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Collagen is used in a variety of medical applications ranging Table 1. Melting Transition Temperatures of Collagen Mimetic
from hemostatic materials and biocompatible coatings to drug Peptide Derivatives Determined by Circular Dichroism

delivery and tissue engineering. Recent widespread interest in theSpectroscopya

development of engineered tissue and organ replacement therapies _¢mpound sequence n (°C)
has prompted demand for new approaches to immobilize exogenous 1 -(ProHypGly)o 69
components to natural collagé&h? Chemical coupling of synthetic 2 SCF-Glys-(ProHypGly)o 75
moieties to amino acid side chains (e.g., Lys or Glu) has been 3 g(C:E:g:i:zgf:gg?ppé%;ymﬁlylv -
commonly practiced for such purposes; however, such coupling 5e MPEGaoooGlys-(ProHypGly)- 29

reactions are difficult to control on large proteins and generally
are not conducive to modifying integrated collagen scaffolds that  *Measured in 57.5M acetic acid solution? 5CF-GGGGPPFPHG-
contain live cells and tissués.® o Eﬁs%(i(gggpéaig; E*OPS‘P;;%GD%?WPP’ (P:Hyp).  mPEGaooo

As an alternative to the conventional “covalent” modification
methods, we have developed a novel “physical” modification
technique that is based on collagen’s native ability to associate into
a triple-helical molecular architecture. Here, we present a finding
that collagen mimetic peptides (CMPs) of sequence -(Pro-Hyp-
Gly)x- exhibit strong affinity to both native and gelatinized type |
collagen under controlled thermal conditions. We also show that
the cell adhesion characteristics of collagen can be readily altered
by applying a poly(ethylene glyce)CMP conjugate to a prefab-
ricated collagen film.

With more than 20 different types known to date, the collagens
are among the most diverse and abundant proteins in mamnals.
All collagen types share, at least in part, a common molecular
architecture, a unique right-handed triple helix which is rarely found
in other proteing® Collagen mimetic peptides (CMPs) are peptides,
typically of less than 30 amino acids, composed of multimers of
known helicogenic peptide trimers. These CMPs have been
instrumental in determining the structure and stability of natural
collagens. The CMPs based on ProProGly and ProHypGly trimers
are best characterized to date, and their collagen-like triple-helical

structure and reversible melting behaviors are documented in the ;. by low fluorescence intensity at both experimental condi-

literaturea—d . . .
) ) tions (Figure 1A, group a and b). Collagen film treated witht
We hypothesized that the propensity of CMPs to form collagen- 25°C also showed negligible fluorescence. In contrast, the collagen

like triple helices may enable it to bind to partially denatured film treated with 2 that was pre-equilibrated at 86C, the
collagen by qssociating with disente'lngled.domains of the cpllagen temperature abov@'s melting transition temperature (’7‘5(:),
molecules. Since CMPs can be (_easny co_njugated to other bIO"’wt'veexhibited strong fluorescence. Similar results were obtained when
components, such as cell adhesion peptides and growth factors, th%elatin films were used as a substrate (Figure 1A, group c). In

CMP_—coIIa_gen |nt_gract|on_r_nay prowd_e a c_o_nvenlent pathway 1o addition, the helical content of CMP-treated collagen film was 3.5
physically immobilize additional functionalities te collagen and times higher than that of the film treated with a blank solution (see

gelatin. Su ; ) .
. . pporting Information). The results suggest th&ghtly attaches
To test this hypothesis, we prepared CMP and 5-carboxy to partially denatured collagen when it is introduced as a single

fluorescein (SCI_:)-IabeIed _CMP (_jerlvatlves_ (Table_l, compognds strand, and that its ability to assemble into a triple helix is essential
1 and2, respectively) and investigated their adhesion to partially for the attachment

derjatured collagen films. ln, addition, peptiawas s.ynthesized.,' To understand the effect of collagen film denaturation in the
Wh'(.:lh hasr? molef;:ull;slr Wﬁ'gg ang an an;mol acid composition CMP binding process, we synthesized a shorter CMP derivative,
similar to those olz, _utt € 1o, Hyp, an Gly SEQUENCE Was - ith melting temperature (2%C) well below that of the
scrambled, rendering it nonhelicogenic. Three consecutive glyc'nescollagen film. Little binding was observed when a solutiondat

10 °C was used to treat the collagen film (Figure 1B). However,

were inserted as a spacer between the fluorescence tag and the CMP.
Attaching 5CF and three glycines tb elevated its melting
temperature from 69 to 78C (Table 1). This is due, in part, to the
hydrophobic nature of the fluorescence tag. Attachment of a
hydrophobic fatty acid to the CMP was previously shown to
stabilize the triple helix, elevating its melting temperaturs
expected, no melting behavior was observed for comp@ind

The binding of CMP to natural collagen (acid soluble, bovine
type I) or denatured collagen (gelatin) was demonstrated by treating
collagen films with solutions of the fluorescently labeled CMP,
rinsing, and measuring the fluorescence intensity of the exposed
film. To the collagen-coated cell culture wells (at room temperature)
was added a solution &which was pre-equilibrated at either 25
or 80 °C. After 3 h incubation at room temperature, the collagen
films were washed with buffer solution and observed by a
fluorescence microscope. As control samples, 5CF, fluorescein
isothiocyanate-dextran (FITC-Dextran), aBdvere used to treat
collagen films under identical experimental conditions. All control
samples exhibited negligible affinity toward collagen film, evi-

T Department of Materials Science and Engineering. ; ; _ i o
* Department of Biomedical Engineering, treatment with the same solution pre-equilibrated at°G0 the
§ Department of Chemistry. temperature abovéls melting temperature but below the denatur-
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Figure 2. Optical micrographs of human fibroblasts (A and B) and breast
epithelial cells (C) cultured on collagen films that were pretreated with

MPEGyoo (A) or 5 (B and C). Areas of the picture to the right of dotted
Figure 1. Fluorescence intensities of collagen films (type I, bovine) treated Imes were treated with mPEgyg or 5.

with 5CF-labeled CMPs and other control samples. ¥ais represents

the temperature at which fluorescence solutions were equilibrated prior to  The ability to control the organization of cells in collagen matrix

addition to the collagen film (see Supporting Information). (A) Binding of may provide a new pathway for engineered tissd&rthermore,

2 and control samples to collagen (group a and b) and gelatin (group c) th ffinity betw the CMP d I id b dt

films. The gelatin film was prepared by subjecting the collagen film to | ea |n| y be een. € and co a,ge” colu. .e used to

heat (80°C) for 30 min. (B) Binding of4 to collagen films. immobilize therapeutic drugs to collagens in the living tissues and
to biomaterials that incorporate natural collagens. We are currently

ation temperature of collagen film (37C), induced a more than  focusing on expanding the modification technique to 3D collagen

3-fold increase in CMP attachment compared to that of theCLO scaffolds.

solution. In addition, the modified collagen fiber retained its native
banding texture when investigated by transmission electron mi-
croscopy (see Supporting Information). Hotter solutions (60 and
80 °C), which denature the collagen film during the treatment,

produced collagen films with slightly higher CMP content (ap-

proximately 20% increase from that of the 30 solution). The
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We speculate that the observed adhesion arises from a strandnelting curves, helical content study, and TEM of modified collagen

exchange reaction and triple-helix association between CMP andfibers. This material is available free of charge via the Internet at http://

the collagen. It is interesting to note that a number of researchersPUbs.acs.org.

have proposed the existence of thermally labile domains within the

type | collagen sequence which may serve as potential sites for the

References

presumed strand exchange reacfidwithin the collagen family (1) (a) Lee, C. H.; Singla, A.; Lee, ¥int. J. Pharm.2001, 221, 1-22. (b)

K Lo . Reddi, A. H.Tissue Eng200Q 6, 351-359. (c) Friess, W.; Uludag, H.;
exists a class of collagen known as Fibril Associated Collagens Biron, R. J.; Towsend, MPharm. Res1997, 14, S-155. (d) Marks, M.
with Interrupted Triple-Helices (FACITS)® that do not form @ ES) 'aolillon.JCL.: Séilver, F. l-éJ.TBi%mﬁd- Mat%r.EeBé!-%ltZ& 28_3;6?6.

- : P a yles, J. L.; burgess, B. |.; DICKINSON, K. b.blomater. Scl. Polym.
fibrous structure by themselyes but are always found as_lndlwdual Ed.200Q 11, 63-86. (b) Tiller, J. C.; Bonner, G.; Pan, L.-C.; Kilbanov,
collagen molecules decorating the surface of collagen fibers. Our O\} MH Blotgchgol. BIO(T_ngZOO& 733' i46—8252. (c) LPI('EAperHJf S. vaq_

3 B H B B B H H achem, P. ., van Luyn, . J. A, brouser, L. A, armans, |[.;
cur_rent flndl_ngs do_not |nd_|ca_te if CMP is _blr_1d|ng to the thermally Veerkamp, J. H.: van Kuppervelt, T. iBiomaterials2001 21, 1689~
labile domains, or if the binding event mimics that of the FACIT 1699.

: ; ; ; i~ (3) (@) Nimni, M. E.Collagen CRC Press Inc.: Boca Raton, FL, 1988; Vol.
protem_s. We are currgnt_ly addressing these guestions by calorimetric Il (b) Brodsky, B.. Shah N. KFASEB J.1995 9, 1537-1546.
analysis and transmission electron microscopy. (4) (a) Goodman, M.; Bhumralkar, M.; Jefferson, E. A.; Kwak, J.; Locardi,

i it i i E. Biopolymers1998 47, 127-142. (b) Stetefeld, J.; Frank, S.; Jenny,
_ To evaIL_late t_he potential of the new modification technique in M. Schulthess, T. Kammerer. R. A: Boudko. S.: Landwehr. R.:
tissue engineering, we prepared a poly(ethylene glygghCMP Okuyama, K.; Engel, Jstructure2003 11, 339-346. (c) Holmgren, S.

H b H i K.; Bretscher, L. E.; Taylor, K. M.; Raines, R. Them. Biol.1999 6,
conjugate polyméﬁ (Table 1’5) that is deSIQnEd to reduce the 63—70. (d) Berndt, P.; Fields, G. B.; Tirrell, M.. Am. Chem. Sod.995
adhesiveness of collagen to cells. 117, 9515-9522.

The melting temperature &fwas determined to be 2&, which ®) IluéYiégi;s?irzr]Sdztbp'; Tirrell, M.; Fields, G. Bl. Am. Chem. Sod996
is 7 °C lower than the melting temperature of (ProHypG{{fjable (6) Miles, C. A.; Bailey, A. JMicron 2001, 32, 325-332.

1).9 Here, the hydrophilic and bulky PEG group seems to destabilize (7) (a) Fitzgerald, J.; Bateman, J.FEBS Lett2003 552 91-94. (b) Olsen,
he triole helix i ter. A soluti taini t 45°C dded B. R. Int. J. Biochem. Cell Biol1997, 29, 555-558. (c) Kassner, A.;
the triple helix in water. A solution containirga was adde Tiedemann, K.; Notbohm, M.; Ludwig, T.; Morgelin, M.; Reinhardt, D.
to the collagen-coated culture plate (prepared as above), and human P.; Chu, M. L.; Bruckner, P.; Grassel, $.Mol. Biol. 2004 339, 835~

fibroblasts or breast epithelial cells were seeded and incubated for (g, (a)3Ge|se K.; Pschl, E.; Aigner TAdv. Drug Delivery Rev. 2003 55,

3 days at 37C. Homogeneous distribution of fibroblasts is seen 15§1815|46_ (bl) iarr:_s I M i?:lgséy S?oly(ethygene glyggg cprjem|_stry
) : and Biological Applications ymposium Series ; American

on the collagen film that was treated with mP_JE@(controI sample, Chemical Society: Washington D.C., 1997.

Figure 2A). In contrast, areas of collagen films treated \Bitre (9) Bretscher, L. E.; Jenkins, C. L.; Taylor, K. M.; DeRider, M. L.; Raines,

; : ; . ; R. T.J. Am. Chem. So@001, 123 777-778.
almost devoid of fibroblasts (Figure 2B) and epithelial cells (Figure (10) Kaihara, S.: Borenstein, J.; Koka, R.; Lalan, S.: Ochoa, E. R. Ravens,

2C). This experiment demonstrates that the adhesive properties of M.; Pien, H.; Cunningham, B.; Vacanti, J. Fissue Eng.200q 6,
prefabricated collagen film can be readily modified by the simple 105-117.
action of delivering CMP conjugate solutions to the target area. JA0431915

J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005 4131



