMP. The covalent cross-linking of the 
fibers stabilizes them in the non-aqueous environment. 
0061 Substrates are preferably biocompatible materials 
and may include but are not limited to commercially pure 
titanium, titanium alloys, or other metals such as chromium 
and its alloys, stainless steels like Hastalloy, 316 L, and 304 
and presenting an oxide Surface may be cleaned ultrasoni 
cally in an organic non-polar solvent, an organic polar Sol 
vent, and finally distilled water. The cleaned metal or alloy is 
may then etched in a such as mild hydrofluoric acid, nitric 
acid solution before re-passivation in nitric acid. Passivated 
Substrate samples are rinsed thoroughly in distilled water and 
dried. Cleaned, passivated samples are then dehydrated by 
vacuum desiccation and stored at temperatures above room 
temperature before amino-silanization. Dry, passivated Sur 
faces introduced to a dilute solution of an amino silane. Such 
as aminopropyltriethoxysilane (APTES) in an anhydrous 
hydrophobic organic solvent, Such as toluene, under nitrogen. 
Amino-silanized metal Substrates are then rinsed thoroughly 
in an organic non-polar solvent, an organic polar solvent, and 
finally water before annealing at elevated temperature (e.g. 
100° C.) under an inert gas. Substrates may also include but 
are not limited to biocompatible polymers, or various car 
bides, borides, and nitrides. 
0062. In another embodiment of a coupling agent metals 
having an oxidized surface are immersed in a solution of 
CaCl and NaHPO, or other similar salts, to pre-seed the 
Surface with calcium phosphate. This pre-seeded Substrate is 
then immersed in a solution containing poly(L-lysine), 
CaCl, and NaHPO. The samples are rinsed with water and 
dried at room temperature. The poly(L-lysine) is incorporated 
into the resulting mineral phase of the newly formed calcium 
phosphate coating, and the free amines from the side-chains 
of the poly(L-lysine) are displayed on the textured coating 
Surfaces. Other minerals may be used in place of calcium 
phosphate, for example but not limited to calcium carbonate. 
A number of differentamines or polyamines, organic acids or 
polyorganic acids may be incorporated into the mineral. Any 
Such amine or polyamine (including poly(L-lysine) may be 
physisorbed, chemisorbed, or covalently grafted onto passi 
vated metal Surfaces. Reference is made to later discussion, 
FIGS. 1-11 and examples 2-5, below. Amino acids and 
polyamino acid may also be used to treat the Surfaces, as 
disclosed in U.S. Pat. No. 6,051.272 and incorporated herein 
in its entirety. It may also be possible to do a binding reaction 
in the absence of air, whereby a Sulfur containing compound, 
like a cysteine, could be used oxidize a metal Surface (whose 
oxide has been removed), forming a direct bond there. This 
would be a way to directly couple an amino acid, peptide, 
protein, or poly(amino acid) to a metal. 
0063. Secondary surfaces may be terminated with car 
boxylic acid groups as coupling agents. For example, 3-mer 
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captopropionic acid may be used to derivatize some metal 
Surfaces with carboxylic acid groups. Alternatively, poly 
meric materials like polyethylene may be oxidized to provide 
a carboxylic acid terminated Surface. These carboxylic acid 
terminated surfaces may be reacted with amine or hydroxyl 
bearing peptide amphiphiles and bind them to the secondary 
Surface. 

0064. In another embodiment, for example, two sets of 
peptide amphiphile fibers could be independently self-as 
sembled, crosslinked, dialyzed, lyophilized, and Suspended 
in solvent. One set of nanofibers would be rich in carboxyl 
functional groups, while the other could be rich with free 
amines. If combined in the presence of HBTU and DIEA, 
these separate nanofibers may be bound together. Such an 
application might be useful in combining different amino 
acid sequences which might work well in concert with one 
another. This sort of application might furthermore becom 
bined with metal surface modifications, where one peptide 
amphiphile fiber type could be attached to the surface as 
described above, and the complementary fiber type could be 
linked to those attached fibers, forming a sort of double-layer 
of different covalently-linked nanofibers. Another embodi 
ment of the methods described above involves using a metal 
surface other than titanium. It is reasonable to expect that the 
amino-silanization could be performed on any surface pre 
senting a Suitable oxide, including but not limited to titanium 
alloys, silicon, tantalum, chromium, and chromium-contain 
ing alloys (including stainless steel). Various ceramic second 
ary substrates would also be useful in this regard including 
alumina and various forms of silicon dioxide. 

0065. The peptide-amphiphiles and their self assembled 
nanofibers may promote adhesion and growth of cells on their 
surfaces. For example, the cell adhesion ligand RGD has been 
found in other contexts to play an important role in integrin 
mediated cell adhesion. Peptide-amphiphile species with 
acidic amino acids and an amino acid with the RGD ligand 
could be used to mediate cell adhesion to the peptide-am 
phiphiles, their self assembled nanofibers or micelles, or 
nanofiber gels. The amino acid sequence IKVAV has been 
identified in other contexts as important for neuron growth 
and development. Accordingly, peptide-amphiphile species 
with acidic amino acids and the IKVAV sequence could be 
used in the practice of embodiments of this invention to 
mediate neuron growth to the peptide-amphiphiles, their self 
assembled nanofibers, micelles, or nanofibergels. The amino 
acid sequence YIGSR has been identified in other contexts as 
important in for promoting cell-substrate adhesion among 
nerve cells and may also play a role in axon guidance. Accord 
ingly, peptide-amphiphile species with acidic amino acids 
and the YIGSR sequence could be used in embodiments of the 
practice of this invention to promote cell-substrate adhesion 
among nerve cells to the peptide-amphiphiles, their self 
assembled nanofibers, micelles, or their nanofiber gels. For 
example in dentin, the phosphosphoryn protein family con 
tains numerous repeats of the amino acid sequences Asp-Ser 
(P)-Ser(P) and Ser(P)-Asp-Ser(P). These massively phospho 
rylated proteins are suspected to play an important role in 
hydroxyapatite mineralization. Accordingly, phosphoserine 
residues can be incorporated into the peptide sequence which, 
after self assembly, allows the fiber to display a highly phos 
phorylated Surface similar to that presented by a long peptide 
segment. Such a peptide, in part, captures the repetitive orga 
nization of phosphate groups found in phosphosphoryn pro 
teins. 
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0066 Various C or N terminated peptide-amphiphiles use 
ful in the practice of embodiments of this invention may be 
prepared using standard fluorenylmethoxycarbonyl chemis 
try on automated peptide synthesizers. Peptide amphiphiles 
Solutions may be formed into nanofibers by changing the pH, 
addition of salts, or by addition of charged orchelated peptide 
amphiphiles. Representative peptide amphiphiles which may 
be used in embodiments of this invention are shown, Tables 
1-3, below. The formation of peptide amphiphiles, like those 
listed in Tables 1-3, into nanofibers are described by Hartger 
ink, et al., Science, 294, 1683-1688, (2001), and Hartgerinket 
al., PNAS, 99, 5133-5138, (2002); the contents of which are 
included by reference in their entirety. Other peptide 
amphiphile may be prepared as would be known to those 
skilled in the art, using known procedures and synthetic tech 
niques or straight-forward modifications thereof depending 
upon a desired amphiphile composition or peptide sequence. 
For example, the peptide amphiphiles provided herein can be 
prepared, characterized and/or assembled as described in co 
pending application Ser. No. 10/294,114 filed Nov. 14, 2002 
and Ser. No. 10/368,517 filed Feb. 18, 2003, each of which is 
incorporated herein by reference in its entirety. Without limi 
tation, the peptide amphiphiles of such incorporated applica 
tions, as described in the corresponding tables, figures and 
examples thereof, can also be used in conjunction with the 
composites and methods of this invention. 

TABLE 1. 

PA N-terminus Peptide (N to C) C-terminus 

1. C16 CCCCGGGS (P) RGD 

2 C16 CCCCGGGS (P) 

3 C12 CCCCGGGS (P) RGD 

4. C10 CCCCGGGS (P) RGD 

5 C14 CCCCGGGS (P) RGD 

6 C10 GGGS (P) RGD 

7 C16 GGGS (P) RGD 

8 C16 AAAAGGGS (P) RGD 

9 C10 AAAAGGGS (P) RGD 

1O C16 CCCCGGGS (P) KGE 

11 C10 AAAAGGGS (P) KGE 

12 C16 AAAAGGGS (P) KGE 

13 C22 CCCCGGGS (P) RGD 

14 C16 CCCCGGGSRGD 

15 C16 CCCCGGGEIKWAW 

16 C16 CCCCGGGS (P) RGDS 

0067 Depending upon desired cell or tissue growth, a 
phosphorylated moiety may not be required. As discussed 
above, cellular adhesion or interaction is promoted by a par 
ticular sequence of the peptide components. With reference to 
PA's 10-12 and 15, a non-RGD sequence can be utilized 
depending upon cellular target. In particular, the IKVAV 
sequence has been identified in other contexts as important 
for neuron growth and development. Accordingly the 
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amphiphile compositions of this invention can include a pep 
tide component having such a sequence for corresponding 
use. Lastly, with respect to Table 1, it is noted that several PA 
compositions do not include cysteine residues. While cys 
teine amino acids can be used to enhance intermolecular 
nanofiber stability, it is not required for self assembly of 
micelles or nanofibers, nor is it necessary for binding of 
peptide amphiphile or their micelles to secondary Surfaces. In 
a preferred embodiment, cysteine amino acids are present to 
stabilize the self assembled micelles or nanofibers during the 
peptide coupling reactions. 
0068 Triblockbola amphiphiles which self assemble into 
fibers and micelles may also be useful in the practice of this 
invention. 
0069. In one embodiment, an aqueous solution of one or 
more of the amphiphile compositions described herein, and a 
factor or reagent sufficient to induce gelation under physi 
ological conditions is added. Such gelation and/or self-as 
sembly of various PA compositions into nanofibers can be 
achieved under substantially neutral pH conditions through 
drying, introduction of a multivalent, divalent or higher 
Valency metal ion, chelation, and/or the combination of dif 
ferently charged amphiphiles. 

TABL E 2 

Net Charge 
N- C- at 

PA terminus Peptide (N to C) terminus pH7 

17 C16 CCCCGGGS (P) RGD COOH -3 

18 C16 AAAAGGGS (P) RGD COOH -3 

19 C10 AAAAGGGS (P) RGD COOH -3 

2O C16 CCCCGGGSRGD COOH -1 

21 C16 CCCCGGGEIKWAW COOH -1 

22 C16 CCCCGGGKIKWAW COOH +1 

0070 The electrode, stent, scaffold, or surgical device or 
other secondary Surface may be coated with peptide 
amphiphile containing nanofibers or micelles in various 
ways. The secondary Surface, comprising amine or carboxy 
lic acid groups on its Surface, may be placed in a Suspension 
of previously self assembled peptide amphiphiles nanofibers 
or micelles that have been dialyzed. Alternatively, a small 
sample of a nanofibergel may be Smeared onto the electrode, 
stent, scaffold, or Surgical device for a period of time and then 
washed with solvent to remove excess gel. A solution of the 
peptide amphiphile may also be sprayed or aerosolized onto 
the Substrate to coat it and then exposed to an acidic vapor to 
form the nanofibers or micelles. Alternatively, the electrode, 
stent, Scaffold, Surgical device is placed in a Volume of the 
peptide amphiphile, removed, and exposed to acid vapors, 
dipped in a salt solution, or peptide amphiphile containing 
Solution to form the nanofibers. Coatings onto the secondary 
substrates may be made with a combination of these methods 
and may be repeated as necessary to ensure Sufficient coating 
for the intended use. The coated substrates are then treated 
with, for example, HBTU and DIEA in NMP to couple the 
peptide amphiphiles to the secondary Surface. 
0071 Exposure of such coated substrates having cysteine 
amino acids in the nanofiber to oxidants like oxygen, iodine, 
hydrogen peroxide, or OZone may be useful for covalent cap 
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ture and formation of disulfide bonds. Such coating may 
provide thermal stability to nanofibers coated onto scaffolds 
and devices which may be subsequently heated to enhance 
cell growth rates. 
0072 Other compounds may be incorporated into or 
encapsulated by the self assembled peptide amphiphile cores 
which make up the coating. These compounds may enhance 
in-growth of blood vessels following implantation or delivery 
of the nanofiber coated secondary substrate to the body. 
Nutrients, growth factors, inducers of differentiation or de 
differentiation, immunomodulators, inhibitors of inflamma 
tion, biologically active compounds which enhance or allow 
in-growth of the lymphatic network or nerve fibers, and drugs 
can also be incorporated into the self assembled peptide 
amphiphile nanofiber coating. A number of agents that affect 
cell proliferation have been tested as pharmacological treat 
ments for Stenosis and restenosis in an attempt to slow or 
inhibit proliferation of smooth muscle cells. These composi 
tions may include heparin, coumarin, aspirin, fish oils, cal 
cium antagonists, Steroids, and prostacyclin. Such agents may 
be systemically encapsulated in fiber or may additionally be 
delivered on a more local basis using a drug delivery catheter. 
In particular, biodegradable peptide amphiphile nanofiber 
matrices containing one or more pharmaceuticals may be 
implanted at a treatment site. As the nanofiber degrades, the 
pharmaceutical is released directly at the treatment site. 
0073. A number of cells may be grown on the electrode, 
stent, scaffold, Surgical device having a coating of the self 
assembled peptide amphiphile nanofibers. The scaffold or 
Surgical implant coating is comprised of self assembled pep 
tide amphiphiles with peptides chosen for optimal growth of 
that particular type of cell. For example peptide amphiphiles 
with the RGD, IKVAV, KGE, RGDS peptide sequences, and 
self assembled nanofibers comprised of them or combina 
tions of them may be optimal for cell growth. 
0074 Examples of cells which are suitable for implanta 
tion include but are not limited to hepatocytes and bile duct 
cells, islet cells of the pancreas, parathyroid cells, thyroid 
cells, cells of the adrenal-hypothalmic-pituitary axis includ 
ing hormone-producing gonadal cells, epithelial cells, nerve 
cells, heart muscle cells, blood vessel cells, lymphatic vessel 
cells, kidney cells, intestinal cells, cells forming bone, cells 
forming cartilage, cells forming Smooth muscle and cells 
forming skeletal muscle. 
0075. The secondary surface should be shaped to maxi 
mize Surface area to allow adequate diffusion of nutrients and 
growth factors to the cells attached to the self assembled 
peptide amphiphiles. Adequate diffusion through densely 
packed cells can occur in the range of approximately 200 to 
300 microns under conditions similar to those which occur in 
the body, wherein nutrients and oxygen diffuse from blood 
vessels into the Surrounding tissue. 
0076. In the present invention, the cells may initially be 
cultured using techniques known to those skilled in the art of 
tissue culture. However, once the cells have begun to grow 
and cover the self assembled peptide amphiphile coated elec 
trode, stent, Scaffold or Surgical device, they are implanted in 
a patient at a site appropriate for attachment, growth and 
function. One of the advantages of a biodegradable self 
assembled peptide amphiphilic coating on a scaffold is that 
angiogenic compounds may be incorporated directly into the 
self assembled peptide amphiphile nanofibers so that they are 
slowly released as the nanofiber coating degrades in vivo. As 
the cell-self assembled peptide amphiphile nanofiber struc 
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ture is vascularized and the structure degrades, the cells will 
differentiate according to their inherent characteristics. 
0077. A secondary structure, for example a porous scaf 
fold, may be coated with self assembled peptide amphiphile 
nanofiber composition may be prepared in vitro for implant 
ing to produce functional organ tissue in vivo. The scaffold is 
a three-dimensional structure coated with self assembled pep 
tide amphiphile nanofibers which may be biocompatible, bio 
degradable, or non-biodegradable. Examples of Such scaf 
folds include porous ceramic materials available from Porex 
Corporation, Fairburn, Ga.; Mykrolis Corporation Billerica, 
Mass.; and Robocasting, Albuquerque, N. Mex. The nanofi 
bers or micelles have peptide an phiphiles with amino acid 
which are capable of inducing and Supporting cell growth and 
attachment. Cells derived from various tissues are attached in 
vitro to the surface of the fibers uniformly throughout the 
nanofiber coated scaffold in an amount effective to produce 
functional tissue, preferably in vivo. Alternatively, the tissue 
or cells are grown on the self assembled peptide amphiphile 
nanofiber coated scaffold in a nutrient solution in vitro to 
form the cell-scaffold composition which is implanted in a 
patient at a location having adequate vascularization to allow 
growth of blood vessels into the cell-scaffold composition. 
Growth factors, compounds stimulating angiogenesis and 
immunomodulators may be bound to the nanofibers coating 
the cell-scaffold composition. Combinations of peptide 
amphiphile nanofibers cell-scaffold compositions containing 
different cell populations may be implanted. 
0078 If appropriate, immunosuppressant drugs may be 
injected at the site of the secondary surface or scaffold, 
implant or electrode. Alternatively, the immunosuppressant 
drugs may be incorporated into the self assembled nanofibers 
or micelles coating the scaffold or Surgical implant. 
0079 Under certain conditions, the body naturally pro 
duces another drug that has an influence on cell apoptosis 
among its many effects. As is explained in U.S. Pat. No. 
5,759.836 to Amin et al., which is incorporated herein by 
reference in its entirety, nitric oxide (NO) is produced by an 
inducible enzyme, nitric oxide synthase, which belongs to a 
family of proteins beneficial to arterial homeostasis. How 
ever, the effect of nitric oxide in the regulation of apoptosis is 
complex. A pro-apoptotic effect seems to be linked to patho 
physiological conditions wherein high amounts of NO are 
produced by the inducible nitric oxide synthase. By contrast, 
an anti-apoptotic effect results from the continuous, low level 
release of endothelial NO, which inhibits apoptosis and is 
believed to contribute to the anti-atherosclerotic function of 
NO. Dimmeler in "Nitric Oxide and Apoptosis: Another Para 
digm For The Double-Edged Role of Nitric Oxide” (Nitric 
Oxide 1 4: 275-281, 1997) discusses the pro-and anti-apop 
totic effects of nitric oxide. Self assembled peptide 
amphiphile nanofibers encapsulating nitric oxide synthase 
may be used to coat implanted Surgical devices like Stents. 
0080. In one embodiment, the scaffold or surgical implant 

is coated with a nanofiber comprised of peptide amphiphiles 
from Table 1 and Table 2. The stent, scaffold, electrode, or 
Surgical device can be formed of any suitable Substance. Such 
as is known in the art, that can be adapted (e.g., molded, 
stamped, woven, etc.) to contain the Surface features required. 
Preferred scaffold and stents are formed of a material com 
prising metallic, ceramic, or polymeric fibers uniformly laid 
to form a three-dimensional non-woven matrix and sintered 
to form a labyrinth structure exhibiting high porosity, typi 
cally in a range from about 50 percent to about 85 percent, 
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preferably at least about 70 percent. The scaffold fibers typi 
cally have a diameter in the range from about 1 micron to 25 
microns. The average effective pore size in a secondary struc 
ture may be such that cellular in-growth into the pores and 
interstices is enhanced, for example having an average diam 
eter in the range from about 1 microns to about 100 microns. 
0081. The substrate surfaces (i.e., electrode, surgical 
device or implant, stent, or scaffold) coated with the self 
assembled peptide amphiphile nanofiber may beformed from 
a biocompatible materials comprising metal and alloys, Such 
as stainless steel, tantalum, nitinol, elgiloy; ceramics like 
Sapphire or silicon nitride, polymers like polytetrafluoroeth 
ylene, PFA, or polyethylene; or combinations of these mate 
rials. The scaffold and or the nanofiber may be biodegradable 
or non-biodegradable. The scaffold or stent may be made 
entirely of a self supporting and molded nanofiber gel; for 
Suitable applications the nanofiber gel may be degradable. 
The coated scaffold or implant may be coated with extracel 
lular components such as collagen, fibronectin, laminin, and 
complex mixtures of these. A non-degradable material is 
particularly useful when the cells are grown in culture for 
purposes other than transplantation since the preferred matrix 
structure allows for a higher immobilized cell density than 
can normally be achieved where nutrients are Supplied solely 
by diffusion. The stent, Scaffold, or Surgical implant may be 
formed of a biocompatible non porous polymer or a polymer 
made porous by incorporating dissolvable salt particles prior 
to curing thereof and then dissolving away the salt particles to 
leave voids and interstices therein. The polymer may be bio 
stable or bioabsorbable, such as a number of medical grade 
plastics, including but not limited to, high-density polyethyl 
ene, polypropylene, polyurethane, polysulfone, nylon and 
polytetra-fluoroethylene. A porous polymerstent body can be 
made having pores with an average diameter in the range from 
about 30 microns to about 65 microns, by procedures known 
in the art. 
0082. The biological signals presented by the self 
assembled peptide amphiphile nanofiber must be appropriate 
for the kind of cell or tissue to be implanted, as well as to 
maximize the cell's exposure to the Surrounding environ 
ment. It must also be designed to enhance the cell's ability to 
promote blood vessel formation and scaffold or tissue infil 
tration. 

0083. In one embodiment of the invention, a stent is coated 
with a self assembled peptide amphiphile nanofiber. The 
coated stent body may be formed from a biocompatible poly 
mer or a biocompatible metal with the surface features 
stamped or molded into the surface. Appropriate flexibility 
should be provided to the stent formanipulation in the body as 
known to those skilled in the art. For example, the invention 
stent body can beformed of a porous biocompatible material, 
Such as a porous matrix of sintered metal fibers or a polymer 
wherein the pores are sized to promote the organization of 
in-growing cells therein. The self assembled peptide 
amphiphile nanofibers are applied to the surfaces of the poly 
mer or metals and or throughout the pores. 
0084. The self assembled peptide amphiphile nanofibers 
coated Stent body is designed to promote infiltration and 
population of the stent by living cells, when the coated Stentis 
cultured in a cell-rich medium or when the coated stent is 
implanted into a blood vessel or other tubular body lumen in 
a subject such as a mammal. Further the Surface features in the 
coated Stent body are selected to cause the living cells that 
infiltrate and populate the self assembled peptide amphiphile 
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nanofibers coated Stent to undergo cell growth in a specific 
pattern determined by the placing and dimensions of the 
surface features of the coated stent body. One example of such 
pre-determined cell growth pattern is angiogenesis and/or 
neovascularization. 
I0085. A self assembled peptide amphiphile nanofiber 
coated Surface (i.e. stent., electrode, or scaffold) penetrated 
with pores may be readily populated with living cells if the 
coated Surface is cultured in a cell-rich medium (e.g., 6-10x 
10 endothelial cells in 0.8 ml culture medium) under cell 
culturing conditions, as is known in the art. Such a cell cul 
turing procedure is described, for example, in D. A. Dichek, et 
al., Supra, which is incorporated herein by reference in its 
entirety. A self assembled peptide amphiphile nanofiber 
coated Surface or Substrate having Such pores may readily be 
infiltrated by cells from the surrounding cellular environment 
So as to create an organized cellular structure similar to that of 
the Surrounding bodily environment. 
I0086. The surface of the substrate (ie electrode, scaffold, 
stent, or Surgical device) may comprise a layer of a biocom 
patible Substance that expands or thickens in an aqueous 
environment to assume a three-dimensional form, wherein 
the layer covers at least a portion of the surface of the sub 
strate. For example, the biocompatible substance can be or 
comprise one or more hydrogels. Such that the hydrogel layer 
expands as it absorbs water upon contact with an aqueous 
environment to create a porous three dimensional layer. Alter 
natively, the hydrogel can further comprise peptide 
amphiphiles or self assembled peptide amphiphiles. In the 
case of a stent, the expansion of the hydrogel and the peptide 
nanofibers Supports the Surrounding tissue and provide for 
sites of endothelial cell growth. 
I0087 Autologous cells naturally invade the self 
assembled peptide amphiphile nanofiber coated Substrates 
(scaffold, stent, electrode, or Surgical device) following 
placement in at a site in need thereof in a body of a host 
Subject and spontaneously generate an organized cellular 
structure that varies depending upon the cellular makeup of 
the bodily site into which the substrate is implanted. For 
example, endothelial or other suitable cells may be made to 
invade a self assembled peptide amphiphile coated Stent in a 
cell culture lab to create a living nanofiber coated stent prior 
to implant, using methods known in the art. For example, a 
living peptide amphiphile nanofiber coated Substrate can be 
obtained according to the invention wherein the peptide 
amphiphile nanofiber coated substrate is populated with live 
cells selected from endothelial cells, smooth muscle cells, 
leukocytes, monocytes, epithelial cells, polymorphonuclear 
leukocytes, lymphocytes, basophils, fibroblasts, stem cells, 
epithelial cells, eosinophils, and the like, and combinations of 
any two or more thereof. 
I0088 A typical intravascular stent may have an outer 
diameter in a range of from about 2.0 mm to about 6.0 mm and 
a wall thickness in a range from about 0.1 mm to about 12 
mm, for example about 0.1 mm to about 1.0 mm. The par 
ticular size, of course, depends on the anatomy where the 
stent is to be implanted. The stent may be expandable, for 
example, Such designs are disclosed for example in U.S. Pat. 
No. 5,059.211, incorporated herein by reference, which dis 
closes an expandable stent made of a porous polymeric mate 
rial. The stent may be delivered by a catheter. 
I0089. An advantage of the present method is that it pro 
vides a means for selective transplantation of parenchymal 
cells which possess the necessary biologic function, without 
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transplantation of passenger leucocytes and antigen-present 
ing cells. The result is a greatly reduced risk of rejection of 
tissue without the use of drugs. The present invention has 
another advantage over other means for treating organ func 
tion loss since the cells may be manipulated while in culture 
to introduce new genes to make absent protein products or 
they may be modified to repress antigen expression on the cell 
Surfaces so that immuno-Suppression is not needed when 
cells of the same HLA tissue type are not available. 
0090 The self assembled peptide amphiphile nanofiber 
coated substrates (stent, electrode, scaffold) of the present 
invention can be implanted using any Surgical technique 
known in the art as is dictated by the particular body organ to 
be treated. 

0091. The living cells in-growing in the self assembled 
peptide amphiphile nanofiber coated secondary Substrates in 
embodiments of the present invention treatment method may 
encapsulate beneficial bioactive agents. For example the 
nanofibers of the coating may encapsulate autologous cells of 
the subject into which the substrate is implanted, cells seeded 
into the substrate prior to implant that naturally produce the 
desired bioactive agent, or cells that are genetically modified 
to produce a desired bioactive agent. Living cells that natu 
rally produce one or more bioactive agents useful in practice 
of the invention methods include endothelial cells, smooth 
muscle cells, leukocytes, monocytes, polymorphonuclear 
leukocytes, lymphocytes, basophils, fibroblasts, stem cells, 
epithelial cells, eosinophils, and the like, and Suitable com 
binations thereof. Such cells can be either donor or autolo 
gous cells. 
0092 Alternatively, the nanofiber encapsulated cells or 
compound in the coating used in embodiments of the inven 
tion treatment method can be engineered to express and 
release a bioactive agent in response to delivery of a Suitable 
compound to the patient Such that the recombinant gene prod 
ucts are delivered to a site implanted with a coated secondary 
substrate. 

0093 Nerve growth may also be promoted using, for 
example, an electrode or other surface coated with self 
assembled peptide amphiphile nanofibers containing an 
appropriate nerve cell growth peptide sequence. Following 
growth of the nerve along the length of the fiber, the structure 
is implanted at the appropriate location extending from a 
nerve source to the area in which nerve function is desired. 

0094. In a variation of the method using a scaffold or 
Surgical implant with a single coating of nanofiber for attach 
ment of one or more cell lines, the coated Scaffolding is 
constructed with coatings of different self assembled nanofi 
bers such that initial cell attachment and growth occur sepa 
rately for each population. A unitary scaffolding may also be 
formed of different materials to optimize attachment of vari 
ous types of cells. Attachment is a function of both the celland 
structure composition. For example, coating a Surgical 
implant with nanofibers comprised of collagen like peptide 
amphiphiles with phosphorylated amino acids and the RGD 
peptide sequence can increase adhesion of cells. In another 
example, self assembled peptide amphiphile nanofibers (with 
phosphorylated amino acids and the RGD peptide sequence) 
may be coated onto a biodegradable scaffold After implanta 
tion and degradation of the scaffold, the blood vessel cells 
form the appropriate connections for delivery of the blood to 
the desired locations. Ducts for excretion by the organ may be 
constructed in an analogous manner, always taking advantage 
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of the inherent behavior of the cells. In-growth of the lym 
phatic network and nerve fibers may also be encouraged. 
0.095 Optionally, the cells for growth on a nanofiber 
coated surface or scaffold can be obtained from a donor or 
from the host subject, treated, and cultured in vitro on the 
nanofiber coated scaffold, and then reintroduced into the sub 
ject. In a presently preferred embodiment, the transplanted 
cells are “autologous' with respect to the Subject, meaning 
that the donor and recipient of the cells are one and the same. 
0096 Bioactive agents suitable for delivery by encapsula 
tion in self assembled peptide amphiphile nanofibers coating 
a scaffold, electrode, Stent, or Surgical device according to 
embodiments of the present invention methods include those 
bioactive agents which the mammalian body utilizes to stimu 
late angiogenesis, including those which regulate capillary 
formation in wounds and attract Smooth muscle to coat and 
Support the capillaries. Examples of Such bioactive agents 
which may be encapsulated in nanofibers of the coating 
include vascular endothelial growth factor (VEGF), fibro 
blast growth factors (FGFs), particularly FGF-1, angiopoietin 
1, thrombin, and the like. Additional examples of bioactive 
agents Suitable for delivery according to the invention meth 
ods include anti-proliferative, anti-restenotic or apoptotic 
agents, such as platelet-derived growth factor-A (PDGF-A), 
transforming growth factor beta (TGF-B), nuclear factor-KB 
(NF-Kp), an inducible redox-controlled transcription factor, 
and the like. 

(0097. The method described in this disclosure may be 
used to deliver specific biofunctional peptide sequences to a 
biomaterial or other surface which may activate or modify 
variots biological responses. Such responses may include 
selective binding to the peptides bonded to the substrate or 
biomaterial, improved or increased cellular proliferation, or 
even selective degradation of a bioscaffold. This scheme may 
even have applications for drug delivery. Drugs or other thera 
peutic molecules may either be incorporated within the stable 
micellar assembly, or they may he chemically bound to the 
nanofiber surface. It is expected that there will be a broad 
range of possibilities for application of this methodology in 
fields including bone repair, dental repair, and cardiovascular 
stent modification. 

0098. As mentioned above, the methods and compositions 
of the present invention can also provide for growth of nanoc 
rystalline or poorly crystalline phases of normally crystalline 
materials in a monolithic form or more preferably as a coating 
oh a substrate. The nanocrystalline phases are formed by 
contacting a Substrate pre-seeded with a mineral on its Sur 
faces with a solution including the dissolved crystalline mate 
rial and an additive which is incorporated into the crystalline 
material of the coating and which reduces the size of the 
crystalline domains of the material. The additive provides for 
nanocrystalline morphology and also provide additional reac 
tive functionalities for chemically reacting the coating with 
other molecules. The compositions provide increased Surface 
coverage of Substrates with the coating, especially those Sub 
strates with Small features Such as pores and channels. The 
coated substrates may be used for in vitro or in vivo cell 
growth on the nanocrystalline coated Substrate material. 
0099. The composition of the present invention is prefer 
ably a solution which includes but is not limited to an organic 
additive Such as a polyamine or an acid addition salt thereof 
and dissolved components of a material. The components of 
the crystalline material may be molecular or ionic. The solu 
tion should be able to dissolve the crystalline components as 
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well as the additive. The Solution may be an aqueous solution, 
an organic solution, or a combination thereofand may include 
organic liquids such as ethanol, amines and their acid addition 
salts, amino acids, Surfactants, as well as soluble constituents 
of the crystalline material. 
0100. The organic additive in the composition which frus 

trates the crystal growth and results in the nanocrystalline 
phase of the normally crystalline material may include a 
polyamine, acid or their salts. The additive may be chosen to 
control its reactivity towards degradation in the coating. 
Other additives may be poly(amino acids) or other polymers 
with side groups such as carboxylic acid, Sulfonic acid, phos 
phoric acid, amine groups, thiols, hydroxyls or a combination 
of these groups. These groups in the polymer may be used to 
bond to other biologically relevant molecules, such as pep 
tides, via disulfide, amide, or peptide bonds. The concentra 
tion of the polymer or its salts in the solution may be less than 
about 100 millimolar, preferably 10-20 mM, and the concen 
tration may be used to control the morphology of the coating. 
It is expected that lower concentrations of the additive will 
result in less disruption of the crystalline morphology than 
higher concentrations of the organic additive. Polymers use 
ful in the present invention may be derived from natural 
Sources, made by Solid phase synthetic techniques as known 
to those skilled in the art, or they may be purchased from 
suppliers such as Aldrich Chemical, Milwaukee Wis. 
0101 Preferably the coating on the substrate with the 
organic additive incorporated into it results in a material with 
morphological features Smaller than those formed by a solu 
tion of the material deposited onto a substrate without the 
organic additive as shown in FIG.3A and FIG.3B. Preferably 
the features of the coating are less than about 2000 nanom 
eters in size. The thickness of a coating on a Substrate may be 
less than about 50 microns, is preferably less than about 10 
microns and is more preferably less that 1 micron. Thinner 
coating provides for cell attachment and reduces the blockage 
of Small pore features in porous Substrates like biological 
foams of titanium or tantalum. 

0102 Preferably, the addition of the organic additive will 
influence crystal formation so as to create a nanocrystalline or 
poorly crystalline mineral phase. Such characteristics make 
the coating material particularly Susceptible to acidic degra 
dation during cellular remodeling. Alternatively, the coating 
material may be susceptible to enzymatic attack under physi 
ological conditions, with a biological enzyme Such as, but not 
limited to, pronase and trypsin. The coating may be disrupted 
by Such enzymes when the organic component of the mineral 
composite is digested by the enzyme. It is desirable that the 
additive incorporate into the coating be susceptible to these 
two primary degradation means, acidic and enzymatic, in 
order that it be susceptible to natural bone remodeling pro 
cesses in vivo. The susceptibility of different organic addi 
tives in the material coatings to acidic or enzymatic digestion 
may be monitored by changes in coating morphology (by 
scanning electron microscopy, for example) and chemistry 
(X-ray photoelectron spectroscopy, for example) with time 
during treatment of prepared coated Substrates with biologi 
cally active enzymes or physiological Solutions. Mineral 
biproducts from these degraded coatings are expected to be 
useful raw materials which may be used in the formation of 
newly mineralized tissues. 
0103) The material for the coating is dissolved in solution. 
Inorganic materials useful for Such coatings may include but 
are not limited to hydroxyapatite, fluorapatite, carbonate 

Apr. 26, 2012 

fluoroapatite, carbonate hydroxyapatite and combinations of 
these. Also useful are calcium phosphate, calcium oxalate, 
calcium carbonate and combinations of these inorganic mate 
rials. Calcium phosphates may include but are not limited to 
dicalcium phosphate dihydrate, octacalcium phosphate, mag 
nesium Substituted the calcium phosphate. Inorganic ions 
such as but not limited to Zn" or Mg" may also be combined 
with Casalts to pre-seedor beincorporated into the coating. 
These inorganic materials and salts of these materials may be 
obtained from natural sources or from chemical Suppliers 
such as Aldrich Chemical, Milwaukee Wis. Preferably the 
concentration of each of the components of the coating mate 
rial in the solution may be less than about 100 millimolar. 
0104. The temperature of the coating solutions may be 
used to control the rate and morphology of the coating pro 
cess. The temperature of the solution should not degrade the 
organic polyamine. The temperature may be less than about 
75° C. and preferably is in the range of from about 5° C. to 40° 
C 

0105. The substrate to be coated is preferably a biologi 
cally compatible material and may include polymers, metals, 
metal alloys, ceramics or a combination of these. The Sub 
strate preferably has the shape for its intended use prior to 
coating. Implant examples may include hip and knee 
implants, plates and pins for broken bones, dental implants, 
and other reconstructions. Substrates useful in the practice of 
this invention may have an oxide Surface, a hydroxide Sur 
face, or combination of these groups coating at least a portion 
of the surface of the substrate. Preferably the coating has a 
Surface containing functional groups that permit nucleation 
of a seed layer of a mineral or other material to be deposited 
onto it. Examples of functional groups in the Surface include 
but are not limited to oxides, hydroxide, phosphates, and 
carbonates. Metals and alloys useful, in the practice of this 
invention may include but are not limited to titanium and 
alloys thereof. Surgical steels, amalgams, Co-Cr alloys, tan 
talum, or silicon and silica base materials. Preferably the 
Substrate is an alloy of titanium alloy, an example of which is 
a titanium alloy called Ti-6Al-4V which is useful for ortho 
pedic and dental implants. The metal or alloy may be a bulk 
material, a porous foam, or a coating or a deposited as an 
adherent film on another substrate like a ceramic. Suitable 
ceramic materials present oxide and hydroxide functional 
ities, for example alumina, Sapphire, and calcium phosphate 
ceramics such as sintered apatite. 
0106 Pre-seeding of the substrate may be performed 
using a component of the coating composition or one similar 
in structure to it. The substrate may be pre-seeded with the 
coating material by contacting the Substrate with a solution of 
the coating without the organic additive. For example, a seed 
ing composition solution of CaCl and NaHPO may be used 
to contact the Substrate prior to coating it with a solution 
including CaCl, NaHPO and poly(L-lysine). Preferably 
the substrate is contacted with CaCl and then the NaHPO. 
It is desirable that the pre-seeding establish a seed layer of the 
coating material on the Substrate. The seed coating may also 
be formed by other methods including but not limited to 
chemical vapor deposition, atomic layer chemical vapor 
deposition, or spray coatings. 
0107 The substrate coated with the coating material 
including the organic additive may be used for growing or 
attachment of cells, tissues, or for releasing a therapeutic 
composition. Example of tissue may include but are not lim 
ited to bone and dentin. The coated substrate may be used in 
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vitro to culture cells or tissue by placing it in a vessel with 
Suitable cells, nutrients, and other reagents for cell tissue 
growth. A coated substrate or one with a culture of cells 
thereon may be used in vivo after implantation to grow or 
culture cells, tissues, dentin or bone in a patient. The Substrate 
will be made of a biocompatible material that is coated with 
the material modified by incorporation of an organic additive 
Such as a poly(amino acid) within the material. 
0108. The substrate coated with the material and the 
organic additive may be further modified to include other 
molecules Such as but not limited to amino acids, peptides or 
self assembled peptide amphiphiles, bonded to the coating. 
For example, the incorporation of plys into the Ca Player 
also introduced a valuable chemical tether for linking func 
tional biomolecules to the coating. Poly(L-lysine)'s posi 
tively-charged free amine side chain may serve as a binding 
linker either through electrostatic interactions with nega 
tively-charged molecules, or through the formation of amide 
bonds between lysines free amine and carboxylic acids on 
the target molecule. The chemical functionality of the organic 
additive incorporated into the coating may be used for incor 
poration of biological molecules Such as growth factors, pep 
tide sequences, or therapeutic drugs. Peptides or self 
assembled peptide amphiphiles may also be bonded to the 
reactive groups of the organic additive incorporated into the 
coating material. Such as a poly(amino acid), or by bonding 
the molecule or self assembled amphiphile to the crystalline 
material itself. Such bonds may include but are not limited to 
amide, ester, and disulfide bonds. Preferably a peptide 
bonded to the organic additive in the coating includes an 
amino acid sequence useful for the attachment of different 
types of cells. Examples of asymmetric peptides having 
amino acid sequences useful for the attachment of different 
types of cells thereto include but are not limited to those in 
Table 3. Symmetric peptide amphiphiles, such as those dis 
closed in U.S. Pat. No. 5,670,483 and U.S. Pat. No. 5,955,343 
the contents of which are incorporated herein in their entirety, 
may also be useful in the practice of this invention. Bola 
amphiphiles and self assembled bola amphiphiles may also 
be useful for bonding to the coatings of the present invention. 
Examples of self assembled peptide amphiphiles having 
amino acid sequences relevant for the attachment of different 
types cells thereto may be prepared from the peptides in Table 
3. 

TABLE 3 

Peptide amphiphiles; S (P) represents a 
phosphorylated serine) 

PA N-terminus Peptide (N to C) C-terminus 

1. C16 CCCCGGGS (P) RGD H 

2 C16 CCCCGGGS (P) H 

3 C12 CCCCGGGS (P) RGD H 

4. CIO CCCCGGGS (P) RGD H 

5 C14 CCCCGGGS (P) RGD H 

1O C16 CCCCGGGS (P) KGE H 

11 CIO AAAAGGGS (P) KGE H 

12 C16 CCCCGGGS (P) DS (P) D 

Apr. 26, 2012 

TABLE 3 - continued 

Peptide amphiphiles; S (P) represents a 
phosphorylated serine) 

PA N-terminus Peptide (N to C) C-terminus 

13 C22 CCCCGGGS (P) RGD H 

14 C16 CCCCGGGSRGD H 

15 C16 CCCCGGGEIKWAW H 

16 C16 CCCCGGGS (P) RGDS H 

0109 Alternatively, the coating on the substrate may also 
be bonded to the peptides or to self assembled peptide 
amphiphiles, through a bond with the coating. Selfassembled 
peptide amphiphiles bonded to the coating on the Substrate 
may further include an encapsulated drug or therapeutic 
agent, drugs to promote cell adhesion, growth factors, or 
biologically relevant peptide sequences. The peptide 
amphiphile can have amino acids such as thiol moieties or 
others for cross-linking to enhance the stability of the self 
assembled peptide amphiphile bonded to the substrate coat 
1ng 

0110. The polymeric structure incorporated into the coat 
ing material on the substrate may be further bonded to mol 
ecules Such as but not limited to growth factors, therapeutic 
drugs, peptides, and self assembled peptide amphiphiles. The 
bonding with the molecules may be through van der Waals 
interaction, ionic bonding, hydrogen bonding, or chelation. 
Alternately, the coating material on the Substrate may be 
bonded to a peptide or a self assembled peptide amphiphile 
through a variety of bonds including but not limited to disul 
fide bonds and preferably ester oramide linkages between the 
polyamine and the peptide. The formation of amide bonds 
between the polymer in the coating and a peptide is conducted 
in a polar organic Solvent, for example but not limited to 
N,N-dimethylformamide (DMF) or N-methylpyrrolidinone 
(NMP), both of which are capable of solublizing amino acids. 
The method also involves utilizing a compound such as 
O-Benzotriazole-N.N.N',N'-tetramethyl-uronium 
hexafluoro-phosphate (HBTU) as a catalyst to increase the 
reactivity of carboxylic acid functional groups on the peptide 
amphiphile. Other peptide coupling agents or activators 
include but are not limited to: dicyclohexylcarbodiimide 
(DCC); O-(7-azabenzotriazol-1-yl)-1,1,3-,3-tetramethyluro 
nium hexafluorophosphate (HATU); and benzotriazol-1-yl 
oxytripyrrolidinophosphonium hexafluorophosphate (Py 
BOP). These reactive acid groups then undergo a reaction 
with free amines, after which the presence of the proton sink 
diisopropylethylamine (DIEA) assists in the final elimination 
reaction to remove the HBTU and water, leaving behind a 
stable amide linkage. Self assembled peptide amphiphiles 
may be crosslinked via disulfide bonds before bonding or 
attachment to the coating on the Substrate. 
0111. The material coating the substrate may be com 
prised of a metal deficient mineral incorporating the additive. 
The additive incorporated into the coating may be present up 
to about 25% weight or less and reduces the size of the 
crystallites present in the coating compared to crystallites in a 
coating without the additive. The additive may include but is 
not limited to poly(amino acids). For example, the Substrate 
may be comprised of calcium deficient octacalcium phos 
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phate mineral, the crystal growth of which has been frustrated 
and modified by the polyamine, poly(L-lysine), present dur 
ing mineralization. Without wishing to be bound by theory, it 
may be that the (poly(L-lysine)) is intimately incorporated 
into the calcium deficient octacalcium phosphate material 
during crystallization process. The morphology of the coating 
resulting from this organic modification consists of irregular 
features 1-2 orders of magnitude Smaller than purely inor 
ganic (octacalcium phosphate) mineral coatings as shown by 
comparison of FIG. 3a and FIG. 3b. This increased texture 
and reduced feature size is expected to have a favorable influ 
ence on cell attachment, proliferation, and spreading. In addi 
tion, the disrupted, poorly crystalline character of the coating, 
combined with the enzyme-Vulnerable organic component of 
the mineral composite should to make it particularly acces 
sible for natural re-absorption and remodeling processes. 
Finally, the incorporation of the polyamino acid into the 
material coating provides additional chemical functionality 
via the free amines or acids on the side chains. Such chemical 
functionality may be used for incorporation of biological 
molecules, such as growth factors, biologically relevant pep 
tide sequences, or therapeutic drugs. 
0112 One embodiment of the present invention is a 
method for coating a material onto an implantable Substrate. 
The method comprises coating a biologically compatible Sub 
strate having a seed layer compatible with the coating with a 
composition that is a solution of a dissolved coating material 
and an organic additive. The method may further include 
steps or acts of preparing the seed layer on the substrate and 
bonding molecules or self assembled Supramolecular struc 
tures to the coating material on the Substrate. The coating 
composition may be applied to the pre-seeded Substrate by 
methods know to those skilled in the art for contacting or 
coating Substrates with the composition. The Substrate may 
be coated by soaking it in the composition comprising the 
material and the polymer, for example CaCl, NaHPO, and 
poly(L-lysine). For example, a preseeded Substrate is placed 
into a CaCl, solution supplemented with a poly(amino acid) 
acid. A salt such as NaHPO is then added to this combina 
tion and the samples are incubated. The coating step may be 
repeated one or more times. For substrates with pores or 
channels, it may be preferable to coat the substrates by flow 
ing the composition through the substrate (preferable for 
Small pores) or across the Substrate. Closed loop flow systems 
employing a pump and tank for the composition may be used 
and the flow rate controlled by the pump, valves, or flow 
controllers. Alternatively the substrates may he sprayed 
coated using an atomizer or other sprayer. Multiple coatings 
of the Substrate with fresh coating composition may result in 
enhanced coating thickness and uniformity on the Substrate. 
Preferably the coating material comprises 1-15% of the 
organic additive by weight. 
0113 FIG. 3A and FIG. 3B illustrate the dramatic influ 
ence a polyamine Such as poly(L-lysine) has on the growth of 
the octacalcium phosphate on a pre-seeded biocompatible 
titanium Substrate. The Scanning electron micrograph in FIG. 
3A shows that a purely inorganic coatings is comprised of 
large (>1 micron), well-formed, plate-like crystals of octacal 
cium phosphate. In contrast, poly(L-lysine)-modified coat 
ings shown in FIG.3b are composed of distorted, irregularly 
shaped, poorly crystalline features 1-2 orders of magnitude 
Smaller than the purely inorganic version of the mineral. 
Many of the features constituting these materials are Smaller 
than 100 nm in scale, giving the material a genuinely nanos 
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cale texture. Such a nanoscale texture or morphology may 
promote cell attachment and spreading on coated Substrates 
or monolithic samples of the coating. X-ray diffraction of this 
pIys-OCP coating further illustrated its poorly crystalline 
character, which should make the material particularly Sus 
ceptible to acidic degradation pathways during cellular 
remodeling. Treatment of the plys-OCP with a biological 
enzyme. Such as pronase, shows by SEM and energy disper 
sive X-ray spectroscopy (EDS), that the coating texture and 
morphology of the material is disrupted when the organic 
component of the mineral composite is digested by the 
enzyme. Poorly crystalline organo-material composite coat 
ings may not only be particularly suitable for acidic degrada 
tion, but also enzymatic digestion, two primary means for 
re-adsorption of natural bone in vivo. 
0114. The presence of a polyamine like poly(L-lysine) not 
only influences the coating morphology, crystallite size, and 
remodeling potential, but it also provides an element of 
chemical functionality to the system. The side chains from the 
poly(L-lysine) incorporated into the mineral coating contain 
free amines which are available for chemical reaction. For 
example, these amines may form amide linkages with free 
acids on biologically relevant peptide sequences. FIG. 9 illus 
trates a peptide amphiphile which may be self assembled to 
form nanofibers, where the molecules aliphatic tails are 
sequestered in the middle of the fiber and the functional 
peptide sequence is exposed on the outside of the assembled 
nanofiber. The cysteine residues in the molecule may be 
exposed to oxidative conditions, thereby covalently stabiliz 
ing the nanofiber through the formation of intermolecular 
disulfide bonds. The carboxylic acids exposed on the outside 
of the molecule may be reacted with the free amines from the 
poly (L-lysine) to form an amide linkage, covalently linking 
the peptide amphiphile nanofiber to the textured plys-OCP 
surfaces. FIG. 10A shows the attachment of nanofiber 
bundles to the poly (L-lysine) modified calcium phosphate 
coating on the titanium Surface. In the higher magnification of 
FIG. 10B, it is possible to resolve individual nanofibers (see 
arrows) coating the textured features of the underlying 
(L-lysine) modified calcium phosphate coating. The peptide 
amphiphile used in this example has been modeled after 
phosphosphoryn, a dentin-specific protein associated with 
control of mineralization in teeth. Of course nearly any pep 
tide amphiphile nanofiber could be used for this application, 
So long as it exposed the necessary carboxylic acids for the 
amide linkage. Conversely, incorporation of an organic addi 
tive to the calcium phosphate coating which displayed free 
acids could be used similarly to bind PA nanofibers display 
ing free amines. Peptide amphiphiles are an example of a 
Supramolecular aggregate which may be attached to an pys 
OCP surface, but this chemical functionality may be similarly 
utilized for attachment of individual molecules or peptide 
sequences as well. For example the peptide sequence arg-gly 
asp (RGD), commonly associated with cell attachment could 
be coupled to the surfaces to enhance cell attachment to the 
plys-OCP surface. 
0.115. A variety of physical and chemical analysis may be 
used to characterize coatings prepared by the methods and 
composition of the present invention. Methods such as XRD, 
RFTIR, XPS, TGA, and elemental analyses can be used by 
one skilled in the art to determine that the additive modified 
coatings have reduced feature size compared with crystalline 
coatings without the additive. The effects on morphology 
using different amounts of additive may also be determined 
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with these methods. For example the incorporation of an 
additive into the mineral phase is illustrated by the disruption 
of the coating crystallinity seen by XRD and FTIR as well as 
by the coating's chemical reactivity or ability to promote cell 
attachment. 

Example 1 

0116 Commercially pure titanium or any titanium alloy 
presenting a titanium dioxide Surface is cleaned ultrasoni 
cally in an organic non-polar solvent, an organic polar Sol 
vent, and finally distilled water. The cleaned titanium is then 
etched in a mild hydrofluoric acid, nitric acid solution before 
repassivation in nitric acid. Passivated samples are rinsed 
thoroughly in distilled water and dried. Cleaned, passivated 
samples are then dehydrated by vacuum desiccation and 
stored at 120° C. before amino-silanization. Dry, passivated 
Surfaces introduced to a dilute solution of an amino silane, 
such as aminopropyltriethoxysilane (APTES) in an anhy 
drous hydrophobic organic solvent, Such as toluene, under 
nitrogen. Amino-silanized titanium Substrates are then rinsed 
thoroughly in an organic non-polar solvent, an organic polar 
solvent, and finally water before annealing at 60°C. for 1 hour 
under nitrogen. 
0117 Covalent binding of PA nanofibers to amino-si 
lanized TiO, surface. To the suspension of cross-linked 
nanofibers in N,N-dimethylformamide (DMF), solutions of 
O-Benzotriazole-N,N,N',N'-tetramethyl-uronium 
hexafluoro-phosphate (HBTU) and diisopropylethylamine 
(DIEA) are added to provide slightly less than 1 equivalent 
(0.95) of HBTU for every free carboxylic acid on the nanofi 
bers and approximately 6 equivalents for every estimated free 
amine on the amino-silanized titanium Surface. This solution 
is allowed to incubate for several minutes before exposure to 
the amino-silanized titanium surface. Once introduced, the 
amino-silanized titanium is shaken for least 1 hour in the 
nanofiber reaction solution before thorough rinsing with 
water and drying at room temperature. FIGS. 12A and 12B 
show low and high magnification images of these fibers 
covalently bound to the Ti surface. 

Example 2 

0118 Covalent linking of preassembled peptide nanofi 
bers to a poly(L-lysine) modified calcium phosphate coating 
on a titanium surface. PA nanofiber preparation: The peptide 
nanofibers are assembled, cross-linked, dialyzed, lyophilized 
and resuspended in DMF as above. 
0119 Calcium phosphate coating preparation: Titanium 
foils are cleaned, etched, passivated and rinsed as above. 
Rather than drying them and treating them with APTES, 
however, the foils are immersed in a solution of CaCl and 
NaHPO for at least 30 minutes to pre-seed the surface with 
calcium phosphate. This preseeding solution is then replaced 
with a solution containing poly(L-lysine, CaCl2, and 
NaHPO) for at least 3 hours before the samples are rinsed 
with water and dried at room temperature. It is believed that 
the poly(L-lysine) is incorporated into the resulting mineral 
phase of the newly formed calcium phosphate coating, and 
that free amines from the side-chains of the poly(L-lysine) are 
displayed on the textured coating Surfaces. 
0120 Covalent binding of PA nanofibers to an amino 
silanized poly(L-lysine)-modified calcium-phosphate 
coated TiO, Surface. To the Suspension of cross-linked 
nanofibers in N,N-dimethylformamide (DMF), solutions of 
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O-Benzotriazole-N.N.N.N'-tetramethyl-uronium 
hexafluoro-phosphate (HBTU) and diisopropylethylamine 
(DIEA) are added to provide slightly less than 1 equivalent 
(0.95) of HBTU for every free carboxylic acid on the nanofi 
bers and approximately 6 equivalents of DIEA for every 
estimated free amine exposed on the lysine-modified calcium 
phosphate coating titanium Surface. This solution is allowed 
to incubate for several minutes before exposure to the coated 
titanium Surface. Once introduced, the calcium-phosphate 
coated titanium is shaken for least 1 hour in the nanofiber 
reaction Solution before thorough rinsing with water and dry 
ing at room temperature. FIG. 10A is a scanning electron 
micrograph showing bundles offibers attached to the textured 
coating Surface. FIG. 10B is a higher magnification image 
revealing layers of individual fibers coating the textured 
structures of the calcium phosphate coating. 

Example 3 

I0121 Procedure for the growth of plys-OCP: titanium 
Surfaces are cleaned sequentially in an organic non-polar 
Solvent, an organic polar solvent, and water. Cleaned titanium 
foils may be briefly etched in a mild hydrofluoric acid, nitric 
acid solution to remove the existing surface oxide before 
repassivation in a more concentrated nitric acid solution for 
Surface passivation. Acid-treated samples are then rinsed 
thoroughly with distilled water and placed in a preseeding 
solution consisting of 2 mM CaCl and 1.2 mMNaHPO for 
at least 30 minutes at room temperature. Longer exposure 
times (up to 24 hours) may result in better coverage. After 
pre-seeding, samples are then placed in a fresh mineralizing 
solution comprised of 2 mM CaCl, 1.2 mM NaHPO, 
supplemented with 1 mM poly(L-lysine), and incubated at 
least 3 hours at room temperature. This mineralization step 
may be repeated for enhanced coating thickness. Mineralized 
samples are rinsed thoroughly with distilled water and dried 
at room temperature. 

Example 4 

0.122 Chemical reagents were purchased from Sigma-Al 
drich (St. Louis, Mo.). Solvents were obtained from Fisher 
Scientific, (Hanover Park, Ill.). Titanium foil was obtained 
from Goodfellow, Inc. (Berwyn, Pa.). 
I0123 Commercially pure titanium (Ti) foil (0.032 mm) 
was cut into rectangular sections with dimensions 5x8 mm. 
One corner of each sample was bent normal to the face of the 
foil. Foils were then cleaned ultrasonically for 15 minutes 
each in reagent grade dichloromethane, acetone, and deion 
ized water. Cleaned foils were then etched for 1 minute in 
0.25% hydrofluoric acid (HF), 2.5% (HNO) beforeplaced in 
40% nitric acid (HNO) for 40 minutes for surface passiva 
tion. Acid-treated samples were then rinsed thoroughly with 
deionized water. Cleaned, passivated samples were placed in 
wells of a 24-well tissue culture polystyrene (TCPS) well 
plate with the folded corner down, effectively suspending the 
underside of the foil above the TCPS surface as shown in FIG. 
1. This configuration insured that any coating seen on the 
underside of the titanium substrate was grown directly on the 
foil surface and was not simply the result of adherent precipi 
tates fallen out of solution. 
0.124 Samples were then preseeded by placing them in a 
solution of 2 mM CaCl and adding Na HPO (final concen 
tration 1.2 mM) for time periods ranging from 10 minutes to 
24 hours at room temperature. Control preseeding solutions 
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included 2 mM CaCl alone, 1.2 mM NaHPO, alone, 1.2 
mM NaCl alone. 2 mM CaCl with 1.2 mM NaHPO and 1 
mM poly(L-lysine) (MW-37,000). After preseeding, 
samples were then placed in 2 mL of a fresh 2 mM CaCl, 
solution, supplemented with 1 mM poly(L-lysine). Na HPO. 
was then added (final concentration 1.2 mM), and samples 
were incubated in this mineralization solution for at least 
three 24 hours at room temperature. This mineralization pro 
cess was repeated once more. The pH of these mineralizing 
solutions was tracked with a Fisherbrand electronic pH meter. 
Mineralized samples were rinsed thoroughly with deionized 
water and dried by vacuum desiccation. Dry samples were 
then examined by X-ray photoelectron microscopy (XPS), 
reflective Fourier Transform Infrared Spectroscopy (RFTIR), 
and Scanning electron microscopy including energy disper 
sive X-ray analysis (EDS). XPS was conducted using an Omi 
cron XPS at 15 kV and 20 mA, and spectra were processed 
using EIS software (v 2.1.0). RFTIR was performed on 
coated foil substrates using a Bio-Rad FTS-40 FTIR spectro 
photometer (4000-700 cm, 64 scans, 2 cm resolution) 
using a blank Ti foil as a background. SEM samples were 
coated with 3 nm of gold-palladium prior to examination in a 
Hitachi54500 field emission scanning electron microscope at 
20 kV with a Princeton Gamma Tech X-ray detector. 
0.125 Non-adherent precipitate was then collected by a 
series of water rinses followed by centrifugation and lyo 
philized. Dry precipitate was tested by powder X-ray diffrac 
tion (XRD) using a Rigaku D-Max x-ray powder diffracto 
meter at 40 kV and 20 mA. Water and organic content in the 
dried precipitate was determined by high resolution thermo 
gravimetric analysis (TGA) using a TA instruments Hi Res 
TGA 2950. Samples were heated at 3° C./minute to 450° C. 
and held for 120 minutes. 
0126 Degradation experiments were performed on foil 
samples, coated with OCP and pLys-CP grown as described 
above. Samples were placed in 1 mL of each respective deg 
radation solution for 24 hours before being rinsed thoroughly 
in Millipore water and dried by vacuum desiccation. Enzyme 
based solutions included 0.25% trypsin in hanks balanced salt 
solution (HBSS) and 0.2% pronase in HBSS. Coating degra 
dation by pH variation was conducted using HBSS (pH 7.4) 
and citrate buffer solutions at pHs 7, 6, 5, 4, 3, and 2. Treated 
samples were then probed by EDS in the SEM at 20 kV for 
100s, prior to Sputter coating with 3 nm Au-Pd for imaging 
at 20 kV. 

0127 Chemical functionality was measured by coupling 
Boc-S-tert-butylmercapto-L-cysteine (Boc-Cys(StBu)-OH) 
to free amines exposed on the plys-CP coating. Both OCP 
and pLys-CP coatings were prepared as described above. 
Surface concentration of free amines was measured using a 
quantified ninhydrin test. Briefly, dried samples were treated 
with a mix of phenol in ethanol and potassium cyanide in 
pyridine at 100° C. for 5 minutes before the addition of 60% 
ethanol and rinsing with tetraethylammonium chloride in 
dichloromethane. Absorbance of the resulting violet solution 
was measured at 570 nm and compared to a standard curve 
measured from graded pLys solutions. Samples not used in 
the ninhydrin reaction were shaken overnight in 0.4 mL of 
dimethylformamide (DMF) containing 0.1% Boc-Cys 
(StBu)-OH, with 0.95 molar equivalents of 1-H-Benzotriazo 
lium, 1-bis(dimethylamino)methylene-hexafluorophos 
phate(1-).3-oxide (HBTU) and 0.5 mM 
diisopropylethylamine (DIEA). Control samples were 
exposed to the cysteine compound in the absence of the 
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HBTU or DIEA. Half of the samples from each set of reaction 
conditions was rinsed thoroughly in deionized water, while 
the other half was washed in a saturated NaCl solution for 10 
minutes before thorough rinsing in deionized water. Rinsed 
samples were then dried before examination by XPS at 225W 
(15 kV and 15 mW). 
I0128. The calcium phosphate growth reactions were 
tracked visually as well as by monitoring reaction pH. The 
calcium chloride Solutions began clear and colorless at 
approximately pH 5.8-5.9. Within seconds of adding the 
phosphate solution, the pH rose quickly to approximately pH 
7.8, producing a fine white precipitate. In purely inorganic 
reactions, this suspended precipitate grew coarser over the 
next 3-4 hours as it settled in the reaction well. The precipitate 
in pyS-containing Solutions, however, remained extremely 
fine and had a lesser tendency to settle. FIG. 2 shows the 
variation of the reaction pH, tracked from the point of equili 
bration after phosphate addition (approximately 1 minute) 
through 24 hours. The pH traces are characterized by a rela 
tively gradual pH decrease, interrupted by a single abrupt 
drop from approximately pH 7.6 to pH 7.2 in just over an 
hour. It is worth noting that in the reaction solution containing 
pLys the significant drop in pH began notably sooner and the 
final pH remained slightly higher than that of the inorganic 
controls. 

I0129 SEM micrographs of the coatings produced by these 
reactions are shown in FIG. 3. The coating in FIG. 3A is 
purely inorganic, whereas the coating in FIG. 3B has been 
modified by incorporation of pys. The purely inorganic 
coating is composed of large, thin, plate-like calcium phos 
phate crystals commonly exceeding 1 micron in length and 
width, a morphology consistent with that octacalcium phos 
phate (OCP). The coating is approximately 4-7 microns thick 
(2-3 crystal dimensions), and throughout the thickness of the 
coating crystals are oriented both parallel and perpendicular 
to the sample Surface. In contrast, the pyS-modified calcium 
phosphate (pLys-CP) consists of distorted, frustrated crystals 
an order of magnitude Smaller than their inorganic counter 
parts. The high magnification inset in FIG. 3B illustrate that 
these textures are furthermore composed of substructures less 
than 100 nm in dimension, revealing a nanoscale character in 
the modified coating. This coating, also 2-3 features thick, is 
commonly 1 micron thick or less, but remains uniform over 
the entire foil surface. 

I0130 TGA of the OCP precipitate produced a mass 
change of around 9.5+0.2%, a value reasonably consistent 
with expected water loss from hydrated OCP crystals (9.2%). 
Analysis of the pyS-modified precipitate showed a similar 
amount of water loss, but produces a total mass loss of 
23+1%, illustrating that the mineral is composed of as much 
as 14% poly(L-lysine). Elemental analysis shows a total car 
bon, hydrogen, and nitrogen content (by mass) of 14.2-0.2%, 
confirming the lysine content derived from the TGA. Further 
more, the mass ratio of carbon to nitrogen in the elemental 
analysis is 2.6, which agrees with the expected ratio of carbon 
to nitrogen in poly(L-lysine) of 2.57. This consistency rules 
out the possibility that the plys-CP contains significant 
amounts of any carbonated calcium phosphate species. 
I0131 X-ray diffraction patterns of the plys-CP precipi 
tate, shown in FIG.4, show relatively weak, broad diffraction 
peaks consistent with a poorly crystalline calcium phosphate. 
These broad peaks are reminiscent on the OCP crystal dif 
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fraction pattern, obtained from the inorganic controls. Distin 
guishing diffraction spacings for OCP (100), (010), and (002) 
are illustrated in FIG. 4. 
(0132) Examining the reflective FTIR spectra in FIG. 5, the 
inorganic coating produces bands corresponding to PO, 
stretches at 963, 1025, 1037, 1078, and 1115 cm. In addi 
tion, there are clear bands characteristic of octacalcium phos 
phate, such as those from the P OH stretches in HPO, at 
873 and 917 cm. By comparison, the pIys-CP spectrum 
better describes a poorly crystalline or amorphous calcium 
phosphate, with broad PO bands at 963, 1025, and 1115 
cm. The well-defined HPO, bands seen in the inorganic 
sample, have been replaced by a single, broad HPO, band 
around 880 cm. In addition, the plys-CP spectrum clearly 
reveals the presence of poly(L-lysine) in the mineral, indi 
cated by CH, and CH, bands between 2990 and 2850 cm', a 
strong NH deformation bands at 1650 cm, and an NH," 
band at 3073. These observations collectively illustrate that 
poly(L-lysine) has been incorporated into the calcium phos 
phate mineral system and has disrupted the crystallization of 
the naturally forming octacalcium phosphate phase. 
Coating and pretreatment analysis by XPS is Summarized 
below in table 4. 

TABLE 4 

XPS Analysis of Calcium Phosphate Pretreatments and Coatings 

Binding energy eV (tO.l 

Coating Ca2p2 Ca2p2 P2p O1s N 1s C1s Ca:Pratio 

OCP 347.2 350.9 132.7 531.0 - 284.8 1.31 O.O2 
PLys-CP 347.2 350.8 1328 531.O 400.2 284.8 1.15 O.O2 
Preseed 347.2 350.8 1332 531.1 - 284.9 1.30 OO6 
2 hours 
Preseed 347.0 350.6 1332 S31.5 284.8 1.SS OO6 
10 min 
CaCl2 347.0 350.8 - 5313 - 284.8 
only 
NaHPO. - 530.9 
only 

0133 Calcium, phosphorous, and oxygen binding ener 
gies for both the OCP and pLys-CP coatings agree reasonably 
with previously published values for calcium phosphates 
such as OCP. The nitrogen peak at 400.2 eV in the plys-CP 
scans confirms the presence of poly(L-lysine) in this modified 
coating. Calcium phosphate ratios were determined accord 
ing to the expression in equation 

lca/Sca (1) 

0134. In equation 1. I is the intensity of the corresponding 
XPS peak for element “x' and S is the sensitivity factor for 
element “x. The ratio of 1.31 in the inorganic coating is in 
reasonable agreement with the expected values for OCP 
(1.33). The value of 1.14 in the plys-CP coating is consistent 
with a calcium deficient OCP. The XPS data also provide 
Some information about the preseeding process. First, the 
data shows that Small amounts of calcium alone may be 
adsorbed to the Ti surface in the absence of phosphate, 
whereas phosphate alone does not significantly bind to a bare 
Ti surface after 24 hours. Alternatively, cotreatment of the 
surfaces with CaCl and NaHPO results in the formation of 
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relatively Ca-rich calcium phosphate complexes in as little as 
10 minutes. Up through approximately 1.5-2 hours, though, 
there are no indications of crystal formation visible in SEM. 
By 2 hours, however, small crystallites, visible in FIG. 6 have 
decorated the metal Surface, and the calcium phosphate ratio 
has dropped to 1.3. 
0.135 The formation of this seed layer on the titanium 
surface permits the successful growth of plys-CP on the Ti 
surface. Table 5 below summarizes the coverage results from 
a variety of pre-seeding treatments. 

TABLE 5 

Dependence of DYS-CP Growth on Ti Surface Preseeding Method 

Preseeding treatment (24 hours unless 
otherwise indicated) 

Subsequent pILys-CP 
coating growth 

2 mM CaCl2 + 1.2 mM Na2HPO + Negligible 
pLys 
2 mM CaCl, Negligible 
1.2 mM Na-HPO. Negligible 
2 mMNaCl Negligible 
2 mM CaCl2 + 1.2 mM Na2HPO (10 25-50% coverage 
minutes) 
2 mM CaCl2 + 1.2 mM Na2HPO (30 75% coverage 
minutes) 
2 mM CaCl2 + 1.2 mM Na2HPO (>3 100% surface coverage 
hours) 

0.136. It is clear from the table that the pre-seeding treat 
ment including both calcium and phosphate produced an 
adequate surface for growth of the plys-OCP coating. Inter 
estingly, the CaCl pretreatment, which did result in the 
adsorption of calcium to the metal Surface, was insufficient to 
promote subsequent pIys-CP growth. Similarly, the 
NaHPO treatment alone did not promote Subsequent pIys 
CP formation on the metal surface. The pre-seeded layer of 
calcium phosphate mineral complexes were Successful in 
promoting the uniform growth of the plys-CP. 
0.137 The pys-CP coating was also found to be particu 
larly susceptible to conditions of biologically relevant degra 
dation. Table 6 summarizes these observations, while FIG. 7 
illustrates the SEM micrographs with the corresponding EDS 
patterns to show the degradation effects on the coating. 

TABLE 6 

Coating Stability under Acidic and 
Enzymatic Degradation Conditions 

1) plys-OCP 
OCP coating coating 

Degradation solution stable? stable? 

PH 7.4 buffer hanks balanced yes 2) yes 
salt solution (HBSS) 
PH 7.4 buffer MEM-a culture yes 3) yes 
medium with 10% fetal bovine 
Still 

PH 7.0 citrate buffer yes 4) no (seed layer 
stable) 

PH 6.0 citrate buffer O 5) no 
0.2% trypsin in HBSS at pH 7.4 yes 6) no (seed layer 

stable) 
0.2% pronase in HBSS at pH 7.4 yes 7) no (seed layer 

stable) 

0.138 Tested over the course of 24 hours, both the OCP 
and pLys-CP coatings were found to be relatively stable in pH 
7.4 buffered media. When the pH was reduced to 7, however, 
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the OCP coating was largely stable, a slight drop in Ca and P 
EDS intensity illustrating very limited solubility. The tex 
tured plys-CP coating was visibly dissolved, leaving behind 
what appear to be remnants of the inorganic pre-seed layer, 
evidenced by the texture seen in FIG. 7. The EDS analysis 
shows a substantial drop in the Ca and P peak intensities, but 
because of the residual inorganic seeds, stable at this pH, the 
peaks do not disappear altogether. Under slightly acidic con 
ditions at pH 6, both coatings were fully dissolved. Micro 
graphs of these Substrates appear barren and the EDS scans 
show no evidence of calcium or phosphate. Treatment of the 
coatings with enzyme solutions of trypsin and pronase, buff 
ered at pH 7.4, showed that the purely inorganic coating was 
stable, whereas the pyS-CP coating was again unstable, leav 
ing behind only the inorganic preseed layer and Small EDS 
peaks for Ca and P. 
0.139. The incorporation of plys into the Ca Player also 
introduced a valuable chemical tether for linking functional 
biomolecules to the coating. Poly(L-lysine)'s positively 
charged free amine side chain may serve as a binding linker 
either through electrostatic interactions with the negatively 
charged molecules, or through the formation of amide bonds 
between lysines free amine and carboxylic acids on the target 
molecule. These binding schemes were demonstrated by 
attaching cysteine molecules to the pyS-CP coating. Cys 
teines bound to the surface are revealed by the appearance of 
a sulfur (1s) binding energy peak at 164 eV in the XPS spectra 
of FIG. 8. Comparison of the SN molar ratios for these 
spectra, shown in FIG. 8, provides a semiquantitative com 
parison of the sulfur content on the different samples. These 
data first illustrate that cysteine was bound only to plys-CP. 
and that there was notably more cysteine present when HBTU 
and DIEA were added to the reaction, perhaps because of the 
increased bond stability of amide linkages formed. When 
these samples were rinsed in a saturated Saline solution, the 
S:N ratio of samples treated in HBTU and DIEA remained 
statistically indistinguishable. Cysteines bound to the pys 
CP in the absence of HBTU and DIEA, were apparently 
displaced whenwashed with saturated saline, as evidenced by 
the substantial decrease in the S.N ratio. 

0140. The observations above describe a new calcium 
phosphate-organic composite coating on titanium Surfaces. 
Collectively, the XRD, RFTIR, XPS, TGA, and elemental 
analyses illustrate that incorporation of plys into this new 
coating produces a poorly crystalline, calcium deficient com 
posite of octacalcium phosphate. Examination by SEM 
reveals the strong distortional influence of plys on the for 
mation of the OCP crystals. The resulting coating consists of 
irregular, nanoscale features reminiscent on the clean, sharp 
crystals formed in the purely inorganic OCP coating. The 
incorporation of the pys into the mineral phase is illustrated 
by the disruption of the coating crystallinity seen by XRD and 
FTIR as well as by the coating's enzymatic disintegration. 
Were the polymer merely coated onto exterior surfaces of the 
Small, modified crystals those crystals would largely be 
expected to persist, as in the inorganic control. Upon enzy 
matic degradation of the organic component in the pys-CP 
coating, however, the pys-modified coating disintegrates 
leaving behind only the inorganic seed crystals. This result 
strongly illustrates that the pys is incorporated throughout 
the calcium phosphate structure. The covalent amide cou 
pling of the biomolecules to the free amine tethers in the 
pIys-CP was illustrated in a very basic demonstration utiliz 
ing cysteine. Naturally, the presence of anode bonds through 
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out the lysine polymer of the plys-CP coating confound the 
direct identification of an amide linkage between the cysteine 
and the pys. This coupling, however, may be revealed 
through empirical deduction. When examined by XPS, cys 
teine's Sulfur content made it a chemically unique marker for 
cysteines bound to a sample Surface. The selective appear 
ance of the XPS sulfur peak in the plys-CP sample illustrate 
that the cysteines are interacting with the pys component of 
the coating. This interaction may take two forms: electrostatic 
and covalent. The electrostatic binding of the material 
involves the attraction between the negatively-charged free 
acid of the cysteine and the positively-charged free amine on 
the pys side chains. It is this electrostatic attraction that is 
likely to have bound cysteines to the plys-CP in the absence 
of HBTU and DIEA. Rinsing of samples experiencing this 
interaction with Saline resulted in the displacement cysteines 
with chloride ions, and a significant reduction in the amount 
of Sulfur present on the sample. This displacement Supports 
the electrostatic character of the bond. In contrast, when the 
cysteines were introduced to the free amines in the presence 
of amide-linking reagents HBTU and DIEA, the amide bond 
formed allowed the cysteines to persist on the plys-CP sur 
face. The dependence of this persistence on the presence of 
the amide coupling agents and the insusceptibility of the bond 
to electrostatic replacement strongly illustrate that the cys 
teines are covalently, amide-coupled to the pys coating. 
0141 While not wishing to be bound by theory, the 
mechanism for the growth of the pys-CP coating on the 
oxidized titanium Surface involves several sequential steps. 
Nucleation of calcium phosphates on titanium Surfaces is 
believed to be related to hydroxyl ions decorating the natu 
rally forming titanium dioxide (TiO) Surface at physiologic 
pH. The XPS data presented above show that during the 
preseeding stages Ca" alone, but not PO, alone, are mea 
Surably bound to the oxidized titanium surface. Simultaneous 
introduction of both Ca" and PO, however, results in the 
rapid formation of calcium phosphate complexes whose Ca:P 
ratio of 1.55 corresponding to amorphous calcium phosphate. 
These complexes are nucleated on the metal Surface, likely 
via an initial interaction between calcium ions and hydroxyls 
decorating the oxide surface. Over time, these aggregates 
mature, reorganizing to incorporate added phosphate into 
their structure. After several hours these aggregates grow to 
become the mineral features (OCP) seen in FIG. 6, whose 
Ca:Pratio drops from 1.55 to 1.33. When poly(L-lysine) is 
present during these nucleation stages, however, the calcium 
phosphate is notable to Successfully nucleate directly on the 
metal surface, probably due to interference in the calcium 
hydroxyl interaction by the positively-charged side chains on 
the pys. It has been shown that the positively charged pLys 
is readily bound to titanium's hydroxylated oxide surface. It is 
reasonable, then, to conclude that the pys may block the 
necessary nucleating hydroxyls on the oxide Surface. This 
phenomenon explains why the pyS-CP is unable to grown 
directly on the bare Tisurface. When the surface is decorated 
with calcium phosphate seeds, however, there are many more 
available nucleation sites present, and the pys is unable to 
completely inhibit the continued growth of the mineral phase. 
It is clear that these calcium phosphate seeds promote the 
uniform growth of the pyS-CP coating. Though the mecha 
nism for this growth is not obvious, it is conceivable that the 
new mineral grows as part of a disrupted epitaxy. New min 
eral nucleates and grows out of the existing calcium and 
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phosphate on the Surface, the pys distorting newly forming 
OCP crystals as it is incorporated into the coating. 
0142. The calcium deficiency revealed in the XPS Ca/P 
ratio of this plys-CP coating illustrates that divalent calcium 
ions are excluded from newly forming crystals by positively 
charged polymer side chains, either through charge repulsion 
or crystal site obstruction. In addition, there may have been 
Some preferential interaction between the positively-charged 
pLys side chains and the negatively-charged phosphate ions. 
This scenario may help to explain the early onset of mineral 
formation in the pH trace for plys-CP. In the early stages of 
mineralization, Such phosphate affinity would create locally 
phosphate-rich Ca—P aggregates, which could, in turn, trig 
ger the early onset of crystallization. This sort of phosphate 
binding affinity would certainly disrupt proper crystal forma 
tion and produce phosphate rich, or calcium deficient, OCP 
crystals. Either of the two interactions between the plys and 
the constituents of the Ca—P mineral could be responsible 
for the formation of the distorted structures seen in the plys 
CP coating. 
0143. The plys-CP coating of the present invention offers 
a number of advantages over other calcium phosphate coat 
ings, particularly from a clinical standpoint. The Solution 
phase growth of the coating make its application accessible to 
all Surface types, including porous Surfaces, where currently 
accepted methods of calcium phosphate growth Such as a 
plasma spraying may not be feasible. The pys-CP coating 
has very high surface area and feature sizes reasonably con 
sistent with the apatite crystal found in natural bone. This 
nanoscale texture and high Surface area are furthermore char 
acteristics which would be expected to promote initial cell 
adhesion, spreading, and proliferation, important to forming 
a stable tissue implant interface. As an accent to this effect, 
poly(L-lysine) has been well-established as a cell adhesion 
promoter, and its significant presence in pyS-CP is expected 
to further enhance cellular adhesion to the implant coating. 
This plys component not only adds bioactivity as a cellular 
adhesive, but it also provides chemically functional tethers 
for attachment of other bioactive agents. Such an approach 
could be easily adapted to attach biorelevant peptides, such as 
arg-gly-asp (RGD), therapeutic molecules such as bone mor 
phogenetic proteins oranti-inflammatory drugs to the implant 
coating. Also advantageously, the coating is also susceptible 
to biological degradation, by both pH and enzymatically 
mediated mechanisms, two primary mechanisms for osteo 
clastic resorption in natural bone. Coating dissolution may 
accelerate denovo bone formation and enhance implant inter 
facial strength. This coating has been engineered to act as an 
osteoconductive surface, which may be readily recycled, act 
ing as a pool of building blocks for new biogenic mineraliza 
tion. 

0144. The use of a pre-seeded layer may be used to facili 
tate the growth of other organically-modified materials onto a 
Surface. In the present invention organic molecules intro 
duced to mineral coatings exert an influence on properties 
Such as coating morphology and degradation. The organic 
influence on degradation could be utilized to engineer the 
time-dependent release of therapeutic molecules incorpo 
rated into the mineral or chemically attached to pIys. Alter 
native organic constituents might also be utilized to vary 
morphological influences or rates of material degradation. It 
is clear that this approach to Surface coatings offers a number 
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of broad and varied potential applications with the capability 
to Substantially influence orthopedic and dental implant coat 
ings. 

Example 5 

0145 This example illustrate chemical attachment of pep 
tide amphiphile nanofibers to a plys-OCP coating on a tita 
nium substrate: Peptide amphiphile nanofiber to plys-OCP is 
based on a standard amide coupling reaction, applied to a 
pre-assembled, cross-linked peptide nanofiber. Specifically, a 
dilute solution of peptide amphiphile molecules, containing 
carboxylic acids at near the C-terminus of the peptide seg 
ments and at least 2 cysteines in the structural peptide seg 
ment (see FIG. 9 and Hartgerink et al., PNAS, Vol 99, pp 
5133-5138, 2002 and reference thereinformethods and mate 
rials for making Such peptides which are incorporated herein 
by reference in their entirety), maintained in a solution of a 
mild reducing agent (such as dithiol threitol (DTT)), is self 
assembled in acidic conditions to form peptide nanofibers. 
These nanofibers may be crosslinked by the addition of a 
non-destructive oxidizer, Such as iodine, forming stable inter 
molecular, intrafiber disulfide bonds. The resulting suspen 
sion of these fibers is dialyzed against water to remove all 
reducing or oxidizing agents (such as DTT and iodine). This 
dialyzed suspension of cross-linked fibers is then lyophilized 
and the dried fibers are re-suspended by vigorous agitation 
and ultrasonication in a peptide-solublizing polar organic 
solvent, such as N,N-dimethylformamide (DMF) or NMP. 
The covalent cross-linking of the fibers stabilizes them in the 
non-aqueous environment. 
0146 To the suspension of cross-linked nanofibers in 
N,N-dimethylformamide (DMF), solutions of O-Benzotria 
Zole-N,N,N',N'-tetramethyl-uronium-hexafluoro-phosphate 
(HBTU) and diisopropylethylamine (DIEA) were added to 
provide slightly less than about 1 equivalent (0.95) of HBTU 
for every free carboxylic acid on the nanofibers and approxi 
mately 6 equivalents of DIEA for every estimated free amine 
exposed on the lysine-modified calcium phosphate coating 
titanium surface. This solution was allowed to incubate for 
several minutes before exposure to the coated titanium Sur 
face. Once introduced, the calcium-phosphate coated tita 
nium is shaken for least 1 hour in the nanofiber reaction 
Solution before thorough rinsing with water and drying at 
room temperature. FIG. 10A is a scanning electron micro 
graph showing bundles offibers attached to the textured coat 
ing Surface. FIG. 10B is a higher magnification image reveal 
ing layers of individual fibers coating the textured structures 
of the calcium phosphate coating. 
0147 Preliminary in vitro experiments with preosteoblas 

tic mouse calvaria cells have demonstrated the biocompat 
ibility of the plys-CP coating. Titanium foil samples were 
coated as described above with inorganic OCP as well as 
poly(L-lysine)-modified calcium phosphate. Substrates were 
autoclaved at 115° C. for 30 minutes before placing them in 
sterile, tissue-culture polystyrene 24-well plates. 
0.148. Immortalized mouse calvarial preosteoblasts 
(MC3T3-E1), were cultured in T-75 flasks in MEM-C, con 
taining 10% fetal bovine serum (Hyclone, Logan Utah) and 
1% penicillin/streptomycin. Media was supplemented with 
30 mM f-glycerolphosphate and 50 ug/mL ascorbic acid. At 
approximately 90% confluence, cells were removed from the 
T-flask by treatment with 0.25% trypsin, 1 mM ethylenedi 
amenetetraacetic acid (EDTA). Trypsinization was stopped 
by addition of culture medium and cells were pelleted by 
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centrifugation. Cells were resuspended in medium and plated 
onto coated foil substrates at a density of 5x10 cells/cm. 
Fresh medium was added to a total volume of 1 mL/sample. 
Cells were cultured for 7 days in an incubator at 37° C. and 
5% CO, changing medium every 3 days. 
0149 Samples were removed from their culture wells at 
intervals of 1 day, 4 days, and 7 days and were fixed in 2.5% 
glutaraldehyde in 0.1M sodium cacodylate buffer. After thor 
ough rinsing in Sodium cacodylate buffer, Samples were post 
fixed for 1 hour in 1% osmium tetroxide in 0.1M sodium 
cacodylate buffer for 1 hour. Fixed samples were then dehy 
drated in graded ethanol solutions (50%, 70%, 80%, 90%, 
95%, 100%) and critical point dried by ethanol-CO, 
exchange. Dried samples were sputter-coated with 3 nm of 
gold-palladium and examined by Scanning electron micros 
copy. 
0150 Results of in vitro study show that cells cultured on 
these Substrates remain viable, spreading and proliferating to 
form confluent cell layers on the pys-CP coating over the 
course of 7 days. FIG. 11A shows individual cells spreading 
on the coating after 1 day, while FIG. 11B shows multiple 
cells spreading on the surface after 4 days. In FIG. 11C, a 
confluent cell layer formed by proliferating cells after 7 days 
is visible. This experiment demonstrates that the material is 
non-toxic and does promote cellular adhesion and spreading, 
behaviors critical to normal osteoblastic function. 
0151. The methods and materials of embodiments of the 
present invention would be most readily Suited to coating 
titanium-based orthopedic implant materials with an osteo 
genic calcium-phosphate coating. The detailed examples 
described above illustrate that this coating material consists is 
highly textured and may completely coat Surfaces exposed to 
the reaction Solutions. Such a coating may have a favorable 
influence on cellular attachment, spreading, proliferation, 

SEQUENCE LISTING 

<16 Os NUMBER OF SEO ID NOS : 16 

<21 Os SEQ ID NO 1 
&211s LENGTH: 5 
212s. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs SEQUENCE: 1 

Tyr Ile Gly Ser Arg 
1. 5 

<21 Os SEQ ID NO 2 
&211s LENGTH: 5 

212s. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs SEQUENCE: 2 

Ile Llys Val Ala Val 
1. 5 

<21 Os SEQ ID NO 3 
&211s LENGTH: 12 
212s. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 
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and possibly osteoblastic differentiation. Such influence 
could offer significant improvements in tissue integration 
with an implant Surface. The incorporation of the organic 
macromolecules within the coating adds chemical function 
ality which could be used to bind biologically functional 
materials to the coating Surface, including peptidic micelles, 
individual peptide sequences, or other therapeutic molecules 
Such as drugs or growth factors. The low crystallinity of the 
material and the integration of enzyme-Vulnerable macro 
molecules may make the material a useful system for slow 
release of these macromolecules. Similarly, the potential 
degradability of this coating makes is a ready source of cal 
cium and phosphate material for Subsequent biological min 
eralization of de novo bone matrix. 
0152 Although the present invention has been described 
in considerable detail with reference to certain preferred 
embodiments thereof, other versions are possible. For 
example therapeutic macromolecules could be incorporated 
directly into the mineral phase in place of the polyamine. 
Substitution of the polyamine like poly(L-lysine) need not be 
limited to therapeutic molecules, but other amino acids, pos 
sible containing free acids (like glutamic acid or aspartic acid) 
could be incorporated into the mineral phase. These mol 
ecules would present different chemical functionalities on the 
material Surface, and may even change the way the inorganic 
material is modified. Furthermore, variations of the calcium 
phosphate ratios and concentrations, different phases of cal 
cium phosphate, such as hydroxyapatite, tricalcium phos 
phate, brushite, or monetite, could be coated on the substrate 
surface using the methods herein described in order to create 
coatings with differing chemistries, textures, or materials 
properties. Therefore the spirit and scope of the appended 
claims should not be limited to the description and the pre 
ferred versions contain within this specification. 
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- Continued 

<221 > NAMEAKEY: S 
<222s. LOCATION: (9) ... (9) 
<223> OTHER INFORMATION: phosphorylated serine 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (11) . . (11) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OOs, SEQUENCE: 3 

Cys Cys Cys Cys Gly Gly Gly Ser Ser Asp Ser Asp 
1. 5 1O 

<210s, SEQ ID NO 4 
&211s LENGTH: 11 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (8) ... (8) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OOs, SEQUENCE: 4 

Cys Cys Cys Cys Gly Gly Gly Ser Arg Gly Asp 
1. 5 1O 

<210s, SEQ ID NO 5 
&211s LENGTH: 8 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (8) ... (8) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OOs, SEQUENCE: 5 

Cys Cys Cys Cys Gly Gly Gly Ser 
1. 5 

<210s, SEQ ID NO 6 
&211s LENGTH: 7 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (4) ... (4) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OOs, SEQUENCE: 6 

Gly Gly Gly Ser Arg Gly Asp 
1. 5 

<210s, SEQ ID NO 7 
&211s LENGTH: 11 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (8) ... (8) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OO > SEQUENCE: 7 

Ala Ala Ala Ala Gly Gly Gly Ser Arg Gly Glu 
1. 5 1O 

<210s, SEQ ID NO 8 
&211s LENGTH: 11 
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- Continued 

212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (8) ... (8) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OOs, SEQUENCE: 8 

Cys Cys Cys Cys Gly Gly Gly Ser Lys Gly Glu 
1. 5 1O 

<210s, SEQ ID NO 9 
&211s LENGTH: 11 

212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (8) ... (8) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OOs, SEQUENCE: 9 

Ala Ala Ala Ala Gly Gly Gly Ser Lys Gly Glu 
1. 5 1O 

<210s, SEQ ID NO 10 
&211s LENGTH: 11 

212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs, SEQUENCE: 10 

Cys Cys Cys Cys Gly Gly Gly Ser Arg Gly Asp 
1. 5 1O 

<210s, SEQ ID NO 11 
&211s LENGTH: 13 

212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs, SEQUENCE: 11 

Cys Cys Cys Cys Gly Gly Gly Glu Ile Llys Val Ala Val 
1. 5 1O 

<210s, SEQ ID NO 12 
&211s LENGTH: 12 

212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (8) ... (8) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OOs, SEQUENCE: 12 

Cys Cys Cys Cys Gly Gly Gly Ser Arg Gly Asp Ser 
1. 5 1O 
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- Continued 

<210s, SEQ ID NO 13 
&211s LENGTH: 13 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs, SEQUENCE: 13 

Cys Cys Cys Cys Gly Gly Gly Lys Ile Llys Val Ala Val 
1. 5 1O 

<210s, SEQ ID NO 14 
&211s LENGTH: 4 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs, SEQUENCE: 14 

Arg Gly Asp Ser 
1. 

<210s, SEQ ID NO 15 
&211s LENGTH: 11 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (8) ... (8) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OOs, SEQUENCE: 15 

Cys Cys Cys Cys Gly Gly Gly Ser Lys Gly Glu 
1. 5 1O 

<210s, SEQ ID NO 16 
&211s LENGTH: 11 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (8) ... (8) 
<223> OTHER INFORMATION: phosphorylated serine 
22 Os. FEATURE: 

<221 > NAMEAKEY: S 
<222s. LOCATION: (10) ... (10) 
<223> OTHER INFORMATION: phosphorylated serine 

<4 OOs, SEQUENCE: 16 

Cys Cys Cys Cys Gly Gly Gly Ser Asp Ser Asp 
1. 5 1O 

1-7. (canceled) 
8. A method of promoting growth of an amine-modified 

calcium phosphate composition, said method comprising: 
providing a biocompatible Substrate; 
depositing a Substantially single-phase calcium phosphate 
component on said Substrate; and 

introducing said Substrate to a calcium phosphate medium, 
said medium comprising a poly(L-lysine) component. 

9. The method of claim 7 wherein said substrate contacts a 
medium comprising a reactive calcium reagent and a reactive 
phosphate reagent, said contact for a time sufficient to deposit 
said calcium phosphate component on said Substrate. 

10. The method of claim 8 wherein said calcium phosphate 
medium comprises at least one of a reactive calcium reagent 
and a reactive phosphate reagent. 

11. The method of claim 10 wherein at least one of said 
reagents comprises said poly(L-lysine) component. 

12. The method of claim 8 wherein said deposition com 
prises formation of crystalline calcium phosphate, and said 
introduction incorporates poly(L-lysine) into a calcium phos 
phate phase. 

13. The method of claim 12 wherein said introduction 
induces a nanotextured component comprising calcium phos 
phate and poly(L-lysine). 

14. A method of coupling peptide amphiphiles to a bio 
compatible Substrate, said method comprising: 

providing a biocompatible Substrate; 
depositing a Substantially single-phase calcium phosphate 

component on said Substrate; 
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depositing a mineral phase on said calcium phosphate 
phase, said mineral phase comprising calcium phos 
phate and poly(L-lysine) incorporated therein; and 

contacting said poly(L-lysine) with peptide amphiphiles, 
at least one of said amphiphiles comprising a carboxy 
functionality. 

15. The method of claim 14 wherein said peptide 
amphiphiles comprise a nanofiber assembly. 

16. The method of claim 14 wherein said substrate contacts 
a medium comprising a reactive calcium reagent and a reac 
tive phosphate reagent, said contact for a time Sufficient to 
deposit said calcium phosphate component on said Substrate. 
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17. The method of claim 14 wherein said mineral phase is 
the reaction product of a calcium reagent and a phosphate 
reagent, and introduction of poly(L-lysine) during said reac 
tion. 

18. The method of claim 14 further comprising contacting 
said mineral phase with at least one of an acid and a degra 
dative enzyme. 

19. The method of claim 14 wherein at least one of said 
peptide amphiphiles comprises an RGD sequence. 

20. The method of claim 14 further comprising culturing 
mammalian cells on said peptide amphiphiles. 

c c c c c 


