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Abstract

Collagen is the most abundant protein in mammals, and there has been long-standing interest in
understanding and controlling collagen assembly in the design of new materials. Collagen-like
peptides (CLP), also known as collagen-mimetic peptides (CMP) or collagen-related peptides
(CRP), have thus been widely used to elucidate collagen triple helix structure as well as to produce
higher-order structures that mimic natural collagen fibers. This mini-review provides an overview
of recent progress on these topics, in three broad topical areas. The first focuses on reported
developments in deciphering the chemical basis for collagen triple helix stabilization, which we
review not with the intent of describing the basic structure and biological function of collagen, but
to summarize different pathways for designing collagen-like peptides with high thermostability.
Various approaches for producing higher-order structures via CLP self-assembly, via various
types of intermolecular interaction, are then discussed. Finally, recent developments in a new area,
the production of polymer-CLP bioconjugates, are summarized. Biological applications of
collagen contained hydrogels are also included in this section. The topics may serve as a guide for
the design of collagen-like peptides and their bioconjugates for targeted application in the
biomedical arena.
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1. Introduction

Collagen is the main component of the extracellular matrix (ECM) and comprises 25% to
35% of whole body protein content in humans. The collagens are a large family of proteins,
comprising 28 different types, which have widespread functions such as mediating cell
adhesion, cell migration, tissue scaffolding and repairing. The most prevalent class of
collagen — fibrous collagen — includes type I, I1, and 111 collagens and is the main component
of tendon, ligament, skin, cartilage and bone. Other types of collagens, such as type IV and
type VIII collagen, play a vital role in the formation of network structures such as basement
membranes. Fundamentals about the classification and biological functions of collagen will
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not be discussed in this review, but interested readers are directed to other previous reviews
for more detailed information on this topic.[1, 2]

Although the architectures and roles of these collagens vary widely, they all comprise triple
helix bundles.[3] The collagen triple helix comprises three polyproline-11 type helices held
together by periodic interchain hydrogen bonding between the glycine amide in one chain
and the carbonyl of the amino acid of an adjacent chain. Each strand of the helix consists of
regularly repeated Gly-X-Y tripeptide repeats, with every third residue comprising glycine.
Proline (Pro) and (4R)-hydroxyproline (Hyp) occupy the X and Y positions of the triplet
repeats at the highest statistical frequency within native collagens.

Due to the excellent gel-forming abilities and biodegradability of the natural collagens, they
have been widely used as biomedical materials for tissue support and regeneration.[4, 5]
However, some of the limitations of using animal-derived collagens, such as their thermal
instability, possible contamination with pathogenic substances,[6] and relative difficulty in
the introduction of specific sequence modifications, have motivated the use of synthetic
model collagens, also known as collagen-like peptides (CLPs) or collagen-mimetic peptides
(CMPs), in these types of applications. These collagen-mimetic sequences have been
employed to elucidate the triple helix structure and the stabilization effect of different amino
acid residues,[7-11] and more recently, a variety of CLPs with novel sequences and
interactions have been developed to mimic collagen fibril formation and to produce other
higher-order supramolecular structures.[12-16]

In addition to peptide-based assembly, the self-assembly of amphiphilic block copolymers
has long been a very useful tool to fabricate nanostructured materials. Combining
advantages of synthetic polymers, such as flexibility in architecture and functionality,[17-
19] biocompatibility, and mechanical strength, as well as stimuli responsiveness,[20] with
advantages of (poly)peptides including monodispersity, precise primary to tertiary structure,
and specified bioactivity,[21] polymer-peptide bioconjugates are of particular recent interest,
especially in biomedical applications such as drug and gene delivery.[22—24] Polymer
conjugates with a-helical coiled-coil peptide domains,[25-28] B-sheet peptide motifs,[29-
31] and elastin mimetic peptides[32—34] have been widely employed. However, compared
to these biohybrid materials, polymer-collagen like peptide bioconjugates represent a
relatively new area for the development of functional polymeric materials;[35-38] we
provide a summary of select areas here and refer readers to the review by He and Theato that
is in this special issue [REF].

2. Triple helix stability

The increasing demand for collagen-related peptides, as drug delivery vehicles, labeling
agents, and tissue engineering scaffolds with select bioactivity, requires understanding of the
thermal stability and specific binding properties with of CLPs with certain biomaterials.
Understanding triple helix stability and factors affecting it is thus of particular significance
in the design of such sequences. In early work in this area, Brodsky and coworkers[39]
described the propensities for all natural amino acids to form stable triple helical structures.
Triplets with the form Gly-X-Hyp and Gly-Pro-Y were used as guest sequences in the
context of the (Gly-Pro-Hyp)g host peptide, to form model CLPs with the sequence Ac-
(Gly-Pro-Hyp)3-Gly-X-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-CONH> or Ac-(Gly-Pro-Hyp)s-Gly-
Pro-Y-(Gly-Pro-Hyp)4-Gly-Gly-CONH,. The melting temperatures of these model peptides
with substitutions of all natural amino acids in the X and Y positions were studied via
circular dichroic spectroscopy (CD); the results of these detailed studies are provided in
Table 1. These results confirmed that placement of the imino acids Pro at the X position and
Hyp at Y position have the best stabilizing effect, while Gly and aromatic residues tend to
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destabilize the triple helix. Since then, there have been a wide variety of studies aimed at
determining the molecular details of stable triple helix assembly.

2.1 Role of (4R)-hydroxyproline

From Table 1, it is clear that, when only considering the natural amino acids, any
replacement of Pro in the X position and Hyp in the Y position destabilizes the collagen
triple helix. The importance of Pro and Hyp in the X and Y residues in the collagen triple
helix is further suggested by the fact that 10.5% of Gly-X-Y triplets within human collagens
are Gly-Pro-Hyp and 38% of the amino acids in the Y position are (4R)-hydroxyproline.[40]
While the glycine residues are buried in the middle, the side chains of amino acids in the X
and Y positions are generally exposed to water,[41] and the particular importance of Hyp
residue at the Y position in collagen structures was originally attributed to the formation of
water-mediated hydrogen bonds between the strands.[42-45]

This long-held hypothesis was challenged by work reported by Raines and coworkers in
1998, [46, 47] in which the hydroxyprolines in (Gly-Pro-Hyp)1o were replaced with (2S,
4R)-4-fluoroproline (FIp) to yield the new sequence (Gly-Pro-Flp)1g. The new peptide was
able to form a hyperstable triple helix with a melting temperature of 91°C, dramatically
higher than that of (Gly-Pro-Pro)qq or (Gly-Pro-Hyp)1g. Since fluorine groups do not form
strong hydrogen bonds,[48] the stabilization imparted by the inclusion of Flp was indicated
to arise from the high electronegativity of the Cy substitute.[49] Additionally, CLPs with
peptide sequences (Gly-Pro-hyp)ig and (Gly-Pro-flp)1o (where hyp stands for (4S)-
hydroxyproline and flp stands for (4S)-4-fluoroproline) do not form triple helix,[50, 51]
indicating that the stereoelectronic effect of the Cy substitute is another factor which affects
triple helix stability.[51, 52] Through studying the molecular structure of Ac-FIp-OMe,
Bretscher et al.[51] demonstrated that the trans prolyl peptide bond isomer and an optimal
main-chain dihedral angle (), required for triple helix formation, were stabilized by the
strong Og---C; interaction afforded by Flp (Figure 1, black arrow). The stereoelectronic
effect was also observed to stabilize 4-chloroproline containing CLP (Pro-Clp-Gly)10[53].
Furthermore, introduction of an azobenzene-derived chromophore [54] permits control the
folding and unfolding of collagen triple helix by photo-isomerization of the “light switch”,
thus narrowing the gap between theoretical and experimental investigations on collagen like
triple helix.

2.2 Electrostatic interactions

In addition to the imino acids Pro and Hyp, non-imino residues, especially charged amino
acids such as Lys, Arg, Glu and Asp, comprise up to 15-20% of all residues in collagen and
more than 40% of Gly-X-Y triplets contain at least one of these ionizable residues.[40]
These charged amino acids are crucial for self-association of collagen fibers and ligand
binding to certain biomolecules, as well as contributions to collagen triple helix stability.
The importance of these interactions arises from the one-residue staggering between chains
of the triple helix structure and the right-handed rotation of the helix bundle, which brings
the residues into very close proximity and gives rise to possible interchain electrostatic
interaction and hydrogen bonding between charged residues located at these positions
(Figure 2).[55, 56]

Such pairwise interactions have been widely studied using model peptides. Investigations of
the melting temperatures of host-guest CLPs ((GPO)3GXY (GPO)4GG) [55] illustrated that
triplets with opposite charged residues at X and Y position (such as Gly-Lys-Asp and Gly-
Arg-Asp) showed a major stabilizing electrostatic interaction; while triplets with like-
charged residues (e.g., Gly-Lys-Arg and Gly-Arg-Lys) showed electrostatic repulsion and
destabilization of the collagen helix. In addition to interactions within the same triplets,
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similar stabilizing electrostatic interactions were also observed between adjacent triplets. A
study of the thermal stability of peptides in the form (GPO)3-G-X-Y-G-X"-Y'-(GPO)3[57]
suggested a strong stabilization effect in the presence of GPKGEO or GPKGDO sequences,
leading to T, values of the two peptides equal to that in unsubstituted (GPO)g. Molecular
modeling studies suggested that the stabilization may be attributed to interstrand pairwise
interaction between positively charged Lys and negatively charged Glu/Asp in the adjacent
triplet (Figure 3a). Hartgerink and coworkers further divided this interaction into two
categories: one called axial contact, involving interactions from the leading chain to the
middle chain as well as from the middle chain to the lagging chain; another called lateral
contacts involving interactions from the lagging chain to the leading chain. They further
proposed that the stabilization mainly originates from the two axial interactions (Figure 3b).
[7, 58] Deciphering such interchain electrostatic interactions are crucial to understand the
stability and the registration process of natural collagens as well as to more effectively
design collagen related peptides.

2.3 Cystine knots

The homotrimeric collagen type 111 contains two adjacent cysteine residues at the C-
terminus, which form three disulfide bonds between the chains at the non-collagenous
domains (Figure 4).[59] This cystine knot was found to provide an efficient nucleus for
triple helix growth from C-terminus in a zipper-like mechanism[60]. Moroder and
coworkers[10] studied the role of the cystine knot on collagen folding and stability and
found that the thermostability of cystine knot-linked (POG)s was dramatically improved
(compared with (POG)s without a cystine knot), with an increase of melting temperature
from 20.3 °C to 68.0 °C. Similar stabilization was also observed in hydroxyproline-lacking
collagen-like peptides.[16, 61]

2.4 Template stabilization

In addition to natural templates such as the cystine knot, another well-known method to
stabilize the collagen helix is to link three a-chains covalently at the C-terminus. When
conjugated to templates such as cis,cis-1,3,5-trimethylcyclohexane-1,3,5-tricarboxylic acid
(Kemp triacid),[62, 63] tris(2-aminoethyl)amine-(suc-OH)3 (TREN-(suc-OH)3)[63] and the
N-terminus of the bacteriophage T4 fibritin foldon domain,[64] the thermostablility of
various collagen-like peptides has been dramatically improved (Table 2), and the triple helix
folding process also significantly accelerated.[62] The stabilization from these templates
arises from the reduction of the entropy difference between the unfolded and folded states of
the CLP domain, as well as the presence of a higher concentration of collagen strand at the
C-terminus.

Similar stabilization has been observed for CLPs in which the C-terminus is conjugated to
hydrophaobic groups or synthetic polymers. Instead of a template that covalently links the
three strands, the hydrophobic interactions of the attached moieties bring the strands into
close proximity in aqueous solution, thus accelerating triple helix formation. For example,
the thermostability of collagen triple helices from peptide-amphiphiles with collagen-peptide
head groups and alkyl chain tails is substantially higher than that of peptides without
lipidation and the stability increases with the length of the lipid tail.[35, 36, 65] Most
recently, our group, in collaboration with the Theato group,[38, 66] designed a polymer-
CLP-polymer triblock system, in which both C- and N-termini of the collagen-like peptide
were conjugated to a thermoresponsive polymer, to investigate the influence of conjugated
macromolecules on the conformational behavior of the collagen domain. The denaturing
profile of the triblock, assessed via circular dichroic spectroscopy, suggested that the
polymer-conjugated peptide domain was still capable of assembly into a stable collagen
triple helix. More interestingly, in contrast to the standard sigmoidal unfolding curve for the
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CLP alone, the triblock showed a more gradual unfolding with two potential transitions,
indicating that above its LCST, the collapsed thermoresponsive polymer constricted the
unfolding of the peptide and stabilized the collagen-like triple helical domain.

3. Higher-order assembly

In vivo, natural collagens self-assemble into higher order hierarchical structures with precise
chemical compositions and molecular structures, which are of essential importance in ECM
pathology and development.[2] The wealth of knowledge in understanding collagen
structure accumulated in the past few decades has given rise to a surge in research activities
focused on supramolecular assembly of collagen-like peptides. Although much of the
research is still in early stages, the results are of significant importance in developing
collagen-like materials in biomedical applications. Collagen-like peptides as simple as (Pro-
Hyp-Gly)o are indicated to form higher order structures[67] via a nucleation and growth
mechanism, similar to natural collagen, although form branched filamentous structures
rather than the long fibrous structures of native collagen. Recently, synthetic collagen fibers
which bear more similarity to natural collagen fibers have been produced successfully by
various well-designed CLP systems and assembly strategies.

3.1 -1 stacking interaction

Maryanoff and coworkers reported a novel collagen like peptide that is able to self-assemble
into triple helical, micrometer-scale fibrillar structure through noncovalent end-to-end
interactions.[68, 69] In this work, phenylalanine, which has an electron-rich benzyl ring, and
pentafluorophenylalanine, which has an electron-poor benzyl ring, were introduced at the C-
and N-terminus of the collagen-like peptide (Gly-Pro-Hyp)1o (Figure 5a). When the phenyl/
pentafluorophenyl pairs from two adjacent triple helices approached face to face, the overall
interface energy decreased about 55.2kcal/mol, leading to the formation of micrometer-long
fibrils with an average diameter of 0.26 pm (Figure 5b, c). In addition to end-to-end (linear)
interactions, the dimensions of these fibrils also require side-to-side (lateral) interaction.
Most importantly, this CLP stimulated aggregation of human blood platelets, demonstrating
the potential use of the peptide as a hemostatic material.

In addition to -1t stacking, similar interactions, such as CH:--1t interaction between imino
acids (Pro and Hyp) and aromatic residues (Phe and Tyr);[70] as well as cation---1t
interaction between positive charged N-terminal Arg and C-terminal Phe[71] were also
introduced for the fabrication of collagen like fibrillar structures.

3.2 Lateral electrostatic interactions

Natural collagen type I, 11, 111, V and XI self-assemble into 67nm-periodic cross-striated
fibrils.[2] This D-periodicity arises from the differential inter-procollagen interactions,
including hydrophobic interaction and electrostatic interactions between oppositely charged
side chains. These interactions are optimized when the protomers are placed parallel to the
nearest neighbor, with a pre-defined stagger distance.[72] Partially due to the difficulty in
precise control of these interactions between the protomers at staggered positions, artificial
collagen-like fibrils with periodic bands have not been produced until recently.

Work by Rele et al. [73] first reported a fibrous structure with well-defined D-periodicity
from collagen-like peptide self-assembly. The peptide (PRG)4(POG)4(EOG), contains three
different domains, with a central POG repeat sequence flanked by a positively charged
domain at N-terminus and a negatively charged domain at the C-terminus (Figure 6a). After
9-day incubation at room temperature, micron-length fibers with well-defined transverse
bands were observed via transmission electron microscopy (TEM) (Figure 6c¢). These fibers
were self-associated following a nucleation-growth mechanism, driven by hydrophobic
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interaction between the central domain and lateral electrostatic interaction between
oppositely charged residues from two neighboring triple helices (Figure 6b).

More recently, O’Leary et al.[14] demonstrated that due to the very tight hydrogen bonding
between the arginine side chain and the backbone carbonyl of an adjacent strand, the
arginine residue in the CLP mentioned above was unable to interact with the glutamic acid
efficiently. By replacing all the Arg residues with Lys residues, and Glu residues with Asp, a
new peptide with sequence (PKG)4(POG)4(DOG),4 was produced, which had stronger
interaction between intermolecular, oppositely charged Lys and Asp residues. As predicted,
the new peptide formed homogeneous collagen mimetic nanofibers. More interestingly,
these nanofibers were also able to form high quality hydrogels, which degrades at a similar
rate to rat-tail collagen (Figure 6d).

3.3 Metal-triggered assembly

In addition to lateral electrostatic interactions, coordination bonds between metal ions and
specific ligands can also be introduced for controlled self-assembly of collagen-like
peptides. Chmielewski and coworkers designed a stimuli-responsive coassembly system,
which involves two collagen-like peptides, each individually containing a (Pro-Hyp-Gly)g
core and identical metal binding units at both termini (Figure 7a).[13] One peptide, HisCol,
contains two histidines at both termini; the other peptide, IdaCol, contains an iminodiacetic
acid (Ida) moiety incorporated onto the side chain of lysine at both termini. By adding
divalent metal ions such as Ni2*, Zn?* and Cu2*, the CLPs co-assemble into petal-like
microstructures with a periodic banding at the nanometer scale. The distance between the
banding gaps was found to be in the range of 9- 12 nm, which approximately corresponds to
the length of (POG)q collagen triple helix with termini modifications (Figure 7b).
Subsequent results from the same group demonstrated that by varying the length of the
(POG),, core of the peptides, a range of distinct structures including microflorettes, stacked
sheet microsaddles, and fiberlike meshes, can be generated (Figure 7c).[12] Similar metal-
triggered assembly of supramolecular structures was also obtained from hydroxyproline-
lacking CLPs designed by Hsu and coworkers.[74] In this work, histidine residues were not
only incorporated at the termini of the peptide domain, but also incorporated in the center of
the peptide domain. Two distinct CLPs, with sequences HG(PPG)9GH (X9) and
HG(PPG)4(PHG)(PPG)4GH (PHG) were synthesized respectively. A variety of higher-
order structures were obtained from incubation with metal ions, ranging from nanofibrils to
microscale spherical, laminated and granulated assemblies (Figure 7d).

In addition to end-to-end metal-ligand coordination, metal-triggered radial growth of
collagen-like peptide triple helices into fibrous structures can also be achieved via these
methods.[15] By replacing the hydroxyproline residue in the central tripeptide of (Pro-Hyp-
Gly)g with a bipyridyl-modified lysine, the new peptide can be triggered to form branched
collagen fibers by addition of metal ions (Fe2*) (Figure 8). Although the assembled fibers
lack the periodic bands of natural collagen, these data provide proof that collagen-like fibers
can be generated via nonlinear assembly.

4. Synthetic polymer — CLP bioconjugates

Polymer—peptide bioconjugates are hybrid materials, in which one or more traditional
synthetic polymeric domains are covalently bound to peptide domains with specific
sequences and functionalities.[75] The combination of peptides with synthetic polymers in a
single hybrid molecule offers unique opportunities to combine the advantages of the two.
Although peptide-based materials exhibit a variety of well-defined hierarchical structures
and important biological functions such as cell recognition and adhesion,[76—78] their use in
therapeutic applications is limited since they can cause immune response and are easily
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degraded by enzymes and thus have short circulation times /in vivo.[79, 80] On the other
hand, while biocompatibility and high resistance to enzymatic degradation have been
observed for well controlled synthetic polymers, they are biologically inactive due to the
lack of precisely controlled molecular structures. The bioconjugation of peptide and
synthetic polymers has thus become a useful tool to overcome these limitations of the two
components. For example, conjugation of poly(ethylene glycol) (PEG) to various protein-
based drugs, enzymes and antibodies endows the conjugates with certain beneficial
properties such as improved solubility, reduced immunogenicity, as well as increased blood
circulation time.[79] Compared to the recent surge of research activities on polymer-peptide
conjugates involving peptides with a-helix and -sheet secondary structure,[29] such
conjugates with collagen like-peptides have not been as intensively studied.[37, 38]

The most convenient way to synthesize polymer-peptide conjugates is to couple a
functionalized peptide, either at the termini or side chain, with a complementary
functionalized synthetic polymer. Although there are some difficulties in this approach, such
as low accessibility of functional groups on macromolecules and separation of the desired
conjugate from the starting materials, a variety of chemical reactions have been employed
for efficient conjugation, including traditional solid phase peptide coupling chemistry,[81—
83] Staudinger ligation,[84] Schiff base formation,[85-88] click reaction[89-92] and
Michael-type addition.[93-96] Readers interested in more details on polymer-peptide
conjugation strategies are directed to a complementary review published by He and Theato,
in this special issue (REF).

4.1 Assembly of polymer—CLP conjugates

The utilization of the efficient conjugation reactions discovered in the past few decades has
given rise to an expansion in the design of novel self-assembled structures based on
polymer-peptide biohybrid materials with promising chemical and biological functions.[97,
98] Nonetheless, self-assembly of polymer conjugates with collagen-like peptides remains a
fresh research area, and in 2011, Tong and coworkers[37] reported the self-assembly of a
collagen-like peptide amphiphile. With a C16 lipophilic tail attached to the C-terminus of a
CLP with the sequence (GPO)3GFOGER(GPO)s, the amphiphile self-assembled into
micrometer-long nanofibers with a diameter of approximately 16nm under aqueous
conditions. More importantly, given the inclusion of the integrin-specific binding sequence
GFOGER, the amphiphile was shown to promote the adhesion and spreading of HepG2
cells.

More recently, we have reported the conformational and assembly behavior of a
thermoresponsive polymer-CLP-polymer triblock.[38, 66] The triblock comprises a
thermoresponsive polymer, namely poly(diethylene glycol methyl ether methacrylate)
(PDEGMEMA), conjugated to both termini of a triple-helix forming hydroxyproline-lacking
collagen-like peptide (Figure 9a). Morphology study at 37 °C suggested that the collapse of
polymeric domain above its LCST caused the formation of large hollow spherical structures
(Figure 9b). More interestingly, a morphological transformation into fibrils (Figure 9¢) was
observed at 75 °C, likely due to the unfolding of the collagen triple helix domain. As a
negative control, PEG-CLP conjugates were also synthesized, but did not assemble into such
structures. This work provides further evidence that higher-order structures, including
fibrils, can be obtained from appropriately designed polymer-conjugated collagen-like
peptides.

In addition to copolymers containing CLP and traditional synthetic polymers, CLP-related
peptide-peptide conjugates have also been studied very recently. Yu and coworkers [99-
101] reported that unfolded collagen-like peptides had a strong propensity to bind to
denatured collagen strands via stereo-selective triple-helical hybridization. Based on this
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physical hybridization binding effect, they further designed a conjugate peptide including
eight negative charged glutamic acid at the N-terminal of (Pro-Hyp-Gly)g.[102] The new
peptide is not only able to bind collagen scaffolds via strand-strand hybridization, but also
able to immobilize vascular endothelial growth factor (VEGF) through electrostatic
interactions. These results show that polymer-CLP bioconjugates may have potential in
targeted drug delivery, especially for cartilage- and bone-related diseases.

4.2 Collagen/CLP containing hydrogels

Due to the excellent mechanical and unique biological properties of collagen, collagen
containing 3-dimentional porous hybrid hydrogels has become a very useful tool to mimic
the structure and functions of microenvironment in extracellular matrix (ECM) and has been
widely used in articular cartilage tissue engineering and regeneration. In order to obtain
desired mechanical and physiological properties of the scaffolds, a variety of other
components rather than collagen have been incorporated to form the hydrogels. These
components includes not only synthetic polymers such as poly(ethylene glycol) (PEG),[103-
105] poly(ethylene oxide) diacrylate (PEODA),[106] poly(lactic-co-glycolic acid) (PLGA),
[107, 108] and poly(ethylene terephthalate) (PET),[109] but also naturally occurring
biomacromolecules such as hyaluronic acid,[104, 110-112] and chitosan.[105, 111]

In addition to natural collagen, hydrogels consisting of chemically synthesized short
collagen model peptide has also been produced recently. By photo-copolymerization of CLP
conjugated PEG (Acry-PEG-(Pro-Hyp-Gly); -Tyr-OH) and PEG diacrylate (PEGDA), Lee
et al[113] were able to produce PEG hydrogels with controlled amount of CLP dangling
chains, which showed great potential to be used as tissue engineering scaffolds. Through
histology studies, the CLP conjugated hydrogels were observed to encapsulate chondrocytes
homogeneously. More importantly, these hydrogels stimulated the production of
extracellular matrix (ECM) components including glycosaminoglycan (GAG) and type 1l
collagen. The authors hypothesized such stimulation originated from the affinity between
collagen-like peptide domain of the hydrogel and chondrocyte-secreted collagen, which has
also been discussed in the last section.

Instead of improving cell adhesion and ECM production of PEG hydrogels, CLP triple helix
was also exploited for physical cross-linkers. By conjugating CLP single strand to multi-
armed PEG at elevated temperature above the melting temperature of CLP triple helix and
incubating the PEG-CLP copolymer at a lower temperature, Yu and coworkers[114]
reported a novel type of PEG-hydrogel, which was cross linked by intermolecular collagen
triple helix formation. Due to the temperature mediated folding and unfolding of the triple
helix domain, the elasticity of the hydrogel was temperature dependent. More importantly,
the mechanical stiffness of the hydrogel could be easily manipulated by adding free CLPs
for competing triple helix formation, which endowed the hydrogel with potential to detect
physicochemical signals for tissue formation.

Conclusions

Collagen-like peptide-based biomaterials have emerged as a new class of biomaterials that
possesses unique structure and properties. Abundant research has been conducted in the past
few decades in deciphering the role of different amino acid residues and tripeptide motifs in
stabilizing the collagen triple helix, as well as elucidating intermolecular interactions and
other factors affecting collagen fibrogenesis. A variety of artificial collagen-like peptides
with well-defined sequences have been designed to create higher order assemblies with
specific biological functions. However, compared with polymer conjugates with a-helix and
[-sheet peptides that have already been used in clinical trials, synthetic conjugates of
polymers with collagen-like peptides are relatively unexplored. Considering the critical role
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collagen in extracellular matrix (ECM) biology, collagen-like peptides and their

bioconjugates may eventually become an indispensable component in artificial tissue
scaffolds and targeted drug delivery systems.
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Figure 1.
Structure of Ac-FIp-OMe. (Reprint with permission from Ref. 51 © American Chemical

Society)
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Figure 2.
Potential interchain interaction between residue at X position of one chain and residue at Y
position of another.
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(b)

Figure 3.

Pairwise interactions between Glu and Lys in GPKGEO containing CLPs. (a) computer
model proposed by Persikov et al; (b) axial (left) and lateral (right) interactions proposed by
Fallas et al. (Reprinted with permission from Ref. 57 © American Chemical Society and
Ref. 7 © American Society for Biochemistry and Molecular Biology)
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Figure 4.
Two types of cystine knot connectivities.
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Figure 5.

CLP self-assembly via -1t stacking interaction. (a) (GPO)1g end-functionalized with
pentafluorophenylalanine and phenylalanine. (b) Interface between two triple helices (one
blue, one yellow) showing three aromatic stacking interactions (black double-headed
arrows; A-C). (¢c) TEM image of self-assembled CLP. (Reproduced with permission from
Ref. 68 © The National Academy of Sciences of the USA and Ref. 69 © American
Chemical Society.)
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Self-assembly of CLP via lateral electrostatic interaction. (a) Amino acid sequence of CLP,
indicating three different domains. (b) Axial staggered interchain electrostatic interactions.

(c) Well-defined D-periodicity observed via high resolution transmission electron

microscopy. (d) Multi-hierarchical self-assembly of related collagen-mimetic peptides.
(Figure a, b, ¢ are reproduced with permission from Ref. 73 © American Chemical Society,
Figure d is reproduced with permission from Ref. 14 © Macmillan Publishers Limited.)
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Figure 7.

(a) Scheme showing the structure of 1daCol and HisCol and subsequent tandem assembly.
(b) TEM images of petal like structures with periodic bands observed from metal triggered
CLP self-assembly. (c) Assembled structures depend on length of CLP domain. (d) SEM
images of large aggregates of X9 (top) and PHG (bottom) after incubating with Zn2*.
(Reproduced with permission from Ref. 12, 13 and 74 © American Chemical Society)
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Figure 8.

Metal-triggered radial assembly of collagen peptide fibers. (2) amino acid sequence of the
CLP. (b) Side view of the triple helix. (c) Hypothesized interaction between bipyridyl-
modified lysine and Fe2*. (d) TEM image of the assembled structure. (Reproduced with
permission from Ref. 15 © American Chemical Society)
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Figure 9.

(a) Synthesis of hybrid triblock copolymer. Collagen like peptide sequence:
G(GPP)3GPRGEKGERGPR(GPP)3GPCCG. (b) Cryo-TEM image of spherical structures at
37 °C. Scale bar =50 ym (c) TEM image of collagen like fibrils at 75 °C. Scale bar = 0.5
um (Reproduced with permission from Ref.38 © The Royal Society of Chemistry and Ref.
66 © American Chemical Society)
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Melting temperatures of host-guest peptides (Reproduced with permission from Ref. 39 © American Chemical

Society)

Gly-X-Hyp Tm (°C)

Gly-Pro-Y Tm (°C)

Pro 47.3 Hyp 47.3
Glu 42.9 Arg 47.2
Ala 41.7 Met 426
Lys 415 lle 415
Arg 40.6 Gln 41.3
Gin 40.4 Ala 40.9
Asp 40.1 Val 40.0
Leu 39.0 Glu 39.7
Val 38.9 Thr 39.7
Met 38.6 Cys 37.7

lle 38.4 Lys 36.8
Asn 38.3 His 35.7
Ser 38.0 Ser 35.0
His 36.5 Asp 34.0
Thr 36.2 Gly 32.7
Cys 36.1 Leu 317
2Thr 34.3 Asn 30.3
Phe 335 Thy 30.2
Gly 33.2 Phe 28.3
Trp 31.9 Trp 26.1
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Comparison of melting temperature of CLP with/without the template. (Data taken in part from Ref. 62, 63 ©

American Chemical Society and Ref. 64 © Academic Press.)

Melting temperature (°C)

Collagen like peptides

n=3 n=5 n=6 n=10
Ac-(Gly-Pro-Hyp),-NH, NTa 18 36 -
KTA-[Gly-(Gly-Pro-Hyp),-NH,]5 30 70 81 -
Ac-(Gly-Nleu-Pro),-NH, NT - 26 -
KTA-[Gly-(Gly-Nleu-Pro),-NH,]3 NT - 36 -
TREN-[suc-(Gly-Nleu-Pro),-NH,]3  NT 38 46 -
(Gly-Pro-Hyp), - - - 23
T4 fibritin foldon (Gly-Pro-Hyp), - - - 65

a "
NT denotes no transition observed.
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