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The present disclosure generally relates to collagen, and more 
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Hyp-Gly)4(Asp-Hyp-Gly)4. 

15 Claims, 13 Drawing Sheets 



U.S. Patent Jan.5,2016 Sheet 1 of 13 US 9,228,009 B2 

FIG.1 



U.S. Patent Jan.5,2016 Sheet 2 of 13 US 9,228,009 B2 

FIG. 2 

(c) 

FIG.3 

Wave!engtt1 (nm) Temperature {'C) 



U.S. Patent Jan.5,2016 Sheet 3 of 13 US 9,228,009 B2 

FIG.4 



U.S. Patent Jan.5,2016 Sheet 4 of 13 US 9,228,009 B2 

FIG.5 

%strain !requency (radi:,) 

(c) 800 (d) 
!CG 

,....: 600 
°.:. 

·~ 
500 

-5 400 Q 

2 
© 300 a, 

"' .9 200 V) 

iOO 

0 
20 3(: 2.7 

Temperattsre (°C) 



U.S. Patent Jan.5,2016 Sheet 5 of 13 US 9,228,009 B2 

FIG. 6 

(a) POGPOGP0{3POGDOGDOGDOGOOG 
PKGPKGPKGPKGPDGPOGPOGP K{Br :pJ:>G 

PKGPKGPKGP!{;GPOGPOGPOGPOGDOG1'$0GOOGDOG 

. . ~Fiber Growth ~OO~ ~=GPOGPOO~-
)JpKGPKGPKGPKGPOGPOGPOGP D GPtd!@ 
WW i + • + r W 

(b) 

...... 
·· ............ . 



U.S. Patent Jan.5,2016 Sheet 6 of 13 US 9,228,009 B2 

FIG.7 

{b) :,ti\),:···-·······-····-···,:···-·······-····--· • .-·-····-····-······:,·······-····-···-···:: 

.::.::;·::;·::;,,- ..............•...... :- ............ ·-------------·-< 

·7-:. ~~~(K~ :·------------------•--+-----------·-----------------,-----------------·:' 

I 
rtr ~ ... ; .. ;::> ,-.----------------·---,,------------------------------·----------------,· 

•... ···-· .,. 
f:t~~: c'·----------------::---:!-------------:------i------- ----:-------------------: 

~ 
4 

.. J --' 
....... 

:: -, _: '.~ -.,:.:' ,\: :: 

FIG. 8 

(b) 



U.S. Patent 

(a) 

:« 
:}.:, ,.,.. 
.,.,:., 
~: 

Jan.5,2016 Sheet 7 of 13 US 9,228,009 B2 

FIG. 9 

(b) 

FIG. 10 



U.S. Patent Jan.5,2016 Sheet 8 of 13 US 9,228,009 B2 

FIG.11 

FIG. 12 



U.S. Patent Jan.5,2016 Sheet 9 of 13 US 9,228,009 B2 

FIG.13 

(a} ,,·,·· ,,.•,.w.•.-.-.v.·., .......... w, ........ , ... v ....... , ......... , .•. •w ...... , ......... , (b} i,:·' ;.··.·····.···.· ... ···.·····.·····.·····.:··.·· .. ··.··•··.··•· ... , { c) "' , .... ,.w,.•.w.•., ....... •."•''·'·"····:·"•'·'·•·.•.•.•.•.•,·,.•w.•.•w.•.,-.•,. 

;~ ...... 
·;1t :-:::.:n2;;;~~---«<l 
.,:;';<;: ii: ~~: e;..,:, ..................... , ......................... ,: 

-:,: . ..-;.· 
-::?~: 
.~;:.~· 

''''"·' ""rp: ................ : ......... , .......... ,.... ..: 
:::r .... 

~a:}····C··········:····················•C i 

·{ ... ~ •,·:··· ~~~~~~iii*j. :a·:;;: ...... ~};:;:»»::,:,,;;;h;:;..-,•%:J·······'·· :· u :'.:: ..................... , ...... , ........... ,, ........... ,,, 
:::,'A'· Ji 5 

'"'"' · .. ~ .. :n 
~'-'!············ .... : ... ,c. ...... : ...... ; 



U.S. Patent 

(a} 
~~ 
~( 

':,· 
~~ 

foooc. ~ 
G) ~ 

,:-; 

f . ....,. 
~-s 

fl! ~ 
:$_\ ~· ·g 

~::: 
'::::, 

« 
;;,; 
a:· 
.~ 

(b) 

Jan.5,2016 

4 

~3 

:~· 

;:) 

Sheet 10 of 13 US 9,228,009 B2 

FIG.14 

~ 
.J:: . .;;, : • ...... : ....... :"''"···•·····'t.'. .... J., ........ , ....... , ........... ; 
.:.t~ 
·:!: 
::-:: 

$ (!,:.,~; ........•........ : ....... , ........ , .........•........•........ , .... : 

~ 
X· ·:s .::~.::::~ ,, ..... , ................ ,,,: ..... ........ ·f... . . . . . . . . . .. . . . .. . . . . . ... , 

;::.:: 
. .;., 

:;..:· 

if: 
,;.; 
°$ 'l'.' ,, .... :········>s.·F:···· 1:·· ,, ......... , ........ ,. ....... , ·: 

~~.-::: .····.········.,················,.········.········.· ·······.········,· ··,. 



U.S. Patent Jan.5,2016 Sheet 11 of 13 US 9,228,009 B2 

FIG.15 

FIG.16 



U.S. Patent Jan.5,2016 Sheet 12 of 13 US 9,228,009 B2 

FIG.17 

FIG.18 

{:t. 

u 
JJ ·::c'.·:.··.: ... ·CC·.-::C::·:::-.::·.· .. • .. ·· ... · ... 0·. 



U.S. Patent Jan.5,2016 Sheet 13 of 13 US 9,228,009 B2 

FIG.19 

·1·,,: 
q[t lit 

... ·'.,i.:.::·'.·.· 

..;: ::f::;:,. 

FIG. 20 



US 9,228,009 B2 
1 

MULTI-HIERARCHICAL SELF-ASSEMBLY 
OF A COLLAGEN MIMETIC PEPTIDE 

2 
higher order assembly of collagen have faced a great deal of 
difficulty: in all previously reported systems, none has dis
cretely demonstrated each level of collagen self-assembly 
(triple helix, nano fiber and hydrogel) within the same system. CROSS-REFERENCE TO RELATED 

APPLICATIONS 

This application claims priority to PCT/US 12150323, filed 
Aug. 10, 2012 which claims priority to U.S. Provisional 
Patent Application Ser. No. 61/522,119, filed Aug. 10, 2011, 
both of which are incorporated herein by reference. 

5 There are many examples of peptides that form organized 
nanostructures without gelation, 10

•
12

•
25-29 and a few have 

achieved gelation without proving the presence of triple heli
ces or nano fibers, 30·31 however no system has described triple 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

10 

This invention was made with govermnent support under 15 

Grant Number DMR-0645474 awarded by the National Sci
ence Foundation. The govermnent has certain rights in the 
invention. 

helix formation, nanofiber formation and gelation. 
One example of a fiber forming collagen-like peptide was 

demonstrated by Chaikof and Conticello who prepared a 36 
amino acid peptide with the sequence (Pro-Arg-Gly)iPro
Hyp-G!yMG!u-Hyp-Gly)4.32 This zwitterionic peptide was 
found to assemble into large organized fibers. However, even 
these collagen mimetic fibers have some drawbacks which 
include 1) a mixed composition of fibers associated with a 
significant quantity of other amorphous material, 2) the 
requirement for specific concentration and buffer composi
tion outside of which the quality of assembly degrades or fails 

BACKGROUND 20 all together and 3) phase separation and precipitation of the 
formed fibers as opposed to the formation of a hydro gel. 32 

Collagen, the most abundant fibrous protein in the body, 
plays a major role in the structural stability of many tissues 
within the body (skin, tendons, cardiovascular system, carti
lage, basement membranes, etc.), which make it a primary 25 

target for use in restorative medicine and other tissue-engi
neering applications for many different tissue types. Cur
rently, harvested collagen that is primarily taken from bovine, 
porcine and human sources is used in many different clinical 
applications including cosmetic surgery,joint repair, artificial 30 

skin grafts, vascular tissue regeneration and even as a drug
delivery carrier. These methods follow multiple avenues for 
sample preparation ranging from the insertion of reconsti
tuted collagen without the addition of any cells or growth 
factors into the body to the mixing of collagen with other 35 

polypeptides or polymers to form a scaffold upon which cells, 
growth factors and other biocompatible molecules are loaded 
before the complex system is implanted into the human body. 
And commercially available products, such as, Chondro
Gide, TransCyte, Apligraf, Integra and Matrigel demonstrate 40 

the current clinical and commercial interest in collagen-based 
systems. 

Collagen exemplifies multi-hierarchical self-assembly. In 
the case of type I collagen, self-assembly begins with three 
1,000 amino acid peptide strands which adopt a poly-praline 45 

type II helical structure and wind around one another forming 
a superhelical trimer. This structure defines the well-known 
collagen triple helix. These triple helices then pack against 
one another in quasi-hexagonal and staggered fashion, form
ing a nanofibrous structure known as collagen fibrils. 1·2 Col- 50 

lagen fibrils continue to self-assemble both linearly and lat
erally forming collagen fibers and a hydrogel network (FIG. 
la). Together, the multiple levels of collagen's structural 
hierarchy play a major role in the structural integrity of the 
extracellular matrix and provide binding sites for other pro- 55 

teins and cells. 
Collagen has been the target of biomimetic design for 

decades due to the fact that there are many difficulties asso
ciated with the use and characterization of collagen from 
natural sources and by expression. The use of recombinant 60 

systems requires either genetic modifications or the use of a 
novel biosynthetic pathway in E. coli in order to express 
hydroxyproline-containing collagens.3-8 Many successes 
have been demonstrated in the recapitulation of the collagen 
triple helix in short peptides, both as a homotrimer9-17 and, 65 

more recently, as a heterotrimer.18-24 However, examples that 
take these collagen-like peptides and use them to mimic the 

DRAWINGS 

Some specific example embodiments of the disclosure may 
be understood by referring, in part, to the following descrip
tion and the accompanying drawings. 

FIG. 1 shows self-assembly of collagen type I compared to 
collagen mimetic peptides. (a) Scheme of type I collagen 
assembly in which the peptide chains (shown in red, blue and 
green) are 1,000 amino acids, the triple helices are 100 nm in 
length and blunt-ended nanofibers (shown in gray) assemble 
via the staggered lateral packing of the triple helices. The 
hydrogel image was taken of a rat-tail collagen sample. (b) 
Scheme for self-assembly of collagen mimetic peptides in 
which the peptides are 36 amino acids ( shown in red, blue and 
green), the triple helix is staggered with a length of 10 nm and 
the nanofibers (shown in gray) result from triple helical elon
gation as well as lateral packing. The hydrogel shown is the 
designed peptide (Pro-Lys-G!yMPro-Hyp-G!yMAsp-Hyp
Gly)4. 

FIG. 2 shows cartoon models of electrostatic interactions 
between charged amino acids in collagen mimetic peptides. 
Models of (a) Arg-Glu and (b) Lys-Asp charged pairs in 
collagen triple helices are shown.18•24 The peptide chains are 
shown in red, blue and pink for ( a) and red, blue and green for 
(b ), with the highlighted hydrogen atoms in white and the 
highlighted oxygen atoms in pink. Distances of indicated 
hydrogen bonds are measured from N to 0. Arg-Glu pairs do 
not appear to form high quality interactions due to the strong 
hydrogen bonding between Arg and a cross strand carbonyl 
oxygen which locks it into place. In contrast, two conformers 
of Lysine are found and both allow excellent hydrogen bond
ing to aspartic acid despite one of them displaying a similar 
hydrogen bond to a cross-strand carbonyl. ( c) Chemical struc
tures of common amino acid triplets. From top to bottom: 
(Pro-Arg-Gly)m (Glu-Hyp-Gly)m (Pro-Hyp-Gly)m (Pro-Lys
Gly)n and (Asp-Hyp-Gly)n. 

FIG. 3 shows spectroscopy graphs highlighting the triple 
helical nature of the designed collagen mimetic peptide. Cir
cular dichroism spectrum shown as molar residual ellipticity 
(MRE) vs. wavelength (a) of fiber forming collagen like 
peptide (Pro-Lys-G!yMPro-Hyp-G!yMAsp-Hyp-Gly)4 at 
0.5% and 1.0% by weight concentrations in phosphate at a 
temperature of 5° C. The maximum at 225 nm and minimum 
near 200 nm are characteristic of poly-praline type II helices. 
Thermal unfolding analysis curve for the peptide at 1.0% by 
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weight concentration in phosphate, shown as (b) MRE vs. 
temperature and ( c) first derivative of MRE vs. temperature. 
The cooperative transition at 41 ° C. demonstrates that the 
designed peptide forms a triple helix. 

FIG. 4 shows microscopy images of (Pro-Lys-Gly)iPro- 5 

Hyp-Gly)iAsp-Hyp-Gly)4 highlighting the fibrillar assem
bly of the system in phosphate buffer. (a-c) TEM images of 
collagen-like nanofibers in phosphate taken at 40,000x mag
nification. (a and b) Negatively stained images of the peptide 
in phosphate at a concentration of 1.0% by weight that were 10 

stained with PTA, pH 6. ( c) Vitreous ice cryo-TEM image of 
collagen-like nanofibers taken in phosphate at a concentra
tion of 0.25% which was diluted from a 0.5% by weight 
sample. (d and e) AFM of collagen-like nanofibers in phos
phate as observed after spin coating onto freshly cleaved mica 15 

from solutions of peptide at concentrations of 1.0% and 0.5% 
by weight respectively. (f and g) SEM images of critical point 
dried hydrogel with a peptide concentration of 1.0% by 
weight showing the interconnected fibrous structure respon
sible for the gel forming properties at 3,lOOx and 30,000x 20 

magnifications respectively. 
FIG. 5 shows rheology of the collagen-like peptide dem

onstrating the temperature dependent strength of the hydro
gel. (a) Strain sweep at 0.5% and 1.0% by weight peptide 
concentration in phosphate buffer at a temperature of30° C. 25 

and a frequency of 1 rad/s shown as storage modulus (G') and 
loss modulus (G"). (b) Frequency sweep at 0.5% and 1.0% by 
weight peptide concentration in phosphate at a temperature of 
30° C. and 1 % strain shown as storage modulus (G') and loss 
modulus (G"). (c) Temperature dependence of rheological 30 

properties at 0.5 and 1.0% by weight peptide concentrations 
shown as storage modulus (G'). Data points were acquired at 
1 rad/s and 1 % strain. ( d) Photo of the shape persistent nature 
of the gel with a concentration of 1.0% by weight in phos
phate. The gel was prepared at a volume of0.5 ml. Note the 35 

sustainability of the sharp gel edges. 
FIG. 6 shows proposed mechanism of fiber self-assembly. 

(a) Peptide sequence shown as single letter amino acid code 
with P for praline, K for lysine, G for glycine, 0 for hydrox
yproline and D for aspartate. Minimum repeating unit of the 40 

triple helical fiber has extensive "sticky" ends. As additional 
peptides ( shaded grey) add to the minimum repeating unit, the 
percentage of amino acids forming a high quality triple heli-
cal structure rapidly increases. Positively charged lysine resi
dues are in blue, negatively charged aspartates are in red and 45 

satisfied intrahelical electrostatic interactions are indicated 

4 
weight concentration in black, 0.5% by weight concentration 
in blue and 1.0% by weight concentration in red. 

FIG. 9 shows circular dichroism thermal unfolding curves 
for (Pro-Lys-Gly)iPro-Hyp-Gly)iAsp-Hyp-Gly)4 in 10 
mM phosphate buffer at pH 3 (red) and pH 11 (blue) with a 
peptide concentration of 1.0% by weight. The melting pro-
files for each system are given as ( a) molar residual ellipticity 
(MRE) vs. temperature and (b) the first derivative ofMRE vs. 
temperature. 

FIG. 10 shows TEM images of collagen-like nanofibers in 
phosphate buffer, pH 7, shown to complement FIG. 3. Nega
tively stained images of peptide in phosphate buffer, pH 7, at 
a concentration of 1.0% by weight that were stained using 
2.0% by weight PTA, pH 6. Magnifications shown are 
40,000x (a and b) and 60,000x (c). (d-f) Vitreous ice cryo
TEM images of collagen-like nanofibers taken in phosphate 
buffer, pH 7, at a concentration of0.25% by weight diluted 
from a previously assembled sample at a concentration of 
0.5% by weight. Image magnifications are 20,000x (d), 
30,000x (e) and 40,000x (f). 

FIG. 11 shows AFM of collagen-like nanofibers in phos
phate buffer, pH 7, as observed after spin coating onto freshly 
cleaved mica at concentrations of (a) 0.5% by weight and (b) 
1.0% by weight. This image complements FIGS. 4a and 4b to 
show further examples of the nanofibers seen by AFM. 

FIG.12 shows SEM images of critical point driedhydrogel 
with a peptide concentration of 1.0% by weight showing the 
interconnected fibrous structure responsible for the gel form
ing properties at 3,lOOx (a) and 30,000x (b) magnifications 
respectively. This figure complements the images in FIGS. 4c 
and4d. 

FIG. 13 shows rheological studies used to assess (a-b) the 
time necessary for the system to completely assemble and ( c) 
the temperature dependence ofhydrogel breakdown on (Pro
Lys-Gly )iPro-Hyp-Gly )iAsp-Hyp-Gly )4 samples in 10 
mM phosphate buffer, pH 7, with a peptide concentration of 
1.0% by weight. (a) Initial and (b) complete gel assembly 
seen via a time course rheological study run at 25° C., 1 rad/s 
and 0.1 % strain. The sample was annealed, immediately 
placed on the rheometer stage with a humidity chamber 
present and the experiment was begun. Assembly was 
deemed complete when the G' leveled off A small disconti
nuity can be observed at approximately 0.4 hours. This is due 
to addition of mineral oil to prevent the hydro gel from dehy
drating during the prolonged measurement. ( c) Temperature 
ramp rheological study run from 20 to 85° C. with a ramp of 
0.5° C./min and with parameters of 0.1% strain and a fre
quency of 1 rad/s. 

FIG. 14 shows circular dichorism thermal unfolding curves 
for (Pro-Lys-Gly)iPro-Hyp-Gly)iAsp-Hyp-Gly)4 in (a) 
water (adjusted to pH 7), (b) Tris and (c) PBS. The melting 
profiles for each system are given as MRE vs. temperature in 
the left column and the first derivative ofMRE vs. tempera
ture in the right column with data for 0.5% by weight con-

by purple lassos. Available interhelical charged pair hydrogen 
bonds are indicated by small arrows. (b) Lysine-Aspartate 
interaction between the i and i+3 amino acids of adjacent 
peptide strands. (c) Quasi-hexagonal packing of growing 50 

fibers results in a bundle approximately 2 by 4 nm based on a 
triple helical cross section of 1.2 nm. ( d) Fiber diffraction 
pattern and ( e) its radially averaged intensity. Characteristic 
bands at 2.8 A, 4.3 A and 11.5 A match well with previously 
reported fiber diffraction from natural collagen. 55 centration in blue and 1.0% by weight concentration in red. 

FIG. 7 shows purification of the peptide (Pro-Lys-Gly)4 

(Pro-Hyp-Gly)iAsp-Hyp-Gly)4 . (a) HPLC and (b) ESI-MS 
data for (Pro-Lys-Gly)iPro-Hyp-Gly)iAsp-Hyp-Gly)4 . 

Expected: 1679.8 [M+2H]2+, Observed: 1679.7 [M+2H]2
+. 

Expected: 1120.2 [M+3H]3 +, Observed: 1119.8 [M+3H]3
+. 60 

Expected: 3358.6 [M+H]+, Calculated: 3358.6 [M+Hi+ 
FIG. 8 shows circular dichorism thermal unfolding curves 

for (Pro-Lys-Gly)iPro-Hyp-Gly)iAsp-Hyp-Gly)4 in 10 
mM phosphate buffer, pH 7, at varying concentrations. The 
melting profiles for each system are given as (a) molar 65 

residual ellipticity (MRE) vs. temperature and (b) the first 
derivative of MRE vs. temperature with data for 0.2% by 

FIG. 15 shows AFM of collagen-like nanofibers in water, 
pH 7, as observed after spin coating the gelled samples onto 
freshly cleaved mica at concentrations of (a and b) 0.5% by 
weight and ( c and d) 1.0% by weight concentrations. Nano fi
bers formed in water had heights of 1.2±0.3 nm. 

FIG.16 showsAFM of collagen-like nanofibers in 10 mM 
Tris, pH 7, as observed after spin coating onto freshly cleaved 
mica at concentrations of ( a and b) 0.5% by weight and ( c and 
d) 1.0% by weight concentrations. Nanofibers formed in Tris 
had heights of 1.1 ±0.2 nm. 

FIG. 17 shows AFM of collagen-like nanofibers in PBS, 
pH 7, as observed after spin coating the samples onto freshly 
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cleaved mica at concentrations of (a and b) 0.5% by weight 
and (c and d) 1.0% by weight concentrations. Nanofibers 
formed in PBS had heights of 1.2±0.2 nm. 

6 

FIG. 18 shows rheology of the collagen-like peptide (Pro
Lys-G!yMPro-Hyp-G!yMAsp-Hyp-Gly)4 in (a) water, pH 7 
(0.5% and 1.0% by weight concentrations) and (b) Tris, pH 7 
(1.0% by weight concentration). The left column shows data 
from strain sweep studies at 1 rad/s (30° C.), the center col
umn is frequency sweep data at 1 % strain (30° C.) and the 
right column displays the temperature dependence of rhea- 10 

logical properties in each buffer ( data points acquired at 1 
rad/s and 1 % strain). 

designed in order to assemble in a certain manner and accord
ing to the present disclosure, they assemble to replicate the 
3D matrix that native collagen creates within the body. Many 
peptide-based systems have been designed using a similar 
approach and have been shown to have extensive potentials 
for restorative medicine and tissue engineering applications. 
However, none have discretely replicated the self-assembly 
of collagen which is the major component of the extracellular 
matrix that these systems are attempting to mimic. The 
present disclosure describes a peptide system based on a 
collagen-mimetic amino acid sequence that assembles fol-
lowing the same steps as collagen to form an organized col
lagen-mimetic hydrogel network. FIG. 19 shows angular dependence of diffraction data. The 

dried pellet exhibits some alignment as evidenced by the 
pseudo-2-fold symmetry observed in the intensity versus azi- 15 

muthal angle scan of the diffraction pattern. 

Recently the structure of several ofheterotrimeric collagen 
helices has been investigated by NMR. 18024 Systems that uti
lize argininate-glutamate interactions were found to be dis
tant from one another and interact primarily by charge screen
ing rather than by a specific salt-bridged hydrogen bond (FIG. 
2a). 24 One of the reasons for this is that the arginine side chain 

FIG. 20 shows hydrogel of collagen-mimetic peptide as 
prepared in standard cell culture medium at a concentration of 
2.0% by weight. The gel was prepared at a volume of0.3 ml. 
The robust nature of the hydro gel and its shape persistence is 20 

readily apparent. 
forms a tight hydrogen bond with the backbone carbonyl of an 
adjacent peptide chain, which restrains it from making more 

The patent or application file contains at least one drawing 
executed in color. Copies of this patent or patent application 
publication with color drawing(s) will be provided by the 
Office upon request and payment of the necessary fee. 

While the present disclosure is susceptible to various modi
fications and alternative forms, specific example embodi
ments have been shown in the figures and are herein described 

intimate contact with glutamate. In contrast, it was observed 
that a very high quality formation of lysine-aspartate salt
bridged hydrogen bonds (FIG. 2b ). 18 Based on these charge-

25 pair observations, we prepared a new peptide which replaces 
the arginine residues with lysine and the glutamate residues 
with aspartate making the sequence (Pro-Lys-Gly)iPro
Hyp-G!yMAsp-Hyp-Gly)4. More effective interactions 

in more detail. It should be understood, however, that the 
description of specific example embodiments is not intended 30 

to limit the invention to the particular forms disclosed, but on 
the contrary, this disclosure is to cover all modifications and 
equivalents as illustrated, in part, by the appended claims. 

between lysine and aspartate previously observed result in 
superior fiber and hydrogel forming characteristics. 

The collagen mimetic peptides of the present disclosure are 
capable of multi-hierarchical assembly through each level of 
assembly as depicted in FIG. lb. The peptides of the present 
disclosure, in some embodiments, demonstrate substantial 

DESCRIPTION 

The present disclosure generally relates to collagen, and 
more particularly compositions and methods related to col
lagen-mimetic peptides. 

The major drawback of systems that utilize harvested col
lagen is threefold: cost, immune response and lack of system 
control. Although there are examples of relatively inexpen
sive forms of collagen available for purchase, for example 
collagen type I harvested from rat-tail tendon, clinical appli
cations primarily use collagen from bovine, porcine and 
human sources due to the similarity to human tissue, however 
these sources are more expensive to obtain. An immune 
response induced by harvested collagen implants is more 
intense forxenogeneic tissues (bovine or porcine implants put 
into humans), however even allogeneic implants (human 
implants used on another human) show negative immune 
responses. The majority ofreported responses is local to the 
implantation site and appears as rashes, inflammation and 
infection. However, there have been reported cases of patient 
death after the implantation of a harvested collagen-contain
ing system. The root of this immune response stems from the 
final drawback of harvested collagen systems: the lack of 
control within the systems. Despite the fact that all harvested 
tissues are thoroughly cleaned based on their application, all 
impurities carmot be removed from a sample, their concen
tration is simply reduced. It is these impurities that include 
species and individual markers from the donor that result in 
immune responses in the patient. 

In contrast, synthetic collagen systems have high levels of 
control due to the fact that a bottom-up approach is used for 
these systems. For clarification, a bottom-up approach uses 
individual building blocks (molecules, peptides, etc.) that are 

35 control at one or more of each level of collagen assembly: 
triple helicity, fiber formation, and hydro gel formation. Due, 
at least in part, to this control, this peptide, as well as systems 
and methods based upon it, have a large potential for use as 
scaffolds in restorative medicine and tissue engineering 

40 applications. Because this is a designed, synthetic peptide, its 
amino acid sequence can be easily modified to tailor the 
peptide more specifically for a particular application, such as, 
for example, drug delivery, cell delivery, reconstructive sur
gery, and the like. Additionally, the peptides of the present 

45 disclosure reproduce most of the properties of natural col
lagen while maintaining a high level of system control, 
which, among other things, may allow for better biocompat
ibility and the avoidance the major drawbacks of harvested 
collagen systems. Thus the peptides of the present disclosure 

50 may be used as a substitute for natural collagen in multiple 
restorative medicine applications focused on different tissues 
throughout the body. 

In one embodiment, the present disclosure provides a col
lagen-mimetic peptide comprising the amino acid sequence 

55 (Pro-Lys-G!yMPro-Hyp-G!yMAsp-Hyp-Gly)4, (SEQ. ID. 
NO. 1 ), where Pro is praline, Lys is lysine, Gly is glycine, Hyp 
is hydroxyproline and Asp is aspartic acid. This 36 amino acid 
peptide follows the characteristic X-Y-Gly sequence, which 
is unique to collagen, allowing for the peptide design to be 

60 referred to as collagen-mimetic. 
In another embodiment, the present disclosure provides a 

system comprising a plurality of collagen-mimetic peptides 
ofSEQ. ID. NO. I. In one embodiment, the present disclosure 
provides a collagen-mimetic hydro gel comprising peptides of 

65 SEQ. ID. NO. 1. The most notable feature of collagen is its 
multi-hierarchical self-assembly (peptide chain to triple helix 
to nanofibers and finally a hydrogel). The peptide (Pro-Lys-
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Gly)iPro-Hyp-Gly)iAsp-Hyp-Gly)4, is characterized by 
the ability to replicate the self-assembly of collagen through 
each of the discrete steps. The peptides of the present disclo
sure successfully demonstrate stable triple helix formation 
with a melting temperature of 40-41 ° C. A thermal stability 5 

above the body temperature is important for potential use in 
restorative medicine. 

The peptide and systems incorporating the peptide exhibits 
nanofiber morphologies as observed in atomic force micros
copy (AFM), scanning electron microscopy (SEM) and trans- 10 

mission electron microscopy (TEM), including both dry and 
hydrated techniques, and the nanofibers formed are quite 
uniform and with virtually no other aggregations or mor
phologies observed. The inclusion of a hydrated technique, 
specifically cryo-TEM, demonstrates that the nanofibers seen 15 

in dry techniques are not artifacts from drying but are actually 
present in the solution state. The observed nanofibers are 
quite uniform with widths of about 4-5 nm, heights of about 
1.2±0.3 nm, lengths with a lower bound of hundreds of 
nanometers and with virtually no other aggregations or mor- 20 

phologies observed. 
Furthermore, nanofibrous self-assembly could be easily 

observed under a wide range of buffers and ionic strengths 
indicating the robust nature of the self-assembly process. The 
nanofibers display characteristic triple helical packing con- 25 

firmed by fiber diffraction and self-assemble into hydrogels 
with good viscoelastic properties as measured by oscillatory 
rheology and compared to both natural and synthetic hydro
gels. A clear understanding of the viscoelastic properties of a 
system and how they can be modified is very important for a 30 

system's potential use in tissue engineering applications. For 
this peptide and peptide system, concentration and buffer are 
the two major variables used to adjust the viscoelastic nature 
of the hydro gels allowing the modulation of the system for 
different restorative medicine applications. Finally, the pre- 35 

pared hydro gels were broken down by collagenase type IV at 
a similar rate to rat-tail collagen in a simple functionality test 
further demonstrating the potential use of this system for 
tissue engineering applications. 

One advantage of the peptides of the present disclosure as 40 

compared to other synthetic scaffolds, is the bio-mimetic 
assembly of (Pro-Lys-Gly)iPro-Hyp-Gly)iAsp-Hyp
Gly)4. For popular synthetic polymer systems such as poly
ethylene glycol (PEG) and poly-lactic acid (PLA), many 
alterations must be made to the structures in order to make the 45 

polymers biocompatible and capable of being broken down 
safely by the body. Therefore the greatest drawback for these 
systems is that they are not modeled after biologically occur
ring molecules. For peptide-based systems that use naturally 
occurring amino acids as the building blocks, PuraMatrix 50 

being the most highly used, one concern is their ~-sheet 
forming potential. Many of the systems utilize ~-sheets to 
form the nanofibers, which, within the body, resemble amy
loid assemblies that are of concern for restorative medicine 
applications. In contrast, the peptides of the present disclo- 55 

sure assemble following the same hierarchical process as 
natural collagen making its safety within the body less con
troversial than its ~-sheet alternatives. 

In another embodiment, the present disclosure provides a 
method comprising preparing a plurality of collagen-mimetic 60 

peptides of SEQ. ID. NO. 1; placing the plurality of peptides 
in a buffer; and allowing the peptides to self-assemble to form 
a hydro gel. In one embodiment, the peptides of the present 
disclosure may be prepared by standard solid phase peptide 
synthesis. After purification by standard HPLC and dialysis, 65 

the material undergoes a multi-step self-assembly first form
ing a triple helices, then fibers and finally a viscoelastic 

8 
hydro gel. In certain embodiments, the collagen-mimetic pep
tides may be present in the buffer at a concentrations of from 
about 0.2% to about 2% by weight. In other embodiments, the 
collagen-mimetic peptides may be present in the buffer at a 
concentration of from about 0.5% to about 1 % by weight. In 
other embodiments, the collagen-mimetic peptides may be 
present in the buffer at concentrations ranging from about 0.6 
mM to about 3 mM. One of ordinary skill in the art with the 
benefit of this disclosure will be able to select a concentration 
of collagen mimetic peptides to achieve hydrogels of the 
desired viscoelastic properties. 

The buffer used according to the methods of the present 
disclosure may be any buffer that allows for the self-assembly 
of the collagen-mimetic peptides of the present disclosure 
into triple helices, fibers, and hydrogels. In certain embodi
ments, the buffer may be sodium phosphate, water, Tris, or 
PBS. In certain embodiments, the buffer is of a pH of about 7. 
The ionic strength of the buffer may be varied to suit a par
ticular application. In certain embodiments, the density of the 
fibers formed may be modified depending on the type of 
buffer used. For example, fibers formed in PBS appeared 
more dense than fibers in waterorTris. (See FIGS.15, 16, and 
17.) According to the present disclosure, the ability of the 
peptide to form a hydrogel decreases as ionic strength of the 
buffer increased. One of ordinary skill in the art with the 
benefit of this disclosure will be able select an appropriate 
ionic strength for the buff er to achieve a hydrogel with desired 
properties. 

The peptides of the present disclosure are capable of self
assembling and form a sticky-ended collagen-like triple 
helix. At sufficient concentration, these triple helices elongate 
and bundle into a homogeneous population of nano fibers with 
triple helical packing similar to natural collagen and these 
nanofibers interact to form high quality hydrogels that are 
degraded at a similar rate to rat-tail collagen. Thus, the col
lagen-based system of the present disclosure simultaneously 
demonstrates triple helix, nanofiber and hydrogel formation 
and as such, substantially recapitulates the multihierarchical 
self-assembly of natural collagen. Because of collagen's 
major role in critical functions such as tissue structure, repair 
and regeneration, the peptides of the present disclosure, and 
those based on its design, will play an important role in 
regenerative medicine and drug delivery. 

In another embodiment, the present disclosure provides a 
biomaterial comprising a collagen-mimetic hydrogel, 
wherein the hydrogel comprises peptides of SEQ. ID. NO. 1. 
One example of a hydrogel formed according to the present 
disclosure is provided in FIG. 20. The peptides of the present 
disclosure, due to their ability to behave similarly to native 
collagen, may be used in any application where it would be 
beneficial to use collagen. For example, in certain embodi
ments, the peptides and hydro gels of the present disclosure 
may be used in may different applications, including but not 
limited to, cosmetic surgery, joint repair, artificial skin grafts, 
vascular tissue regenerations, scaffolds for tissue engineering 
applications, and as carriers for drug delivery. 

To facilitate a better understanding of the present inven
tion, the following examples of certain aspects of some 
embodiments are given. In no way should the following 
examples be read to limit, or define, the entire scope of the 
invention. 

EXAMPLES 

Methods 

Peptide Synthesis 
(Pro-Lys-Gly)iPro-Hyp-Gly)iAsp-Hyp-Gly)4 was syn

thesized using standard Fmoc chemistry for solid phase pep-
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Vitreous ice TEM samples were prepared as follows. First, 
the TEM grids were glow discharged for one minute with a 5 
mA discharge on a EMS 100 Glow Discharge Unit. The next 
stages of sample preparation were performed using a FEI 
Vitrobot type FP5350/60. The peptide solution (a diluted 
sample with a concentration of0.25% by weight made from a 

tide synthesis on an Advanced Chemtech Apex 396 multi
peptide automated synthesizer at a scale of 0.15 mM on a 
glycine pre-loaded Wang resin. Once synthesized, the peptide 
was purified on a Varian PrepStar220 HPLC using a prepara
tive reverse phase C-18 column then dialyzed against deion- 5 

ized water in order to remove salts. Once dialyzed, the peptide 
was analyzed by ESI/TOF mass spectrometry on a Bruker 
microTOF. The HPLC chromatogram and mass spectrum are 
given in FIG. 7. 

0.5% by weight sample) was added to the grid and immedi
ately blotted for 2 seconds before being immersed in liquid 
ethane. The grid was then manually transferred from liquid 

10 ethane to liquid nitrogen where it was stored until imaging. Sample Preparation. 
All peptide concentrations were measured by weight. All 

samples were adjusted to pH 7 with sodium hydroxide prior to 
the addition of buffer and then annealed for 15 minutes at 85° 

All TEM imaging was performed on a JEOL 2010 micro
scope (200 kV) and cryo-imaging was taken at a temperature 
of -176° C. using low dose conditions. 

C. Lastly, the samples were incubated at room temperature for 
15 

at least 12 hours prior to characterization to ensure complete 
assembly. Time course rheological studies are given in FIG. 

Scanning Electron Microscopy (SEM). 
100 nl aliquots of each gel were placed in a 24-wellplate. 

Gels were dehydrated in a series of ethanol/water solutions 
progressing from 30% to 100% ethanol over the course of 24 
hours. The dehydrated gels were critical point dried using an 

13 to support this time scale. 
Circular Dichroism. 
All spectra and thermal unfolding studies were performed 

on a Jasco J-810 spectropolarimeter equipped with a Peltier 
temperature control system. Quartz cells were used with path
lengths of 0.01 cm and 0.1 cm depending on the peptide 
concentration and buffer. Spectra were collected from 190-
250 nm. Melting experiments were performed from 5 to 85° 
C., monitoring at 225 nm, and the first derivative of the 
thermal unfolding curve was taken in order to determine the 
melting temperature of the sample. The molar residual ellip
ticity (MRE) is calculated from the measured ellipticity using 
the equation: 

exm 
[8]=--

cxlxnr 

where 8 is the ellipticity in mdeg, m is the molecular weight 
in g/mol, c is the concentration in mg/ml, 1 is the pathlength of 
the cuvette in cm, and nr is the number of amino acids in the 
peptide. The spectrum for 1.0% by weight is only shown from 
250-205 nm due to the increase in background noise for 
higher concentration samples at lower wavelengths. 

Atomic Force Microscopy. 
Samples were prepared and dropped onto freshly cleaved 

mica while spinning on a Headway Research, Inc. Photo
resist spinner. The sample was quickly rinsed with deionized 
water for 4-5 seconds and then spun for an additional 10 
minutes. AFM images were collected on a Digital Instru
ments Nanoscope Ma AFM in tapping mode under ambient 
conditions. Height profiles were obtained using Nanoscope 
software (20 measurements were taken per peptide concen
tration and buffer, averaged and the standard deviation calcu
lated). 

Transmission Electron Microscopy (TEM). 

20 Electron Microscopy Sciences 850 critical point drier. They 
were then affixed to SEM pucks using conductive carbon 
tape. The pucks were sputter coated with 10 nm gold, rotated, 
and then sputter coated with an additional 5 nm gold using a 
CRC-150 sputter coater. Samples were imaged using a FEI 

25 Quanta 400 ESEM at 20.00 kV. 
Rheology. 
All rheological studies were performed on a TA AR-G2 

rheometer. Strain and frequency experiments were performed 
using 12 mm stainless steel parallel plate geometry with a 500 

30 mm gap size. Strain sweeps maintained a fixed frequency (1 
rad/s) and a variable strain (0.01-200%). Frequency sweeps 
utilized a fixed strain (1 %) and varying frequencies (0.1-200 
rad/s). 

35 
X-Ray Fiber Diffraction. 
A freshly annealed 1.0 wt % sample was dried by placing 

10 nl droplets between two capillaries held in the center of a 
custom magnet assembly as described by Sunde et. al. over a 
period of several days.43 A dried peptide pellet attached to the 

40 end of the capillary was used for data collection. Data was 
collected at 1.54 A using a Rigaku RUH3R rotating anode 
x-ray generator with a Rigaku R-axis IV++ detector. The 
detector was placed at a distance of 180.0 mm from the 
sample, which was cooled using a N2 stream to 100 K. Dif-

45 fraction patterns were acquired with exposure times ranging 
from 1 to 40 minutes, with the highest exposure time yielding 
the best pattern. The data was analyzed using the Fit2D soft
ware package.54 The position of the beam stop was calculated 
using the ring 11.5 A and a median filter was applied to the 

50 data. Radial integration was carried out to produce a ID 
profile of the observed intensities as a function ofD-spacing 
(A) and angular integration to generate a plot of the observed 
intensities as a function of D-spacing (A) and azimuthal 
angle. 

Results and Discussion 
Once the peptide (Pro-Lys-Gly)iPro-Hyp-Gly)iAsp

Hyp-Gly)4 was successfully synthesized and purified, 
samples were made at specified concentrations between 0.2% 
(0.6 mM) and 1.0% (3 mM) by weight. Multiple buffer sys-

Samples for TEM were prepared on Quantifoil® Rl .2/1.3 55 

holey carbon mesh on copper grids. For dry TEM, phospho
tungstic acid (PTA) was used to stain the TEM grids using 
negative staining techniques. A 2.0% by weight solution of 
PTA was prepared and adjusted to pH 6 with sodium hydrox
ide. All stains were made bi-weekly and syringe filtered prior 60 terns were explored with varying ionic strengths however, we 

will primarily discuss results in 10 mM sodium phosphate 
buffer at pH 7 (referred to as phosphate). In this buffer system, 
all samples made at concentrations of 0.5% (1.5 mM) by 
weight or higher formed hydro gels within a few hours. Once 

to use. For dry TEM sample preparation, the peptide solution 
was added to the carbon side of a TEM grid, allowed to dry for 
one minute, then indirectly blotted with filter paper to remove 
excess solution. The grid was allowed to dry for 5 minutes 
before it was inverted onto an aliquot of PTA solution where 
it remained for 10 minutes. The grid was then placed on filter 
paper to dry overnight. 

65 the observation of hydro gel formation was made, we began 
systematically analyzing the peptide at each level of self
assembly: triple helix, nanofiber and hydrogel. 
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Triple Helix. 
In order to determine whether a collagen mimetic peptide 

forms a triple helix, two circular dichroism (CD) experiments 
must be performed: a wavelength spectrum and a thermal 
unfolding curve. Collagen triple helices have a signature CD 5 

spectral profile that consists of a maximum at 225 nm and a 
minimum near 200 nm which is indicative of a poly-praline 
type II helix. The thermal unfolding experiment monitors the 
spectral maximum as temperature is increased which, when a 
triple helix is present, shows a cooperative transition. For the 10 

peptide (Pro-Lys-G!yMPro-Hyp-G!yMAsp-Hyp-Gly)4 , CD 
spectra taken at all concentrations showed a strong maximum 
at 225 nm. The spectra for 0.5% and 1.0% by weight in 
phosphate are shown in FIG. 3a. Note the size difference in 
the maximum in the spectrum for 1.0% by weight compared 15 

to 0.5% by weight despite the fact that the data is normalized 
for concentration. This indicates an increased percentage of 
the peptide is folded at the higher concentration. When melt
ing experiments are performed from 5 to 85° C. on samples at 
0.2%, 0.5% and 1.0% by weight concentrations, all samples 20 

exhibit a cooperative transition in the melting profile. Addi
tionally, transitions for samples at higher peptide concentra
tions were stronger and more clear than those for lower con
centrations, indicating that the higher concentration of 
peptide helps to drive triple helix formation. The thermal 25 

unfolding curve and the first derivative of the curve for a 1.0% 
by weight sample in phosphate are shown in FIGS. 3b and 3c 
respectively. FIG.10 shows TEM images of the collagen-like 
nano fibers. (Melting studies for 0.2% and 0.5% by weight are 
given in FIG. 8 and FIG. 9 shows circular dichroism thermal 30 

unfolding curves for (Pro-Lys-G!yMPro-Hyp-G!yMAsp
Hyp-Gly )4 in 10 mM phosphate buffer at pH 3 (red) and pH 11 
(blue) with a peptide concentration of 1.0% by weight.) A 
major transition can be seen in the first derivative curve at 
40-41 ° C., corresponding to the melting temperature for the 35 

peptide. However, a broad, minor transition is also visible 
between 10 and 30° C. The minor transition may be due to 
increased helicity upon fiber elongation and lateral packing. 

12 
what is present in the hydrated state. In addition, the use of a 
heavy metal stain adds an additional level of uncertainty in 
assessing fiber size and morphology. For these reasons, we 
believe the presence of nano fibers in a solution state can only 
be proven by imaging the system in a hydrated environment, 
specifically using vitreous ice cryo-TEM. 

The sample preparation for cryo-TEM differs greatly from 
dry TEM due to the fact that cryo-TEM requires a thin aque
ous film of sample on the TEM grid before it is flash frozen in 
ethane slush. A representative TEM image from this prepa
ration is given in FIG. 4c with additional images in FIG. 10. 
In contrast to the dry TEM images, especially FIG. 4a, the 
fibers seen in the vitreous ice cryo-TEM sample have uniform 
widths from 4-5 nm and fiber lengths from several hundred 
nanometers to many microns. However, similar to the dry 
TEM images, the observed fibers in cryo-TEM are the major-
ity of the peptide population in the sample. (The spherical 
species seen in the cryo-TEM image are ethane artifacts that 
result from sample preparation, not peptide aggregates). 
Therefore, in both dry and cryo-TEM, the presence of nano fi
bers was confirmed and they were observed to be the major 
species within the system. Once the length and width of the 
nanofibers formed from the peptide was determined from 
TEM, the height of the fibers was needed in order to under
stand the mechanism of fiber formation. Tapping mode AFM 
is the most efficient method for acquiring this data. FIGS. 4d 
and 4e are AFM images taken of 1.0% and 0.5% by weight 
samples, respectively, in phosphate buffer. Nanofibers can be 
seen in both images with the higher concentration sample 
exhibiting a thicker network of nanofibers. Similar fibers 
were seen in all buffers examined including higher ionic 
strength buffers, such as phosphate buffered saline (PBS). 
The measured height profile in phosphate buffer from the 
AFM images was 1.2±0.3 nm. This value is much lower than 
the fiber width of 4-5 nm measured from TEM and the 
observed fiber lengths seen inAFM also appear smaller than 
those seen in TEM. A hypothesis for this difference will be 
discussed below in the Proposed Mechanism of Assembly 
section. One advantage of these images is that due to their A more detailed explanation for this will be given in the 

Hydrogel section below. 
Nano fiber. 
Once the triple helical nature of the peptide was confirmed, 

the next step was to understand the nanostructure of the 
self-assembled peptide. Multiple microscopy techniques 
were used including transmission electron microscopy 
(TEM), atomic force microscopy (AFM) and scanning elec
tron microscopy (SEM). TEM is an integral technique for 
viewing the morphology and measuring the length and width 
of structures on the nanoscale. It is most commonly a dry 
technique that, for viewing carbon-based materials, requires 
the sample to be stained with a heavy metal such as phospho
tungstic acid (PTA). For this peptide, a 1.0% by weight con
centration sample in phosphate was prepared using the pre
viously described procedure and negatively stained with 
PTA. Images of these stained samples (FIGS. 4a and 4b as 
well as FIG. 11) reveal long nanofibers present both as single 
fibers and as fiber bundles. FIG. 4a exhibits the variety of fiber 
widths present within this system when dried and stained. 
These fibers are the major species within the TEM sample, in 
contrast to previously reported collagen mimetic nanofibers 
that show large aggregates and a variety of other non-fibrous 
structures in the TEM images. FIG. 4b reveals the twisting 
nature of some of the nanofibers in contrast to fibers with a 
smoother morphology. Although the negatively stained TEM 
images show the presence of nanofibers for this peptide sys
tem, drying artifacts can cause samples to appear more 
densely packed or with a completely different structure than 

40 lower magnification, a larger area is observable and the uni
formity of the population of self-assembled nanofibers is 
more apparent. 

One final microscopy method, SEM, is important in under
standing the qualitative long-range nanoscale behavior of the 

45 system. Samples imaged by SEM were 1.0% by weight in 
phosphate buffer. In FIG. 4f, the dense fiber network that is 
homogeneous and extends 1 O's of microns is apparent. When 
the magnification is increased (FIG. 4g), the uniform nature 
of the nano fibers within the network can be more readily seen. 

50 FIG. 12 shows additional SEM images. These results directly 
complement the fiber morphologies observed by TEM and 
AFM (FIG. 15, FIG. 16, and FIG. 17) and also give an indi
cation of the three-dimensional structure of the hydrogel. 

Through the use of multiple microscopy techniques, the 
55 nano-morphology of (Pro-Lys-G!yMPro-Hyp-G!yMAsp

Hyp-Gly )4 was determined to be nano fibers of relatively uni
form dimensions with observed lengths of at least several 
hundred nanometers, widths of 4-5 nm, measured heights of 
1.2±0.3 nm and a uniform long-range behavior visible in the 

60 hydrated state. 
Hydro gel. 
With the first two levels of self-assembly confirmed, the 

final layer of analysis needed to describe the multi-hierarchi
cal assembly of (Pro-Lys-G!yMPro-Hyp-G!yMAsp-Hyp-

65 Gly)4 is the assessment of the visco-elastic properties of the 
formed hydro gel. Visually, the gels maintain their shape when 
they have been removed from their containers including the 
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visible sustainability of the gel's sharp edges. The image in 
FIG. Sd depicts the visual properties of the hydrogel. To 
quantitatively analyze the peptide hydrogels, rheological 
studies were performed. Strain and frequency sweep experi
ments were performed to assess the gel properties and spe- 5 

cifically the storage modulus (G') and loss modulus (G") 
which measure the elastically stored energy and energy lost as 
heat within the hydrogel respectively. Representative graphs 
of each type of experiment are shown in FIGS. Sa and Sb 
respectively, and FIG. 18 shows rheology of collagen-mi- 10 

metic peptides in water and Tris. The first observation that can 
be made is that the G' is substantially larger than the G" for 
both 0.5% and 1.0% by weight concentrations of the peptide 
in phosphate buffer. Therefore, (Pro-Lys-G!yMPro-Hyp
G!yMAsp-Hyp-Gly)4 forms a hydrogel in phosphate buffer 15 

at 0.5% by weight concentrations and higher. It should be 
noted that the observed G' ofthis collagen mimetic system is 
similar to that typically observed for a collagen hydrogel 
formed from natural sources, such as rat tail collagen, despite 
the fact that our peptide is approximately thirty times shorter 20 

(36 amino acids as compared to 1,000).34 It is also higher than 
Matrigel35 and comparable to popular ~-sheet hydrogels 
described in the literature. 36-41 

The collagen mimetic hydrogel was found to be tempera
ture sensitive. From the CD melting studies, we know that the 25 

triple helix unfolds at 40-41 ° C. therefore a temperature ramp 
rheological experiment from 20 to 60° C. was used to dem
onstrate the melting of the hydrogel. Indeed, the G' values 
decreased beginning at 40° C. and by 50° C., the G" values 
exceed the G' values, which indicates that the gel has disas- 30 

sembled. FIG. Sc is a bar graph representation of the G' values 
for 0.5% and 1.0% by weight gels in phosphate at 20, 30 and 
3 7° C. The temperatures examined were included in order to 
gain insight on the behavior of the system before the gel 
melts. As shown in FIG. Sc, the gels have their highest G' at 35 

30° C. and 37° C. and a substantially lower observed storage 
modulus at 20° C. The CD melting profile shows a minor 
transition of the peptide from 10 to 30° C. prior to the actual 
triple helix unfolding of the system. When we combine the 
temperature dependent rheological results with the CD data, 40 

it suggests that as the peptide slightly unfolds between 10 and 
30° C., the unfolded regions of fiber may interdigitate with 
other nanofibers resulting in the strengthening of the hydro
gel. 

As a simple functional test of the collagen hydrogel 45 

mimetic, we compared its ability to be broken down by col
lagenase (type IV, Invitrogen) the primary component of 
which is MMP2, a protease known to specifically cleave 
between the X and Gly residues of an X-Y-Gly repeat found 
in a triple helix.42 (Pro-Lys-G!yMPro-Hyp-G!yMAsp-Hyp- 50 

Gly)4 hydrogels were prepared at a concentration of2.0% by 
weight in phosphate buffer and treated with either collage
nase in HBSS (Hank's Balanced Salt Solution) or HBSS 
alone. The samples were allowed to incubate at room tem
perature (approximately 20° C.), 30° C. and37° C. Hydrogels 55 

of rat-tail collagen were prepared in the same fashion with 
and without collagenase. As shown in Tables 1 and 2, hydro
gels prepared from our self-assembling peptide and rat-tail 
collagen degraded at similar rates: samples of both types of 
hydrogels treated with collagenase were found to be fully 60 

dissolved after 1 hour (37° C.) or 4 hours (30° C. and room 
temperature) while untreated controls were not. 

Fiber Diffraction. 

14 
images, neighboring fibers lack a common orientation axis. In 
order to partially align the fibers, the drying peptide solution 
was placed in a strong magnetic field to promote alignment 
during the drying process. This methodology has been shown 
to produce highly aligned protein fibers,43 but had only lim
ited success in our system. FIG. 6d shows the recorded dif
fraction pattern. The dried pellet exhibits some alignment as 
evidenced by the pseudo-2-fold symmetry observed in the 
intensity versus azimuthal angle scan of the diffraction pat
tern (see FIG.19). However, no clear equatorial or meridional 
axis could be determined and thus the data was analyzed by 
performing a radial integration of the diffraction pattern to 
yield a plot of the observed intensities as a function ofD-spac-
ing (FIG. 6e ). The plot shows three distinct features: a weaker, 
sharp line near 2.8 A, a diffuse intense reflection near 4.3 A 
and a strong well defined band near 11.5 A. The spacing of the 
observed lines agrees well with that observed for collagen 
from stretched kangaroo-tail tendon.44 Based this, we assign 
the 11.5 A band to the distance between two triple helices 
inside the nanofibers, the diffuse reflection at 4.3 A to the 
distance between peptide chains inside a triple helix and the 
reflection at 2.8 A to the translation per triple helical triplet. 
This suggests that our collagen-like peptide fibers are packing 
in a fashion similar to natural collagen. 

Proposed Mechanism of Assembly. 
As mentioned above, the charge pairing of lysine and 

aspartate has been previously shown to form direct electro
static interactions in collagen mimetic peptides.18 Specifi
cally, lysine's side chain reaches in a C-terminal direction to 
make an intimate salt-bridge hydrogen bond with an aspartate 
on an adjacent, lagging peptide offset by three amino acids 
(FIG. 6b). Since our peptide forms a homotrimer, there is a 
potential for these charged amino acid salt bridges to form 
between peptide strands and create an offset, sticky-ended 
triple helix. Similar sticky-ended assemblies have been 
designed and reported, particularly for alpha-helical coiled 
coils.45•46 FIG. 6a shows the proposed repeating unit of pep-
tide self-assembly. Lysine-aspartate interactions are high
lighted with purple lassos. This favorable interaction forces a 
dramatic sticky-ended triple helix in which only one third of 
the possible lysine-aspartate pairs are satisfied. However, as 
additional peptides are added to extend the triple helical sys
tem, the fraction of satisfied charge pairs increases. For 
example, adding just one more peptide increases the fraction 
of satisfied charge pairs to one half and an infinite length triple 
helical fiber will have two thirds of the salt-bridges satisfied 
through intra-helical interactions. In addition, for our col
lagen mimetic system, fiber elongation satisfies a larger per
centage of inter-peptide backbone hydrogen bonds donated 
from glycine which are known to stabilize collagen triple 
helices.47-52 In the three peptide nucleation center, only 50% 
of the glycine residues are capable of forming these inter
peptide interactions however as the fiber grows, the percent
age of glycines participating in hydrogen bonds approaches 
100%. 

As observed by TEM, SEM and AFM, the nanofibers 
formed have dimensions greater than that of a single collagen 
triple helix. Therefore, several triple helices must bundle 
together to form the observednanofibers. This is backed up by 
fiber diffraction data which clearly displays the characteristic 
triple helix packing band at 11.5 A (FIGS. 6d and 6e). The To learn more about the packing morphology of the self

assembled nanofibers, x-ray fiber diffraction studies were 
carried out on a dried peptide sample (see Methods section for 
sample preparation). As is apparent from the microscopy 

65 lysine and aspartate side chains not participating in intrahelix 
salt-bridges (indicated by small arrows in FIG. 6a) are avail
able for inter-helix interactions which promote helix bun-
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dling. In natural collagen, five helices are believed to pack in 
a quasi-hexagonal fashion to form fibrils that continue to 
assemble into mature fibers. 1

•
2 Based on the measured height 

and width for the (Pro-Lys-Gly)iPro-Hyp-Gly)iAsp-Hyp
Gly)4 nanofibers measured fromAFM and cryo-TEM respec
tively and a helix packing distance from fiber diffraction, we 
hypothesize that our peptide system assembles in a similar 
fashion. A schematic of this packing is given in FIG. 6c. The 
calculated nanofiber height from AFM was found to be 
1.2±0.3 nm and the observed nanofiber width from cryo
TEM was 4-5 nm. Both of these measured values are within 
reason for our proposed quasi-hexagonal packing however, 
some additional comment on the fiber height should be made. 
The value measured by AFM appears to be significantly less 
than expected. There are several possible explanations for 
this. First, it is known that in AFM, soft organic materials 
often have measured heights less than expected due to flat
tening from surface forces or from the AFM tip itself.53 

Another possible explanation is that the triple helices not in 
direct contact with the mica surface are removed during the 
washing step leaving behind collagen ribbons only one triple 
helix high and shorter in length. In fact, our AFM measured 
height is very nearly exactly what would be expected from a 
single triple helix. Nevertheless, the bundled fibrous structure 
is well supported by our x-ray diffraction data and the vari
ances between cryo-TEM, stained TEM, AFM, SEM and 
x-ray diffraction can be attributed to necessary differences in 
sample preparation. 

Collagenase Degradation Study 

10 

15 

20 

25 

30 
Using the previously described gelation procedure, gels of 

(Pro-Lys-Gly)iPro-Hyp-Gly)iAsp-Hyp-Gly)4 were pre
pared at a concentration of 2.0% by weight in 10 mM phos
phate buffer. Directly after annealing, 100 µl of solution was 
pipetted into two wells of a 96-well cell culture plate and 35 

allowed to incubate at room temperature overnight. A 0.3% 
by weight collagenase type IV solution was prepared by 
dissolving 15.0 mg of non-sterile lyophilized enzyme into 5 
ml of Hank's Balanced Salt Solution (HBSS). The solution 

40 
was then filter sterilized using a 0.2 µm filter attached to a 
syringe. Enzyme and buffer were from Invitrogen (Carlsbad, 
Calif.). After gelation was complete, 150 µl of collagenase 
was added on top of one well and 150 µL ofHBSS was added 

time 

Oh 
1 h 
4h 
6h 

12 h 
24h 
48 h 

time 

Oh 
1 h 
4h 
6h 

12 h 
24h 
48 h 
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TABLE 1 

Degradation of (Pro-Lys-Gly)4(Pro-Hyp-Gly)4(Asp-Hyp-Gly)4 

(Pro-Lys-Gly ).(Pro-Hyp
Gly)4(Asp-Hyp-Gly)4 

20° C. 30° C. 37° C. 

intact intact intact 
intact intact intact 
intact intact intact 
intact intact intact 
intact intact intact 
intact intact dissolved 
intact intact dissolved 

(Pro-Lys-Gly).(Pro-Hyp
Gly).(Asp-Hyp-Gly)4 w/ 

collagenase 

20° C. 30° C. 37° c. 

intact intact intact 
intact intact dissolved 
dissolved dissolved dissolved 
dissolved dissolved dissolved 
dissolved dissolved dissolved 
dissolved dissolved dissolved 
dissolved dissolved dissolved 

TABLE2 

Degradation of Rat-Tail Collagen 

Rat-tail Collagen Rat-tail Collagen w/ collagenase 

20° C. 30° C. 37° C. 20° C. 30° C. 37° c. 

intact intact intact intact intact intact 
intact intact intact intact intact dissolved 
intact intact intact dissolved dissolved dissolved 
intact dispersed intact dissolved dissolved dissolved 
intact dispersed intact dissolved dissolved dissolved 
intact dispersed intact dissolved dissolved dissolved 
intact dispersed intact dissolved dissolved dissolved 

Peptide Assembly in Additional Buffers 
We explored the self-assembly of (Pro-Lys-Gly)iPro-

Hyp-Gly)iAsp-Hyp-Gly)4 in multiple buffers. The buffer 
library attempted to include a range of ionic strengths and all 
buffers were made at pH 7. The buffers examined are water 
(these samples were pH adjusted prior to final dilution in 
order to ensure accurate pH), Tris (10 mM tris(hydroxym
ethyl)-aminomethane, pH 7) and PBS (10 mM phosphate, 
150 mM sodium chloride, pH 7). Samples at 0.5% and 1.0% 
by weight concentrations of peptide were prepared in each of 
these buffers and examined for triple helical stability using 
CD and nanofiber formation via AFM. In addition, for the 
samples that formed hydro gels, rheological studies were per
formed to assess the gel properties. The results from these 

on the other serving as a control. Three plates were prepared 
and incubated at room temperature (about 20° C.), 30° C. and 
37° C. Each condition was observed and imaged at 0, 1, 4, 6, 
12, 24 and 48 hours after addition of the collagenase or HBSS. 
Plates containing rat-tail collagen gels at a concentration of 
3.0% by weight were prepared and analyzed in an identical 
manner. Table 1 and Table 2 below show collagenase medi
ated degradation of (Pro-Lys-Gly)iPro-Hyp-Gly)iAsp
Hyp-Gly)4 and rat-tail collagen hydrogels, respectively. 
Samples were tested at room temperature ( approximately 20° 

45 experiments are given in the figures below. The ability of the 
peptide to form a hydrogel decreased as ionic strength 
increased. For example, both peptide concentrations formed 
hydro gels in water and only 1.0% by weight samples formed 
a hydro gel in Tris after the standard 12 hour incubation. PBS 

50 samples gel very slowly, requiring more than a week for a 
1.0% by weight sample. This result directly complemented 
what was seen in the CD studies because gel-forming samples 
showed a melting transition at 40-41 ° C. while samples that 
did not form gels had a melting temperature around 23° C. 

55 These melting experiments are shown in FIG. 14. Despite 
gelation or triple helical results, all samples made in these 
buffers formed nanofibers visible by AFM. The fibers in PBS 
appear more dense than the water or Tris samples however 
they seem to be shorter in length than the fibers composing the 

C., 30° C. and 37° C.) with and without collagenase. Both 
types ofhydrogels treated with collagenase were found to be 
fully dissolved after 1 hour (37° C.) or 4 hours (30° C. and 
room temperature). Control samples of (Pro-Lys-Gly)iPro
Hyp-Gly)iAsp-Hyp-Gly)4 at room temperature and 30° C. 
were intact after 48 hours. However at 37° C. the hydrogels 
dissolved after 24 hours due to the proximity of this tempera
ture to the triple helices melting temperature. Rat-tail col
lagen controls at 20° C. and 3 7° C. remained intact at all time 65 
points, however at 30° C. the hydrogel was dispersed (though 
not dissolved) due to handling. 

60 gelled samples. The measured height profiles for each buffer 
were similar to the heights seen in the phosphate samples and 
are listed in the figure captions for the AFM images in each 
buffer. 

Therefore, the present invention is well adapted to attain 
the ends and advantages mentioned as well as those that are 
inherent therein. The particular embodiments disclosed 
above are illustrative only, as the present invention may be 
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modified and practiced in different but equivalent manners 
apparent to those skilled in the art having the benefit of the 
teachings herein. Furthermore, no limitations are intended to 
the details of construction or design herein shown, other than 
as described in the claims below. It is therefore evident that 5 

the particular illustrative embodiments disclosed above may 
be altered or modified and all such variations are considered 
within the scope and spirit of the present invention. While 
compositions and methods are described in terms of "com
prising," "containing," or "including" various components or 10 

steps, the compositions and methods can also "consist essen
tially of' or "consist of' the various components and steps. 
All numbers and ranges disclosed above may vary by some 
amount. Whenever a numerical range with a lower limit and 

15 
an upper limit is disclosed, any number and any included 
range falling within the range is specifically disclosed. In 
particular, every range of values ( of the form, "from about a to 
about b," or, equivalently, "from approximately a to b," or, 
equivalently, "from approximately a-b") disclosed herein is 20 

to be understood to set forth every number and range encom
passed within the broader range of values. Also, the terms in 
the claims have their plain, ordinary meaning unless other
wise explicitly and clearly defined by the patentee. Moreover, 
the indefinite articles "a" or "an," as used in the claims, are 25 

defined herein to mean one or more than one of the element 
that it introduces. If there is any conflict in the usages of a 
word or term in this specification and one or more patent or 
other documents that may be incorporated herein by refer
ence, the definitions that are consistent with this specification 30 

should be adopted. 
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What is claimed is: 
1. A collagen-mimetic peptide of SEQ. ID. NO. 1. 
2. A collagen-mimetic hydrogel comprising a peptide, the 

peptide comprising the sequence of SEQ. ID. NO. 1. 
3. The hydrogel of claim 2, wherein the hydrogel is bio- 5 

compatible. 
4. The hydrogel of claim 2, wherein the hydrogel is vis

coelastic. 
5. A method of preparing a collagen-mimetic hydrogel 

comprising: 
obtainin~ a plurality of collagen-mimetic peptides, 

wherem each of the plurality of collagen-mimetic pep
tides comprise the peptide sequence of SEQ ID NO: 1; 

placing the plurality of collagen-mimetic peptides in a 
buffer; and 

allowing the plurality of collagen-mimetic peptides to self
assemble to form the collagen-mimetic hydrogel. 

10 

15 

6. The method of claim 5, wherein allowing the peptides to 
self-~ssemble to form a hydrogel comprises allowing the 
peptides to self-assemble to form a plurality of triple helices. 20 

7. The method of claim 6, wherein allowing the peptides to 
s~lf-asse1:1ble to form a hydrogel comprises allowing the 
tnple helices to self-assemble to form a plurality of fibers. 

22 
8. The method of claim 7, wherein allowing the peptides to 

self-assemble to form a hydrogel comprises allowing the 
plurality of fibers to self-assemble to form a hydrogel net-
work. 

9. The method of claim 5, wherein preparing a plurality of 
collagen-mimetic peptides comprises solid phase peptide 
synthesis. 

10. The method of claim 5 wherein the buffer is sodium 
phosphate, water, Tris, or PBS. 

11. The method of claim 5, wherein the plurality of col-
lagen-mimetic peptides are placed in the buffer at a concen
tration of from about 0.5% to about 2% by weight. 

12. The method of claim 5, wherein the buffer is of a pH of 
about 7. 

13. A biomaterial comprising a collagen-mimetic hydro
gel, wherein the hydro gel comprises a peptide comprising the 
sequence of SEQ. ID. NO. 1. 

14. The biomaterial of claim 13, wherein the biomaterial is 
a scaffold for tissue engineering applications. 

15. The biomaterial of claim 13, wherein the biomaterial is 
biocompatible. 

* * * * * 


