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ABSTRACT 

Collagen I, a natural protein found in animal tissues, can self-assemble into fibrous matrices 

that support cell and tissue growth. Peptide mimics of collagen are able to recapitulate this self-

assembly process towards the development of biomaterials for tissue engineering. In recent years, 

the metal mediated self-assembly of collagen mimetic peptides (CMPs) has allowed access to 

various particle morphologies. Herein, two studies are presented. In the first, NCOH-FOGER, a 

cell adhesive CMP capable of metal-triggered self-assembly, was utilized to develop a model 

system to mimic natural collagen’s interactions with endothelial cells. Notably, a cobalt(III)-

NCoH-FOGER assembly was able to induce endothelial cells to form network-like structures. In 

the second, a CMP was modified to include an unnatural amino acid, L-4-trans-fluoroproline, 

which increased the thermostability of its folded state. The effect of this substitution on the 

morphology of self-assembled particles was evaluated. 
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 CELL-BIOMATERIALS INTERACTIONS AND THEIR 
USE IN BIOMATERIALS DESIGN 

1.1 Introduction 

The demand for organ transplant surgeries remains an unmet need in the healthcare sector. Since 

the beginning of the 21st century, the wait list has continued to be greater than the number of 

surgeries performed.  As of March 2020, more than 112,200 patients require organ transplants.1 It 

is estimated that a new patient joins the wait list every 10 minutes.1 A lack of organ donors is the 

bottleneck in addressing medical demand. To address this, attempts are being made to utilize 

isolated cells instead of donated organs.  Since cells can be grown in large amounts in vitro, these 

could potentially be assembled into tissues, which can be used to create a supply of new organs.  

 

In the rapidly growing field of tissue engineering, material scaffolds are used to promote cellular 

organization and growth.2,4  Scaffolds can either be directly implanted or cultured with cells in 

vitro. They will then guide regeneration in vivo or the formation of implantable organoid 

constructs in vitro. This promising method and its variations has yielded approved prostheses for 

cartilage7, bone8 and skin9. Towards larger or more complex tissues, several major challenges have 

been studied: reliable sourcing of cells, host responses, and vascularization.5 The latter is 

especially towards creating thicker constructs, where nutrients cannot easily diffuse throughout.10 

In natural tissues, blood vessels ensure that nutrients and oxygen are able to penetrate into all areas 

regardless of tissue thickness. As such, methods to integrate blood vessel networks into synthetic 

tissues may be valuable for optimal vascularization in future.11 

1.2 The Extracellular Matrix 

To develop tissue engineering further, inspiration and guiding principles can be derived by 

studying the extracellular matrix (ECM). The ECM, a conglomerate of proteins, carbohydrates, 

lipids, interstitial fluid, and various nutrients, forms the structure and environment in which cells 

grow within complex organisms (Fig. 1.1).13 This milieu contains structural proteins (various 

collagens, elastin, laminin, fibronectin, etc.), glycans (aggrecan, heparin sulfate, chondroitin 

sulfate, keratan sulfate, hyaluronic acid), growth factors, and vesicles excreted by cells.14 Tissues, 



 
 

15 

and ultimately organs, are comprised of cells and ECM. ECM components, like collagen protein, 

can be used in the construction of scaffolds for tissue engineering as well as to inform the 

development of bio-mimetics.13  

 

In vivo, one of the main functions of the extracellular matrix is to provide support for cell 

adhesion.15,16 When cells are not adhered to a surface, they undergo apoptosis and release factors 

that cause inflammation.16 Inflammatory markers often drive detrimental host responses in tissue 

engineering.17 Integration of tissue constructs often resembles the process of wound healing, which 

involves the interaction of cells with extracellular matrix components like collagen and 

fibronectin.18 As such, understanding how the ECM directs cell attachment can allow for better 

host responses in tissue engineering.  

 

Secondly, the physical properties, especially stiffness, of the ECM control the differentiation 

behavior of stem cells. Adipose derived stromal cells differentiate into adipose cells when grown 

on softer matrices. On much stiffer constructs, however, they take on an osteogenic phenotype and 

behave like bone cells.19 The differentiation of stem cells can provide a reliable process for 

producing other cell types. This can address the problem of cell sourcing in tissue engineering.  

 

Lastly, chemical cues, like cell adhesive ligands found in ECM proteins, play a role in angiogenesis, 

the sprouting of blood vessels.20,21 Understanding the mechanisms of how this works can provide 

an avenue for tissue construct vascularization. The cell adhesive protein sequence, glycine-

phenylalanine-hydroxyproline-glycine-glutamate-arginine (GFOGER), directs endothelial cells to 

form network-like structures, reminiscent of blood vessels, on surfaces comprising the ECM 

protein, collagen, in vitro.20 This process is thought to be similar to how collagen directs 

angiogenesis in vivo.21 Other components, like laminin and proteoglycans, can also direct cells to 

sprout into blood vessels.22 Understanding the properties of the ECM will allow for the production 

of vascularized tissues, an important step towards the ultimate goal of organ production and 

regeneration. 
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Figure 1.1. The extracellular matrix is made up of structural proteins, proteoglycans, 
glycosaminoglycans, vesicles, and growth factors. 

1.3 Natural and Synthetic Biomaterials 

Biomaterials are defined as “materials exploited in contact with living tissues, organisms, or 

microorganisms”.23 Various biomaterials are used to construct scaffolds for tissue engineering. 

The chemical functionality of these materials must allow for compatibility with cells, stability in 

biological milieu, and sterilizability in processing. A variety of physical properties, like stiffness, 

porosity, and morphology must also be optimized to achieve successful tissue engineering. 

 

Natural ECM components, like collagen, hyaluronic acid, laminin, fibronectin, proteoglycans, and 

elastin are used widely to create scaffolds.24,25,26,13 Collagen is especially popular in scaffolds for 

cartilage and skin regeneration.7 The advantage of natural materials is an inherent biocompatibility 

and controlled biodegradation.17,18 ,19 Natural materials have disadvantages in their processability, 

however. Thermal processing and chemical crosslinking can ruin protein structure and degrade 

biochemical function.29,30 Furthermore, sterilization of natural materials is often very costly and 

difficult.31 
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Synthetic biomaterials, like metals, polymers, and ceramics, are often cheaper to produce, easier 

to sterilize, and wider in their space of accessible materials properties. However, each type comes 

with disadvantages and all synthetic materials run the risk of foreign body response.32,33 

Biocompatible metals, like cobalt and stainless steel, and ceramics, like bio-glass, can be molded 

into various shapes for use as implants.34 The hardness and stability of these classes of materials 

makes them especially suited for use in bone related conditions. Their stability becomes a 

disadvantage, however, for use in tissue engineering, where it is optimal for an implanted scaffold 

to degrade after organ regeneration is achieved. Polymers, like polylactic-co-glycolic acid (PLGA) 

and polyethylene glycol (PEG), offer an alternative with tunable mechanical and degradative 

properties.2,35 Degradable PEG scaffolds were used to grow neural tissues.35 In another work, 

photocrosslinking was used to tune the stiffness of polyethylene glycol gels that were used to study 

cancer cell migration.36 Due to this high level of control, polymers are currently the most 

commonly used for the purposes of tissue engineering. The disadvantages of polymers are a lack 

of bio-functionality. Natural materials contain a variety of cell and growth factor binding sites as 

a result of evolutionary optimization for their biological roles.37,38 This lack of bio-functionality 

may underlie the foreign body responses sometimes seen with synthetic polymer implants.33 

 

To capture the richness of natural ECM, cell and protein binding sites are being introduced into 

synthetic polymers to create the next generation of scaffold materials.39 Osteogenesis was 

increased when cell adhesive peptides were incorporated into diacrylate hydrogels.40 Covalently 

immobilizing growth factors in polyethylene glycol gels allowed for increased vascularization.41 

In creating hybrid materials such as these, new best practices may emerge. One newly discovered 

principle is that the density of cell binding sites displayed on materials modulates receptor 

clustering.42 Optimizing receptor clustering is crucial for processes like blood vessel formation 

and stem cell differentiation.43,44 Explorations towards these ends may reveal novel biochemistry 

as well as achieve better tissue engineering. 

1.4 Interactions of Cells with Biomaterials 

Understanding the interactions of cells with biomaterials is an important step towards improved 

tissue scaffolds. Cells are capable of adhering to, migrating on, degrading, and remodeling 

biomaterial matrices. The properties of scaffolds determine the proliferation and response of 
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seeded cells. To engineer more complex tissue architectures, scaffolds must be optimized to prime 

cells for crucial functions, such as the formation of blood vessel networks. 

1.4.1 Cell Adhesion to Biomaterials 

To explain how cells adhere to biomaterials, mechanisms, based on electrostatic charge and 

specific protein/proteoglycan mediation, are invoked.45,46 The former, considered as a non-specific 

mechanism, is most commonly used to explain binding to surfaces coated with charged polymers.46 

Made up anionic phospholipids, cell membranes are negatively charged. As a result, non-specific 

cell adhesion can be thought of as charge pairing with cationic polymers, like poly-lysine. Several 

studies have shown higher cell adhesion on positively charged materials.45,46,47,48 However, further 

exploration has shown that this type of adhesion may not be due to non-specific interactions with 

cell membranes.47 Instead, the attachment may be mediated by specific proteoglycans, cell surface 

proteins attached to negatively charged polysaccharides. When treated with chondroitinase ABC, 

an enzyme that degrades proteoglycans, the ability of cells to adhere to positively charged surfaces 

is abrograted.47 The hypothesis that cell adhesion may be mostly mediated by specific proteins 

may inform future biomaterials design. 

 

Integrins, a family of cell-surface proteins, are the best studied players invoked in specific cell 

adhesion mechanisms.43 Made up of α and β subunits that wrap around each other, integrins are 

primed for binding to various ECM proteins.49 Two of the most well studied integrins are α2β1 

and α5β3. These bind to the ECM derived protein sequences GFOGER, from collagen, and RGD, 

from fibronectin, respectively. In a process known as outside-in signaling, integrins transmit 

structural information from the ECM to the cytoskeleton.50,51 When bound to their targets in the 

ECM, integrins undergo conformational changes that allow their intracellular domain to bind to 

the protein, talin, which subsequently nucleates actin fibers, a major component of the 

cytoskeleton.52 When binding sites in the ECM are located in close proximity to each other, 

multiple copies of integrins are clustered together as these receptors bind their targets.44 Integrin 

clusters are known to template actin fibers to a greater extent and the increased outside-in signaling 

causes the formation of the membrane protrusions known as focal adhesions.53,54,55 The presence 

of actin fibers and focal adhesions are a hallmark of protein mediated cell adhesion to surfaces. 

The understanding of integrin clustering and focal adhesions has prompted the development of 
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biomaterials displaying nanoscopic patterns of adhesion sequences.55,42 These offer enhanced cell 

adhesion and integrin signalling due to increased ability to cluster adhesion receptors. 

1.4.2 Cell Migration on Biomaterials 

Multicellular behaviors, like network formation by endothelial cells during blood vessel formation, 

often require a balance of cell adhesion and migration.56 An understanding of cell migration may 

lead to materials scaffolds that promote these processes. The mechanism of cell migration on 

biomaterial surfaces is debated but like adhesion, it is associated with the formation of actin 

fibers.57,58,59,60 
 

When a cell migrates, actin fibers form at protrusions, called lamellipodia, on its leading edge (Fig. 

1.2).60 Lamellipodia extend and adhere to the ECM at the destination of the cell’s movement. The 

rest of the cell is pulled towards the direction of the protrusion as it deconstructs. Integrins are 

known to play a role in the formation and adhesion of lemellipodia, suggesting mechanisms of 

actin polymerization that are similar to cell adhesion and spreading.61 On gradients of RGD in 

polyethylene glycol gels, which binds integrin α5β3, cells migrate in the direction of increasing 

ligand density.62 
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Figure 1.2. In cell migration, (a.) lamellopodia extend from the cell with polymerization of actin 
(red), (b.) an adhesion is formed at the destination site, (c.) lamellopodia retract and pull the cell 
towards the destination, and (d.) the cell moves and adheres to the new site. (Adapted from 60.) 

1.4.3 Collagen Induced Endothelial Network Formation 

In 1988, Kubota et al reported that endothelial cells plated on basement membrane gels formed 

capillary-like networks.63 This process of endothelial cell network formation is related to 

angiogenesis, the process in which new blood vessels are sprouted. Basement membrane gels are 

derived from the natural ECM and contain collagen, laminin, and various other proteins. Kubota 

et al, thus, demonstrated that angiogenesis-related processes can be activated by constituents of 

the ECM. Endothelial cell tube formation on purified type I collagen gels has also been shown 

(Fig. 1.3.).64,65,66,67,20 This process highlights the ability of natural biomaterials to activate complex 

multicellular behaviors. Uncovering the mechanism of action will lead to advanced synthetic 

biomaterials for tissue engineering. 
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Various studies have highlighted the importance of integrin α2β1 in collagen induced endothelial 

cell network formation.20,65,66,67,68 On type I collagen gels, growth factors, like VEGF, are known 

to accelerate the network formation process.64 VEGF was shown to increase the expression of 

integrin α2β1 subunits.66 When cells are treated with antibodies or peptides that bind to the integrin 

α2β1 subunits, network formation ceases.20,65 While integrin binding, with peptides or antibodies, 

is generally shown to be inhibitory, integrin clustering seems activate the process. Whelan and 

Senger used a system of two antibodies to cluster integrin α2β1 in microvascular endothelial 

cells.20 This promoted the formation of actin fibers, a feature also observed with network formation. 

Using a polyvalent antibody preparation, Turner et al showed that clustering integrins accelerates 

tube formation on collagen gels.68 The involvement of integrin clustering, actin formation, and a 

biomaterial surface suggests similarities to cell adhesion. The activation of the process by growth 

factors, which are known to increase cell migration, suggest a more dynamic scenario, however.69 

The true mechanism may be somewhere between adhesion and migration. 
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Figure 1.3. It is hypothesized that formation of endothelial cell networks on a collagen gel 
requires clustering of Integrin α2β1; simple binding with antibodies or peptides, in the absence of 

clustering, has been shown to inhibit network formation. (Adapted from Ref. 65.) 

Taken together, the studies suggest that type I collagen presents the GFOGER in a polyvalent 

manner capable of clustering integrin α2β1. Subsequently, actin fiber polymerization and network 

formation are observed. This principle was used to develop biomaterials: GFOGER laden 

polyethylene glycol gels are shown to support growth factor induced endothelial tube formation.70 

Here, the monovalent peptide sequence was distributed homogeneously throughout the gel and it 

is unlikely that two copies of the sequence would be located close enough to induce a clustering 

event. The growth factor likely enhanced cell migration and integrin expression. As a result of the 

pulling force generated by cell migration and integrin binding, copies of the GFOGER sequence 

were likely pulled together towards the cells in the gel to induce an indirect form of receptor 

clustering. Once this occurred, endothelial cell tube formation would commence. A direct 

demonstration of network formation with a well-defined polyvalent construct of GFOGER peptide 

is lacking. 



 
 

23 

1.5 Collagen Structure and Processing 

Collagen has found a plethora of applications in tissue engineering and has also served as 

inspiration for a variety of synthetic materials. At 30% of the mass of the ECM, collagen (discuss 

types) is the most abundant protein found in animal tissues. Yao et al. have used type I collagen 

microspheres to promote the full differentiation of oligodendrocyte progenitor cells into neuronal 

micro-tissues.71 Matsunga et. al. showed that type I collagen beads, loaded with fibroblasts, could 

be used to prepare millimeter thick tissues in pre-formed molds.72 Understanding the structure of 

collagens will allow for the design of collagen-like biomaterials. 

 

On microscopic scale, type I collagen proteins consist of interwoven fibrous networks.73 The 

sturdy fibers are made up of smaller fibrils that intertwine around each other.74 The fibrils, when 

stained for viewing by electron microscopy, display a regular pattern of stripes occurring at every 

67 nm. These are believed to result from a staggered packing of triple helices, the secondary 

structural elements of most collagen proteins. A triple helix is made up of three individual chains 

of collagen wrapped around each other almost like a braid. Within a triple helix, each individual 

chain adopts a left handed polyproline type II helix, characterized by (φ,ψ) backbone dihedral 

angles of approximately (-75°, 150°). These properties result from type I collagen’s sequence 

which contains many copies of the three-amino acid repeat, proline-trans-4-hydroxyproline-

glycine (POG).74 The high content of proline and hydroxy-proline causes steric repulsion between 

pyrrolidine rings, enforcing the geometries of the polyproline type II helix. Every third residue in 

the triple helical regions of most collagens is glycine; hydrogen-bonding between glycine amides 

and the carbonyl groups of adjacent chains helps to stabilize and tighten the triple helical secondary 

structure (Fig. 1.4). Intermittently between POG repeats, many functional sequences, such as 

GFOGER, are found. From the molecular structure, all the way to its macroscopic properties, 

collagen has evolved to act like a strong rope which is interwoven to form the structure of the 

ECM.  
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Figure 1.4. The structure of the collagen triple helix (a) showing glycine hydrogen bonds (b, c). 
(Adapted from Ref. 62) 

The processing, sourcing, and cost present disadvantages for the use of type I collagen in tissue 

engineering. Collagen proteins are extracted from animal tissues using acidic conditions.75 To 

promote formation of fibers from soluble type I collagen in acidic solution, the solution is 

neutralized with base or buffer.76 Various techniques, including freeze-drying, molding, and 

coating, can be used to fabricate or include the protein into tissue scaffolds.72,77,78 Unfortunately, 

these methods often produce collagen materials with poor thermal stability.79 The triple helix of 

full length type I collagen proteins unfolds in an irreversible manner.80 This type of degradation 

ruins the mechanical properties of tissue scaffolds. In a natural setting, the enzyme, lysyl oxidase, 

promotes the crosslinking of type I collagen fibers, rendering them fully insoluble.81 When 

extracted with acidic solution, the soluble collagen has not been stabilized via crosslinking and 

remains thermally unstable at physiological temperatures.80 The production of recombinant lysyl 
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oxidase is expensive and its use in crosslinking collagen scaffolds in vitro yields poor results.82 

Chemical crosslinkers offer an alternative, but can destroy important bioactive sequences like 

GFOGER.83 In an effort to circumvent the limitations of natural collagen, peptide-based synthetic 

materials are currently being studied.  

1.6 Peptide Mimetics 

Peptides are attractive candidates for the construction of tissue scaffolds with diverse and even 

unnatural functionality.84 The short size of peptides enables the possibility of chemical synthesis. 

This offers distinct advantages over proteins, which must be expressed recombinantly or extracted 

from tissues. Peptide synthesis also allows the easy introduction of unnatural or post-

translationally modified amino acids into a sequence. As such, peptides based on ECM 

components, like fibronectin, laminin, and collagen have been synthesized and explored.85,86 ,87 ,88 

 

Collagen mimetic peptides (CMP) are a particularly interesting class because they can be designed 

to avoid the difficulties of natural collagen processing while maintaining many of its advantages.88 

The bulk of CMP research has focused on understanding the triple helical structure of natural type 

I collagen.74,89,90 Importantly, recent explorations have developed methods of constructing CMPs 

into biomaterials.88 These ventures will yield structurally-tunable model systems for understanding 

the function of the ECM in complex cellular behaviors. Eventually, CMP based systems may even 

replace natural collagen as a biomaterial of choice for scaffolding in tissue engineering. 

1.7 Collagen Mimetic Peptides: Triple Helical Stability 

The sequence of collagen mimetic peptides most commonly contains a repeating motif, Xaa-Yaa-

Gly.74 Like natural collagen, the most common residue found in the Xaa position is proline (Pro; 

P) and in the Yaa position is 4-trans-hydroxyproline (Hyp; O). Analysis by circular dichroism (CD) 

spectroscopy, nuclear magnetic resonance (NMR), X-ray diffraction (XRD), and various other 

techniques have shown that these peptides adopt the triple helical structure just like natural 

collagen.89,90,91,92,93,94 As such, CMPs have provided easily accessible model systems for studying 

collagen’s structure and the principles behind its thermal stability. Because natural collagen must 
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be crosslinked to achieve stability, stabilized CMPs may offer a better alternative for biomaterials 

applications. 

 

As with natural collagen, having a glycine at every third residue is of paramount importance for 

triple helix folding. Glycine forms inter-chain hydrogen bonds that hold a triple helical structure 

together. Brodsky and coworkers have shown that mutating the glycine residue results in CMPs 

with an interrupted ability to form triple helices.95,96 These non-triple helical CMPs are 

characterized by sub-ambient transition melting temperatures (Tm), the point at which half the 

population of peptide molecules exists in an unfolded state. Glycine mutations underlie the most 

fatal etiologies in collagen related diseases.97,98   

 

Hyp increases the thermal stability of the triple helical conformation.74 Analogous peptides, 

containing proline instead of Hyp at the Xaa position, have a significantly lower Tm.99 Originally, 

the hydroxyl group was thought to stabilize triple helices by forming hydrogen bonds with water 

molecules.100 The resulting water bridges would lock the peptides into their folded triple helical 

state. Brodsky and coworkers demonstrated the existence of these water bridges in crystal 

structures.100 However, this water bridge hypothesis had deficiencies. Firstly, CMP triple helices 

were found to be more stable in aqueous alcohol solutions than in pure aqueous solutions; Water 

bridges would be more likely in pure aqueous solutions.101 Secondly, CMPs containing cis-4-

hydroxyproline, instead of the usual trans isomer, had significantly lower Tm even though both 

isomers should have been capable of forming water bridges.102 

 

Studies by Raines and coworkers offered a much better explanation based on the stereo-electronics 

of proline ring conformations. In crystal structures, hydroxyproline was observed to take on a trans 

ring conformation.99 This allowed a favorable n-π* interaction between a C-H sigma bond and the 

C-O antibonding orbital.103 Based on a hypothesis that the interaction was responsible for the 

stabilization of triple helices, Raines and coworkers synthesized analogous CMPs where trans-4-

hydroxyproline was replaced with trans-4-fluoroproline.99 The C-F antibonding orbital, being a 

better acceptor, was hypothesized to allow for a stronger σ-σ* interaction (Fig. 1.5).104 The 

fluorinated CMP chains, due to the stronger orbital overlap, would be pre-organized into a 

structure favoring triple helix formation.  Using CD spectroscopy, it was shown that this resulted 
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in a Tm almost 30 degrees higher than that of CMP’s with trans-4-hydroxyproline. In addition, a 

variety of control experiments showed that this remarkable stabilization was not due to 

hydrophobic effect.105,106,107 The pre-organization hypothesis is currently the most agreed upon 

explanation for the effect of the Xaa position in collagen stability. 

 

Figure 1.5. Trans-4-fluoroproline residues preferentially adopt an exo pucker due to favorable 
orbital overlaps. 

Finally, other methods have been found for increasing CMP stability, highlighting the role of 

unnatural amino acids. Chenoweth and coworkers have shown that using the aza-glycine, in place 

of glycine, endowed a triple helical CMP with a Tm higher than the boiling point of water.108 Crystal 

structures revealed that this was a consequence of the enhanced hydrogen bonding ability of aza-

glycine.109 Wennemers and coworkers showed that peptides with appended hydrophobic groups 

are also stabilized as compared to control molecules.110 This is thought to occur because the 

hydrophobic group folds on top of the triple helix, preventing it from unravelling.  

1.8 Collagen Mimetic Peptides: Self-Assembly Strategies 

The use of natural collagen as a biomaterial is made possible by its ability to form fibers. This 

process highlights the ability of collagen molecules to self-assemble into structures on much larger 

size scales. Self-assembly is a process in which disordered systems, like a solution of protein 

molecules, can form large ordered structures, like collagen fibers, without external 

manipulation.111 To fabricate advanced synthetic biomaterials, recent research has used a wide 

variety of chemistries to promote the self-assembly of CMP’s into nano- and microscale 
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structures.88 Taking cues from natural collagen, CMP-based biomaterials have even begun 

including functional sequences to direct cellular behaviors. 

 

Electrostatic interactions are extensively used for promoting CMP self-assembly. In 2007, Chaikof, 

Conticello, and coworkers reported CMP fibers with a d-periodic banding pattern like natural 

collagen (Fig. 1.6).112 These were produced from a peptide, CPII, containing the charged residues, 

arginine and aspartic acid, at each termini. Designed and experimentally shown to form a triple 

helix, CPII’s ability to form fibers is likely due to packing of these helices. A similar strategy was 

used to fabricate uniformly sized CMP nanosheets.113,114,115 While still using electrostatic 

interactions, Hertegrink and coworkers discovered a different mechanism of CMP self-assembly. 

Here, peptides containing charged residues at their termini folded into a triple helix with sticky 

ends, where the ends of each helix were partially unfolded (Fig. 1.7).116,117,118 As a result, separate 

triple helices could fold onto and bind to each other in an end-on manner. This sticky-ended self-

assembly has been used to produce nanofibers, hydrogels, and even a novel hemostatic agent.119,120  

 

Figure 1.6. The self-assembly of blunt ended triple helices (a., b.) was used to form d-periodic 
fibers. (Adapted from Ref. 112.) 
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Figure 1.7. Sticky-Ended CMP self-assembly involves off-register triple helices (a.) which 
condense in a lengthwise manner (b.) into fibrous matrices (c.). (Adapted from Ref. 117) 

Hydrophobic interactions, of various types, have been used to promote CMP self-assembly. Many 

studies have utilized collagen mimetic peptide amphiphiles. Containing large aliphatic 

hydrophobic tails, these molecules behave like surfactants while also being able to form triple 

helices.121,122 This allows for a combination of micelle-like self-assembly and triple helix packing. 

The mechanism most commonly yields a fiber-like morphology and has been extended to make 

cell adhesive fiber matrices.121 Cejas et al utilized a different approach involving aromatic-based 

hydrophobic interactions.123 The best self-assembly results were obtained when pentafluorophenyl 

and phenyl groups were displayed on the N- and C-termini, respectively. The resulting peptide 

formed a dynamic noodle-like fiber structure with domains that resembled d-periodic banding. 

This peptide assembly promoted platelet aggregation, a bio-property also displayed by natural 

collagen. The authors suggested that hydrohphobic interactions were the main driver for self-

assembly. However, this may not be a traditional entropy derived hydrophobic effect. The pair of 

an electron poor arene, pentafluorophenyl, and a phenyl group suggests that pi-pi stacking is 

involved. Brodsky and coworkers have also shown that aromatic stacking interactions play a role 

in CMP self-association under heated conditions.124  
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The designs described until this point utilize end on self-assembly signals at peptide termini and 

end-on linear propagation. Lateral designs, though less common, have also yielded many 

significant results in CMP self-assembly. Through chirality driven interactions, Xu et al added a 

twist the concept of hydrophobic self-assembly: while pure solutions of individual CMP 

enantiomers were stable, a 1:1 mixture of each isomer had significantly decreased solubility.125 

The resulting solid was made up of extended sheetlike structures (Fig. 1.8). The packing of the 

triple helices was explained with an analogy to two screws. Screws of opposite handedness pack 

more closely together than two of the same handedness. As such, the mixture of enantiomers also 

packs more closely together in a manner driven by the hydrophobic effect. The same group also 

reported CMPs with hydrophobic amino acids at radial positions.126 These peptides packed 

laterally to form discs. A similar result was also reported by Przybyla et al: Hbyp3, a CMP 

designed to display radial bipyridine moieties, self-assembled into disks.127 Hydrophobic and 

aromatic interactions between the bipyridine units may be the driving force for this process.  

 

Figure 1.8. Chirality driven assembly of oppositely handed triple helices. Adopted from Ref. 
125. 

1.9 Metal Ion Promoted Self Assembly of Collagen Mimetic Peptides 

While electrostatic interactions and the hydrophobic effect are the most commonly used strategies 

for CMP self-assembly, metal chelation offers a different avenue. The overall strategy involves 
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the use of CMPs equipped with metal binding ligands at either terminal or radial positions.88 Upon 

addition of metal salts, the chelation interaction will promote the association and assembly of the 

peptide. This method offers a unique advantage: the chelation interaction can be tuned by simply 

varying the metal ion. For applications where reversibility may be advantageous, weakly binding 

metal-ligand pairs, like nitrilotriacetic acid (NTA) and iron (II), can be utilized.128 Without having 

to change the ligand and synthesize a new CMP, the interaction can be made almost as strong as a 

covalent bond through the use of exchange inert metals, like cobalt (III) or chromium (III).129,130 

Any intermediate strength interactions can be achieved by using other metal ions. By contrast, 

electrostatic and hydrophobic interactions are much more difficult to tune and require a new 

peptide to be synthesized for each change. 

 

Metal triggered radial assembly has been used to fabricate particles of diverse morphology. In 

2008, Przybyla and Chmielewski designed a peptide, H-byp, containing repeating POG units and 

a radial bipyridine appendage.131 When incubated with Fe(II) ions, H-byp formed nanofibers as 

seen by transmission electron microscopy (TEM). Complexation of iron ions by the bipyridine 

ligands was confirmed by absorbance spectroscopy of the pink colored complex. Furthermore, the 

fibers were dissolved when treated with ethylenediamine tetra-acetic acid (EDTA), which 

competes for complexation. These observations suggested a metal chelation based radial self-

assembly mechanism. This concept was extended by Przybyla and coworkers with CMPs, Hbyp2 

and Hbyp3, containing 2 and 3 radial bipyridine appendages, respectively.132, 127 Hbyp2 was found 

to form EDTA-reversible disks in a metal ion dependent manner. Hbyp3 formed disks even 

without metal, indicating a possible aromatic or hydrophobic interaction, as described above. 

When metal ions were added, HByp3 disks assembled in a quilt-like manner into hollow sphere-

like structures (Fig. 1.9). Addition of EDTA reverted the spheres into disks, suggesting that metal 

ions were important in the mechanism. In each of these cases, the identity of the metal ion did not 

seem to affect the assembly; The only criteria appeared to be divalency, giving these ions a charge 

of 2+. To further validate the use of metal triggered assembly, Hbyp3 hollow spheres were loaded 

with various cargos and showed release rates dependent on temperature.133 As such, this type of 

self-assembly can allow access to the next generation of timed release drug delivery devices. 
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Figure 1.9. The metal-mediated self-assembly of HByp3 into curved disks and hollow spheres. 
Adopted from Ref. 127. 

Metal ions are also able to promote linear assembly in designed CMPs. Pires and Chmielewski 

showed that a linearly designed CMP, NCoH, formed ruffled spherical particles called 

microflorettes.134 NCoH’s design had three elements: a core of 9 POG repeats, two histidine 

residues at the C-terminus, and and nitrilotriacetic acid moiety on the N-terminus (Fig. 1.10). The 

ligands were chosen to add directionality to the linear assembly: metal ions would link NTA ends 

only to di-histidine ends. Impressively, microflorettes, derived from NCoH self-assembly, could 

be simultaneously loaded with two different protein cargos, (Fig. 1.11).135 If the cargo was 

included during the CMP self-assembly process, it would be loaded into the particle core. 

Afterwards, a second cargo could be attached to the particle surfaces using metal ions and non-

metallated ligands on the particle surface. These cargos could then be slowly released as the 

particles dissolved.  
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Figure 1.10. The linear design of NCoH. Adopted from Ref. 134. 

 

Figure 1.11. NCoH Microflorettes labelled with two different fluorescent proteins. Adopted from 
reference 135  

The metal promoted linear self-assembly was explored further in a series of studies. In the first, 

the morphology of the assembled particles was studied as a function of the number of core POG 

units.136 The number of POG repeats determined the thermal stability of the resulting triple helices. 

The lesser the number of repeats, the lower the Tm measured. With less stable triple helices 

containing 5 and 7 repeats, the metal mediated self-assembly process did not proceed using the 
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same conditions as NCoH (9 repeats). At 11 and 13 repeats, the process formed saddle-like 

structures. The authors, here, concluded that triple helical stability was of paramount importance 

for achieving self-assembly. In a second study, the ligand NTA was replaced with iminodiacetic 

acid (IDA), which contained one less chelating carboxylic acid.137 The loss of one carboxylate had 

a profound effect on the observed morphology. While NCoH, which contains NTA, formed 

microflorettes, ICoH, which contained IDA, formed nanofibril stacks. Furthermore, these stacks 

displayed a periodic banding pattern, indicating similarity to natural collagen. In the third study, 

two CMPs with 9 POG repeats, namely HisCol and IdaCol, were designed to contain only one 

type of ligand at their termini.138 HisCol contained four total histidine residues with two at each 

termini. IdaCol contained an IDA ligand at each termini. When the two were mixed and metal ions 

were added, petal-like structures were observed. These also displayed a clear banding pattern as 

observed by transmission electron microscopy (Fig. 1.12). The periodicity of the pattern was 10 

nm, about the length of the triple helices used. This suggested a linear arrangement of these 

structural elements, as intended in their design. A fourth study also explored mixed peptide 

assemblies.139 When NCoH and HisCol were mixed and metal ions were added, micron scale 

spiraled horns were formed. These structures displayed a binding affinity for HeLa cells. All the 

studies, taken together, demonstrate that each aspect of the designed CMPS, namely the core and 

ligands, can greatly affect the result of metal triggered assembly. 



 
 

35 

 

Figure 1.12. Banded particles from the tandem co-assembly of HisCol and IdaCol. Adopted from 
Ref. 138. 

Metal mediated self-assembly has allowed the fabrication of crosslinked CMP-based biomaterials. 

Crosslinking enables materials to have the stability and strength to be used as tissue scaffolds. 

Most natural collagen scaffolds are crosslinked before they are seeded with cells. To achieve 

crosslinked materials with CMPs, the linear and radial designs were combined. This combination 

was brought to life in the design of NHBipy, a CMP with a radial bipyridine moiety as well as 

terminal NTA and dihistidine units.140 Upon addition of metal salts to solutions of NHBipy, Pires 

and coworkers observed the formation of highly crosslinked meshes. This morphology has 

similarities to the crosslinked fiber networks of natural collagen. These meshes were easily 

solubilized by the addition of EDTA as in previous metal-based systems. The NHBipy assembly 

process allowed the inclusion of other ligand containing CMPs, as seen in the successful 

production of fluorescent and biotin labelled biomaterials. The ultimate test of NHBipy meshes 
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was in their ability to successfully support cell culture. In their first cell culture experiment, Pires 

and coworkers showed that HeLa cells could be encapsulated when meshes were triggered to form 

in their presence (Fig. 1.13). The encapsulated cells remained viable even after 5 days of culture. 

The ability of the scaffold to be rendered fluorescent allowed selective visualization of the scaffold 

and cells by confocal microscopy. After this period of culture, the cells could easily be retrieved 

by treatment with EDTA and re-cultured.  

 

Figure 1.13. HeLa Cells in NHBipy Meshes. a.) Cells stained with DAPI (Blue) and Meshes 
stained green; b.) CryoSEM of HeLa cells in meshes; c.) Cells stained with calcein AM (Green) 

to show viability. Adopted from Ref. 140. 

The crosslinked design, for metal-mediated CMP self-assembly, was next used to develop more 

complex extracellular matrix mimics.141 CMPs containing the integrin α5β3 binding sequence, 

arginine-glycine-aspartate-serine (RGDS), were co-assembled with NHBipy and Ni2+
 ions. The 

resulting mesh scaffold was able to support the growth of a non-tumor breast epithelial cell line, 

MCF10A. In vivo, epithelial cells form tissue-like structures in the presence of ECM growth 

factors. To recapitulate this phenomenon, octahistidine tagged human epidermal growth factor 
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(hEGF-His8) was immobilized onto from the metal-peptide scaffold. This allowed for the slow and 

controlled release of hEGF-His8. The growth factor releasing RGDS-laden mesh was found to 

promote the organization of MCF10A cells into spheroid structures. This study highlighted an 

important step towards translating CMP-based meshes into scaffolds for tissue engineering. While 

macroscopic CMP-derived tissues are still out of reach, these biomaterials are poised as well 

defined model systems for studying the effect of ECM on complex cellular behaviors. 

1.10 Conclusions 

The field of tissue engineering arose in response to the supply-demand imbalance for organ 

donations. A common approach in this field is to use scaffolds to direct the growth of cells into 

tissue and organoid structures. The choice of materials for the construction of scaffolds is 

paramount for tissue engineering. Various materials classes, like natural proteins, synthetic 

polymers, biocompatible metals, and ceramics have been used. Impressively, tissues like cartilage, 

bone, and skin have been achieved and products for each have found their way into clinical practice. 

These successes validate the approach of scaffold-based tissue engineering. However, important 

challenges must be solved for continued innovation. To construct larger tissues and whole organs, 

scaffolds need to either have a blood supply or some other method to promote nutrient distribution. 

The extracellular matrix plays a key role in promoting the formation of the complex cellular 

networks that make up the blood supply. As such, understanding the natural ECM can allow us to 

design biomaterials for complex tissue engineering. Peptide based biomaterials can capture the 

complexity of the ECM while maintaining simplicity in their synthesis. Peptides mimicking 

collagen, the major component of the ECM, are especially suited for this purpose. The self-

assembly of collagen mimetic peptides (CMPs) is an elegant way to produce biomaterials 

containing bioactive sequences and secondary structures. Of the known self-assembly processes, 

metal ion mediated approaches has been successfully used to construct CMP-based materials for 

use in cell culture. This method is thus an excellent choice for constructing model systems to study 

complex cellular behavior like the organization of endothelial networks during blood supply 

formation. Understanding the factors controlling metal ion promoted CMP assembly and testing 

the bioactivity of the resultant materials will open the door for complex tissue engineering. The 

age of synthetic organs awaits! 
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 THE SELF ASSEMBLY OF A CELL ADHESIVE 
COLLAGEN MIMETIC PEPTIDE 

2.1 Introduction 

Endothelial cells form the inner wall of blood vessels and capillaries.1 They form a single cell thick 

barrier, called the endothelium, to prevent the spillage of blood and direct its flow through a vessel. 

Around the endothelium, a layer of extracellular matrix proteins, called the basement membrane, 

acts a support to give the structure a tubular shape. When a wound or other environmental cue 

disrupts the basement membrane, cells migrate out of the endothelium and into the newly created 

opening. Exposed to a higher amount of extracellular matrix proteins, these migrating endothelial 

cells activate the process of angiogenesis, the sprouting of new blood vessels.2  

 

In vitro, aspects of angiogenesis can be captured in an assay called endothelial cell network/tube 

formation.3 Here, endothelial cells are plated on a gel of basement membrane extract, most 

commonly matrigel or geltrex, and exposed to angiogenic cues, like vascular endothelial growth 

factor (VEGF). In response, the cells begin to elongate, form connections with each other, migrate 

along the gel surface, and adhere to the surface as needed. The result is a network of tube- or 

capillary-like structures which bear a resemblance to blood capillaries in vivo. Understanding the 

workings of this morphogenetic phenomenon can allow development of biomaterials in the field 

of tissue engineering. Tissue engineers seek methods for vascularization in tissue constructs to 

allow efficient nutrient diffusion and prevent cell death in thicker tissues.4 In vivo, this is 

accomplished by the network of blood vessels, which carry nutrients to all tissues and organs. As 

such, promoting angiogenesis in synthetic tissue constructs may open the door for organ 

engineering. 

 

Collagen I, the most abundant component of the basement membrane, can be formed into fibrous 

gels in vitro that support endothelial cell network formation through the action of VEGF and other 

growth factors.5 Senger and co-workers found that these growth factors upregulate the expression 

of the collagen binding protein, integrin α2β1.6,7 Further experiments revealed that antibodies 

binding integrin α2β1 prevented the process of endothelial network formation.8 Similarly, Fields 

and coworkers showed that peptides containing the sequence GFOGER, the collagenous binding 



 
 

49 

site for integrin α2β1, prevented the process as well.9 These studies showed that binding between 

the collagen gel and integrin α2β1 was important to promote tube formation. Since other integrin 

binding molecules, like antibodies and peptides, did not promote the morphogenetic process, it 

was hypothesized that the collagen-integrin interaction was not a scenario of simple complex 

formation. Instead, the process was thought to require both binding and clustering of integrin α2β1 

on cell surfaces.10 As such, collagen fibers were hypothesized to be a polyvalent ligand, containing 

many copies of the GFOGER sequence, to promote receptor clustering of integrin α2β1. In support 

of this hypothesis, Whelan and Senger showed that a system of two antibodies, designed to cluster 

integrin α2β1 on cell surfaces, could trigger actin stress fiber formation, a hallmark of elongating 

endothelial cells.8 Furthermore, Turner et al achieved endothelial network formation through the 

usage of polyvalent antibody presenting particles.10 While each of these studies offer strong 

validation for the receptor clustering hypothesis, a direct demonstration of network induction by 

polyvalent presentation of GFOGER peptide, as would be the case with natural collagen fibers, is 

lacking. As an extension of exploring this avenue, biomaterials presenting polyvalent GFOGER 

may become the material of choice for vascularized tissue engineering. 

 

Metal-ion promoted linear self-assembly of collagen mimetic peptides (CMPs) results in materials 

displaying regular polyvalent patterns.11,12,13 Triple CMPs, equipped with metal binding ligands at 

their termini, self-associate due to a metal ion trigger. Potentially, this process, if performed with 

a CMP incorporating the GFOGER sequence, can produce the desired biomaterials for integrin 

clustering and endothelial network formation. First shown with the peptide, NCoH, this self-

assembly process was used to produce microflorettes, ruffled particles which could be used to 

encapsulate and release proteins with spatiotemporal control.11,12 Later, the co-assembly of the 

linearly designed peptides, HisCol and IdaCol, with metal ions resulted in petal-like materials 

displaying a banding pattern.13 When stained with uranyl acetate for transmission electron 

microscopy, these particles showed thin negatively stained sections occurring every 9-10 nm. This 

length correlated well with that of a collagen-like triple helix formed from the peptides used. As 

such, the particles could truly be described as displaying the HisCol and IdaCol sequences in a 

polyvalent manner. Inspired by this previous result, we explored the metal-ion mediated linear 

assembly of a GFOGER containing CMP, NCoH-FOGER. In this chapter, we present the synthesis 
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of NCoH-FOGER, and its characterization, self-assembly, and evaluation for endothelial network 

formation.  

2.2 NCoH-FOGER 

The core of the NCoH-FOGER peptide is made up of the cell-adhesive GFOGER sequence, 

flanked by repeat POG sections for promoting triple helix formation (Fig. 2.1).  At the C- and N-

termini, respectively, NCoH-FOGER was constructed with dihistidine and nitrilotriacetic acid 

(NTA) motifs. These would enable metal-dependent self-assembly in a linear head-to-tail manner. 

Based on this, we hypothesized that the resulting assembled materials would exhibit a regular 

polyvalent pattern of cell adhesive ligands to promote integrin clustering. 

 

Figure 2.1. The design of NCoH-FOGER; yellow circles are metal ions. 
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2.3 Results and Discussion 

2.3.1 Synthesis of Protected Nitrilotriacetate 3 

A protected nitrilotriacetate, 3, was synthesized for use in solid phase peptide synthesis. The two-

step known procedure begins with amine alkylations with the commercially protected glutamate 

derivative, 1 (Fig. 2.2).14 Tert-butyl bromoacetate was added dropwise to a solution of 1 in 

acetonitrile. The stirring reaction was then heated to 70 °C and left for 19h. Work-up and 

purification yielded the intermediate 2 in moderate yields. Hydrogenolysis in ethanol (EtOH) was 

then used to remove the benzyl protecting group to produce 3 in good yield. 

 

Figure 2.2. Synthesis of protected nitrilotriacetate 3 

2.3.2 Synthesis of NCoH-FOGER 

Fmoc-based solid phase peptide synthesis (SPPS) methods were used to prepare NCoH-FOGER.15 

Rink Amide Chem-matrix resin, made of primarily polyethylene glycol, was used due to its higher 

swelling capacity, a factor known to increase yield in SPPS.16 The coupling reagents 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide 

hexafluorophosphate (HATU), and 1-hydroxy-7-azabenzotriazole (HOAt) were used in the 

synthesis, with 2 hour couplings. Either the Kaiser-Ninhydrin test, for primary amino acid, or the 

chloranil method, for proline residues, was used to validate complete coupling.17,18 Fmoc-

protecting groups were removed with 25% piperidine in DMF for 30 minutes.  After completion 

of the sequence, the washed resin was treated with a cocktail of 95% trifluoroacetic acid (TFA), 

2.5% water, and 2.5% tri-isopropylsilane (TIPS) to release the peptide from the resin with 

concomitant protecting group removal. Reverse phase high performance liquid chromatography 

(RP-HPLC) was used to purify the peptide to homogeneity. Matrix assisted laser 
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desorption/ionization mass spectrometry (MALDI MS) was used to confirm the peptide structure. 

Analytical RP-HPLC showed that the purified NCoH-FOGER had greater than 98% purity. 

2.3.3 Confirmation of the Triple Helicity of NCoH-FOGER 

The circular dichroism spectrum of NCoH-FOGER was determined in 3-N-morpholinopropane 

sulfonic acid (MOPS) buffer at pH 7.4. A strong positive ellipicity was observed at 225 nm, 

indicating a polyproline type II helix (Fig. 2.3).19 A collagen-like triple helix consists of a trimer 

of polyproline type II helices. This type of a structure is known to display cooperative unfolding.19 

We monitored the ellipicity at 225 nm as a function of temperature. The resulting curve showed 

sigmoidal character, indicating cooperativity, with a transition melting temperature (Tm) at 30 °C 

(Fig. 2.4). Similar studies were performed with peptide dissolved in buffered aqueous methanol. 

The triple helix is known to be highly stable in aqueous methanol.20 This may be due to the lower 

competition from the solvent for the hydrogen bonds that hold the structure together.21 The CD 

spectrum in aqueous methanol was nearly identical to that in aqueous solution (Fig. 2.3). 

Temperature dependent CD spectroscopy showed a cooperative transition with a Tm value of 52 °C 

in aqueous methanol, indicating significant stabilization of the folded structure in methanol (Fig. 

2.4). These CD spectral characteristics and the thermal stabilization of NCoH-FOGER in aqueous 

methanol are consistent with a triple helical structure, although in aqueous buffer, the triple helix 

seems weakly stable.  
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Figure 2.3. Circular dichroism of NCoH-FOGER in water and aqueous methanol 

 
Figure 2.4. Temperature dependent circular dichroism of NCoH-FOGER in water and aqueous 

methanol 

We next interrogated the tentative triple helical structure by a combination of analytical 

ultracentrifugation (AUC) and native ion-mobility spectrometry (IMS) to measure the 

oligomerization states of NCoH-FOGER in 20 mM MOPS and 20 mM ammonium acetate, 
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respectively. AUC, a technique previously used for other triple helices, revealed solution state 

species with masses of 9.15 and 6 KDa (Fig. 2.5).20 These corresponded to the expected trimer and 

a dimer with a ratio of about 2 to 1 in MOPS buffer. At lower concentrations of peptide, however, 

only larger masses (>10 kDa) were observed and given that these could not be assigned, optical 

artefacts in the AUC data were suspected.22 Native IMS, previously used by the groups of 

Wennemers and Poully to study triple helices, was therefore also employed and confirmed the 

presence of dimer and trimer across a range of concentrations (Fig. 2.6 and Fig. 2.7).23,24 Relative 

abundance calculations agreed with the 2 to 1 ratio of trimer to dimer (Fig. 2.8). Put together, CD, 

AUC, and IMS suggest that NCoH-FOGER is capable of forming a triple helical structure, but, 

also to lesser extent, a dimeric species. Dimeric species have been detected previously by real-

time NMR investigations of collagen peptide folding.25 Templated collagen peptide double helices 

have been shown to be stable if the non-templated peptides are capable of forming a triple helix.26 

Perhaps, NCoH-FOGER, while predominantly triple helical, is capable of forming a double helix. 

 

Figure 2.5. Analytical ultracentrifugation of NCoH-FOGER shows a dimer and trimer 
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Figure 2.6. Ion mobility mass spectroscopy shows a trimer with a charge of 5 

 

Figure 2.7. Ion mobility mass spectroscopy shows a dimer with a charge of 3 
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Figure 2.8. Relative abundances of dimer and trimer peaks by ion-mobility spectrometry. 

2.3.4 Metal Mediated Self Assembly of NCoH-FOGER 

To determine if NCoH-FOGER was capable of metal ion dependent self-assembly, the process 

was monitored with absorbance and dynamic light scattering.  

 

Transition metal salt solutions were added to MOPS buffered solutions of NCoH-FOGER. Upon 

addition of Zn(II), Cu(II), or Co(II) ions, turbidity was observed within 1 min (Fig. 2.9). This 

behavior was not observed with the addition Ni(II) ions. To further confirm that metal ions were 

involved in the assembly process, ethylenediamine-tetraacetic acid (EDTA), a competing metal 

chelator, was added to the solution (Fig. 2.10). Upon addition of EDTA to the Zn(II) assembly was 

found to decrease the turbidity observed in the solution to that of the buffer, indicating that metal 

chelation is important in the assembly process. 
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Figure 2.9. Solution turbidity due to precipitation of NCoH-FOGER (1 mM) assemblies with 

metal ions (300 M) in 20 mM MOPS overnight. 

 

Figure 2.10. EDTA (10 mM) eliminates assembly associated turbidity. 
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Dynamic light scattering analysis showed that under conditions where turbidity was observed, 

hydrodynamic radii were found to be greater than a micron with a high polydispersity (Fig. 2.11). 

The sizes observed are outside the range in which this technique can be considered accurate so this 

data was used to qualitatively confirm that a large precipitate had, in fact, formed within the 

solution. The hydrodynamic radius of the unassembled peptide in solution was found to be about 

4 nm, which is in agreement with previously reported peptides.11, 23 Upon addition of Ni(II), we 

observed that the hydrodynamic radius increased to about 13 nm. This is perhaps due to a much 

lower level of self-assembly in solution that does not yield an isolable precipitate. 

 

Figure 2.11. Dynamic Light Scattering of NCoH-FOGER (1 mM) with metal ions (300 M) in 
20 mM MOPS overnight. 

Scanning electron microscopy (SEM) was used to observe the morphology of precipitated 

assemblies. These precipitates were centrifuged, washed to remove buffer, and dried onto 

coverslips for analysis. SEM revealed that the precipitates consisted of petal-like or fibrillar 

particles, regardless of whether Zn(II), Co(II) or Cu(II) was used (Fig. 2.12). These structures can 

be characterized as being elongated with tapered ends.  
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Figure 2.12. SEM Images of Assemblies formed from NCoH-FOGER (1 mM) in 20 mM MOPS 
Buffer (pH 7.4) overnight with 300 M (a) Co(NO3)2, (b) CuSO4, and (c) ZnCl2. 

To further observe the fine structure of the particles, transmission electron microscopy (TEM) was 

employed (Fig. 2.13). Negative staining with uranyl acetate revealed that the assemblies display a 

banding pattern occurring with a periodicity of 9-10 nm. This pattern was thought to be a result of 

the linear arrangement of triple helices, each having a length between 9 and 10 nm. This length is 

similar to that observed for other collagen mimetic peptides with the same number of residues.13 

This possible linear arrangement of peptides also suggests that cell adhesive motifs will be 

displayed in 10 nm intervals at the surface of the particles. 
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Figure 2.13. TEM Images of Assemblies formed from NCoH-FOGER (1 mM) with ZnCl2 (300 
M) in 20 mM MOPS Buffer overnight. 

To get a better understanding of the self-assembly process, the morphology of assemblies was 

determined as a function of metal ion and peptide concentrations. These studies were done with 

Zn(II) and Co(II) ions. Some general trends were observed in each case. When very low 

concentrations (lesser than or equal to 300 M) of both NCoH-FOGER and metal ions were used, 

no assembly occurred. This results indicate threshold concentrations below which defined particles 

do not seem to form.  With Zn(II) ions, peptide concentrations had to be higher than metal ion 

concentrations in order to get defined particles. When the opposite was true, only amorphous 

precipitates were observed. In a phase diagram of NCoH-FOGER concentration and Zn(II) 

concentration, a region was observed where fibrillar particles were formed (Fig. 2.14 and Fig. 

2.15). Within this region, increasing metal ion concentration seemed to decrease the length of the 

observed particles, although a large polydispersity was observed with this metal ion. At very high 

peptide concentrations, different particles, with blunt ends and multiple layers, were observed 

instead of fibrillar particles. We called entities with this morphology layered particles. With Co(II) 

ions, only amorphous and fibrillar morphologies were observed (Fig. 2.16. and Fig. 2.17). In 

general, increasing Co(II) or NCoH-FOGER concentrations seemed to decrease particle length 

(Tables 2-1 and 2-2). 
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Figure 2.14. Phase diagram of NCoH-FOGER concentration and zinc chloride concentration 
showing morphologies achieved at different conditions. 

 

Figure 2.15. (a.) Layered particles from the assembly of 1.5 mM NCoH-FOGER and 300 M 
ZnCl2 in MOPS buffer; (b.) Fibrillar particles from the assembly of 1 mM NCoH-FOGER and 

300 M ZnCl2 in 20 mM MOPS. 
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Figure 2.16. For all assemblies, 300 M Co(NO3)2 and 20 mM MOPS was used. NCoH-FOGER 
was varied: (a.) 300 M, (b.) 600 M, (c.) 1 mM, (d.) 1.2 mM 

 

Table 2-1. Measurements of particle lengths and widths of assemblies made from 300 M 
Co(NO3)2 and different NCoH-FOGER concentrations in 20 mM MOPS buffer overnight. 
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Figure 2.17. For all assemblies, 1 mM NCoH-FOGER and 20 mM MOPS was used. Co(NO3)2 
was varied: a) 200 M, b) 300 M, c) 600 M, d) 1 mM,  e) 1.5 mM. 

 

Table 2-2. Measurements of particle lengths and widths of assemblies made from 1 mM NCoH-
FOGER and different Co(NO3)2 peptide concentrations in 20 mM MOPS buffer overnight. 
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2.3.5 Stabilization of NCoH-FOGER-Co(II) Particles 

In preparing the petal shaped assemblies for biological experiments, we found that they were 

disrupted and dissolved in Dulbecco’s minimal eagle medium (DMEM), which is commonly used 

in cell culture. Regardless of the divalent metal ion used, full solubilization was observed visually 

in DMEM within 30 seconds. Stabilizing the assemblies against dissolution was required to test 

their activity in cell-based assays. As such, we hypothesized that the Co(II) ions within an 

assembly could be oxidized to the exchange-inert Co(III) ions. Previous work has shown that 

chelation with Co(II) and subsequent oxidation of the complexes to Co(III) can be used to 

permanently immobilize hexahistidine-tagged proteins on surfaces.27 Once assemblies from 1 mM 

NCoH-FOGER and 1 mM Co(NO3)2 were formed in 20 mM MOPS buffer, 20 L of 100 mM 

hydrogen peroxide was added. After incubation overnight, the assemblies were isolated by 

centrifugation and washing. To our delight, the oxidation resulted in particles that retained their 

morphological characteristics and were stable when suspended in DMEM (Fig. 2.18). Furthermore, 

the particles could be fluorescent tagged with His6Rhodamine and 1 mM zinc ion in MOPS buffer, 

allowing them to be tracked via fluorescence microscopy. With increased stability and fluorescent 

tagging achieved, we next began experiments with endothelial cells. 
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Figure 2.18. H2O2 oxidized and His6-rhodamine tagged Cobalt(III)-NCoH-FOGER (Each 1 mM 
during preparation) imaged by (a) SEM after being resuspended in DMEM media for 24 h. (b) 

Fluorescence Microscopy of His6-rhodamine tagged Cobalt(III)-NCoH-FOGER particles 
resuspended in DMEM media for 24h. 

2.3.6 Adherence of Cobalt(III)-NCoH-FOGER Particles to Endothelial Cells 

Primary human umbilical vein endothelial cells (HUVEC, ATCC-PCS-100-013) were used in all 

cell-based experiments. The adherence of self-assembled particles to HUVEC was tested in media 

supplemented with 10% fetal bovine serum. When HUVEC cells were incubated with NCoH-

FOGER cobalt assemblies in serum supplemented DMEM media, we observed that the cells 

interacted and bound to the His6Rhodamine labelled particles. The cells had been stained for 

viability with calcein AM (Fig. 2.19). 
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Figure 2.19. His6Rhodamine tagged NCoH-FOGER Co(III) Assembly (red channel) adhered to 
200,000 Calcein AM stained HUVEC Cells (Green Channel) in DMEM with 10% FBS. 

2.3.7 HUVEC Network Formation Induced By Cobalt(III)-NCoH-FOGER Particles 

When fetal bovine serum was included in the culture media, endothelial cell network formation 

did not occur and instead cells appeared to simply interact with the cobalt(III)-NCoH-FOGER 

materials. It is notable that Whelan and Senger excluded serum in their experiments of type 

collagen induced endothelial cell morphogenesis.8 In Boyden chamber assays, fetal bovine serum 

is often used as a positive control to indicate cell migration.28 We hypothesized that the serum may 

be acting to enhance the migration of the cells to a degree that abrogates network formation. To 

test the possibility of endothelial cell tube formation, serum was excluded in our next experiments.   

 

When HUVEC were incubated with the assemblies in serum free DMEM media, we observed the 

formation of networks of elongated cells within 4h (Fig. 2.20). This morphology resembled 

previously reported tube-like structures that formed when a monolayer of cells was treated with 
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collagen I in similar serum free conditions.8 Senger and coworkers have suggested that such 

structures are formed as a result of integrin clustering and signaling.8 The network formation did 

not occur in the absence of the peptide assemblies. The observation of this behavior with our 

materials suggests that a similar morphogenetic process could be occurring. When conducted with 

rhodamine tagged assemblies, the tubes seemed to have lower quality suggesting the rhodamine 

might be sterically blocking the integrin binding sites. Nevertheless, tube-like structures did form 

and the fluorophore allowed us to confirm that the cells were, in fact, bound to the material. Control 

experiments showed that the morphogenesis was not induced by non-oxidized assembly, soluble 

peptide, or Co(NO3)2 alone (Fig. 2.21). As observed qualitatively through calcein staining, there 

was not any apparent loss of viability. As such, this study may be a true demonstration of 

endothelial network formation by polyvalent presentation of GFOGER sequences. This adds 

support to the hypothesis that collagen, through polyvalent GFOGER sequences, induces integrin 

clustering during endothelial morphogenesis. 



 
 

68 

 

Figure 2.20. HUVEC network formation in serum free DMEM induced by a.) NCoH-FOGER-
Co(III) assemblies and (b.) His6-rhodamine labelled assemblies; A sample without any material, 

(c.), did not form networks.  

 

Figure 2.21. HUVEC network formation in serum free DMEM was not induced by controls: a.) 
200 M NCoH-FOGER, (b.) 200 M Co(NO3)2, c.) non-oxidized NCoH-FOGER-Co(II) 

assemblies 
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2.3.8 Actin Staining in Endothelial Cells 

In previous studies, the early stages of endothelial tube formation was shown to be correlated with 

actin polymerization.8 To interrogate this, we fixed and stained cells undergoing morphogenesis 

with FITC-phalloidin, which is selective for F-actin. Fluorescence microscopy revealed that the 

cells treated with NCoH-FOGER-Cobalt(III) assemblies displayed long actin fibers. In untreated 

cells, the green fluorescence seemed to localize near the nuclei of cells (Fig. 2.22). This data is 

similar to that observed previous for untreated cells and those treated with type I collagen.8 Taken 

together, this suggests that the shape changes observed are perhaps driven by actin polymerization. 

This lends support to establishing that the morphogenesis observed here may be similar to that 

seen by Senger and Coworkers. 
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Figure 2.22. Cells stained with actin stained with FITC Phalloidin (Green) and nuclei stained 
with Hoescht 33342 dye (blue). (a.) Cells treated with NCoH-FOGER-Cobalt(III) assemblies in 
serum free DMEM show actin networks stained green with FITC-phalloidin. (b.) Untreated cells 

in serum free DMEM show green fluorescence only around nuclei. 

2.3.9 Experiments with a More Stable Peptide, NCoH-FOGER-8 

Because NCoH-FOGER was not a very stable triple helix in aqueous buffer, we decided to design 

and synthesize a more stable analog, NCoH-FOGER-8 (Fig. 2.23). To achieve higher stability, 

NCoH-FOGER was designed with one more Pro-Hyp-Gly unit, in accordance with previous 

literature showing that longer collagen peptides are more stable.29  
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Figure 2.23. NCoH-FOGER-8, a longer analog of NCoH-FOGER 

After solid phase peptide synthesis, NCoH-FOGER-8 was studied by circular dichroism 

spectroscopy and showed the spectral characteristics of a polyproline type II helix (2.24). In 

temperature dependent circular dichroism experiments, sigmoidal behavior was observed and a Tm 

of 35 oC (Fig. 2.24). This indicated the possible triple helical behavior of NCoH-FOGER-8. 

 

Figure 2.24. CD spectrum and melting curve for 100 uM NCoH-FOGER-8 in 20 mM MOPS 
buffer shows a Tm of 35 oC. 

Metal triggered self-assembly of NCoH-FOGER-8 resulted in fibrillar particles (Fig. 2.25). NCoH-

FOGER-8-Co(II) particles could be oxidized with hydrogen peroxide and retained their 

morphology after incubation in DMEM media overnight. Transmission electron microscopy 

revealed that NCoH-FOGER-8 displayed a periodic banding pattern (Fig. 2.26). 
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Figure 2.25. NCoH-FOGER-8 (1 mM) assembled with 1 mM (a) ZnCl2, (b) CuSO4, and (c) 
Co(NO3)2 in 20 mM MOPS buffer. The cobalt (II) assemblies were oxidized with H2O2 to cobalt 

(III), resuspended in DMEM media overnight, and then imaged (d.). 
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Figure 2.26. TEM of NCoH-FOGER-8 (1 mM) assembled with 1 mM (a) Co(NO3)2, (b) CuSO4, 
and (c) ZnCl2 in 20 mM MOPS Buffer. 

In endothelial network formation assays, NCoH-FOGER-8 seemed to form networks but they were 

of lower quality than those formed with NCoH-FOGER (Fig. 2.27). 
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Figure 2.27. Endothelial Cells in serum free DMEM treated with a.) NCoH-FOGER-8 
Cobalt(III) assemblies and b) not treated. 

2.4 Conclusion 

The peptide, NCoH-FOGER, can self-assemble into fibrillar particles, layered particles, and 

amorphous morphologies when triggered by metal ions. With fibrillar particles, a periodic banding 

pattern was observed by TEM. With cobalt ions, these particles can be stabilized against 

dissolution through oxidation from Co(II) to Co(III). These stabilized particles can be labelled with 

His-tagged dyes and visualized by fluorescence microscopy. These particles display the GFOGER 

sequence in a polyvalent manner. When added to a monolayer of serum starved endothelial cells, 

capillary-like networks are formed. With a cobalt(III) assemblies of a longer peptide, NCoH-

FOGER-8, formed networks of lesser quality than NCoH-FOGER. In literature, the polyvalent 

presentation of GFOGER by collagen fibers is thought to cause integrin clustering and subsequent 

network formation in endothelial cells. The demonstration of a similar process in a synthetic 

polyvalent biomaterial adds support to this hypothesis. Future experiments will focus on 

immobilizing these particles on surfaces. This may allow for the fabrication of scaffolds for 

vascular tissue engineering. 

2.5 Materials and Methods 

Materials Fluorenylmethyloxycarbonyl (Fmoc) protected amino acids were purchased from 

ChemPep Inc. Hexafluorophosphate azabenzotriazole tetramethyl uranium (HATU), 1-

hydroxyazabenzotriazole (HOAt), and N,N’-diisopropylethylamine (DIEA) were purchased from 

Chem Impex International Inc. ChemMatrix Rink Amide resin was purchased from PCAS 
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Biomatrix Inc. Trifluoroacetic acid (TFA), triisopropylsilane (TIPS), diethyl ether, and piperidine 

were purchased from Sigma Aldrich. Dichloromethane (DCM), methanol (MeOH), and N,N’-

Dimethylformamide (DMF) were purchased from Fisher. His6Rhodamine was procured as a gift 

from Dr. Monessha Nambiar. Primary HUVEC, vascular cell media, and endothelial growth kit-

VEGF were purchased from the ATCC. FITC-phalloidin was purchased from Abcam. DMEM 

media and fetal bovine serum was purchased from Thermo Fisher Scientific. 

 

Synthesis of Nitrilotriacetate Intermediate 2. Compound 2 (650 mg, 92% yield) was obtained 

as a yellowish oil using a reported procedure.14 1H NMR (300 MHz, CDCl3): s, 4HJ 

= 12 Hz, d, 1H), m, 2H), m, 2H), s, 27H). 

 

Synthesis of Nitrilotriacetate 3. Compound 3 (650 mg, 92% yield) was obtained as a yellowish 

oil using a reported procedure.14 1H NMR (300 MHz, CDCl3): s, 4HJ = 12 Hz, d, 

1H), m, 2H), m, 2H), s, 27H). 

 

General Peptide Synthesis Peptides were prepared using standard Fmoc-based synthesis 

techniques utilizing ChemMatrix Rink Amide resin. Four equivalents of Fmoc protected amino 

acids were coupled to 1 equivalent of resin (200 mg, 0.22 mmol/g) using HATU (4 eq), HOAt (4 

eq.) and DIEA (8 eq) dissolved in DMF (20 mL). The amino acid and reagents were dissolved in 

DMF and the resulting yellow solution was added to the resin and agitated for 2 hours at room 

temperature. Afterwards, the resin was washed thrice with 15 mL each of DMF, DCM, MeOH, 

and then re-swollen with DCM. To deprotect the Fmoc group, the resin was suspended in 25% 

piperidine in DMF (20 mL) and agitated for 25 minutes. Following this reaction, the resin was 

washed give details. The ninhydrin-Kaiser test was used to detect free primary amines and the 

chloranil test was used to detect free secondary amines. Upon completion of the amino acid 

sequence, NTA (4 eq.) was coupled to the N-terminus using HATU (4 eq.), HOAt (4 eq.), and 

DIEA (8 eq.) in 20 mL DMF for 2 hours. Afterwards, the resin-bound peptide was washed with 

15 mL each of DMF, DCM, and MeOH and dried under reduced pressure. The peptide was cleaved 

from resin using 15 mL of a cocktail of TFA/TIPS/H2O (95: 2.5: 2.5) for 1 hour. The reaction 

mixture was filtered through a frit. The filtrate was concentrated under reduced pressure and the 

crude peptide was precipitated by addition of cold diethyl ether (20 mL). The precipitate was 
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collected via centrifugation and the pellet was dried under reduced pressure. The crude product 

was dissolved in water and purified by semi-preparative RP HPLC using a Luna C18 (250 x 21.20 

mm, 100 Å pore size, 10 micron, Phenomenex) column. NCoH-FOGER was purified using a 60 

min. gradient of 5-50% solvent A (0.01% TFA in acetonitrile) in solvent B (0.01% TFA in water) 

at a flow rate of 12 mL per minute (Rt = 23.2 min., Rf  = 0.39). NCoH-FOGER-8 was purified using 

a 60 min. gradient of 5-80% solvent A in solvent B at a flow rate of 12 mL per minute (Rt = 16.5 

min., Rf  = 0.29). The products were detected by absorbance at 214 nm. Peptide containing fractions 

were identified using MALDI-TOF mass spectrometry (NCoH-FOGER: calculated: 3066.37, 

experimental: 3066.4; NCoH-FOGER-8: calculated: 3333.46, experimental: 3331). Product 

containing fractions were combined, concentrated under reduced pressure and lyophilized to 

provide NCoH-FOGER in 99% purity (HPLC, 30 min. gradient of 5-50% solvent A in solvent B, 

1.2 mL/min., Rt = 15.8 min., Rf  = 0.53) and NCoH-FOGER-8 in 98% purity (HPLC, 30 min. 

gradient of 5-80% solvent A in solvent B, 1.2 mL/min., Rt = 13.2 min., Rf  = 0.44). 

 

Circular Dichroism All circular dichroism (CD) experiments were conducted using a JASCO J-

810 spectropolarimeter, equipped with a PFD-425S Peltier temperature control unit. Peptide 

Stocks (10 mM in filtered water) were thermally annealed by heating at 90oC for 1h followed by 

slow cooling to room temperature. After overnight incubation in a fridge (~4oC), samples were 

prepared to contain 250 M of each peptide in 20 mM MOPS. These buffered samples were 

incubated for another 24 h at 4oC and placed in a 0.1 cm path-length quartz cuvette for CD 

experiments. Spectra were collected, at room temperature, as an average of 3 scans between 190-

260 nm (0.1 nm data pitch, 1 nm bandwidth, 100 nm/min scan rate, and 1 second response time). 

For temperature dependent experiments, spectra were collected similarly after 5 minute 

equilibration periods at different temperatures. The signal at 225 nm was plotted as a function of 

temperature to discern melting behavior. The transition melting temperature (Tm) was found using 

from analysis of the first derivative plots (Change in signal vs. temperature). 

 

Metal-Ion Promoted Self-Assembly To a 1.5 mL polypropylene centrifuge tube was added, in 

the given order, 3-(N-morpholino)propanesulfonic acid (MOPS) buffer stock (20 L, 100 mM, 

pH=7.4), filtered milliQ water, peptide stock (10 mM in water), and metal salt solutions (10 mM 

in water). Upon mixing, the tube was capped and incubated at room temperature for 16 h. For all 
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experiments, the final concentration of MOPS buffer was 20 mM. The amount of water, peptide, 

and metal ion solutions were varied to give the desired final conentrations in a total volume of 100 

L. If oxidation was needed, 20 L of H2O2 (100 mM in water) was added, after the 16 h incubation 

period, directly to the suspension, containing cobalt-peptide assemblies, to give a total volume of 

120 L. These samples were incubated at room temperature for another 24 h. After incubation, the 

precipitate-containing samples were centrifuged at 10,000× g for three minutes at 4 °C, and the 

supernatant was removed. Solids were re-suspended in water (100 μL), and this process was 

repeated two more times. The solids were then prepared as needed for use in further experiments. 

 

Turbidity Measurements Assemblies were prepared as described above in a polystyrene 96 well 

plate instead of centrifuge tubes. For the non-assembled sample, NCoH-FOGER was diluted to 

the desired concentration without addition of any metal salts. EDTA was added to a final 

concentration of 10 mM in the relevant sample. After incubation at room temperature for 16 h, the 

absorbance was measured at 360 nm using a Tecan Infinite F-Plex plate reader. Samples with high 

absorbance indicated the presence of suspended solid, which caused the observed turbidity. 

 

Dynamic Light Scattering Assemblies were prepared in centrifuge tubes as described above. For 

the non-assembled sample, NCoH-FOGER was diluted to the desired concentration without 

addition of any metal salts. After the 16 h incubation period, the solutions were moved into plastic 

cuvettes and placed into the sample holder of a ZetaSizer Nano ZS instrument with temperature 

set to 25 °C. Dynamic light scattering (DLS) was measured and the volume size distributions were 

obtained by analyzing correlation functions with the multiple spherical modes algorithm. 

 

Scanning Electron Microscopy Assemblies were prepared as described and re-suspended in 100 

L of DI water. Glass coverslips were affixed to stainless steel stubs using double sided copper 

tape. Five microliters of assembly suspension (in water) was placed on top of the affixed coverslips 

and allowed to air dry. Prior to imaging, these samples were sputter coated with platinum for 60 

seconds. An FEI-Nova NanoSEM field emission microscope was used to analyze samples. Images 

were collected using a spot size of 3, accelerating voltage of 5 kV and 30 m aperture. 
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Transmission Electron Microscopy After preparation, assemblies were suspended in 100 L of 

water. Three microliters of these samples were placed onto carbon/formvar coated 400-mesh 

copper grids, which had been glow discharged. These were allowed to stand for 3 minutes and 

then blotted using filter paper. The sample grids were then passed through a drop of water 16 times 

followed by passage through a drop of 1% uranyl acetate 16 times. These were then blotted with 

filter paper and allowed to dry under ambient conditions. The sample containing grids were imaged 

using a Tecnai T20 Transmission Electron Microscope using a 100 kV accelerating voltage and 

70 m objective aperture. Measurements in images were done using ImageJ.  

 

Preparation of Rhodamine-tagged Assemblies H2O2-oxidized particles were prepared as 

described as above using 1 mM NCoH-FOGER and 1 mM Co(NO3)2. Afterwards, the particles 

were resuspended in 100 L of 20 mM MOPS buffer containing 1 mM ZnCl2. This mixture was 

allowed to sit at room temperature for 15 minutes and then 2 L of His6Rhodamine (10 mM in 

water) was added. The mixture was incubated at room temperature in the dark for 30 minutes. 

Afterwards, the solid was isolated by centrifugation and washing with water similarly to that for 

metal ion promoted assembly.  

 

Stability of Oxidized Particles Particles were prepared as described and re-suspended in 500 L 

of serum free DMEM media. This mixture was incubated at 37 °C for 24 h in a 1.5 mL centrifuge 

tube. Afterwards, the particles were isolated by centrifugation and washing with water. After 

resuspension in 100 L water, these samples were analyzed by SEM.  

 

Cell Culture Primary HUVEC (ATCC PCS-100-013) were cultured in complete vascular cell 

basal media supplemented with endothelial growth kit-VEGF using protocols described in ATCC 

product sheets.30 

 

Endothelial Cell Experiments Cold Geltrex (1:100 dilution in serum free DMEM) was added to 

each well of a 4-well imaging chamber (700 L per well). The chamber was incubated at 37 °C in 

an incubator for 1 hour and then allowed to cool to room temperature for 30 min. Wells were 

aspirated to remove all traces of solution and then 500 L of vascular cell basal media, 

supplemented with endothelial growth kit -VEGF and penicillin-streptomycin, was added to each 
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well. 200,000 HUVEC were added to each well and cells were allowed to settle and adhere for 16 

h. Media was aspirated and cells in each well were washed three times with phosphate buffered 

saline (PBS). Once washed, 450 of serum free or complete DMEM was added as needed to wells. 

NCoH-FOGER-Cobalt(III)  particles or other desired treatments, diluted in 50 L of 

identicalmedia, were added to the cells. After incubation for 4h, 2 L of calcein-AM solution (500 

nM diluted in serum-free DMEM) was added to each well. These samples were imaged using a 

Nikon A1R multiphoton confocal fluorescence microscope (488 nm laser for green fluorescence, 

561 nm laser for red). 

 

Actin Staining HUVEC were prepared and treated with particles or other desired condition in 

DMEM similarly to that described above. After 2h of treatment, 500 L of 8% paraformaldehyde 

in PBS was added directly to cells in media. The cells were fixed for 10 minutes and then all wells 

were aspirated. Wells were washed once with 500 L PBS to remove residual paraformaldehyde 

and 500 L of 1X Phalloidin FITC working solution (1:1000 dilution of AbCam 1000X Phalloidin-

FITC in PBS containing 1% bovine serum albumin, 0.1% Triton-X-1000, and 1 M Hoescht 

33342  dye was added. Samples were stained for 1 hour. Afterwards, all solutions were aspirated 

and wells were washed twice with 500 L of PBS. 500 L of fresh PBS was used as a mounting 

media for imaging using a Nikon A1R multiphoton confocal fluorescence microscope (405 nm 

laser for blue fluorescence; 488 nm laser for green fluorescence). 
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 THE SELF ASSEMBLY OF A FLUORINATED 
COLLAGEN MIMETIC PEPTIDE 

3.1 Introduction 

Fluorine substitution is an established method to stabilize triple helical peptides against thermal 

unfolding.1 Most collagen mimetic peptides have a core made up of a three-residue repeat, Gly-

Xaa-Yaa.2 The most common residue in the Xaa position is trans-4-hydroxylproline (Hyp). When 

the hydroxyl group in this residue is replaced with fluorine, peptide triple helices become ultra-

stable.1 The usage of the resulting fluorine substituted amino acid, trans-4-fluoroproline (Flp), in 

the Xaa position has been used to stabilize collagen mimetic peptides (CMPs) that modulate cancer 

cell adhesion.3 

 

Fluorine induced ultrastability in collagen mimetic peptides relies on stereo-electronic effects in 

proline rings.4 Proline rings adopt either an exo or endo ring puckering conformation within 

peptide chains. Both Flp and Hyp residues preferably adopt the exo conformation (Fig. 3.1). The 

antibonding node of C-O and C-F orbitals are good electron acceptors due to the high 

electronegativity of the heteroatoms.5 As such, electron density in nearby C-H bonding orbitals is 

donated into these antibonding nodes. This σ(C-H)→σ* interaction enforces the exo conformation 

in these substituted proline derivatives. 
 

Exo-puckering proline rings pre-organize peptide chains to form a collagen-like triple helix. 

Within a triple helix, each individual chain takes on a polyproline type II conformation, a structure 

held together by n→π* interactions between adjacent carbonyl groups.6 When proline rings adopt 

an exo-pucker, adjacent carbonyl groups are brought closer together than in the endo conformation 

(Fig. 3.1). As such, n→π* interactions between amide carbonyl moieties become more favorable 

in this conformation. This enforces a polyproline type II helix in collagen peptide chains.7 With 

the chains pre-organized in the correct conformation, inter-chain hydrogen bonds, originating in 

glycine residues, can lock in the triple helix.8  
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Figure 3.1. Stability of Collagen Triple Helix 

The experiments detailed in this chapter will explore the effect of fluorine-induced triple helix 

stabilization on the metal-triggered self-assembly of CMPs. Previously, the effect of triple helical 

stability on metal ion-promoted self assembly was explored through varying the number of Pro-

Hyp-Gly repeats.9 Increasing the triplet copy number added more glycine hydrogen bonds and 

bolstered triple helical thermostability. When too few triplets were used, the resulting CMPs didn’t 

assemble in the presence of metal ions. With 9 repeats or greater, assembly did occur and two 

types of morphologies were seen: microflorettes and saddle-like particles. This study pointed out 

the importance of triple helical stability for self-assembly. Fluorine substitution offers a second 

method to explore this trend. The resulting data can guide future designs towards functional 

biomaterials. 
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3.2 NCoH7 and NCoH7F 

To explore the effect of fluorination, we used NCoH7 as a control CMP to make modifications 

with (Fig. 3.2). NCoH7 has a core of 7 Pro-Hyp-Gly repeats, a di-hisitidine moiety at the C-

terminus, and an N-terminal nitrilotriacetate.9 The transition melting temperature (Tm) of NCoH7 

was found to be 25 °C. Previously, this peptide was found to be incapable of self-assembly under 

conditions used for NCoH, a peptide with 9 Pro-Hyp-Gly repeats. Herein, we designed the peptide, 

NCoH7F, in which all Hyp residues were changed to Flp. We hypothesized that the resulting triple 

helix would be significantly more stable and allow the peptide to self-assemble at room 

temperature.  

 

Figure 3.2. The design of NCoH7 and NCoH7F; yellow circles represent metal ions. 

3.3 Results and Discussion 

3.3.1 Synthesis of Fmoc-Seg-OH 

We found that fmoc-trans-4-fluoropyrillidine carboxylic acid performs poorly when used in solid 

phase peptide synthesis (SPPS). To circumvent this, we synthesized an Fmoc-protected tripeptide 

segment, Fmoc-Pro-Flp-Gly-OH (abbreviated as Fmoc-Seg-OH), which can be used to synthesize 

NCoH7F by SPPS using trimeric segements. Fmoc-Seg-OH was prepared in 5 steps from the 

commercially available material, N-benzyloxycarbonyl-trans-4-hydroxyproline (Cbz-Hyp) (Fig. 

3.3). An intramolecular Mitsunobu reaction was used to invert the stereochemistry of the hydroxyl 

group. The resulting lactone, 4, was obtained in moderate yields due to a difficult purification by 
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flash chromatography. Lactone 4 was opened using the tert-butyl ester of glycine to yield 

compound 5. Following this, the cis hydroxyproline residue in dipeptide, 5 was converted to trans 

fluoroproline using diethylamino sulfur trifluoride (DAST). In two steps, the Cbz protecting group 

was removed under hydrogenation conditions to reveal the free amine that was coupled to Fmoc-

Proline to give 7. In the final step, the tert-butyl protecting group was removed from 7 to give 

Fmoc-Seg-OH. This trimeric building block was used in solid phase synthesis to produce NCoH7F. 

 

Figure 3.3. The Synthesis of Fmoc-Seg-OH 

3.3.2 Solid Phase Synthesis of NCoH7F 

Fmoc-based solid phase peptide synthesis (SPPS) methods were used to prepare NCoH7F10 on the 

Rink Amide Chem-matrix resin.11 Amino acids or Fmoc-Seg-OH were coupled using HATU, 

HOAt, and DIEA in DMF. Either the Kaiser-Ninhydrin test, for primary amino acid, or the 

chloranil method, for proline residues, was used to validate the occurrence of amino acid 

coupling.12, 13 Fmoc groups were removed by agitation of the resin in 25% piperidine in DMF for 

30 minutes. Coupling and deprotection reactions were repeated until all of the amino acids in the 

sequence were coupled. To cap the final free amine in the sequence, the protected nitrilotriacetate, 

3, was coupled in a similar manner using HATU, HoAt, and DIEA in DMF. NCoH7F was cleaved 

from resin using trifluoroacetic acid, TIPS, and water. Reversed Phase High Performance Liquid 
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Chromatography (RP-HPLC) was used to purify the molecule. For NCoH7F, peaks with complex 

shapes were seen when the purified compound was injected onto the HPLC instrument. Each of 

these peaks were identified as the peptide by mass spectrometry and if isolated peaks were re-

analyzed, complex shapes were still observed. When a solution of purified NCoH7F, with ethylene 

diamine tetra-acetic acid (EDTA) added, was boiled, cooled, and then analyzed, two peaks were 

observed (Fig. 3.4). These were interpreted as the triple helix and the random coil conformations 

of the NCoH7F peptide. The complex shapes observed before boiling with EDTA are perhaps a 

result of peptide aggregation during the analysis. Each of these cases would be possible with a 

stabilized triple helical peptide. Matrix assisted laser desorption/ionization mass spectrometry 

(MALDI MS) was used to identify the peptide (Fig. 3.4). 

 

Figure 3.4. a.) MALDI-TOF spectrum showing NCoH7F as well as sodium and potassium 
adducts. b.) Purified NCoH7F boiled with EDTA prior to HPLC analysis shows 2 peaks, 

tentatively a random coil and a triple helix. 

The hydroxylated peptide, NCoH7, was procured as a gift from Dr. Marcos Pires. This had been 

prepared as reported previously.9 

3.3.3 Confirming the Triple Helicity of NCoH7 and NCoH7F 

Circular dichroism spectroscopy was used to study the secondary structure of the peptides. Both 

had maximum ellipicities at 225 nm, a characteristic of the type II polyproline helix which each 

chain in a triple helix adopts (Fig. 3.5). Thermal stabilities of each was measured by monitoring 
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ellipicity at 225 nm at increasing temperatures. The melting curves observed for each were shown 

to be sigmoidal, as expected for the cooperative unfolding of a collagen triple helix, and the 

transition melting temperatures were 25 °C and 46 °C for NCoH7 and NCoH7F, respectively. 

These studies showed the possibility of triple helix formation. As expected, the folded fluoro-

proline containing peptide was shown to be significantly more thermally stable as expected. 

 

Figure 3.5. Circular Dichroism of 100 M NCoH7 and 100 M NCoH7F in 20 mM MOPS. 

3.3.4 Metal-Triggered Self Assembly 

Previously, 1 mM NCoH7 did not assemble and form a precipitate with 400 M ZnCl2, the same 

conditions used for a different peptide, NCoH.9 However, it was shown to assemble into an 

amorphous morphology at 1 mM concentration in the presence of 1 mM ZnCl2. We explored 

various conditions for assembly to get a better of this peptide’s assembly properties. Most metal 

ions and conditions either gave no assembly or amorphous aggregates (Fig 3.6). With 1 mM 

NCoH7 and 700 M cobalt nitrate, however, we achieved the formation of fibrillar elongated 

particles (Fig 3.6). Considering that both NCoH7 and NCoH-FOGER, from the previous chapter, 

have a similar cylindroid shape when folded as triple helices, they both should have the ability to 

assemble into similar structure, albeit under different conditions. The formation of fibrillar 

particles from NCoH7 and cobalt ions was a validation of this hypothesis. We used these 

conditions to make direct comparisons of morphology between NCoH7 and NCoH7F assemblies. 
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Figure 3.6. Structures formed with 1 mM NCoH7 and 700 M Co(NO3)2 (a. and b.), 700 M 
ZnCl2 (c.), and CuSO4 (d.) in 20 mM MOPS overnight 

Treatment of NCoH7F (1 mM) with 700 M cobalt nitrate also formed fibrillar particles in 20 mM 

MOPS overnight (Fig. 3.7). These particles were significantly smaller than those formed with 

NCoH7, however. While NCoH7 formed microparticles, NCoH7F formed nanoparticles. Unlike 

NCoH7, NCoH7F was capable of self-assembling at lower concentrations and with smaller 

amounts of metal ions as well. In all cases, metal-ion induced self-assembly of NCoH7F yielded 

similar elongated tapered particles. In addition, NCoH7F was capable of self-assembling without 

metal as well but over a much longer period of time. Metal-free self-assembly occurred over the 

duration of 2 hours while metal-induced self-assembly happened in seconds. The precipitate that 
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resulted from the metal-free self-assembly of NCoH7 had a flattened extended morphology. These 

peptide “flakes” were notably different from the fibrillar particles that were formed in the presence 

of metal. The ability of NCoH7F to self-assemble at lower concentrations than NCoH7 may be a 

result of its triple helical stability. Clearly, formation of a triple helix is important for metal-

triggered self-assembly. A second relevant factor for self-assembly may be hydrophobicity. The 

decoration of a peptide triple helix with fluorine, instead of hydroxyl groups, may render it 

relatively hydrophobic. This hydrophobicity may explain NCoH7F’s additional ability to self-

assemble without the trigger of a metal ion. 

 

Figure 3.7. Side by side comparison of 1 mM NCoH7 and 1 mM NCoH7F assembly with 700 
M Co(NO3)2 (a. and b., respectively); c.) Assembly of 500 M NCoH7F and 500 M 

Co(NO3)2; d.) assembly of 1 mM NCoH7F without any metal over 2h. All assemblies done 
overnight in 20 mM MOPS. 
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TEM allowed us to observe the self-assembled particles with much higher resolution (Fig. 3.8). 

With NCoH7-Co(II) particles, we observed a periodic banding across the surface of the particles 

perpendicular to the long axis (Fig. 3.9). The pattern could be explained by a linear arrangement 

of triple helices. TEM revealed the shape of NCoH7F particles in much higher resolution; however, 

banding was not observed as in NCoH7. The lack of banding is perhaps due to inability to fully 

resolve particles of such a small size using the chosen instrumental setup. 

 

Figure 3.8. Side-by-side comparison of NCoH7 and NCoH7F cobalt(II) assemblies using TEM. 
Samples are stained with 1% uranyl acetate. All assemblies were prepared in 20 mM MOPS 

overnight. 

 

Figure 3.9. Close up of TEM images of NCoH7 assemblies reveals a banding pattern which 
could be the result of a linear assembly of triple helices. 
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3.3.5 A Discussion of Nucleation and Growth 

Nucleation and growth is a two-step mechanism used to describe the formation of crystals, the 

self-assembly of metal-organic frameworks, the solidification of metal melts, and other 

materials.14, 15, 16, 17, 18, 19 Nucleation, the first step, involves the formation of small regions of a 

solid phase within the continuous liquid phase. These nuclei are often unstable and will tend to 

dissolve back into solution due to their small size. The second step, growth, occurs when nuclei 

lasts long enough to become larger and extend into a full domain of the new solid phase. Both 

nucleation and growth will deplete the soluble species which is forming the new solid phase.17 

Crystallization is a classic example of the interplay of nucleation and growth. When a 

supersaturated solution begins to crystallize, discrete nuclei form within the continuous liquid 

phase. If these nuclei are formed too quickly, the concentration of the soluble phase diminishes 

and there is little driving force for growth to occur. The resulting crystals will be very small.17 This 

principle underlies the formation of quantum dot nanocrystals, whose small size is achieved by 

selecting conditions to favor nucleation and minimize growth.15 If very few nuclei are formed and 

further nucleation is hindered, however, the supersaturation of the solution will allow the nuclei to 

grow into large well-formed crystals.17 This method is useful in the formation of metal organic 

frameworks and metallic solids, where large crystals are often desirable.18, 19 Metal organic 

frameworks, usually grown at higher temperatures, are formed under conditions where nuclei and 

crystal defects are rendered soluble. As such, very few nuclei survive long enough to allow for 

growth to occur. The growth of a small number of nuclei results in large well-formed MOF crystals. 

Considering the conceptual similarity of our metal-peptide assemblies to metal organic 

frameworks, we hypothesized that a similar theory could explain our observed results. 

 

The differences of particle size observed between NCoH7 and NCoH7F may be a result of different 

nucleation rates (Fig. 3.10). We hypothesize a scenario in which peptide triple helices with metal 

ions would reversibly self-assemble into a nucleus that could then grow into a full particle if it 

survived long enough. Unfolded random coil chains, at least within this scheme, do no contribute 

to nucleation and growth of assemblies. With NCoH7F, the stability of the triple helix allows for 

rapid nucleation. This rapid nucleation would result in very small particle size, in agreement with 

what is observed. With NCoH7, the triple helix is relatively unstable. As a result, the nucleation is 

slow and much larger particles are formed. This is also in agreement with experimental 



 
 

92 

observations. The inability of NCoH7 to self-assemble at lower concentrations, in comparison to 

NCoH7F, may be explained by the lower rate of nucleation as well. After all, if nucleation does 

not occur, self-assembly would become impossible. While still just a hypothesis, the nucleation-

growth mechanism explains many experimental observables. 

 

Figure 3.10. A Nucleation and Growth Mechanism May Explain the Particle Sizes Observed in 
NCoH7 and NCoH7F assemblies 

3.3.6 Oxidation and Stabilization of Peptide-Cobalt Particles 

Having studied the self-assembly of NCoH7 and NCoH7F, we next gauged the stability of 

assembled particles in phosphate buffered saline, a biologically relevant medium. While NCoH7F-

cobalt assemblies remained insoluble in PBS, assemblies from NCoH7 were seen to immediately 

dissolve. This may be a consequence of NCoH7’s lower triple helix stability. As such, we explored 

the oxidation of these particles by hydrogen peroxide. This would potentially oxidize cobalt (II) to 

the exchange inert cobalt (III) and render the resulting assemblies stable to dissolution.20 An 

oxidation procedure similar to that used for NCoH-FOGER was employed with NCoH7- and 

NCoH7F-Co(II) assemblies. After assembly overnight, 20 L of 100 mM H2O2 was added directly 

to assembly buffers. The suspensions were incubated for another night and then the solids were 
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isolated by centrifugation and washing. These oxidized assemblies were then suspended in PBS. 

Dissolution was not observed visually, indicating that the assemblies were now stabilized. The 

solids were re-isolated from PBS solution after 24 h and observed using electron microscopy. 

Expected morphologies were observed were both NCoH7 and NCoH7F assemblies (Fig. 3.11). 

This indicated that the structures of the particles were resistant to PBS. 

 

Figure 3.11. Oxidized cobalt assemblies of NCoH7 (a.) and NCoH7F (b.) after suspension in 
PBS for 24 h. 

3.4 Conclusion 

The substitution of Flp in place of Hyp within a collagen mimetic peptide core increased triple 

helix stability. In the context of metal triggered self-assembly, fluorination increased the ability of 

a peptide to self-assemble at lower concentrations. Furthermore, NCoH7, a hydroxylated peptide, 

self-assembled into large particles while NCoH7F, a fluorinated peptide, formed much smaller 

particles of a similar morphology. These observations allowed us to postulate that metal triggered 

self-assembly can be considered a nucleation-growth process. 

3.5 Materials and Methods 

Materials Fluorenylmethyloxycarbonyl (Fmoc) protected amino acids were purchased from 

ChemPep Inc. Hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU), 1-

hydroxyazabenzotriazole (HOAt), and N,N’-diisopropylethylamine (DIEA) were purchased from 
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Chem Impex International Inc. ChemMatrix Rink Amide resin was purchased from PCAS 

Biomatrix Inc. Trifluoroacetic acid (TFA), triisopropylsilane (TIPS), diethyl ether, piperidine, 

DAST, triphenylphosphine, DIAD, 10% Pd/C were purchased from Sigma Aldrich. Tert-butyl 

Glycinate Hydrochloride was purchased from Chem Impex International. Dichloromethane 

(DCM), methanol (MeOH), N,N’-Dimethylformamide (DMF), tetrahydrofuran (THF), 

dichloroethane (DCE), and other solvents were purchased from Fisher. 

Synthesis of 4 Cbz-Hyp (1.8 g, 6.6 mmol) and triphenylphosphine (2.1 g, 7.9 mmol) were weighed 

into a 250 mL roundbottom flask. A stir bar was placed in this flask and the system was sealed 

with a rubber septum. A nitrogen line was integrated through a syringe needle that pierced through 

the rubber septum. While stirring, tetrahydrofuran (40 mL) was added using a 50 mL glass syringe. 

Once the solids had dissolved, the reaction was moved into an ice bath and allowed to cool while 

stirring for 30 min. After this, di-isopropyl azodiacarboxylate (1.6 mL, 7.9 mmol) was added 

dropwise. The solution first turned yellow when the addition was started and once most of the 

reagent was added, a white precipitate was observed. The reaction was allowed to stir as the ice 

bath melted and came to room temperature. After stirring at room temperature overnight, the 

solvent was removed in vacuo. Afterwards, the yellow oily crude was dried further under higher 

vacuum. Once dried, a small amount of diethyl ether was added and the crude was sonicated. More 

diethyl ether was added and the crude was further sonicated as need until dissolution was achieved. 

Once the yellow oil had dissolved, a white precipitate, triphenylphoshine oxide, formed. The 

suspension was filtered to remove this solid and the filtrate was dried in vacuo. A minimal amount 

of DCM was used to transfer the crude product onto a column. The product was purified using 

flash chromatography (75 mm column diameter, silica packed to a 5 in. height, 7% diethyl ether 

in DCM was used as an eluent, 100 mL fractions were collected, product was observed starting at 

fraction 11). The product containing fractions were mixed and concentrated. 900 mg of product 4 

was obtained in 57% yield as a white puffy solid. 1H NMR (300 MHz, CDCl3): m, 

5Hm, 2Hbr. s, 1HJ = 12 Hz, t, 2H), J = 12Hz, d, 1H), 

Jz, d, 1H). 

 

Synthesis of 5 Tert-butyl Glycinate Hydrochloride (475 mg, 2.83 mmol) was weighed into a 50 

mL round bottom flask. A stir bar and DMF (8 mL) was added. The suspension was stirred and 

trimethylamine (1.97 mL, 14.16 mmol) was added dropwise. As the base was added, the stirring 
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mixture became even cloudier. This was stirred for 2 hours. The lactone 4 (700 mg, 2.83 mmol) 

was weighed into a separate flask and dissolved in DMF (7 mL). The solution of 4 was added 

dropwise into the stirring suspension of tert-butyl glycinate and trimethylamine. The reaction was 

further stirred for 24 hours. After this, it was poured into deionized water. This aqueous layer was 

extracted thrice with EtOAc. The organic layers were mixed and extracted twice with 5% citric 

acid, once with DI water, twice with 5% sodium bicarbonate, and once again with DI water in this 

order. The organic layer was dried with sodium sulfate, filtered, and concentrated in vacuo to yield 

the product in 65% yield as a yellowish oil (700 mg). 1H NMR (300 MHz, CDCl3): m, 

5Hm, 3Hm, 2HJ = 18 Hz, qd, 1H), m, 1H), m, 2H), 

m, 2H), br. s, 2H), s, 7H). 

 

Synthesis of 6 Dipeptide 5 (700 mg, 1.85 mmol)was dissolved in DCE (10 mL) in a 250 mL round 

bottom flask. The solution was stirred in an ice bath for 20 min. under nitrogen. Diethylamino 

sulfur trifluoride (293.3 L, 2.22 mmol) was then added dropwise using a glass syringe. As this 

reagent was added, the solution began to turn to a cream color and a very small amount of white 

gas evolved. The gas dissipated within a minute of stirring further. The syringe used to add DAST 

was washed with DCM and the washings were collected in a beaker. After this, methanol was 

added to the beaker and used to rinse the syringe in order to neutralize any remaining DAST. The 

reaction was stirred further in the ice bath for between 30 min. and an hour and monitored by thin 

layer chromatography (1:4 DCM:Ether, Starting material remains near the baseline, a side product 

will be observed at the front line, and the desired product will have Rf=0.6). Once the reaction was 

completed, methanol was added to quench any remaining DAST and the solvent was removed in 

vacuo. A minimal amount of DCM was used to load the crude product onto a column. The crude 

was purified using flash chromatography (60 mm diameter, 5 in. silica height, 1:4 DCM:Diethyl 

Ether was the eluent, 30 mL fractions were collected; the product eluted at fraction 22). The 

product containing fractions were mixed and concentrated to give dipeptide 6 (430 mg, 66% yield) 

as a clear oil, which foamed under high vacuum if any residual solvent was present. 1H NMR (300 

MHz, CDCl3): m, 5Hm, 3Hm, 1Hm, 2H), m, 1H), 

m, 2H), br. s, 1H),s, 8H). 19F NMR (300 MHz, CDCl3): -m, 

0.67F),-179.64m, 0.33F). 
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Synthesis of 7 To a flask containing 6 (430 mg, 1.13 mmol), EtOAc (5 mL) and a stir bar were 

added. The flask was swirled to dissolve the gel-like compound. With the solution stirring, 10% 

Pd/C (130 mg, 30 wt%) was added portion-wise. Methanol (5 mL) was added along the sides of 

the flask to wash down the carbonaceous residue. The flask was sealed with a septum, an outlet 

needle was added, and hydrogen gas, from a balloon, was allowed to flush the flask and move out 

through the outlet for 20 seconds. After this, the outlet needle was removed and two balloons of 

hydrogen were affixed. The reaction was monitored by thin layer chromatography (diethyl ether 

was used as the eluent, the starting material Rf=0.7, the product was not UV active but could be 

stained using ninhydrin with heating, the product did not move above the baseline, streaking was 

observed after ninhydrin treatment). After completion, the solution was filtered through celite to 

remove Pd/C and the filtrate was concentrated in vacuo. The product was taken forward without 

any further purification. To the round bottom flask containing this product, DMF (5 mL) and a stir 

bar were added. The flask was swirled to dissolve the residue. While stirring, reagents were added 

in the following order allowing 5 min. in between each: N-methylmorpholine (373 L, 3.39 mmol), 

Fmoc-Pro-OH (381 mg, 1.13 mmol), HOAt (153 mg, 1.13 mmol), and HATU (429 mg, 1.13 

mmol). The reaction was stirred for 4h and deionized water was added. This mixture was poured 

into a separatory funnel and the aqueous layer was extracted thrice with EtOAc. The organic layers 

were mixed and extracted extracted twice with 5% citric acid, once with DI water, twice with 5% 

sodium bicarbonate, and once again with DI water in this order. The organic layers were further 

dried with sodium sulfate and concentrated in vacuo. Flash chromatography was performed (25 

mm diameter, 5 in. silica height, 4:1 EtOAc:Hexanes as the eluent, collecting 20 mL fractions, 

product began to elute at fraction 6). The product containing fractions were mixed and 

concentrated to give 7 as an oily residue. 1:1 Diethyl ether:hexanes was added and the flask was 

swirled. The oily residue turned white. The solvents were again removed in vacuo to give 7 as a 

white puffy solid (400 mg, 63% yield). 1H NMR (300 MHz, CDCl3): J = 9 Hz, d, 

2Hm, 2H(J = 6 Hzt, 2H(J = 6 Hzt, 2Hm, 1H), m, 1H), 

m, 3H), m, 1H),m, 2H), m, 3H), m, 2H), m, 2H), 

br s, 3H), s, 4H), s, 2H). 

 

Synthesis of Fmoc-Seg-OH Tripeptide 7 (400 mg, 0.7 mmol) was dissolved in DCM (4 mL). 

Trifluoroacetic acid was added dropwise (2 mL). The solution was stirred for 3h. The solvents 
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were removed in vacuo and DCM was added. The solvents were once again removed in vacuo. 

The repeated addition of DCM and removal of solvents helps to remove residual trifluoroacetic 

acid. After three rounds of solvent removal, a minimal amount of DCM was used to dissolve the 

semi-solid residue. Diethyl ether was added and a white precipitate was formed. The solvent was 

decanted away. Diethyl ether was thrice used to triturate the white solid. The solid product, Fmoc-

Seg-OH (330 mg, 92% yield) was then dried under high vacuum. 1H NMR (300 MHz, CDCl3): 

J = 9 Hz, d, 2Hm, 2H(J = 6 Hzt, 2H(J = 6 Hzt, 2Hm, 

1H), m, 1H), m, 3H), m, 1H),m, 2H), m, 3H), m, 2H), 

m, 2H). 

 

General Peptide Synthesis Peptides were prepared using standard Fmoc-based synthesis 

techniques utilizing ChemMatrix Rink Amide resin (100 mg, 0.22 mmol/g). Four equivalents of 

Fmoc protected amino acids were coupled to equivalent of resin (based on loading) using HATU 

(4 eq), HOAt (4 eq.) and DIEA (8 eq) dissolved in DMF (10 mL). The amino acid and reagents 

were mixed and dissolved in DMF (10 mL) and the resulting yellow solution was added to the 

resin and agitated for 2 hours at room temperature. Afterwards, the resin was washed thrice with 

10 mL DMF, thrice with 10 mL DCM, thrice with 10 mL MeOH, and then re-swollen with 10 mL 

DCM. To deprotect the Fmoc group, the resin was suspended in 10 mL of 25% piperidine in DMF 

and agitated for 25 minutes. Following this reaction, the resin was washed thrice with 10 mL DMF, 

thrice with 10 mL DCM, thrice with 10 mL MeOH, and then re-swollen with 10 mL DCM. The 

ninhydrin-Kaiser test was used to detect free primary amines and the chloranil test was used to 

detect free secondary amines.12, 13 Upon completion of the amino acid sequence, nitrilotriacetate 3 

(4 eq.) was coupled to the N-terminus of this peptide using HATU (4 eq.), HOAt (4 eq.), and DIEA 

(8 eq.) in 10 mL DMF for 2 hours. Afterwards, the resin-bound peptide was washed as described 

previously and dried under reduced pressure. Peptides were cleaved from resin using a cocktail of 

10 mL TFA/TIPS/H2O (95: 2.5: 2.5) for 1 hour. The reaction mixture was filtered through a frit 

filter. The filtrates were concentrated under reduced pressure and crude peptide was precipitated 

by addition of cold diethyl ether (10 mL). The precipitate was collected via centrifugation and the 

pellet was dried under reduced pressure. The crude product was dissolved in water (3 mL) and 

purified by semi-preparative RP-HPLC using a Luna C18 (250 x 21.20 mm, 100 Å pore size, 10 

micron, Phenomenex) column. The mobile consisted of a linear gradient of 12 mL/min 10 to 80% 
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solvent A (0.1% trifluoroacetic acid in acetonitrile) in solvent B (0.1% trifluoroacetic acid in water). 

Fractions were collected based on optical absorption at 214 nm. Product containing fractions were 

identified using MALDI-TOF mass spectrometry (Calculated: 2422.45; Experimental: 2419.2). 

These were mixed, concentrated under reduced pressure to remove organic solvents, and 

lyophilized to yield NCoH7F at 97% purity. 

 

Circular Dichroism All circular dichroism (CD) experiments were conducted using a JASCO J-

810 spectropolarimeter, equipped with a PFD-425S Peltier temperature control unit. Peptide 

Stocks (10 mM in filtered water) were thermally annealed by heating at 90oC for 1h followed by 

slow cooling to room temperature. After overnight incubation in a fridge (~4oC), samples were 

prepared by dilution of stocks in desired buffers. These buffered samples were placed in a 0.1 cm 

path-length quartz cuvette and used for CD experiments. Spectra were collected, at room 

temperature, as an average of 3 scans between 190-260 nm (0.1 nm data pitch, 1 nm bandwidth, 

100 nm/min scan rate, and 1 second response time). For temperature dependent experiments, 

spectra were collected similarly after 5 minute equilibration periods at different temperatures. The 

signal at 225 nm was plotted as a function of temperature to discern melting behavior. The 

transition melting temperature (Tm) was found using from analysis of the first derivative plots 

(Change in signal vs. temperature). 

 

Metal-Ion Promoted Self-Assembly To a 1.5 mL polypropylene centrifuge tube was added, in 

the given order, 3-(N-morpholino)propanesulfonic acid (MOPS) buffer stock (20 L, 100 mM, 

pH=7.4), filtered milliQ water, peptide stock (10 mM in water), and metal salt solutions (10 mM 

in water). Upon mixing, the tube was capped and incubated at room temperature for 16 h. For all 

experiments, the final concentration of MOPS buffer was 20 mM. The amount of water, peptide, 

and metal ion solutions were varied to give the desired final conentrations in a total volume of 100 

L. If oxidation was needed, 20 L of H2O2 (100 mM in water) was added, after the 16 h incubation 

period, directly to the suspension, containing cobalt-peptide assemblies, to give a total volume of 

120 L. These samples were incubated at room temperature for another 24 h. After incubation, the 

precipitate-containing samples were centrifuged at 10,000× g for three minutes at 4 °C, and the 

supernatant was removed. Solids were resuspended in water (100 μL), and this process was 

repeated two more times. The solids were then prepared as needed for use in further experiments. 
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Scanning Electron Microscopy Assemblies were prepared as described and re-suspended in 100 

L of DI water. Glass coverslips were affixed to stainless steel stubs using double sided copper 

tape. Five microliters of assembly suspension (in water) was placed on top of the affixed coverslips 

and allowed to air dry. Prior to imaging, these samples were sputter coated with platinum for 60 

seconds. An FEI-Nova NanoSEM field emission microscope was used to analyze samples. Images 

were collected using a spot size of 3, accelerating voltage of 5 kV and 30 m aperture. 

 

Transmission Electron Microscopy After preparation, assemblies were suspended in 100 L of 

water. Three microliters of these samples were placed onto carbon/formvar coated 400-mesh 

copper grids, which had been glow discharged prior. These were allowed to stand for 3 minutes 

and then blotted using filter paper. The sample grids were then passed through a drop of water 16 

times followed by passage through a drop of 1% uranyl acetate or 2% phosphotungstic acid for 16 

times. These were then blotted on filter paper and allowed to dry under ambient conditions. The 

sample containing grids were imaged using a Tecnai T20 Transmission Electron Microscope using 

a 100 kV accelerating voltage and 70 m objective aperture. Measurements in images were done 

using ImageJ. 
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