
 

NORTHWESTERN UNIVERSITY 

 

Hierarchical Assembly by Peptide Amphiphiles and Their Use in Cartilage Repair 

 

A DISSERTATION 

 

SUBMITTED TO THE GRADUATE SCHOOL 

IN PARTIAL FULLFILLMENT OF THE REQUIREMENTS 

 

for the degree 

 

DOCTOR OF PHILOSOPHY 

 

Field of Biomedical Engineering 

 

By 

Jacob A. Lewis 

 

EVANSTON, ILLINOIS 

 

September 2020  



2 

 

 

 

 

 

 

 

 

 

 

© Copyright by Jacob A. Lewis 2020 

All Rights Reserved 

  



3 

ABSTRACT 

Hierarchical Assembly by Peptide Amphiphiles and Their Use in Cartilage Repair 

Jacob A. Lewis 

 In nature, materials with complex architectures are formed through hierarchical self-

assembly. Therefore, the study and design of hierarchically assembling materials is important in 

producing materials that mimic biological structures and is a key challenge in biomaterials science 

and engineering. In articular cartilage, hierarchical assembly of extracellular matrix (ECM) 

components provides mechanical resilience to this musculoskeletal tissue. However, following 

injury or degradation of adult human cartilage, this critical tissue in joints lacks the intrinsic ability 

to repair the damaged ECM and regenerate functional tissue. Therefore osteoarthritis, or cartilage 

degradation, is a leading cause of morbidity, affecting a quarter of a billion people worldwide. 

This work describes the development of several hierarchically assembling peptide amphiphile 

(PA) systems to study how these structures form and to apply bioactive superstructures for 

regeneration of cartilage tissue. PA molecules, comprising a peptide sequence conjugated to a 

hydrophobic alkyl tail, self-assemble in aqueous media to form filament networks that mimic the 

topology of ECM, making PAs a valuable tool in producing scaffolds for regeneration. To study 

how hierarchical assemblies form in peptide systems, the first project explored the formation of 

supramolecular superstructures by oppositely charged short PAs. In previous work on PA 

molecules covalently conjugated to DNA segments (DNA-PA), co-assembled PA molecules 

demonstrated formation of superstructures containing many nanoscale filaments formed due to 

dynamic exchange of monomers in the supramolecular assemblies. Superstructure formation was 

triggered by mixing of supramolecular structures containing complementary DNA segments 
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followed by dynamic exchange of molecules to enhance Watson-Crick pairing in the bundled 

regions. While this assembly process relied on pairing of complementary sequences to overcome 

strong cohesive interactions among molecules within the assemblies, it remained unknown if PA 

superstructures could form from simpler building blocks. Upon mixing aggregates of oppositely 

charged short PA molecules, the system formed filament bundles over the course of several days 

as a result of molecular redistribution among the oppositely charged assemblies, producing mixed 

charge primary assemblies that could form hierarchical bundles. Comparing the short PA 

supramolecular assemblies to oppositely charged PA mixtures with stronger or with weaker 

intermolecular cohesion showed that more cohesive structures had a decreased tendency to 

redistribute and form superstructures, while less cohesive structures were better able to redistribute 

and quickly formed robust superstructures. To better understand the role that charged groups play 

in determining how supramolecular systems assemble, the second study focused on a nonionic PA 

molecule with a decaethylene glycol group replacing the charged residues like glutamic acid and 

lysine needed for solubility in aqueous conditions. These nonionic PA molecules formed high 

aspect ratio filaments, but unlike charged PA molecules their assembly was largely independent 

of buffer pH. Mixing charged and uncharged PA molecules revealed that if only a minority of the 

PA molecules within the assemblies were charged, the co-assembled filaments had similar 

morphologies to the completely charged system. X-ray scattering and spectroscopic analysis 

showed mixing charged and uncharged PA molecules resulted in assemblies with high 

intermolecular order by decreasing repulsion among assemblies. Previous work indicated that 

nonionic hydrophilic functional groups in nanomaterials may improve osteogenic differentiation 

of progenitor cells. Therefore, the study concluded with in vitro experiments that nonionic PA 

filaments increased osteogenesis of human mesenchymal stem cells (hMSCs), suggesting tuning 
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filament charge may be an important tool for improving musculoskeletal regeneration. The third 

project aimed to develop PA filaments for cartilage repair and to study the way in which their 

hierarchical assembly affects their bioactivity. Deamidation of hydrogel forming PA sequences 

displaying a peptide epitope programmed to bind the chondrogenic cytokine transforming growth 

factor β-1 was shown to improve retention of the growth factor and chondrogenesis of 

encapsulated cells. Studying the self-assembly of these systems revealed that without deamidation, 

PA filaments formed bundled structures which likely masked the growth factor binding peptide 

sequence. This work established the deamidated sequence as the preferred PA design for 

chondrogenic applications, while highlighting the implications of superstructure formation on PA 

bioactivity. In the final study, these improved chondrogenic PA filaments were used for cartilage 

regeneration in a sheep model. To produce a more resilient material that could withstand the 

mechanical environment in a large-animal joint, the supramolecular PA assemblies were mixed 

with particles of the covalent biopolymer hyaluronic acid (HA). Combining the two components 

produced PA filament bundles with regular order, which was attributed to swelling by the HA 

component packing the PA filaments into a confined volume. The supramolecular-covalent hybrid 

was found to support chondrogenesis by encapsulated hMSCs in vitro. After implantation in 

cartilage defects in sheep stifles, the material was well retained and improved the macroscopic 

appearance of healing cartilage in both the load-bearing femoral condyle and in the less 

mechanically active trochlear groove at early times, indicating the material had the physical 

properties needed to remain present in defects long enough to affect healing. After 12 weeks, 

condyle defects continued to show improved macroscopic appearance due to treatment, while 

histological staining of trochlear groove defects showed improved regeneration of hyaline-like 

tissue, demonstrating the PA/HA hybrid superstructures had the biological efficacy to direct 
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cartilage repair. While treated condyle defects may have developed hyaline-like tissue if evaluated 

at later times, further improvements in the PA/HA hybrids mechanical properties may still be 

necessary for comparable healing of the high load-bearing condyle defects to the observed 

regeneration in the less mechanically active trochlear groove. Together, these studies help explain 

how superstructures form in natural systems and how their hierarchical assembly can affect their 

biological performance. Successful regeneration of hyaline-like tissue in the clinically relevant 

sheep model suggests that through further optimization of hybrid formulation and of bioactive 

signal presentation, hybrid PA superstructures have the potential to immensely improve the lives 

of many millions of patients suffering from damaged cartilage. 
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CHAPTER 1 

1. Introduction 

1.1. Hierarchical Self-Assembly in Nature 

All known life is made up of hierarchical assemblies, where the properties of small 

individual building blocks determine the structures they form over orders of magnitude longer 

length scales.1 These building blocks include a small set of biopolymers—peptides, nucleic acids, 

lipids, and carbohydrates—where interactions among the chains can program assembly of the 

polymers into much larger structures.2 This bottom-up strategy is distinct from top-down strategies 

in that all the information needed to determine complex architectures is stored within the building 

blocks themselves.3,4 In this way, biology limits its needs for diverse instructions put together 

building blocks into complex structures; only the instructions to build the blocks themselves and 

the means to make them are needed to build life. Through this efficient approach, the information 

needed to assemble an entire organisms can be stored in the nucleus of a single cell.5 

A second major advantage of natural assemblies is that the interactions between the 

building blocks are dynamic, allowing systems to adapt to their environment.6 In biological 

systems, the stability of the hierarchical assembly depends on the strength and kinetics of the 

dynamic interactions between the parts. Actin filaments disassemble within minutes of forming, 

allowing cells to dynamically change their shape to move through their environment.7 Other 

assemblies are designed to last much longer; for instance, the half-life of collagen fibril assemblies 

is likely greater than a human lifetime.8 Some of the most devastating medical pathologies are a 

result of dysregulation of these dynamic processes. Alzheimer’s disease,9 Parkinson’s disease,10 
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and amyotrophic lateral sclerosis11 are all related to the formation of filamentous protein 

assemblies that cannot disassemble, killing surrounding cells. Thus, both spatial and temporal 

control over biological assemblies determine their function. 

A diverse group of intermolecular interactions form bonds among self-assembling components 

in natural systems. These include (in approximate order of descending bond energy): 2,12 

• Ion-ion interactions: Salt-bridges among charged groups are important in protein folding and 

cell adhesion.  

• Ion-dipole interactions: Interactions between ions and dipoles are weaker than ion-ion 

interactions, but their shorter length scales are important in fixing protein geometry.13 

• Dipole-dipole interactions: Hydrogen bonds are ubiquitous in proteins due to dipoles in the 

polyamide peptide backbone. These interactions are the basis of secondary protein structure, 

α-helix and β-sheet. Hydrogen bonds also bridge complementary bases in nucleic acids, giving 

rise to the double-helix structure of DNA.  

• Hydrophobic interactions: Cell membranes and liposomes assemble by hydrophobic collapse 

of lipid groups. Hydrophobic interactions among aliphatic peptide sidechains also plays a role 

in protein folding  

• π-π stacking: Stacking of nitrogenous bases is important in nucleic acid structure and stacking 

of aromatic peptide sidechains affects protein folding.  

Once assembled, these primary assemblies can develop superstructures of even greater complexity 

which in turn influence biological function. For example, proteins can form filaments like actin or 

collagen fibrils, rings like helicases or nucleases, and cages like clathrins or ferritins.14  

 An important example of hierarchical assembly in nature is the structure of the extracellular 

matrix (ECM), a fibrous network that physically supports cells in most tissues.15 Both the 
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morphology of the ECM and its chemical composition can influence cell behavior and determine 

cell fate during development.16 Collagen fibrils—themselves a superstructure of protein triple-

helices—are among the most common protein component of the ECM, forming networks with 

distinct architectures that depend on tissue function. Common collagen types include collagen I 

which forms thick oriented fibers that give bone and tendon their structural strength and collagen 

IV which forms sheets that support the basal surface of epithelia.17 Collagen topography can affect 

cell phenotype. For example, following injury fibrous collagen I induces scarring that impairs 

axonal regrowth.18 The filaments of the ECM bind a variety of signaling molecules that direct the 

behavior of attached cells. Adhesion proteins like fibronectin and laminin coordinate interactions 

between ECM fibers and focal adhesions of cells, with the topography of the signals affecting cell 

survival, migration, and differentiation over both nanoscopic and microscopic length scales.19 In 

addition, the ECM sequesters and presents morphogenic signals like growth factors that combine 

with topographical cues to direct cell differentiation and tissue development.20   

At longer length scales, hierarchical assembly of pre-assembled components can produce 

structures with astonishing macroscopic physical properties.21 For example, hierarchical bundles 

of protein fibers in spider silk give the material exceptional strength and extensibility, while the 

orientation of cellulose superstructures allow trees to adapt the mechanical properties of their 

wood.22 In skeletal tissues, hierarchical assembly give individual components unique physical 

properties specific to their function. In bone, collagen superstructures template the growth of a 

hydroxyapatite mineral phase, producing oriented crystals that give bone its anisotropic mechanics 

(Figure 1.1).23 Tendons, on the other hand, become stiffer as they are strained in order to resist 

over extension and therefore comprise hierarchical fibril assemblies where the lower stiffness is 

due to the stretching of fibril kinds at larger length scales, while the higher modulus is due to 
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stretching of collagen triple helices.24 In cartilage, hierarchical arrangement of proteoglycans gives 

the material a low friction surface while acting to absorb stress on the underlying bone.25 

Mimicking the complex architectures of these systems is a major goal of bioregenerative 

approaches repair damaged tissue.26 At the same time, these systems inspire a wide range of 

synthetic systems with advances physical properties based on their hierarchical supramolecular 

assembly. 

 

 

Figure 1.1: Hierarchical assembly of collagen in bone 

(a) Collagen protein molecules assemble to form a (b) triple helix structure. (c) These helices form 

fibrils that template mineralization of the tissue. (d) The resulting fiber composite is organized 

around blood vessels to form (e) osteons, which are the functional unit of (g) cortical bone. 

Adapted from ref.27 

1.2. Hierarchical Organization, Function, and Degradation of Articular Cartilage 

 Articular cartilage is a mechanical tissue that covers the surface of bones at the joints, 

providing a low friction surface while shielding the bone from compressive loads.28 Unlike other 

skeletal tissues, cartilage is avascular and has a low cell density. Instead, cartilage comprises 

mostly water with a small population of native chondrocytes that maintain the ECM. Without 
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vasculature, nutrients must diffuse through the hydrated space to the embedded cells, primarily 

from the synovial fluid that bathes the joint.29 The ECM of cartilage forms an interpenetrating 

network of two primary components: collagen II and proteoglycans. Collagen II is fibrous like 

collagen I, but forms thinner fibers with less fiber orientation, providing mechanical support for 

the tissue.17  Proteoglycans are glycosylated proteins that assemble to form bottlebrush structures 

with a protein core and conjugated glycosaminoglycan (GAG) chains. GAGs like hyaluronic acid 

(HA) or chondroitin sulfate (CS) are hydrophilic carbohydrates that provide the osmotic pressure 

needed to hydrate the tissue (Figure 1.2).30  

 The hierarchical organization of the ECM components that comprise cartilage give the 

tissue its material properties, and depend on their location within the joint.16,31 In the superficial 

zone furthest from the underlying bone, fibers align parallel align horizontally, producing a smooth 

articulating surface lubricated by high GAG content. Below the surface, the tissue transitions to a 

deep zone were fibers align vertically, perpendicular to the compressive forces acting on the joint. 

Here, the hydrated GAG component adds additional toughness as the osmotic pressure produced 

by the hydrophilic ECM opposed deformation by compressive loads. Chondrocytes are arranged 

in vertical columns, following the collagen fibers. Underlying the deep zone is the tidemark which 

separates the non-mineralized hyaline cartilage from the subchondral bone below.32 Together, 

hyaline cartilage and the subchondral bone form an osteochondral unit, and communication across 

the tidemark is important in regulation and homeostasis of both tissues.33 
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Figure 1.2: Structure of articular cartilage 

(a) The variable structure of cartilage at different tissue depths where cell and ECM arrangement 

depends on mechanical function. (b) The ECM of cartilage comprising a network of collagen fibers 

and proteoglycans like aggrecan. (c) Both collagen and proteoglycans are themselves hierarchical 

structures. Collagen is made of protein triple helices that assemble into the fibrils that make up 

fibers. Aggrecan is an assembly of glycoproteins that template a GAG brush. (d) Within the tissue, 

cells are located within lacunae, with a pericellular matrix extending several microns from the cell 

surface. Adapted from ref.32  

 Given its critical role in the skeletal system, degradation and injury of articular cartilage 

can be highly debilitating. As many as 250 million people worldwide suffer from cartilage 

degeneration in the knee,34 and the cost associated with these morbidities is estimated to reach 

2.5% of gross the gross domestic product of developed countries.35 However, while bone can self-
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heal following injury, hyaline cartilage lacks the ability to regenerate.36 Instead, the most common 

approach to address severe cartilage damage is replacement of the entire joint, with the total 

number of annual knee arthroplasties in the United States expected to reach 3.5 million by 2030.37 

To minimize joint replacements, regenerative therapies aim to address the ways in which the 

biology, structure, and function of cartilage limit its ability to self-heal. 

 Most often, cartilage damage is a result of osteoarthritis, a condition in which cartilage is 

degraded to dysregulation of cellular maintenance of ECM homeostasis.38 In osteoarthritis, 

collagen fibers are destabilized while proteoglycan brushes disaggregate and shed associated GAG 

chains.39 As a result, the cartilage surface becomes fibrillated and while the tidemark advances as 

the deeper portions of the tissue undergo endochondral ossification.35 This process is mediated by 

inflammatory factors like interluken-1 (IL-1), interluken-6 (IL-6), and tumor necrosis factor-α 

(TNF-α; Figure 1.3).40 Increasingly, the condition is considered a systemic disease not localized 

to the cartilage alone. In addition to structural and genetic factors, co-morbidities that alter 

inflammatory and metabolic regulation like obesity and diabetes precede the development of 

osteoarthritis, suggesting that treatment of these underlying factors is as important in treating the 

disease as regeneration of damaged tissue.41 
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Figure 1.3: Structural and chemical changes in cartilage degeneration 

Osteoarthritis is a disease of the entire chondral unit. In the cartilage, chondrocytes lose their 

organized structure and become hypertrophic, while secreting factors that degrade the ECM. The 

cartilage surface becomes defibrillated. Osteoblasts in the subchondral bone become activated and 

secrete angiogenic factors, leading to endochondral ossification of the tissue. The synovium 

secretes inflammatory factors into the joint space, further accelerating degradation and inhibiting 

repair. Adapted from ref.35 

 A major impediment to regenerating cartilage in osteoarthritis or acute injury is the lack of 

progenitor cells within the tissue. While the synovium contains mesenchymal stem cells (MSCs) 

that can differentiate and repopulated damaged skeletal tissue, cartilage itself likely lacks such 

progenitors.42 At the same time, joint injuries can initiate infiltration of senescent cells into 

cartilage and synovial tissue.43 Recent evidence suggests signaling by these cells intensifies 

osteoarthritic signals, while their clearance can restore a pro-chondrogenic environment.44  In 

addition, cartilage development and homeostasis depends on local concentrations of growth 
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factors45 and metabolites.46 However, factors like age, inflammation, and cellular senescence can 

influence the response to these signals.47  In some cases, signals that induce matrix anabolism and 

homeostasis in healthy tissue can exacerbate degeneration in unhealthy tissue or in high doses.48 

Thus, successful regeneration of cartilage requires delivering or supporting healthy cells in the 

tissue while controlling local concentrations of morphogenic and metabolic factors. Without this 

regulation, the ECM structures that give cartilage its mechanical resilience are not produced, 

resulting pain and loss of function as the articular surface is poorly lubricated and bone lacks 

shielding from compressive loads. 

1.3. Biomaterials for Regenerative Medicine and Cartilage Repair 

 Current clinical techniques to replace damaged cartilage focus filling the defect space with 

cells that can initiate the regeneration process. In the gold standard procedure, called microfracture, 

the damaged cartilage is debrided and holes are made extended into the subchondral bone to induce 

bleeding.49 The intention is that progenitor cells in the clot differentiate into chondrocytes and 

produce hyaline tissue; however, about half the time fibrocartilage develops which lacks the 

hierarchical structure and thus the mechanical function of articular cartilage.50 In an alternative 

approach, articular chondrocyte implantation (ACI), chondrocytes or progenitor cells are extracted 

from the patient, expanded ex vivo, and implanted into the defect space.51 This technique can be 

augmented with a collagen scaffold to support the chondrocytes in matrix-assisted articular 

chondrocyte implantation (MACI; Figure 1.4).52 These techniques are expensive and time 

consuming, requiring an additional procedure to harvest the cells, extensive laboratory 

manipulation of cells prior to implanting, and have unclear regulatory status.53 Therefore, cell-free 
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implants that can support the production of hyaline cartilage are the most likely approach for 

widespread clinical use. 

 

Figure 1.4: Clinical approaches to induce cartilage repair 

(a) Lesions in the articular cartilage of the knee are often shaped irregularly. (b) The lesion is 

debrided creating a regularly shaped, full thickness defect that extends to the subchondral bone. 

(c) In microfracture, holes are made in the subchondral bone to induce clot formation. (d) In ACI, 

defects are filled with expanded chondrocytes. (e) Chondrocytes are supported by an implanted 

scaffold in MACI. Figure adapted from ref.53 

 One approach to augment microfracture is autologous matrix induced chondrogenesis 

(AMIC) where a biomaterials scaffold like collagen I, HA, or fibrin is implanted in the defect 

following fracturing the subchondral bone.54 In early clinical models, PEG scaffolds have also 

been shown to support cartilage regeneration healing.55 While these technique have shown 

improvements relative to microfracture alone,56 the materials poorly mimic the structure and 

biology of native cartilage, which may limit its ability to produce hyaline tissue over the long term. 

One possible approach to improve scaffold performance is the delivery of morphogenic signals 

that induce cartilage production.57 Due to their importance in cartilage development and ability to 

induce chondrogenic differentiation in vitro,58 members of the TGFβ family are a frequent target 
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for delivery by cell free scaffolds.59 For example, supramolecular peptide amphiphile (PA) 

hydrogels that specifically bind TGFβ-1 were shown to induce hyaline cartilage regeneration in a 

rabbit model.60 Other work points to insulin-like growth factor (IGF) and as important signals to 

induce cell viability and proliferation during the early healing process.61,62 In combination, these 

signals and others may act synergistically to enhance the chondrogenic potential of encapsulated 

cells.63 Alternatively, autologous growth factors are present in platelet rich plasma which can be 

applied directly to a defect or loaded on a scaffold.64  

 In addition to chemical cues, scaffold topologies that mimic the organization of native 

cartilage may be useful in directing infiltrating cells toward hyaline cartilage lineages.65 Cartilage 

progenitor cells are sensitive to mechanical cues from their environment, with recent work 

demonstrating highly confined scaffolds can limit differentiation toward hyaline cartilage.66  One 

approach to produce scaffolds that mimic ECM architecture is to produce hydrogels directly from 

ECM components, though these materials can initiate immune rejection even when purified.67 

Instead, several synthetic approaches can be used to fabricate materials that mimic the hierarchical 

architecture of cartilage. Electrospinning can be used to create fibrous networks with tunable 

diameters and orientation.68 Work with these systems has shown filaments with micron-scale 

morphology support chondrogenesis better than those with nanoscale diameters, possibly due to 

increased gel porosity.69 To further control spatial organization, fibers can conjugated to GAG 

binding peptides to produce structural gradients like those in healthy tissue.70 In one example, 

Guilak and coworkers produced woven scaffolds with anisotropic fiber alignment that mimicked 

the mechanics of native cartilage.71,72 Alternatively, 3D printing can be used to produce porous 

scaffolds with durable mechanical properties that support cell infiltration.73 In another approach, 

assembly of microgels can be used to form porous structures that can support cell encapsulation 
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and differentiation.74,75 Finally, synthetic supramolecular systems that mimic the superstructures 

found in nature are an emerging technique to program complex hierarchical architecture, though 

improvement in their mechanical performance may be necessary to produce effective cartilage 

regeneration scaffolds.76 

1.4. Supramolecular Design of Hierarchical Self-Assembly 

Inspired by nature, supramolecular chemists work to design self-assembling systems with 

long range order.3 By working “beyond the molecule” the study of intermolecular interactions 

among assemblies can lead to the rational programming of a wide variety of nanoscopic 

architectures.77 As in biology, the design of the individual building blocks holds the necessary 

information for the entire assembly. These building blocks can be made from polymers78 or small 

molecules,79 but often biologically inspired materials like oligonucleotides provide significant 

control over self-assembly.80 While the high specificity of DNA base pairing provides precise 

control over assembly, peptides are highly stable and easy to produce, making them ideal to 

produce functional self-assembled nanostructures.81 Self-assembling peptides are especially useful 

as biomaterials because their composition can mimic the fibrous proteins of the ECM.82 

 The design of self-assembling peptides combines a number of intermolecular interactions 

to control the morphology of the assemblies. For example, self-complementary designer peptides 

developed by Zhang and colleagues with repeating form β-sheet among neighboring peptide chains 

while ion-ion interactions coordinate stacking of peptide sheets.83,84 In another example, 

diphenylalanine peptides reported by Gazit bond with neighbors both through hydrogen bonding 

and π-π stacking.85 Materials made of self-assembling peptides have been applied in numerous 

biomedical applications including protein and drug delivery,86 and as scaffolds for tissue 
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engineering and regenerative therapies.87,88 These successes have made self-assembling peptides 

a promising platform for future clinical applications, and in recent years one example has been the 

subject a clinical trials to investigate its efficacy in treating tooth decay.89 

Among the most versatile self-assembling peptide systems are PAs developed by Stupp 

and co-workers, comprising a peptide conjugated to a fatty acid tail.90,91 Assembled morphology 

depends on the peptide sequence used, with a subclass of these molecules are designed to form 

high-aspect-ratio filaments (Figure 1.5). These PAs generally include three domains: (i) the 

aliphatic tail group to drive assembly by hydrophobic collapse,  (ii) a hydrogen bonding region 

that directs filament formation, and (iii) a hydrophilic peptide region for solubility, which generally 

contains ionic groups with formal charge.92,93 Supramolecular PA assemblies are highly 

dynamic,94,95 with molecules consistently exchanging among the assemblies.96 This also makes 

PA systems sensitive to processing such as heat treatment and ionic conditions, giving researchers 

control over the structures that form.97 Importantly, when anionic groups are used as the 

hydrophilic domain, hydrogels are formed by the nanofibers when exposed to polyvalent cations 

like calcium98,99 or oligolysines.100  
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Figure 1.5: Morphology of PA assemblies 

PA molecules generally comprise an aliphatic tail, a hydrogen bonding peptide region, and a 

hydrophilic peptide region (center). Rational design of the peptide sequence can be used to form 

supramolecular structures with a variety of morphologies with long-range order. Figure adapted 

from ref.93 

The long filaments formed by PA assemblies are similar in structure to ECM 

filaments.82,101,102 Moreover, because these molecules are peptides, a fourth domain comprising a 

bioactive peptide is easily appended to these molecules, producing nanostructures that present 

specific peptide epitopes to their surroundings.103 These sequences can mimic ECM components 

like fibronectin104 and laminin;105,106 bind bioactive signals like TGFβ-1,60 bone morphogenic 

protein-2 (BMP-2),107,108 platelet derived growth factor,109 and heparin;110 or mimic bioactive 

signals like fibroblast growth factor-2,111 vascular endothelial growth factor (VEGF),112 brain 

derived neurotrophic factor,113 and heparin sulfate.114 The biomimetic and bioactive properties of 
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PA assemblies have led to their demonstrated improvement in a number of bioregenerative models 

including bone regeneration,107,108,114 cartilage regeneration,60 spinal cord regeneration,105 muscle 

regeneration,115 and treatment of atherosclerotic plaques.116 

 To develop self-assembling materials with more complex geometries, recent research has 

focused on the design of hierarchically assembling peptide systems.117 These materials can better 

mimic the hierarchical assemblies found in nature and help explain the fundamental interactions 

that lead to superstructure assemble.118,119 In one example, Gazit and co-workers showed that short 

hydrophobic  tripeptides can form helices which in turn for bundles of many peptide assemblies.120 

In another study, Chilkoti and co-workers conjugated elastin-like peptide domains to β-sheet 

forming polyalanine domains, producing thermally-responsive, injectable networks of fractal-like 

structures.121Other studies have sought to establish design rules to determine when hierarchical 

assembly occurs for instance by manipulating the order of phenolic residues122 or by coassembling 

components with varying hydrophobicity.123 Through hierarchical assembly, researchers can 

design materials with unique properties, such as an amyloid sequence-based system that is stronger 

any known protein material.124 

 PA systems have proven a useful platform to study hierarchical assembly as well. Because 

PA assemblies are dynamic, their structures can adapt as superstructures form. For example, 

mixing solutions of cationic PA filaments with anionic HA produces membranes at the solution 

interface with PA fibrils extending into the HA solution.125 In another example, polymerization of 

thermo-responsive polymer chains from PA filaments produces gels of oriented polymer brushes 

that can be 3D printed and act as anisotropic actuators.126 Others have shown that PA filaments 

with positively and negatively charged domains can form bundled structures depending on the 

buffer pH.127 Recent work reported DNA-conjugated PA molecules where Watson-Crick base-
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pairing led to association of PA filaments displaying complementary strands. In these systems, 

wide bundles of DNA-rich PA filaments developed, while PA-poor filaments did not form 

hierarchical structures. Computational simulations showed that superstructure formation was a 

result of dynamic redistribution of PA molecules, where DNA-rich domains were incorporated 

into growing bundles. Importantly, this work demonstrated that superstructure formation depended 

on intermolecular cohesion among the PA molecules: If cohesion among the molecules within the 

assemblies is too strong, molecules are unable to redistribute and bundles cannot form. 

Superstructure formation could be reversed by the addition of toehold displacement strands, and 

astrocytes responded to the formation of hierarchical assemblies by switching between reactive 

and non-reactive states (Figure 1.6).128  

 

Figure 1.6: Superstructure formation by DNA-PA conjugates 

(a) Schematic showing hybridization of complementary DNA sequences on adjacent PA filaments 

(b) SEM micrograph of bundled filaments that form as a result of hybridization. Molecular 

simulations showed that (c) without monomer reorganization superstructures could not form, but 

(d) did form when reorganization was allowed. (e) Hierarchical assembly could be programmed 

with complementary DNA sequences or complementary peptide sequences, with (f) strengthening 

electrostatic interactions increasing bundling by the peptide systems. (Adapted from ref.128) 

 Work on DNA-PA conjugates demonstrated hierarchical assembly by PA based structures 

could be tuned by rational design, and controlling assembly architecture could be used to influence 
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biological systems. An advantage of this system was the precise control over inter-assembly 

interactions through tuning base-pairing between DNA strands. However, these systems are 

difficult to synthesize and have limited biological stability. These initial results suggested further 

exploration of how hierarchical assembly occurs in peptide systems would help design simpler and 

more versatile superstructure platforms for use in an expanded set of applications, including in 

vivo as therapeutic materials. The highly tunable nature of the dynamic assemblies these systems 

form further indicated that PA superstructures would be particularly useful in mimicking 

biological environments with hierarchical structures, for example, cartilage.  

1.5. Thesis Overview 

 This thesis begins with fundamental studies on the interplay between the cohesive 

interactions that cause primary self-assembly and the hierarchal interactions that determine how 

these primary assemblies affect one another. Based on this work, the second part of the thesis 

focuses on the design of hierarchically assembled systems for use in cartilage repair.  

 In Chapter 2, a model system of short PA molecules of opposite charge is introduced to 

study how interactions among molecules within assemblies can dictate the hierarchical structures 

they form. These studies show that dynamic rearrangement of molecules is key to the development 

of superstructures. Redistribution of molecules from homogeneous assemblies of either positive 

or negative charge to heterogeneous mixed charge structures predicted further assembly into 

fibrous superstructures. Importantly, increased cohesion in the primary assemblies decreased 

superstructure formation while decreasing cohesion caused the structures to form more quickly. 

These results clearly demonstrate that the effect of primary and hierarchical interactions on one 

another is the basis of forming complex architectures. 
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 In a second study to understand PA self-assembly at multiple length scales, Chapter 3 

reports an uncharged PA molecule where solubility is derived from a decaethylene glycol group. 

By eliminating charge from the PA molecule, these systems allow investigation into how 

electrostatic interactions determine the way in which PA molecules assemble. Without repulsion 

among charged ionizable groups, PA assembly was pH independent and occurred at relatively low 

concentrations. Mixing charged and uncharged PA molecules showed that even small amounts of 

charge in the assemblies can produce morphologies similar to their fully charged counterparts. 

Charge determined how cells responded to these systems, with charged and uncharged PA 

assemblies inducing osteogenesis in different media conditions. 

Chapter 4 focuses on applying lessons on PA charge to design systems that better deliver 

morphogenic signals to induce chondrogenesis. A PA system previously reported by Stupp and 

colleagues to bind the cytokine TGFβ-160 was found to undergo a deamidation side reaction during 

purification which altered the intended binding epitope. Because the deamidation was the result 

purification conditions necessary for the ionic PA backbone, using a PEGylated PA to present the 

epitope allowed for purification without deamidation occurring. Surprisingly, comparing the 

intended epitope to the deamidated epitope revealed that the deamidated sequence improved 

growth factor retention by the PA material. Improved retention of TGFβ-1 correlated with 

increased chondrogenesis of cells encapsulated by the PA. The decreased binding of the growth 

factor by the original sequence was correlated with stronger electrostatic attraction between the 

binding epitopes on one filament and charged groups on the surfaces of neighboring PA filaments, 

forming hierarchical structures. This work highlights an example of how forming hierarchical 

superstructures can affect the bioactivity of self-assembled systems.  
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 Chapter 5 describes the application of the improved TGFβ-1 binding PA system to cartilage 

repair in a large-animal model. Because cartilage is subjected to significant shear forces, 

biomaterials scaffolds for cartilage regeneration must have resilient materials properties. 

Combining the chondrogenic PA system with HA particles produced gels that were better able to 

withstand the mechanical forces in large-animal joints. Interestingly, combining the two 

components formed aligned PA superstructures due to special confinement of the PA filaments as 

the hydrophilic HA component swelled. These hierarchically ordered PA/HA hybrids supported 

chondrogenic differentiation of progenitor cells and were well retained for short periods in defects 

made in sheep joints, making them a strong candidate for cartilage repair. The chapter concludes 

with a series of animal studies to test the efficacy of the material to regenerate healthy cartilage. 

These studies showed that the when delivering TGFβ-1, the material improved the fill and 

integration of the new tissue with surrounding cartilage as assessed by macroscopic scoring after 

four weeks. After twelve weeks, defects treated with the growth factor delivering material formed 

more hyaline-like tissue than defects treated with TGFβ-1 alone. This work highlights an example 

of the use of bioactive hierarchical assemblies in an important clinical target for bio-regeneration. 

The thesis closes with Chapter 7, which describes future directions for exploring 

hierarchical supramolecular assemblies for regenerative medicine. These include possible 

techniques to modulate the physical properties for PA superstructures and possible biological 

targets of future work.   
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CHAPTER 2 

2. Supramolecular Exchange Among Assemblies of Opposite Charge 

Leads to Hierarchical Structures 

2.1. Objectives and Significance 

Hierarchical assemblies of proteins into fibrillar structures occur in both physiologic and 

pathologic extracellular spaces and often involve interactions between oppositely charged peptide 

domains. However, the interplay between primary structure dynamics and hierarchical structure 

formation remains unclear.  In this work we investigate supramolecular mimics of these systems 

in which the primary structures are one-dimensional assemblies of small alkylated peptides bearing 

opposite charge.  Exchange dynamics in these systems creates hierarchical superstructures among 

many assemblies only when their constituent molecules have weak cohesive interactions. This 

allows the small molecules to escape from their large assemblies and reassemble to optimize 

electrostatic attraction. Increasing intermolecular cohesion using longer peptide sequences that 

form stable β-sheets was found to suppress superstructure formation. In contrast, increasing 

repulsive interactions among the molecules by adding charged residues resulted in faster dynamic 

exchange of molecules and accelerated inter-assembly formation of hierarchical structures. These 

results suggest that in peptide systems low internal cohesion could facilitate the conformational 

rearrangements required to create hierarchical structures. 
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2.2. Background  

In nature, hierarchical assembly of proteins leads to the formation of either functional or 

pathological fibrils. Actin filaments,129,130 bundled collagen triple helices,1,131 and silk fibrils132,133 

are hierarchical superstructures of many individual folded proteins. In diseased states, pathological 

aggregation of mis-folded protein components yields toxic amyloid fibrils, associated with 

neurodegenerative diseases such as Alzheimer’s disease,134,135 Parkinson’s disease,136,137 and 

amyotrophic lateral sclerosis.138,139 Several proposed pathways to explain amyloid fiber formation 

suggest that the hierarchical assembly depends on the stability of intermolecular interactions 

within the assembling aggregates.140,141 The tendency of natural peptides and proteins to achieve 

hierarchical complexity has inspired the development of synthetic peptide systems that similarly 

achieve hierarchical morphologies.2,117 A major goal is to achieve structurally complex assemblies 

from short peptide building blocks due to their ease of design and preparation.142 Controlling 

interactions among primary assemblies of homogeneous short peptide systems has proven useful 

in programming assembly into hierarchical structures.122,143-145 Yet a better understanding of how 

intermolecular interactions among peptides within the assemblies—especially in heterogeneous 

mixtures—affect superstructure formation can help explain complex assembly of protein and 

direct design of synthetic peptide systems.146 

Stupp and co-workers have developed a broad class of PA molecules consisting of a 

peptide sequence conjugated to a fatty acid that in aqueous solution self-assemble into nanoscale 

filamentous assemblies.91,96,97,147-149 These systems can be programmed to form cylindrical 

nanofibers that mimic extracellular filaments and have  emerged as a promising biomaterials 

platform for regenerative medicine therapies.60,105,112,114,115,150 Cohesive supramolecular 
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assemblies can also be formed by co-assembling oppositely charge amphiphiles,151 with 

electrostatic attraction increasing β-sheet formation among co-assembled PA molecules152 or 

producing crystalline order among neighboring amphiphiles.153 In a recent report, complementary 

aromatic groups on oppositely charged molecules provided the cohesive driving force for co-

assembly into mixed fibers, which formed hierarchical aggregates due to neutralization of the 

surface charge in the co-assembled structures.154  While these previous reports focused on how 

intermolecular cohesion determines assembly morphology, further work is needed to explain how 

these primary interactions affect the ability of assemblies to interact with one another. 

The Stupp group recently reported the formation of large bundled superstructures of PA 

nanofibers that were programmed to display complementary DNA oligomers or charged peptide 

sequences that drove formation of superstructures among nanofibers.128 The study proposed a 

model whereby long-range exchange of PA molecules among the assemblies resulted in 

superstructure formation. The proposed mechanism implied that two energies mediated the 

process—namely, the cohesive energy among molecules in the assembly and the interaction 

energy among assemblies through Watson-Crick pairing or electrostatic attraction. In previous 

work,128 peptide-only superstructures that contained programmed association of both positively 

and negatively charged domains in the same PA molecule bundled extensively into 

superstructures. However, mixtures of PA fibers ionizable to only negative charge and PA fibers 

ionizable to only positive charge did not have sufficient driving force to form bundles. The 

hypothesis here was that the energy associated with inter-fiber attractive interactions was lower 

than the cohesive energy within individual fibers, thus suppressing the exchange necessary to build 

the hierarchical superstructure. 
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 This work describes the synthesis of PA molecules to create model systems to help us gain 

further understanding of mechanisms behind the self-assembly of superstructures. The model 

systems have been investigated using the pH dependent self-assembly of short, negatively and 

positively charged PA molecules. These molecules were designed without β-sheet forming 

sequences in order to decrease cohesive energy within the assemblies and thus promote exchange 

dynamics when oppositely charged assemblies are mixed. The study also compared the behavior 

of these systems with others formed by molecules with enhanced or diminished intermolecular 

cohesion. These experiments establish design rules to create hierarchical superstructures with 

small molecule peptides by controlling the primary structure of the assemblies they form. 

 

2.3. Results and Discussion 

Self-assembly of short PA molecules 

The synthesized PA molecules were composed of only a palmitic acid tail and three glutamic 

acid (PA1) or three lysine (PA2) residues which lack the β-sheet forming sequences that program 

self-assembly of long supramolecular nanofibers (Figure 2.1a, Figure 2.23a,b).97  The initial 

hypothesis was that the anionic palmitoylated tripeptide would form distinct planar, fibrillar, and 

spherical nanostructures in a pH-dependent manner similar to the cationic palmitoylated dipeptides 

previously reported.155 Titration of 0.1 M sodium hydroxide (NaOH) into a 0.75 mM solution of  

N-palmitoyl-triglutamic acid showed a buffering region from pH 5.9 to 6.9, where the pH changed 

by about 1 unit as two equivalents of base were added (Figure 2.1b). At pH values below the 

buffering region, a white precipitate was present (Figure 2.2a). While buffering, a cloudy 

suspension formed near 6.45, and the solution became fully clear at a pH near 6.9, suggesting 
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improved solubility due to deprotonation of acidic side chains (Figure 2.2a). At acidic pH, PA2 

dissolved easily forming a clear solution. The titration curve of PA2 showed a similar buffering 

region where the pH remained near 9.0 as 2 equivalents of NaOH were added (Figure 2.1b).  

 

 

Figure 2.1: Self-assembly of short PA molecules 

(a) Molecular structures of PA1 and PA2; (b) titration curves for PA1 and PA2 demonstrating pH 

change as 0.1M NaOH was titrated into aqueous solutions; (c) conventional TEM of PA1 and PA2 

at pH 3, 6.45, and 6.9, negatively stained with uranyl acetate; arrows indicate the edge of lamellar 

layers within stacked structures.  

These results led the the hypothesis that the morphology of the nanostructures would 

change significantly as PA1 glutamic acid residues were deprotonated in this buffering region. 

Negative stained transmission electron microscopy (TEM) imaging for high contrast showed PA1 
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formed wide structures that precipitated out of solution at a pH below the buffering region, with 

an average width of 248 nm (Figure 2.1c). When pH was increased to 6.45, the additional 

deprotonation of glutamic acid residues increased repulsion among molecules resulting in thinner 

ribbons with an average width of 145 nm (Figure 2.1c). As molecules were further deprotonated 

with additional base, aggregates of spherical micelles formed in a clear solution at pH 6.9 (Figure 

2.1c). Cryogenic TEM of PA solutions preserved in vitreous ice revealed similar structures, though 

individual layers and micelles were not clearly discerned due to the limited contrast of micrographs 

obtained by this technique (Figure 2.2b).  

 

Figure 2.2: Solution appearance and cryo-TEM for short PA molecules 

(a) Macroscopic appearance and (b) cryo-TEM of PA1 at pH values 3, 6.45 and 6.9. 

To confirm that changes in morphology were caused by changes in protonation state, we 

synthesized peptides where the one or two glutamic acid residues closest to the palmitic acid group 

were substituted with the corresponding methyl ester, limiting the total charge in alkaline solution 

(Figure 2.23c-d). The inner glutamic acid residues were methylated because past reports indicated 

that the solvent-exposed side chains deprotonate at the lowest pH, given that these side chains are 

closer to the hydrophilic solvent environment than the hydrophobic alkyl tail. When dissolved at 

pH 9, the double methylated peptide bearing only one charged residue formed ribbon-like 

structures while the single methylated peptide with two charges formed spherical micelles (Figure 
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2.3). These results suggested that the morphological changes observed in PA1 supramolecular 

structures over the buffering region from pH 5.9 to 6.9 correspond primarily to deprotonation of 

the second glutamic acid residue. 

 

Figure 2.3: Self-assembly of methyl ester short PA  

(a) Characterization of the O-methylated PA1 derivatives by conventional TEM at pH 9 and (b) 

titrations in aqueous solution.  

Previously, Stupp and colleagues reported that hierarchical assembly in supramolecular 

systems depends on dynamic exchange of the molecules among the assemblies.128 In the systems 

reported, strong inter-fiber attraction was required to overcome strong inter-molecular cohesive 

energy within the assemblies, which limited their dynamic exchange. Although the palmitoylated 

tripeptides reported here lack complementary interdigitating peptide sequences, we hypothesized 

that without a β-sheet forming sequence increased dynamics would result in superstructure 

formation when the molecules were mixed.  

Superstructure formation by mixing oppositely charged short PA molecules 

Next studies were mixtures at pH 3, 6.45, and 6.9, where PA1 lamellae, ribbons, and 

aggregates of spherical micelles respectively were observed, while PA2 consistently formed 
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spherical micelles at all three pH values as indicated by TEM micrographs (Figure 2.1c) and small-

angle x-ray scattering (SAXS) patterns (Figure 2.4; see Figure 2.10).  

 

Figure 2.4: SAXS for short PA molecules at various pH  

SAXS/MAXS/WAXS scattering pattern of PA1 collected at pH 3, pH 6.45, and pH 6.9. The high 

slope in the low-q region at pH 6.9 can be attributed to the aggregation of micelles observed by 

TEM. This prevented fitting the data to a micelle model.  

Separate PA solutions of each PA molecule at a desired pH were mixed, followed by 

adjustment to the pre-mixing pH. TEM of negatively stained samples prepared 1 hour after mixing 

revealed the formation of flat structures and micelle aggregates at pH 3, ribbons and micelle 

aggregates at pH 6.45, and exclusively clusters of micelle aggregates at pH 6.9 (Figure 2.5), 

suggesting little molecular reorganization had occurred. The nanostructures were characterized 

four days following mixing by negative-stained TEM for high contrast (Figure 2.6a), scanning 

electron microscopy (SEM, Figure 2.6b) of samples preserved by critical point drying coated on a 

polystyrene sponge for imaging three-dimensional samples, and cryogenic-TEM to exclude drying 

effects (Figure 2.7). Interestingly, all three imaging techniques revealed the formation of robust 

bundled fiber superstructures in pH 6.45 samples, while some fibers but limited superstructures 

were observed in the more acidic and basic mixtures. These results support the previously reported 
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model of superstructure formation by molecular redistribution128—the high-propensity of these 

short molecules to exchange among assemblies driven by the establishment of strong interactions. 

While smaller bundles were observed by TEM, which is limited by small sample thickness, 

imaging of three-dimensional structures by SEM revealed the largest hierarchical assemblies at 

pH 6.45 were over 1 µm in diameter (Figure 2.6b). These large structures were highly birefringent 

when observed under cross-polarizers (Figure 2.8).  The confinement of bundling behavior to a 

narrow pH range indicated superstructure formation was limited by protonation state, likely due 

to changes in electrostatic repulsion among molecules within the assemblies. 

 

Figure 2.5: Time-dependent formation of PA superstructures 

TEM characterization of PA1 at pH 3, 6.45 and 6.9 before mixture, and the PA1/PA2 mixture at 

the timepoints 1 hour, 1 day, and 4 days after pH adjustment. 
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Figure 2.6: Assembly after mixing short PA molecules of opposite charge 

(a) TEM with uranyl acetate negative-staining and (b) SEM prepared by critical point drying of 

the PA1/PA2 mixtures. Samples were aged for four days at pH 3, pH 6.45, and pH 6.9 in water. 

Arrows indicate locations where hierarchical bundling is visible.  

 

Figure 2.7: Cryo-TEM images of the PA1/PA2 mixture aged 4 days. 

 

Characterization of PA assemblies by x-ray scattering  

 Next, in situ x-ray scattering of PA solutions was used to understand how intermolecular 

cohesion among molecules within primary assemblies drives the formation of hierarchical 

supramolecular superstructures. While TEM showed PA1 formed wide structures at pH 3 and 

narrower ribbons at pH 6.45 (Figure 2.1c), the scattering patterns at pH 6.45 were dominated by 

the same set of diffraction peaks observed at pH 3 (Figure 2.9).  
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Figure 2.8: Polarized optical microscopy of PA superstructures 

Optical microscopy of the PA1/PA2 mixtures (pH 3, 6.45 and 6.9) and the PA3/PA4 mixture (pH 

7) under parallel polarizers (top row) and cross polarizers (bottom row). 

Table 2.1: WAXS and electron diffraction peaks for short PA assemblies 

PA1   PA1+PA2, 1 day   PA1+PA2, 4 days 

q 

(nm-1) 

d 

(nm) Index  

 q 

(nm-1) 

d 

(nm) Index  

 q 

(nm-1) 

d 

(nm) Index 

1.4 4.36 (001)   1.8 3.49 (001)   12.9 0.49 (100) 

2.9 2.19 (002)   5.3 1.19 (003)   15.1 0.41 (110) 

4.3 1.46 (003)   10.3 0.61 (010)      
7.7 0.81 (010)   13.0 0.48 (100)      
8.2 0.77    13.4 0.47       

13.6 0.46 (100)   15.7 0.40 (110)      
14.7 0.43    25.8 0.24 (200)      
15.5 0.41 (020)           
15.8 0.40            
16.7 0.38            
17.3 0.36 (110)           

 

A strong peak observed in the small angle region indicated a d-spacing of 4.36 nm. This is 

larger than the thickness expected for two extended PA1 molecules stacked end-to-end, 3.58 nm, 

suggesting a roughly 0.8 nm spacing between each layer (Figure 2.11a; Table 2.1). To determine 

the packing of the PA molecules within these layers, selected area electron diffraction (SAED) of 

individual structures was used, which yielded diffraction spots consistent with the peaks observed 
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in the MAXS and WAXS regions, which in turn allowed us to index peaks (Figure 2.11b). This 

scattering pattern is consistent with hydrogen bonding PA1 molecules aligned in strands parallel 

with the long axis (�⃗⃗� ) of the structures. Within the rows, PA1 molecules were spaced 0.48 nm 

apart in the axial direction—consistent with β-strand formation—and molecules in adjacent 

strands were separated by 0.85 nm (�⃗⃗� ) offset at an angle of 74° (Figure 2.11a, inset; Figure 2.11b). 

At pH 6.45, the PA2 SAXS pattern was consistent with a core-shell spherical structure with a 5.6 

nm diameter (Figure 2.10).  

 

 

Figure 2.9: X-ray scattering of short PA assemblies 

(a) Predicted molecular dimensions for PA1 and (b) peak assignments for diffraction patterns 

produced by PA1 at pH 3.  

 Immediately upon mixing PA1 with PA2 and readjusting the pH to 6.45, high-resolution 

TEM revealed a mixture of both ribbon-shaped structures and spherical micelles (Figure 2.5), 

presumably consisting of PA1 and PA2, respectively. After aging for one day, superstructures of 
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bundled fibers emerged and observed a new x-ray scattering pattern appeared, distinct from either 

PA alone (Figure 2.11; Table 2.1). 

 

Figure 2.10: Characterization of cationic short PA 

TEM, macroscopic appearance, and SAXS patterns for PA2 at pH 3, 6.45, 6.9. Patterns were fit to 

a core shell sphere model giving micelle diameters of 5.4 nm, 5.6 nm, and 5.4 nm respectively. 

Peaks in the SAXS and MAXS region broadened and shifted, corresponding to the 

thickness of PA molecule layers decreasing from 4.37 nm to 3.49 nm. The spacing between 

molecules in the axial direction (𝒂′⃗⃗  ⃗) increased slightly to 0.49 nm while the spacing between 

molecules in adjacent strands decreased to 0.61 nm (𝒃′⃗⃗  ⃗), indicating a significant change in 

molecular organization likely caused by redistribution of PA2 monomers into the pre-existing PA1 

assemblies. TEM revealed increased PA fiber bundling after 4 days of aging (Figure 2.6a), while 

the scattering pattern of the mixtures continued to evolve as the structure of mixed supramolecular 

assemblies changed over four days. In the low-q region of the SAXS pattern, the slope increased 

as the PA assemblies continued to bundle, while the initial peak broadened and shifted toward the 

pre-mixing position.  
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Figure 2.11: X-ray scattering and electron diffraction characterization of PA 

superstructures 

(a) SAXS/MAXS/WAXS  patterns for PA1 at t=4 days, PA1/PA2 mixture aged for 1 day, and 

PA1/PA2 mixture aged for 4 days at pH 6.45 in water, the inset figure expands the WAXS region; 

SAED scattering intensities of (b) PA1 bilayers alone and of (c) PA1/PA2 mixtures following 

aging for 4 days with TEM images of area used to acquire scattering pattern and a schematic 

showing spacing of molecules within the structures derived from the WAXS and SAED patterns.  

(SAED scale: q = 20 nm-1) 

In the WAXS region, peak positions remained unchanged but broadened significantly, 

suggesting the internal structure of the assemblies became more disordered. While SAED of thin 

nanofibers is technically challenging, the bundles that formed were wide enough to obtain 

diffraction patterns produced by aligned fibers within the hierarchical assembly.  SAED showed 

the 0.49 nm d-spacing associated with hydrogen bonds among neighboring peptide backbones 

remained in the axial direction of the bundled fibers (𝒂′⃗⃗  ⃗), while the angle between molecules in 

adjacent strands increased to 84° (Figure 2.11b). Continued changes in the supramolecular 

morphology between day 1 and day 4 suggest a two-step process where initial penetration of PA2 

into PA1 assemblies is followed by narrowing of ribbon assemblies into fibers that form bundled 

superstructures. To determine the distribution of each PA component in the mixed fiber structures, 

we prepared mixed solutions at different molar ratios of the two PA molecules and aged them for 
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four days at pH 6.45. The dominant structure transitions from wide assemblies to ribbons with the 

addition of 20 mol% PA2 molecules; however, bundles formed only when the molar ratio fractions 

of PA1 and PA2 were near equal (40% to 60% of each PA). At lower PA1 fractions, only disperse 

fibers and micelles remained (Figure 2.12). This may be because when a small number of PA2 

molecules were available in the system, penetration of these molecules into the PA1 assemblies 

transitioned the structures from layers to ribbons. Assemblies could bundle with one another only 

when PA1 charge was neutralized by a similar concentration of PA2 within the assemblies.  

 

Figure 2.12: Anionic and cationic short PAs mixed at varying ratios 

TEM micrographs of PA1/PA2 mixtures prepared at the indicated molar ratios. pH was adjusted 

to 6.45 after mixing and samples were aged for 4 days prior to imaging.  
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Controlling superstructure formation by tuning intermolecular cohesion 

To confirm that controlling intermolecular cohesion within the nanostructure is critical for 

hierarchical superstructure assembly, two additional PA pairs were synthesized: PA3 and PA4 

(Figure 2.14a; Figure 2.23e-f) to increase cohesion by adding a β-sheet domain, and PA5 and PA6 

(Figure 2.14b; Figure 2.23g-h) to decrease cohesion by increasing electrostatic repulsion among 

charged termini in PA molecules. Previous work suggests cohesion within supramolecular 

assemblies significantly affects monomer exchange kinetics. For example, cohesive β-sheet 

forming PA molecules were found to begin heterogeneous exchange of fiber domains over several 

hours, but the formation of homogenous mixed fibers did not occur within 48 hours of mixing.96 

On the other hand, more weakly cohesive supramolecular assemblies exchange quickly and can 

achieve completely homogeneous assemblies within hours of mixing.156 Titration curves of the 

anionic PA molecules showed no buffering region for PA3 and a buffering region near pH 5.5 to 

6.5 for PA5, slightly lower than that of PA1 (Figure 2.13).  

 

 

Figure 2.13: PA titration curves 

(a) Titration curves of PA3 and PA5, shown next to PA1. (b) Titration curves of PA4 and PA6, 

shown next to PA2. 
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Stronger intermolecular cohesion yielded fibers in the pH range of 2.5 to 10 for PA3, while 

PA5 formed flat structures that transitioned to cylindrical fibers at pH 5.9 and then no visible 

structures as pH was increased during buffering (Figure 2.13). The anionic samples were then 

mixed with their cationic counterparts, at neutral pH for PA3 and at the middle of the buffering 

region (pH 5.9) for PA5. At the pH values tested, the positively charged PA4 formed fibers and 

PA6 did not form defined structures (Figure 2.13). After mixing and aging for 4 days, SEM showed 

no bundling in the PA mixtures with domains programmed to form β-sheets and the system 

remained a network of separated PA fibers (Figure 2.14c). With decreased intermolecular 

cohesion, PA5 and PA6 mixtures formed tightly packed fiber bundles, confirming dynamic 

monomer rearrangement is necessary for superstructures to form (Figure 2.14c).  

 

Figure 2.14: PA mixtures with variable intermolecular cohesion 

(a) Molecular structures of PA3 and PA4 and of (b) PA5 and PA6; (c) SEM of the PA3/PA4 

mixture at pH 7, and the PA5/PA6 mixture at pH 5.9 dissolved in water, aged for 4 days, and cast 

on a polystyrene sponge for critical point drying and imaging; and (d) viscosity measurements of 

solutions of all six PA molecules tested and their mixtures with complementary charges.   
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In all three systems tested, mixing oppositely charged PA assemblies increased the 

viscosity of the supramolecular network (Figure 2.14d). Surprisingly, while PA molecules 

programmed to form β-sheets had much higher viscosities than any N-palmitoyl tripeptide or N-

palmitoyl hexapeptide tested prior to mixing, mixing oppositely charged molecules yielded 

similarly viscous networks despite large differences in intermolecular cohesion (Figure 2.14d). 

This result suggests that superstructure formation increased solution viscosity as effectively as 

increasing intermolecular cohesion with the addition of a β-sheet peptide sequence. 

 X-ray scattering was then used to determine how intermolecular interactions affected 

superstructure formation. In highly cohesive fibers, molecular rearrangement was not observed. 

Prior to mixing, the SAXS patterns for PA3 and PA4 had low-q slopes of -1.1 and -1.4 respectively 

(Figure 2.15a). A strong WAXS peak at a 0.46 nm d-spacing showed both molecules formed 

assemblies with β-sheet domains. Mixing yielded an increase in slope in the low-q region to -2.1, 

while the peak position remained unchanged (Figure 2.15a). The position of the β-sheet peak was 

likewise unaffected by mixing (though intensity decreased as PA3 concentration was decreased 

by half), suggesting the complete redistribution of molecules observed in PA1/PA2 mixtures did 

not occur. On the other hand, molecules with more charged groups showed strong morphological 

changes within one day of mixing oppositely charged PA molecules. Prior to mixing, PA5 

molecules dissolved at pH 5.9 produced a peak in the SAXS region corresponding to an interlayer 

spacing of 6.74 nm and strong peaks in the MAXS and WAXS regions (Figure 2.15b). At this pH, 

PA6 did not assemble and no x-ray scattering was observed. After mixing and readjusting pH to 

5.9, the observed peaks in the SAXS region shifted to the right, corresponding to contraction of 

the spacing to 5.16 nm. In the WAXS region, all but one of the peaks disappeared after mixing and 

the remaining peak shifted from a d-spacing of 0.50 to 0.48 nm. This significant change in order 
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within the assemblies is consistent with large-scale redistribution of molecules following mixing 

as observed in PA1/PA2 mixture. 

 

Figure 2.15: X-ray scattering of PA mixtures with variable intermolecular cohesion 

(a) SAXS/MAXS and WAXS (inset) scans for PA3 after 4 days, PA3/PA4 mixture after 1 day, 

and PA3/PA4 mixture after 4 days all at pH 7.0; (b) SAXS/MAXS and WAXS (inset) scans for 

PA5 after 4 days, PA5/PA6 mixture after 1 day, and PA5/PA6 mixture after 4 days all at pH 5.9.  

Molecular redistribution leads to superstructure formation  

In order to demonstrate that molecular redistribution was necessary for hierarchical 

assembly, Fourier transform infrared spectroscopy (FTIR) absorbance spectra of mixed and aged 

PA solutions of assemblies with opposite charge and dissolved in deuterated water were obtained. 

While other spectroscopic techniques can indicate proximity of molecules to one another, 

monitoring deconvoluted peaks of FTIR spectra provides a label-free technique to track changes 

in intermolecular interactions that correlate with molecular redistribution into mixed assemblies. 
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Figure 2.16: Characterization of superstructure assembly by FTIR 

FTIR absorbance spectra for solutions of PA1 and PA2 after 4 days, PA1/PA2 mixture after 1 

hour, PA1/PA2 mixture after 1 day, and PA1/PA2 mixture after 4 days all at (a) pH 6.45 and (b) 

pH 6.9; (c) FTIR absorbance spectra for solutions of PA3 and PA4 after 4 days, PA3/PA4 mixture 

after 1 hour, PA3/PA4 mixture after 1 day, and PA3/PA4 mixture after 4 days all at pH 7.0 ; (d) 

FTIR absorbance spectra for solutions of PA5 and PA6 after 4 days, PA5/PA6 mixture after 1 

hour, PA5/PA6 mixture after 1 day, and PA5/PA6 mixture after 4 days all at pH 5.9. 

Prior to mixing, PA1 exhibited a strong peak at 1595 cm-1, which is similar to the COO- band 

previously reported for poly(glutamic acid),157 a smaller peak in the amide I′ band at 1612 cm-1, 

and a complex band at 1735-1726 cm-1 indicative of protonated acid groups. PA2 exhibited a 

broader peak centered at 1642 cm-1 as previously reported for poly(lysine)157 with a sharp peak at 

1668 cm-1, which strengthened with increasing pH. When mixed at pH 3, no new bands appeared, 

suggesting molecules of opposite charge remained in separate assemblies (Figure 2.17). In 

contrast, 1 hour after mixing at pH 6.45, a new peak emerged at 1565 cm-1 which is consistent with 

the formation of salt bridges between lysine and glutamic acid side chains,158 indicating 

aggregation of the oppositely charged assemblies shortly after mixing. Peaks remained at 1732 

cm-1 and 1595 cm-1 suggesting both protonated and deprotonated glutamic acid side chains 
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remained present. A peak in the amide I′ band at 1624 cm-1appeared one day after mixing and was 

stronger after four days, indicating the formation of β-sheet-like domains due to redistribution of 

complementary PA molecules into combined assemblies (Figure 2.16a; Figure 2.18). The 

development of this peak over several days suggests monomer redistribution is a slow process, 

delaying the formation of superstructure bundles. When mixed at a higher pH of 6.9, peaks at 1734 

cm-1 and 1595 cm-1 were replaced with a strong peak at 1564 cm-1, suggesting the formation of salt 

bridges by the PA1 side chains. The strong peak associated with PA2 at 1673 cm-1 remained after 

mixing, and though initially absent, the peak associated with PA1 at 1612 cm-1 returned after 1 

day (Figure 2.16b; Figure 2.19). A small peak in the range of the amide I′ band at 1629 cm-1 

appeared after mixing, which may indicate redistribution of the highly charged monomers into 

mixed assemblies. Also after mixing, the COOH peak disappeared completely, suggesting all 

glutamic acid groups were deprotonated. Thus, the observation that bundles are not prone to form 

at pH 6.9, but do form robustly at pH 6.45, suggests that superstructure formation encounters 

mechanistic barriers when assemblies being mixed are highly charged. The nature of the barrier 

could be electrostatic “vitrification” among oppositely charged assemblies that prevents 

redistribution of molecules into a superstructure. This would happen even though the individual 

assemblies prior to mixing do have sufficiently low cohesion to exhibit significan supramolecular 

dynamics. In contrast, at pH 6.45, FTIR showed that protonated glutamic acid residues remained 

and in this case superstructures did form readily. At this value of pH, the barrier imposed by 

electrostatic interaction among oppositely charged assemblies would be lower, thus enabling 

redistribution of molecules into the thermodynamically favorable superstructures observed.  

 



61 

 

 Position (cm-1) Height (a.u.) Width (cm-1) 

Peak 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 

PA1 1735 1726 1652 1611 1604 1593 0.047 0.108 0.028 0.058 0.139 0.184 8.1 46.7 16.8 10.7 47.9 11.4 

PA2    1672 1644      0.025 0.152      14.0 52.3    

PA1/PA2, 1d 1734 1726 1671 1646 1611 1594 0.028 0.040 0.029 0.083 0.081 0.135 10.6 56.9 14.5 37.9 23.4 10.2 

PA1/ PA2, 4d 1733 1714 1670 1640 1611 1594 0.078 0.027 0.030 0.115 0.080 0.187 22.3 23.9 17.5 64.6 14.7 15.3 

 

Figure 2.17: FTIR spectra for PA mixtures at pH 3  

Deconvolution of FTIR spectra collected for PA1, PA2 and 

 their mixtures at pH 3. Plots show collected data shown (blue), fit to data (red), and individual 

deconvoluted peaks. Table below shows relative peak positions, heights and areas for each plotted 

peak. 
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 Position (cm-1) Height (a.u.) Width (cm-1) 

Peak 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 

PA1 1735 1726 1647 1611 1595  0.075 0.114 0.076 0.257 0.547  8.6 40.0 25.2 12.6 13.0  

PA2 1800 1668 1643    0.017 0.026 0.110    0.5 20.5 43.9    

PA1/PA2, 1h 1732 1670 1644 1612 1594 1566 0.019 0.028 0.130 0.027 0.078 0.061 21.9 10.6 42.4 13.6 7.9 22.9 

PA1/PA2, 1d 1731 1669 1648 1624 1594 1566 0.021 0.024 0.110 0.078 0.059 0.088 26.8 16.4 37.9 27.4 7.9 28.5 

PA1/ PA2, 4d 1731 1674 1650 1623 1595 1565 0.035 0.012 0.103 0.168 0.073 0.089 22.4 14.6 44.2 27.0 11.3 33.8 

 

Figure 2.18: FTIR spectra for PA mixtures at pH 6.45 

 Deconvolution of FTIR spectra collected for PA1, PA2 and their mixtures at pH 6.45. Plots show 

collected data shown (blue), fit to data (red), and individual deconvoluted peaks. Table below 

shows relative peak positions, heights and areas for each plotted peak. 
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Position (cm-1) Height (a.u.) Width (cm-1) 

Peak 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 

PA1 1734 1716 1642 1610 1594 1610 0.102 0.056 0.100 0.218 0.451 0.218 22.9 32.8 58.0 20.2 10.1 20.2 

PA2   1673 1642 

  

  

 

0.413 0.149 

  

  0.0 17.3 40.8 

  

  

PA1/PA2, 1h   1672 1651 1633 

 

1564 

 

0.287 0.135 0.142 

 

0.222 0.0 17.0 25.6 33.4 

 

32.5 

PA1/PA2, 1d   1673 1652 1629 1614 1564 

 

0.248 0.139 0.197 0.420 0.240 0.0 15.5 21.1 17.8 17.1 48.0 

PA1/ PA2, 4d   1673 1650 1629 1615 1563   0.205 0.113 0.054 0.169 0.152 0.0 14.5 51.1 11.8 21.9 56.5 

 

Figure 2.19: FTIR spectra for PA mixtures at pH 6.9 

Deconvolution of FTIR spectra collected for PA1, PA2 and their mixtures at pH 6.9. Plots show 

collected data shown (blue), fit to data (red), and individual deconvoluted peaks. Table below 

shows relative peak positions, heights and areas for each plotted peak. 

We compared the time dependent behavior of the PA1/PA2 system at pH 6.45 to the 

strongly cohesive PA3/PA4 and the weakly cohesive PA5/PA6. PA3 and PA4 molecules with 
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programmed β-sheet sequences both displayed strong amide I′ peaks at 1613 cm-1,  1623 cm-1, and 

1647 cm-1, but new bands were not observed four days after mixing, indicating the continued 

presence of strongly cohesive β-sheet hydrogen bonds (Figure 2.16c; Figure 2.20). Prior to mixing, 

PA5 and PA6 absorbed at similar bands as the N-palmitoyl tripeptides described here. A strong 

salt-bridge peak emerged at 1562 cm-1 within one hour of mixing the solutions, while a weak 

COOH band remained near 1730 cm-1. Also within one hour, a small amide I′ peak emerged at 

1630 cm-1, which grew considerably stronger after one day and maintained its intensity through 

day 4. The faster emergence of the β-sheet associated peak in PA5/PA6 assemblies relative to 

PA1/PA2 assemblies may be correlated with faster redistribution of the monomers into mixed 

fibers that form robust superstructures (Figure 2.16d; Figure 2.21).  
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Position (cm-1) Height (a.u.) Width (cm-1) 

Peak 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

PA3 1696 1646 1623 1613 1595 0.040 0.132 0.680 0.281 0.054 44.5 27.9 13.2 13.5 16.1 

PA4   1650 1623 1612   

 

0.086 0.400 0.282   

 

43.0 13.6 13.0   

PA3/PA4, 1h   1647 1623 1613   

 

0.127 0.454 0.252   

 

38.0 13.8 15.4   

PA3/PA4, 1d   1647 1624 1613   

 

0.209 0.600 0.441   

 

45.9 13.0 19.6   

PA3/PA4, 4d   1656 1623 1609     0.125 0.411 0.082     40.2 32.1 12.1   

 

Figure 2.20: FTIR spectra of strongly cohesive PA assemblies 

Deconvolution of FTIR spectra collected for PA3, PA4 and their mixtures at pH 7. Plots show 

collected data shown (blue), fit to data (red), and individual deconvoluted peaks. Table below 

shows relative peak positions, heights and areas for each plotted peak. 
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Position (cm-1) Height (a.u.) Width (cm-1) 

Peak 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 

PA1 1731 1676 1635 1608 1592 1566 0.214 0.049 0.116 0.084 0.327 0.066 21.5 34.0 28.7 15.1 16.6 30.6 

PA2   1659 1643 1539 

 

  

 

0.030 0.143 0.033 

 

  

 

12.1 15.8 42.0 

 

  

PA1/PA2, 1h   1648 1629 1613 

 

1562 

 

0.072 0.048 0.154 

 

0.087 

 

37.1 12.1 15.8 

 

42.0 

PA1/PA2, 1d 1724 1649 1630 1613 

 

1564 0.071 0.074 0.207 0.114 

 

0.114 98.3 28.9 11.5 17.4 

 

61.7 

PA1/ PA2, 4d 1720 1653 1630 1612   1564 0.070 0.122 0.235 0.146   0.146 84.5 21.9 23.5 15.8   50.2 

 

Figure 2.21: FTIR spectra of weakly cohesive PA assemblies 

Deconvolution of FTIR spectra collected for PA5, PA6 and their mixtures at pH 5.9. Plots show 

collected data shown (blue), fit to data (red), and individual deconvoluted peaks. Table below 

shows relative peak positions, heights and areas for each plotted peak. 

These results indicate that redistribution of molecules by exchange among supramolecular 

assemblies into mixed charge structures with more cohesive primary interactions was necessary 
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for superstructure formation. Only PA1/PA2 and PA5/PA6 assembled into hierarchical structures 

at an intermediate ionization state because their molecules were not trapped in highly cohesive 

structures and were therefore able to redistribute into even more cohesive assemblies.  We 

hypothesize that oppositely charged PA assemblies were first attracted to one another 

electrostatically (Figure 2.22a). Because the cohesive interactions among the molecules were 

weak, molecules exchanged among the assemblies, decreasing electrostatic repulsion among the 

molecules within the structures (Figure 2.22b). As the molecules redistributed the surface charge 

of the assemblies decreased and bundled superstructures formed (Figure 2.22c).  

 

Figure 2.22: Schematic of superstructure formation 

Representation of proposed superstructure formation where (a) high-aspect-ratio PA1 assemblies 

(red) and PA2 micelles (blue) are mixed and (b) the oppositely charged assemblies are attracted to 

one another. Over four days, the molecules redistribute forming (c) mixed fibers containing both 

PA1 and PA2 (purple) which form hierarchical bundles. 

In contrast, strong cohesive interactions among molecules within PA1 assemblies at pH 3 

or within PA3 assemblies at neutral pH limited molecular redistribution between the structures, so 

mixed assemblies did not form and bundling did not occur. Finally, while mixed structures formed 

from PA1/PA2 at pH 6.9, intermolecular cohesion among these assemblies was weaker than at pH 
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6.45, which limited the formation of high-aspect ratio structures that could bundle with one another 

to form large superstructures. These results demonstrate that in short peptide model systems, 

ionization state and hydrogen bonding can determine superstructure formation by controlling 

molecular redistribution among supramolecular assemblies.  

 

2.4. Conclusions 

 This work shows that the ability of molecules in large assemblies to redistribute in space 

is mechanistically important to create highly cohesive superstructures. By focusing on pairs of 

assemblies with molecules of opposite charge, the study deomonstrates that fibrillar 

superstructures form only in those systems in which molecular exchange dynamics yields 

heterogeneous assemblies with positively and negatively charged components. This mechanism to 

build superstructures from supramolecular assemblies offers a strategy to control physical 

properties of soft matter, and in this study significant changes in viscosity were observed which 

are important in processing of supramolecular materials to create 3D structures. This led to the 

conclusion that such hierarchical structures are formed by self-optimization of electrostatic 

structure among oppositely charged molecules “within” and also “between” the assemblies. 

Finally, these results show that limited cohesion is a necessary but not sufficient condition to 

readily form superstructures through redistribution since systems may encounter kinetic barriers 

as a result of high initial charge densities.  
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2.5. Materials and Methods 

PA synthesis and purification: All PA molecules were synthesized using standard Fmoc synthesis 

and purified by reverse phase high performance liquid chromatography (HPLC) as previously 

reported.128 The purity of the peptides was confirmed by liquid chromatography - electrospray 

ionization mass spectrometry in positive mode (ESI-MS, Agilent 6510 Q-TOF). 

Titrations and sample preparation: Titrations were performed in aqueous solutions at 

concentrations of 0.05 wt%. Samples were adjusted with 1 M hydrochloric acid (HCl) to pH 2 and 

then 0.1M sodium hydroxide (NaOH) was titrated into the solutions. The pH was measured using 

a Mettler Toledo FiveEasy Plus FEP20 pH meter, which was calibrated with buffer solutions at 

pH values of 4, 7 and 10 prior to each titration. For characterization, PA molecules were in aqueous 

solutions as pH was adjusted using the above titration procedure, followed by the addition of a 1 

M NaCl solution to obtain a 75 mM NaCl sample solution. For mixtures, samples were pH adjusted 

separately in water and then mixed at equal volumes. pH was readjusted to the desired value if 

necessary, followed by the addition of NaCl as above. Mixtures were aged at room temperature. 
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Figure 2.23: Chemical characterization of PA molecules used in study 

MS and LC-MS purity check of (a) PA1, (b) PA2, (c) single methylated PA, (d) double methylated 

PA, (e) PA3, (f) PA4, (g) PA5, and (h) PA6.  
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Transmission electron microscopy and electron diffraction: For conventional TEM, 10 μl of a 0.5 

wt% PA solution were placed on copper mesh TEM grids (Electron Microscopy Science) for 3 

minutes, rinsed twice with water, stained twice with 2 wt% uranyl acetate and dried for 10 minutes. 

Samples were imaged using a FEI Spirit G2 TEM. The width of PA1 at pH 3 and pH 6.45 was 

approximated by averaging the width of 20 structures of the 4-day aged conventional TEM 

samples. Cryo-TEM imaging was performed on a JEOL 1230 microscope and was operated at 100 

kV. After placing 6.5 μl of solution on a lacey carbon copper grid (Electron Microscopy Science), 

the grid was held by tweezers and mounted on a Vitrobot Mark IV equipped with a set temperature 

of 24°C and 90% humidity. The sample was blotted and plunged into a liquid ethane reservoir 

which was cooled by liquid nitrogen. The vitrified samples were then transferred to a Gatan 626 

cryo-holder using a cryo-transfer stage that was cooled by liquid nitrogen and kept below -180°C 

during imaging. For SAED, samples were prepared in similar methods to conventional TEM but 

without staining. SAED patterns were obtained on a JEOL ARM300F cold field emission gun 

TEM operated at 300 kV acceleration voltage with a camera length of 60 to 80cm, equipped with 

a Gatan OneView IS CMOS camera. The images were acquired using the in situ mode of the 

OneView IS camera at a frame rate of 4-15 fps to avoid smearing of the diffraction patterns from 

electron beam-induced sample degradation. Following the acquisition of the diffraction patterns, 

bright field images of the same area was obtained to correlate the alignment between real space 

morphological features and the diffraction patterns. 

Scanning Electron Microscopy: Following sample preparation at 0.5 wt%, a small piece of a 

polystyrene sponge was placed in the sample solution for 1 hour. The sponge was transferred to 

absolute ethanol for 15 minutes followed by drying at the critical point of CO2 on a critical point 

dryer (Tousimis Samdri-795). Dried samples were coated with 15 nm of osmium using an osmium 
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plasma coater (Filgen, OPC-60A) and imaged using a LEO Gemini 1525 field emission scanning 

electron microscope at 20 kV accelerating voltage.    

X-ray scattering: Samples were prepared using a concentration of 2 wt% and scattering patterns 

collected at beamline 5ID-D at the Dupont-Northwestern-Dow Collaborative Access Team 

Synchrotron Research Center in the Advanced Photon Source of Argonne National Laboratory. 

Sample solutions were flowed through a 1.5 mm diameter quartz capillary tube flow-cell at 1 

mm/sec to limit x-ray induced damage. Samples were then exposed to 17 keV monochromatic x-

rays five times for 0.5 seconds (SAXS patterns) and five times for 5 seconds (WAXS patterns) and 

intensities were recorded on a CCD detector placed 245 cm behind the sample. The collected two-

dimensional scattering images were averaged by azimuthal integration using the data reduction 

program FIT2D, plotted against the wave vector q = (4π)sin(θ/2) where d = 2 π/q, and subtracted 

by buffer only controls. SAXS patterns were plotted on a log-log scale and WAXS patterns on a 

linear scale. Fitting to a core-shell cylinder or a core-shell sphere model was performed as reported 

using the NCNR analysis macro for Igor.159 

Rheology: 2 wt % PA samples were prepared and mixed as indicated four days before testing. 

Measurements were performed on an Anton Paar MCR 302 rheometer with a 25 mM diameter 2° 

angle cone-plate geometry. 150 μl samples were placed between the cone and plate and 

temperature was maintained at 25°C during the duration of the test. Viscosity was measured as 

rotational rate was increased from 1 to 100 radians per second. 

Fourier transform infrared spectroscopy: PA samples were dissolved in D2O at concentrations of 

2 wt% and then acidified with 1 M deuterium chloride followed by pH adjustment with 1 M sodium 

deuteroxide. 1 M NaCl dissolved in D2O was added to a final concentration of 75 mM NaCl. After 

appropriate aging, samples were sandwiched between two calcium fluoride windows separated by 
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a 50 μm spacer. Transmittance was measured on a Bruker Tensor 27 spectrometer and solvent 

background was subtracted from the obtained sample spectra. Peaks were deconvoluted to a 

Lorentzian line shape using a MATLAB peak fitting tool. 
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CHAPTER 3 

3. Self-Assembly of Nonionic Peptide Amphiphiles 

3.1. Objectives and Significance 

Supramolecular peptide assemblies generally rely on ionic groups for solubility in aqueous 

media. Yet ionic charge can affect the adhesion, biodistribution, and signaling properties of these 

systems. To control charge, this study reports on a filament-forming nonionic PA molecule 

containing a decaethylene glycol group. Unlike charged PA sequences, these molecules self-

assemble to form high-aspect ratio filaments with β-sheet hydrogen bonding at acidic, neutral, and 

basic pH. Co-assembling the nonionic PA with charged PA produced filaments with tunable 

surface charge density and thereby demonstrate that a small number of charged molecules within 

the assemblies produced supramolecular structures similar to the completely charged filaments. 

Nonionic filaments were cell compatible and increased differentiation of stem cells in osteogenic 

media conditions relative to anionic PA filaments, demonstrating that ionic charge can affect the 

biological properties of PA systems. 

3.2. Background 

Electrostatic charge plays a key role in determining the biological performance of 

nanostructured materials. Because of their high interfacial energy, the charged surfaces of 

nanomaterials adsorb biomolecules, with the sign and magnitude of the charge determining the 

content and kinetics of surface adhesion.160,161 In addition to the surface charge of the nanomaterial 

itself, the biomolecular corona determines its biodistribution and its ability to be taken up by 
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specific tissues or cells.162-164 Electrostatic charge also plays an important role in cellular adhesion, 

proliferation, and toxicity.165-167 PEG is often used to decrease the surface energy of a nanomaterial 

by surrounding the structure with a hydrated, uncharged polymer shell that limits accumulation of 

biomolecules and prolongs bioretention.168-170 This strategy has been applied to self-assembling 

peptide nanomaterials, where the addition of PEG chains can help solubilize hydrophobic peptide 

domains and increase order within the assemblies.171 In these systems, appending PEG chains to 

other self-assembling peptides can strengthen secondary interactions among the molecules,172 but 

can also increase critical micelle concentration due to increased steric repulsion among the PEG 

chains.173  These systems, however, require conjugation of long PEG chains to each peptide within 

the assembly, making it difficult to probe how controlling electrostatic charge can modulate self-

assembly and the biological interactions by these nanomaterials. 

PA molecules developed by Stupp and co-workers—comprising a peptide region conjugated 

to an alkyl tail—are a promising platform for biomedical applications because of their highly 

tunable self-assembly into dynamic nanostructures with programmed morphologies in aqueous 

media.90,91,97,113,114,174-176 These molecules generally contain charged amino acid residues for 

solubility, constituting the hydrophilic domain of the amphiphile. These can include acidic 

residues, which are deprotonated at neutral pH or basic residues protonated at neutral pH.92,175 In 

addition to charged amino acids, a widely used subclass of PA molecules includes a peptide 

sequence designed to promote intermolecular hydrogen bonding, which programs self-assembly 

of high-aspect-ratio, one-dimensional nanostructures. Self-assembly of these molecules produces 

nanostructures with a high density of surface charge, and limiting electrostatic repulsion via 

screening of these charges by ions in the media controls the morphology of the assemblies that 

form.92,97,177,178 The charged groups in these assemblies determine many properties of the 
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nanostructures including peptide bioactivity,106 cytocompatibility,175 biodistribution,179 and gel 

formation.98,99 Although previous studies report that oppositely charged molecules cooperatively 

co-assemble into the same structure to neutralize net charge,151,152,180,181 electrostatic interactions 

still determine how the molecules assemble and how the interact with the environments, especially 

in these dynamic systems where domains of a single charge can form. In previous reports, nonionic 

self-assembling PA structures were achieved through chemical functionalization of the peptide 

side-chains, producing hydrogels at low concentration.182,183 How the effect of tuning or 

eliminating completely ionic charge within PA systems affects intermolecular interactions and the 

resultant biological response of cells to the assembly these assemblies remains unknown. Here, an 

uncharged PA molecule is used to demonstrate how eliminating ionic charge in some or all of the 

PA molecules within assemblies controls self-assembly and bioactivity of PA filaments. 

 

3.3. Results and Discussion 

Self-assembly of nonionic PA filaments 

 To produce PA filaments with no ionic charge,  a short PEG chain was substituted for the 

ionizable amino acids typically included in PA molecules to maintain solubility of the PA in an 

aqueous environment. Previously reported filament forming PA molecules have included 

oligoethylene glycol as spacers between peptide domains for self-assembly and for 

bioactivity113,128,184 or long PEG chains to decrease degradation of PA assemblies,185 though each 

of these also included ionizable peptide domains. To form an uncharged PA filament, the sequence 

N-palmitoyl-VVAA was chosen as the aliphatic tail and hydrogen bonding peptide domains, which 

we previously reported to form filaments with β-sheet when the molecules contain ionic residues 
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at the C-terminus.176 As the hydrophilic domain, a decaethylene glycol amino acid was selected, 

which previous work indicated would be short enough to limit steric repulsion among assembled 

molecules,186 but we expected was ould be long enough to ensure solubility (PA1, Figure 3.1a, 

Figure 3.11a). The PA was synthesized by coupling the PEG amino acid to a rink-amide resin and 

completing the peptide using standard Fmoc solid phase peptide synthesis, leaving an uncharged 

amide group upon cleavage from the resin. Following synthesis and purification, the PA was 

readily resuspended in water, giving a cloudy solution without a noticeably higher viscosity. Two 

PA molecules in which the PEG domain was replaced with either two anionic glutamic acid 

residues (PA2, Figure 3.1a, Figure 3.11b), or two cationic lysine residues (PA3, Figure 3.1a, 

Figure 3.11c) were also prepared. 

 

Figure 3.1. Structure and assembly of nonionic and ionic PAs 

(a) Structures of the uncharged PA1, the anionic PA2, and the cationic PA3. (b) Redshift of peak 

Nile red fluorescence as a function of PA1, PA2, or PA3 concentration at in buffers of 0 mM 

NaCl, 15 mM NaCl, and 150 mM NaCl. 
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The first experiments assessed how the elimination of charge via PEGylation affected the 

ability of the PA molecules to self-assemble. Because PA1 lacks ionic residues, its self-assembly 

was hypothesized to be less dependent on buffer salinity than its charged counterparts, as screening 

by ionic solutes determines the length scale of electrostatic interactions. Self-assembly of the 

molecules was monitored using the Nile red assay where a redshift in the dye’s fluorescence 

emission is correlated with the emergence of hydrophobic pockets as amphiphiles assemble.187 

Assembly of PA1—as indicated by the redshift in Nile red fluorescence—occurred independently 

of ionic strength, while assembly of PA2 depended on the ionic strength of the buffer, with smaller 

shifts recorded in 0 mM and 15 mM NaCl than in 150 mM NaCl. Like PA1, the self-assembly of  

PA3 was less dependent on ionic strength than PA2, though at higher concentrations the redshift 

in Nile red emission was about half that of PA1 or PA2, suggesting less dye may have intercalated 

in the assemblies (Figure 3.1b). In contrast, CD spectroscopy showed assemblies of both PA1 and 

PA2 formed β-sheet without the addition of NaCl to the buffer, while PA3 formed β-sheet only 

when salt was present in the buffer (Figure 3.2). Glutamic acid and lysine were chosen as charged 

groups due to their similar size and the similar magnitude of their opposite charges, yet these 

results indicate the two residues have disparate effects on self-assembly. Importantly though, PA1 

formed robust assemblies at low concentration and formed β-sheet in low screening conditions.   
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Figure 3.2 CD spectra of nonionic and ionic PAs  

Circular dichroism of PA solutions plotted as a function of wavelength in 0 mM NaCl buffer and 

in 15 mM NaCl buffer. 

pH dependence of PA filament assembly 

The nonionizable headgroup of PA1 was expected make its assembly much less pH 

dependent than PA2 and PA3, which contain groups that are easily deprotonated or protonated. 

Indeed, zeta-potential measurements confirmed that the surface charge of PA1 was approximately 

0 mV from pH 2 to 12, whereas the surface charges of PA2 and PA3 decreased at low and high 

pH, respectively (Figure 3.3a). Cryo-TEM of samples preserved in vitreous ice showed that PA1 

uniformly formed narrow ribbon structures at all pHs tested, while the morphologies observed for 

PA2 and PA3 were pH-dependent. At low pH, PA2 formed wide, short ribbons that bundled with 

each other, but at and above neutral pH PA2 formed longer, narrow fibers. Similarly, PA3 formed 

wide, short, bundled structures at high pH, but formed narrow, longer filaments when charged at 

neutral pH and below (Figure 3.3b).  
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Figure 3.3 pH dependence of self-assembly for nonionic and ionic PA 

(a) Zeta-potential measurements for PA1, PA2, and PA3 solutions at pH2, pH 7, and pH 12. (b) 

Cryo-TEM images of PA1, PA2, and PA3 each prepared at pH 2, 7, and 12 and preserved in 

vitreous ice. (c) Small-angle x-ray scattering intensity as a function of the wave vector for PA1, 

PA2, and PA3 solutions at pH2, pH 7, and pH 12. (d) CD as a function of wavelength for PA1, 

PA2, and PA3 solutions at pH2, pH 7, and pH 12. 

These observations are supported by SAXS scattering data which showed little difference 

in the ribbon-like scattering pattern produced by PA1 in acidic, neutral, or basic conditions, but 

showed a significant decrease in slope when ionic charge was increased for PA2 and PA3, 

consistent with a transition from planar structures to cylindrical filaments (Figure 3.3c). Next, CD 

spectroscopy was used to determine how pH affected the secondary structure of PA molecules 

within the assemblies. PA1 formed β-sheet in acidic, neutral, and basic conditions, with similar 
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patterns observed at all three pH values. In PA2, β-sheet character decreased with increased pH as 

acidic groups were deprotonated and repelled one another. CD spectra for PA3 were not 

significantly pH dependent, which could be attributed to less ionization of its sidechain in the 

assembled state relative to glutamic acid (Figure 3.3d). This trend is consistent with reported pKa 

values for the non-assembled side chains, which differ more from neutral for lysine (10.4) than for 

glutamic acid (4.3).188 

 

Figure 3.4 Structure of ionic PEGylated PA 

(a) Structures of anionic, PEG-appended PA4 and cationic, PEG-appended PA5. (b) Zeta-potential 

measurements for all PA molecules tested. 

To determine if the observed pH-independent behavior was a result of PEGylation alone 

and not the nonionic design of PA1, two control molecules were synthesized, extending PA2 and 

PA3 with the 10-mer PEG amino acid to make N-palmitoyl-VVAAEE-PEG10 (PA4; Figure 3.4a, 

Figure 3.11d) and N-palmitoyl-VVAAKK-PEG10 (PA5; Figure 3.4a, Figure 3.11e). Zeta-potential 

measurements showed that PEGylation decreased but did not eliminate the surface charge of these 

molecules at neutral pH relative to their non-PEGylated counterparts, while zeta-potential was 

close to 0 mV when ionic charge was limited at pH 2 for PA4 and pH 12 for PA5 (Figure 3.4b). 
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SAXS showed that self-assembly of these molecules was pH dependent like the charged, non-

PEGylated PA molecules tested, with low-q slope dependent on surface charge (Figure 3.5a). CD 

further confirmed that β-sheet formation by PA4 and PA5 was also pH dependent, with CD spectra 

showing β-sheet formed only when charge was minimal (pH 2 for PA4 and pH 12 for PA5; Figure 

3.5b). Despite its short length, the addition of the PEG chain may have increased steric repulsion 

among molecules in these dense assemblies, decreasing β-sheet content. Thus, pH-independent 

self-assembly by these PA molecules was achieved only by the removal of readily ionized groups, 

not merely extending the hydrophilic region of the molecule with PEG moieties. 

 

Figure 3.5: Self-assembly of ionic PEGyalted PAs  

(a) Small-angle x-ray scattering intensity as a function of the wave vector for PA4 and PA5 

solutions at pH2, pH 7, and pH 12. (b) Circular dichroism as a function of wavelength for PA4 

and PA5 solutions at pH2, pH 7, and pH 12 in 30 mM NaCl.  
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Co-assembly of nonionic and ionic PAs 

To see if the surface charge of the PA filaments could be tuned, co-assembled solutions of 

nonionic PA1 with anionic PA2 were prepared by mixing solutions of the individual PA molecules 

in a 30 mM NaCl buffer and sonicating prior to heat treatment. In a previous report, self-assembled 

morphology of ionic PA molecules co-assembled with nonionic, non-peptide surfactants depended 

on the relative concentration of the two components, which was attributed to the non-peptide 

surfactant disrupting hydrogen bonding among the peptide molecules.189 In the system reported 

here, both the nonionic and ionic surfactant components are peptides, allowing us to study how 

changing the ratio of nonionic and ionic components affects interactions among the hydrogen-

bonding peptide domains. Cryo-TEM of the co-assemblies showed that following the addition of 

5 mol% PA2 to PA1, assemblies formed similar narrow ribbons to those observed in PA1 alone. 

With the addition of 25 mol% PA2 or more, the resulting filaments appeared more similar to the 

broader, twisted ribbons formed by assemblies comprising entirely PA2 (Figure 3.6a). This 

indicates that the charged system morphology can be achieved even with a fraction of the 

containing molecules charged headgroups. Consistent with this trend, SAXS showed significant 

changes in low-q slope with the addition of 25 mol% PA2 to the uncharged PA1 filaments, 

indicating a transition from ribbon-like to cylinder-like assemblies. Similarly, the first minimum 

in the pattern shifted to the right as uncharged PA1 molecules were replaced with the charged PA2 

with the most significant change occurring with 25 mol% or less PA2 added to the assemblies 

(Figure 3.6b).  For co-assemblies of PA1 and the cationic PA3, low-q slope changed more 

gradually with the addition of charged groups (Figure 3.7a), which supports the notion that 

electrostatic repulsion among lysine residues in neighboring β-strands affected assembled 

morphology less than repulsion among glutamic acid residues. Importantly, the transition of the 
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scattering patterns from a PA1 like morphology to a PA2 like morphology with the addition of 

only a minority of PA2 groups suggests even when a small fraction of the PA molecules within 

the assemblies are charged, repulsion among these charged groups is sufficient to produce charged-

like assemblies. 

  

Figure 3.6: Co-assemblies of nonionic and anionic PAs 

(a) Cryo-TEM micrographs of co-assemblies of nonionic PA1 and anionic PA2 preserved in 

vitreous ice with the molar fraction of PA2 in the co-assemblies indicated. (b) Scattering intensities 

of the co-assembled PA systems as a function of the wave vector with vertical lines showing the 

first minimum of the PA1 and PA2 patterns and associated d-spacing given in nm. (c) WAXS 

intensity as a function of the wave vector for the co-assembled PA systems. (d) CD spectra as a 

function of wavelength for the co-assembled PA systems. (e) FTIR absorbance spectra as a 

function of wavenumber for the co-assembled PA systems with vertical line showing the peak 

absorbance in the amide I′ band for PA1 and PA2. 

Next, how changing the total charge affects intermolecular order among molecules within 

the assemblies was explored. WAXS showed three peaks, the first at a d-spacing of 0.84 nm is a 
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result of the (01) spacing between the β-strands, the second peak with a d-spacing of 0.47 nm 

results from the (10) β-sheet spacing, and the third peak corresponding to a d-spacing of 0.41 nm 

results from a (11) reflection.  The intensity of the (01) and (11) peaks are stronger in the fully 

nonionic system than in the fully anionic assemblies. Because the length scale of electrostatics is 

greater than that of local steric interactions, repulsion among ionic charges on neighboring strands 

affected inter-strand spacing. Meanwhile, steric repulsion among PEG chains was more likely to 

affect interactions with the nearest neighbor only. Surprisingly, the strongest (10) peak occurred 

when PA1 and PA2 were mixed in an equimolar ratio, suggesting that the arrangement of 

molecules within the co-assemblies minimized repulsion among the molecules (Figure 3.6c). Thus, 

while the change in assembly morphology with increasing charge was monotonic, hydrogen 

bonding character among molecules within β-strands first increased and then decreased with 

increasing PA2 content. For co-assemblies of PA1 and the cationic PA3, the intensity of all three 

peaks decreased with increasing charged PA content (Figure 3.7b). While the lysine sidechains 

affected assembled morphology less than glutamic acid residues, interactions among lysine groups 

in the same β-strand may have had a stronger effect on hydrogen bonding along the filament axis.  

The strong (10) WAXS peak observed when PA1 and PA2 were co-assembled was 

hypothesized to be a result of molecules within the assemblies arranging to minimize repulsive 

interactions with their neighbors—both by limiting steric interactions among neighboring PEG 

chains and by limiting electrostatic interactions among nearby charged groups. CD spectroscopy 

was used to further probe the effects of co-assembly on interactions among the molecules within 

filaments. CD showed weaker overall β-sheet signal for PA1 alone and co-assemblies containing 

5 mol% PA2 and the greatest intensities occurring in systems containing 25-75 mol% PA2 (Figure 

3.6d), further supporting the result that co-assembling PA1 and PA2 increased β-sheet content 
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relative to either PA alone. To further probe the environment of the hydrogen bonding PA region, 

FTIR was performed to monitor the amide I′ peak, which is sensitive to β-sheet formed by peptides. 

The spectra showed a shift in the peak to lower wavenumbers for PA2 relative to the nonionic 

PA1. In co-assembled systems, this shift could be seen with as little as 25 mol% PA2 (Figure 

3.6e). Previous reports of alanine-rich peptides indicate that this shift is correlated with hydration 

of the peptides, suggesting increasing charge leads to increased solvation of the hydrogen-bonding 

region.190 Together, these results point to the complementary ways in which combining charged 

and non-charged groups can strengthen hydrogen bonding interactions within the assemblies. 

Adding even a minority of charged PA1 to PA2 increased separation between the strands leading 

to more cylindrical, better solvated assemblies. Better solvation of polymer chains like the PEG 

group on PA1 resulted in decreased repulsion among the chains, which can in turn increase β-sheet 

character. On the other hand, co-assembling nonionic PA1 with PA2 can separate PA2 molecules 

from one another within the strand, decreasing longer range repulsive interactions among glutamic 

acid groups and yielding increased β-sheet content. Therefore, co-assembling PA molecules with 

different hydrophilic groups is a potential strategy to limit the repulsive interactions present in 

homogeneous assemblies.  
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Figure 3.7: Co-assemblies of nonionic and cationic PAs 

 (a) SAXS intensities of co-assembled systems of PA1 and PA3 as a function of the wave vector. 

(b) WAXS intensities of the co-assembled systems of PA1 and PA3 as a function of the wave 

vector. 

Effect of surface charge on PA bioactivity 

Surface charge of PA structures is well known to affect cell survival, and cationic PA 

assemblies have been found to induce cell death due to electrostatic interactions with cell 

membranes.97,175 To test the cytocompatibility of the nonionic PA1, normal human lung fibroblast 

(nHLF) cultures were treated with PA solutions of various concentrations. Both PA1 and PA2 

were non-cytotoxic, with over 85% of cells staining positive for calcein at up to 100 μM PA, 

whereas PA3 was highly cytotoxic (EC50 = 25 ± 4 μM). Thus, PA1 is a cytocompatible alternative 

to PA3 for applications where negatively charged surfaces are undesirable (Figure 3.8, Figure 

3.9a). Because only PA1 and PA2 were non-toxic to the cell cultures, these molecules were used 

to compare how they affect cell fate in additional experiments. 
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Figure 3.8: Live/dead assay of nonionic and ionic PAs  

Fluorescence imaging of live cells stained with calcein (green) and dead cells stained with 

ethidium homodimer (red) after 36 hour treatment with 100 μM PA1, PA2, or PA3 compared to 

cells with no PA treatment and cells with no PA treatment treated with 20% ethanol 30 minutes 

prior to staining. 

Nonionic or anionic surface modifications are known to control progenitor cell 

differentiation with amine or hydroxyl groups inducing osteogenesis, carboxylic acid groups 

inducing chondrogenesis, and methyl groups inducing quiescence.191 Osteogenic differentiation of 

MSCs is similarly reduced by carboxylic acid functionalization relative to amine group or hydroxyl 

group functionalization of gold nanoparticles192 or titanium nanorods,193 due to upregulation of 

proliferative signals like transforming growth factor β (TGFβ) by acidic groups. To determine how 

the presence of charged functional groups affected osteogenic differentiation, human MSCs were 

cultured in either growth media or osteogenic media with PA1 or PA2 at various concentrations 

for one week. In growth media, osteogenic differentiation—as indicated by alkaline phosphatase 

(ALP) activity—increased with increasing PA2 concentration, but was not affected by 

supplementation with PA1. This is likely due to the previously reported ability of anionic PA 

filaments to enhance growth factor signaling in vitro.108 However, in osteogenic media 

supplemented with dexamethasone and β-glycerophosphate, the nonionic PA1 increased ALP 

activity with the largest increase when 10 μM PA was supplemented in the media, while PA2 did 
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not affect differentiation (Figure 3.9b, Figure 3.10). This result is consistent with previous reports 

of negatively charged nanomaterials limiting osteogenic differentiation relative to nonionic 

hydrophilic groups.192,193  

 

Figure 3.9 Cytotoxicity and ALP activity of nonionic and anionic PA and co-assemblies 

(a) Percent viable cells as a function of PA concentration for nHLF cultures treated with PA1, 

PA2, or PA3; significance calculated relative to other PA solutions at the same concentration 

(n=3). (b) ALP activity normalized to DNA content as a function of PA concentration for human 

MSCs cultured in growth media and in osteogenic media for 7 days; significance calculated 

relative to no PA control in growth media (n=3). (c) ALP activity normalized to DNA content for 

PA1 and PA2 co-assemblies cultured in osteogenic media for 14 days; significance calculated 

relative to no PA control (n=4). (*, p < 0.05; **, p < 0.01; ***, p < 0.001) 

To determine how co-assembling ionic and nonionic PAs affected MSC differentiation, 

human MSCs were cultured in the presence of PA1 and PA2 co-assemblies in osteogenic media. 

After 2 weeks, the greatest overall increase in osteogenesis was induced by a co-assembly of 25 

mol% PA2 with 75 mol% PA1 (Figure 3.9c). Based on characterization studies at this co-assembly 

ratio, the PA molecules formed more hydrated, ionic-like assemblies, while maintaining a high 

surface density of PEGylated groups. The increased spacing between PEG moieties in these co-

assemblies may have increased their ability to interact with cell surfaces and induce osteogenesis. 

Thus, both the overall charge of PA functional groups and the spatial orientation of those groups 

contribute to controlling osteogenic differentiation in response to the assemblies. 



90 

 

Figure 3.10 Phase-contrast imaging of PA treated MSCs 

Phase-contrast microscopy images of hMSCs cultured for seven days in growth media or in 

osteogenic media supplemented with 100 μM PA1, 100 μM PA2, and without PA added. 

3.4. Conclusions 

this study, reports on a nonionic PEGylated PA that can self-assemble into similar 

nanofilaments at acidic, neutral, and basic pH with limited sensitivity to buffer ionic strength. Co-

assembling these nonionic PA molecules with their charged counterparts produced a PA system 

with a tunable surface charge and demonstrated that only a minority of charged groups within an 

assembly are necessary to direct the morphology of the final assembly. Finally, controlling charge 

was shown to affect cell viability and osteogenic differentiation in response to the filaments. These 

nonionic, filament forming PA molecules are a useful tool in future PA applications where it is 
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important to control electrostatic surface interactions or biodistribution of supramolecular PA 

structures. 

 

3.5. Materials and Methods 

PA synthesis and purification: All PA molecules were synthesized using standard Fmoc synthesis 

on a Rink amide resin as previously reported.128 For standard couplings, four equivalents of the 

amino acid was added in dimethyl formamide (DMF) with six equivalents of 

diisopropylethylamine (DIEA) and 3.95 equivalents 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU). For the PEG-10 amino acid (ChemPEP, 

Wellington, FL, USA), 1.5 equivalents were added in DMF with an equal concentration of 

(Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) and 2 

equivalents of DIEA overnight. Following coupling of the palmitic acid tail, peptides were cleaved 

from the resin in a 95:2.5:2.5 trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/water mixture for 

3 hours and precipitated in cold diethyl ether. The crude peptide was dissolved in 0.1% TFA (PA1, 

PA3, and PA5) or 0.1% ammonium hydroxide (PA2 and PA4) and purified by high-performance 

liquid chromatography (HPLC). PA1 was purified against a 5% to 95% gradient of water to a 

mixture of 75% acetonitrile and 25% tetrahydrofuran (THF), while all other PA molecules were 

purified over a 5 to 95% gradient of water to acetonitrile. All PA molecules were lyophilized 

following purification. For PA1, the dehydrated peptide was rehydrated and then lyophilized twice 

to remove any excess THF. The purity of the PA molecules was confirmed to be above 95% by 

liquid chromatography - electrospray ionization mass spectrometry using an Agilent 6520 
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quadrupole time-of-flight (Q-TOF) ESI-MS instrument over a 5% to 95% water to acetonitrile 

gradient. 

 

Figure 3.11: Chemical characterization of nonionic and ionic PA molecules 

LC-MS and MS of highlighted peak to confirm purity of (a) PA1, (b) PA2, (c) PA3, (d) PA4, and 

(e) PA5. 
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Solubilization and heat treatment: PA powders were resuspended to 10 mM in water for 

experiments at pH 7, in 10 mM hydrochloric acid for pH 2 and 10 mM sodium hydroxide for pH 

12.  After resuspension, 1 M sodium hydroxide or 1 M hydrogen chloride were added to achieve 

the desired pH. To co-assemble PA molecules, PA solutions were mixed volumetrically, bath 

sonicated for 1 hour and then left on the bench to age for at least 2 hours. A solution of 150 mM 

NaCl was added to all samples to achieve a final NaCl concentration of 30 mM. All samples were 

heat treated at 80°C for 30 minutes followed by gradual cooling by 1°C per minute to 25°C.  

Nile red assay: Following heat treatment, PA solutions were serially diluted in water (0 mM NaCl), 

or a buffer of 15 mM NaCl, or 150 mM NaCl. A solution of 100 μM Nile red was added to the PA 

solutions to one thousandth the total volume and incubated for 1 hour. The fluorescence spectrum 

was read from 600 nm to 700 nm using a BioTek Cytation 3 microplate reader using 560 nm 

excitation and the fluorescence shift was determined by subtracting the maximum excitation 

wavelength for each sample from that of the dye solution diluted in each buffer alone. 

X-ray scattering: SAXS and WAXS measurements were obtained simultaneously at the Dupont-

Northwestern-Dow Collaborative Access Team Synchrotron Research Center at the Advanced 

Photon Source at Argonne National Lab using beamline 5ID-D. Heat treated PA samples were 

flowed through a 1.5 mm glass capillary at 1 mm/sec during x-ray exposure for consistent 

background subtraction with buffer only samples. Five exposures of 10 seconds were obtained 

using 17 keV monochromatic x-rays using a CCD detector which was 245 cm behind the sample. 

The collected two-dimensional scattering images were averaged by azimuthal integration using 

FIT2D software. Intensities were plotted background subtracted and plotted against the wave 

vector q = (4π)sin(θ/2) where d = 2 π/q. 
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Circular dichroism: For ionic strength experiments, heat treated PA solutions were diluted 200 

times in water, 15 mM NaCl, or 150 mM NaCl prior to measurement. For all other experiments, 

PA solutions were diluted in a buffer of either 10 mM HCl and 10 mM NaCl, 10 mM NaCl, or 10 

mM NaOH and 10 mM NaCl for measurements at pH 2, pH 7, and pH 12 respectively. CD spectra 

were acquired on a J-815 CD spectrophotometer (Jasco Analytic Instruments, Easton, MD) in a 2 

mm quartz cuvette. The average of 3 measurements over 250 nm to 190 nm was recorded. 

Zeta-potential: Heat-treated PA solutions were diluted 20 times in 30 mM NaCl with 10 mM HCl, 

30 mM NaCl, or 30 mM NaCl with 10 mM NaOH for pH 2, pH 7, and pH 12 respectively. For 

each PA, three separate samples were prepared at each pH. Samples were loaded in a disposable 

folded capillary cell and zeta-potential was measured at 25°C using a Zetasizer Nano ZS (Malvern 

Instruments, Malvern, UK). The average of the three measurements for each sample was plotted.  

Transmission electron microscopy: TEM was performed on PA solutions preserved in vitreous ice 

on a JEOL 1230 TEM with a Gatan 831 CCD camera using an accelerating voltage of 100 kV. 

Samples were diluted with milli-Q water to 1 mM immediately prior to blotting. Copper mesh 

TEM grids with lacey carbon support (Electron Microscopy Sciences) were treated with glow 

discharge and then 7 μl of sample was pipetted onto the grid. Samples were blotted twice and 

plunged into liquid ethane using a Vitrobot Mark IV instrument (FEI) with 95-100% humidity in 

the chamber at 20°C. Samples were then transferred to a Gatan 626 cryo-holder under liquid 

nitrogen for imaging.  

Fourier transform infrared spectroscopy: Following heat treatment, PA solutions were lyophilized 

and then reconstituted in D2O after which samples were heat treated a second time. For 

measurement, PA solutions were placed between two CaF2 windows spaced 50 μm apart and a 
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Bruker Tensor 27 spectrometer was used to measure transmittance. Solvent background was 

subtracted from the obtained spectrum and plotted against the wavenumber. 

Cytotoxicity: nHLFs were obtained from Lonza and maintained in growth medium consisting of 

DMEM with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells (passage 5) 

were tryspinized and resuspended in media containing 2% FBS and 150 μl of the cell suspension 

was added to each well of a 96 well microplate for a total of 2,500 cells per well. After 2 hours 

attachment, 50 μl PA solutions diluted in phosphate buffered saline (PBS) to 4 μM, 20 μM, 100 

μM, or 400 μM were added to each well. After 36 hours culture, the media was removed and 

replaced with a solution of 2 μM calcein and 4 μM ethidium homodimer in PBS. After 30 minutes, 

cells were imaged using a Cytation 3 microplate reader. Live and Dead cells were counted using 

the MATLAB Image Processing Toolbox to determine viability. 

Alkaline phosphatase activity: hMSCs were obtained from Lonza and maintained in Mesenchymal 

Stem Cell Growth Media (Lonza). Cells were used for experiments prior to passage 6. Cells were 

trypsinized and resuspended in growth media containing high glucose DMEM supplemented with 

10% FBS and 1% penicillin/streptomycin and 50 mg/L sodium ascorbate. 500 μl of the cell 

suspension was placed in each well of a 24 well plate and incubated for 24 hours. Media was 

removed and replaced with 540 μl of growth media or osteogenic media containing low glucose 

DMEM supplemented with 10% FBS, 50 mg/L sodium ascorbate 10 mM β-glycerophosphate, and 

100 nM dexamethasone. 60 μl of a 10 times concentrated PA solution in PBS was then added to 

each well. Every 3-4 days, media was replaced by removing 300 μl media and adding 270 μl 

growth media or osteogenic media and 30 μl of the 10 times concentrated PA solution in PBS. 

ALP activity was determined using the SensoLyte pNPP ALP Assay Kit (Anaspec, Fremont, CA) 

according to the manufacturer’s instructions. Briefly, cells were washed once with the assay buffer 
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and the 200 μl of the assay buffer supplemented with Triton-X was added to each well. The plate 

was incubated for 1 hour at 4°C under mild agitation, cells were scraped with a pipette tip and 

collected, and the suspension was centrifuged for 10 minutes at 5,000 g. The supernatant was 

mixed with the assay’s detection buffer in a microplate and the optical absorbance was read after 

a four-hour incubation using a Cytation 3 microplate reader. The supernatant was also used to 

determine DNA concentration using a Quant-iT PicoGreen dsDNA kit (Molecular Probes, Eugene, 

OR). ALP concentration was normalized to DNA concentration for each sample.  
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CHAPTER 4 

4. Transforming Growth Factor β-1 Binding by Peptide Amphiphile 

Hydrogels  

4.1. Objectives and Significance 

 Supramolecular biomaterials are promising systems to bind or deliver therapeutic growth 

factors given their great structural versatility and tunability of properties by simply mixing 

molecules. In this work, this approach is investigated for the growth factor cytokine TGF-1, 

which is potentially important in the regeneration of damaged cartilage or in the prevention of 

fibrinogenesis of organs and the progression of tumors. Previous work by Stupp and colleagues 

identified a peptide sequence capable of binding TGFβ-1 and supramolecular PA nanofiber 

hydrogels that displayed the sequence were found to enhance regeneration of cartilage in a rabbit 

model. Here, we have synthesized novel PA molecules motivated by the tendency of the original 

bioactive peptide to undergo deamidation during purification procedures, thus interfering with 

synthesis of molecularly well-defined structures. Here, novel PA nanofibers that can be purified 

without deamidation are reported to establish if the chemical reaction affects chondrogenesis. 

Interestingly, gels formed from nanofibers displaying a fully deamidated sequence by introducing 

an asparagine to aspartic acid mutation retain 25% more growth factor relative to those displaying 

the original bioactive peptide even though the individual peptides have similar affinity for the 

cytokine. This difference in growth factor retention may be attributed to bundling of nanofibers 

displaying the original asparagine-containing sequence, thus masking the growth factor-binding 

structure. Improved retention of the growth factor resulted in chondrogenesis of cells encapsulated 
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in the gels as indicated by a more than 50% increase in Sox 9 expressing cells at three days and a 

100% increase in glycosaminoglycan production at 21 days. Therefore, this design is a more 

effective bioactive supramolecular biomaterial to bind TGFβ-1. These experiments also 

demonstrated how bioactive peptide sequences in supramolecular biomaterials can have impact on 

their structure at larger length scales that change their biological functions.  

4.2. Introduction 

 Regeneration of damaged articular cartilage is an important biomedical challenge with 

current clinical strategies failing to regrow healthy hyaline tissue.53 Yet morbidity due to cartilage 

degeneration is widespread, affecting 15% of adults over 60194 with an associated economic burden 

estimated at 2.5% of gross domestic product of developed countries.35 Cartilage is avascular and 

comprises primarily ECM maintained by a small population of native chondrocytes.30 In healthy 

tissue, maintenance of the ECM is regulated by a number of growth factors and cytokines; 

however, with no blood profusion and a small native cell population, regenerating adult cartilage 

lacks a source of bioactive signals needed to promote the production of new ECM.36,195 Therefore, 

therapies that can deliver or sequester morphogenic signals are expected to induce improved 

regeneration of cartilage lesions.45 

 Regulation of the cytokine TGFβ-1 is critical in controlling skeletal development,196 tissue 

fibrosis,197 immune response,198 and tumor progression.199 The growth factor’s role in 

chondrogenesis has been utilized to promote cartilage regeneration in scaffolds by promoting 

matrix synthesis and inducing chondrogenic differentiation of encapsulated cells.59,200 However, 

maintaining the appropriate therapeutic concentration of TGFβ-1 is challenging since  the 

signaling pathway activated is concentration dependent. Low physiological concentrations 
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promote maintenance of healthy cartilage while high physiological concentrations initiate 

inflammation and are toxic to the surrounding healthy cartilage, synovium, and subchondral bone. 

48,201,202 In addition, low doses of the growth factor are quickly depleted due to TGFβ-1’s short 

half-life (2-3 minutes in its active form).203 Therefore, biomaterials that protect the retained growth 

factor from degradation while slowly releasing a therapeutic dose are expected to promote the 

regeneration of healthy tissue.204 Previously reported techniques to prolong release of TGFβ-1 

include covalent conjugation of the growth factor to a hydrogel scaffold such as PEG or 

chitosan,205-207 non-specific encapsulation of the growth factor in a biopolymer matrix like fibrin 

or alginate,208,209 and specific binding of the growth factor by synthetic peptides conjugated to a 

scaffold.60,210,211 To achieve specific binding, the authors’ laboratory reported previously on a 

scaffold formed by self-assembling peptide PA nanofibers that incorporated a peptide sequence 

evolved by phage-display (HSNGLPL) to specifically bind TGFβ-1.60 These scaffolds promoted 

substantial repair of healthy hyaline cartilage in a rabbit model both through retention of 

exogenous growth factor and sequestration of endogenous growth factor following implantation 

in a cartilage lesion. 

 Self-assembling PA molecules are a promising platform for regenerative medicine because 

they can be programmed by their chemical structure to form high-aspect-ratio bioactive nanofibers 

that mimic ECM filamentous structures, thus serving as a temporary scaffold to support tissue 

repair.60,103,105,107,112,114,115,150 Consisting of a peptide conjugated to a hydrophobic aliphatic tail,90 

PA molecules can degrade as the tissue regenerates, producing amino acids and lipids that are 

easily cleared from the lesion site.82 The peptide sequence generally includes a hydrophilic domain 

of charged amino acids for solubility in aqueous conditions, while hydrogen bonding among 

specific peptide domains, particularly those with high tendency to form -sheet secondary 
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structures, drives long range order and nanofiber formation.212 These fibers form hydrogel 

networks when screened by physiological electrolytes,99 and charge screening of acidic PA 

molecules by ionic calcium produces a robust, cell supporting hydrogel that can be formed in 

situ.213 Bioactive signaling epitopes can be added to the peptide sequence and presented at a high 

density on the surface of the nanofiber.150 In addition, PA molecules displaying bioactive 

sequences can be mixed with diluent PA molecules lacking the sequence to form co-assembled 

fibers where only a fraction of the molecules contain the bioactive epitope.104,214 This controls the 

density of these signals and can initiate robust formation of nanofibers;108 for instance, in the 

previously reported TGFβ-1 binding PA nanofibers, 10% of the PA molecules in each fiber 

contained the growth factor binding peptide epitope.60 

 Due to the promising ability of supramolecular PA systems to initiate cartilage repair by 

prolonging TGFβ-1 release, the initial hypothesized was that increasing the scaffold’s ability to 

retain the growth factor would yield further improvements in cartilage regeneration. One approach 

to extend the growth factor’s release profile is to improve the chemical stability of the peptide 

sequence used to bind the growth factor. The TGFβ-1 binding peptide used in the previous PA 

system contained an asparagine residue followed by a glycine residue, which is known to 

spontaneously deamidate under basic conditions. The lone pair on the amide nitrogen of the 

glycine residue can attack the carbonyl on the asparagine sidechain, forming an asymmetric cyclic 

imide, which opens to either aspartic acid or the β-amino acid (isoaspartic acid).215 Subsequent 

analysis of the PA molecules used in previous in vivo rabbit study showed nearly complete 

deamidation of the PA sequence, which presumably occurred during purification of the molecule 

by reverse-phase HPLC under basic conditions.  Yet despite deamidation of the phage display-

evolved sequence, in vitro work had confirmed the PA system’s ability to bind the growth factor 
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and promote chondrogenesis. This work explores whether preventing deamidation and therefore 

preserving the phage display sequence can improve the ability of the PA to bind TGFβ-1 and 

promote chondrogenesis, which required developing novel molecules in which deamidation is 

fully suppressed. 

4.3. Results and Discussion 

Preparation of non-deamidating TGFβ-1 binding PA 

 The initial goal was to prepare self-assembled PA filaments that displayed on their surfaces 

the TGFβ-1 binding peptide sequence discovered earlier by phage display. This required PA 

molecules displaying the sequence that could be purified in acidic rather than basic conditions to 

avoid deamidation. This also required co-assembling the TGFβ-1 binding PA with a filament-

forming diluent PA since the former does not self-assemble into high-aspect-ratio nanofibers. The 

same diluent PA used in the previously reported system was chosen, which included three glutamic 

acid residues for solubility (PA1; Figure 4.1a, Figure 4.17).60  Although a PA system including 

cationic residues like lysine instead of glutamic acid residues could be purified in acidic conditions, 

PA fibers with a high density of cationic groups are known to disrupt cell membranes under certain 

conditions.97,175 Additionally, PA filaments displaying a high-density of acidic residues form 

robust gels with the addition of ionic calcium,98 which is useful for sustained delivery of the growth 

factor.60  The selection of an anionic diluent PA precluded co-assembly with a cationic PA 

displaying the binding epitope, since replacing the glutamic acid residues in the binding PA with 

lysine residues and co-assembling with PA1 was previously shown to limit the structural integrity 

of the resulting nanofibers.180 Therefore, a new growth factor binding PA that is soluble over a 

wide pH range was prepared by incorporating a 10-unit PEG chain. This  PEG molecular segment 
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replaced a seven amino sequence of the previously reported TGFβ-1 binding PA, including the 

hydrophilic glutamic acid domain which made nanofibers soluble in water and the glycine linker 

domain which separated the binding epitope from the nanofiber surface (PA2; Figure 4.1a, Figure 

4.17).

 

Figure 4.1: Structure and chemical stability of TGFβ-1 binding PA system 

(a) Chemical structures of diluent and binding PA molecules. Hydrophilic domains for solubility 

are indicated in blue and the sites where deamidation occurs are indicated in red. (b) LC-MS trace 

following purification of PA2 in acidic conditions and (c) PA4 in basic conditions. (d) Analytical 

HPLC trace of PA2 samples collected over 8 days compared to fresh PA molecules synthesized 

with an aspartic acid (PA3) substitution.  

 In order to understand the functional role of a deamidated sequence, the same PA molecule 

was synthesized with aspartic acid rather than asparagine in the growth factor binding domain 

(PA3; Figure 4.1a, Figure 4.17). After purification, mass spectroscopy showed a difference of one 
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atomic mass unit between PA2 and PA3, indicating the asparagine residue was preserved in PA2 

(Figure 4.2).  

 

Figure 4.2: MS of binding and deamidated PA sequences 

Mass-spectroscopy data showing that the purified asparagine-containing PA2 differs in mass from 

the aspartic acid bearing PA3, confirming deamidation did not occur during synthesis and 

purification.  

 Additionally, liquid chromatography-mass spectroscopy (LC-MS) showed no elution peak 

of the deamidated product when the asparagine-containing sequence was used (Figure 4.1b). We 

also prepared a PA with an asparagine-to-isoaspartic acid substitution, but failed to purify more 

than a very small quantity due to the formation of a side product that largely coeluted with the 

expected product (Figure 4.3). For comparison, the previously reported TGFβ-1 binding PA (PA4, 

Figure 4.1a, Figure 4.17) and its aspartic acid mutated counterpart were synthesized (PA5; Figure 

4.1a, Figure 4.17) and purified them under basic conditions. The chromatogram of PA4 showed 

elution of the deamidated product despite immediate acidification in order to limit the hydrolysis 

reaction once the product was purified (Figure 4.1c). 
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Figure 4.3: Synthesis and purification of isaspartic acid mutant binding PA 

(a) Schematic showing deamidation of PA2 to its asparagine-to-aspartic acid mutant, or its 

asparagine-to-isoaspartic acid mutant via a succinimide intermediate. (b) Preparatory HPLC trace 

obtained during purification of the directly prepared isoaspartic acid mutant sequence; product 

eluted during fractions 8-12. MS of purified collected fractions (c) 9 and (d) 10 showing expected 

product mass for fraction 9 and a -18 g/mol side-product co-eluting in fraction 10. Spontaneous 

conversion of the directly synthesized isoaspartic acid PA limited the product yield and suggest 

possible interconversion between deamidated sequences via the succinimide intermediate. 



105 

 To track deamidation of PA2 following solubilization, the molecule was dissolved in Tris-

buffered Saline (TBS) and incubated the solution over 8 days at 37 °C, removing aliquots 

throughout the experiment for analysis by analytical HPLC (Figure 4.1d). As peptides, asparagine-

, aspartic acid-, and isoaspartic acid- containing sequences can be differentiated from one another 

by analytical HPLC.216 Comparing the elution times of PA2, PA3, and the asparagine-to-

isoaspartic acid mutated acid PA showed that PA3 eluted later than PA2 allowing the two to be 

differentiated, but PA3 eluted at a similar retention time to the isoaspartic acid-containing PA, 

which is unsurprising given the chemical similarity (Figure 4.4). Comparing analytical HPLC 

traces of the aliquots to those of the asparagine-to-aspartic acid mutated showed preservation of 

the expected elution peak over the first 6 days. A second peak more closely matching the elution 

peaks of the mutated sequences emerged only after 8 days, indicating the intended peptide 

sequence was largely preserved for up to one week. This strategy of using a PEGylated hydrophilic 

domain to produce PA molecules soluble over a wide pH range that can later be co-assembled with 

an anionic diluent PA may be useful in a number of other applications. These include incorporation 

of the NGR peptide motif used in delivery of cancer therapeutics217 or the presentation of 

nitrosylated groups used to prevent restenosis.218  
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Figure 4.4: Elution times of TGBβ-1 binding PA molecules by analytical HPLC 

Analytical HPLC traces showing elution of the asparagine containing PA2, the asparagine-to-

aspartic acid mutated PA3 and asparagine-to-isoaspartic acid mutated PA. The small difference in 

elution time prevented quantification of the relative ratio of the two products following PA2 

deamidation.  

Effect of deamidation on TGFβ-1 binding 

 Since the previously reported TGFβ-1 binding PA was significantly deamidated during 

purification, whether deamidation affected the binding affinity of the bioactive epitope to the 

growth factor was next investigated. TEM and SAXS showed these molecules assembled into short 

filaments, and CD showed peptides had random coil secondary structure (Figure 4.5).  
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Figure 4.5: Self-assembly of TGFβ-1 binding PAs without co-assembly 

(a) Conventional TEM images of solubilized PA1, PA2, and PA3 without heat treatment. (b) 

SAXS patterns of PA2 and PA3 had a lower low-q slope and a higher-q minimum than PA1, 

indicating a more micelle like morphology with a smaller radius than the PA1 fibers. (c) CD 

showed that while PA1 formed β-sheet, the PA2 and PA3 structures had a random coil secondary 

structure prior to co-assembly. 

 Binding of PA2 and PA3 molecules to TGFβ-1 was assessed using Biolayer 

Interferometry, a label-free technique for measuring bimolecular interactions,219 by measuring 

association of the epitope bearing PA molecules to a growth factor coated sensor. PA2, which 

displays the asparagine sequence derived from phage-display, bound the coated probe with a KD 

of 39 ± 12 μM (Figure 4.6a). PA3 had a similar binding affinity (KD = 36 ± 14 μM) to the coated 
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probe, indicating the deamidation substitution to aspartic acid on its own did not significantly 

diminish growth factor binding (Figure 4.6b).  

 

Figure 4.6: Epitope binding to TGFβ-1 

Biolayer interferometry binding curves of PA2 (a) and PA3 (b) association (120 s) and dissociation 

(180 s) to TGFβ-1 coated probes obtained at several PA concentrations. Molecular graphics of the 

most likely conformation of the asparagine epitope (c) and the aspartic acid epitope (d) to TGFβ-

1 simulated by CABS-Dock.  

 Because the change in binding affinity due to deamidation was minimal, both peptides 

were expected to be able to bind the growth factor at the same binding pocket. To validate  this 

hypothesis, blind Monte Carlo simulations of peptide binding were implemented using the 

CABS-dock software package,220 which produced the 10 most likely binding conformations by 

mathematically clustering the locations of the peptide at the end of 1000 independent model 
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runs. Root mean square deviation (RMSD) and cluster density for these conformations are given 

in Table 4.1. In the predicted conformations, both peptides bound the growth factor at the same 

pocket deep between the two monomers that comprise the TGFβ-1 dimer (Figure 4.6c,d). 

Interestingly, this binding motif mimics the binding of TGFβ-1 to latency associated peptide 

(LAP), which is bound to TGFβ-1 following biosynthesis and is cleaved in order to activate the 

cytokine.221 The leucine- and isoleucine-rich α1 helix in LAP is known to interact with 

tryptophan residues on the growth factor,222 and CABS-dock model showed that these same 

tryptophan residues are in close proximity to the leucine residues on the bound peptides (Figure 

4.7).  

 

Table 4.1: RMSD and cluster density values over three independent CABS-dock simulations  

 Model # Density Avg RMSD Max RMSD # of Elements 

HSNGLPL 

1 62.6 2.2 8.6 139 

2 34.9 2.0 5.5 70 

3 33.2 2.9 7.6 97 

4 33.0 2.3 7.2 79 

5 25.2 1.7 5.1 44 

6 51.7 1.6 7.1 83 

 
     

 Model # Density Avg RMSD Max RMSD # of Elements 

HSDGLPL 
1 63.8 2.8 9.6 179 

2 52.1 2.7 13.0 142 
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Figure 4.7: Binding simulations of peptide epitopes to TGFβ-1 

CABS-dock simulated binding conformations of (a) HSNGLPL peptide sequence and (b) 

HSDGLPL peptide sequence to TGFβ-1, and (c) previously reported binding conformation of LAP 

to TGFβ-1.222 Tryptophan residues on TGFβ-1 are marked in yellow and leucine residues on the 

binding peptides or leucine and isoleucine residues on LAP are marked in orange.  

 The binding energy of the peptides to the growth factor at the predicted site were estimated 

using the molecular modeling software Autodock Vina,223 which gave a binding energy for the 

asparagine epitope of -6.0 ± 0.3 kcal/mol (KD = 40 ± 26 μM), compared to -5.6 ± 0.3 kcal/mol (KD 

= 78 ± 51 μM) for the aspartic acid sequence (Table 4.2).  These data indicate that deamidation 

does not strongly affect the binding affinity of the peptide to TGFβ-1, which led us to investigate 
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next if the ability of the PA nanofiber gels to prolong growth factor release and induce 

chondrogenesis is significantly affected by the conversion. 

 

Table 4.2: Highest frequency trajectories for each peptide from 4 independent model 

HSNGLPL Model Run #  HSDGLPL Model Run # 

 1 2 3 4   1 2 3 4 

1 -6.2 -6.6 -6.1 -6.6  1 -6 -6.1 -5.5 -6.4 

2 -6.2 -6.4 -5.9 -6.5  2 -6 -6 -5.4 -6 

3 -6.1 -6.4 -5.8 -6.3  3 -6 -5.9 -5.3 -6 

4 -6 -6.3 -5.8 -6.3  4 -6 -5.8 -5.2 -6 

5 -6 -6.1 -5.8 -6.2  5 -6 -5.6 -5.2 -5.9 

6 -5.9 -6.1 -5.7 -6.2  6 -6 -5.6 -5.2 -5.8 

7 -5.9 -6 -5.5 -6.1  7 -6 -5.6 -5.1 -5.8 

8 -5.9 -6 -5.4 -6  8 -6 -5.5 -5 -5.7 

9 -5.8 -5.9 -5.4 -6  9 -6 -5.5 -5 -5.7 

Avg 

[kcal/mol] -6.0 -6.2 -5.7 -6.2  

Avg Avg 

[kcal/mol] -6.0 -5.7 -5.2 -5.9 

St Dev 0.1 0.2 0.2 0.2  St Dev -6.0 0.2 0.2 0.2 

           

  [kcal/mol] [μM]      [kcal/mol] [μM]   

Overall Avg -6.0 37.2    Overall Avg -5.7 64.1   

Overall St Dev 0.3      Overall St Dev 0.4     
 

Growth factor release by TGFβ-1 binding PA hydrogels 

 In order to investigate prolonged release of TGFβ-1, PA2 or PA3 were co-assembled with 

the diluent PA1, forming binding epitope displaying filaments that gelled upon addition of 

calcium. To produce co-assembled structures, each PA was dissolved separately to the same molar 

concentration and then mixed the solutions volumetrically to achieve the desired ratio. After 

mixing, the solutions were bath sonicated for 1 hour, heated to 80°C, and cooled to room 

temperature. Using cryo-TEM imaging of samples preserved in vitreous ice showed that co-

assembly of 90 mol% PA1 with 10 mol% of either PA2 or PA3 did not disrupt the one-dimensional 
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fiber morphology observed in PA1 alone. The micrographs showed more ribbon-like filaments for 

PA2/PA1 co-assemblies and aggregation of the filaments that was not present in solutions of PA1 

alone, while less filament aggregation occurred in PA3/PA1 mixtures (Figure 4.8a).  

 

Figure 4.8: Self-assembly of TGFβ-1 binding PA filaments 

(a) Cryo-TEM images of PA filaments preserved in vitreous ice. SAXS (b) and WAXS (c) patterns 

of 8 mM PA solutions of PA1 alone and PA1 co-assembled with 10 mol% PA2 or PA3.  

 TEM imaging of PA nanofibers negative stained with uranyl acetate for high contrast 

showed similarly bundled and aligned fibers in the co-assembly of PA2 and PA1, but not for PA1 

alone or in the co-assembly of PA1 and PA3 (Figure 4.9a). SAXS scans for PA1 confirmed the 

nanofiber morphology observed by TEM with a low-q slope of -1.1. When co-assembled with 

PA2, the observed slope increased to -1.7, consistent with fiber aggregation. However, when co-

assembled with PA3 the slope increased slightly to -1.3, suggesting less aggregation of the 

filaments as indicated also by electron microscopy (Figure 4.8b). Apart from this change in slope, 
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scattering patterns for all three systems were similar, indicating co-assembly did not significantly 

change fiber morphology.  To confirm the binding PA molecules co-assembled with the diluent 

PA, changes in intermolecular interactions among the PA molecules were investigated. PA2 and 

PA3 have a shorter alkyl hydrophobic segment conjugated to the -amino group in a lysine residue 

side chain at the C-terminus rather than a longer alkyl chain conjugated to the N-terminus of the 

peptide in PA1.  

 

Figure 4.9 Co-assembly of TGFβ-1 binding PA molecules and diluent PA 

(a) Negative stained TEM images of PA solutions. PA1 shows separate. 10% PA2 in PA1 shows 

parallel fibers arranged in a bundle, and PA3 in PA1 shows largely separate fibers. (b) CD and (c) 

FTIR spectra indicate a decrease in β-sheet character following addition of PA2 or PA3 supporting 

co-assembly into diluent PA fibers. 

 This difference may disrupt supramolecular packing of PA molecules within the nanofiber 

and thus weaken intermolecular bonds. Indeed, WAXS of PA1 reveals a strong peak 

corresponding to a d-spacing of 4.65 Å, indicating supramolecular ordering within these 
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assemblies consistent with the expected separation of β-sheet-forming strands.224 Upon addition 

of PA2 or PA3, the intensity of this Bragg peak decreased, suggesting that insertion of the binding 

PA in the co-assemblies led to some disruption of intermolecular packing order (Figure 4.8c).  CD 

likewise showed a decrease in β-sheet signal with the addition of the binding PA molecules (Figure 

4.9b), FTIR also revealed a decrease in the amide I′ peak at 1624 cm-1 associated with β-sheet 

ordering within the assemblies (Figure 4.9c). These results support self-assembly of both 

molecules with a decrease in internal order relative to nanofibers formed by the diluent PA 

molecules.  

 After confirming that PA2 and PA3 co-assembled with PA1 to form binding epitope-

displaying PA nanofibers, the next experiments comparted how mutation of the bioactive sequence 

affected the ability of gels to prolong TGFβ-1 release. A  TGFβ-1 solution was mixed with a 

solution of PA filaments, formed a hydrogel by adding a calcium chloride solution,99 and added 

TBS on top of the gels to measure the rate of growth factor release into the TBS solution. 

Surprisingly, PA2/PA1 co-assemblies containing the asparagine binding epitope selected by 

phage-display released over 25% more TGFβ-1 over 3 weeks than PA3/PA1 co-assemblies 

containing the mutated aspartic acid epitope that mimics the deamidated product. However, both 

co-assemblies revealed the capacity to limit the release of growth factor relative to gels composed 

of PA1 alone (Figure 4.10a). Fitting the data to a two-phase exponential indicated that differences 

in binding PA co-assemblies vs. diluent PA assemblies were due primarily to greater growth factor 

release in the burst phase compared to the subsequent sustained release phase. PA2/PA1 and 

PA3/PA1 co-assemblies released a similar amount of growth factor during the burst release phase, 

but during the sustained release phase the rate constant of PA2/PA1 (0.0100 ± 0.0048 days-1) 

exceeded that of PA3/PA1 (0.0033 ± 0.0019 days-1), leading to significantly greater total release 
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by day 7. This indicates that while more growth factor was retained by PA2/PA1 gels relative to 

those formed by PA1 alone at early times, weaker association of TGFβ-1 by PA2/PA1 gels led to 

greater sustained release than gels formed by PA3/PA1 supramolecular co-assemblies over the 21 

day experiment (Table 4.3).  

 

Figure 4.10: TGFβ-1 retention by PA hydrogels  

(a) Plot of percent cumulative TGFβ-1 released as a function of time from gels comprising only 

the diluent PA1, PA1 co-assembled with 10 mol% of the asparagine containing PA2, and PA1 co-

assembled with 10 mol% of the aspartic acid-containing PA3 (*, PA1 vs. PA2/PA1; °, PA1 vs. 

PA3/PA1; ^, PA2/PA1 vs. PA3/PA1); and (b) from gels where glutamic acid residues and not 

PEG were used in the hydrophilic domain comprising only the diluent PA1, PA1 co-assembled 

with 10 mol% of the asparagine containing PA4, and PA1 co-assembled with 10 mol% of the 

aspartic acid-containing PA5 (*, PA1 vs. PA4/PA1; °, PA1 vs. PA5/PA1; ^, PA4/PA1 vs. 

PA5/PA1). Curves were fit to a two-phase exponential release model. (*/^, p < 0.05; °°/^^, p < 

0.01; ***/^^^, p < 0.001; °°°°/^^^^, p < 0.0001)  

 



116 

 

Figure 4.11: Self-assembly of anionic backbone TGFβ-1 binding PA filaments 

(a) Negative Stained TEM imaging of 10% PA4 in PA1 and 10% PA5 in PA1 revealed fiber 

morphologies with some bundling in both samples. (b) CD and (c) FTIR showed a decrease in β-

sheet character following co-assembly of either PA. (d) SAXS scattering confirmed fiber-like 

morphologies for the co-assemblies and (e) WAXS confirmed a decrease in β-sheet character 

following co-assembly.  

 To confirm that the difference in growth factor retention was not a result of the PEG chain, 

PA1 was co-assembled with 10 mol% of PA4, the original PA design containing a glutamic acid 

hydrophilic region and a partially deamidated binding sequence, or with 10 mol% PA5, its aspartic 

acid mutant counterpart (see Figure 4.1a).  These systems formed co-assembled nanofibers (Figure 

4.11) and allowed for quantification of growth factor release from gels prepared with these 

supramolecular nanofibers.  TGFβ-1 release studies followed the trend observed in the PA systems 

with a PEG linker in the binding PA. Specifically, PA5/PA1 co-assemblies displaying the aspartic 

acid sequence retained more growth factor than PA4/PA1  co-assemblies displaying primarily the 

asparagine sequence, which in turn retained more growth factor than PA1 alone (Figure 4.10b). 
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Interestingly, both the asparagine sequence and the aspartic acid sequence co-assemblies had 

similar rate constants during the sustained release phase to their PEG-linker counterparts, 

suggesting that the binding sequence and not PEGylation determines the sustained release kinetics 

(Table 4.3). Contrary to the initial hypothesis that deamidation limited TGFβ-1 binding, 

conversion of the previously reported PA likely prolonged growth factor retention by the co-

assembled PA fiber systems and may have improved its biological efficacy. 

 

Table 4.3: Fit-parameters for release kinetics of TGFβ-1 from PA hydrogels 

Two-phase Association PA1 PA2/PA1 PA3/PA1 PA4/PA1 PA5/PA1 

Plateau (%) 100 100 100 100 100 

Y0 (%) 0 0 0 0 0 

Percent Fast 41.8 28.9 22.4 21.0 12.8 

KFast (days-1) 0.54 0.60 0.75 1.00 0.66 

KSlow (days-1) 0.0045 0.0100 0.0033 0.0103 0.0040 

Fast Half-Life (days) 1.27 1.15 0.92 0.69 1.05 

Slow Half-Life (days) 155.4 69.15 211.9 67.56 175.2 

      

Standard Error PA1 PA2/PA1 PA3/PA1 PA4/PA1 PA5/PA1 

Percent Fast 6.0 4.9 2.1 3.2 1.2 

KFast (days-1) 0.15 0.21 0.17 0.43 0.13 

KSlow (days-1) 0.0067 0.0048 0.0019 0.0032 0.0009 

      

Goodness of Fit PA1 PA2/PA1 PA3/PA1 PA4/PA1 PA5/PA1 

Degrees of Freedom 32 32 32 32 32 

R square 0.83 0.83 0.87 0.78 0.93 

 

Superstructure formation by growth factor binding PA filaments 

 Next, the supramolecular structure of the TGFβ-1 binding nanofiber system was explored 

to determine why conversion from asparagine to aspartic acid prolongs growth factor release, 

despite not improving the binding affinity of the peptide alone. SEM showed that nanostructures 

containing co-assemblies of PA1 and PA2 and gelled with 25 mM CaCl2 formed bundles of 

filaments. However, only limited bundling occurred in co-assemblies with PA3 and none at all in 
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gels formed by PA1 nanofibers alone (Figure 4.12a). Dynamic light scattering (DLS) of solutions 

of sonicated assemblies showed that PA2/PA1 co-assemblies formed larger particles relative to 

PA3/PA1 co-assemblies or PA1 fibers alone, further confirming the observations of bundling by 

SEM (Figure 4.12b). Stupp and colleagues previously reported that extending a fraction of the PA 

molecules in a negatively charged nanofiber containing glutamic acid residues with a peptide 

domain containing multiple lysine residues resulted in PA nanofiber superstructures (bundled 

filaments).128 Because PA2 has a more positive net charge than PA3, the observed bundling 

suggested fibers displaying the asparagine-containing epitopes had a greater propensity to form 

fiber bundles by the same mechanism. In a previous study, bundling among neighboring PA 

nanofibers that display signals to cells on their surfaces was reported to lower their bioactivity due 

to masking of the peptide epitopes within the aggregates.106  Because the TGFβ-1 binding epitopes 

on PA2 and PA3 are positively charged while the diluent PA1 is negatively charged, surface 

charge was expected to correlate with availability of the binding sequence. When zeta potential (ζ-

potential) of the supramolecular nanofibers was used to quantify their surface charge, PA2/PA1 

co-assemblies were more negatively charged than PA1 alone, despite an expected epitope net 

charge of +2. This may reflect changes in ionization of carboxyl groups on the surfaces of 

PA2/PA1 assemblies. In contrast, PA3/PA1 co-assemblies were slightly less negatively charged 

than PA1 alone, as expected for the epitope with a net charge of +1 (Figure 4.12c).  
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Figure 4.12: Superstrucutre formation by TGFβ-1 binding PA filaments 

(a) SEM images of PA gels formed by the addition of aqueous calcium with arrows pointing to 

filament bundles. (b) DLS measurements of diluted PA nanofiber solutions sonicated before 

measurement, and (c) zeta potential measurements of the same PA samples to measure surface 

charge. (**, p < 0.01; ***, p < 0.001) 

 

 These results suggested that bundling of PA2/PA1 nanofibers buried the growth factor 

binding epitope within the structures, leaving only negatively charged diluent PA molecules 

exposed to the surface. In PA3/PA1 co-assemblies, the lower net charge of the epitope limited 

bundle formation, so binding sequences were available on the surface of the structures, increasing 

surface charge. To confirm changes in growth factor release rates were not caused by changes in 

the mechanical properties of the gels, rheological measurements showed that PA2/PA1 and 

PA3/PA1 had similar storage moduli (Figure 4.13). These data suggest that in supramolecular 

biomaterials, the ability to bind bioactive signals depends not only on the chemistry designed 

specifically to do so but also on the ability of the bioactive components to alter the structure of 
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assemblies in ways that mask display of the signals to cells. The superstructures observed here in 

PA2/PA1 assemblies is a good example of this principle. 

 

   

Figure 4.13: Mechanical properties of TGFβ-1 binding PA hydrogels 

Rheological measurements of calcium gelled solutions of PA solutions obtained at 0.1% strain and 

a 10 rad/s frequency showed PA1 alone had a higher storage modulus than PA2/PA1 or PA3/PA1 

co-assemblies. The storage moduli of co-assembled fibers were similar to each other.  

Chondrogenesis by cells encapsulated in TGFβ-1 binding PA gels 

 Having determined that the PA co-assemblies including the aspartic acid binding sequence 

prolong TGFβ-1 release compared to those containing asparagine-containing binding sequences, 

further experiments tested whether these gels could improve chondrogenesis in response to the 

growth factor, using the ATDC5 cell line known to model skeletal development in vitro.225  

Cytotoxicity assays confirmed cells could be encapsulated in gels of all the PA compositions tested 

without adversely affecting cell survival (Figure 4.14).  
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Figure 4.14: Cell-compatibility of TGFβ-1 binding PA hydrogels 

 (a) Live-dead staining of ATDC5 cells encapsulated in PA gels after 1 day and after 7 days of 

culture. Live cells are stained with calcein in green and dead cells with propidium iodide in red. 

(b) Quantification of fraction of cells stained with calcein.  

 To determine the effect of encapsulated TGFβ-1 on early chondrogenic differentiation, 

cells were encapsulated in PA gels, some of which were pre-loaded with either 10 ng/ml TGFβ-1 

or 100 ng/ml TGFβ-1. After three days in culture, confocal imaging showed that cells encapsulated 

in PA1 gels appeared more condensed within the gels, while in the PA3/PA1 co-assemblies cells 

were round and well distributed (Figure 4.15a). The fraction of cells cultured in PA2/PA1 co-

assemblies that expressed Sox 9, an early marker of chondrogenesis, did not increase relative to 
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cells cultured in PA1 alone regardless of the amount of TGFβ-1 pre-loaded in the gels. However, 

significantly more cells cultured in PA3/PA1 gels expressed the marker when 10 ng/ml TGFβ-1 

was pre-loaded in the gels (Figure 4.15b). To evaluate chondrogenic differentiation of the cells at 

later times, sulfated glycosaminoglycan (sGAG) production was quantified after three weeks in 

culture using the dimethylmethylene blue (DMMB) assay.226 Cells cultured in both PA2/PA1 co-

assemblies and PA3/PA1 co-assemblies produced more sGAG than cells cultured in PA1 alone 

with 10 ng/ml TGFβ-1 pre-loaded in the gels (Figure 4.15c). 

 While better retention of the growth factor led to more chondrogenesis at the lowest tested 

TGFβ-1 loading concentration, these results suggest that when a large amount of the growth factor 

was pre-loaded in the gels there was enough available to induce chondrogenic differentiation 

regardless of binding affinity. Because PA1/PA2 co-assemblies were less able to retain the growth 

factor, the PA system may not have improved expression of Sox 9 at early times. However, 

analytical HPLC showed deamidation occurred more rapidly in culture media than in TBS alone 

(Figure 4.16). Thus, during most of the three-week culture period, PA2 can be assumed to have 

been deamidated, prolonging TGFβ-1 release and enhancing sGAG production. Therefore, 

improved retention of TGFβ-1 by the aspartic acid-containing sequence correlated with improved 

chondrogenesis at both early and late times. The implications of these findings to in vivo 

performance of these systems is beyond the scope of this work. However, it is clear that systems 

in which growth factor binding sequences lead to superstructure formation are likely to have 

diminished levels of bioactivity due to their inability to fully expose their “active” surfaces. At the 

same time, the aspartic acid-containing binding sequences should be more reproducibly bioactive 

by eliminating the uncertainty of degree of deamidation in vivo.  
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Figure 4.15: chondrogenesis induced by TGFβ-1 releasing PA hydrogels 

(a) Cells cultured in PA gels with immunocytochemistry with nuclei stained with Hoechst 33258 

in blue, Sox 9 stained with an anti-Sox 9 primary antibody in green, and actin stained with 

phalloidin in red. (b) Quantification of Sox 9 positive cells after 3 days of culture by counting 

fraction of cells nuclei stained positive for Sox 9 and (c) quantification of sGAG production after 

3 weeks in culture using a colorimetric DMMB assay. (*, p < 0.05; relative to PA1) 

 

 

Figure 4.16: Deamidation in cell culture conditions 

Analytical HPLC traces of PA2 in the media used for ATDC5 culture from samples take over 8 

days. The majority of the remaining PA deamidated after 4 days, and eluted at a later time at like 

PA3.  
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4.4. Conclusions 

 The synthesis and purification of two TGFβ-1 binding PA molecules were reported to 

determine if eliminating the deamidation of an asparagine side chain affected the ability of PA 

nanoscale filaments to retain this important growth factor. Filaments displaying an aspartic acid-

containing sequence formed PA gels that were better able to prolong TGFβ-1 release relative to 

filaments displaying the asparagine-containing sequence evolved by phage-display. Furthermore, 

this work showed that superstructures in supramolecular biomaterials, such as the bundling of 

filaments, can interfere with bioactivity based on chemical segments selected by methodologies 

independent of the material’s design.  

4.5. Materials and Methods 

Synthesis and purification: PA molecules were synthesized by solid-phase peptide synthesis using 

9-fluorenyl methoxycarbonyl chemistry on a Rink amide resin (EMD Millipore, Billerica, MA, 

USA). Couplings of standard amino acids and the palmitic acid tail was performed at 4 equivalents 

in DMF with 3.95 equivalents of HBTU and 6 equivalents of DIEA. The PEG-10 amino acid 

(ChemPEP, Wellington, FL, USA) was coupled at 1.5 equivalents with 1.4 equivalents of 

benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate as the coupling agent, and 

2 equivalents of DIEA overnight. Following synthesis, PA molecules were cleaved from the resin 

in a 95:2.5:2.5 TFA/TIS/water mixture for 2-3 hours and precipitated in cold diethyl ether. 

Following cleavage, the crude peptide was dissolved in 0.1% ammonium hydroxide for basic 

HPLC or dissolved in 0.1% TFA for acidic HPLC as indicated. Purity of crude and purified 

samples was assessed by an Agilent 6520 Q-TOF ESI-MS instrument, using a Phenomenex Jupiter 

C18 analytical column (acidic conditions) or a Phenomenex Gemini C18 analytical column (basic 
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conditions). LC-MS was run over a 5% to 95% acetonitrile gradient with 0.1% formic acid for 

acidic conditions and 0.1% ammonium hydroxide for basic conditions. A total ion chromatogram 

was obtained in MS mode and integrated using Mass Hunter Agilent software. Purified material 

was stored dry at -20°C and periodic LC-MS prior further experiments confirmed no deamidation 

occurred during storage. 

Deamidation characterization by analytical HPLC: PA solutions were dissolved at 0.1 wt% in 

TBS or cell culture media (1:1 DMEM:Ham’s, 5% fetal bovine serum, 1% penicillin 

streptomycin), and incubated at 37°C in sterile conditions. Samples were removed and stored at -

20°C immediately following dissolution and at several time points over 8 days. Deamidation was 

assessed by analytical reverse phase HPLC over a 5% to 50% acetonitrile gradient in 0.1% TFA 

to prevent further deamidation during the test. 

Solubilization and heat treatment: Samples were prepared by dilution in water and pH adjusted 

with 1 M NaOH to pH 7. Care was taken to avoid reaching a pH higher than 7 for any sample. For 

co-assembled samples, PA solutions at the same molar concentration were mixed volumetrically 

and bath sonicated for 1 hour, followed by resting for 2 hours. Samples were heating to 80°C for 

30 minutes followed by gradual cooling by 1°C / minute. 
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Figure 4.17: Chemical characterization of TGFβ-1 binding PAs and diluent PA  

Chemical structures of each PA investigated. MS confirmed expected mass following synthesis 

and purification and LC-MS confirmed at least 95% purity for each PA (except for PA4 which 

deamidated during purification). 



127 

Biolayer interferometry: Experiments were performed on a BLItz interferometer (ForteBio, 

Freomnt, CA) using anti-penta-His tag probes. Probes were functionalized by treatment with a 20 

μl/ml recombinant histidine-tagged TGFβ-1 (Abcam, Cambridge, UK) in water for three minutes. 

Prior to experiment, PA solutions were bath sonicated for 1 hour. Functionalized probes were 

exposed to PA solutions at several concentrations for two minutes of association, followed by three 

minutes of dissociation in water. Association-dissociation curves for three separate tests were 

averaged and the global KD was computed for all replicates at all concentrations tested using the 

BLItz software.  

Peptide docking simulation: Simulations were performed using the CABS-dock server, with 

TGFβ-1 pdb structure acquired from the online Protein Data Bank (1KLA, RCSB.org) and 

generated via multinuclear NMR spectroscopy measurements. Binding epitopes were each 

evaluated as an independent molecule from PA structures to monitor any differences arising purely 

from the exchange of asparagine and aspartic acid residues. Briefly, random peptide structures 

were created by the software, followed by Replica Exchange Monte Carlo dynamic simulations. 

Subsequent filtering of models based on calculated energy minima of bound states. K-medoid 

clusters were generated from filtered models (1000 models total) to result in a final representation 

of 10 consensus models. Lastly, coarse-grained C-alpha traces were translated to all-atom 

representations for visualization and analysis. For docking prediction comparisons, Model #1 

generated by the simulation was selected due to its ranking as the highest occurring trajectory, or 

most probable docking result. Contact map data was subsequently evaluated for Model #1 with a 

contact cutoff of 4.5 Å. Cluster densities were calculated by dividing the number of elements 

within the cluster by the average RMSD of all elements within the cluster. Simulated binding 

affinities between peptides and target protein were generated using the open-source program 
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AutoDock Vina (Scripps Research Institute). Affinities were calculated across four separate 

simulations, with each simulation containing 9 trajectories. 

Transmission electron microscopy: PA solutions were annealed at 10 mM and then a 150 mM 

NaCl solution was added to a final NaCl concentration of 30 mM. Samples were diluted 5 times 

and 10 uL drops of each sample were cast on carbon coated copper grids (Electron Microscopy 

Sciences, Hatfield, PA) for 5 minutes, washed twice with water, stained twice with 4% uranyl 

acetate for 20 seconds, and dried. TEM maging was performed on an FEI Spirit instrument 

(Hillsboro, OR) at 100 kV accelerating voltage. CryoTEM was performed on a JEOL 1230 TEM 

at an accelerating voltage of 100KV equipped with a Gatan 831 CCD camera. PA solutions were 

diluted with milli-Q H2O from 8mM stocks to 1mM immediately prior to blotting. Samples were 

pipetted (7.0 μL) onto 300-mesh copper grids with lacey carbon support (Electron Microscopy 

Sciences) that were treated with glow discharge for 30 seconds prior to use. Samples were 

blotted twice at one second per blot before plunging into liquid ethane using a Vitrobot Mark IV 

(FEI) vitrification robot operating at 20oC and 95-100% humidity. After vitrification, the samples 

were transferred under liquid nitrogen to a Gatan 626 cryo-holder for imaging. 

X-ray scattering: SAXS and WAXS measurements were recorded simultaneously at beamline 

5ID-D in the Dupont-Northwestern-Dow Collaborative Access Team Synchrotron Research 

Center at the Advanced Photon Source at Argonne National Lab. Following annealing, 10 mM PA 

solutions were adjusted to 30 mM NaCl with a 150 mM NaCl solution. During measurements, 

samples were flowed through a 1.5 mm glass capillary at 1 mm/sec for consistent background 

subtraction. Five exposures to 17 keV monochromatic x-rays 10 seconds in duration were collected 

using a CCD detector placed 245 cm behind the sample. The collected two-dimensional scattering 
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images were averaged by azimuthal integration using the data reduction program FIT2D and 

plotted against the wave vector q = (4π)sin(θ/2) where d = 2 π/q. 

Circular dichroism spectroscopy: PA molecules were dissolved at 10 mM and heat treated as 

described. The samples were diluted 200 times in 10 mM NaCl and measurements were performed 

on a J-815 CD spectrophotometer (Jasco Analytic Instruments, Easton, MD) in a 2 mm quartz 

cuvette. The average of three spectra from 250 nm to 190 nm normalized to the number of amino 

acid residues in each PA is reported. For co-assemblies, the number of residues was taken as the 

average of the components weighted by molar fraction. 

Fourier transform infrared spectroscopy: PA solutions were prepared at 10 mM, followed by 

adjustment to 30 mM NaCl with 150 mM NaCl after annealing. Next, solutions were lyophilized 

to remove all water and then reconstituted in D2O followed by heat treatment for a second time. 

Sample solutions were placed between two CaF2 windows spaced 50 μm apart and transmittance 

was measured on a Bruker Tensor 27 FTIR spectrometer. Solvent background was subtracted from 

the obtained spectrum and intensities were normalized. 

Protein release kinetics: Recombinant human TGFβ-1 (eBioscience, San Diego, CA) was 

dissolved in a 0.1% BSA to 10 μg/ml. 360 μl of a 8.67 mM PA solution was mixed with 40 μl of 

the protein solution and allowed to stand on ice with periodic mixing for 2 hours. Five PA 

hydrogels were prepared for each condition tested by mixing 80 μl PA solution containing TGFβ-

1 and 80 μl gelling solution comprising TBS supplemented with 25 mM CaCl2 and 0.1% BSA and 

allowed to gel at 37°C. After 2 hours, 440 μl release buffer containing TBS supplemented with 10 

mM CaCl2 and 0.1% BSA was added to each gel. Samples were incubated at 37°C, and at each 

timepoint 200 μl of the supernatant was removed and stored at -30°C. The supernatant was 
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replaced each time after the sample was taken. After the final timepoint, 100 mM phosphate buffer 

was added to each gel and the gels were broken apart by vortexing. The resulting solution was 

stored for quantification. Total TGFβ-1 was measured using a Ready-Set-Go Human/Mouse 

TGFβ-1 ELISA kit (eBioscience) according to the manufacture instructions. Measured TGFβ-1 

was normalized to a protein sample incubated in release buffer for an equivalent time to the 

samples measured. For each gel, the protein released was normalized to the total protein recovered 

from the sample. 

Scanning electron microscopy: A gelling solution of 150 mM NaCl, 25 mM CaCl2, and 3 mM KCl 

was added to the PA an 8.67 mM PA solution to form a hydrogel. The resulting gels were 

dehydrated through a series of ethanol water gradients to 100% ethanol. Following dehydration, 

samples were dried at the critical point of CO2 using Samdri-795 Critical Point Dryer (Tousimis, 

Rockville, MD). Samples were coated with 20-30 nm of OsO4 (OCP-60A, Filgen, Nagoya, JP) and 

imaged using a LEO Gemini 1525 SEM at an accelerating voltage of 3.0 kV. 

Rheology: Measurements were taken using an Anton Paar MCR302 rheometer with a 25 mm cone-

plate fixture. 100 ul of 8.67 mM PA solution was placed on the sample stage and 100 ul of gelling 

solution was placed on the cone fixture. The fixture was lowered in place for measurement and 

gelation was followed for 30 minutes at 10 rad/s and 0.1% strain. Next, a strain sweep was 

performed at 10 rad/s from 0.1% to 100% strain. 

Dynamic light scattering and zeta-potential measurements: PA solutions were prepared at 10 mM, 

annealed, and then diluted 10 times in water. Samples were then bath sonicated for one hour and 

then further diluted with a NaCl solution to a final concentration of 250 μM PA and 30 mM NaCl. 

DLS and zeta-potential measurements were recorded in triplicate for three separate solutions of 
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each sample at 25°C using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) with samples 

loaded in a disposable folded capillary zeta cell.  

Cell culture and encapsulation: ATDC5 cells were obtained from Sigma-Aldrich and maintained 

in 1:1 DMEM/Ham’s buffer with 2 mM glutamine, 5% fetal bovine serum and 1% 

Penicillin/Streptomycin. All cells were used before passage 10. Cells were trypsinized for 5 

minutes with 0.25% trypsin/EDTA, counted and resuspended in PBS at 40 million cells/ml. PA 

solutions were mixed with recombinant human TGFβ-1 (R&D Systems, Minneapolis, MN) diluted 

in water to achieve the reported concentrations. The cell suspension was mixed with an equal 

volume of heat-treated 17.3 mM PA solution. 10 ul of the PA and cell suspension were placed in 

a 24 well plate for sGAG quantification or in a 15-well microscope slide (Ibidi, Martinsried, 

Germany) and allowed to attach. After 10 minutes, 10 ul of gelling solution containing 150 mM 

NaCl, 25 mM CaCl2, and 3 mM KCl was added to each mass to gel the PA. After 3 hours 

attachment, 500 µl of maintenance media was added to 24 well plates and 50 ul was added to the 

15 well slides. Cells were maintained at 37°C with 5% CO2 and the media was changed every 2-3 

days without growth factor supplementation. 

Cytotoxicity assay: Cells were cultured in 15 well microscope slides in triplicate for each 

condition. In 3 wells for each timepoint, 20% ethanol was added for 30 minutes as a negative 

control. All cells were rinsed once with 150 mM NaCl and stained with a solution of 3 μg/ml 

calcein (Thermo-Fisher, Waltham, MA) and 5 μg/ml propidium iodide in 150 mM NaCl for 30 

minutes. Cells were rinsed twice with 150 mM NaCl and imaged using a Nikon A1R confocal 

microscope. Live and dead cells were counted using the MATLAB Image Processing Toolbox. 
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Immunocytochemical staining: After 3 days of culture in 15-well microscope slides, cell masses 

were fixed with 4% paraformaldehyde in 150 mM NaCl for 30 minutes, followed by three washes 

in 150 mM NaCl. Following fixation, cells were permeabilized in blocking buffer containing 150 

mM NaCl, 2% goat serum and 0.2% Triton X-100 for 2 hours. After blocking, the primary antibody 

against Sox 9 (Novus Biologicals, Littleton, CO) at 250 times dilution with phalloidin-AlexaFluor-

488 (250 times dilution) and Hoechst 33258 (250 times dilution) in the blocking buffer were added 

and incubated overnight. The cells were washed three times for 10 minutes with blocking buffer 

and the Alexa-Fluor-647 conjugated secondary antibody (250 times dilution, Invitrogen, Carlsbad, 

CA) was added in blocking buffer for 3 hours. The cells were washed three times with blocking 

buffer for 10 minutes and then three times in 150 mM NaCl. Cells from two regions of three 

separate gels were imaged using a Nikon W1 Dual Cam Spinning Disk Confocal Microscope. 

Cells were counted using the MATLAB Image Processing Toolbox. 

DMMB blue assay: Cells were encapsulated in 24 well plates in triplicate for each condition and 

cultured for three weeks. The media was removed cell masses were washed once with PBS. 200 

ul of digestion buffer was added to each well containing 0.2 mg/ml papain (Sigma-Aldrich), 10 

mM L-cysteine, 60 mM NaH2PO4, and 40 mM NA2HPO4. Cell masses were broken up by 

agitation, transferred with the digestion buffer to Eppendorf tubes, and incubated at 65°C 

overnight. After digestion, the tubes were spun down at 5000 rcf for 5 minutes. 20 ul of the 

supernatant was added to 180 ul of DMMB solution reported by Farndale et al.59 containing 1.6 

mg/ml NaCl, 3 mg/ml glycine, 10 mM acetic acid, and 16 μg/ml DMMB, pH 1. A standard curve 

was prepared using CS from bovine trachea (Sigma-Aldrich). Absorbance was read at 525 nm 

using a Cytation 3 microplate reader (BioTek, Winooski, VT). DNA content was measured using 

a Quant-iT PicoGreen assay kit (Invitrogen, Carlsbad, CA) using the manufacturer protocols. 
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Statistical analysis: Means were compared using Analysis of Variance in Graphpad Prism. 

Tukey’s Range test was used for post-hoc determination of significance. 
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CHAPTER 5 

5. A Supramolecular-Covalent Hybrid Material for Cartilage Repair in a 

Sheep Model 

5.1. Objectives and Significance 

 Hybrid materials comprising self-assembling and covalent polymer components are a 

promising strategy to design injectable materials with suitable physical and bioactive properties 

for bioregenerative applications. This study reports a composite material combining PA filaments 

designed to bind the chondrogenic cytokine TGFβ-1 and cross-linked hyaluronic acid microgels 

to produce a mechanically resilient scaffold able to support hyaline cartilage repair in large-animal 

joints. Combining the supramolecular and covalent components produced a porous network of 

bundled PA fibers, which supported chondrogenic differentiation of encapsulated stem cells in 

response to sustained delivery of TGFβ-1. Four weeks following implantation in shallow 

osteochondral defects in sheep stifle joints, the scaffold improved macroscopic scoring of defect 

fill and integration in both the medial femoral condyle and the trochlear groove. After twelve 

weeks, histological staining revealed that the hybrid scaffold supported regeneration of hyaline-

like tissue. These results demonstrate the potential of supramolecular-covalent hybrid scaffolds to 

produce scaffolds that can support cartilage repair in a clinically relevant large-animal model.  
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5.2. Background 

 Therapies for the repair of articular cartilage defects are of critical clinical need due to the 

inability of hyaline cartilage to heal on its own.36,195 Without effective treatments to regenerate 

damaged tissue, over 700,000 total knee replacements are performed annually in the USA, with 

the procedure increasingly performed on younger patients expected to outlive the lifespan of the 

implant.227 For male patients under 60, the risk of requiring implant revision is as high as 35%,228 

and the overall cost of implant failures is expected to expected to exceed $13 billion annually by 

2030.229  Alternative techniques to replace cartilage or osteochondral defects include autografts 

and allografts, though these procedures suffer from poor integration of the implant to the defect 

site and limited implant availability due to donor site morbidity or scarcity of cadaveric tissue.230 

Thus, microfracture—a procedure where damaged cartilage is removed and small fractures in the 

underlying bone are made to induce filling of the defect with a marrow blood clot49—remains the 

gold-standard surgical technique to induce cartilage repair.231 However, microfracture often results 

in mechanically inferior fibrocartilage rather than hyaline tissue,232 resulting in significant 

deterioration of regenerated tissue by 18 months following intervention.233 More recently, clinical 

techniques such as ACI234 or MACI235 have been developed to deliver hyaline cartilage producing 

chondrocytes to cartilage defect sites.236 While promising, these strategies require an initial surgery 

to harvest the cells followed by extensive ex vivo cellular manipulation, making their widespread 

implementation expensive and impractical.53 Cell based therapies using other cell sources such as 

MSCs have been proposed, but to date these have failed to succeed in clinical trials.237 

 Cell-free biomaterials implants are a promising alternative to support cartilage repair 

following infiltration native cells.238 Hydrogel scaffolds can mimic the highly hydrated 
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environment of native cartilage,239 and can be produced from natural polymers like the GAGs 

HA240,241 and CS,242 or synthetic polymers such as PEG55 or polyesters.243,244 Ideally, these 

materials should be injectable to allow application via arthroscopy and biodegrade without toxicity 

so they are cleared following healing.239,245,246 Often, bioactive signals such the TGFβ family of 

cytokines are incorporated in these materials in order to direct differentiation of infiltrating 

cells.59,208,241 Yet while many of the strategies induce chondrogenic differentiation in vitro or in 

small-animal models, few have succeeded in regenerating cartilage in large-animal models that 

better model human joints.195 Possible strategies to improve outcomes in large animals include (1) 

improving mechanical resilience of the material to withstand higher mechanical loads,247 (2) 

modulating the dose and delivery of bioactive signals to prevent the damaging effect of high local 

cytokine concentrations,48 and (3) better recapitulating the architecture of hyaline cartilage to 

induce regeneration of healthy tissue.195,230,248  

 We reported earlier on a self-assembling PA capable of binding the growth factor TGFβ-1 

and promoting the regeneration of healthy cartilage in a rabbit model.60 Generally comprising a 

charged, hydrophilic peptide conjugated to an hydrophobic alkyl tail, PA molecules are a 

promising platform for use in bioregenerative applications due to their ability to form high-aspect 

ratio filaments that mimic the morphology of the nature ECM.90,91,113-115,150 PA filament networks 

can be injected through a syringe and induced to form hydrogels in response to screening by 

counterions in their environment,99,249 which are cleared via proteolytic degradation producing 

only natural amino acids and fatty acids.101  While successfully implemented for regenerating a 

variety of tissue types, PA scaffolds may have a limited ability to withstand the high strains 

expected to occur in a large animal joint,98 which previously necessitated use of a non-injectable 

collagen scaffold in some musculoskeletal regeneration applications.107,114  
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 To improve the mechanical performance of PA-based scaffolds, this study reports on a 

hybrid material combining supramolecular PA filaments and crosslinked HA particles. In recent 

work, Stupp and co-workers have developed a versatile class of covalent-supramolecular polymer 

hybrids combining covalent polymer chains with self-assembling PA materials where self-

assembly can control covalent polymerization250 and covalent components can control thermal 

responsiveness126 and hierarchical assembly of PA filaments.128 Increasingly, hybrid materials 

combining the bioactivity of cartilage ECM components with the mechanical integrity of polymer 

networks like polycaprolactone251 or silk-fibroin73 have been employed in cartilage engineering 

applications.252 For example, combining HA with elastin-like protein hydrogel improved cartilage-

like development of encapsulated chondrocytes with increasing HA dose.253 Here, by combining 

growth factor binding PA filaments with HA particles, the aim is to produce mechanically resilient 

scaffolds with the bioactive potential of both constituent components. 

5.3. Results and Discussion 

Preparation and characterization of PA/HA hybrid gels 

 The design of the supramolecular component of the hybrid system was based on TGFβ-1 

binding filaments previously reported by Stupp and co-workers, which include a bioactive PA 

displaying a TGFβ-1 binding sequence and a diluent PA without a bioactive sequence (Figure 5.1a, 

Figure 5.17a,b).60 The binding sequence contained an asparagine-to-aspartic acid mutation based 

resulted described in the previous chapter.254 This molecule was co-assembled at a 1:9 ratio with 

an anionic diluent PA known to form gels following charge screening by divalent cations.99 

Transmission electron microscopy confirmed the co-assemblies formed filaments following heat 

treatment at 80°C (Figure 5.2).  HA was chosen as the covalent component of the hybrid material 
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due its ubiquity in cartilage tissue and its known chondrogenic effect, especially when used in 

conjunction with TGFβ-1.255 In previous work, crosslinked hydrogel microparticles produced 

porous, injectable materials with voids between the particles facilitating cell infiltration.256 

Therefore, the HA component was crosslinked to improve its mechanical and topological 

properties. To crosslink the material, dissolved HA was combined with an L-lysine methyl ester 

crosslinker and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) as the 

coupling agent. The mixture was spread across a flat dish at 1 ml/cm2 and allowed to dry to 

concentrate the solution during crosslinking. The resulting film was rehydrated, thoroughly 

washed to remove excess crosslinker, and shredded in a blender to produce particles that were 

lyophilized prior to future use (Figure 5.1b, Figure 5.3). To confirm crosslinking of the material, 

the change in the elemental composition of the gels was used to determine the amount of the 

crosslinker incorporated and compared that to the number of primary amine groups remaining due 

to incomplete crosslinking as calculated using a colorimetric ninhydrin assay. This analysis 

showed a 21 ± 3% degree of crosslinking, with an additional 17 ± 2% incomplete crosslinks (Table 

5.1). This concentration is higher than the initial ratio of crosslinker added to the reaction, implying 

non-reacted HA chains were washed away during washing steps. 
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Figure 5.1: Preparation and physical performance of PA/HA hybrid gel 

(a) Chemical structure of PA molecules used. (b) Schematic showing preparation of crosslinked 

HA and PA/HA hybrid. (c) Storage and loss modulus as a function of strain for gels comprising 

PA only, PA added to 4% unmodified HA, and PA added to 4% crosslinked HA particles (n=3). 

(d) Volume increase as a function of incubation time for PA only gels and PA/HA gels with 

unmodified or crosslinked HA; significance calculated relative to PA only gels (n=5). (e) 

Hyaluronidase catalyzed degradation of HA as a function of time quantified by carbazole assay 

for HA only or PA/HA gels for both unmodified and crosslinked HA; significance calculated for 

crosslinked HA relative to unmodified HA (n=4). (*, p < 0.05; ***, p < 0.001) 
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Figure 5.2: TEM micrographs of PA filemnts used in hybrid gel formulations  

Conventional TEM imaging of heat treated PA filaments used to prepare PA/HA hybrid material 

used in surgery. 

Table 5.1: Chemical characterization of crosslinked HA 

Nitrogen content of unmodified and crosslinked HA determined by elemental analysis with the 

amount of incorporated crosslinker necessary for the given increase in nitrogen; and primary amine 

content of unmodified and crosslinked HA as determined by ninhydrin assay with fraction of 

amine modified HA monomers. Crosslinking extent calculated by subtracting fraction of free 

amine modified from total incorporated crosslinker molecules to give total crosslinker with both 

amine groups binding HA polymer chains. 

 Unmodified HA Crosslinked HA Fold Increase Crosslinker/HA (%) 

%Nitrogen 3.13 4.89 1.57 36 

 3.09 5.04 1.62 39 

 3.11 4.95 1.59 37 

Mean 3.11 4.96 1.59 38 ± 2 

Molecular weight of crosslinked HA = 477.2 mg/mmol HA monomer 

 Unmodified HA Crosslinked HA 

 Primary Amines (μmol/mg) Primary Amine/HA (%) 

 0.03 0.37 18 

 0.03 0.33 16 

 0.02 0.35 17 

 0.04 0.34 16 

 0.02 0.43 20 

Average 0.03 0.36 17 

St Dev 0.01 0.04 2 

Extent of crosslinking = 21 ± 3% 



141 

 

Figure 5.3: Preparation of crosslinked HA microgels 

Preparation steps for crosslinked HA particles. (a) Viscous HA solution is mixed with crosslinker 

solution and poured into a flat dish to form (b) a film. (c) The film is rehydrated and washed to 

remove excess crosslinker and coupling agent and then shredded in a blender to form (d) a poweder 

following lyophilization. 

 To produce the hybrid material, the solution of PA filaments was combined with the 

lyophilized HA particles and stirred with a spatula. Initially, the two phases remained separate, but 

after one hour the phases combined to form a think putty that could be formed into a desired shape 

yet could still be ejected through a syringe. Qualitatively, combining PA solutions prepared at 2 

wt% added to HA particles for a final concentration of 4% HA produced a gel with the best 

handling properties for use in surgery. To assess the change in performance of the material due to 

the addition of crosslinked HA, rheological strain sweeps on the material were performed with 

ionic CaCl2 added to stiffen the PA component of the hybrid. The addition of HA significantly 

improved the flow strain of the material from 3.3 ± 1.5% for PA alone to 23 ± 6.3% for the 
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crosslinked PA/HA hybrid or 89 ± 4.9 % for the unmodified hybrid, suggesting the HA based 

material would be more resilient to shear strain in vivo (Figure 5.1c). While the flow strain was 

higher for PA combined with unmodified HA, PA/HA gels made with crosslinked particles were 

significantly stiffer than the soft gels made from unmodified HA (5.0 ± 1.0 kPA vs. 1.1 ± 0.2 kPa). 

For use as a surgical material, it was important to ensure the gels did not swell excessively, which 

could lead to ejection of the implant from the defect site. Tracking the volume increase of gels in 

water over time showed PA only gels had nominal volume change over 48 hours, while the volume 

of PA/HA gels produced from unmodified HA swelled to 5 times their initial volume. Crosslinking 

the HA particles significantly decreased swelling, suggesting it would be better maintained in 

cartilage defects than its unmodified HA counterpart (Figure 5.1d). It was likewise important to 

ensure that the HA component of the material would not be cleared too quickly from the defect 

site. HA without added PA—whether crosslinked or not—degraded completely within 6 days 

when incubated in a hyaluronidase solution. The addition of PA to HA slowed the degradation, 

and crosslinking the HA significantly decreased degradation relative to the PA/unmodified HA 

control (Figure 5.1e). To validate are choice to prepare the PA/HA hybrid with 4% crosslinked 

HA, rheological and swelling experiments were performed at several crosslinked HA 

concentrations. These experiments showed the 4% crosslinked HA composition had similar flow 

strain and swelling properties and a higher storage modulus at low strain compared to a 2% 

crosslinked HA compositions, while 10% crosslinked HA compositions swelled excessively, 

confirming 4% crosslinked HA compositions balanced desirable mechanical and swelling 

properties (Figure 5.4). Together, these data supported use of the PA/HA hybrid with cross-linked 

HA particles in large-animal studies based on their increased toughness, low swelling, and slow 

degradation properties. 
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Figure 5.4: Effect of HA concentration on hybrid gel performance 

(a) Storage modulus and loss modulus as a function of strain for 2 wt% PA only samples and 

PA/HA samples comprising 2% PA and 2%, 4%, or 10% crosslinked HA (n=3). (b) Volume 

increase after 24 hours in water for 2% PA only gels, 2% PA and 4% unmodified, 2% PA and 2% 

crosslinked HA, 2% PA and 4% crosslined HA, and 2% PA and 10% crosslinked HA (n=5). 

Self-assembly of PA/HA hybrid material 

 Next, how combining the PA and HA components affected the self-assembly of the system 

was investigated. Surprisingly, SEM revealed that while PA alone forms a dense network of 

randomly oriented filaments, the PA/HA hybrid material comprised dense bundles of filaments 

with large pores between the bundles. These bundles were not comprised of HA particles alone, 

which appear as sphere-like particles when dehydrated for SEM (Figure 5.6a),  Interestingly, 

bundles formed with the addition of 2-4% HA, but not with the addition of 10% HA to the PA 

solution (Figure 5.5a; Figure 5.6b). The morphology and molecular organization of these structures 

was characterized using a simultaneously collected SAXS, MAXS, and WAXS patterns. The 

SAXS scattering pattern produced PA solution alone fit a core-shell cylinder model with a fiber 
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diameter of 8 nm (Figure 5.7). In the WAXS region, Bragg peaks with associated d-spacings of 

0.47 nm and 0.24 nm were consistent with β-sheet formation among the PA molecules. In the 

MAXS region, a peak corresponding to a d-spacing of 0.99 nm was observed which can be 

attributed to the spacing between β-strands withing the filaments. In the PA/HA hybrid material, 

a strong Bragg peak at a d-spacing of 15 nm appeared, which can be attributed to regular spacing 

of the filaments within the observed aggregates. This spacing was less than twice the diameter of 

each fiber, indicating that the filaments within the superstructures were packed close to one 

another.  In these patterns, the characteristic form factor for cylindrical fibers remained and the 

position of the higher-q Bragg peaks was unchanged, suggesting the fiber structure did not change 

with bundling. The low-q Bragg peak was significantly weakened with 10% added HA, further 

indicating that the peak arose due to the aggregation of the fibers into the bundles observed by 

SEM (Figure 5.5b). 

 
Figure 5.5: Self-assembly of PA/HA hybrid gels 

(a) Scanning electron micrographs of gels formed by 2 wt% PA only, or the same concentration 

added to crosslinked HA for a final concentration of 2%, 4%, and 10%; scale = 1 μm. (b) 

SAXS/WAXS intensity as a function of the wave vector for PA only and PA/HA with d-spacings 

associated with observed peaks indicated. (c) D-spacing associated with the first observed Bragg 

peak produced by PA/HA gels produced by adding 2 wt% PA to 4% crosslinked HA (pink) and 
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then diluting the mixture to the given total weight fraction (black). (d) Schematic showing 

arrangement of PA fibers (pink) and swelling HA particles (gray).  

 

Figure 5.6: SEM microscopy of PA/HA hybrids with varying composition  

SEM micrographs of (a) crosslinked HA particles alone, (b) 1% PA solution added to 4% 

crosslinked HA particles, (c) diluent PA only combined 4% crosslinked HA particles. (d) 2% PA 

solution added to 2% unmodified HA, (d) 2% PA added to 4% unmodified HA, and 2% PA added 

to 10% unmodified HA; Scale = 1 μm.  
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Figure 5.7: Fitting of PA filament SAXS pattern 

SAXS pattern produced by a 2 wt% PA solution (blue) fit to a core-shell cylinder model using 

SASView software (orange), with fitting parameters used to produce the displayed model. 

 Next, the mechanism of bundle formation in the hybrid system was investigated. The 

observed bundling was not a result of HA crosslinking (or amine groups remaining from 

incomplete crosslinks) as SEM showed similar filament aggregates (Figure 5.6d) and SAXS 

showed a similar Bragg peak (Figure 5.8) for the PA/HA hybrid made with unmodified HA at the 

same concentrations. In addition, bundling was not due to interactions between the positively 

charged binding epitope and the negatively charged HA, as bundles were observed when diluent 

PA only filaments were added to HA particles (Figure 5.6c). These results led to the hypothesis 

that bundle formation was a result of the high hydrophilicity of HA. Stupp and co-workers 

previously reported that X-ray induced ionization of PA filaments causes fiber alignment to 

maximize the distance between the highly charged fibers.92  In the hybrid system, HA has a higher 

propensity for osmotic swelling than the PA filaments. Therefore, the available water is primarily 

associated with swollen HA particles, confining the PA filaments to a limited volume. In this 
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confined space, fibers aligned to maximize distance between their negatively charged surfaces, 

suggesting that at a spacing of 15 nm the osmotic force produced by the swelling HA equaled the 

repulsive force between neighboring filaments. To test this hypothesis, PA and HA were cobined 

at the normal ratio and diluted with water by physical mixing to change the weight fraction of the 

material. Following dilution, inter-filament distance increased as a function of decreasing 

concentration, supporting the notion that the regular spacing of PA filaments was a result of 

volume confinement and not a result of attractive interactions among the assemblies (Figure 5.5c). 

Thus, the microstructure of the hybrid material consists of dense PA bundles made of peptides 

surrounded by a highly solvated glycosaminoglycan matrix (Figure 5.5d). This architecture mimics 

the organization of hyaline cartilage were fibrous collagen is surrounded by a web of solvated 

glycosaminoglycans including HA and CS.30   

 

Figure 5.8: SAXS patterns of PA/HA hybrid at variable compositions 

SAXS pattern for gels produced by adding (a) 2 wt% PA solutions, (b) 1 wt% PA solutions, or (c) 

water without PA to crosslinked HA or unmodified HA at concentration of 2%, 4%, and 10%.  
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Chondrogenesis in PA/HA hybrid gels 

 Next , the chondrogenic potential of cells encapsulated in the cartilage mimetic scaffolds 

was characterized to ensure that the addition of HA particles did not inhibit the bioactivity of the 

PA filaments. Initial experiments determined that PA nanofibers retained their bioactivity with the 

addition of HA by quantifying growth factor release from the hybrid material. Compared to hybrid 

gels made with diluent PA only, hybrid gels that included PA filaments presenting the TGFβ-1 

binding epitope retained more growth factor over 3 weeks, although a significant majority of the 

growth factor remained in both formulations during the experiment (Figure 5.9a). The high 

retention by both gels is likely due to the tight bundling of PA nanofibers associated with the 

growth factor, limiting diffusion out of the bundles. In enzymatically active conditions in vivo, the 

improved ability of the binding epitope to retain the growth factor can help extend the molecule’s 

release even as the hybrid gel is degraded. Next, cytotoxicity experiments ensured cells could 

survive encapsulation by mixing hMSCs in suspension with a solution of PA fibers before adding 

the combination to dried crosslinked HA particles and gelling with ionic calcium. A live/dead 

assay showed 89 ± 2% of cells were viable after 24 hours, which was statistically similar to survival 

following encapsulation in PA only gels (Figure 5.9b; Figure 5.10). The morphology of the 

encapsulated cells was characterized by SEM and confocal microscopy. SEM showed cells in 

cavities between the bundles, with cell extensions binding to filament bundles (Figure 5.9c). Cells 

encapsulated in PA without HA added could not be located through the dense network of PA 

filaments, highlighting the increased gel porosity due to HA addition. Confocal fluorescent 

microscopy showed rounded cells dispersed within both PA only gels and hybrid gels, where PA 

filaments were visualized with a carboxytetramethyrhodamine (TAMRA)-tagged PA (Figure 

5.9d,e; Figure 5.17d).  
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Figure 5.9: Biological performance of PA/HA hybrid in vitro 

(a) TGFβ-1 release from PA/HA gels as a function of time where gels were made either from 

filaments containing only the diluent PA or filaments containing the diluent and 10 mol% of the 

bioactive PA displaying the TGFβ-1 binding epitope (n = 4). (b) Cell survival 24 hours following 

encapsulation for hMSCs in PA only or PA/HA gels (n = 3). (c) SEM micrograph an hMSC 

encapsulating PA/HA; scale = 2 μm. Immunocytochemistry confocal microscopy images showing 

an hMSC encapsulating (d) PA only gel and (e) PA/HA gel; nuclei stained with Hoechst (blue), 

actin stained with phalloidin (green), and PA tagged with TAMRA (red); scale = 25 μm. (f) sGAG 

content normalized to DNA concentration 4 weeks following encapsulation in PA only and PA/HA 

gels where gels were cultured without TGFβ-1, with TGFβ-1 supplemented media, or with TGFβ-

1 added to the PA solution prior to cell encapsulation; significance relative to no TGFβ-1 control 

for each gel (n = 5). (*, p < 0.05; ***, p < 0.001)  

 After 4 weeks of culture, the chondrogenic potential of the gels was quantified by 

measuring production of sGAG for both PA only and PA/HA gels in serum free chondrogenic 

media without added growth factor, with 10 ng/ml TGFβ-1 supplemented media, and with TGFβ-

1 encapsulated in the gels. The experiment was designed so that over 4 weeks the total amount of 

TGFβ-1 added in the media supplemented group from aliquots freshly thawed at each media 

change equaled the total amount of TGFβ-1 encapsulated in the gels at the start of the experiment.  
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For both PA only and PA/HA gels, the addition of TGFβ-1 either in the media throughout the 

experiment or in the gels at the start improved sGAG production (Figure 5.9f). For PA only gels, 

there was no statistical difference between gel encapsulation or media supplementation, but in 

hybrid gels encapsulation induced significantly more normalized sGAG production than media 

supplementation of TGFβ-1. This result suggests that TGFβ-1 encapsulated in the hybrid gels 

retained activity throughout the experiment, inducing chondrogenesis at least as well as periodic 

addition of freshly thawed growth factor. Importantly, there was no statistically significant 

difference in normalized sGAG production for TGFβ-1 encapsulating PA gels relative to PA/HA 

hybrid gels, indicating the improvements in physical performance do not come at the expense of 

the material’s bioactivity. These experiments verified the chondrogenic potential for the hybrid 

gel, recommending their use for cartilage regeneration in vivo.  

 

Figure 5.10: Cell viability following gel encapsulation 

 Live/dead staining for cells encapsulated in PA gels or PA/HA gels cultured for 24 hours. Live 

cells stained with calcein (green) and dead cells stained with propidium iodide (red). 

PA/HA hybrid implantation and retention 

  An ovine model was selected to assess the efficacy of the hybrid material to induce 

cartilage healing in vivo due to the similarities in weight bearing and in anatomy of sheep hind-

stifles and to human knees.257,258 Osteochondral defects were made in both the medial femoral 
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condyle—a weight bearing surface—and in the femoral trochlear groove—a surface of the joint 

that bears less weight—to determine how mechanical shear stress affects the materials 

performance. At each location, the defects were critically sized at 7 mm wide259 and were 3 mm 

deep (Figure 5.11a,c). Although human knee cartilage can exceed 3 mm in thickness,260 the 

cartilage in ovine stifles is around 0.5 mm thick,261 meaning the defects extended into the 

subchondral bone and induced bleeding. Defects were filled by ejecting the PA/HA hybrid from a 

syringe fitted with an 18-guage needle and packing the material to fill the defect space (Figure 

5.11b,d). The ability to form the implant into the shape of the defect was crucial, as even custom 

fabricated implants often fail to integrate when fabricated prior to implantation.262 A calcium 

chloride solution was then dripped on the defect in order to induce gelation of the PA filaments, 

stiffening the implant surface. 

 To ensure the material was well retained within the defects, a pilot experiment evaluated 

defect filling after 7 days in vivo. Defects in both stifles were filled with a hybrid gel containing 

TAMRA-tagged PA filaments, and one hindlimb was placed in a sling following surgery while 

the other was loadbearing. After 7 days, H&E staining showed good filling of both condyle defects 

and trochlea defects in both the sling and non-sling stifles. Fluorescent imaging to unstained 

sections showed the fluorophore remained throughout the defects, confirming material filling the 

defect retained the bioactive PA filaments (Figure 5.11e,f). Retention of the bioactive component 

of the implant material for 7 days, especially in the non-slung condyle, indicated the material could 

withstand the mechanical shear stress present in large-animal joints and influence healing in longer 

term experiments. In addition, retention of the material without the use of a sling allowed for 

treating one limb with the hybrid material, while the other limb could be used as a contralateral 

control in subsequent experiments. 
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Figure 5.11: Defect filling by PA/HA hybrid material 

Photographs of (a) a 3 mm deep, 7 mm diameter shallow osteochondral defect made by drilling 

into the medial condyle of a sheep stifle, and (b) the defect with the PA/HA hybrid. Photographs 

of (c) a 3 mm deep, 7 mm diameter shallow osteochondral defect made by drilling into femoral 

trochlear groobe of a sheep stifle, and (d) the defect with the PA/HA hybrid. H&E histological 

staining and fluorescence imaging produced by TAMRA-tagged PA filaments (red) in the PA/HA 

hybrid overlaying unstained sections for slung and contralateral non-slung stifles prepared from 

sections of the (e) medial condyle (f) femoral trochlear groove obtained 7 days following 

implantation. Scale = 1 mm. 

Defect filling and integration after four weeks 

 To assess the ability of the mechanically improved PA/HA hybrid to influence cartilage 

healing, a four-week study evaluated defect filling and material integration with host cartilage. In 

previous work in a rabbit model, TGFβ-1 binding PA filaments improved cartilage healing both 

with and without the addition of TGFβ-1, presumably due to the ability of the material to bind 

endogenous growth factor.60 To determine if exogenous growth factor was necessary in the large 

animal model, sheep were divided into two groups of six sheep. In the first group, (+) TGFβ, the 

hybrid was loaded with 1 μg/ml TGFβ-1 prior to implantation in a condyle defect and a trochlea 

defect in one stifle, while an equal concentration of the growth factor in saline was dripped into 
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control defects made in the contralateral stifle. While this dose was greater than the TGFβ-1 dose 

used in prior rabbit studies (100 ng/ml),60 the dose used here is believed to be the lowest TGFβ 

dose reported in a material delivering the TGFβ-1 or TGFβ-3 to a full-thickness cartilage or 

osteochondral defect in a large animal model.243,263-265 In the second group, (-) TGFβ, no TGFβ-1 

was added to the material prior to implantation in a condyle defect and a trochlear defect in one 

stifle and only saline was added to the control defects in the contralateral stifle. Because of high 

variability in sheep age, size, and condition prior to surgery, the aim of this experiment design was 

to compare the PA/HA hybrid treated defects with control defects in the same animal population 

and thereby evaluate the efficacy of the hybrid material relative to no material controls in the same 

population.  

 Following surgery, animals were allowed to move freely and were sacrificed after four 

weeks. Macroscopic scoring by blinded experts of defect fill, surface, and integration showed a 

statistically significant (p < 0.05) improvement median score in PA/HA hybrid treated condyle 

defects and trochlear groove defects relative to controls treated with the growth factor alone 

(Figure 5a-c; Table 5.2; Table 5.3). Scoring of histological sections of the condyle defects showed 

a similar trend (p < 0.1) to macroscopic scoring with higher median scores for hybrid treated 

defects, but there was no difference for trochlear groove defects (Figure 5d; Table 5.3; Table 5.4). 

Because 4 weeks is an early timepoint in the cartilage regeneration process, macroscopic 

appearance was expected to be more indicative of material response than staining for markers of 

hyaline tissue which develop at later times. Still, Safranin O staining of sGAG and hematoxylin & 

eosin (H&E) staining in the PA/HA hybrid treated defects of the (+) TGFβ group showed instances 

of strong integration between the defect fill and native tissue, indicating strong compatibility of 

the implant material with surrounding tissue. There was no statistical difference in macroscopic 
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scores or in histological scores for defects treated with the material alone relative to defects filled 

with the saline vehicle only (Figure 5e-f; Table 5.3). While the average score of all treated and 

untreated condyle defects was higher for the (-) TGFβ group than for the (+) TGFβ group, this 

difference could be attributed to animal-to-animal variability between the small populations 

included in each group. Importantly though, improved healing due to TGFβ-1 loaded PA/HA 

hybrid implants indicates the supramolecular scaffold has the physical integrity needed to support 

improved filling and integration of cartilage defects, including in the mechanically active femoral 

condyle and in the trochlear groove.  

 

Table 5.2: ICRS macroscopic scoring system criteria 

Table adapted from ref.266 

Cartilage repair assessment Points 

Degree of defect repair 

 In level with surrounding cartilage 4 

 75% repair of defect depth 3 

 50% repair of defect depth 2 

 25% repair of defect depth 1 

 0% repair of defect depth 0 

Integration to border zone 

 Complete integration with surrounding cartilage 4 

 Demarcating border<1 mm 3 

 3/4th of graft integrated, 1/4th with a notable border>1 mm width 2 

 1/2 of graft integrated with surrounding cartilage, 1/2 with a notable border>1 mm 1 

 From no contact to 1/4th of graft integrated with surrounding cartilage 0 

Macroscopic appearance 

 Intact smooth surface 4 

 Fibrillated surface 3 

 Small, scattered fissures or cracks 2 

 Several, small or few but large fissures 1 

 Total degeneration of grafted area 0 
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Figure 5.12: Defect filling and integration four weeks post-surgery  

Representative macroscopic appearance, Safranin O stained sections, and H&E stained sections of 

(a) medial condyle defects and (b) trochlear groove defects treated with PA/HA hybrid material 

delivering TGFβ-1 and contralateral controls where TGFβ-1 was applied in saline solution four 

weeks following implantation along with blinded ICRS scoring of (c) macroscopic appearance and 

(d) histological sections for all samples (n = 6). Macroscopic imaging, Safranin O stained sections, 

and H&E stained sections of  (e) medial condyle defects and (f) trochlear groove defects treated 

with PA/HA hybrid material without growth factor and contralateral controls where only the saline 

vehicle was applied four weeks following implantation along with blinded ICRS  scoring of (g) 

macroscopic appearance and (h) histological sections for all samples (n = 6). Scale = 1 mm. (*, p 

< 0.05; Mann-Whitney Test) 

 



156 

Table 5.3: Macroscopic and histological scoring of cartilage defect repair 

Comparison of median macroscopic scores and median histology scores of PA/HA treated and 

control defects in four-week and twelve-week sample groups with number of animals in each 

group and p-value calculated using a non-parametric Man-Whitney test. Histology scores for four 

weeks given on 18-point ICRS scale and scores for twelve weeks given on 24-point O’driscoll 

scale. 

Macroscopic Scores 
  Treated Control n p   Treated Control n p 

Condyle 4 weeks 7.83 5 6 0.045   6.83 7 6 0.50 
 12 weeks 9.33 7 13 0.064   5.25 5.75 4 0.33 

Trochlea 4 weeks 9.5 5.7 6 0.033   8.5 7.8 6 0.19 
 12 weeks 10 10.33 13 0.41   6.5 11.25 4 0.055 

 

Histology Scores 
  Treated Control n p   Treated Control n p 

Condyle 4 weeks 5.3 4.8 6 0.098 
  4.8 5.5 6 0.29 

 12 weeks 10.67 10 13 0.36 
  7.5 11 4 0.17 

Trochlea 4 weeks 7.2 7 6 0.34 
  7.2 7.3 6 0.40 

 12 weeks 13.3 11 13 0.042 
  12 13.33 4 0.23 

 

Effect of PA/HA hybrid on cartilage healing after twelve weeks 

 Based on these short-term studies, (+) TGFβ scaffolds were selected to evaluate cartilage 

regeneration at twelve weeks. We chose twelve weeks expecting that this would be too early for 

hyaline-like tissue to develop without intervention, but long enough that cartilage repair could 

occur in response to the bioactive scaffold. In this experiment, samples of the joint fluid were 

drawn prior to surgery and at variable time points following implantation of the material. Fourteen 

sheep were initially included in this study, though evaluation of the synovial fluid drawn prior to 

surgery showed significantly elevated TNF-α in one of its joints, with the concentration relative to 

the contralateral joint over three standard deviations larger than the mean for across all animals 

tested prior to surgery. Because this cytokine is highly correlated with acute inflammation,267 this 

sheep was determined to have had an underlying condition prior to surgery and excluded the 
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animal from further analysis. Evaluation of the macroscopic appearance of defects following 

resection showed a trend of improved scores for condyle defects treated with the hybrid material 

relative to control defects treated with the growth factor only (Figure 5.13a,b; Table 5.3). In the 

trochlea, both treated and control defects healed significantly, making it difficult to discern 

differences in macroscopic appearance between treated and control groups (Figure 5.13d,e; Table 

5.3). Histological sections of condyle defects stained with Safranin O or H&E showed high 

variability in condyle defects with hyaline-like tissue observed in some treated defects, but poor 

healing in others, resulting in no significant difference in their score (Figure 5.13a,c; Table 5.3). 

In the trochlear groove, however, treatment with the hybrid material resulted in better repair of 

hyaline-like tissue overall as indicated by the development of a neocartilage layer rich in sGAG 

and collagen II (Figure 5.13d). This difference resulted in a statistically a statistically significant 

improvement in blinded scores of the histological sections (Figure 5.13f; Table 5.3). Treatment 

resulted in higher mean scores across all evaluation categories, with the most significant 

improvement in the development of hyaline-like cellular morphology (Figure 5.14; Table 5.4). The 

difference in response may be related to differences in healing time course for the two defect sites. 

In the more mechanically active condyle, slow cartilage healing may have resulted continued 

differences in defect fill between the treated and control groups, but limited the formation of 

hyaline-like tissue at twelve weeks regardless of treatment. On the other hand, faster healing in the 

trochlear groove may have led to high macroscopic scores regardless of treatment, but enhanced 

histological scoring only in response to hybrid material treatment. In addition, treated trochlear 

groove defects developed more regular surfaces than treated condyle defects, suggesting that 

further improvements in material toughness may be necessary for optimal healing of condyle 

defects. Importantly, improved regeneration of hyaline-like tissue due to the hybrid scaffold in 
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trochlear groove defects demonstrates the biological ability of the material to effect cartilage 

repair.  

 

 
Figure 5.13: Cartilage repair twelve weeks post-surgery 

(a) Representative macroscopic appearance, Safranin O stained sections, H&E stained sections, 

and immunohistology staining of collagen II for condyle defects twelve weeks following 

implantation with (b) ICRS scoring of the macroscopic appearance and (c) O’driscoll scoring of 

the histological sections (n = 13). (d) Representative macroscopic appearance, Safranin O stained 

sections, H&E stained sections, and immunohistology staining of collagen II for condyle defects 

twelve weeks following implantation with (e) ICRS scoring of the macroscopic appearance and 

(f) O’driscoll scoring of the histological sections (n = 13). Scale = 1 mm. (*, p < 0.05; Mann-

Whitney Test) 
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Table 5.4: O’driscoll histology scoring criteria 

Table adapted from ref.268 

Characteristics Score 

  

Nature of predominant tissue  

Cellular morphology  

   Hyaline cartilage 4 

   Incomplete differentiated mesenchyme 2 

   Fibrous tissue or bone 0 

Safranin O staining of matrix  

   Normal 3 

   Moderate 2 

   Slight 1 

   None 0 

  

Structural characteristics  

Surface regularity  

   Smooth and intact 3 

   Superficial horizontal lamination 2 

   Fissures 25% - 100% of thickness 1 

   Severe disruption, fibrillation 0 

Structural integrity  

   Normal 2 

   Slight disruption, cysts 1 

   Severe disintegration 0 

Thickness  

   100% of normal adjacent cartilage 2 

   50% - 100% of normal cartilage 1 

   0% - 50% of normal cartilage  0 

  

Freedom from cellular changes of degeneration  

Hypocellularity  

   Normal cellularity 3 

   Slight hypocellularity 2 

   Moderate hypocellularity 1 

   Severe hypocellularity 0 

Chondrocyte clustering  

   No clusters 2 

   < 25% of cells 1 

   25% - 100% of cells 0 
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Figure 5.14: Histological scoring by category twelve weeks post-surgery  

Mean histological scores by category for condyle and trochlea defects for the 12-week study in the 

(+) TGF group. n = 13.  2-way ANOVA treatment effect: condyle, ns; trochlea, **. (*, p < 0.05; 

**, p < 0.01)  

 To confirm that TGFβ-1 delivery was necessary for cartilage repair at twelve weeks a four-

animal, twelve-week pilot study was implemented where treated defects were filled with the hybrid 

material only and control defects were treated with the growth factor vehicle only. Consistent with 

the four-week study, application of the material without the addition of the growth factor did not 

improve the macroscopic appearance or histological scores for defects in either the condyle or the 

trochlea (Figure 5.15; Table 5.3). The lack of score improvement in the PA/HA hybrid treated 

defects in the (-) TGFβ group at both four weeks and twelve weeks may be related to decreased 

physiological growth factor availability in large animals like sheep relative to smaller mammals 

like rabbits. Alternatively, the tight bundles of PA filaments that form following the addition of 

HA may limit the efficacy of the displayed binding epitope by inhibiting diffusion of endogenous 
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growth factor between PA filaments. Thus, while the hybrid material could influence cartilage 

repair in a sheep model with a low dose of delivered TGFβ-1, future work may be necessary to 

eliminate the need for exogenous growth factor entirely. 

  

 

Figure 5.15: Cartilage repair twelve weeks post-surgery without exogenous TGFβ 

Macroscopic appearance and histological staining of (a) medial condyle and (b) trochlear groove 

defects treated with PA/HA hybrid material without growth factor and contralateral controls where 

only the saline vehicle was applied. Scale = 1 mm. 

 Taken together, these in vivo studies show that when delivering TGFβ-1 the PA/HA hybrid 

material has both mechanical and biological properties necessary to enhance cartilage repair in a 

large animal. Improved defect filling at four weeks demonstrated the material is resilient enough 

to sustain TGFβ-1, even in highly sheared condyle defects. Improved hyaline-like tissue formation 

at twelve weeks revealed the hybrid implants effect a biological response that improves repair of 

the articular cartilage. Although this effect was evident only in trochlear groove defects, future 

experiments that investigate later time points are necessary to determine if more hyaline-like tissue 

would eventually form in treated condyle defects. In addition, while treated trochlear groove 

defects showed strong remodeling of underlying bone at twelve weeks, new bone was not evident 
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in treated condyle defects. Combining the cartilage regenerating material with an underlying 

osteoinductive material may hasten regeneration of underlying bone and localize cartilage 

regeneration at the joint surface. 

 In addition to the selection of sacrifice time, several other experimental factors may have 

affected the study. For instance, the high variability in scores observed at both four weeks and 

twelve weeks was likely a result of the sheep population used in this study. Sheep were acquired 

from local farms and had a wide range of ages and weights at the time of surgery. In addition, 

synovial fluid analysis showed there was further variability in inflammatory state of the joints prior 

to surgery. Creating bilateral defects and treating only one side helped mitigating this problem by 

ensuring treatment and control defects were from the same sheep population in each study group, 

but could not reduce the wide range of scores across animals. In addition, differences between 

joints may develop within the same animal due to inflammation or anatomical changes that can 

occur with age. Still, studies at both four weeks and twelve weeks resulted in statistically 

significant differences in macroscopic and histological scores, respectively, suggesting a strong 

effect that could be measured despite these confounding factors. The behavior of the sheep 

following surgery may also have affected how the hybrid material performed. Although the pilot 

study showed little difference in defect fill between the slung limb and contralateral unslung limb, 

placing one limb in a sling likely decreased the sheep’s movement following surgery. It was 

observed that when no limbs were placed in slings for the four-week and twelve-week studies, 

sheep were more active in the days following surgery, which may have resulted in higher 

mechanical shear on the defect relative to the non-slung limb in the pilot study. Because clinical 

patients would be expected to be sedentary for some time following cartilage repair treatments, the 

animal model may be improved by restricting sheep movement in the days following material 
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implantation. This effect may have contributed to the more irregular surface morphology observed 

in histological sections of treated condyle defects relative to treated trochlear groove defects.   

Cytokine biomarkers in the ovine joint space during cartilage healing 

 To better understand the physiology of the joint during the healing process, the 

concentration of several inflammatory cytokines was quantified using a multiplex assay. In 

addition, the inflammatory response to the formation of the defect and to the hybrid material, 

TGFβ-1 has significant inflammatory modulating properties that may also affect the immune 

response during cartilage repair.198 For several cytokines, joint fluid concentrations increased 

significantly following surgery and then tapered in the following weeks. For example, upregulation 

of IL-6 is a known response to cartilage damage.269 Despite very low concentrations prior to 

surgery, levels of the cytokine increased to ng/ml concentrations one week following surgery, but 

decreased threefold by the next week (Figure 5.16a). Other markers associated with acute 

inflammation such as interleukin-8 (IL-8 or CXCL-8), macrophage inflammatory protein-1α 

(MIP-1α), interferon gamma-induced protein-10 (IP-10), monocyte chemoattractant protein-1 

(MCP-1 or CCL-2)267 showed similar trends. These factors were likely secreted in response to 

elevated IL-6270 and in the case of MCP-1 may be involved in initiating cartilage repair (Figure 

5.16b-e).271 The angiogenic VEGF also increased to its highest level one week following surgery, 

possibly due to early vascularization during the development of new subchondral bone (Figure 

5.16f). Importantly, both treated and control samples in the (+) TGFβ group and in the (-) TGFβ 

group had similar concentrations of these cytokines in the weeks following surgery, suggesting the 

hybrid gel did not change the acute immune response to the formation for the osteochondral defect. 

For several other factors, concentration increased following surgery and the elevated levels were 

sustained throughout the twelve-week study. These included the pro-inflammatory factors IL-1α 
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and TNF-α as well as the anti-inflammatory signals interleukin-10 (IL-10) and interleukin-36 

receptor antagonist (IL-36RA; Figure 5.16g-j). The continued presence of these factors suggests 

their involvement in continued inflammatory modulation in the joint space during joint healing 

following the acute response.272 Though mean levels of these factors were somewhat lower in the 

(-) TGFβ group than in the (+) TGFβ group, the similar concentrations in the treatment and control 

group many weeks after the initial TGFβ-1 injection suggests this difference is due to inter-animal 

variability between he small sample groups and not a response to the delivered growth factor. 

5.4. Conclusions 

 This study described the development of an injectable bioactive cell-free scaffold capable 

of inducing cartilage regeneration in a large-animal sheep model. Combining a bioactive-self 

assembling component with HA microgels produced a resilient material with the mechanical 

properties necessary to improve osteochondral defect fill over short times and the biological 

properties necessary to induce chondrogenesis in response to sustained delivery of a low TGFβ-1 

dose at longer times. Characterization of the material revealed a previously unknown phenomenon 

whereby combining the supramolecular PA and covalent HA components produced bundled, 

porous scaffolds. These biocompatible gels supported chondrogenesis of embedded progenitor 

cells and may be useful in other regenerative applications where scaffold topology is important in 

cellular response.  Due to the chemical versatility of the supramolecular PA fibers, the system 

described here can be adapted to deliver additional growth factor binding or signaling peptides. 

Based on this work the PA/HA hybrid is envisioned as a materials platform that can be delivered 

arthroscopically, withstand the mechanical stresses of large-animal joints, and display 

programmed bioactive signals tailored to any number of bioregenerative applications. 
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Figure 5.16: Inflammatory biomarkers in the synovial fluid during defect healing  

Synovial fluid concentration of (a) IL-6, (b) IL-8, (c) IP-10, (d) MCP-1 (e) MIP-1α, (f) VEGF, (g) 

IL-1α, (h) TNF-α, (i) IL-10, and (j) IL-36RA as a function of time after defect formation where 0 

week samples were drawn prior to surgery. (For (+) TGFβ group: 0 week, n = 13; 1 week, n = 13; 

2 weeks, n = 11; 4 weeks, n = 6; 12 weeks, n = 5. For (-) TGFβ group: all weeks, n = 4.) 

5.5. Materials and Methods 

Peptide amphiphile synthesis: Peptides synthesis was performed at the Peptide Synthesis Core at 

the Simpson Querrey Institute via standard Fmoc solid-phase peptide synthesis chemistry on a 

Rink MBHA resin using a CEM Liberty microwave-assisted synthesizer. For dye-labelled PA, a 

methtrityl protecting group was first removed from the lysine using 1:5:94 solution of TFA: TIS: 
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DCM. For carboxytetramethyrhodamine (TAMRA)-PA, after washing with DCM, the TAMRA 

was coupled using 1.2 equivalents of TAMRA,1.2 equivalents of PyBOP and 8 equivalents of 

N,N-diisopropylethylamine overnight. For fluorescein isothiocyanate (FITC)-labeled PA, the dye 

was added in the same manner, but without the addition of PyBop. Peptides were cleaved from the 

resin using a 95:2.5:2.5 solution of TFA:TIS:DCM for three hours followed by concentration and 

precipitation dropwise into cold diethyl ether. The precipitate was resuspended in 0.1% ammonium 

hydroxide in water and passed through a 0.2 μm syringe filter prior to purification. Peptides were 

purified by standard reverse phase HPLC on a Waters Prep150 instrument (Milford, MA, USA) 

against a water/acetonitrile gradient with 0.1% ammonium hydroxide. Eluted fractions were 

collected and assessed using Agilent 6520 QTOF liquid chromatograph-mass spectrometer (LC-

MS; Santa Clara, CA, USA). Confirmed fractions were pooled, acetonitrile was removed by rotary 

evaporation, and solutions were frozen and dried via lyophilization Purity of the product was 

confirmed by LCMS using a Phenomenex Gemini C18 column over a 5% to 95% water to 

acetonitrile gradient with 0.1% ammonium hydroxide.  

HA particle synthesis: HA sodium salt from Streptococcus equi with a 1.5-1.8 MDa molecular 

weight (Sigma-Aldrich) was obtained and autoclaved for sterilization. In a biological safety 

cabinet, sterile water was added to the powder to 1.25 wt% and the solution was agitated overnight 

to dissolve the material. A solution was prepared in sterile water of 3 mg/ml EDC (Sigma-Aldrich) 

and 3.5 mg/ml L-lysine methyl ester dihydrochloride (Sigma-Aldrich) and sterile filtered and 

added to the HA solution to 20% of the total volume. The mixed solution was agitated for 30 

minutes and then poured into cell culture flasks to cover their surface at 1 ml/cm2. The solution 

was allowed to dry in the biological safety cabinet over 72 hours. The resulting film was rehydrated 

with sterile water and washed by in an excess of water under agitation for at least 24 hours with 3 
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changes of water to remove excess crosslinker. The gel was transferred to a Magic Bullet blender 

and blended for a total of 5 minutes. The resulting suspension was frozen and lyophilized.  

Ninhydrin assay: 1 mg HA was dissolved in 1 ml of water for 1 hour to which was added 500 μl 

ninhydrin reagent (Sigma-Aldrich). Samples were placed in boiling water for 10 minutes and 

transferred to a microplate. Absorbance at 570 nm was read using a Cytation 3 microplate reader. 

Absorbance was compared to a standard curve of L-lysine methyl ester dissolved at known 

concentrations to calculate primary amine content. 
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Figure 5.17: Chemical characterization of PA moelcules reported  

LC-MS confirming purity and MS for (a) Diluent PA, (b) TGFβ-1 Binding PA, (c) FITC tagged 

PA, and (d) TAMRA tagged PA. 

Gel preparation: The diluent PA molecule and TGFβ-1 binding PA molecule were each suspended 

in sterile water to19 mM for materials characterization or in vivo experiments and to 38 mM for in 

vitro biological experiments and the pH of the solution was adjusted to 7 using a sterile filtered 
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solution of 1 M sodium hydroxide. For experiments where a fluorescently tagged PA was used, 

the fluorescently tagged PA was dissolved to its stated final concentration and then the diluent PA 

or binding PA powders were resuspended in the fluorescent PA solution. Solutions of the diluent 

PA and binding PA were mixed at a 9:1 ratio, sealed in a sterile tube, and bath sonicated for 1 

hour. The solutions were heated in a water bath to 80°C for 1 hour and allowed to cool in the bath 

overnight. Immediately prior to further use, PA solutions were diluted by 10% with either sterile 

water or a solution of recombinant human TGFβ-1 to achieve the stated protein concentration and 

a molar PA concentration equivalent to 2 wt% diluent PA. To produce the composite gel, the PA 

solution was added to HA for to a final HA concentration to the indicated concentration (4 wt% 

for all biological experiments). The resulting slurry was mixed with a spatula and spun down with 

a microcentrifuge several times to initiate hydration. Samples were allowed to hydrate on ice for 

1 hour prior to use. 

Rheology: Measurements were performed on an Anton Paar MCR302 rheometer with 25 mm 

parallel-plate fixture. 90 μl of the PA solution or the PA/HA hybrid slurry was placed on the 

measurement stage and 30 μl of a 50 mM CaCl2/75 mM NaCl gelling solution was placed on the 

upper fixture. The fixture was lowered to a 0.5 mm gap for 5 minutes and then lowered further to 

0.25 mm for another 5 minutes during which time a 0.1% oscillatory strain was applied with a 10 

rad/s angular frequency. A strain sweep was then performed at the same angular frequency from 

0.1% to 100% strain.  

HA degradation assay: HA only samples were prepared by dissolving the HA powder as received 

or following crosslinking to 4 wt% in 100 μl sterile water. PA/HA hybrid samples were prepared 

to 100 μl using HA as received or following crosslinking to 4 wt%. 5 replicates were prepared of 

each sample were prepared in conical microcentrifuge tubes. To each sample, 50 μl of a 25 mM 
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CaCl2 and 0.1% BSA in TBS gelling solution was added for 1 hour. Then, 850 μl of a 100 U/ml 

solution of hyaluronidase Type I-S (Bovine source; Sigma-Aldrich) in 10 mM CaCl2 and 0.1% 

BSA supplemented TBS was added to each sample and incubated at 37°C. Every 2 days, the tubes 

were inverted twice and 200 μl of the supernatant was removed and flash frozen. After 10 days, 

500 μl PBS was added to each tube and the remaining material was titrated and agitated for 1 hour 

to break apart the remaining gel. The degradation of HA was quantified by measuring the 

concentration of uronic acid functional groups in the supernatant or in remaining gel as previously 

described.273 Briefly,  samples were thawed and batch sonicated for 1 hour. A standard curve was 

prepared by serially diluting a 1 mg/ml glucuronic acid glucuronic acid γ-lactone in water. 25 μl 

of sample or standard was placed in a 96 well plate in triplicate and solutions were diluted 1:1 in 

saturated benzoic acid. To each well was added 100 μl fuming sulfuric acid supplemented with 25 

mM sodium tetraborate. Samples were heated to 100°C in a sand bath for 10 minutes and then 

allowed to cool to ambient temperature. To each well was added 25 μl 0.125% carbazole in 

absolute ethanol and samples were heated again to 100°C for 10 minutes and cooled to ambient 

temperature.  Optical absorbance of each well was read at 550 nm using a Biotek Cytation 3 

microplate reader and uronic acid concentration was determined based on the glucuronic acid γ-

lactone standard curve. Total degradation was normalized to the fraction of uronic acid groups 

released at each timepoint relative to the sum of the total detected during the degradation 

timepoints and total remaining in the gel after 10 days. 

Swelling assay: 50 μl PA solution or PA/HA hybrid was added to a conical microcentrifuge tube 

and 50 μl of a 50 mM CaCl2/75 mM NaCl gelling solution was added to each tube. After one hour, 

excess gelling solution was removed and 950 μl water was added to each tube. At each timepoint, 

five gels of each sample were removed from their tube and transferred to a pre-weighed 
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microcentrifuge tube. The weight was recorded and then the gels were frozen with liquid nitrogen, 

lyophilized, and weighed again to determine the volumetric swelling ratio. The final ratio was 

compared to the ratio of water to material as prepared to determine the volume increase at each 

timepoint.   

Scanning electron microscopy: Cell-free samples were prepared by gelling PA solution or the 

PA/HA hybrid using a 50 mM CaCl2/75 mM NaCl gelling solution for 1 hour. For cell- 

encapsulating gels, the media was removed and samples were fixed for 30 minutes with 2% 

paraformaldehyde/2.5% glutaraldehyde in 150 mM NaCl followed by 3 washes with 150 mM 

NaCl. Gels were transferred to a stainless-steel cage and dehydrated through a series of water-

ethanol solutions to absolute ethanol. The samples were then dried at the critical point of CO2 

using Samdri-795 Critical Point Dryer (Tousimis). Prior to imaging, samples were coated with 25 

mm osmium using Filgen OPC-60A plasma coater. Imaging was performed using a Gemini 1525 

SEM at an accelerating voltage of 3.0 kV for cell-free samples or a Hitachi SU8030 SEM at an 

accelerating voltage of 2.0 kV for cell-encapsulating samples.  

X-ray scattering: SAXS and WAXS measurements were performed simultaneously using 

beamline 5ID-D in the Dupont-Northwestern-Dow Collaborative Access Team Synchrotron 

Research Center at the Advanced Photon Source at Argonne National Lab. To prepare the samples, 

an adhesive silicone spacer was placed on a piece of Kapton tape and the PA solution or the PA/HA 

hybrid was placed within the spacer. A second piece of tape was the flattened above the tape to 

seal the sample between two Kapton windows. The sample was exposed to 17 keV x-rays five 

times for 1 second and two-dimensional scattering patterns were recorded with using three 

Rayonix CCD detectors. The patterns were converted to one-dimensional intensity profiles by 
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azimuthal integration using the data reduction program FIT2D and plotted against the wave vector 

q = (4π)sin(θ/2) where d = 2 π/q. 

Protein release: Solutions of 100% diluent PA or 90% diluent PA and 10% binding PA were heat 

treated at 17 mM and combined 9:1 with a solution of 10 μg/ml recombinant human TGFβ-1 

(eBioscience) and 0.1% BSA and allowed to mix for 1 hour on ice. As a control, the TGFβ-1 

solution was diluted 10 times in water. 100 of each μl PA was combined with HA to 4 wt% and 

allowed to hydrate for 1 hour on ice in a conical microcentrifuge tube. To each PA/HA hybrid or 

control sample was added 50 μl of a 25 mM CaCl2 and 0.1% BSA in TBS gelling solution and 

samples were incubated at 37°C for 1 hour. After gelling, each tube was filled with 400 μl 10 mM 

CaCl2 and 0.1% BSA supplemented TBS and incubated at 37°C. At each timepoint, 200 μl of the 

buffer solution was removed and replaced and samples were stored at -80°C. After 21 days, 

samples were removed, 400 μl PBS was added to each tube followed by triteration and agitation 

for 1 hour to remove the remaining growth factor from the gels. The TGFβ-1 concentration of each 

sample was quantified using a Ready-Set-Go Human/Mouse TGFβ-1 ELISA kit (Invitrogen) 

according to the manufacturers instruction and normalized to the gel-free control sample. At each 

timepoint, the protein released was normalized to the sum of the total protein released and protein 

remaining within each gel. 

Cellular encapsulation: Human MSCs were obtained from Lonza and maintained in MSC growth 

media (Lonza). Cells were used for experiments prior to passage 6. Cells were trypsinized and 

resuspended in growth media for counting followed by centrifugation and resuspension to 4 

million cells/ml in DMEM. Cells were mixed 1:1 volumetrically with PA solutions heat treated at 

38 mM and diluted 10% with water or a 20 μg/ml solution of recombinant human TGFβ-1 (R&D 

Systems) as indicated and incubated together for one hour on ice. 50 μl PA/cell solutions were 
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added to a conical centrifuge tube containing a 2 mg HA, mixed with a spatula, and incubated for 

1 hour at 37°C. To each sample was added 50 μl sterile gelling solution (50 mM CaCl2/75 mM 

NaCl) and excess gelling solution was removed after 30-minute incubation at 37°C. Each tube was 

filled with 770 μl chondrogenic media containing DMEM supplemented with 4.5 g/L glucose, 1% 

penicillin/streptomycin, 1% insulin/human transferrin/selenous acid premix, 0.1 mM l-ascorbic 

acid 2-phosphate sesquimagnesium salt hydrate, and 100 nM dexamethasone. Media was 

supplemented with freshly thawed aliquots of TGFβ-1 to 10 ng/ml for soluble TGFβ-1 

experimental groups. Half the media was removed and replaced three times a week during the 

culture period. 

Cytotoxicity assay: Cells were cultured encapsulated in PA only gels or PA/HA hybrid gels for 24 

hours in TGFβ-1 free media. Media was removed and replaced with 2 μg/ml calcein and 5 μg/ml 

propidium iodide in TBS. Samples were incubated at 37°C for 1 hour and then washed 3 times 

with TBS. Gels were removed and placed on a coverglass immediately prior to imaging. Three 

regions of each of three gels per experimental group were imaged Nikon W1 Dual Cam Spinning 

Disk Confocal Microscope and cells were counted using the MATLAB Image Processing Toolbox.  

Immunohistochemistry: Gels were fixed with 4% paraformaldehyde in 150 mM NaCl for 20 

minutes and washed 3 times 150 mM NaCl. Gels were then snap frozen in liquid nitrogen and cut 

into sections with a razor blade. Sections were laid flat on a microscope coverglass and cells were 

permeabilized for one hour with a blocking buffer containing 150 mM NaCl, 2% goat serum and 

0.2% Triton X-100. Sections were stained overnight with a solution containing a rabbit derived 

anti-Sox 9 primary antibody at 400x dilution (Novus), rhodamine-phalloidin at 100x dilution, and 

Hoechst 33258 at 100x dilution in blocking buffer. Samples were rinsed three times and stained 

with a goat-anti-rabbit Alexa 647 conjugated primary antibody (250x dilution) for 2 hours in 
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blocking buffer. Samples were rinsed, coverslipped, and imaged using a Nikon A1R laser confocal 

microscope. 

Sulfated glycosaminoglycan quantification assay: Cells were encapsulated in either PA only gels 

or PA/HA hybrid gels. For each material, 5 sample replicates were prepared and maintained in 

each of three conditions. These were (1) gels cultured without TGFβ-1 supplementation, (2) gels 

cultured in TGFβ-1 supplemented media, and (3) gels prepared containing 1 μg/ml TGFβ-1 and 

cultured without further TGFβ-1 supplementation. After 4 weeks of culture, the total TGFβ-1 

added via media supplementation in the soluble TGFβ-1 group equaled the total TGFβ-1 

encapsulated in the gels in the growth factor encapsulation group (50 ng). At 4 weeks, the media 

was removed and to each tube was added 250 μl digestion buffer containing 0.2 mg/ml papain 

(Sigma-Aldrich), 10 mM L-cysteine, 60 mM NaH2PO4, and 40 mM NA2HPO4. Gels were broken 

apart via trituration, transferred to screw-top conical microcentrifuge tubes, and incubated for 18 

hours at 60°C. A standard curve was prepared by serially diluting a 250 μg/ml solution of CS from 

bovine trachea in the digestion buffer. After digestion, 25 μl of each sample or standard solution 

was added in triplicate to a 96 well plate and diluted 1:1 in the digestion buffer. To each well was 

added 250 μl of a detection solution reported containing mg/ml NaCl, 3 mg/ml glycine, 10 mM 

acetic acid, and 16 μg/ml DMMB, pH 1 as previously reported.226 Optical absorbance for each 

well at 525 nm was recorded using a Cytation 3 microplate reader (BioTek, Winooski, VT). Total 

DNA concentration for each sample was measured using a Quant-iT PicoGreen assay kit 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol and total sGAG content was 

normalized to DNA content for each sample. 

Preparation of material for surgical implant: Heat treated PA solutions prepared at 19 mM were 

combined with a 10 μg/ml TGFβ-1 solution (R&D Systems) dissolved in a 0.1% BSA, 4 mM HCl 
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buffer or with the buffer alone at a 9:1 ratio. The combination was mixed by pipetting and kept on 

ice for 1 hour. 900 μl of the mixed solution was added to 36 mg of crosslinked HA particles 

prepared under sterile conditions and allowed to hydrate for 1 hour. The hybrid material was 

packed into a 1 ml syringe with a 19-gauge needle attached and kept on ice until use during surgery. 

Animal study design: Animal work was performed at the University of Wisconsin, School of 

Veterinary Medicine, and all procedures were approved by the Institutional Animal Use and Care 

Committee. Thirty-five mature female sheep ranging in age from 2-7 (mean = 3.7 ± 1.7) years 

weighing between 60 and 100 (mean = 74 ± 8.3) kg were used in this study. Animals were divided 

into 6 groups: (1) 1 pilot sheep sacrificed at 1 week to assess material retention, (2) 6 sheep 

sacrificed at 4 weeks treated with PA and TGFβ-1, with one sheep sacrificed prior to 4 weeks due 

to patellar luxation and excluded from the analysis, (3) 6 sheep sacrificed at 4 weeks with PA, but 

without TGFβ-1 treatment, (4) 14 sheep sacrificed at 12 weeks with PA and TGFβ-1 treatment, 

with 4 sheep sacrificed prior to 12 weeks due to patellar luxation and excluded from analysis, (5) 

6 sheep sacrificed at 12 weeks with PA but without TGFβ-1 treatment, with 2 sacrificed prior to 

12 weeks due to patellar luxation and excluded from analysis, and (6) two sheep sacrificed at 24 

weeks with PA and TGFβ-1 treatment. 

Surgical technique: Prior to surgery the sheep were fasted for 24 hours, and withheld water for 12 

hours. Sheep were administered a dose of Xylazine (0.1-0.22mg/kg IM) in their pen to sedate them 

for transport to the surgical suite as well as a pre-operative dose of buprenorphine (0.0006-0.01 

mg/kgIM) for analgesia. Sheep were then induced with ketamine/midazolam (2-10mg/kg/0.1-

0.3mg/kg) IM and immediately intubated. Once intubated the sheep were maintained on isoflurane 

(0-4%) in 100% O2. At this time, a dose of Procaine Penicillin-G (10,000-20,000 IU/kg) IM was 
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administered. Using aseptic techniques, a medial stifle arthrotomy was performed on both limbs 

of each sheep. In each stifle, one osteochondral defect was made in the medial femoral condyle 

and a second was made in the femoral trochlear groove using a Stryker EHD variable speed 

surgical drill and a canuulated drill bit. For the 24-week group, defects were made in the condyle 

only and not the trochlear groove. Defects were 3 mm deep and 7 mm in diameter which is 

previously reported to be critical sized for sheep osteochondral. For the one-week pilot group, all 

defects were filled with the PA/HA material, which included TAMRA-tagged PA filaments. For 

TGFβ-1 treated groups, each defect on one side was filled with the TGFβ-1 supplemented PA/HA 

material which was ejected from the syringe and packed into the defect space, while each defect 

on the control side was filled with 1 μg/ml TGFβ-1 in saline solution. For the no growth factor 

experimental groups, the PA/HA material without added TGFβ-1 was used to fill the defects on 

one side in the same manner while defects on the opposite side were filled with saline solution 

only. After defect filling with PA/HA or saline solution, approximately 30 μl of a sterile 50 mM 

CaCl2, 75 mM NaCl gelling solution was added dropwise on top of each defect. Arthrotomies were 

closed in a routine manner after thoroughly lavaging the joint with physiological saline 

Immediately after surgery, all sheep were individually housed in a small pen that allowed for 

limited movement for the first 3 weeks post-surgery. After this the sheep were moved to group 

housing and allowed to move freely. In the 1-week group, one hindlimb was kept in a sling, but 

all other animals were allowed to walk freely on both hindlimbs. 

Synovial fluid sample collection: For the twelve-week survival group, joint fluid was collected via 

a joint tap prior to arthrotomy using a 3 ml syringe with an 18-gauge needle under an aseptic 

condition. Additional joint fluid samples were collected via a sterile joint tap at 1 week, 2 weeks, 

and 4 weeks post-surgery, and immediately following sacrifice. Samples were stored at -80°C and 
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thawed prior to evaluation. Cytokine concentration was determined using a MILLIPLEX Bovine 

Cytokine/Chemokine 15 plex panel (Millipore-Sigma) using a Luminex instrument according to 

the manufacturer’s instructions. The analytes IL-1α, IL-6, IL-8, IL-10, MIP-1α, IL-36RA, IP-10, 

MCP-1, TNF-α, and VEGF were reliably detected and their concentrations are reported. The 

analytes interleukin-1β, interleukin-4, interleukin-17A, interferon-γ, and macrophage 

inflammatory protein-β were not detected in the samples. 

Sample collection: After euthanasia, operative joints were harvested and the gross appearance was 

documented with digital photographs. The gross appearance of both condylar and trochlear defect 

areas was assessed subjectively using the ICRS macroscopic scoring system (Table 5.2)266 by 3 

experienced evaluators blinded to treatment group (L.Y, J. B. and B.M). Mean scores between the 

PA/HA treated and limbs control limbs for the 4-week and 12-week survival groups were 

compared using a Mann-Whitney test. The operated medial condyles and trochleae in each group 

then were cut using a band saw into small bone blocks, which included the defect and its associated 

underlying subchondral bone.  

Histological staining and evaluation: The bone blocks were fixed in 10% neutral buffered 

formalin, and subsequently decalcified using an EDTA/Sucrose decalcifying solution (20% EDTA 

in 5% Sucrose, Newcomer Supply, Middleton WI). After decalcification, the blocks were cut in 

half through the center of the defect using a razor blade and both pieces were embedded in the 

same block of paraffin.  Successive five-micron thick sections were prepared and stained with 

H&E to evaluate general morphology of the grafted site, and Safranin O to evaluate the 

proteoglycans of the extracellular matrix. All sections were scored by the same 3 investigators who 

performed the macroscopic scoring. Scorers were blinded to group assignment and used a modified 

O’ Driscoll scoring system (Table 5.4).268 Mean scores for treated and control limbs for the four-
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week and twelve-week survival groups were compared using a Mann-Whitney test. Following 

scoring, stained sections were imaged using a TissueGnostics microscope. Unstained sections from 

the pilot study where TAMRA-tagged PA filaments were used were imaged using a Nikon Ti2 

Widefield microscope.  
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CHAPTER 6 

6. Discussion and Future Direction 

 Together, these projects highlight the importance of rational design in the formation of 

superstructures in supramolecular systems. Efforts to produce biomimetic materials scaffolds must 

account for the hierarchical nature of the nature assemblies that underly and support tissue 

development and homeostasis. But superstructure formation can significantly alter the 

characteristics and performance of these materials. The proceeding chapters explore how peptide 

superstructures form and ways in which they affect their ability to influence biology. In the future, 

these lessons can be extended to design more effective complex systems to advance 

supramolecular chemistry and regenerative engineering. 

6.1. Tuning Intermolecular Cohesion to Control Hierarchical Assembly 

 The work in Chapter 2 builds upon a model of superstructure formation by peptide 

assemblies via molecular redistribution reported in previous work using PA-nucleic acid 

conjugates. While the previously reported system used strong interactions among assemblies to 

overcome strong cohesive interactions among PA molecules, these new results demonstrate an 

alternative approach—weakening intermolecular cohesion to promote superstructure formation 

without strong inter-assembly crosslinking. By confirming and advancing the design rules needed 

to build PA structures, the results support further exploration of superstructure formation by PA 

systems. Applying these rules to new designs can tailor the thermodynamics and architecture of 

these assemblies for regenerative engineering applications. 
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 An important next step in the development of these systems will be the design of 

superstructure forming PAs with intermediate cohesive interactions. Building weak β-sheet into 

these systems may template more robust superstructures that form even longer assemblies. 

Alternatively, mutating the peptide sequence may produce assemblies with different morphologies 

such as belts and sheets.274 Superstructure formation by these altered assemblies may produce new 

hierarchical structures such as lamellar stacks of PA layers. Increased cohesion could be overcome 

by adding enough charged residues to strengthen hierarchical attraction among the assemblies. A 

second important step in advancing these systems is exploring how processing affects their 

assembly. In the work here, oppositely charged PA assemblies were mixed and allowed to age 

over time. Heat treatment and varying ionic concentrations may profoundly impact how 

superstructures form. A detailed study of these effects is underway to better understanding of the 

thermodynamics of these reactions and thereby develop more robust superstructures. 

 Another area of future work is the use of superstructure forming PA systems as 

biomaterials. While these structures may mimic biological topographies, how that will affect 

cellular behavior is unknown. The tunable mechanical and topographical properties of these 

systems make them ideal candidates as cell substrates or cell encapsulating gels. By rational design 

of these very simple building blocks, this work will likely provide straightforward tools to 

manipulate cell adhesion, migration, and fate. 

6.2. Nonionic PA Systems for Biomedical Applications 

 Chapter 3 reports nonionic PA systems that can be used to produce uncharged PA 

assemblies or assemblies with tunable charge. The work focuses on how charged groups affect the 

ways PA molecules assemble and explores how PA charge can affect cell behavior in a model for 
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osteogenesis. The development of this system lays the groundwork for controlling PA charge in a 

variety of biomedical applications where assembly charge is important.  

 Assembly of nonionic PA filaments are expected to be a useful tool in determining how 

charged groups affect the binding of PA assemblies to other biomolecules. In the near term, 

experiments to determine how ions in solution interact with these nonionic PA filaments will be 

useful in explaining how nonionic filaments form. In addition, decreasing charge may decrease 

non-specific binding by eliminating electrostatic interactions between the assemblies and charged 

biomolecules. Charge may also affect the specific binding of targeted ligands by peptide or DNA 

epitopes. Displaying these epitopes on nonionic on nonionic PA backbones co-assembled with 

nonionic diluent PA produces PA filaments where the only charge is in the epitope. Using this 

design strategy will be useful in determining if charge in the PA backbone affects the ability of 

these bioactive peptides to bind their targets. Several effects may be important including the 

balance of on-target specific and electrostatic non-specific effects on binding, off-target non-

specific binding masking epitope moieties and decreasing specific binding, or interactions between 

charged epitopes and charged filament surfaces. In addition, these nonionic systems may be useful 

in limiting the types of counterproductive superstructure formation discussed in Chapter 4. 

 Because these PEGylated PA molecules are expected to be non-adhesive, they are strong 

candidates for systemic administration. Following injection, nonionic or weakly charged PA 

assemblies will not form gels and will not have the cytotoxic effects reported for anionic and 

cationic PA assemblies, respectively. Controlling charge can be used to tune biodistribution of the 

assemblies while binding motifs may be useful in directing these molecules to specific tissue 

targets. Alternatively, charge is important in determining the immune response to nanomaterials. 

This effect may work synergistically with the ability to tune the morphology of PA systems, as 
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nano-scale topography is also known to influence immune interactions. Uncharged PA systems 

are an easy to prepare and assembly platform to examine the relationship between charge and 

shape in determining immune response. 

6.3. Hierarchical Assembly and Epitope Presentation 

 Chapter 4 reports the use of nonionic PA backbones to display a TGFβ-1 binding epitope. 

Using this system, the PA could be purified in acidic conditions to avoid a deamidation reaction 

that occurred during basic purification. Characterization of filaments presenting the epitope 

showed that deamidation had improved retention of the growth factor by PA hydrogels and 

suggested that superstructure formation by filaments displaying the non-deamidated sequence may 

have contributed to inferior performance. These outcomes have implications for both expanding 

the epitope library that can be presented by PA assemblies and for improving the efficacy of 

displayed biological signals. 

 The reported method to prevent deamidation may be applied in a number of PA chemistries 

where exposure to base is to be avoided. This is obviously important for other peptides sequences 

with asparagine residues followed by a non-bulky residue where deamidation may occur. In 

addition, this approach can be extended to other purification sensitive chemistries such as S-

nitrosylation. PA with S-nitrosylated cysteine residues are known to deliver therapeutic nitrous 

oxide (NO), preventing restenosis of vascular implants.218 However, purification in basic 

conditions leads to disulfide linkages that can prevent S-nitrosylation,275 preventing displaying the 

group on biocompatible acidic backbones. Furthermore, nearby charged groups may catalyze 

premature NO release,276 making display on a nonionic PA preferable. 



183 

 A second major implication of this work is the role superstructure formation can play in 

epitope activity. The observed effect is expected to be general and displaying cationic epitopes on 

anionic filaments or vice-versa can limit the activity of many epitope displaying systems. The 

major implication is that PA systems should be designed to account for these interactions when 

possible. Possible techniques include the use of nonionic filaments as described in Chapter 3 or 

the limitation of net charge by adding oppositely charged residues or acetylation of terminal 

amines. Ideally, computational modeling techniques may be able to better predict when bioactivity 

limiting salt bridges may occur, and these techniques should be considered prior to the synthesis 

of new PA systems. 

 Importantly, the research in Chapter 4 helped overcome a longstanding problem with the 

design of chondrogenic PA assemblies—the instability of the binding epitope. Using the system 

described gave chemically pure products as needed for clinical translation. Moreover, the 

techniques used identified a PA design that was better able to bind the growth factor. This design 

was applied to pre-clinical work in a large animal in Chapter 5, laying the groundwork for 

developing a potentially clinically useful therapy for cartilage regeneration. 

6.4. Next Steps in Cartilage Regenerating Supramolecular Materials 

 The study described in Chapter 5 is an important step toward the clinical application of 

supramolecular PA materials for cartilage repair. Currently, pilot studies are in progress to 

determine the ability of the material to influence the repair of hyaline-like tissue at 6 months. These 

studies will help establish if there are differences in the healing rate between the condyle and the 

trochlea, while indicating if biological improvement due to the material treatment is still apparent 

after a longer period. In future studies, several aspects of the system could be further studies and 
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improved to produce a translational regenerative therapy. These may include expanded studies of 

the material’s nanoscopic architecture, improvements in the materials mechanical performance, 

and expansion of the system’s bioactivity. 

 Further studies may help explain of how and when hydrophilic polymers drive the 

formation of hierarchical assembly of PA filaments. These experiments could include changes to 

both the covalent and the supramolecular components of the system. For example, substituting the 

HA used for HA of different molecular weight of for polymers with variable hydrophilicity can 

help explain the relationship between PA packing and polymer swelling. Alternatively, studying 

the system at different pH values to determine how repulsion among PA filaments determines the 

assemblies that form will likewise help explain the intermolecular interactions that drive hierarchal 

assembly. Finally, because the superstructures evolve over time, manipulating cohesive 

interactions among PA molecules may change the bundled assemblies that form, highlighting the 

role PA dynamics plays in the hierarchical self-assembly. 

 A second area for further development is the physical performance of the material. While 

the hybrid described here significantly improved the mechanical behavior of the material, further 

development may be necessary to produce a therapy that is consistently resilient enough for 

clinical use. In addition, the stiffness of the hybrid material is still lower than the reported stiffness 

of articular cartilage, which can have a Young’s modulus in the MPa range.277 One possible 

approach may be the addition of covalent crosslinks between the PA and covalent polymer 

components of the system. Chemical crosslinks between the two components will likely increase 

the material’s stiffness, while further decreasing swelling which may help the material’s retention 

in the defect. Further work may also focus on varying the materials properties throughout the 

implant so the deep portion better matches bone while the surface better matches articular cartilage.  
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 Finally, this work can serve as the basis for future materials with more advanced bioactive 

properties. For example, TGFβ-1 bind can be augmented with binding or mimicking other 

chondrogenic factors such as IGF. Alternatively, PA filaments could display bioactive sequences 

that are important in stem cell infiltration and adhesion.73,240 Increasingly, cartilage engineering is 

understood as a metabolic and inflammatory conditions,41 so designing materials to modulate these 

factors would further improve material performance. For example, free fatty acids such as palmitic 

acid have recently been showed limit chondrogenesis by directing cells toward angiogenic 

lineages.46,278 Because PA molecules contain fatty acid moieties, studying how these chemical 

groups affect chondrogenesis when incorporated in PA systems will be important in establishing 

the materials efficacy for cartilage repair. Another area of growing research is biomaterials 

scaffolds that can modulate inflammatory signaling to improve regeneration.279,280 Importantly, 

this work explores the time dependent profile of important inflammatory cytokines in the time 

following cartilage injury in an ovine model. This data may be paired with previous work on 

inflammatory modulating PA systems in order to improve the pro-chondrogenic niche.281 

Ultimately,  the hybrid scaffold reported here is envisioned as a the foundation of a multifunctional 

platform that can control multiple mediators of cartilage biology.  
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