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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), are short synthetic peptides which mimic the triple helical 

conformation of native collagens. In the past few decades, collagen like peptides and 

their conjugated hybrids have become a new class of biomaterials that possesses 

unique structures and properties. In addition to traditional applications of using CLPs 

to decipher the role of different amino acid residues and tripeptide motifs in stabilizing 

the collagen triple helix and mimicking collagen fibril formation, with the introduction 

of specific interactions including electrostatic interactions, π-π stacking interaction and 

metal-ligand coordination, a variety of artificial collagen-like peptides with well-

defined sequences have been designed to create higher order assemblies with specific 

biological functions. The CLPs have also been widely used as bioactive domains or 

physical cross-linkers to fabricate hydrogels, which have shown potential to improve 

cell adhesion, proliferation and ECM macromolecule production. Despite this 

widespread use, the utilization of CLPs as domains in stimuli responsive 

bioconjugates represents a relatively new area for the development of functional 

polymeric materials. 

In this work, a new class of thermoresponsive diblock conjugates, containing 

collagen-like peptides and a thermoresponsive polymer, namely poly(diethylene 

glycol methyl ether methacrylate) (PDEGMEMA), is introduced. The CLP domain 

ABSTRACT 



 xxi 

maintains its triple helix conformation after conjugation with the polymer. The 

engineered LCST of these conjugates has enabled temperature-induced assembly 

under aqueous conditions, at physiologically relevant temperatures, into well-defined 

vesicles with diameters of approximately 50-200 nm.  The formation of nanostructures 

was driven by the coil/globule conformational transition of the PDEGMEMA building 

block above its LCST with stabilization of the nanostructures by the hydrophilic CLP. 

To the best of our knowledge, this is the first report on such assembled nanostructures 

from collagen-like peptide containing copolymers. Due to the strong propensity for 

CLPs to bind to natural collagen via strand invasion processes, these nanosized 

vesicles may be used as drug carriers for targeted delivery.  

In addition to synthetic polymers, the collagen like peptide is then conjugated 

with a thermoresponsive elastin-like peptide (ELP). The resulting ELP-CLP diblock 

conjugates show a remarkable reduction in the inverse transition temperature of the 

ELP domain, attributed to the anchoring effect of the CLP triple helix. The lower 

transition temperature of the conjugate enables facile formation of well-defined 

vesicles at physiological temperature and the unexpected resolubilization of the 

vesicles at elevated temperatures upon unfolding of the CLP domain. Given the ability 

of CLPs to modify collagens, this work provides not only a simple and versatile 

avenue for controlling the inverse transition behavior of elastin-like peptides, but also 

suggest future opportunities for these thermoresponsive nanostructures in biologically 

relevant environments. 

In the last section, the potential of using the ELP-CLP nanoparticles as drug 

delivery vehicles for targeting collagen containing matrices is evaluated. A sustained 

release of clinically relevant amount of encapsulated modelled drug is achieved within 
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three weeks, followed by a thermally controlled burst release. As expected, the ELP-

CLP nanoparticles show strong retention on collagen substrate, via specific binding 

through collagen triple helix hybridization. Additionally, cell viability and 

proliferation studies using fibroblasts and chondrocytes suggest the nanoparticles are 

non-cytotoxic. Additionally, almost no TNF-α expression from macrophages is 

observed, suggesting that the nanoparticles do not initiate inflammatory response. 

Endowed with specific collagen binding, controlled thermoresposiveness, excellent 

cytocompatibility, and non-immune responsiveness, we believe the ELP-CLP 

nanoparticles are promising candidates as drug delivery vehicles for targeting collagen 

containing matrices.  

Considering the critical role of collagens in extracellular matrix and the unique 

ability of the CLP to target native collagens, our work offers significant opportunities 

for the design of collagen-like peptides and their bioconjugates for targeted application 

in the biomedical arena. 
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BACKGROUND 

1.1 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 29 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, II, 

and III 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 not be 

discussed here, but interested readers are directed to 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-II 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.  

Chapter 1 
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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 α-helical coiled-coil 

peptide domains,[25-28] β-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] 
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1.2 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)8 host peptide, to 

form model CLPs with the sequence Ac-(Gly-Pro-Hyp)3-Gly-X-Hyp-(Gly-Pro-Hyp)4-

Gly-Gly-CONH2 or Ac-(Gly-Pro-Hyp)3-Gly-Pro-Y-(Gly-Pro-Hyp)4-Gly-Gly-CONH2. 

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 

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. 
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Table 1.1 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 42.6 
Lys 41.5 Ile 41.5 
Arg 40.6 Gln 41.3 
Gln 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 
Ile 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 31.7 
Thr 34.3 Asn 30.3 
Phe 33.5 Thy 30.2 
Gly 33.2 Phe 28.3 
Trp 31.9 Trp 26.1 

1.2.1 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 
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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)10 were 

replaced with (2S, 4R)-4-fluoroproline (Flp) to yield the new sequence (Gly-Pro-Flp)10. 

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)10 or (Gly-Pro-

Hyp)10. 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 Cγ substitute.[49] Additionally, CLPs with peptide sequences (Gly-Pro-hyp)10 

and (Gly-Pro-flp)10 (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 Cγ substitute is another factor which affects triple helix stability.[51, 52] 

Through studying the molecular structure of Ac-Flp-OMe, Bretscher et al.[51] 

demonstrated that the trans prolyl peptide bond isomer and an optimal main-chain 

dihedral angle (ψ), required for triple helix formation, were stabilized by the strong 

O0···C1 interaction afforded by Flp (Figure 1.1, 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. 
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Figure 1.1 Structure of Ac-Flp-OMe. (Reprint with permission from Ref. 51 © 

American Chemical Society) 

1.2.2 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 1.2).[55, 56] 

 

Figure 1.2 Potential interchain interaction between residue at X position of one 

chain and residue at Y position of another.  
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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, 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 Tm values of the two peptides equal to that in unsubstituted 

(GPO)8. 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 1.3a).  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 1.3b).[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. 
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Figure 1.3 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) 

1.2.3 Cystine knots 

The homotrimeric collagen type III contains two adjacent cysteine residues at 

the C-terminus, which form three disulfide bonds between the chains at the non-

collagenous domains (Figure 1.4).[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)5 was dramatically improved (compared with (POG)5 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] 



 9 

 

Figure 1.4 Two types of cystine knot connectivities.  

1.2.4 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 α-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.  

  



 10 

Table 1.2      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.) 

Collagen like peptides 
Melting temperature (°C) 

n=3 n=5 n=6 n=10 
 

Ac-(Gly-Pro-Hyp)
n
-NH

2
 

 

NTa 
 

18 
 

36 
 

- 

KTA-[Gly-(Gly-Pro-Hyp)
n
-NH

2
]

3
 30 70 81 - 

 

Ac-(Gly-Nleu-Pro)
n
-NH

2
 

 

NT 
 

- 
 

26 
 

- 

KTA-[Gly-(Gly-Nleu-Pro)
n
-NH

2
]

3
 NT - 36 - 

TREN-[suc-(Gly-Nleu-Pro)
n
-

NH
2
]

3
 

NT 38 46 - 

 

(Gly-Pro-Hyp)
n
 

 

- 
 

- 
 

- 
 

23 

T4 fibritin foldon (Gly-Pro-Hyp)
n
 - - - 65 

aNT denotes no transition observed. 

Similar stabilization has been observed for CLPs in which the C-terminus is 

conjugated to hydrophobic 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 
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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 

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.  

1.3 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)10 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.  
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1.3.1 π-π 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)10 (Figure 1.5a). 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 μm (Figure 1.5b, 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 π-π stacking, similar interactions, such as CH···π interaction 

between imino acids (Pro and Hyp) and aromatic residues (Phe and Tyr);[70] as well 

as cation···π interaction between positive charged N-terminal Arg and C-terminal 

Phe[71] were also introduced for the fabrication of collagen like fibrillar structures. 
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Figure 1.5 CLP self-assembly via π-π stacking interaction. (a) (GPO)10 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.) 

1.3.2 Lateral electrostatic interactions 

Natural collagen type I, II, III, 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. 
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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)4 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 1.6a). After 9-day incubation at room 

temperature, micron-length fibers with well-defined transverse bands were observed 

via transmission electron microscopy (TEM) (Figure 1.6c). These fibers were self-

associated following a nucleation-growth mechanism, driven by hydrophobic 

interaction between the central domain and lateral electrostatic interaction between 

oppositely charged residues from two neighboring triple helices (Figure 1.6b). 

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 1.6d).  
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Figure 1.6 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, c are reproduced with permission from Ref. 73 © American Chemical 

Society, Figure d is reproduced with permission from Ref. 14 © 

Macmillan Publishers Limited.) 

1.3.3 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)9 core and identical metal binding units at both termini 

(Figure 1.7a).[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+, 
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Zn2+ 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)9 

collagen triple helix with termini modifications (Figure 1.7b). Subsequent results from 

the same group demonstrated that by varying the length of the (POG)n core of the 

peptides, a range of distinct structures including microflorettes, stacked sheet 

microsaddles, and fiberlike meshes, can be generated (Figure 1.7c).[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 1.7d). 
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Figure 1.7 (a) Scheme showing the structure of IdaCol 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)  

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)9 with a bipyridyl-modified lysine, the new peptide can be 

triggered to form branched collagen fibers by addition of metal ions (Fe2+) (Figure 

1.8). 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.  
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Figure 1.8 Metal-triggered radial assembly of collagen peptide fibers. (a) 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) 

1.4 Triple Helix Hybridization 

In addition to the majority of CLP research that studies triple helix stability and 

higher order assembly, Yu and coworkers have made important contributions to 

utilizing the binding interactions between CLP and native collagens for a range of 

applications. They reported that unfolded single stranded collagen-like peptides have a 

strong propensity to bind to natural collagen via a strand invasion process (Figure 

1.9a).[75] CLPs attached to natural collagens were visualized via transmission 

electron microscopy conducted on CLP functionalized with electron-dense gold 

nanoparticles (Figure 1.9c).[76]  

Based on this physical hybridization binding effect, they further introduced 

fluorescently labeled CLPs as collagen-specific stains in sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) for direct detection of various types 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
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of collagens including intact type I, II, IV collagen, and MMP-cleaved type I 

collagen.[77] Collagen bands containing as little as 5 ng were successfully detected, 

suggesting a high staining efficiency. These fluorescently labeled CLPs were also 

utilized as staining reagents for native collagens in human tissues including skin, 

cornea, bone[77] and liver.[78] Images of CLP-stained human liver tissue were almost 

identical to images stained by collagen antibodies (Figure 1.9b).[78]  

The binding interaction between CLP and natural collagen was also used for 

encoding cellular cues in collagen scaffolds. For example, studies from the same 

group[79] reported a new collagen-like peptide consisting of eight negatively charged 

glutamic acid residues at the N-terminus of (Pro-Hyp-Gly)9. The anionic CLP was not 

only able to bind to type I collagen via strand-strand hybridization, but also able to 

attract vascular endothelial growth factors (VEGFs) through electrostatic interactions, 

which then induced tubulogenesis of endothelial cells (ECs) pre-encapsulated within 

the collagen substrate.  

In order to test the ability of the CLP to target pathological tissues of high 

MMP activity, in vivo tumor targeting experiments were conducted on mice bearing 

subcutaneous PC-3 prostate tumor xenografts.[80] The results suggested that the 

fluorescently labeled CLP was able to permeate the tumor vasculature and accumulate 

at the tumor sites (Figure 1.9d). In addition to tumors, in vivo studies also suggested a 

high level of accumulation of the CLP within the skeleton and joints, especially in 

regions with high MMP and collagen remodeling activity such as articular cartilage of 

the knee joints (Figure 1.9e).  

As the peptide can be integrated, with high stability, into native collagen both 

in vitro and in vivo, these research activities suggest that approaches which employ 
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CLPs should thus offer particular promise for biomedical applications such as tumor, 

bone and cartilage imaging, as well as targeted drug delivery into these regions. 

Despite this widespread use, the utilization of CLPs as domains in responsive 

nanoparticles has been described in only a very limited number of reports.[37, 38, 81, 

82]  

 

Figure 1.9 a) Schematic of collagen triple helix hybridization; b) CLP labels 

collagens of human liver tissue as efficiently as collagen antibodies; c) 

TEM micrographs of reconstituted type I collagen fibers labelled with 

CLP functionalized gold nanoparticles; d) In vivo NIRF images of mice 

bearing PC-3 prostate tumors administered with fluorescent labelled 

(GPO)9 CLP indicate specific tumor accumulation; e) Dual-NIRF image 

of the knee joint showing the uptake of fluorescent labelled CLP (red) 

and BoneTag™ (stains calcifying tissues in green),  CLP-specific uptake 

can be seen within the articular cartilage and meniscus (red arrowhead) 

as well as focal regions within the tibia and the femur head. (reproduced 

with permission from Ref. 76, 78, 80, 83) 
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1.5 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.[83] 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,[84-86] their use in therapeutic applications is limited since 

they can cause immune response and are easily degraded by enzymes and thus have 

short circulation times in vivo.[87, 88] 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.[87] Compared to the recent surge of research activities on 

polymer-peptide conjugates involving peptides with α-helix and β-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 
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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,[89-91]  Staudinger ligation,[92] Schiff base 

formation,[93-96] click reaction[97-100] and Michael-type addition.[101-104]  

1.5.1 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.[105, 106]  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)3, 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 1.10a). Morphology study at 37 °C suggested 

that the collapse of polymeric domain above its LCST caused the formation of large 

hollow spherical structures (Figure 1.10b). More interestingly, a morphological 

transformation into fibrils (Figure 1.10c) was observed at 75 °C, likely due to the 
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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 [75, 76, 80] 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 physical hybridization binding effect, they further 

designed a conjugate peptide including eight negative charged glutamic acid at the N-

terminal of (Pro-Hyp-Gly)9.[79] 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. 
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Figure 1.10 (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 μm (c) TEM image 

of collagen like fibrils at 75 °C. Scale bar = 0.5 μm (Reproduced with 

permission from Ref.38 © The Royal Society of Chemistry and Ref.66 © 

American Chemical Society) 

1.5.2 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 
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poly(ethylene glycol) (PEG),[107-109] poly(ethylene oxide) diacrylate (PEODA),[110] 

poly(lactic-co-glycolic acid) (PLGA),[111, 112] and poly(ethylene terephthalate) 

(PET),[113] but also naturally occurring biomacromolecules such as hyaluronic 

acid,[108, 114-116] and chitosan.[109, 115] 

In addition to produce higher-order supramolecular structures from well-

designed sequences, collagen like peptides have also been used to fabricate scaffolds 

for tissue engineering applications. For example, Hartgerink and coworkers reported 

CLP with sequence (Pro-Lys-Gly)4(Pro-Hyp-Gly)4(Asp-Hyp-Gly)4 was able to form 

stable hydrogel at concentrations as low as 0.5 wt%, triggered and stabilized by lateral 

electrostatic interaction between triple helices (Figure 2a).[14] The hydrogel exhibited 

a storage modulus of approximately 700 Pa and it could be degraded by collagenase at 

a similar rate to that of natural collagen. Because CLPs have the capacity to form 

stable triple helix at physiological temperature, they have also been utilized as 

physical hydrogel cross-linkers. By conjugating the N-terminal amine of CLP single 

strand to NHS ester functionalized 4-armed, Yu and coworkers[117] reported a novel 

type of PEG-hydrogel, which was cross linked by intermolecular collagen triple helix 

formation (Figure 2b). Due to the reversible thermoresponsive folding and unfolding 

of the triple helix domain, the mechanical properties of the hydrogel was temperature 

dependent. More interestingly, by adding free CLPs for competing triple helix 

formation, the stiffness of the hydrogel could be easily manipulated (Figure 2b), which 

endowed the hydrogel with potential to detect physicochemical signals. Similar 

hydrogels were also reported from Chmielewski and coworkers (Figure 2c).[118] By 

conjugating the CLP with the 8-arm PEG using Michael type addition, the mechanical 

properties of the hydrogel was drastically enhanced. 
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Figure 1.11 a) Self-assembly of collagen like peptide (Pro-Lys-Gly)4-(Pro-Hyp-

Gly)4-(Asp-Hyp-Gly)4 into nanofibre and subsequent fabrication of CLP 

hydrogel at higher concentrations; scale bar = 1 um; b) 4-arm PEG 

hydrogel crosslinked via (GPO)9 collagen triple helix. Left bottom panel: 

storage and loss modulus for the hydrogel (10 wt%) before and after the 

addition of free CLP solution. c) 8-arm PEG hydrogel crosslinked via 

collagen triple helix. Temperature sweep experiment for the hydrogel (8 

wt%) suggested a high storage modulus of approximately 1500 Pa at 

physiological temperature. Filled symbols represent the first analysis of 

the hydrogels and open symbols represent analysis after recooling the 

samples from the first analysis. G’: storage modulus (square), G’’: loss 

modulus (triangle). (reproduced with permission from Ref[14, 117, 118]) 

In addition to physical cross-linkers, CLPs integrated with certain bioactive 

domains have also been widely used to fabricate hydrogels to improve cell adhesion 

and ECM production. For example, Yu and coworkers reported a CLP-conjugated 

poly (ethylene glycol) diacrylate (PEODA) hydrogel which was not only able to retain 

cell secreted glycosaminoglycan (GAG) and collagen from encapsulated 
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chondrocytes,[119] but also help direct the differentiation of stem cells into the 

chondrogenic pathway.[110] More recently, they further encoded the PEODA-CLP 

hydrogel with CLP-RGD conjugates.[107] Adhesion and proliferation of encapsulated 

fibroblasts were studied on the hydrogels with different RGD peptide concentration. 

Tong and coworkers[37] synthesized a CLP amphiphile with a C16 lipophilic tail 

attached to the C-terminus of a CLP with sequence (GPO)3GFOGER(GPO)3. Given 

the inclusion of integrin specific binding sequence GFOGER, hydrogels formed from 

the amphiphile was shown to promote the adhesion and spreading of HepG2 cells. By 

introducing a hydroxyproline free CLP containing integrin binding motif Glycine-

Glutamic acid-Arginine (GER) triplet, our group successfully promoted integrin-

mediated adhesion, spreading and proliferation of human mesenchymal stem cells 

(hMSCs) in a hyaluronic acid (HA) particle-based hydrogel surface.[84] 

 

1.6 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 α-helix and β-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 of 



 28 

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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THERMORESPONSIVE SELF-ASSEMBLY OF NANOSTRUCTURES FROM 

A COLLAGEN-LIKE PEPTIDE-CONTAINING DIBLOCK COPOLYMER 

2.1 Introduction 

Collagen is the main component of the extracellular matrix (ECM) in 

mammals. It comprises 28 different types of proteins, which have widespread 

functions such as mediating cell adhesion, cell m igration, and tissue scaffolding and 

repair.[1] Although the roles of these proteins vary widely, they all contain (at least in 

part) the same secondary structure, a collagen triple helix,[2] which comprises three 

polypropline-II helices. Each strand of the helix consists of a repetitive amino acid 

sequence, glycine-X-Y, where X and Y are frequently proline (Pro) and 

hydroxyproline (Hyp).[3] Due to their excellent gel-forming ability and 

biodegradability, collagens have been widely used as biomedical materials for the 

delivery of chemotherapeutic drugs such as paclitaxel,[4] doxorubicin,[5] and 

antibacterial drugs such as gentamicin,[6] as well as for tissue support and 

regeneration applications including skin replacement, bone substitutes, and artificial 

blood vessels.[7] However, some of the limitations of animal-derived collagens, such 

as their thermal instability, possible contamination with pathogenic substances, and 

relative difficulty in the introduction of specific sequence modifications, have limited 

their versatility. Accordingly, sequences modeled after the collagens, also known as 

collagen-like peptides (CLPs), collagen-mimetic peptides (CMPs), or collagen-related 

peptides (CRPs) have been explored.[8-10]  

Chapter 2 
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CLPs form a triple helical structure almost identical to that of natural 

collagen,[10] but because of their low molecular mass (<5 kDa), they exhibit 

reversible folding and unfolding behavior. Traditionally, CLPs were employed to 

elucidate the triple helix structure and the stabilization effect of different amino acid 

residues in collagens.[8,11-16] CLPs with novel sequences and interactions have also 

been developed to mimic collagen fibril formation[17-22] and to produce other higher-

order supramolecular structures.[23-25] These include but are not limited to: (i) 

micrometer-scale fibrillar structure through noncovalent π-π end-to-end 

interactions;[20,21] (ii) fibrous structures with well-defined D-periodicity assembled 

from multi-domain CLPs such as (PRG)4(POG)4(EOG)4[22] and 

(PKG)4(POG)4(DOG)4;[17] (iii) metal cation-triggered assembled structures such as 

microflorettes, fiberlike meshes,[23,24] nanofibrils,[25] and microscale spheres;[25] 

(iv) hydrogel networks and scaffolds crosslinked by CLP triple helix association[26,27] 

or metal cation – CLP coordination[28].  

More recently, Wang et al. have reported that unfolded single strand collagen-

like peptides have a strong propensity to bind to natural collagen via a strand invasion 

process.[29] Short synthetic CLPs were successfully utilized as a staining reagent for 

natural collagens in human tissues including skin, cornea, bone[30] and liver.[31] In 

vivo studies[32] suggest that CLPs are able to permeate tumor vasculature and 

accumulate at tumor sites. A high level of accumulation of the CLP within the 

skeleton and joints has also been observed, especially in regions with high MMP and 

collagen remodeling activity, such as the articular cartilage of knee joints. These 

results suggest the great potential of CLPs as novel tool and material for tracking 

pathogenic collagens for diagnostic and drug delivery purposes. 
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While these CLPs and other (poly)peptide-based biomaterials exhibit well 

defined hierarchical structures and variety of biological functions such as cell 

recognition, adhesion and proliferation,[33-35] their use in therapeutics can be limited 

due to elevated immune responses, rapid degradation by enzymes, and short 

circulation times in vivo.[36,37] Chemical conjugation of (poly)peptides with 

synthetic polymers thus has become a widely used method to overcome these 

limitations while maintaining desirable bioactivities. For instance, the attachment of 

polyethylene glycol (PEG) – or PEGylation – to protein-based drugs, enzymes, and 

antibodies greatly improves the solubility of the biomolecules, reducing their 

immunogenicity and increasing their blood circulation time.[36] In addition, a variety 

of (poly)peptides including α-helical coiled-coil peptide domains,[38-41] β-sheet 

peptide motifs,[42-44] and elastin-mimetic peptides[45-48] have been successfully 

employed to produce polymer-peptide hybrid materials, which show potential in 

biomedical applications such as drug and gene delivery. However, compared with the 

recent surge in research on these peptide-polymer conjugates, collagen-like peptide 

hybrid materials remain relatively less explored. Yu et al.[49] attached one or two C12 

head groups to a collagen-like peptide and found that it improved the thermal stability 

of the collagen triple helix, and self-assembly of the amphiphiles into various 

structures, dependent on the length of the amphiphile, was also observed.[50] Luo et 

al.[51] reported that after a C16 lipophilic tail was attached to a CLP with the 

sequence (GPO)3GFOGER(GPO)3 (F: phenylalanine; O: hydroxyproline), the 

amphiphile self-assembled into micrometer-long nanofibers with a diameter of 

approximately 16 nm.  More recently, our groups have reported a polymer-CLP-
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polymer triblock,[52] which self-assembled into micron-scale hollow spheres at 37 °C 

and transformed into nanofibers at higher temperature. 

In this study, we have conjugated a thermoresponsive polymer, poly 

(diethylene glycol methyl ether methacrylate) (PDEGMEMA), to the N-terminus of a 

triple-helix forming collagen-like peptide ((GPO)7GG), to synthesize a polymer-CLP 

diblock (Figure 2.1). Due to the thermoresponsiveness of the polymer domain, we 

anticipated temperature-triggered assembly of the diblock into nanoparticles in 

aqueous conditions above the lower critical solution temperature (LCST) of the 

polymer, in a two-step process (Figure 2.1). The first level of assembly involved the 

formation of collagen triple helix from diblock monomers, with a second level of 

assembly triggered by increasing the temperature of the solution, leading to the 

collapse of the polymer domain and assembly into higher-order nanoparticles. A poly 

(ethylene glycol) - CLP diblock copolymer was studied as a non-thermoresponsive 

control. The thermally responsive diblock polymers provide a novel approach to the 

formation of nanoparticles that may be uniquely responsive to biological environments. 

 

Figure 2.1 Proposed two-step assembly mechanism for PDEGMEMA-CLP 

conjugates. 
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2.2 Experimental Section 

2.2.1 Materials 

Fmoc-protected amino acids, Rink amide MBHA resin, N,N,N′,N′-tetramethyl-

O-(1H-benzotriazol-1-yl) uronium hexafluorophosphate (HBTU), and piperidine for 

solid-phase peptide synthesis were purchased from AAPPTEC Inc. (Louisville, KY). 

HPLC-grade acetonitrile and dimethylformamide (DMF) were purchased from Fisher 

Scientific (Fairlawn, NJ). N-Methyl-2-pyrrolidone (NMP), trifluoroacetic acid (TFA), 

triisopropylsilane (TIS), triethylamine (TEA), and diisopropylethylamine (DIEA) were 

purchased from Sigma-Aldrich (St. Louis, MO). 

2.2.2 Peptide Synthesis 

A collagen-like peptide with the sequence (GPO)7GG was synthesized via 

traditional solid-phase peptide synthesis methods (SPPS) using a Focus XC automatic 

peptide synthesizer (AAPPTec Inc., Louisville, KY). Rink amide MBHA resin with a 

loading capacity of 0.52 mmol/g was used for the synthesis. The amino acids were 

activated for coupling with HBTU in the presence of 2 M diisopropylethylamine 

(DIEA) in NMP. Deprotection of the Fmoc group was conducted using 20% 

piperidine in DMF. One-hour coupling cycles were used for all the residues. Cleavage 

of the peptide from the resin was conducted in 95:2.5:2.5 (v:v:v) trifluoroacetic acid 

(TFA) /triisopropylsilane (TIS) /water for 3 hours. The TFA was mostly evaporated 

and the cleaved peptide was precipitated in cold ether. The peptide was then 

redissolved in water and lyophilized. 

Crude peptide was purified via reverse-phase HPLC (Waters Inc., Milford, MA) 

on a Waters Symmetry 300, C-18 column. The mobile-phase comprised gradients of 

degassed deionized water with 0.1% TFA and acetonitrile with 0.1% TFA, at a flow 
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rate of 5 ml/min. Peptide was detected by UV absorbance at 214 nm; fractions with 

product were collected and lyophilized. The molecular weight of the peptide was 

confirmed via electrospray ionization mass spectrometry (ESI-MS, AutospecQ, VG 

Analytical, Manchester, UK) and the purity of the peptide was confirmed via 

analytical scale, reverse-phase HPLC (Waters 2996; Symmetry C18, 3.5 μm, 4.6 x 75 

mm). 

2.2.3 PDEGMEMA-CLP Conjugate Synthesis 

The synthesis of the conjugate was performed via the reaction of N-terminal 

amine of the collagen-like peptide with activated-ester end-functionalized 

PDEGMEMA, following a recently developed protocol.[53] The activated ester end-

functionalized PDEGMEMA was synthesized via RAFT polymerization described 

earlier.[54] The PDEGMEMA-CLP diblock copolymer was synthesized by mixing 3 

equiv of PDEGMEMA per primary amine group of the peptide. The reaction was 

conducted in 2 mL 50:50 (v:v) NMP/DMSO, with the addition of 6 μL triethylamine 

(TEA), for 3 days at 35 °C (Figure 2.2). The resulting hybrid polymer was precipitated 

into a 5-fold volume of cold diethyl ether and redissolved in 50:50 (v:v) NMP/DMSO 

(repeated 5 times) to removed excessive PDEGMEMA starting material, followed by 

dissolution in water and lyophilization. 
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Figure 2.2 Chemical synthesis of PDEGMEMA-CLP diblock via the reaction of the 

activated ester-terminated PDEGMEMA with the N-terminal amine of a 

collagen-like peptide. The reaction was carried out in a mixture of 

dimethyl sulfoxide (DMSO) and N-methyl-2-pyrrolidone (NMP) 

(v/v=1:1) in the presence of triethylamine at 35 °C for 3 days. 

2.2.4 Nuclear Magnetic Resonance (NMR) 

1H NMR spectra were recorded under standard quantitative conditions on a 

Bruker AVIII spectrometer operating at 600 MHz, using at least 64 scans. All samples 

were dissolved in deuterated dimethyl sulfoxide (δ (d6-DMSO) = 2.50 ppm) at a 

concentration of 2 mg/mL. The resulting spectra were analyzed using Mnova software 

(Mestrelab Research, Santiago de Compostela, Spain).  

2.2.5 Gel Permeation Chromatography (GPC) 

GPC measurement of the PDEGMEMA-CLP conjugate was performed in 

DMF with 0.01 M lithium chloride at 30 °C. The system was operated at 1 mL/min 

with a Sonntek HPLC pump (K-501), one 50 mm x 7.5 mm PL gel mixed guard 

column, one 300 mm x 7.5 mm PL gel 5 μm mixed C column, one 300 mm x 7.5 mm 

PL gel 5 μm mixed D column, a Knauer refractive index detector (K-2301), and an 

Alltech solvent recycler 3000. Poly (methyl methacrylate) (PMMA) standards with 

Mw 875 Da, 3070 Da, 10570 Da and 30620 Da were used for molecular weight 
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calibration. All samples were dissolved in DMF at 1 mg/mL and 100 μL of solution 

was injected. 

GPC measurement of the PEG-CLP conjugate was performed in 10 mM PBS 

buffer (pH 7.4, 137 mM NaCl and 2.7 mM KCl) using a combination of two Waters 

ultrahydro linear column (WAT011545 and WAT011525) with a nominal flow rate of 

1 mL/min. A refractive index detector (Waters 2414), a UV absorbance detector 

(Waters 2996) were used. PEG standards with Mw 400 Da, 1970 Da, 6430 Da and 

21030 Da were used to calculate molecular weights of the products. CLP and PEG 

starting material samples were dissolved in PBS at a concentration of 2 mg/mL, PEG-

CLP diblock conjugate sample was dissolved in PBS at a concentration of 1 mg/mL. 

100 μL solution was injected for all samples. 

2.2.6 Circular Dichroic Spectroscopy (CD) 

Characterization of the secondary structure of the CLP domain was conducted 

via circular dichroic spectroscopy (Jasco 810 circular dichroism spectropolarimeter, 

Jasco Inc., Easton, MD, USA). Either CLP or PDEGMEMA-CLP conjugate were 

dissolved at a concentration of 100 μM in PBS (10 mM, pH 7.4, 137 mM NaCl and 

2.7 mM KCl) and incubated overnight to allow triple helix formation. The CD spectra 

were recorded using quartz cells with a 0.2 cm optical path length.  

Full wavelength scans were collected to study the conformation of the peptide 

domain at selected temperatures. The sample was incubated at each temperature for 10 

min before measurement. The scanning rate was 50 nm/min, with a response time of 4 

s. The wavelength scans were obtained from 200 nm to 250 nm and were recorded 

every 1 nm. In order to precisely measure the melting temperature of the CLP domain, 

variable temperature experiments were conducted at a constant wavelength of 225 nm 



 49 

with a 0.25 °C/min heating rate. Refolding kinetics were studied via temperature-jump 

experiments. The sample solution was incubated at 80 °C for 30 min followed by 

quenching to 5 °C in less than 2 minutes. The ellipticity at 225 nm as a function of 

time was monitored at 5 °C beginning right after the temperature jump. 

2.2.7 Dynamic Light Scattering (DLS) 

Analysis of particles sizes in solution was conducted via dynamic light 

scattering (DLS) on a ZetaSizer Nano Series (Nano ZS, Malvern Instruments, U.K.) at 

a scattering angle of 173°, and data fitting using the cumulant method. PEG-CLP and 

PDEGMEMA-CLP samples were prepared at 1 mg/mL in PBS (10 mM, pH 7.4, 137 

mM NaCl and 2.7 mM KCl). PDEGMEMA-CLP samples were also prepared in water 

at a concentration of 1 mg/mL and 5 mg/mL. A PDEGMEMA sample was prepared in 

water as the polymer alone was not soluble in PBS. All samples were incubated at 

4 °C overnight before measurement. The lower critical solution temperature (LCST) 

of the polymer and conjugate was assessed by measurement of the average size of 

particles at temperatures from 5 °C to 80 °C. Samples were incubated at each 

temperature for 2 minutes before measurements. The LCST was assigned as the 

temperature at which the intensity of scattered light began to increase. For particle size 

distribution studies at 5 °C, 25 °C, 37 °C, 50 °C, and 70 °C, each sample was 

incubated for 10 min at the desired temperature before measurements. The reported 

data represent an average of at least three measurements. 

2.2.8 Transmission Electron Microscopy (TEM) 

Samples for TEM were prepared on carbon-coated copper grids (CF300-Cu, 

Electron Microscopy Sciences Inc.). The grids, pipette tips, and samples were 
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incubated in an isothermal oven (VWR Signature™ Forced Air Safety Ovens, VWR 

Inc.) at desired temperature (25 °C and 50 °C) for at least 30 min before sample 

preparation, which was also conducted in the oven. PDEGMEMA-CLP and PEG-CLP 

diblock samples were dissolved in water at concentrations of 1 mg/mL and 5 mg/mL. 

5 μL of the sample solution was drop cast on the grid and blotted after 60 seconds. For 

staining, 1% phosphotungstic acid (PTA) (pH adjusted to 7.0 using 1 M NaOH) as a 

negative stain was used. 5 μL of the PTA solution was drop cast on the grid and 

blotted after 10 seconds. The sample was allowed to dry in the oven at the desired 

temperature for 30 minutes and then was air-dried for 2 hours. TEM images were 

taken on a Tecnai G2 12 TEM (FEI Company, Hillsboro, OR) at an acceleration 

voltage of 120 keV. 

2.3 Results and Discussion 

2.3.1 Synthesis of PDEGMEMA-CLP Diblock Polymer 

The collagen-like peptide with the sequence (GPO)7GG was synthesized via 

traditional Fmoc-based, solid-phase peptide synthesis methods (SPPS). Two glycines 

at the C-terminus were introduced to avoid the formation of diketopiperazine.[55] 

After purification with reverse-phase HPLC, peptide with purity greater than 99% was 

obtained (Figure 2.10). The molecular weight of the peptide was verified via ESI-MS 

(Figure 2.11).  

The thermoresponsive polymer, PDEGMEMA, was synthesized via reversible 

addition−fragmentation chain-transfer polymerization (RAFT) using a standard 

procedure described earlier.[54] The polymer was conjugated to the CLP via the 

reaction of the activated ester end group of PDEGMEMA with the N-terminal amine 
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of the peptide. The molecular weight distribution of purified products was studied via 

gel permeation chromatography (GPC) using DMF as the mobile phase (Figure 2.3). 

DMF was used instead of water because both the polymer and the diblock showed 

aggregation behavior in aqueous solution (see below). The traces shown were obtained 

using refractive index detection and were normalized to give a better comparison 

between the diblock and starting material. The chromatogram for the collagen-like 

peptide was not collected because the CLP was insoluble in DMF. As shown in Figure 

2.3, the elution time of the diblock was clearly shifted to the higher molecular weight 

region compared with the PDEGMEMA starting material. The results suggest 

successful conjugation of the two building blocks and the single product peak without 

any shoulders indicates complete removal of excess PDEGMEMA starting material. A 

rough estimation of molecular weight from a calibration employing linear poly 

(methyl methacrylate) (PMMA) standards yielded a Mw of 7.1 kDa of the 

PDEGMEMA, with a polydispersity index (PDI) of 1.16. Interestingly, the results also 

suggested a PDI of 1.13 for the diblock and a Mw of 22.1 kDa, which was larger than 

anticipated, likely due to the potential physicochemical differences between the CLP 

domain of the diblock and PMMA standards, which would affect their mobility and/or 

hydrodynamic volume in the mobile phase. 
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Figure 2.3 GPC trace of PDEGMEMA-CLP diblock and PDEGMEMA starting 

material. 

1H NMR spectroscopy was utilized to confirm the presence of both the peptide 

and polymer domain in the diblock product. Figure 2.4a provides the 1H NMR 

spectrum of the collagen-like peptide with typical regions of interest: protons from 

peptide backbone amide bonds from 7.0 ppm to 8.2 ppm (10H, CO-NH-CHR and CO-

NH2, labeled He,e’,e’’ in the figure); α-protons from amino acid residues located from 

4.2 ppm to 5.3 ppm (30H, NH-CHR-CO and NH-CH2-CO, Hc,c’,c’’,c’’’); and methylene 

protons from the pyrrolidine ring from 1.5 ppm to 2.3 ppm (42H, CONR-

CH2CH2CH2-CH and CH(OH)-CH2-CH, Hd,d’,d’’). The spectrum of PDEGMEMA 

given in Figure 2.4b shows strong peaks for side-chain ethylene protons at 4.02 ppm 

(2H, COO-CH2-CH2, Hc) as well as 3.62 ppm, 3.54 ppm and 3.47 ppm (6H, COO-

CH2CH2O-CH2CH2O-CH3, Hd,d’,d’’), side-chain methyl group protons at 3.28 pm (3H, 

OCH3, He), backbone methylene protons from 1.7 ppm to 1.9 ppm (2H, -CRCH3-CH2-, 
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Hb), and methyl group protons at 0.81 ppm and 0.97 ppm (3H, -CRCH3-CH2-, Ha). A 

solvent peak located at 5.76 ppm arises from dichloromethane (DCM), which was 

introduced to the sample when concentrating the polymer. The spectrum of the 

PDEGMEMA-CLP diblock, given in Figure 2.4c, showed all corresponding 

characteristic signals from the polymer as well as the peptide building block.  The 

peaks from DCM observed in the polymer (Figure 2.4b) were completely removed, 

indicating complete separation by precipitating into cold ether. These results, together 

with the higher MW suggested by GPC, indicate successful synthesis and purification 

of the diblock. Comparison between the integrals from peptide α-protons (Hc,c’,c’’,c’’’ in 

Figure 2.4a, 30 protons per molecule) with protons from the polymer side-chain 

methylene group (Hc in Figure 2.4b, 79 protons per molecule) suggested the molecular 

weight of the polymer domain in the diblock to be 7.4 kDa, which was consistent with 

the molecular weight determined via GPC.  
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Figure 2.4 1H NMR spectra (600 MHz) of: a) collagen-like peptide; b) 

PDEGMEMA; c) PDEGMEMA-CLP diblock in d6-DMSO. 

2.3.2 Triple Helix Formation 

Although native collagens have a variety of biological functions, at the 

molecular level, they all share the characteristic triple helical secondary structure. The 

ability of the collagen-like peptide, as well as the CLP domain in the diblock, to form 

triple helix is fundamental for specific binding with native collagen via triple helix 

hybridization. Circular dichroic spectroscopy (CD) was utilized to characterize the 
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conformation of the peptide products; representative data are shown in Figure 2.5. The 

CD spectra of the collagen-like peptide and PDEGMEMA-CLP diblock at variable 

temperatures ranging from 5 °C to 80 °C are plotted in Figure 2.5a and 2.5d, 

respectively. Both the peptide and diblock exhibited a triple helix characteristic peak 

at 225 nm and a crossover at 213 nm,[17,19,56] confirming triple helix formation of 

the CLP, as well as the ability of the CLP domain to maintain the structure after 

conjugation to the polymer. The intensity of the 225 nm peak was reduced with an 

increase in temperature (black arrows in Figure 2.5a and 2.5d), consistent with the 

triple helix domain gradually unfolding upon heating.  
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Figure 2.5 a) CD spectra showing the wavelength scans for the collagen like peptide; 

b) Blue curve with dots (Y axis on the left side): thermal unfolding 

profile for CLP plotted as [θ]MRE225nm versus temperature. The red curve 

(Y axis on the right side) is the first derivative of the unfolding curve 

with respect to temperature; c) Refolding profile of CLP after quenching 

to 5 °C; d) CD spectra showing the wavelength scans for PDEGMEMA-

CLP diblock; e) Blue curve with dots (Y axis on the left side): thermal 

unfolding profile for PDEGMEMA-CLP diblock plotted as [θ]MRE225nm 

versus temperature. The red curve (Y axis on the right side) is the first 

derivative of the unfolding curve with respect to temperature; f) 

Refolding profile of the PDEGMEMA-CLP diblock after quenching to 

5 °C, with an inserted image from 0 – 7 minutes. 

The thermal stability of the triple helices was investigated via monitoring the 

mean residue ellipticity at λ = 225 nm as a function of temperature while the sample 

was heated at a slow rate (0.25 °C/min). The thermal unfolding profile (red) and the 

first derivative of the melting curve (blue) for the CLP and diblock are plotted in 

Figure 2.5b and 2.5e respectively. The data in Figure 2.5b yield a melting temperature 

(Tm) of 39.2 °C for the peptide and those in Figure 2.5e yield a melting temperature of 

38.8 °C for the diblock. The melting temperature of the CLP is consistent with 

previously reported results for (Gly-Pro-Hyp)n collagen-like peptides.[31,57,58] By 

comparing the thermal unfolding curves of the CLP and the diblock (blue curves in 

Figure 2.5b and 2.5e), it is apparent that the triple helix domain in the diblock sample 

started to melt at a much higher temperature (32 °C) than the peptide alone (20 °C), 

indicating the greater energy required for the unfolding of the triple helix in the 

conjugate. Additionally, while the peak at 225 nm for the peptide vanished upon 

heating (Figure 2.5a), the unfolding process for the triple helix domain in the 

conjugate was not complete even at 80 °C (Figure 2.5d and 2.5e). These results 

indicate that the conjugation of PDEGMEMA to the peptide constricts the unfolding 
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of the triple helix. The constriction is likely attributed to the anchoring effect of the 

polymer domain when it collapsed above its LCST (32 °C in PBS, Figure 2.6a, 

described below). Such triple helix stability enhancements via hydrophobic 

conjugation were also reported in our previous studies,[52,53] as well as by the Fields 

and the Tong research groups.[49,51]  

Temperature jump experiments were conducted to analyze the refolding 

kinetics of the peptide domain. In these experiments, the samples were incubated at 

80 °C for 30 min, followed by quenching to 5 °C to allow triple helix refolding. The 

ratio of mean residue ellipticity recovered compared to the original value at 5 °C was 

plotted as a function of time.  Figure 2.5c shows the refolding profile for the CLP. 

After quenching to 5 °C, the CLP gradually refolded to nearly 90% of its original 

value, following third order reaction kinetics, consistent with previous reports.[59] A 

rate constant of k = 3.43 x 107 M-2·s-1 was derived from the curve using a third-order 

reaction model. Interestingly, the PDEGMEMA-CLP diblock reached 80% of its 

original CD intensity within only 3 minutes (Figure 2.5f), indicating the refolding of 

the peptide domain within the diblock was much faster than that for the peptide alone. 

The refolding profile also exhibited a constant refolding rate in the first three minutes, 

suggesting a zero-order process with a rate constant derived as 1.5 x 10-7 M· s-1. This 

difference in the order of the folding process in the free peptide versus the diblock 

likely originates from the collapsed polymer domain acting as an anchoring point, 

which significantly increased the local concentration of the peptide strands and 

refolding rate of the triple helix. Additionally, once the CLPs were anchored at close 

proximity, long range molecular collision of three CLP single strands driven by 

Brownian motion was not the main prerequisite for the refolding process, which 
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changed the order of the reaction. Similar stabilization of secondary structures from 

such anchoring effects has also been observed in poly(N-isopropylacrylamide)-

containing copolymers. For example, the stability of an α-helical peptide domain was 

increased in a diblock copolymer comprising poly(N-isopropylacrylamide)-block-

poly(N5-(4-hydroxybutyl)-L-glutamine) (PNIPAAm-b-PHBG) when compared with 

that of the PHBG homopolymer.[60]  

2.3.3 Temperature Triggered Self-Assembly into Nanoparticles 

Diblock copolymers consisting of one thermoresponsive block and one 

hydrophilic block were expected to exhibit reversible self-assembly behaviors as 

temperature changes. One typical example is poly(ethylene glycol)-b-poly(N-

isopropylacrylamide) (PEG-PNIPAAM), which self assembles into micelles in water 

above the lower critical solution temperature (LCST) of PNIPAAM.[61-63] The 

diblock in this work consists of a hydrophilic collagen-like peptide block and a 

thermoresponsive PDEGMEMA block, thus is anticipated to undergo self-assembly in 

aqueous conditions when the polymer domain collapses above its LCST. Dynamic 

light scattering studies were conducted to determine the LCST of the PDEGMEMA-

CLP diblock as well as that of the polymer itself by observing the temperature-induced 

increase in hydrodynamic size. All samples were prepared at concentrations similar to 

those in the CD experiments, pre-incubated at 4 °C to allow triple helix formation, and 

filtered to remove dust before the measurements.  
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Figure 2.6 Study of transition temperature via dynamic light scattering. a) 

Hydrodynamic diameter of assemblies as a function of temperature upon 

heating; b) Hydrodynamic diameter of assemblies as a function of 

temperature upon cooling. Samples were heated at each temperature for 2 

minutes before measurement. Red curve with triangles: PDEGMEMA 

sample dissolved in water at 1 mg/mL; blue curve with circles: 

PDEGMEMA-CLP diblock dissolved in PBS buffer (pH = 7.4) at 1 

mg/mL; orange curve with circles: PDEGMEMA-CLP diblock dissolved 

in water at 5 mg/mL; pink curve with circles: PDEGMEMA-CLP diblock 

dissolved in water at 1 mg/mL; black curve with squares: PEG-CLP 

diblock dissolved in water at 1 mg/mL 

The transition temperature of the conjugate and PDEGMEMA were tested via 

monitoring of the hydrodynamic diameter as a function of increasing temperature 

(Figure 2.6a).  Diblock sample dissolved in PBS (10 mM, pH 7.4, 137 mM NaCl and 

2.7 mM KCl) at a concentration of 1 mg/mL, as well as samples dissolved in water at 

concentrations of 1 mg/mL and 5 mg/mL were measured. The results show an increase 

in intensity upon heating and suggested a transition temperature of 18 °C for the 

polymer and 32 °C for the diblock. As expected, the PEG-CLP control does not 

exhibit any phase transition behavior in the entire temperature range. The increase in 

the transition temperature for the PDEGMEMA-CLP diblock compared with the 
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polymer is consistent with the conjugation of the hydrophilic peptide block to the 

polymer. Changes in LCST due to hydrophobicity differences have also been reported 

in PNIPAAM containing copolymers modified with short hydrophilic DNA 

segments[64] or poly(lysine) segments,[65] as well as elastin-like peptides (ELP) with 

amino acid valine (V) substituted by more hydrophobic residues such as leucine, 

isoleucine and phenylalanine.[66,67]  

Due to practical difficulties in studies of assembly morphology with 

transmission electron microscopy using samples in PBS buffer, samples dissolved in 

water (at either 1 mg/mL or 5 mg/mL) were also prepared. Both samples exhibited a 

transition temperature of 37 °C, which was higher than that for samples dissolved in 

PBS. The lower LCST observed for diblock sample in PBS buffer is likely attributed 

to the salting out effect of kosmotropic ions added to the solution.[68,69]   Cooling 

experiments were conducted to test the reversibility of this transition; the data are 

shown in Figure 2.6b.  As illustrated in the figure, each sample shows only a small 

hysteresis in the transition, with LCSTs determined as 15 °C for PDEGMEMA, 29 °C 

for the diblock in PBS, and 34 °C for the diblock in H2O. The consistency of these 

values with those of the heating experiments confirms the reversibility of these 

transitions under the experimental conditions tested.  

DLS was also utilized to study the size distribution of the nanostructures 

formed by the conjugate. Figure 2.7a and 2.7b show the size distributions for 

PDEGMEMA-CLP diblock samples dissolved in water, at 1 mg/mL and 5 mg/mL 

respectively. In both cases, no higher order assembly was observed at 25 °C. The 

small objects with diameters of approximately 5 nm were attributed to the soluble 

trimers of the diblock, consistent with previous reports.[18,21] For the 1 mg/mL 
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sample, nanostructures with average diameter of approximately 45 nm were formed at 

higher temperatures, while nanostructures with diameters around 110 nm were 

observed in the 5 mg/mL sample. Larger structures formed at 5 mg/mL may be 

attributed to a fusion process of smaller structures at higher concentrations (see below). 

Although CLP peptides alone have been reported to aggregate at high 

concentrations,[19,58] a PEG-CLP diblock control at the lower concentrations here 

did not show any aggregation at any temperatures measured (Figure 2.16a), while on 

the other hand, heating a PDEGMEMA solution above its LCST (18 °C) yielded large 

aggregates with diameters of approximately 1.7 μm (Figure 2.16b). These 

observations confirm both the role of the PDEGMEMA in the thermally induced 

aggregation and the role of the CLP in stabilization of the observed nanostructures. 

 

Figure 2.7 Size distribution of assemblies at different temperatures. a) 

PDEGMEMA-CLP diblock, 1 mg/mL in water; b) PDEGMEMA-CLP 

diblock, 5 mg/mL in water. Correlation functions and cumulant fits are 

provided in the Supporting Information (Figure 2.15) 
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Figure 2.8 TEM images of nanoparticles formed from PDEGMEMA-CLP diblock at 

50 °C, stained with phosphotungstic acid (1% PTA in water, pH adjusted 

to 7.0). a,b) 5 mg/mL; c,d) 1 mg/mL; e,f) 1 mg/mL, washed with 

deionized water after staining. Scale bars: 200 nm. 
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To obtain insight into the morphologies of the nanostructures observed via 

DLS, transmission electron microscopy (TEM) measurements were also conducted.  

To better visualize the nanostructures, a 1% phosphotungstic acid (PTA, pH adjusted 

to 7.0 using NaOH) aqueous solution was used as negative stain. At 25 °C, which was 

below the LCST of PDEGMEMA domain in the diblock, no nanostructures were 

detected under any solution conditions (data not shown). When the diblock solutions 

were heated above the transition temperature, the polymer domain became 

hydrophobic and collapsed in aqueous solution, causing the solution to immediately 

become cloudy. Representative TEM images of the nanostructures formed at 50 °C by 

the 5 mg/mL sample are shown in Figure 2.8a and 2.8b.  Nanostructures with an 

average diameter of approximately 70 – 200 nm were observed, which is consistent 

with the DLS measurements discussed above (Figure 2.7b). As observed in the images, 

both the exterior and interior surface of the nanoparticles are clearly observed, 

suggesting that the particles may have a hollow vesicular structure. It is possible that 

the solvent evaporation process employed during sample preparation destabilized the 

vesicles, and exposed the interior of the vesicles to the staining agent. Similar 

observations were also reported for bilayer vesicles formed from synthetic lipids 1,2-

di-n-hexadecyloxypropyl-4-(beta-nitrostyryl) phosphate (DHPBNS) under aqueous 

conditions.[70] Some large particles with d ≈ 300 – 400 nm were also observed, which 

were likely generated via fusion of smaller particles during solvent evaporation 

(indicated by arrows in Figure 2.8a). For samples prepared at 1 mg/mL, smaller 

nanoparticles with an average diameter of approximately 50 nm are observed (Figure 

2.8c and 2.8d), which is also consistent with DLS results (Figure 2.7a). The vesicular 

morphology of these particles was resolved more clearly when the sample grid was 
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washed with deionized water after staining (Figure 2.8e and 2.8f). TEM analysis of 

PDEGMEMA solutions was found to be difficult practically because PDEGMEMA 

with Mw = 7 kDa is a liquid. As in the DLS experiments, no vesicular structures were 

observed for the hydrophilic-hydrophilic PEG-CLP diblock conjugate investigated 

under the same conditions, indicating that the thermally responsive collapse of the 

PDEGMEMA is crucial for the assembly of the vesicles.  

The nanoscale vesicular structures observed in this work are similar to those 

previously reported from other thermoresponsive polymer-based systems. For example, 

due to its high biocompatibility and its LCST of approximately 32 °C,[71] poly(N-

isopropylacrylamide) (PNIPAAM) has become one of the most widely used building 

blocks for producing copolymers with thermoresponsive behavior. Otsuka et al.[72] 

observed vesicular morphologies with a diameter of 300 nm from the assembly of 

maltoheptose-block-poly(N-isopropylacrylamide) (Mal7-b-PNIPAAMn) hybrid 

diblock copolymers at 90 °C. More recently, Zhao et al.[73] synthesized polyethylene-

graft-poly(N-isopropylacrylamide) copolymers (PE-g-PNIPAM) using coordination 

copolymerization and RAFT copolymerization. The amphiphilic graft copolymer 

formed vesicles with average diameters of 170-190 nm in aqueous solution when 

incubated at temperatures between 20-32 °C.  

Nanoscale vesicles have also been observed from the assembly of other 

polymer-peptide conjugates, although to our knowledge not from samples in which the 

polymer block shows thermally responsive behavior. For example, Marsden et al.[74] 

reported vesicles with a diameter of 100 – 400 nm from the self-assembly, in aqueous 

conditions, of a conjugate diblock comprising poly(γ-benzyl L-glutamate) (PBLG) and 

a coiled-coil forming peptide with the sequence G(EIAALEK)3. Similar vesicular 
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structures with diameter of 30 – 100 nm were also reported by Koga et al.,[75] using a 

β-sheet peptide-inserted amphiphilic block copolymer, polystyrene-block-

tetra(leucine)-block-poly(ethylene glycol) (PS-b-L4-b-PEG). More recently, Bacinello 

et al.[76] reported the self-assembly of amphiphilic peptide-polymer hybrids 

comprising poly(trimethylene carbonate) (PTMC) and a matrix metalloproteinase-2 

(MMP-2)-degradable peptide PVGLIG. Various morphologies including core-shell 

micelles and nanoscale vesicles with diameters of approximately 40 – 70 nm were 

reported. In one study involving CLP-based conjugates, Luo et al.[51] reported the 

self-assembly of a CLP-containing amphiphile with a C16 lipophilic tail attached to 

the C-terminus. Micrometer-long nanofibers with a diameter of approximately 16 nm 

were observed under aqueous conditions.  

 

Figure 2.9 Schematic illustration of the potential structure of vesicles formed at 

50 °C in aqueous condition. 

Compared with the surge in research on thermoresponsive polymers and other 

peptide-polymer conjugates, there are few reports focused on the assembly of 
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collagen-like peptide containing copolymers, and none to our knowledge in which 

nanovesicles are produced. Figure 2.9 illustrates the potential molecular organization 

of the vesicles observed at 50 °C in deionized water. Although other assembly 

mechanisms are possible, the proposed bilayer vesicular assembly pathway is likely 

for the nanostructures that we observed; the parallel orientation of the CLP domains 

are expected on the basis of previous reports.[24,27,30,77,78] At 25 °C, both building 

blocks of the diblock are hydrophilic, thus the diblock is fully soluble in deionized 

water, in the form of the triple helix-containing trimer. As the solution is heated to 

above the LCST of PDEGMEMA (37 °C), the polymer domain collapses and triggers 

coacervation. The radius of gyration (Rg) of 7 kDa PDEGMEMA in aqueous solution 

is calculated to be 2.2 nm below its LCST (good solvent) and 0.83 nm above LCST 

(bad solvent).[79] The collagen triple helix of (GPO)7GG is a semi-flexible rod with 

the length of 6.4 nm and diameter of 1.5 nm.[80] When the solution is heated above 

37 °C, the diblock trimer thus can be treated as a rod-coil structure with dimensions of 

roughly 6.4 nm (rod)-1.2 nm (coil) (Rg of three anchored polymer chains). For a 

conventional coil-coil amphiphilic diblock, assemblies adopt rounded interfaces in 

order to minimize the interfacial contact between the solvent and the less soluble block. 

However, for rod-coil copolymers, the packing of the rods at a highly curved surface 

creates liquid crystalline defects, which increases the free energy of the assemblies.[81] 

It is likely that the tradeoffs between the liquid crystalline defect energy and surface 

energy give rise to the formation of vesicles, which have a lower interface curvature 

compared with micelles. Further heating of the solution to a higher temperature 

unfolds the collagen triple helix, but due to the stabilization of the collapsed 

PDEGMEMA as an anchoring point, this unfolding process is not completed until 
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above 80 °C (Figure 2.5b and 2.5e). Thus at 50 °C, the CLP domain remains partially 

unfolded (Figure 2.9). It is noteworthy that once the particles have been formed, their 

size does not change upon heating (Figure 2.6a), suggesting that unfolding of the CLP 

domain on the vesicle exterior and interior surfaces does not change the morphology 

of the vesicle.  Although the size of the CLP may change during unfolding, the 

changes must be small compared to the size of the nanostructures. According to the 

TEM results (Figure 2.8f), the thickness of the vesicle surfaces is of approximately 

10.5 – 19 nm, which is consistent with the calculated thickness of the bilayer proposed 

in Figure 2.9 (approximately 15nm based on the length of the GPO7 triple helix (6.4 

nm) and the Rg of three collapsed PDEGMEMA chains (~1.2 nm)). 

Instead of using a conventional thermoresponsive polymer like PNIPAAM, the 

use of PDEGMEMA offers the improvement of a much lower LCST (18 °C in this 

case), so that after conjugation with the hydrophilic peptide, the polymer remains 

soluble at room temperature, with higher order assemblies being triggered at 

physiological temperature. Although understanding of the detailed role of the peptide 

trimerization and unfolding on the formation of observed nanostructures will require 

further investigation, the introduction of CLP domains at the exterior surface of the 

vesicles may serve as a specific means to target native collagens via triple helix 

hybridization.  These peptide-based, dually thermally responsive conjugates thus offer 

intriguing opportunities for potential applications in targeted delivery of therapeutics 

for a range of pathologic conditions associated with collagen denaturation and 

reconstitution, such as tumor and rheumatoid arthritis.[82]  
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2.4 Conclusions 

The conformational properties and assembly of a new class of 

thermoresponsive diblock conjugates, containing collagen-like peptides and 

PDEGMEMA, were introduced in this work. Circular dichroism (CD) experiments 

confirmed the ability for the peptide domain to adopt a triple helix conformation after 

conjugation with the polymer. The engineered LCST of these conjugates has enabled 

temperature-induced assembly under aqueous conditions, at physiologically relevant 

temperatures, into well-defined vesicles with diameters of approximately 50-200 nm.  

The formation of nanostructures was driven by the coil/globule conformational 

transition of the PDEGMEMA building block above its LCST with stabilization of the 

nanostructures by the hydrophilic CLP. To the best of our knowledge, this is the first 

report on such assembled nanostructures from collagen-like peptide containing 

copolymers. Due to the strong propensity for CLPs to bind to natural collagen via 

strand invasion processes,[29] these nanosized vesicles may be used as drug carriers 

for targeted delivery.  

2.5 Supporting Information 

2.5.1 Peptide Synthesis and Characterization 

Figure 2.10 shows the RP-HPLC trace of purified peptide. The single highly 

symmetric peak indicates a pure product was obtained. The molecular weight of the 

peptide was verified via ESI-MS (Figure 2.11). Mw of (GPO)7GG =2002.1 Da; m/z = 

1001.7 [(M+2H)2+, calcd 1002.1], m/z = 1012.9 [(M+H+Na)2+, calcd 1013.1], m/z = 

1024.6 [(M+2Na)2+, calcd 1024.1], m/z = 683.2 [(M+H+2Na)3+, calcd = 683.0] 
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Figure 2.10 RP-HPLC trace of collagen like peptide (GPO)7GG, blue line indicates 

the gradient used. 

 

 

Figure 2.11 ESI-MS of purified CLP. 
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2.5.2 PEG-CLP Conjugate Synthesis and Characterization 

PEG was attached to the collagen-like peptide using an “on resin” method 

(Figure 2.12). 100 mg resin with CMP loaded (0.0115 mmol) was swelled in DCM for 

30 min. 230 mg PEG-NHS ester (0.046 mmol, 4 x equivalence of CLP) was dissolved 

in 1 mL DMSO and the solution was reacted with the resin, with the addition of 3 μL 

triethylamine, for 3 days at 35 °C in an oil bath. After conjugation, the resin was 

filtered out and washed with 3 x DMSO and 3 x DCM to remove excess PEG starting 

material. A negative Kaiser test result for the PEG conjugated resin suggested that the 

CLP N-terminal amine was fully reacted. The conjugate was then cleaved off the resin, 

dialyzed against water and lyophilized.  

 

 
 

Figure 2.12 PEG-CLP conjugation reaction 

GPC measurement of the PEG-CLP conjugate was performed in 10 mM PBS 

buffer (pH 7.4, 137 mM NaCl and 2.7 mM KCl) using a combination of two Waters 

ultrahydro linear column (WAT011545 and WAT011525) with a nominal flow rate of 

1 mL/min. A refractive index detector (Waters 2414), a UV absorbance detector 

(Waters 2996) were used. PEG standards with Mw 400 Da, 1970 Da, 6430 Da and 

21030 Da were used to calculate molecular weights of the products. CLP and PEG 
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starting material samples were dissolved in PBS at a concentration of 2 mg/mL, PEG-

CLP diblock conjugate sample was dissolved in PBS at a concentration of 1 mg/mL. 

100 μL solution was injected for all samples. 

Figure 2.13a and 2.13b showed the refractive index and 214 nm UV 

absorbance (typical amide bond absorbance wavelength) chromatogram of PEG-CLP 

diblock and related starting materials respectively. The diblock product signal was 

clearly shifted to the higher molecular weight compared to either of the building 

blocks. A small shoulder on the right side of the main peak was observed for the 

diblock and the collagen-like peptide. This is attributed to the existence of both triple-

helical trimer and single-stranded monomer in aqueous conditions at room 

temperature.  

 

Figure 2.13 GPC traces of PEG-CLP diblock and starting materials. a) Normalized 

refractive index chromatogram of PEG-CLP diblock copolymer and CLP, 

PEG starting material. b) 214 nm UV absorbance of PEG-CLP diblock 

and CLP, PEG starting material. 
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Figure 2.14 showed the 1H NMR spectra of PEG-CLP diblock and related 

starting materials dissolved in d6-DMSO. The spectrum of the diblock showed strong 

signals of the PEG building block as well as the peptide building block. For example, 

signals from the amide bond protons located at 6.5 – 8.5 ppm, signals from the α-

carbon protons between 4-5.5 ppm and signals from PEG backbone protons at 3.54 

ppm.  

 

 

Figure 2.14 1H NMR spectra (600 MHz) of: a) collagen like peptide; b) PEG5k; c) 

PEG-CLP diblock in d6-DMSO. 
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2.5.3 DLS correlation function and cumulant fit curve 
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Figure 2.15 DLS data at 50 °C. a) Size distribution by intensity for 1 mg/mL diblock 

sample; b) Size distribution by intensity for 5 mg/mL diblock sample; c) 

raw correlation function for 1 mg/mL diblock sample; d) raw correlation 

function for 5 mg/mL diblock sample; e) Fitting curve using cumulant 

method for 1 mg/mL sample, empty circles indicate experimental data; f) 

Fitting curve using cumulant method for 5 mg/mL sample, empty circles 

indicate experimental data. 

The particles formed at 50 °C for diblock samples at 1 mg/mL and 5 mg/mL in 

water showed monodisperse distribution, with polydispersity indices of 0.079 and 

0.067, respectively. The results suggest the system is homogeneous at T > LCST. The 

correlation function raw data are shown in Figure 2.15c and 2.15d. The G1 correlation 

function using cumulant fit method are shown in Figure 2.15e and 2.15f. Both curves 

fit the experimental data nicely.  

 

2.5.4 Size Distribution of PEG-CLP and PDEGMEMA Controls 

 

Figure 2.16 Size distribution by number at different temperatures. a) PEG-CLP 

diblock, 1 mg/mL in water; b) PDEGMEMA, 1 mg/mL in water. 
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NONCOVALENT MODULATION OF THE INVERSE TEMPERATURE 

TRANSITION AND ASSEMBLY OF ELASTIN-B-COLLAGEN-LIKE 

PEPTIDE BIOCONJUGATES 

3.1 Introduction 

In the past few decades, thermoresponsive polymers have been intensely 

studied to develop new smart materials such as hydrogels, films, and drug nanocarriers. 

Elastin-like polypeptides (ELPs), in particular, which are derived from the 

hydrophobic domain of tropoelastin[1] and comprise many copies of the pentapeptide 

repeat Val-Pro-Gly-Xaa-Gly (VPGXG), have also been very widely studied owing to 

their  LCST-like behavior. With heating above their inverse transition temperature (Tt), 

the ELPs collapse into a coacervate phase,[2] enabling their use as building blocks for 

temperature-sensitive smart biomaterials. Many studies have demonstrated the 

outstanding versatility of the (VPGXG)n consensus repeat for modulating inverse 

transition temperatures[2-5] and in the formation of a range of drug delivery vehicles 

that can be targeted to tissues and cells either via passive or peptide- and stimuli-

responsive mechanisms.[6-12]  

For example, van Hest and coworkers[13] reported a series of ELP−PEG 

diblock copolymers and miktoarm star polymers, via strain-promoted alkyne−azide 

cycloaddition (SPAAC), which self-assembled into nanosized micelles (Figure 3.1a), 

with the ELP domain collapsed in the center and the PEG domain as the corona 

providing stealth and steric protection on the outside. In addition to synthetic polymer, 

Chapter 3 
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peptide was also conjugated with ELPs. For example, MacKay and coworkers[14] 

conjugated L4F, an alpha helical peptide inspired by the lipid-binding domain of the 

ApoA1 protein, with elastin like peptide (VPGAG)192. The resulting diblock self-

assembled into vesicles that are 49 nm in radius with lamellae 8 nm in thickness 

(Figure 3.1b). The nanoparticles were found to suppress hepatic stellate cell activation. 

Arias and coworkers[8] investigated the physicochemical properties and 

immunogenicity of nanovesicles assembled from a genetically engineered elastin-like 

block corecombinamer (ELbcR) comprising hydrophilic [(VPGVG)2-(VPGEG)-

(VPGVG)2]10 (E50) and hydrophobic (VPGIG)60 (I60) domains, with the N terminal 

functionalized with a major membrane protein sequence (dAg) from Mycobacterium 

tuberculosis. The resulting ELP copolymer exhibited a transition temperature at 15 °C 

and self-assembled into vesicles with diameter of approximately 60 nm (Figure 3.1c).  

In addition to temperature change, some other external stimuli have also been 

utilized to manipulate the phase transition of ELP containing conjugates. For example, 

Chilkoti and coworkers[15] conjugated a ligand binding protein domain, calmodulin 

(CaM), to elastin like polypeptides which were 60 or 180 pentapeptide long. Binding 

of Ca2+ to apoCaM allosterically triggers the LCST transition of the attached ELP, 

resulting in formation of meso-microscale particles depending upon the chain length 

of the ELP (Figure 3.1d). Chelation of the bound Ca2+ by EDTA reverses the LCST 

transition. More recently, researchers from the same group reported ELP diblock 

containing a histidine rich domain.[11] The diblock copolymer self-assembled at 

37 °C into spherical micelles that were stabilized by Zn2+ and were disrupted as the pH 

drops from 7.4 to 6.4 (Figure 3.1e).  
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Figure 3.1 Self-assembly of ELP conjugates. a) Self-assembly of ELP-PEG block 

copolymer into micelles triggered by the phase transition of the ELP 

domain; bottom two figures are TEM micrographs of self-assembled 

ELP130 functionalized with one PEG5k chain and two PEG 5k chains 

respectively. Scale bars = 200 nm; b) Cryo-TEM image of L4F-

(VPGAG)192 peptide vesicles, with an inserted schematic showing the 

structure of the vesicle; c) TEM and AFM tapping-mode height image of 

nanoparticles assembled from dAg-E50I60 elastin like corecombinamer. 

Scale bar = 200 nm; d) Schematic representation of the allosteric, 

calcium-triggered control of phase transition of CaM-ELP fusion proteins; 

e) pH responsive histidine-rich elastin like polypeptide block copolymer 

self-assembles at 37 °C into spherical micelles. (reproduced with 

permission from ref[8, 11, 13-15]) 
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While these studies illustrate the utility of the ELPs, essentially all of the ELPs 

employed have been recombinant, comprising tens or even hundreds of pentapeptide 

repeats. Short synthetic ELPs (e.g., those with fewer than ten pentapeptides) have not 

been used widely for the thermoresponsive fabrication of nanoparticles, owing to their 

high transition temperatures.[3, 4, 16] In addition, while many hydrogels and films 

have been produced from ELPs combined with domains of other structural proteins 

such as silk and resilin,[17-25] there have been no reports of short ELP-based 

nanostructures equipped with such domains. 

Short synthetic collagen-like peptides (CLPs), on the other hand, have been 

employed widely in studies aimed at collagen folding and at development of 

therapeutic matrices and molecules.  CLPs have been shown to mimic the triple helix 

conformation of native collagen,[26-28] and thus have served as model systems for 

triple helix structure and the stabilization effect of specific amino acid residues in 

collagens,[29-31] as well as to mimic collagen fibril formation.[32-34] Additionally, 

recent studies have illustrated that single-stranded CLPs have a strong propensity to 

bind native collagen via a strand invasion process.[35] The high propensity of CLPs 

for collagen permits detection of minute quantities of collagen (e.g. 5 ng)[36] with 

substantial promise for staining collagens in human tissues (e.g. skin; cornea; bone[36]; 

liver[37]), especially those with high ECM turnover (e.g. prostate tumor xenografts, 

joints, and articular cartilage[38]). Despite this widespread use, the utilization of CLPs 

as domains in responsive nanoparticles has been described in only a very limited 

number of reports.[39, 40]  

We postulated that the conjugation of short ELPs with CLP domains would 

offer significant opportunities in the design and application of thermoresponsive 
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nanoparticles, and report here the facile chemical production of these conjugates and 

their unexpected thermally responsive behavior. The CLP sequence 

(GPO)4GFOGER(GPO)4GG was employed, owing to the fact that CLPs with 8 or 

more GPO repeats exhibit melting temperatures (Tm) above 37 °C,[26, 27, 41]  which 

enables formation of stable triple helix at physiological temperature. The peptide 

sequence GFOGER was employed owing to the fact that it is widely recognized by 

several kinds of integrins such as α1β2, α2β1, and α11β1.[42-44] It has been reported 

more recently that the introduction of the GFOGER peptide in a PEG-based hydrogel 

not only provides a better chondrogenic microenvironment compared with that 

imparted by the RGD peptide, but also enhanced gene expression of type II 

collagen.[45] Based on these investigations, inclusion of the GFOGER domain should 

facilitate the binding of these materials with cells in future studies. An ELP with the 

sequence (VPGFG)6  was introduced as the thermoresponsive domain, as it would be 

expected to have a Tt below 37 °C,[4] allowing the conjugate to assemble via collapse 

of the ELP domain at physiological temperature. 

3.2 Experimental Section 

3.2.1 Materials 

Fmoc-protected amino acids including Fmoc-propargyl glycine, Rink amide 

MBHA resin, N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl) uronium 

hexafluorophosphate (HBTU), and piperidine for solid-phase peptide synthesis were 

purchased from AAPPTEC Inc. (Louisville, KY). HPLC-grade acetonitrile, 

dimethylformamide (DMF) and copper wire were purchased from Fisher Scientific 

(Fairlawn, NJ). Copper(I) Acetate, 4-azidobutanoic acid, N-methyl-2-pyrrolidone 
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(NMP), trifluoroacetic acid (TFA), triisopropylsilane (TIS), triethylamine (TEA), 

diisopropylethylamine (DIEA) and deuterated DMSO were purchased from Sigma-

Aldrich (St. Louis, MO).  

3.2.2 Peptide synthesis 

A collagen-like peptide with the sequence (GPO)4GFOGER(GPO)4GG and an 

elastin-like peptide with sequence (VPGFG)6G’ (G’: propargyl glycine) were 

synthesized via traditional solid-phase peptide synthesis methods (SPPS) using a 

Focus XC automatic peptide synthesizer (AAPPTec Inc., Louisville, KY). Rink amide 

MBHA resin with a loading capacity of 0.52 mmol/g was used for the synthesis. The 

amino acids were activated for coupling with HBTU in the presence of 2 M 

diisopropylethylamine (DIEA) in NMP. Deprotection of the Fmoc group was 

conducted using 20% piperidine in DMF. One-hour coupling cycles were used for all 

the residues. 4-azidobutanoic acid was manually attached to the N-terminus of the 

CLP on resin. Double coupling with 4:1 amino acid/resin ratio was used for the 

conjugation. Cleavage of the peptides from the resin was conducted in 95:2.5:2.5 

(v:v:v) trifluoroacetic acid (TFA) /triisopropylsilane (TIS) /water for 3 hours. The 

TFA was mostly evaporated and fthe cleaved peptide was precipitated in cold ether. 

The peptide was then redissolved in water and lyophilized. 

Crude peptides were purified via reverse-phase HPLC (Waters Inc., Milford, 

MA) on a Waters Xbridge BEH130 Prep C-18 column. The mobile-phase comprised 

gradients of degassed deionized water with 0.1% TFA and acetonitrile with 0.1% TFA, 

at a flow rate of 5 ml/min. Peptide was detected by a UV detector at 214 nm; fractions 

with product were collected and lyophilized. The molecular weight of the peptides was 

confirmed via electrospray ionization mass spectrometry (ESI-MS, AutospecQ, VG 
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Analytical, Manchester, UK) and the purity of the peptide was confirmed via 

analytical scale, reverse-phase HPLC (Waters 2996; Symmetry C18, 3.5 μm, 4.6 x 75 

mm). 

3.2.3 ELP-CLP conjugate synthesis 

The synthesis of the conjugate was performed via copper(I)-catalyzed alkyne-

azide cycloaddition (CuAAC) “click” reaction.[46] Solutions of CLP (8.57 mg, 3 

μmol) in 0.5 mL anhydrous DMF, ELP (9.12 mg, 3 μmol) in 0.5 mL anhydrous DMF, 

and Cu(I) acetate (0.25 equiv. to alkyne) in 0.5 mL anhydrous DMF were added to a 

nitrogen-purged vial. DMF was employed for the reaction because in polar aprotic 

solvents, the CLP and CLP-ELP conjugate are not able to form stable triple helical 

conformations, which we expected would improve the efficiency of the reaction. In 

addition, DMF is also a good solvent for the ELP as well, so none of the reactants or 

products precipitate during the reaction. The mixture was stirred at 80 °C under 

nitrogen for 24 h. After reaction, the resulting hybrid copolymer was isolated into a 5-

fold volume of cold diethyl ether and redissolved in water to remove the catalysts. The 

diblock solution was then dialyzed against water for 7 days to remove the residual 

catalyst. A dialysis membrane with MWCO of 1000 Da was used for the process. The 

product was then collected and lyophilized at nearly 100% yield, indicating that the 

reaction conditions do not degrade the peptides. Characterization of the products 

(below) also indicated the stability of the peptides under the coupling reaction 

conditions. The ELP-CLP diblock showed self-assembly and formed aggregates in 

aqueous solutions, and similar aggregation was also observed in acetonitrile-based 

solvents. HPLC therefore could not be performed for the conjugate, and GPC (in 
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organic solvents)/NMR/FTIR were used to verify the identity and purity of the diblock 

products. 

3.2.4 Gel Permeation Chromatography (GPC)  

GPC was performed in trifluoroethanol (TFE) with 0.02 M sodium 

trifluoroacetate at 40 °C using an Agilent 1200 system equipped with an isocratic 

pump operated at 1 mL/min, one 50 mm x 8 mm PSS PFG guard column (Polymer 

Standards Service), three 300 mm x 7.5 mm PSS PFG analytical linear M columns 

with 7 μm particle size (Polymer Standards Service), and a refractive index detector. 

The system was calibrated with PMMA standards.  100 μL sample was used for each 

injection. 

3.2.5 Nuclear Magnetic Resonance Spectrometry (NMR) 

1H NMR spectra were recorded under standard quantitative conditions on a 

Bruker AVIII spectrometer operating at 600 MHz, using at least 64 scans. All samples 

were dissolved in deuterated dimethyl sulfoxide (δ (d6-DMSO) = 2.50 ppm) at a 

concentration of 2 mg/mL. The resulting spectra were analyzed using Mnova software 

(Mestrelab Research, Santiago de Compostela, Spain). 

3.2.6 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were collected using a Thermo Nicolet Nexus 670 (Thermo 

Scientific, Waltham, MA, USA) spectrometer with a DuraSamplIR II ATR accessory 

(Smiths Detection, Danbury, CT, USA). The peptide samples were added as solids 

onto the silicon ATR crystal and gently pressed down during data acquisition (128 

scans at 4 cm-1 resolution from 1000 - 4000 cm-1). A background of the clean silicon 

crystal in air was subtracted from all sample spectra. 
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3.2.7 Circular Dichroic Spectroscopy (CD) 

Characterization of the secondary structure of the CLP domain was conducted 

via circular dichroic spectroscopy (Jasco 810 circular dichroism spectropolarimeter, 

Jasco Inc., Easton, MD, USA). Either CLP, ELP or ELP-CLP conjugate was dissolved 

at a concentration of 100 μM in PBS (10 mM, pH 7.4, 137 mM NaCl and 2.7 mM KCl) 

and incubated overnight before measurement. The CD spectra were recorded using 

quartz cells with a 0.2 cm optical path length.  

Full wavelength scans were collected to study the conformation of the peptide 

domain at selected temperatures. The sample was incubated at each temperature for 10 

min before measurement. The scanning rate was 50 nm/min, with a response time of 4 

s. The wavelength scans were obtained from 200 nm to 250 nm and were recorded 

every 1 nm. In order to precisely measure the melting temperature of the CLP domain, 

variable temperature experiments were conducted at a constant wavelength of 225 nm 

with a 0.25 °C/min heating rate. Refolding kinetics were studied via temperature-jump 

experiments. The sample solution was incubated at 80 °C for 30 min followed by 

quenching to 5 °C in less than 2 minutes. The ellipticity at 225 nm as a function of 

time was monitored at 5 °C beginning right after the temperature jump. Although in 

the refolding experiment, the CLP triple helix did not reach a 100% folded state, a 4 

hour refolding time was sufficient to allow accurate calculation of the refolding rate 

constants, as well as to provide a good comparison between the refolding behavior of 

the CLP and ELP-CLP diblock conjugate. 

3.2.8 Dynamic Light Scattering (DLS) 

Analysis of particle sizes in solution was conducted via dynamic light 

scattering (DLS) on a ZetaSizer Nano Series (Nano ZS, Malvern Instruments, U.K.) at 
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a scattering angle of 173°, and data fitting using the cumulant method. CLP, ELP and 

ELP-CLP conjugate samples were all prepared at 1 mg/mL in deionized water. A CLP 

(0.5 mg/mL) and ELP (0.5 mg/mL) physical mixture dissolved in water, as well as 

ELP samples (1 mg/mL) in 0.1 M NaCl and 0.3 NaCl solution were also prepared as 

controls. All samples were incubated at 4 °C overnight before measurement. The 

lower critical solution temperature (LCST) of the ELP and ELP-CLP conjugate was 

assessed by measurement of the average size of particles at temperatures from 5 °C to 

80 °C, at an interval of 2 °C. Samples were incubated at each temperature for 2 

minutes before measurements. The LCST was assigned as the temperature at which 

the intensity of scattered light began to increase. For particle size distribution studies 

at 25 °C, 37 °C, 50 °C, 65 °C and 80 °C, each sample was incubated for 10 min at the 

desired temperature before measurements. The reported data represent an average of at 

least three measurements. 

3.2.9 Transmission Electron Microscopy (TEM) 

Samples for TEM were prepared on carbon-coated copper grids (CF300-Cu, 

Electron Microscopy Sciences Inc.). The grids, pipette tips, and samples were 

incubated in an isothermal oven (VWR Signature™ Forced Air Safety Ovens, VWR 

Inc.) at desired temperature (25 °C, 37 °C, 50 °C, 65 °C and 80 °C) for at least 30 min 

before sample preparation, which was also conducted in the oven. ELP-CLP diblock 

sample was dissolved in water at concentration of 1 mg/mL (consistent with DLS 

exeperiments and to prevent precipitation of the PTA stain). 5 μL of the sample 

solution was drop cast on the grid and blotted after 60 seconds. For staining, 1% 

phosphotungstic acid (PTA) (pH adjusted to 7.0 using 1 M NaOH) as a negative stain 

was used. 3 μL of the PTA solution was drop cast on the grid and blotted after 10 
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seconds. The sample was allowed to dry in the oven at the desired temperature for 30 

minutes and then was air-dried for 2 hours. TEM images were taken on a JEM-3010 

TEM (JEOL USA Inc., Peabody, MA) at an acceleration voltage of 200 keV. 

3.2.10 Cryo Transmission Electron Microscopy (Cryo-TEM) 

Cryo-TEM was performed in a Tecnai 12 microscope operated at 120 kV. 3 μL 

of the diblock sample solution at 1 mg/mL dissolved in water was placed on a 300 

mesh quantifoil R1.2/1.3 film supported on a copper holey carbon grid (SPI supplies 

inc., West Chester, PA) within a Vitrobot vitrication system (FEI Inc. Hillsboro, OR). 

The sample was blotted and quickly plunged into a liquid ethane reservoir cooled by 

liquid nitrogen. The vitrified samples were transferred to a Gatan 626 cryo-holder and 

cryo-transfer stage cooled by liquid nitrogen. During observation of the vitrified 

samples, the cryo-holder temperature was maintained below -176 °C. The images 

were recorded digitally with a Gatan CCD camera. 

3.3 Results and Discussion 

3.3.1 Conjugate synthesis and characterization 

Both peptides were synthesized via traditional Fmoc-based, solid-phase 

peptide synthesis methods (SPPS) (Figure 3.2). An azide was introduced to the N 

terminal of the CLP and an alkyne group was introduced to the C terminal of the ELP 

to allow facile conjugation of the two peptides via CuAAC “click” reaction. After 

purification with reverse-phase HPLC, peptides with purity greater than 90% was 

obtained (Figure 3.3). The molecular weight of both peptides was verified via ESI-MS 

(Figure 3.4 and Figure 3.5).For CLP, Mw = 3039 Da, m/z = 1520.6 [(M + 2H)2+, calcd 
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1520.5], m/z = 1014.3 [(M + 3H)3+, calcd 1014.0]. For ELP, Mw = 2856 Da, m/z = 

1429.3 [(M + 2H)2+, calcd 1429.0], m/z= 960.7 [(M + 2H+Na)3+, calcd 960.3]. 

 

Figure 3.2 Solid phase peptide synthesis and molecular structure of: a) azide 

functionalized collagen-like peptide; b) alkyne functionalized elastin-like 

peptide 
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Figure 3.3 RP-HPLC trace of purified peptides: a) collagen-like peptide; b) elastin-

like peptide 

 

 

Figure 3.4 ESI-MS of purified CLP. 
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Figure 3.5 ESI-MS of purified ELP. 

The alkyne functionalized ELP was conjugated to the azide functionalized 

CLP via CuAAC “click” reaction (Figure 3.6), employing DMF as a solvent in order 

to ensure the solubility of all reactants and the ELP-CLP product. The product was 

collected in nearly 100% yield, indicating the lack of peptide degradation under the 

reaction conditions. As discussed above, self-assembly and aggregation of the ELP-

CLP conjugates in aqueous solutions and in acetonitrile-based solvents precluded 

characterization of the ELP-CLP conjugates via HPLC. Therefore, GPC (in organic 

solvents), 1H NMR, and FTIR were used to verify the identity and purity of the 

diblock products. The molecular weight distribution of purified products was studied 

via gel permeation chromatography (GPC) conducted using trifluoroethanol (TFE) as 

the mobile phase (Figure 3.7). The traces shown were obtained using refractive index 
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detection and were normalized to give a better comparison between the diblock and 

starting material. As shown in Figure 3.7, the elution time of the diblock was clearly 

shifted to the higher molecular weight region compared with the CLP or ELP starting 

material. The results suggest successful conjugation of the two building blocks and the 

product peak with a negligible shoulder in the lower molecular region indicates the 

click reaction was complete and successful removal of excess starting material. An 

estimation of molecular weight from a calibration employing linear poly (methyl 

methacrylate) (PMMA) standards yielded a Mw of 11.2 kDa of the ELP-CLP diblock, 

consistent with the addition of Mw of the ELP 4.8 kDa and the CLP 6.7 kDa. The 

molecular weights were larger than anticipated, likely due to the potential 

physicochemical differences between the peptides and PMMA standards, which would 

affect their mobility and/or hydrodynamic volume in the mobile phase.[47] The 

smaller shoulder located at 27.5 min likely corresponds to the ELP-CLP trimer. Indeed, 

circular dichroism full wavelength scan experiments conducted on the diblock sample 

dissolved in TFE (Figure 3.8) suggested the diblock was partially folded in triple 

helical conformation under the same conditions as those under which the GPC was 

performed. 

 

Figure 3.6 Chemical conjugation of ELP and CLP. 
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Figure 3.7 GPC trace of ELP-CLP diblock and peptide starting material. 
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Figure 3.8 CD spectra showing the wavelength scans for the ELP-CLP diblock 

sample dissolved in TFE at 20 °C and 40 °C. Results suggested the 

diblock maintained a partially folded triple helical conformation when 

injected into the column for GPC experiments at 40 °C. 

1H NMR spectroscopy was utilized to confirm the presence of both the ELP 

and CLP domain in the diblock product (Figure 3.9). The spectrum of the ELP-CLP 

diblock, given in Figure 3.9c, showed all corresponding characteristic signals from the 

ELP as well as the CLP building block. A zoomed in spectrum of the diblock (Figure 

3.10) suggested that the alkyne protons from ELP propargyl glycine vanished in the 

diblock sample, indicating complete consumption of the ELP starting material in the 

click reaction. FT-IR was used to track the azide group before and after the 

conjugation reaction. Spectra of the ELP and the azide functionalized CLP as well as 

the resulting ELP-CLP diblock are shown in Figure 3.11. The strong band at 2094 cm-

1 is indicative of the azide end groups in the starting CLP.[48] The band was not 
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observed in the ELP-CLP diblock conjugate, indicating complete consumption of the 

CLP starting material in the click reaction. The NMR and FT-IR results, together with 

the higher MW suggested by GPC, suggest successful synthesis and purification of the 

diblock.  

 

Figure 3.9 1H NMR spectra (600 MHz) of: a) elastin-like peptide; b) collagen-like 

peptide; c) ELP-CLP diblock in d6-DMSO. 
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Figure 3.10 Expanded 1H NMR spectra between 2.4 ppm and 2.9 ppm of: a) elastin-

like peptide; b) collagen-like peptide; c) ELP-CLP diblock. 
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Figure 3.11 ATR-FTIR spectra of the ELP-CLP diblock and peptide starting 

materials. 

3.3.2 CLP domain triple helix formation 

The ability of the CLP domain to form stable triple helix at physiological 

temperature while conjugated to the ELP was probed via circular dichroic 

spectroscopy (CD). The CD spectra of ELP-CLP at temperatures ranging from 5 °C to 

80 °C (Figure 3.12) show a clear maximum at ca. 225 nm, indicating that the CLP 

domain is competent to form triple helical structures after conjugation with ELP. The 

reduction of the intensity of the peak with increasing temperature (Figure 3.12b) 

indicates the expected unfolding of the triple helix upon heating, with the first 

derivative of the melting curve (after correction for the contribution from the ELP, 
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Figure 3.16) suggesting a Tm of ca. 57 °C for the CLP-ELP conjugate, which is 

significantly higher than that of the isolated CLP (ca. 50°C, Figure 3.17). Presumably, 

the collapse of the ELP domain at the elevated temperatures anchors the CLP and 

stabilizes it against unfolding, similar to our previously reported results for a polymer-

conjugated CLP.[40, 49]  The refolding of the CLP triple helix (Figures 3.12c and 

3.12d) is likewise accelerated by the ELP anchoring of the CLP, owing to the increase 

in the local concentration of the CLP strands.[39, 40, 49, 50] While a rate constant of 

1.14 x 107 M-2·s-1 was observed for the refolding reaction of the CLP, the diblock 

shows a higher rate constant of 4.63 x 107 M-2·s-1.   
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Figure 3.12 a) CD spectra showing representative full-wavelength scans for the ELP-

CLP conjugate; b) Thermal unfolding profile for an ELP-CLP conjugate; 

the first derivative of the unfolding curve with respect to temperature is 

shown in red; c) Refolding profile of CLP after quenching from 80 °C to 

5 °C; d) Refolding profile of the ELP-CLP conjugate after quenching.  

3.3.3 Thermoresponsive self-assembly 

The anticipated assembly of ELP-CLP nanostructures at physiologically 

relevant temperatures was confirmed via dynamic light scattering (DLS) (Figure 3.13). 

In contrast to our expectations that nanoparticle formation would be triggered at near 

physiological temperature, however, the conjugates formed structures with 

hydrodynamic diameters (Dh) that ranged from approximately 50 to 200 nm at all 

temperatures between 4 °C and 65 °C (Figure 3.13a), with a Dh of approximately 160 
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nm at 37 °C (Figure 3.13b). These results are counterintuitive based on the expected 

increase of the transition temperature of thermoresponsive polymers and ELPs with 

conjugation to a hydrophilic domain.[51-54] Instead, conjugation of the short ELP to a 

hydrophilic CLP results in a dramatic reduction of the Tt of the ELP to below 4 °C; 

the lack of aggregation of the ELP alone (Figure 3.18) indicates that this reduction 

exceeds 80 °C.  

Just as the CLP triple helix is stabilized at high temperature by the anchoring 

effect of ELP coacervation, the unexpected assembly of the ELP-CLP conjugates at 

low temperatures is almost certainly attributable to the anchoring effects of the CLP 

triple helix, which would serve to locally isolate three ELP domains at concentrations 

approximately 100-fold higher than that of the ELP monomers in solution. Previous 

investigations have illustrated that ELPs exhibit lower transition temperatures with 

increasing concentration and length of the (poly)peptide,[3, 4, 55] as well as with 

covalent conjugation of short ELPs as sidechains of synthetic graft polymers;[56-58] 

the colocalization of three ELP chains by the CLP triple helix may thus be expected to 

show similar trends.  
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Figure 3.13 Dynamic light scattering characterization of the assembly of ELP-CLP 

conjugates. a) Hydrodynamic diameter of nanostructures as a function of 

temperature upon heating; b) Size distributions of ELP-CLP assemblies 

at select temperatures. 

The anchoring of the ELP by the noncovalent formation of CLP triple helix, 

however, should offer unique and as yet unreported opportunities to reversibly 

modulate the transition temperatures of the ELP domain and to thus confer dual 

thermoresponsiveness to the conjugates. Indeed, after an initial increase in the Dh of 

the ELP-CLP nanoparticles with heating to 50 °C (Figure 3.13), Dh begins to decrease 

once the sample is heated above this temperature, which is also approximately the 

melting temperature of the CLP (Figure 3.12b). With additional heating to 80 °C, the 

CLP unfolds completely (Figure 3.12b), and the nanoparticles become fully 

solubilized as monomers with an average Dh of only 5.6 nm (Figure 3.13b). Once the 

triple helix is unfolded and the ELP is no longer anchored, the Tt of the unfolded ELP-

CLP conjugate is above 80 °C, which is consistent with our control results (Figure 

3.18) and with the expected behavior of the ELP with the addition of a hydrophilic 
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CLP domain. This behavior is fully reversible (Figure 3.19), thus offering a new 

avenue for controlling the temperature responsiveness of short ELPs.   
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Figure 3.14 a)-e) TEM images of nanoparticles from ELP-CLP conjugates at various 

temperatures, after negative staining with phosphotungstic acid. Scale 

bars: 500 nm. a) 25 °C; b) 37 °C; c) 50 °C; d) 65 °C; e) 80 °C.  f) Cryo-

TEM image of nanoparticles of the ELP-CLP diblock at 25 °C. Scale bar: 

200 nm.  
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Transmission electron microscopy (TEM) was conducted to investigate the 

morphology of the nanostructures formed at 25 °C, 37 °C, 50 °C, 65 °C and 80 °C 

(Figure 3.14a-3.14e, respectively). Consistent with the DLS results, nanoparticles with 

an average diameter of approximately 80 – 100 nm were observed at room 

temperature, and the diameter of these particles increased to 150 – 250 nm at 

physiological temperature. Once the sample was heated above the Tm of the collagen 

domain (50 °C), the nanoparticles showed some changes in morphology and size, with 

both porosity and apparent monomer (indicated by black arrows) observed at 50 °C 

(Figure 3.14c), with increasing porosity and decreasing size when the temperature was 

raised to 65 °C (Figure 3.14d). A vesicular structure is suggested for the nanoparticles, 

although only at the elevated temperatures, perhaps because the PTA stain was 

capable of diffusing into the porous nanoparticles and thus accumulating at both the 

exterior and interior surfaces of the vesicles. At 80 °C (Figure 3.14e), the molecules 

are soluble and no defined nanostructure was observed.  

The vesicular structure of the nanoparticles was further confirmed via cryo-

TEM of conjugates incubated at room temperature (Figure 3.14f); vesicles with a 

diameter of approximately 100 nm were observed. Image analysis indicates that the 

thickness of the vesicle walls is 22 ± 2 nm, which is consistent with the presence of 

two CLP triple helices (9.1 nm each) summed with the approximate Rg of the 

collapsed ELP domains (3.4 nm).[59, 60] The results suggest a bilayer structure of the 

vesicle walls, with collapsed ELP domains in the center and CLP triple helical 

domains at both interior and exterior surfaces (Figure 3.15). The presence of a small 

percentage of unfolded CLP chains is rendered in the schematic, to reflect the 

unfolding of the CLP domain observed in CD experiments. 
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Figure 3.15 Proposed assembly/disassembly and bilayer structure of ELP-CLP 

vesicles. 

3.4 Conclusions 

The thermally induced assembly of ELP block copolypeptides has been a 

subject of intense investigation over decades. Essentially all previous reports, however, 

employ ELP-based recombinant polypeptides that mainly form micellar structures, 

although there are some reports of larger structures and nanostructures that exhibit 

additional sensitivity to pH and di-cations.[11, 61-63] There have been very limited 

reports of thermoresponsive nanostructures that can be assembled from short synthetic 

ELPs.[16, 64, 65] Our studies illustrate that this barrier can be overcome by simply 

anchoring three ELP chains to a collagen triple helix. This not only exploits the 

reversibility of triple helix formation to modulate the transition temperature of the 

molecules over a wide range, but should also permit manipulation of the size of the 

vesicles. In addition, there are few reports of the assembly of thermoresponsive 

collagen-like peptide containing copolymers,[39] and none to our knowledge in which 

nanovesicles are produced. The likely location of the collagen domain at the exterior 

surface of the vesicles may serve as a means to localize nanoparticles in collagen-

containing tissues, hydrogels, and films.[38, 66, 67]  
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Simple variations in the relative lengths of the ELP and CLP domains, as well 

as variations in the sequences of the domains, offer a wide range of options for 

tailoring the thermoresponsive behavior of these systems. For example, preliminary 

studies of ELP-CLP conjugates with shorter ELP sequences ((VPGFG)3-5) suggest that 

the transition temperature of nanoparticle formation and disassembly can be tuned to 

fall within the physiological range for the (VPGFG)5-CLP (Figure 3.20). The large 

size and polydispersity of the aggregates, however, suggests that the hydrophobic 

interactions of the shorter (VPGFG)5 are insufficient to form well defined 

nanoparticles. Changes to the stability of the CLP block, when balanced with the 

hydrophobicity of the ELP domain, could also be employed to impart triggered 

assembly/disassembly under select conditions. The prospects are promising for these 

approaches in drug delivery, imaging, and materials modification. 
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3.5 Supporting Information 

 

 

Figure 3.16 Thermal unfolding profile for ELP plotted as [θ]MRE225nm versus 

temperature.It was subtracted from the diblock unfolding profile to 

remove the contribution from ELP domain. 
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Figure 3.17 a) CD spectra showing the wavelength scans for the collagen like peptide; 

b) Blue curve with dots (Y axis on the left side): thermal unfolding 

profile for CLP; red curve (Y axis on the right side): first derivative of 

the unfolding curve with respect to temperature; 

 

Figure 3.18 Hydrodynamic diameter of assemblies as a function of temperature upon 

heating. a) ELP at 1 mg/mL in water; b) ELP and CLP physical mixture 

at 0.5 mg/mL each in water; c) ELP at 1 mg/mL in NaCl aqueous 

solution 
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Figure 3.19 Hydrodynamic diameter of ELP-CLP diblock assemblies as a function of 

temperature upon cooling 
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Figure 3.20 Hydrodynamic diameter of VPGFG3-5-CLP diblock assemblies as a 

function of temperature upon heating 
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Chapter 4 

THERMORESPONSIVE ELASTIN-b-COLLAGEN-LIKE PEPTIDE 

BIOCONJUGATE NANOPARTICLES FOR TARGETED DRUG DELIVERY 

IN COLLAGEN CONTAINING MATRICES 

4.1 Introduction 

Collagen is the main component of the extracellular matrix (ECM) in humans. 

Comprising 29 different types, collagens are widely located in tendon, ligament, skin, 

cartilage and bone, with widespread functions such as mediating cell adhesion, 

migration, tissue scaffolding and repairing.[1] Although the roles of collagens vary 

widely, they all share the same tertiary structure – collagen triple helix, which 

comprises three polyproline-II type helices twisted together in a right-handed form.[2] 

Synthetic model collagens, named as collagen-like peptides (CLPs) or collagen-

mimetic peptides (CMPs), are short synthetic (poly)peptides, which mimic the triple 

helical conformation of native collagens.[3-5] Unlike native collagens, folding and 

unfolding of CLP triple helices are reversible, possibly attributed to their relatively 

low molecular mass (<5 kDa).[5]  

In the past two decades, these peptides have been widely employed to elucidate 

the triple helix structure and the stabilization effect of different amino acid residues in 

collagens,[6-10] as well as to produce higher-order supramolecular structures.[11-15] 

More recently, Wang et al. have reported that single-stranded CLPs have a strong 

propensity to bind native collagen via a strand invasion process.[16] The high 

propensity of CLPs for collagen permits the utilization of CLPs as staining reagent to 



 123 

detect minute quantities of collagens in human tissues including skin, cornea, bone[17] 

and liver.[18] In vivo studies suggest that CLPs are able to permeate and accumulate in 

regions with high MMP activities, such as prostate tumor xenografts, joints and 

articular cartilage.[19] Despite the great potential of using CLPs as novel biomaterial 

for tracking pathogenic collagens, research on the utilization of these peptides as 

building blocks in generating nanosized drug carriers are very limited.[20, 21] 

On the other hand, elastin-like polypeptides (ELPs), derived from the 

hydrophobic domain of tropoelasin,[22] are synthetic polypeptides comprising many 

copies of the pentapeptide repeat Val-Pro-Gly-Xaa-Gly (VPGXG). Due to their LCST 

-like behavior called inverse temperature transition, the ELPs are widely used to 

develop new smart materials including drug delivery vehicles that can be targeted to 

tissues and cells either via passive or peptide- and stimuli-responsive mechanisms.[23-

29] However, essentially all of the ELPs employed in current research activities are 

recombinantly synthesized, with tens or even hundreds of pentapeptide repeats. 

Thermoresponsive drug delivery systems comprising short synthetic ELPs (fewer than 

ten pentapeptides) have rarely reported, possibly due to their high transition 

temperatures.[30-32] 

In our previous work,[33] we successfully overcame this limitation by 

conjugating short ELPs with a triple-helix-forming collagen-like peptide. The 

resulting ELP-CLP conjugates exhibited a remarkable reduction in the inverse 

transition temperature of the ELP domain upon formation of the CLP triple helix. The 

lower transition temperature of the conjugate enables the facile formation of well-

defined vesicles at physiological temperature and the unexpected resolubilization of 

the vesicles at elevated temperatures upon unfolding of the CLP domain.  



 124 

We hypothesized that the interactions between CLPs on the surface of the 

vesicles and natural collagens[16] could be exploited to target these vesicles to 

collagen containing substrates via triple helix hybridization. In this work, the 

hypothesis was corroborated by retention experiments of the nanoparticles on type II 

collagen films. Additionally, we believe the resolubilization of the ELP domain and 

dissociation of the vesicles at elevated temperatures may endow these nanoparticles 

with great potential for temperature controlled drug release. Fluorescein, as a modelled 

drug, was encapsulated into the nanoparticles. A sustained release of clinically 

relevant amount of cargo was observed within a period of 3 weeks. As expected, a 

burst release was triggered by dissociation of the vehicles via unfolding of the CLP 

domain upon heating. Cytocompatibility of the ELP-CLP nanoparticles was evaluated 

by measuring cell viability in vitro, using NIH-3T3 fibroblasts, ATDC5 chondrocytes 

as well as RAW 264.7 macrophages. In addition, for macrophages incubated with the 

nanoparticles, essentially no TNF-α expression above the level of a negative control 

was observed, illustrating the lack of an inflammatory response initiated by the 

nanoparticles. Endowed with the collagen targeting ability from the CLP domain, 

thermoresposiveness from the ELP domain, controlled long term drug release, 

cytocompatibility, and non-immune responsiveness, these ELP-CLP nanoparticles 

shows great potential for targeted drug delivery applications, especially for diseases 

associated with high MMP activity such as cancer,[34-36] general autoimmune 

connective tissue disorders (such as rheumatoid arthritis),[37-39] Marfan 

syndrome,[19, 40] and osteogenesis imperfecta.[41] 
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4.2 Materials and Methods 

4.2.1 ELP-CLP diblock synthesis and characterization 

As described in our previous paper,[33] elastin-like polypeptide (ELP) with 

sequence (VPGFG)6 and collagen-like peptide (CLP) with sequence 

(GPO)4GFOGER(GPO)4GG were synthesized via solid phase peptide synthesis (SPPS) 

and purified via reverse phase high pressure liquid chromatography (HPLC). The 

synthesis of the ELP-CLP conjugate was performed via copper(I)-catalyzed alkyne-

azide cycloaddition (CuAAC) “click” reaction. The purity of the diblock was verified 

via gel permeation chromatography (GPC), nuclear magnetic resonance spectrometry 

(NMR) and Fourier transform infrared spectroscopy (FTIR). The ability of the CLP 

domain to retain triple helical conformation was studied using circular dichroic 

spectroscopy (CD). 

 

4.2.2 Thermoresponsive drug release from ELP-CLP nanoparticles 

4.2.2.1 Preparation of drug loaded nanoparticles 

To investigate the feasibility of the ELP-CLP nanoparticles as potential drug 

carriers, fluorescein was used as a modelled drug and encapsulated into the 

nanoparticles. Briefly, 0.5 mg ELP-CLP diblock and 1 mg fluorescein were dissolved 

in 0.5 mL PBS (10 mM, pH 7.4) at 80 °C. The sample was then incubated at 37 °C for 

1 hour to allow the nanoparticle formation and simultaneous encapsulation of 

fluorescein. Nanoparticle solutions were then concentrated by centrifugation using 

Amicon Ultra-0.5 mL Centrifugal Filters (3 kDa, Billerica, MA) and washed with 

fresh PBS for at least 10 times, until no fluorescence was detected in the wash solution. 

Concentrated nanoparticle solutions were then diluted using fresh PBS to yield 1 
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mg/mL nanoparticle working solutions for subsequent studies. For transmission 

electron microscopy (TEM) studies, instead of using PBS, nanoparticles were 

prepared in deionized water to prevent the precipitation of phosphotungstic acid (PTA) 

stain.  

4.2.2.2 Particle size distribution 

Analysis of particle sizes prior to and after fluorescein encapsulation was 

conducted via dynamic light scattering (DLS) on a ZetaSizer Nano Series (Nano ZS, 

Malvern Instruments, U.K.) at a scattering angle of 173°, and data fitting using the 

cumulant method. Size distribution studies were performed at both 37 °C and 80 °C. 

Each sample was incubated for 10 min at the desired temperature before 

measurements. The reported data represent an average of at least three measurements. 

4.2.2.3 Morphology 

Morphology of the nanoparticles, prior to and after fluorescein encapsulation 

was studied via transmission electron microscopy (TEM). Samples were prepared on 

carbon-coated copper grids (CF300-Cu, Electron Microscopy Sciences Inc.). The grids, 

pipette tips, and samples were all incubated in an isothermal oven (VWR Signature™ 

Forced Air Safety Ovens, VWR Inc.) at desired temperature (37 °C or 80 °C) for at 

least 30 min before sample preparation, which was also conducted in the oven. 5 μL of 

the sample solution was drop cast on the grid and blotted after 60 seconds. For 

staining, 1% phosphotungstic acid (PTA) (pH adjusted to 7.0 using 1 M NaOH) as a 

negative stain was used. 3 μL of the PTA solution was drop cast on the grid and 

blotted after 10 seconds. The sample was then allowed to dry in the oven at the desired 

temperature for 30 minutes and then was air-dried for 2 hours. TEM images were 
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taken on a JEM-3010 TEM (JEOL USA Inc., Peabody, MA) at an acceleration voltage 

of 300 keV. 

4.2.2.4 Release profile 

0.5 mL Fluorescein loaded nanoparticle solution at 1 mg/mL in PBS (10 mM, 

pH 7.4) was dialyzed against 14 mL PBS using a 0.5 mL Slide-A-Lyzer™ MINI 

Dialysis Device (MWCO 3.5 kDa) (Thermo Fisher Scientific Inc, Waltham, MA). 3 

mL PBS was removed and replenished at predetermined time points. The release of 

fluorescein was monitored by measuring the fluorescence intensity of the removed 

buffer using a PerkinElmer Fusion microplate reader (Waltham, MA, USA), with 

excitation/emission wavelengths of 485/535 nm. At day 21, the nanoparticle solution 

was heated and incubated at 80 °C for one hour to fully dissociate the nanoparticles 

and the amount of residual encapsulated fluorescein was measured. The reported data 

represent an average of three repeats. Figure S1 shows a schematic of the experiment.  

 

4.2.3 Nanoparticle retention on collagen films 

Type II collagen from chicken sternal cartilage was purchased from Sigma-

Aldrich (St. Louis, MO) and dissolved at 5 mg/mL in 0.25% v/v acetic acid overnight. 

The pH of the collagen solution was adjusted to 7-8 using 10x PBS and 1 M NaOH. 

Instead of physical encapsulation of fluorescein into the nanoparticles, 

carboxyfluorescein was covalently conjugated with the N-terminal amine of the ELP. 

The fluorescein labelled ELP-CLP nanoparticles (210 µg/mL in PBS, pH 7.4) were 

then incubated briefly at 65 °C for 10 minutes to partially unfold the CLP triple 

helices; nanoparticles remain intact during this heating owing to the collapse of the 

ELP domain (Figure S2). A control sample was run in which this heating step at 65 °C 

https://www.google.com/search?rlz=1C1CHZL_zh-CNUS692US692&q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwiysuDL3efPAhWEHx4KHdg3BooQmxMIqwEoATAU


 128 

was not conducted. For each sample, 30 µL nanoparticle solution was added into 600 

µL collagen solution to obtain a final nanoparticle concentration of 10 µg/mL. The 

samples were then incubated at 4 °C for 3 hours to allow the nanoparticles to bind 

with the collagen membrane via strand invasion. The nanoparticle incorporated 

collagen solution were gelled at 37 °C for 1 hour and dried overnight at room 

temperature to form a thin layer of collagen film. The collagen films were then washed 

with PBS repeatedly until no fluorescence was detected in the wash to ensure all 

unembedded nanoparticles were removed.  Figure S3 shows the procedure of the 

experiment.  

For the release of the nanoparticles from collagen films, 500 µL 1x PBS was 

added on the top of each film as a reservoir for the release. 200 µL sample was 

collected and 200 µL fresh PBS was added to each well at desired time intervals. 

Fluorescence of nanoparticles in the collected samples was analyzed using a 

PerkinElmer Fusion microplate reader (Waltham, MA, USA), with excitation/emission 

wavelengths of 485/535 nm.  Results were reported as an average of 4 repeats for the 

preheated samples and an average of 3 repeats for the non-preheated controls. At day 

10, the samples were heated up and incubated at 80 °C for 1 hour to completely 

dissolve the film and dissociate the nanoparticles. Solutions became clear after 

incubation. 200 µL solution was then immediately collected from each sample and the 

fluorescence intensity was measured.    

4.2.4 Inflammatory response 

RAW264.7 murine macrophages were purchased from American Type Culture 

Collection (ATCC) and were cultured in DMEM (Sigma Aldrich) supplemented with 

10% heat-inactivated fetal bovine serum (MediaTech), 10 mM HEPES (GIBCO), 55 
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μM β-mercaptoethanol (GIBCO), and 1% antibiotic/antimycotic (GIBCO) at 37°C 

with 5% CO2. Upon reaching 60-80% confluency, cells were lifted off the plates by 

gentle scraping and seeded on a 96-well plate at a density of 5 x 104 cells per well in 

200 μL cell culture media. After an overnight incubation and media change, cells were 

treated with various concentrations of ELP-CLP nanoparticles (50, 150, 500, and 1000 

μg/mL) in medium. Cells treated with lipopolysaccharide (LPS, 50 ng/mL) were 

served as a positive control, while cells in culture medium without the nanoparticles 

were utilized as a negative control. After 8 h of incubation, the supernatant was 

collected and stored at -20 °C until further analysis. Cell metabolism post-treatment 

was assayed using PrestoBlue Viability Assay (Life Technologies), which provides a 

fluorescence measurement of the overall reductive capability of the cells, according to 

the manufacturer’s instructions. Briefly, 20 μL of reagent was added to 100 μL of cells 

and medium. After 2 h of incubation at 37 °C, the medium was collected and analyzed 

using a PerkinElmer VICTOR3 1420 Multilabel Plate Reader (PerkinElmer, Waltham, 

MA) at excitation/emission wavelengths of 570 nm/615 nm. TNF-α concentration in 

collected media samples was measured via an enzyme-linked immunosorbent assay 

(ELISA) (BD Bioscience), according to the manufacturer’s instructions. 

 

4.2.5 Fibroblast viability 

The cytotoxicity of the ELP-CLP nanoparticles was assessed in vitro for the 

murine embryotic fibroblast (NIH-3T3) cell line. Cells were cultured in a 12-well 

corning cellgro® tissue culture plate (plating density of 10,000 cells/cm^2, working 

volume of 1 mL) in the presence of Dulbecco’s Modified Eagle’s Media (DMEM) 

supplemented with 10% v/v fetal bovine serum (FBS) and 1% v/v penicillin 
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streptomycin (PS) for 24 hours, and then washed with Dulbecco’s phosphate buffered 

saline (DPBS). The cells were then incubated in fully supplemented DMEM media for 

24 hours, with the addition of preformed ELP-CLP nanoparticles at final 

concentrations of 0 ug/mL, 500 µg/mL and 1000 µg/mL.  The cells were then washed 

again with DPBS, stained with non-supplemented DMEM containing 0.1% v/v of 

Calcein AM and 0.1% v/v of Propidium Iodide for 45 minutes, and imaged using a 

Leica DMI-6000B fluorescent microscope. 

 

4.2.6 Chondrocyte viability and proliferation 

ATDC5 cells, murine chondrocyte cell line, were plated into 12-well culture 

dishes at a density of 10,000 cells/cm^2, cultured for 24 hours in the presence of 

DMEM/F-12 (1:1 mixture) containing 10% FBS and 1% PS, and then washed in 1x 

HBSS. Preformed ELP-CLP nanoparticles in culture media were added to the wells at 

0, 50, 150, 500, and 1000 ug/mL. Following 24 or 72 hours of incubation with ELP-

CLP nanoparticles, the culture medium was removed, washed with 1x HBSS, and then 

Calcien-AM (2mM; live cells) and EtDH-1 (4mM; dead cells) were added to the wells 

for 40 minutes to perform live-dead staining, assessed via fluorescent microscopy 

using a Axio Observer Z1. To quantitate cell viability, the number of live and dead 

ATDC5 cells were counted. ATDC5 cell proliferation was measured longitudinally (0- 

through 72 hours) by assessing areal cell coverage (area of covered by cells/total area 

of image) over time using an object detection method (Laplace of Gaussian Filter) in 

MATLAB, similarly to previous methods using ImageJ.[42]  
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4.3 Results 

4.3.1 Thermoresponsive drug release from ELP-CLP nanoparticles 

Diblock copolymers consisting of one thermoresponsive block and one 

hydrophilic block were expected to exhibit reversible self-assembly behaviors as 

temperature changes. The diblock in this work consists of a hydrophilic CLP block 

and a thermoresponsive ELP block. In our previous study,[33] the diblock was 

reported to undergo self-assembly into hollowed nanovesicles in aqueous conditions at 

physiological temperature. More interestingly, when the diblock sample was heated 

above the melting temperature (Tm) of the CLP domain, the nanoparticles became 

fully resolubilized, attributed to the unfolding of the CLP triple helices. We think this 

unusual thermoresponsive dissociation of the nanoparticles may endow the diblock 

with potential for temperature controlled drug release.  Thus drug releasing and 

loading experiment were performed. Fluorescein, which is one of the most commonly 

used fluorophore for biological research, has been widely employed as a fluorescent 

probe and hydrophobic modelled drug, both in vitro[43-45] and in vivo.[46-48]   To 

evaluate the potential of the ELP-CLP diblock nanoparticles as drug carriers for 

controlled delivery, fluorescein-loaded nanoparticles were prepared. 

4.3.1.1 Nanoparticle characterization 

Dynamic light scattering (DLS) was conducted to study the size distribution of 

the ELP-CLP nanoparticles, with or without fluorescein encapsulated. Figure 1a 

shows the size distributions for the diblock sample at 37 °C and 80 °C. Figure 1d 

shows the size distributions for the fluorescein loaded diblock sample at 37 °C and 

80 °C. In both cases, nanostructures with an average diameter of approximately 100 - 

200 nm were observed. As expected, while the CLP domain completely unfolds at 
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80 °C, the nanostructures dissociated into small objects with diameters of 

approximately 5 - 10 nm, which were attributed to the soluble diblock, consistent with 

previous reports.[33, 49]  

To obtain insight into the morphologies of the nanostructures observed via 

DLS, transmission electron microscopy (TEM) measurements were also conducted on 

the drug free (Figure 1b and 1c) and drug loaded nanoparticles (Figure 1e and 1f) at 

37 °C and 80 °C. To better visualize the nanostructures, 1% PTA (pH adjusted to 7.0 

using NaOH) aqueous solution was used as negative stain. Similar to the drug free 

diblock nanoparticles (Figure 1b),[33] at physiological temperature, the fluorescein 

loaded ELP-CLP diblock nanoparticles were still able to maintain the vesicular 

structure (Figure 1e). Statistical analysis using ImageJ software suggests the thickness 

of the vesicle layer to be of approximately 21.8 ± 2.9 nm (based on 112 nanoparticle 

within 8 images), consistent with that of the drug free vesicles.[33] As expected, when 

heated above the Tm of the CLP domain, the drug loaded nanoparticles were 

resolubilized and dissociated into monomers, with no well-defined structure observed 

via microscopy (Figure 1c and 1f), which were also consistent with the DLS results. 

These results suggest that after encapsulation of the drug, the ELP-CLP diblock is still 

able to form stable nanovesicles at physiological temperature and these nanoparticles 

can be resolubilized at elevated temperatures, which may trigger the release of 

encapsulated drugs.  
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Figure 4.1 Nanoparticle characterization. a) Size distributions of ELP−CLP 

assemblies. b) TEM image of nanoparticles from ELP−CLP conjugates at 

37 °C. c) TEM image of nanoparticles from ELP−CLP conjugates at 

80 °C. d) Size distributions of fluorescein loaded ELP−CLP assemblies. e) 

TEM image of fluorescein loaded nanoparticles from ELP−CLP 

conjugates at 37 °C. c) TEM image of fluorescein loaded nanoparticles 

from ELP−CLP conjugates at 80 °C. Scale bars = 500 nm. 

4.3.1.2 Release profile 

The release of fluorescein from the nanoparticle was monitored as a function 

of time at 37 °C in PBS (Figure 2), via measurement of the fluorescence intensity of 

the buffer in which the nanoparticles were dialyzed against. From the release profile 

shown in Figure 2, a burst release of approximately 45% percent of encapsulated drug 

was observed in the first 48 hours, followed by a sustained release of total 50% 

encapsulated drug within 21 days. As expected, when the sample was heated up to 

80 °C at day 21, a burst release was observed, likely attributed to the dissociation of 
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the nanoparticles at elevated temperatures (Figure 1d and 1f). The amount of 

fluorescein encapsulated was calculated to be 181.8 ng, which exceeds, by 

approximately 10-fold, the IC50 values reported for a range of hydrophobic 

osteoarthritis drugs (1.2 – 99.8 ng),[50-52] suggesting that these nanoparticles will be 

useful for such intended applications. 

 

Figure 4.2 Cumulative release of fluorescein from ELP-CLP nanoparticles as a 

function of time. The amount of released fluorescein was calculated by 

measuring the fluorescence at 535 nm using a fluorescein calibration 

curve. At day 21, the sample was heated at 80 °C before measurement. 

Each data point represents the mean ± standard deviation for a total of 

three separately prepared and analyzed samples.  
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4.3.2 Collagen retention 

To determine whether the ELP-CLP diblock nanoparticle could be 

immobilized on collagen containing matrices, nanoparticle binding and retention 

studies were conducted on type II collagen films. Since the retention and releasing of 

nanoparticles were quantified via fluorescence measurements and the nanoparticles 

were releasing encapsulated fluorescein as well, in order to distinguish the two 

different kinds of release, instead of physical encapsulation of the fluorescent probe, 

the ELP-CLP diblock was covalently functionalized with fluorescein at the N terminal. 

DLS results suggest the fluorescein labelled diblock was still able to self-assemble 

into nanoparticles with similar size and thermoresponsive behavior (Figure S2).  

To improve the binding affinity with collagen substrate via triple helix 

hybridization, the fluorescein labelled nanoparticles were pre-incubated at 65 °C for 

15 minutes to allow the CLP triple helix domain to be partially unfolded before adding 

to the collagen films. A non-preheated sample was used as negative control. The 

release profile of preheated sample vs. unpreheated control was shown in Figure 4. For 

both the preheated sample and unpreheated control, only a very small amount of 

release was observed within 10 days, illustrating that the fluorescently labelled ELP-

CLP nanoparticles were strongly retained in the collagen film. At day 10, the collagen 

films were dissolved at elevated temperatures, resulting in a burst release for both 

samples. While a total of approximately 0.201 μg/cm2 nanoparticles were initially 

retained on the film for the control, collagen films embedded with preheated 

nanoparticles showed improved initial retention of 0.629 ug/cm2, which was 

approximately 3-fold higher compared with the control, likely attributed to the specific 

binding via triple helix hybridization. The strong binding, high retention and 

thermoresponsive release of the ELP-CLP nanoparticles from collagen films endows 
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these vehicles with potential to serve as drug delivery vehicles for targeting collagen 

containing matrices such as articular cartilage of the knee joints, as well as the tumor 

sites.  

 

Figure 4.3 Cumulative release of fluorescent labelled ELP-CLP nanoparticles from 

type II collagen film as a function of time. Sample (red curve) was pre-

heated at 65 °C to partially unfold the CLP triple helix, so that the sample 

would be able to bind to the collagen film via strand invasion. A non-

preheated nanoparticle control (black) was also used. The amount of 

released nanoparticles was calculated by measuring the fluorescence at 

535 nm using a FELP-CLP nanoparticle calibration curve. At day 10, the 

film was heated at 80 °C before measurement. Each data point for the 

preheated nanoparticle sample represents the mean ± standard deviation 

for a total of five separately prepared and analyzed samples. Data for the 

unpreheated nanoparticle sample represents three samples.  
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4.3.3 Inflammatory response of ELP-CLP nanoparticles 

Biomaterial application within tissues can evoke inflammatory reactions, cause 

abnormal wound healing, and potentially damage host tissue.[53] Inflammation is a 

complex process mediated by multiple cell types and signaling molecules. In 

particular, macrophages play a critical role in the inflammation process by secreting 

pro-inflammatory cytokines (e.g. TNF-α) that are heavily involved in tissue repair and 

foreign body reactions.[54] Therefore, to gauge the suitability of ELP-CLP 

nanoparticles for in vivo applications, we evaluated the inflammatory potential of our 

materials against murine-derived RAW264.7 macrophage-like cells. Following culture, 

macrophage metabolic activity was similar across cultures following treatment, 

indicating that the ELP-CLP nanoparticles were not toxic at any of the concentrations 

tested (Figure S4). To further evaluate the potential of the ELP-CLP nanoparticles to 

evoke an inflammatory response, the production of TNF-α, a proinflammatory 

cytokine that is heavily involved in the inflammatory cascade, was examined. 

RAW264.7 macrophages produced negligible amounts of TNF-α following culture 

with 50, 150, 500, or 1000 μg/mL of ELP-CLP nanoparticles, similar to the activation 

level displayed by control macrophages exposed to medium only (Figure 4), which is 

also consistent with responses observed with other particulate systems and ELP-based 

biomaterials [55-57]. Conversely, RAW264.7 cells exposed to 50 ng/mL LPS positive 

control exhibited a nearly 100-fold increase in TNF-α production compared to controls. 

The lack of significant activation of macrophages by the ELP-CLP nanoparticles 

suggests their potential as a biocompatible drug delivery system.  
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Figure 4.4 Activation of murine-derived RAW264.7 macrophages treated with ELP-

CLP nanoparticles. RAW264.7 macrophages were cultured on TCPS and 

incubated with medium only (control), 50 ng/mL LPS, or various 

concentrations of ELP-CLP nanoparticles for 8 hrs prior to evaluation of 

TNF-α secretion by macrophage. N=3.  

4.3.4 Fibroblast viability 

Considering the critical role of fibroblasts in the synthesis of collagen in the 

ECM, cytotoxicity of the ELP-CLP nanoparticles was assessed with murine embryotic 

fibroblasts (NIH-3T3 cell line). Cells were plated using standard cell culture 

procedures and incubated with preformed nanoparticles for 24 hours, after which they 

were subjected to live and dead stains (Calcein AM and propidium iodide respectively) 

and assessed for viability with fluorescent microscopy. Results for untreated cell 

control are shown in Figure 5a,b and results for cells treated with 1 mg/mL 

concentration of nanoparticles were shown in Figure 5c,d, respectively. Similar 
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experiments were also performed for cells cultured with nanoparticles at lower 

concentrations (Figure S5). Both phase images seen in Figure 5 have apparent healthy 

morphologies for both the treated and untreated cells. The favorable viability of both 

treated and untreated cells are seen in the fluorescent images. The presence of the live 

stain (green) and the absence of the dead stain are indicative of successful 

metabolization of Calcein acetoxymethyl to Calcein fluorescent dye, as well as the 

lack of permeable cell membranes, respectively. The distinct similarities seen between 

the untreated control and the nanoparticle treated cells, suggests that the nanoparticles 

are not cytotoxic to murine fibroblast cells after 24 hours of exposure at concentrations 

well above that of therapeutically relevant doses. 

The lack of cytotoxicity of these nanoparticles from NIH-3T3 fibroblasts are in 

good agreement with the other cell lines discussed later in this manuscript. There have 

been many studies that have looked at the interaction of mouse fibroblasts with 

various materials.[58-61] Most notably similar nanoparticle drug delivery vehicles 

such as silver, gold, and polymer based nanoparticles all have varying degrees of 

increased cytotoxicity and unfavorable cell morphologies with respect to our studies 

seen here. [62-68] The apparent lack of cytotoxicity of our peptide nanoparticles offers 

a viable and risk free means for drug delivery.  
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Figure 4.5 Cell viability results after 24 hour incubation with serum. All images are 

with a 10x objective.  a,b) phase image and Calcien AM live stain 

(respectively) of 0 ug/mL NP control; c,d) phase image and Calcien AM 

live stain of 1000 ug/mL NPs. Scale bars = 100 µm. 
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4.3.5 Chondrocyte viability and proliferation 

 

Figure 4.6 ADTC5 viability and proliferation in the presence of ELP-CLP 

nanoparticles in vitro. Representative images of ATDC5 cell viability via 

live (green fluorescence)/dead (red fluorescence) assay and proliferation 

(differential interference contrast microscopy) at 24 hour and 72 hours 

post- ELP-CLP nanoparticles application (0 and 1000 ug/mL shown at 

top and bottom panel, respectively). Application of ELP-CLP 

nanoparticles does not appear to cause ATDC5 death or change in cell 

proliferation. Scale bar = 200 µm and applies to all images. 

Previous In vivo studies conducted by Yu and coworkers suggested that, 

through triple helix hybridization, collagen like peptides could permeate and 

accumulate in regions with high MMP and collagen remodeling actives including 

tumor, joint and articular cartilage.[19] Equipped with a CLP layer on the exterior 

surface of the vesicles, the ELP-CLP nanoparticles should thus offer particular 

promise for targeted drug delivery into these regions. Considering the critical role of 

chondrocytes in producing and maintaining the collagen and proteoglycans matrix in 

the cartilage, the compatibility of the nanoparticles with ATDC5 cell line was 
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investigated. Characterized as a chondrogenic cell ATDC5 cells are regarded as a 

promising in vitro model to study the factors that influence cell behaviors during 

chondrogenesis.[69] 

To determine the effect of ELP-CLP nanoparticle concentration on ATDC5 

cells, changes in cell viability and proliferation were quantified via live/dead assay and 

area coverage, respectively, over time. It was observed that application of ELP-CLP 

did not induce increased ATDC5 cell death at either 24- or 72 hours for any of the 

ELP-CLP concentration tested compared to untreated cells (Figure 6), with the percent 

of live cells observed at all ELP-CLP concentrations and timepoints not being 

significantly different from untreated cells (Figure 7A). Cell proliferation, as well, did 

not appear to be influenced by any of the ELP-CLP concentrations tested (Figure 6). 

As expected, quantitative assessment of the degree of areal cell coverage increased in 

all groups with time (Figure 7B), capturing the natural growth and proliferation of 

ADTC5 cells in vitro. In addition, areal cell coverage at all timepoints was similar 

among all groups, indicating that the presence of ELP-CLP nanoparticles did not 

significantly influence ATDC5 cell proliferation. These results suggest that ELP-CLP 

nanoparticles may be used as viable, biocompatible delivery mechanism for targeting 

joint regions, in the treatment of a series of diseases with high collagen disorders such 

as osteoarthritis, rheumatoid arthritis and Marfan syndrome.[19, 37-40] 



 143 

 

Figure 4.7 Quantitative analysis of ATDC5 viability and proliferation following 

application of ELP-CLP nanoparticles in vitro. a) ATDC5 cell viability (% 

live cells) and b) cell proliferation (cell area fraction) following 

application of 0, 50, 150, 500, and 1000 µg/mL of ELP-CLP 

nanoparticles. Cell viability and proliferation is unaltered by application 

of ELP-CLP nanoparticles at any concentration. Results are presented as 

mean ± SD (n = 3-5 /timepoint/concentration).  

4.4 Conclusions 

In our previous work,[33] an ELP-CLP diblock bioconjugate was synthesized 

via CuAAC click reaction. The resulting ELP-CLP conjugate exhibited a remarkable 

reduction in the inverse transition temperature of the ELP domain, attributed to the 

formation of the CLP triple helix. The diblock self-assembled into well-defined 

nanovesicles at physiological temperature and the nanoparticles were observed to 

dissociate at elevated temperatures, likely triggered by the unfolding of the CLP 

domain. In this work, to assess the potential of utilizing the ELP-CLP nanoparticles as 

drug delivery vehicles targeting collagen containing matrices, fluorescein, as a 

modelled drug, was encapsulated into the nanoparticles and a sustained release of 

clinically relevant amount of cargo was observed within a period of 3 weeks. As 

expected, a burst release was also observed, likely triggered by the dissociation of the 

vehicles at higher temperatures. Nanoparticle retention experiments conducted on type 
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II collagen film suggested high binding affinity with native collagens, due to the 

strand invasion ability of the partially unfolded CLP domain. By measuring cell 

viability and proliferation in vitro, these ELP-CLP nanoparticles found to be 

cytocompatible with both NIH-3T3 fibroblasts and ATDC5 chondrocytes. 

Additionally, almost no TNF- α expression was observed from macrophages incubated 

with the nanoparticles, suggesting that the ELP-CLP nanoparticles were non-

inflammatory responsive. Endowed with collagen targeting ability, 

thermoresposiveness, cytocompatibility, and non-immune responsiveness, we believe 

the ELP-CLP nanoparticles are promising candidates as drug delivery vehicles for 

targeting collagen containing matrices.  

4.5 Supporting Information 

 

Figure 4.8 Schematic illustration of fluorescein loading and releasing from the ELP-

CLP nanoparticles.  
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Figure 4.9 Dynamic light scattering characterization of the assembly of fluorescein 

labelled ELP−CLP conjugates. Hydrodynamic diameter of nanostructures 

(solid spheres) and derived count rate of the scattering light (hollow 

spheres) were plotted as a function of temperature upon heating. 
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Figure 4.10 Schematic illustration of ELP-CLP nanoparticle retention experiment on 

type II collagen films.  

 

Figure 4.11 Normalized metabolic activity of RAW264.7 macrophages cultured with 

ELP-CLP nanoparticles at various concentrations, calculated via 

fluorescence measurement of the overall reductive capability of the cells. 

The data was normalized with the results from cells in culture medium 

without the nanoparticles. Each set of data represents the mean ± 

standard deviation for a total of at least three separately prepared samples. 
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Figure 4.12 NIH-3T3 fibroblast viability after 24-hour incubation with the ELP-CLP 

nanoparticles. All images are with a 10x objective. Scale bars = 100 µm. 
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Figure 4.13 ADTC5 viability and proliferation in the presence of ELP-CLP 

nanoparticles in vitro. Representative images of ATDC5 cell viability via 

live (green fluorescence)/dead (red fluorescence) assay and proliferation 

(differential interference contrast microscopy) at 24 hour and 72 hours 

post- ELP-CLP nanoparticles. Application of ELP-CLP nanoparticles 

does not appear to cause ATDC5 death or change in cell proliferation. 

Scale bar = 200 µm and applies to all images. 
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Chapter 5 

CONCLUSIONS 

In this work, a new class of thermoresponsive diblock conjugates, containing 

collagen-like peptides and a thermoresponsive polymer, namely poly(diethylene 

glycol methyl ether methacrylate) (PDEGMEMA), is introduced. The CLP domain 

maintains its triple helix conformation after conjugation with the polymer. The 

engineered LCST of these conjugates has enabled temperature-induced assembly 

under aqueous conditions, at physiologically relevant temperatures, into well-defined 

vesicles with diameters of approximately 50-200 nm.  The formation of nanostructures 

was driven by the coil/globule conformational transition of the PDEGMEMA building 

block above its LCST with stabilization of the nanostructures by the hydrophilic CLP. 

To the best of our knowledge, this is the first report on such assembled nanostructures 

from collagen-like peptide containing copolymers. Due to the strong propensity for 

CLPs to bind to natural collagen via strand invasion processes, these nanosized 

vesicles may be used as drug carriers for targeted delivery.  

In addition to synthetic polymers, the collagen like peptide is also conjugated 

with a thermoresponsive elastin-like peptide (ELP). The resulting ELP-CLP diblock 

conjugates show a remarkable reduction in the inverse transition temperature of the 

ELP domain, attributed to the anchoring effect of the CLP triple helix. The lower 

transition temperature of the conjugate enables facile formation of well-defined 

vesicles at physiological temperature and the unexpected resolubilization of the 

vesicles at elevated temperatures upon unfolding of the CLP domain. Given the 
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demonstrated ability of CLPs to modify collagens, this work provides not only a 

simple and versatile avenue for controlling the inverse transition behavior of elastin-

like peptides, but also suggest future opportunities for these thermoresponsive 

nanostructures in biologically relevant environments. 

The potential of using the ELP-CLP nanoparticles as drug delivery vehicles for 

targeting collagen containing matrices is then evaluated. A sustained release of 

clinically relevant amount of encapsulated modelled drug is achieved within three 

weeks, followed by a thermally controlled burst release. As expected, the ELP-CLP 

nanoparticles show strong retention on collagen substrate, via specific binding through 

collagen triple helix hybridization. Additionally, cell viability and proliferation studies 

using fibroblasts and chondrocytes suggest the nanoparticles are non-cytotoxic. 

Additionally, almost no TNF-α expression from macrophages is observed, suggesting 

that the nanoparticles do not initiate inflammatory response. Endowed with specific 

collagen binding, controlled thermoresposiveness, excellent cytocompatibility, and 

non-immune responsiveness, we believe the ELP-CLP nanoparticles are promising 

candidates as drug delivery vehicles for targeting collagen containing matrices.  

Considering the critical role of collagens in extracellular matrix and the unique 

ability of the CLP to target native collagens, our work offers significant opportunities 

for the design of collagen-like peptides and their bioconjugates for targeted drug 

delivery application in the biomedical arena. 
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WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY 
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY, 
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES 

http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/
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ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED BY 
YOU.  

 WILEY shall have the right to terminate this Agreement immediately upon 
breach of this Agreement by you. 

 You shall indemnify, defend and hold harmless WILEY, its Licensors and 
their respective directors, officers, agents and employees, from and 
against any actual or threatened claims, demands, causes of action or 
proceedings arising from any breach of this Agreement by you. 

 IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR 
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY 
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR 
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN 
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR 
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, 
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, 
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT 
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, 
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND 
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY 
OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY 
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY 
LIMITED REMEDY PROVIDED HEREIN.  

 Should any provision of this Agreement be held by a court of competent 
jurisdiction to be illegal, invalid, or unenforceable, that provision shall be 
deemed amended to achieve as nearly as possible the same economic 
effect as the original provision, and the legality, validity and enforceability 
of the remaining provisions of this Agreement shall not be affected or 
impaired thereby.  

 The failure of either party to enforce any term or condition of this 
Agreement shall not constitute a waiver of either party's right to enforce 
each and every term and condition of this Agreement. No breach under 
this agreement shall be deemed waived or excused by either party unless 
such waiver or consent is in writing signed by the party granting such 
waiver or consent. The waiver by or consent of a party to a breach of any 
provision of this Agreement shall not operate or be construed as a waiver 
of or consent to any other or subsequent breach by such other party.  
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 This Agreement may not be assigned (including by operation of law or 
otherwise) by you without WILEY's prior written consent. 

 Any fee required for this permission shall be non-refundable after thirty 
(30) days from receipt by the CCC. 

 These terms and conditions together with CCC's Billing and Payment 
terms and conditions (which are incorporated herein) form the entire 
agreement between you and WILEY concerning this licensing transaction 
and (in the absence of fraud) supersedes all prior agreements and 
representations of the parties, oral or written. This Agreement may not be 
amended except in writing signed by both parties. This Agreement shall be 
binding upon and inure to the benefit of the parties' successors, legal 
representatives, and authorized assigns.  

 In the event of any conflict between your obligations established by these 
terms and conditions and those established by CCC's Billing and Payment 
terms and conditions, these terms and conditions shall prevail. 

 WILEY expressly reserves all rights not specifically granted in the 
combination of (i) the license details provided by you and accepted in the 
course of this licensing transaction, (ii) these terms and conditions and 
(iii) CCC's Billing and Payment terms and conditions. 

 This Agreement will be void if the Type of Use, Format, Circulation, or 
Requestor Type was misrepresented during the licensing process. 

 This Agreement shall be governed by and construed in accordance with 
the laws of the State of New York, USA, without regards to such state's 
conflict of law rules. Any legal action, suit or proceeding arising out of or 
relating to these Terms and Conditions or the breach thereof shall be 
instituted in a court of competent jurisdiction in New York County in the 
State of New York in the United States of America and each party hereby 
consents and submits to the personal jurisdiction of such court, waives 
any objection to venue in such court and consents to service of process by 
registered or certified mail, return receipt requested, at the last known 
address of such party. 

WILEY OPEN ACCESS TERMS AND CONDITIONS 
Wiley Publishes Open Access Articles in fully Open Access Journals and in 
Subscription journals offering Online Open. Although most of the fully Open 
Access journals publish open access articles under the terms of the Creative 
Commons Attribution (CC BY) License only, the subscription journals and a few 
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of the Open Access Journals offer a choice of Creative Commons Licenses. The 
license type is clearly identified on the article. 
The Creative Commons Attribution License 
The Creative Commons Attribution License (CC-BY) allows users to copy, 
distribute and transmit an article, adapt the article and make commercial use of 
the article. The CC-BY license permits commercial and non- 
Creative Commons Attribution Non-Commercial License 
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits 
use, distribution and reproduction in any medium, provided the original work is 
properly cited and is not used for commercial purposes.(see below) 

Creative Commons Attribution-Non-Commercial-NoDerivs License 
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-
NC-ND) permits use, distribution and reproduction in any medium, provided the 
original work is properly cited, is not used for commercial purposes and no 
modifications or adaptations are made. (see below) 
Use by commercial "for-profit" organizations 
Use of Wiley Open Access articles for commercial, promotional, or marketing 
purposes requires further explicit permission from Wiley and will be subject to a 
fee. 
Further details can be found on Wiley Online 
Libraryhttp://olabout.wiley.com/WileyCDA/Section/id-410895.html 
 
 
Other Terms and Conditions: 
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Table Questions? customercare@copyright.com or +1-855-239-3415 (toll free in 
the US) or +1-978-646-2777.   
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This type of permission/license, instead of the standard Terms & Conditions, is sent to you 
because no fee is being charged for your order. Please note the following: 

 Permission is granted for your request in both print and electronic 
formats, and translations. 

 If figures and/or tables were requested, they may be adapted or used in 
part. 

 Please print this page for your records and send a copy of it to your 
publisher/graduate school. 

 Appropriate credit for the requested material should be given as follows: 
"Reprinted (adapted) with permission from (COMPLETE REFERENCE 
CITATION). Copyright (YEAR) American Chemical Society." Insert 
appropriate information in place of the capitalized words. 

 One-time permission is granted only for the use specified in your request. 
No additional uses are granted (such as derivative works or other 
editions). For any other uses, please submit a new request. 
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