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Abstract

Traditionally, collagen mimetic peptides (CMPs) have been used for elucidating the structure of 

the collagen triple helix and the factors responsible for its stabilization. The wealth of fundamental 

knowledge on collagen structure and cell-extracellular matrix (ECM) interactions accumulated 

over the past decades has led to a recent burst of research exploring the potential of CMPs to 

recreate the higher order assembly and biological function of natural collagens for biomedical 

applications. Although a large portion of such research is still at an early stage, the collagen triple 

helix has become a promising structural motif for engineering self-assembled, hierarchical 

constructs similar to natural tissue scaffolds which are expected to exhibit unique or enhanced 

biological activities. This paper reviews recent progress in the field of collagen mimetic peptides 

that bears both direct and indirect implications to engineering collagen-like materials for potential 

biomedical use. Various CMPs and collagen-like proteins that mimic either structural or functional 

characteristics of natural collagens are discussed with particular emphasis on providing helpful 

information to bioengineers and biomaterials scientists interested in collagen engineering.

1. Introduction

With more than 28 different types known to date and representing approximately 25% of 

total protein content, collagen is one of the most diverse and prevalent proteins in 

mammals.1-3 Fibrous collagens (types I, II, and III) are the most abundant class of collagens 

and form the basic scaffolds of mammalian connective tissues while other collagens make 

network-like structures (type IV and VIII) as part of the basement membrane which 

delineates epithelial cell organization. Lately, with the completion of human genome 

analysis, numerous new types of collagens collectively known as fibril-associated collagen 

with interrupted triple helix (FACIT) have been identified.4,5 Unlike other classes of 

collagens, FACITs do not assemble into higher order structures by themselves and are often 

found attached to the surfaces of fibrous collagens in specific tissues. Although collagens’ 

supramolecular architectures and specialized roles within the extra-cellular matrix (ECM) 

vary widely, all collagen molecules share a similar basic structure; they are composed of 

three identical or similar protein strands with the repeating sequence Gly-X-Y and display 
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extensive post-translational modification (primarily hydroxylation and glycosylation). 

Depending on the collagen type, part or all of the trimeric strands fold into a right-handed 

triple helix which is the hallmark structural feature of collagen (Fig. 1).

The triple-helical structure of collagen has fascinated scientists for its unique multiplex 

architecture and its critical role in the formation of functional collagen molecules and their 

higher order assembly.2,6 The triple helical domains of collagens are rich in proline and 

hydroxyproline (Hyp), which confer rigidity to the backbone conformation similar to that of 

poly(proline). Periodic repeats of glycine at every third residue allow three collagen strands 

to pack closely and form a stable triple helix through interchain hydrogen bonds around a 

common helical axis. This multiplex structure bears striking similarity to the DNA double 

helix: both biopolymers have long semi-rigid backbones that are held together by periodic 

inter-chain hydrogen bonds formed across different polymer chains. The triple helical 

architecture is found in all 28 collagen types reported to date, as well as a handful of non-

collagen proteins (e.g. complement factors7 and sugar binding proteins8). Type I and other 

fiber forming collagen helices (type II, III, V and XI) subsequently assemble into micro-

meter long fibrils of great strength via staggered, side-by-side molecular interactions.9

Synthetic collagen model systems, also known as collagen mimetic peptides (CMPs) have 

been very useful in elucidating collagen structure and factors responsible for the 

stabilization of the triple helix (Fig. 1).10-13 Many research groups have prepared and 

studied polypeptides of Gly-X-Y sequences that fold into triple helical structure. Among 

them, CMPs based on GlyProPro and GlyProHyp trimers have been widely studied, and 

their collagen-like triple helical structure and melting behaviors are documented in the 

literatures. Unlike collagen molecules, CMPs exhibit reversible melting behavior due to 

their small size; when denatured (melted) collagen is cooled, the collagen regains only a 

fraction of its original triple helical content and turns into gelatin. In contrast, a CMP regains 

100% of its original triple helical structure despite a relatively slow folding rate allowing 

full thermodynamic characterization of folding and melting processes. The small size of 

CMPs is also conducive to various structural analyses such as x-ray crystallography and 

NMR spectroscopy.

The thermal stability of CMPs is modulated by both the number of trimeric repeats and the 

amino acid compositions. Longer peptides exhibit higher thermal stability: Tm of 

(ProHypGly)x rises from 37°C for x=7 to 43°C and 69°C for x = 8 and 10, respectively. 

Using a host-guest system, Brodsky’s research group has determined the thermal stability of 

almost all possible X-Y amino acid combinations in the Gly-X-Y triplet which highlighted 

the stabilization effect of Hyp and other charged amino acids.14 Hyp’s ability to stabilize the 

triple helix has been recognized for several decades. Crystal structures of the CMP and other 

thermal studies by Brodsky seemed to suggest that the water bridges between Hyp’s 

hydroxyl groups molecules are responsible for increased thermal stability.15 Raines’s 

research lab at the University of Wisconsin reported that the thermal stability of a CMP can 

be enhanced by incorporation of trans 4-fluoroproline (Flp) in place of 4-hydroxyproline 

(Hyp).12,16 This was evidenced by the dramatic change in melting temperatures for the three 

model polypeptides; 41°C for (ProProGly)10, 69°C for (ProHypGly) 10, and 91°C for 

(ProFlpGly)10. In addition, 4-azidoproline was found to have conformational properties and 
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stabilizing effect similar to Flp and Hyp.17,18 From these and the work of Brodsky and 

others, two distinct mechanisms by which amino acid side chains stabilize the collagen triple 

helix have been identified: i) the hydration layer around the triple helix promoted by Hyp 

and charged amino acids, and ii) the stereo-electronic effect of Hyp that stabilizes the trans 

peptide bond conformation of collagen strands. The use of CMPs for various biomedical 

applications may require that one be able to produce thermally stable CMPs in large 

quantity. Therefore understanding the origin of the structural stability within the collagen 

triple helix as well as the stabilization effect of various amino acids is critical for 

engineering synthetic collagens.

In addition to studying the structure and stability of CMPs as models for natural collagen, a 

number of research groups have developed new types CMPs and CMP derivatives that can 

potentially be used for biomedical applications. These include i) novel CMPs with new 

supramolecular architecture19,20 or CMPs tailored toward modulating the stability or 

composition of the triple helices,21,22 ii) CMPs that can self-assemble into higher order 

structures,23-25 iii) CMPs that can be triggered to fold or assemble into higher order 

structures,26-28 iv) CMPs that incorporate cell interactive sites as well as those that can 

specifically bind to natural collagen,29-34 and v) PEG-based hydrogels that display CMPs 

for facile assimilation with cellular ECMs.35-37 A significant portion of work in these 

applications is still at a fundamental level and the feasibility of CMP use in biomedical 

applications needs to be verified; however recent research activity in the design and 

synthesis of new CMPs suggests that the collagen triple helix has become a promising 

structural motif for engineering self-assembled, hierarchical constructs similar to natural 

tissue scaffolds which may exhibit unique or enhanced biological activity.

In this paper, we review recent advancements in the field of collagen mimetic peptides that 

bear both direct and indirect relations to engineering collagen-like materials for potential 

biomedical applications. The structure and stability of the collagen triple helix will be 

discussed within the context of developing new biomaterials, and readers seeking 

fundamental understanding of the collagen triple helix should refer to other recently 

published review papers.2,14,38 We will highlight various CMPs and collagen-like proteins 

that mimic either structural or functional characteristics of natural collagens, which should 

be helpful to bioengineers and biomaterials scientists interested in collagen engineering.

2. Hydroxyproline-Free Collagens

One of the most exciting developments in the past several years in the research of collagen 

as related to triple helical structure is the surprising discovery that electrostatic interactions 

between charged amino acids can stabilize the triple helix almost as well as hydroxyproline. 

Numerous past investigations have revealed the existence of collagen-like sequences 

featuring long stretches of Gly-X-Y trimer repeats in bacteria and viruses.39,40 Two distinct 

types of such sequences have been identified, one rich in GlyProThr repeats and the other 

rich in charged amino acids with less frequent Pro occurrence.41 Glycosylating the 

GlyProThr sequence has been reported to dramatically increase the triple helical stability in 

model collagen peptides and it is speculated that the GlyProThr(o-glycosylate) is the main 

component responsible for triple helix formation rather than the un-glycosylated precursor 
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protein.42 Bacillus collagen-like protein (BclA), which forms hair-like filaments on the 

outermost surface layer of B. anthracis spores, is a good example of a bacterial protein with 

GlyProThr repeats. Sylvestre and coworkers discovered polymorphisms in the collagen-like 

region of BclA whereby it contained one to eight copies of the GlyProThr-rich 21 amino 

acid sequence (GPT)5GDTGTT;43 this variation in the length of the collagen-like region 

correlated to the change in the length of dense filaments on the spore surface as visualized 

by transmission electron microscopy (TEM, Fig. 2, A and B). The exact function of BclA 

remains unknown but the results indicate that the collagen-like sequence is integral to the 

surface structure of the B. anthracis spores.

In contrast to the GlyProThr rich sequence which has been the target of significant research, 

the effect of charged amino acids in stabilization of the collagen triple helix has not been 

well understood in part due to the lack of investigation; natural collagen-like sequences with 

charged amino acids typically lack the prolines considered to be critical for triple helix 

folding. Only recently have these collagen-like sequences with charged amino acids been 

shown to form the collagen triple helix.44,45 Some of the best studied charged collagen-like 

sequences are streptococcal Scl1 and Scl2 which are expressed on the surface of group A 

Streptococcus bacteria. These surface proteins are believed to be involved in adhesion to 

host cells and tissues. Both Scl1 and Scl2 contain three major domains: the central collagen-

like domain, the C-terminal cell membrane domain, and the N-terminal variable domain. 

Under TEM, they exhibit a lollipop morphology similar to complement factors (Fig. 2C). 

Lukomski’s group produced various recombinant forms of streptococcal Scl1 and Scl2 in E. 

coli 44,46 and studied their triple helix folding behavior using SDS-PAGE, CD, and TEM. In 

collaboration with Brodsky’s group, additional pH dependent thermal stability experiments 

were performed using DSC and CD.45 All of the data indicated that these proteins are indeed 

in triple helical structure which led to a conclusion that the charge-charge interactions play a 

major role in stabilizing bacterial collagen-like proteins. In mammalian collagens, prolines 

in position Y of Gly-X-Y triplets are mostly hydroxylated. The relative lack of prolines in 

this position for bacterial and viral collagen-like sequences seems to reflect their inability to 

hydroxylate proline residues. Instead, these organisms seem to have found an alternative 

way to stabilize the triple helix through electrostatic interactions among the long Gly-X-Y 

repeat pattern.

As the triple helical nature of Scl1 and Scl2 were being verified and the discussion on the 

significance of electrostatic interactions among charged amino acids was taking place, 

Hartgerink’s research group reported a surprising discovery that was in agreement with the 

existence of electrostatic stabilization in collagen triple helices.13,47-49 They observed that a 

ABC type heterotrimer containing one positively charged CMP (ProArgGly)10, one 

negatively charged CMP (GluHypGly)10, and one neutral CMP (ProHypGly)10 forms a 

triple helix with Tm (54°C) comparable to a (ProHypGly)10 homotrimer (67.5°C) even 

though Arg and Glu have lower triple helical propensity when compared to Hyp and Pro. In 

contrast, AAB type heterotrimers containing two similarly charged and one opposite 

charged CMP exhibited significantly lower Tm, while homotrimers consisting entirely of 

either positively or negatively charged CMPs showed no signs of triple helical folding. 

Similar results were obtained when Lys and Asp were substituted for Arg and Glu, 
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respectively, for the above CMPs. These results showed that the electrostatic interactions 

between the collagen strands do contribute to the stabilization of triple helix and although 

the sequences tested were largely artificial, it strengthens the possibility that nature has used 

this mechanism to produce stable collagen-like triple helices for various structural and 

biofunctional purposes.

The obvious excitement in the biomaterials community regarding Hyp-free collagen is based 

on the possibility of producing collagen-like protein from bacteria. The mammalian 

collagens are stabilized mainly by the Hyp, which is the product of a post-translational 

protein modification that is available only in eukaryotes. Although genetically engineered 

Hyp-containing collagen has been produced in yeast cells and other eukaryotic systems50-52 

by co-expression of prolyl-4-hydroxylase, the ability to produce a stable collagen-like triple 

helix by bacterial synthesis will allow more facile manipulation of protein sequence, as well 

as production and purification of large amounts collagen analogues for various biomaterials 

applications. Recombinant Scl proteins expressed in E. coli as described above represent one 

of the first collagen-like proteins artificially produced in bacteria that form stable triple 

helices. Recently, Peng and co-workers reported that the recombinant Scl2 proteins are non-

cytotoxic to fibroblasts and do not elicit immune response in mice.53 It remains to be seen 

whether such charged collagen-like proteins and peptides engineered in bacteria are able to 

assemble into higher order structures that could mimic natural collagen scaffolds.

3. Template-Tethered CMP

One of the well-known methods to stabilize a collagen triple helix is to link individual 

CMPs on a single template. An ideal template should have three functional groups that can 

covalently link three peptide chains, and be flexible enough to allow proper packing of the 

three chains with correct amino acid register. Templates that have been used in the past are 

peptide templates with reactive amino acids (e.g. Lys or Glu), Kemp’s tri-acid, and tris(2-

aminoethyl) amine (TREN) succinic acid derivatives.54-56 When various CMPs were 

conjugated to these templates, their Tms were elevated mainly because of reduction in 

entropy differences between folded and unfolded states of CMPs. Lately, Goodman’s 

research group has developed a TRIS-based template with an additional amino group that 

can be further utilized for attaching fluorescent tags or therapeutic agents for biomedical 

applications.57 Khew and Tong used a peptide template containing two terminal glutamic 

acids to form templated CMP homotrimers via the three carboxylic acids, one at the C 

terminus and two at the Glu side chains.58 By reacting the peptide template directly to a 

fully grown CMP on solid resin, they were able to produce the templated CMPs with a 

remarkable 85% reaction yield. When cell binding motif GFOGER was inserted into the 

middle of the CMPs, the templated peptide formed a stable triple helix which showed 

structure-dependent cell adhesion activity.

More than half of human collagen types with known collagen composition are heterotrimers, 

however, despite few efforts in preparing non-tethered model heterotrimers by heating and 

cooling of CMP mixtures,59,60 almost all covalently templated CMPs developed to date are 

comprised of homotrimers. This is mainly due to the difficulties in selectively reacting 

CMPs to one or two reactive groups on the template. Previously, Moroder’s lab was the only 
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group that produced covalently linked heterotrimers by the use of an orthogonal Cys 

protection/deprotection scheme. Recently, we introduced a simple strategy for CMP 

heterotrimer synthesis which involves serial solid phase and solution coupling of two 

different CMPs onto the TREN template.22 First, a single type A CMP was conjugated to 

the TREN-(suc-OH)3 template by reacting excess amount of template with the CMP directly 

on the resin. Due to the low density of reactive sites characteristic to the resin employed in 

this study, only one of the template’s three carboxylic acid moieties reacted with the resin-

bound CMP. This process allowed easy synthesis and purification of single CMP-template 

conjugates, to which full length type B CMP was added in solution to produce a template-

tethered ABB type trimer. Recently, another two-step tethering approach mediated by click 

chemistry has been reported for ABB type heterotrimer synthesis.61 We believe that these 

stepwise tethering approaches are versatile means to prepare heterotrimeric CMPs of defined 

peptide chain composition which will be useful not only for studying the thermal stability 

and folding behavior of heterotrimeric collagens and collagen-like proteins, but also for 

developing CMPs that mimic the high-order structure or biological function of natural 

collagens.

In addition to covalent tethering, non-covalent affinity interactions (e.g. ligand-metal 

coordination and biological interaction) can also be used to template CMPs. One of the 

benefits of non-covalent templates is that the templating effect is reversible and that the 

templating process can be triggered. Since CMP templating typically leads to formation of 

stabile helices, one can also trigger triple helix folding by use of non-covalent templating 

processes. Koide’s group conjugated 2,2'-bipyridyl (bpy) to the C-termini of CMPs that can 

coordinate to Fe (II) allowing formation of templated CMP in the form of FeII (bpy-

CMP)3.62 Cai and coworkers developed a similar system using catechol-Fe3+ metal-ligand 

interactions by attaching dihydroxy-phenylalanine to the C-termini.63 Both systems can be 

considered an environmentally sensitive folding system where presence of the metal ion 

triggers trimerization which in turn leads to triple helix folding. Biological interactions have 

been also explored for nucleating CMP folding processes. In order to produce stable triple 

helical CMPs using recombinant bacterial synthesis, Frank and coworkers designed a fusion 

protein of (ProProGly)10 and bacteriophage T4 fibritin foldon domain64 that folds into 

trimeric α-helical coiled coils. As a result of the templating effect of the foldon domain, the 

Tm of the (ProProGly)10 jumped from 35°C to 65°C. This opens up a possibility of 

designing other triple helix folding systems controlled by biological interactions. We note 

that the host-guest systems developed by Brodsky’s group and Hartgerink’s group can also 

be considered non-covalent templates for stable homo- and hetero-trimeric triple helical 

CMPs.6,47.

4. Triggered Triple Helix Folding

Folding of the collagen triple helix can be triggered not only by association of the strands 

with the templates but also by a change in the helical propensity of the peptide strands 

themselves. Recently, photo-triggered folding has been achieved by cis-trans photo-

isomerization of an azobenzene group that is clamped intra-molecularly to the collagen 

mimetic peptides.27,65 Using a rigid acetylene linker, Kusebauch and coworkers conjugated 

a single azobenzene chromophore to two 4-thioprolines in the middle of a CMP that were 
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seven amino acids apart, and studied photo-induced folding/unfolding via CD, IR and NMR. 

Similar studies were conducted using related CMPs that were clamped with azobenzene at 

two cysteines instead of 4-thioproline. It was unclear if photo-isomerization of the 

azobenzene group can lead to complete disruption of the triple helical structure; however 

these results demonstrated at least local photo-induced unfolding of the triple helix which 

could be exploited further for ultrafast folding and unfolding experiments. Chmielewski’s 

research group developed new CMPs that show pH sensitive folding characteristics.26 In 

order to produce a pH sensitive CMP that is also conducive to formation of stable triple 

helix, the carboxylic acid derivative of Hyp, 4-propiate Hyp (PE), was synthesized and used 

in place of Hyp. CD melting and folding experiments indicated that substitution of two or 

three Hyps in the middle of (ProHypGly)7 with PE does not result in pH-triggered triple 

helix folding but it dramatically increases the folding rate at acidic pH (pH = 2.7) compared 

to neutral pH (pH = 7.2). A pH-triggered folding was only observed for a peptide with all 

seven Hyps substituted with PE.

5. Higher-Order Assembly of CMPs

Most collagens exist in nature in a form of supramolecular assembly with precisely defined 

molecular compositions and structures. In recent years, a variety of CMP designs have been 

developed within the collagen community to produce CMPs that not only fold into stable 

triple helices but also self-assemble into higher order structures. Such assemblies typically 

range from nano- to micro- meter scales and are especially important from the perspective of 

developing collagen-like materials for biomedical applications.

Head-to-tail triple helical folding and assembly

The simplest higher order assembly of CMPs is the long collagen triple helix first designed 

by Raines’ research group.21 Two cysteine knots were used to link three CMPs with one 

CMP out of register so that it produced sticky ends during triple helix assembly. For such 

preorganized CMP constructs, the only way to satisfy full triple helical structure was to 

configure themselves in a head-to-tail fashion resulting in a long single collagen triple helix 

(Fig. 1A). Using this approach, the Raines group produced collagen-like fibrils of 1-nm 

diameter and 400 nm length which is significantly longer than the natural type I collagen 

molecule (300 nm). Considering the small diameter of the fibril which is commensurate with 

the diameter of triple helix (1.5 nm), it is very likely that these fibrils consisted of a long, 

single triple helix with an overall structure similar to the type I collagen molecule.

Koide and coworkers developed a similar CMP system that can self assemble in a head-to-

tail manner.66 In this case, the three CMPs were preorganized in a staggered configuration 

locked in place by two cysteine knots. Head-to-tail organization would also lead to full 

realization of the triple helix. Although the overall structure of the self-assembly is similar, 

it is unclear whether this trimeric unit peptide faithfully assembles into a single triple helix 

analgous to that of Kotch and Raines21 or if it also produces aggregates by lateral 

interactions, since the dynamic light scattering data indicated bimodal size distribution that 

peaks at 600 nm and 14 μm. Attempts to produce hydrogel out of this collagen fibril were 

not successful because the fibrils precipitates at high CMP concentration. However, by 

placement of hydrophilic Arg at the end of the knotted CMPs, Koide and coworkers were 
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able to produce self-supporting hydrogel where the melting of triple helix correlated with the 

length of overlap between the CMP assemblies as determined by the CD and the sol-gel 

transition temperatures estimated by the ball drop method.67 Recently, Koide’s group 

incorporated the integrin-binding sequence GFOGER into one CMP strand of the same 

knotted trimeric base unit.68 In this publication, the authors did not present any direct 

evidence for controlled supramolecular assembly; however the culture plates coated with the 

new peptide exhibited cell adhesion activity almost as high as natural collagens while those 

coated with simple CMPs that still incorporate the GFOGER sequence exhibited almost no 

cell binding activity.

Association of CMP triple helices

Higher order assembly of CMPs can also lead to formation of macroscopic fibers that are 

similar to natural collagen fibers in terms of assembly mechanisms and overall fiber 

morphology. Brodsky’s lab reported that a CMP as simple as (ProHypGly)10 can form 

macroscopic precipitates when concentrated solution (1 mM) is subjected to a temperature 

just below CMP’s melting temperature.25 Although the morphology of the precipitates 

lacked long-fiber like appearance, the turbidity experiments indicated that the triple helices 

self-associate by a nucleation and growth mechanism under conditions similar to those of 

collagen fibril formation such as neutral pH and 37°C. A morphology that is more fiber-like 

was observed when the central domain of (ProHypGly)10 sequence was replaced with a 

Hyp-rich hydrophobic sequence derived from type IV collagen.69 Kishimoto and coworkers 

synthesized poly(ProHypGly)x by polycondensation of monomeric CMP oligomers 

(ProHypGly)10.70 This process yielded high but polydisperse molecular weight samples 

which formed long nanofibrils when investigated under TEM (Fig. 1B-a). In contrast, only 

short and aggregated elliposides were seen for the monomeric peptide (ProHypGly)10 which 

was the same morphology observed by the Brodsky’s group.25 These results indicate that 

fiber-like aggregates can be formed by the anisotropic shape and the hydrophobicity of the 

CMP based on simple ProHypGly sequence.

A number of research groups have looked into controlled association of CMP triple helices 

in the hopes of producing synthetic collagen fibers that are more akin to natural fibrous 

collagens in terms of fibrillogenesis mechanisms, fiber morphology, and ultimately their 

biological role as native ECM. The structures of CMP triple helices can be tailored to further 

assemble into fibrous structure either by end to end interactions or by side to side 

interactions. Cejas and coworkers synthesized collagen mimetic peptides with a core 

(GlyProHyp)10 sequence flanked by a C-terminal phenylalanine, which has an electron-rich 

phenyl ring, and N-terminal pentafluorophenyl alanine, which has an electron-poor phenyl 

ring.24,71 The two aromatic groups at the opposite ends of the peptide are designed to 

interact by π−π stacking resulting in head-to-tail association of the full length CMPs. Using 

this approach, the authors were able to produce macroscopic fibers that are several 

micrometers in length and hundreds of nanometers in thickness which, according to authors, 

display periodic banding morphology similar to that seen in natural collagen fibers. The size 

of the fibers is much thicker than would be expected for a single triple helix, and it is likely 

that the fibers are formed not only by end-to-end but also by side-to-side interactions of 

assembled triple helices. According to platelet aggregation experiments, these artificial 
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collagen fibers are almost as good as type I collagen in activating human blood platelets and 

therefore may be used as hemostatic biomaterials.24

In addition to biological applications, the collagen-like fibrils assembled by end to end π−π 

stacking interactions were explored as a nano-template for the formation of metallic 

nanowires. Popularized by Stupp’s research group,72 this is a bottom-up nanofabrication 

method that uses a well-defined supramolecular assembly composed of peptides, polymers, 

or amphiphilic molecules. The assemblies are impregnated with metals, metal precursor 

molecules, or inorganics that are subsequently sintered into continuous nanostructures under 

mild conditions. Using a similar approach, Gottlieb and coworkers conjugated two gold 

nanoparticles (1.4 nm) to single CMP strands of sequence pentafluoro-

F(GPO)4GPK(GPO)5F; one to the amino group at the N terminus and the other to the lysine 

group in the middle of the peptide.73 Even after the gold nanoparticle conjugation, the 

peptides were able to assemble into micrometer-long fibers, and electroless silver plating of 

the fiber resulted in continuous nanowires that conduct electricity. These CMP-derived 

synthetic nanowires exemplify how CMP molecular and supramolecular assembly can be 

exploited for producing complex metal or inorganic nanostructures.74,75

The hallmark feature of the native type I collagen fiber is the 67 nm periodic banding 

morphology that is observed by TEM and atomic force microscopy (AFM). The periodic 

bands, also known as D-periodicity, originate from the precisely defined axial stagger of the 

collagen molecules during the fiber assembly. Until recently, artificial collagen fibers with 

such banding features have not been produced in part due to difficulty in designing peptide 

sequences with an optimal balance between electrostatic interactions and hydrophobic 

interactions. Conticello and Chaikof’s research labs reported production of the first synthetic 

collagen fibers clearly featuring the collagen-like banding morphology (Fig. 1B-b).23 Here, 

instead of π−π stacking interactions,71 they took advantage of ion pair interactions to 

assemble CMPs into collagen-like fibers. This was achieved by placing multiple positive 

charges (Arg) at the N-terminus and negative charges (Glu) at the C-terminus within the 

ubiquitous Gly-X-Y triad sequence in a form of (PRG)4(POG)4(EOG)4. Even under dilute 

conditions (<1.0 mg/mL), this peptide showed a strong tendency to form fibers following a 

nucleation-growth mechanism. Surprisingly, TEM of this fiber revealed clear periodic 

banding very similar to that of natural collagen fibers. This indicated that the charge-charge 

interactions resulted in a well-defined arrangement of the CMPs during the fiber formation 

process which was unattainable with simple POG-based CMPs.70 One point to note is the 

fact that the banding periodicity of the peptide fibers (18 nm) is significantly longer than the 

length of the peptide itself (10 nm). This suggests that the basic operative units that undergo 

self-assembly are not the individual triple helical peptides but oligomers of multiple triple 

helices that are preorganized in such a way that their subsequent assembly into mature fibers 

lead to periodic packing density and charge distribution as visualized by TEM. This is in 

drastic contrast to native type I collagen fiber where staggered assembly of individual 

collagen molecules is responsible for periodic banding pattern and alludes to the fact that 

true mimicry of natural collagen assembly process is yet to be achieved.

One of the most innovative approaches in controlled CMP fiber assembly is the metal-

triggered side-to-side assembly reported recently by Przybyla and Chmielewski (Fig. 3).28 
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Instead of using electrostatic interactions, they applied coordination chemistry of bipyridyl 

ligands (bpy) and metal ions to induce CMP association. By coupling a single bpy group to 

the amino group of the unique Lys in (POG)4PKG(POG)4, they synthesized a CMP that can 

be triggered to form micrometer-long fibers by addition of metal ions (Fe2+). Although the 

lack of periodic banding morphology suggests that such assembly is not as structurally 

defined as that of Conticello and Chaikof’s,23 this work mimics the intermolecular 

crosslinks among lysine and hydroxylysine side chains in natural fibril collagens,76 and 

demonstrates that modification of collagen backbone and the use of artificial amino acids 

within the CMP sequence can lead to new types of engineered collagen fibers.

Non-fibrous CMP assembly

Scientists and engineers have also explored CMP derivatives as the basic building blocks of 

various supramolecular assemblies that do not exhibit fibrous morphology (e.g. micelles, 

liposomes, and dendrimers). This research effort began as early as 1996, when the groups of 

Fields and Tirrell developed amphiphilic fatty acid-CMP conjugates that can assemble into 

micelles under appropriate conditions (Fig. 1C-a).77-79 They synthesized single and double 

tail amphiphiles with variations in the hydrophobic tail lengths (C12-20) and composition of 

the hydrophilic CMP head groups. In aqueous solution, single-tail amphiphiles and double-

tail amphiphiles with short tails (C12 and C14) self-assembled into spherical micelles 

whereas double-tail amphiphiles with long C16 tails formed disk-like micelles that showed a 

tendency to further aggregate into stacked disks. Due to the hydrophobic tail, the CMP 

amphiphiles adhered strongly to conventional cell culture plates. When coated with CMP 

amphiphiles, the culture plates became cell adhesive as evidenced by strong attachment of 

melanoma cells.78

Recently, Sarkar and coworkers reported formation of liposomes from fatty acid-CMP 

conjugates.80 Specifically, stearic acid was conjugated to the N- termini of a series of CMPs 

that incorporated a MMP (matrix metalloprotease) recognition site within or next to the 

(ProHypGly)x triple helical domain. When mixed with phosphocholine derivatives that 

readily form liposomes (30 mol% CMP derivatives and 70% phospholipids), the 

amphiphiles resided within the lipid bilayer of the liposome (Fig. 1C-b). Although the 

details of liposome structure and the conditions that favor liposome assembly are not 

presented in the report, the authors demonstrated that the content of the liposome could be 

released by the enzymatic activity of MMP-9, which may lead to future drug delivery 

vehicles for the detection and treatment of human diseases that are related to the over-

expression of matrix metalloproteases (e.g. cancer).

Poly(amidoamine)-based dendrimers (PAMAM) that display CMP on the outer periphery 

have been prepared by a number of research groups. Goodman’s research lab20 conjugated 

(GlyProNleu)6 to the 8 carboxylic termini of a 0.5 generation PAMAM dendrimer and 

investigated its triple helical stability. Tong’s research group conjugated a 1.5 generation 

PAMAM dendrimer with a CMP that contained three types of domains: a triple helical 

domain [(GPO)x], cell binding domain (GFOGER), and crosslinking domain (APQQEA or 

EDGFFKI) that is activated by transglutaminase (tTGase).81 The CMP-conjugated 

dendrimer showed enhanced triple helical stability due to the templating effect of the 
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dendritic core and when treated with tTGase, formed high molecular weight product that 

preserved the stable triple helical structure. Both the dendrimer and cross-linked dendrimers 

induced adhesion of human hepatocarcinoma cells (Hep3B) via the interactions between the 

CMP cell binding domain and integrins on cell surfaces as evidenced by cell binding and 

competitive binding inhibition studies as well as by immunofluorescent microscopic 

observation of focal adhesions.

One recent intriguing report related to this topic involves the use of non-triple helical CMP 

dendrimers for controlled release. Kojima and coworkers synthesized a 4 generation 

PAMAM dendrimer with (ProProGly)5 decorating the surface.82,83 Although this dendrimer 

exhibited CD trace characteristics of a collagen triple helix, absence of melting transition in 

the CD melting experiment suggested that the CMPs are more likely in a form of 

poly(proline)-II helix rather than triple helix. This is fully understandable considering the 

short length of the peptide and the lack of triple helix stabilizing Hyp. Even without triple 

helix assembly, the CMP dendrimer showed sustained release behavior at low temperature. 

This could be explained by the dynamic interactions of the CMPs on the dendrimer surface 

which could act as a barrier to releasing encapsulated contents. Overall, CMP-based 

dendrimers and other non-fibrous supramolecular assemblies show great promise in drug 

delivery and formation of synthetic hydrogels for bioactive systems.

6. Study and Application of CMP-Collagen Hybridization

CMP-type I collagen hybridization

In contrast to majority of CMP research that studies the triple helical structure and higher 

order assembly of the CMPs themselves, our research lab has been investigating the binding 

interactions between CMP and natural collagen and the application of such interactions for 

encoding cellular cues onto collagen scaffolds. In the biomedical community, there has been 

widespread interest in immobilizing bioactive components (such as growth factors, 

antimicrobial agents, or adhesion molecules) and structural stabilizers (small molecule and 

polymeric crosslinking agents) to natural collagen and other ECM components.84,85 

However, due to loose network structure, natural collagen is ineffective at retaining 

passively adsorbed materials. Chemical coupling reactions of the amino acid side chains 

have been used to immobilize exogenous components to collagen,86 but chemical reactions 

on collagen are difficult to control and can compromise the biochemical features of natural 

collagen. More importantly, chemical reactions are not ideal for modifying integrated 

collagen matrices that contain bioactive compounds, and/or live cells and tissues.

As an alternative to the conventional “chemical” modification method, we developed a 

novel “physical” collagen modification technique that is based on collagen’s native ability to 

associate into triple-helical molecular architecture.34 We discovered that biochemically inert 

synthetic CMPs with the sequence (ProHypGly)x exhibit structure-dependent binding 

affinity to natural collagen. The binding took place when melted CMPs were allowed to fold 

in the presence of regenerated type I collagen fibers. The binding experiments indicated that 

type I collagen films and gels attract only single stranded CMPs, and not triple helical CMP 

nor control peptides comprising scrambled peptide sequences. The exact mechanism of 

binding remains to be elucidated but we speculate that the binding occurs by CMP(s) 
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hybridizing into the collagen triple helix by a strand exchange mechanism as shown in Fig. 

4. In 1973, Heidemann and coworkers reported hybrid formation between (ProGlyPro)25 

and chymotrypsin treated α1 collagen chain (atelopeptide). In addition, a number of 

researchers believe that type I collagen has domains that are unfolded, also known as micro-

unfolded domains, which could be receptive to CMP invasion and hybrid triple helix 

formation.87,88 It is also possible that the CMPs are hybridizing with partially denatured 

collagens since denaturation can occur during collagen fiber regeneration and subsequent 

film fabrication steps.

Recently, we investigated the thermal stability of model peptides that simulate the potential 

hybrid heterotrimers that might form when CMP binds to type I collagen.22 This was made 

possible by the use of a tri-functional template (TREN derivative, discussed in the 

Template-Tethered CMP section) that can covalently tether three predefined CMPs and 

force the formation of ABB type CMP triple helices. For a potential target CMP-binding 

domain in collagen, we selected an unstable domain in the α2 chain of type I collagen 

(Gly268 to Gly286: GPKGELGPVGNPGPAGY). Due to the lack of Hyp in peptide 

sequence, this peptide exhibited no melting behavior even after it was covalently linked to 

the TREN template. In contrast, a templated heterotrimer comprising this peptide and two 

(ProHypGly)6 showed a well-defined melting transition at 43°C. We acknowledge that the 

templated heterotrimers are only our first attempt at modeling the CMP-collagen hybrid 

products. Although the model heterotrimers do not take into consideration the kinetic 

competition by homotrimer formation or neighboring effects during collagen hybridization, 

the results clearly demonstrated that the synthetic/natural CMP hybrid complexes can fold 

into stable triple helices, and that unstable sequences derived from natural collagen can fold 

into stable triple helices by hybridization with the synthetic CMPs.

When a small peptide (e.g. CMP) forms a complex with a large biopolymer (e.g. collagen), 

the molecular structure and binding location of the peptide is difficult to determine even by 

modern spectroscopic and diffraction techniques. We decided to employ transmission 

electron microscopy (TEM) to visualize the CMP-collagen complex using electron dense 

gold (Au) nanoparticles (NP) that are functionalized with Cys-CMPs.89 To our surprise, the 

CMP-conjugated NPs showed excellent colloidal stability in aqueous conditions. The NPs 

remained soluble in a wide range of pH and salt concentration and could be resuspended 

after lyophilization (Fig. 2D). This is in contrast to the CMP-conjugated dendrimers that 

tend to aggregate into a gel at high concentration.82,83 We believe that the densely aligned 

CMPs on the NP surface form a hydrophilic barrier preventing particle aggregation since 

CMPs from different NPs can only come in contact in anti-parallel configurations that 

cannot associate into triple helices. In contrast, the floppy nature of the dendrimers seems to 

permit parallel assembly of a CMP triple helix between adjacent dendrimers which results in 

attractive inter-particle interaction and hydrogel formation. Room temperature incubation of 

type I collagen fibers with gold NPs displaying Cys-(ProHypGly)7 produced intact fibers 

decorated with a large number of NPs.33,89 For some collagen fibers, NPs were present on 

the collagen fiber with a marked periodicity along the long fiber axes (Fig. 4, bottom right 

transmission electron micrograph, white arrows). The TEM results indicated that intact 

collagen fibers attract CMPs by presenting well-defined domains that are susceptible to 

CMP binding.
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Targeting pathologic collagens by CMP hybridization

Many debilitating diseases are caused by structural or metabolic abnormalities in collagen. 

In addition, overproduction of collagen has been linked to tumor growth, atherosclerosis, 

and formation of pathological scar tissues.1 Fig. 5 shows fluorescence histology of human 

liver tissue treated with fluorescence tag labeled CMP (stains collagen in green) and CD-31 

(stains blood vessels in red). In the confocal microscopic image, the green colors are seen 

throughout the tissue sample, sometimes in a mesh-like network or in fibrous textures. It can 

be also seen around the cross sections of blood vessels (arrow). Previously, we had also 

shown that images of human tissue stained by CMP are nearly identical to those stained by 

collagen antibodies.33 This simple work demonstrates that CMP derivatives can be used to 

image collagens in human tissue samples. In contrast to collagen antibodies used commonly 

for collagen imaging, CMP is a small synthetic peptide that can be readily delivered to 

vascularized ECM. We believe that the CMPs can not only be used to stain the collagens of 

tissue samples in vitro but also be used to image collagens in vivo, especially by conjugation 

of contrast agents for modern imaging systems such as MRI or PET. We also envision 

linking therapeutic compounds to CMP so that the drugs can be targeted specifically to 

pathogenic collagens. Therefore, CMP derivatives have immense potential for therapeutic 

and diagnostic applications in treating a wide range of diseases.

Encoding insoluble factors in collagen scaffolds

Collagen is inherently a highly adhesive substrate for cell attachment. Many pathological 

conditions are caused by uncontrolled migration and proliferation of cells through collagen 

scaffolds.1 We prepared poly-(ethyleneglycol)2000-CMP (PEG-CMP), that was designed to 

reduce cell adhesiveness when applied to prefabricated collagen film.34 As presented in Fig. 

6A, the areas (upper right side of dotted lines) of collagen film treated with PEG-CMP are 

devoid of cells confirming the effectiveness of our approach in modifying collagen with 

spatial control.

We also synthesized an anionically charged CMP, Glu8-CMP-8 (N-acetylated form, 

structure shown in Fig. 6B) that can induce tubulogenesis of endothelial cells (ECs) by 

attracting vascular endothelial cell growth factor (VEGF) within a 3D collagen gel.90 Fig. 

6B shows the micrograph of Glu8-CMP-8 treated collagen gels, 6 hr after human umbilical 

vascular endothelial cell (HUVEC) seeding, in which numerous tube-like structures are 

readily observed. The results clearly demonstrate the collagen binding affinity of Glu8-
CMP and its ability to induce EC tubulogenesis by binding to VEGF.

We aim to study the effects of VEGF as an insoluble factor which requires strict control 

over VEGF’s associative state with CMP. Therefore we are currently employing two 

alternate types of CMP derivatives, CMP-VEGF and CMP conjugated to a 15 amino acid 

peptide sequence (QK-CMP) recently reported to mimic the angiogenic activity of VEGF.91 

While the study of these two conjugates is currently in progress, the QK-CMP peptide has 

already been synthesized and its collagen affinity and tubulogenic activity has been 

confirmed (Fig. 6C, manuscript submitted).
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PEG-based synthetic hydrogels incorporating CMP

We have also been working on fabricating a new PEG-based tissue engineering matrix. We 

prepared a novel poly(ethylene oxide) diacrylate (PEODA) hydrogel that carries CMP side 

chains, and investigated its ability to i) retain cell secreted collagen and promote 

maintenance of chondrocytes in a three-dimensional culture system,92 and ii) to direct the 

differentiation of stem cells into the chondrogenic pathway.35 The motivating hypothesis of 

this work was that the CMPs in the PEG hydrogel will sequester the cell secreted collagens 

and allow quick formation of an ideal microcellular environment. In a model retention 

experiment, diffusional loss of type I collagen that was added to the hydrogel was greatly 

limited when CMP was conjugated to the PEODA hydrogel. Chondrocytes encapsulated in 

the CMP-conjugated PEODA (CMP/PEODA) gel showed an 87% increase in 

glycosaminoglycan content and a 103% increase in collagen content compared to those of 

control PEODA hydrogels. The histology and immunohistochemistry analyses also showed 

increased staining of extracellular matrix. In the case of mesenchymal stem cell (MSC) 

encapsulation, the histological and biochemical analysis of the CMP/PEODA gel revealed 

twice as much glycosaminoglycan and collagen content as compared to control PEODA 

hydrogels. Moreover, MSCs cultured in CMP/PEODA hydrogel exhibited a lower level of 

hypertrophic markers, core binding factor alpha 1, and type X collagen than MSCs in 

PEODA hydrogel as revealed by gene expression and immunohistochemisty. These results 

indicated that the CMPs enhance the tissue production of cells encapsulated in the PEG-

based hydrogel by providing cell-manipulated crosslinks and collagen binding sites that 

simulate natural extracellular matrix. Compared to PEODA hydrogel, the CMP/PEODA 

hydrogel provides a much more favorable microenvironment for encapsulated MSCs and 

even seem to regulate their downstream chondrogenic differentiation.

Encouraged by the results of the chondrocyte and MSC encapsulation experiments, we 

recently explored the possibility of controlling the mechanical properties of PEG hydrogels 

via triple helical CMP assembly.37 The mechanical properties of tissue scaffolds have major 

effects on the morphology and differentiation of cells. In contrast to two-dimensional 

substrates, local biochemical and mechanical properties of three-dimensional hydrogels are 

difficult to control due to the geometrical confinement. We prepared synthetic 3D hydrogels 

featuring complexes of four-arm PEG and CMPs that form hydrogels via thermally 

reversible triple helix-mediated crosslinks. The triple helical crosslinks could be disrupted 

by raising the temperature of the gel or by addition of hot CMPs that compete for triple helix 

formation. By injecting free fluorescently labeled CMPs directly into the preformed 

hydrogel, we were able to create a gradient of CMPs immobilized to the PEG-CMP 

hydrogel as evidenced by the reconstructed fluorescence microscopy.37 Particle tracking 

microrheology data showed modulation of local stiffness as well as the creation of stiffness 

gradients within the PEG-CMP hydrogel. This demonstrated CMP-based synthetic 

hydrogel’s potential for encoding spatially controlled physico-chemical signals in 3D tissue 

scaffold (Fig. 7).
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7. Concluding Remarks

From an engineer’s perspective, it is encouraging to witness a burst of research activities in 

the use of collagen mimetic peptides for recreating the higher order assembly and biological 

function of natural collagens. This was made possible by a wealth of fundamental 

knowledge on collagen structure and cell-ECM interactions that has been accumulating over 

the past 15 years. This research activity comes somewhat late compared to other synthetic 

protein-based biomaterials, such as α-helix and β-sheet proteins and peptides whose 

supramolecular assembly is already being widely used for practical applications and clinical 

trials.93,94 Considering collagen’s critical role in tissue regeneration and its association with 

numerous pathologic conditions, we believe that continued research with CMPs95 will 

eventually lead to the design of artificial tissue scaffolds and collagen targeting system that 

will find practical biomedical use. Fibrous collagens are abundant in nature and are readily 

available in various forms (e.g. sheets, sponges, or tubes) from commercial sources. 

Therefore, the practical impact is relatively low for simply reproducing the structural or 

functional characteristics of natural collagens from CMPs although such efforts will help 

elucidate the physico-chemical factors responsible for functional ECM assembly. In this 

regard, we need and welcome new research efforts that go beyond normal production and 

assembly of collagens, like exploiting unnatural higher-order structures and assembly 

mechanisms as well as incorporating biological cues that do not belong to natural collagens.
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Fig. 1. 
Triple helical structure and higher order assembly of collagen mimetic peptides. Collagen 

mimetic peptides have been designed to assemble into a long triple helical molecule by 

head-to-tail association (A, reproduced with permission from Ref. [21], © National 

Academy of Sciences), fibers by attractive interactions between CMP triple helices (B, 

reproduced with permission from Ref. [70] and [23], © Wiley and American Chemical 

Society, respectively), and micelle or vesicle-like structures by microphase separation of 

amphiphilic compounds (C, reproduced with permission from Ref. [79] and [80], © 

American Chemical Society).
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Fig. 2. 
Transmission electron micrographs of B. anthracis spores after negative staining (A and B, 

reproduced with permission from Ref. [43], © American Society for Microbiology), Scl1 

protein after rotary shadowing (C, reproduced with permission from Ref. [44], © American 

Society for Biochemistry and Molecular Biology), and gold nanoparticles with self-

assembled CMP monolayers (D). B. anthracis spores show densely packed collagen-like 

layers on their surfaces (double headed arrows): Strain 7702 which has 8 copies of 

(GPT)5GDTGTT sequence displays a thick layer (A), while strain 5725R with only 1 copy 

of the same sequence displays thin collagen like layer (B). Sc1 protein (streptococcal 

collagen like protein with charged amino acids) exhibits lollipop morphology similar to 

complement factors (C, block arrows). Self-assembled CMP layer provides colloidal 

stability to gold nanoparticles (D).
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Fig. 3. 
Fiber-like association of CMPs mediated by metal-ligand coordination. Fe2+ brings together 

three CMP triple helices by coordinating with Bpys incorporated into the CMP’s central 

amino acids: Structures of single strand CMP with central Bpy (A) and corresponding 

homotrimeric triple helix (B), and lateral CMP association by Fe2+ coordinating to three 

CMP triple helices (C). Reprinted with permission from Ref. [28], © American Chemical 

Society.
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Fig. 4. 
Schematic depiction of the hypothetical mechanism of CMP-collagen hybridization. 

Allowing melted CMP to fold in the presence of natural collagen triggers CMP 

hybridization with unstructured domains, either in the middle (shown in this figure) or end 

of the collagen molecules. Bottom right photo: transmission electron micrograph of 

reconstituted type I collagen fiber (mouse tail tendon) showing periodic localization of CMP 

conjugated gold nanoparticles (reproduced with permission from Ref. [33], © American 

Chemical Society).
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Fig. 5. 
Fluorescence confocal microscopy of a frozen, unfixed human liver carcinoma slice stained 

with carboxyfluorescene-CMP (in green) and CD31 antibody (in red).
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Fig. 6. 
The optical micrographs of human breast epithelial cells (3rd day culture) on collagen films 

treated with PEG-CMP (A, reproduced with permission from Ref. [34], © American 

Chemical Society), tube-like morphology of HUVEC cells in collagen gel treated with Glu8-

CMP-8 and VEGF (B), and network morphology of group of HUVECs on collagen coating 

treated with QK-CMP (C).
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Fig. 7. 
Spatial gradients of CMP immobilized in 3D PEG-CMP hydrogel. CF-CMP that competes 

for triple helix was injected to the bottom right side of the gel. Particle tracking 

microrheology indicated gradual change in stiffness of the gel due to gradient of 

immobilized CMP that break-up the triple helical cross-links. Reproduced with permission 

from Ref. [37], © American Chemical Society.
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