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ABSTRACT 

Tuning Non-Covalent Interactions to Optimize  

Supramolecular Biomaterials 

 
Charlotte Hui Chen 

  

Built from non-covalent interactions, supramolecular biomaterials are highly dynamic 

and tunable, and recent work has shown that they are uniquely capable of mimicking 

functional biological structures.  In this work, supramolecular biomaterials built from 

self-assembling peptide amphiphiles (PA) were investigated with the goal of precisely 

tuning their cohesive interactions to optimize biological function.  First, this work 

examined self-sorting versus co-assembly in a multicomponent PA system, where 

fluorescent PAs conjugated to either fluorescein isothiocyanate (FITC) or 

carboxytetramethylrhodamine (TAMRA) fluorophores were mixed with non-fluorescent 

diluent PA.  The diluent PA self-assembled into a matrix of negatively charged 

nanofibers, which FITC-conjugated PA did not co-assemble with but TAMRA-

conjugated PA did since the FITC fluorophore is negatively charged while the TAMRA 

fluorohpore is zwitterionic.  This caused the FITC- and TAMRA-conjugated PA to 

undergo “matrix-mediated” self-sorting, which was suppressed when Na+ counterions 

were added to screen the negative charge of FITC residues.  In another part of this work 

the cytotoxicity of cationic PAs was systematically altered, by changing the way the 

molecule’s alkyl segment was conjugated to its peptide chain.  When the alkyl tail was 

conjugated to the peptide’s N-terminus, the PA assemblies exerted a rapid cytotoxic 
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effect by physically disrupting the cell membrane.  Conversely, when the alkyl tail was 

conjugated to the peptide’s C-terminus, the PA supramolecular assemblies exerted a 

slower cytotoxic effect by sequestering cholesterol from the cell membrane, which 

initiated programmed cell death.  In the PA causing slower cytotoxicity, switching the 

orientation of the lysine linker between the alkyl tail and peptide chain hindered 

cholesterol sequestration and rescued cell viability.  Next, this work examined the 

damage and self-repair of infinitely long PA nanofibers in response to freezing or freeze 

drying stress, which are important processes for the clinical translation of the 

biomaterials investigated.  Freezing or freeze drying was found to physically break long 

nanofibers into shorter ones, which are not optimal for supporting cell adhesion, but 

thermal energy was found to re-elongate them and rescue their biological function.  The 

long nanofibers are a thermodynamically preferred state that the system can return to but 

kinetic traps may impede this “repair” process.  Furthermore, freeze drying can increase 

the charge density on the PA molecules, introducing charge repulsion that shifts the 

thermodynamic minimum to shorter nanofibers, which interferes with self-repair.  

Finally, this work presented a possible off-the-shelf PA formulation for clinical use for 

specific application in spinal fusion surgeries.  In this formulation the PA is stored as a 

dried powder to improve its stability, and rehydrated immediately prior to use.  The 

rehydrated PA solution contained short metastable nanofibers that successfully reduced 

the therapeutic bone morphogenetic protein-2 (BMP-2) protein dose by a factor of 100 in 

a rat spinal fusion model without requiring thermal elongation of the nanofibers.  This 

suggests that nanofiber length is not a critical property for promoting successful bone 

growth, and that nanoscale supramolecular interactions may be more crucial to achieving 
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this desired biological function.  In conclusion, this work has shown that that while non-

covalent interactions can lead to complex self-assembly behaviors in supramolecular 

biomaterials, with sufficient mechanistic knowledge, they can be precisely tuned and 

controlled to produce clinically viable therapies. 
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1 INTRODUCTION 
 

 
1.1 SUPRAMOLECULAR BIOMATERIALS 

A biomaterial is defined as a substance that is not a food or drug and that is in 

contact with biological tissue or fluid, for therapeutic or diagnostic purposes.1, 2  The 

study of biomaterials is an emerging field, with significant growth in the past few 

decades.  In 1975, there were 12 biomedical engineering departments with around 3000 

students in the United States, and by 2005 there were 75 biomedical engineering 

departments with over 16,000 students.3  Traditionally, biomaterials were comprised of 

synthetic substances such as metals, ceramics, or polymers.2   In these cases, the material 

is generally intended to provide a structural replacement for missing or diseased tissue, as 

opposed to mimicking or promoting biological functions.  For example, 316L stainless 

steel was used to make the first generation of cardiovascular stents, because its high 

compressive strength allows it to physically open blocked vessels and successfully 

maintain a conduit (Palmaz-Schatz™, Johnson & Johnson).  Hydroxyapatite and β-

tricalcium phosphate granules can physically fill bone defects (Mastergraft®, Medtronic), 

and while these minerals do exist in natural bone, this synthetic bone filler is not 

osteoinductive.  Polymethyl methacrylate (PMMA) and polyether ether ketone (PEEK) 

are used to create implants for craniofacial defects, because their mechanical properties 

allow a customized fit to each patient’s anatomy as well as the rigidity needed to 

maintain structural integrity (PMMA Customized Implant, PEEK Customized Implant, 

Stryker CMF).  These synthetic materials, held together by ionic and covalent bonds, are 

mechanically robust and thus highly capable of providing structural support.  However, 
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due to their static nature, they generally cannot interact with native tissue to promote a 

desired biological response.   

 Therapeutic products created from biology’s own materials can offer improved 

biocompatibility and biodegradability, an advantage over synthetic materials that are 

foreign to living organisms.  Furthermore, natural biological substances may be 

recognizable by cells, allowing them to promote certain cellular behaviors.  Collagen, a 

natural protein found in the mammalian extracellular matrix (ECM), has been sourced 

from bovine and used to create scaffolds for surgical wound healing (Helistat®, Integra 

LifeSciences).  A natural ECM protein, collagen can promote cell adhesion such that the 

patient’s own cells infiltrate the scaffold, degrade it, and eventually heal the wound.  

Collagen is known to promote binding of integrin receptors,4 which facilitate cell 

adhesion,4 mediate several signaling pathways,5 and are important in wound repair.6  

Natural polysaccharides have been used to create biodegradable wound dressings, such as 

algae-derived alginate films (Tegaderm™, 3M) and bacteria-derived cellulose films 

(Nanoderm™, Axcelon Biopolymers Corporation). Demineralized bone matrix (DBM), 

of which there are several commercial suppliers, is bone harvested from human cadavers 

and processed to remove inorganic components.  The remaining organic component 

contains several osteoinductive growth factors, and can be implanted into bone defects to 

promote healing.  Although processing natural biological substances into therapeutic 

materials is a logical and attractive strategy, the use of synthetic materials would expand 

diversity in biomaterials design.  Thus, the creation of synthetic materials using biology 

as inspiration can be a productive approach to the development of new biomaterials. 
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Supramolecular chemistry is defined as “chemistry beyond the molecule,” and 

deals with supramolecular structures comprised of several molecules interacting with 

each other.2, 7  These interactions are non-covalent in nature, and include hydrogen 

bonding, hydrophobic interactions, π-π interactions, metal chelation, and van der Waals 

interactions.2, 7  Biology exploits supramolecular self-assembly to create highly functional 

structures that are essential to cell function.  For example, the DNA double helix is held 

together by hydrogen bonds between complementary base pairs, and microtubule 

polymerization occurs through non-covalent self-assembly of tubulin subunits.  

Phospholipids arrange themselves into bilayers through hydrophobic interactions, 

forming the architecture of cell membranes.  This natural phenomenon has inspired 

research in creating synthetic supramolecular biomaterials, which offer several 

advantages for therapeutic applications.  Compared to the ionic and covalent bonds in 

metals, ceramics, or polymers, non-covalent bonds are dynamic and highly tunable,8-11 

allowing the rational design of structures that are reversible and responsive to 

environmental cues.2, 9, 12-16  Furthermore, non-covalent self-assembly of molecules into 

supramolecular structures allows modularity in the design of supramolecular 

biomaterials, because the individual molecules can be adjusted to affect the final 

material.2, 17-19  Due to these characteristics, supramolecular biomaterials are uniquely 

qualified to mimic the complex and dynamic nature of biology, and to interact with 

dynamic biological systems to promote a desired therapeutic response.   

 To build supramolecular biomaterials, biocompatible molecules containing non-

covalent bonding moieties must be used.  Through the formation of intermolecular, non-

covalent bonds, these molecules self-assemble into functional supramolecular structures 
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that can exert therapeutic effects.  Discovered in the early 1960s, liposomes are spherical 

vesicles containing at least one lipid bilayer, which surround a hydrophilic core.20-22  

Amphiphilic lipids assume this configuration due to hydrophobic forces, so the liposome 

is constructed from non-covalent interactions.  Around 30 years later in 1995, Doxil® 

became the first FDA-approved supramolecular “nano-drug,” consisting of the 

chemotherapeutic agent doxorubicin encapsulated within PEG (polyethylene glycol)-

based liposomes.23  While liposomes can be rationally designed for biological 

applications,24-27 they are largely a natural occurrence, formed through the same 

mechanism as cell membrane lipid bilayers.  Currently, there is great interest in the 

synthesis of bio-inspired molecules with rationally designed non-covalent bonding 

motifs, which may self-assemble in ways not found in biology.  To that end, one versatile 

platform for the design of supramolecular structures is self-assembling peptides, 

comprised of amino acids with varying capacities for hydrogen bonding and degrees of 

hydrophobicity.13, 15, 28-37  In addition, the peptide chains may be modified by lipids31, 38, 39 

or aromatic groups,40-43 which allow for additional hydrophobic or π-π stacking 

interactions.  Another peptide-based strategy is to produce engineered recombinant 

proteins, containing segments that can participate in non-covalent interactions.44-46  While 

peptide-based approaches exploit the hydrogen bonding capacity of amino acids, small 

molecules with hydrogen bonding moieties can also serve as the basis for supramolecular 

structures.16, 47-53  Other non-covalent motifs that have been used to create synthetic 

supramolecular systems include the host-guest54-59 and metal-ligand interactions.60-62  The 

great diversity in these approaches – from synthetic small molecules to much larger 

recombinant proteins – demonstrate that many sources of non-covalent interactions can 
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be exploited to create supramolecular biomaterials.  This thesis focuses on 

supramolecular biomaterials built from a self-assembling peptide platform, comprised of 

short peptide chains modified with alkyl tails.  While this thesis focuses on materials 

within this specific platform, the results can be applicable to other supramolecular 

biomaterials.   

 

1.2 PEPTIDE AMPHIPHILES AS SUPRAMOLECULAR BIOMATERIALS 

1.2.1 Self-Assembly Across Multiple Scales 

Peptide amphiphiles (PA) are a class of self-assembling molecules, comprised of 

a peptide segment (hydrophilic) conjugated to an alkyl tail (hydrophobic).31, 32  In 

canonical form, PAs contain an alkyl tail to induce hydrophobic collapse, a β-sheet 

forming peptide segment to allow hydrogen bonding, and charged peptide residues to 

promote solubility in aqueous media (Figure 1-1).31, 32, 63  This gives rise to a versatile 

self-assembly platform, which has created a variety of nanostructures including micelles, 

fibers, and ribbons (Figure 1-1).63, 64  The fibrous assemblies are particularly useful for 

biological applications, because they mimic the fibrillar morphology of the natural 

extracellular matrix (ECM).31, 64, 65  PA nanostructures can also interact with each other to 

form hierarchical structures such as closed sacs or aligned fibers, which are generally on 

the order of microns or larger (Figure 1-1).63  
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Figure 1-1: The general molecular structure of peptide amphiphile molecules, and the 
variety of supramolecular structures that can result from their self-assembly. 
Figure from Hendricks et al., 2017.63 

 
 
 The formation of macroscale structures from nanoscale assemblies is particularly 

interesting to the design of biomaterials, because eukaryotic cells are micron-sized 

entities that can sense nanoscale cues.66-69  The hierarchical structures formed by PAs 

ultimately originate from the nanoscale, where non-covalent interactions between 

individual PA molecules occur.  This allows the “bottom-up” design of supramolecular 

biomaterials from PAs, in which nanoscale interactions may be tweaked to either directly 

affect cell behavior or to tune the larger scale structures that interact with cells (Figure 

1-2).  When cells come into contact with hierarchical structures of PA nanofibers, the 

individual nanofibers may provide nanoscale cues, while the hierarchical structures 

interact with cells on a larger length scale (Figure 1-2). 

 

 



 29 

 

Figure 1-2: A “bottom-up” design strategy for supramolecular biomaterials, starting with 
nanoscale molecular design and self-assembly.  Figure adapted from 
Hendricks et al, 2017.63     

 

Over the past two decades, there have been several reports of hierarchical structures 

formed by PAs.  In 2002, one of the earliest reports of PA nanofibers described 

birefringent PA gels, indicating alignment over tens of microns.32  A few years later, the 

Stupp laboratory began to report the intentional creation of hierarchical structures.  A 

2008 report showed that when PAs come into contact with a high molecular weight 

polymer of opposite charge, closed sacs and membranes form due to a diffusion barrier 

between the two solutions.70  The PA nanofibers self-assemble perpendicular to the 

membrane, such that the closed sacs become filled with PA nanofibers.70  These sacs are 

on the order of millimeters, and can successfully encapsulate human mesenchymal stem 

cells (hMSCs) and differentiate them towards a chondrogenic lineage.70  In another 

example from 2010, long PA nanofibers were aligned by manual extrusion through a 

pipet tip, which subjects them to shear forces (Figure 1-3a).71 The nanofibers were 

“fixed” in this aligned configuration using salty media, resulting in PA “strings” up to 
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several centimeters long (Figure 1-3a-b).71  Cells encapsulated within these structures 

showed macroscopic alignment, mimicking aligned biological structures such as the 

spinal cord or muscle (Figure 1-3c-d).71  Specifically, cardiomyocytes encapsulated 

within these structures were able to propagate an electrical signal along the string’s long 

axis.71  

 

 

Figure 1-3: PA “strings” containing macroscopically-aligned PA.  (a) Photograph 
showing the creation of aligned PA strings.  A PA solution containing 
trypan blue for visualization is pipetted into PBS.  (b) Polarized light 
micrograph of a PA string, showing a birefringent monodomain arising 
from nanofiber alignment.  (c) Human mesenchymal stem cells (hMSCs) 
encapsulated within PA strings, visualized with calcein.  (d) SEM 
micrograph  of a single cell within an aligned PA string.  Figure adapted 
from Zhang et al., 2010.71   

 

Another 2010 report found that, at sufficiently high concentrations of PA, 

electrostatically charged PA nanofibers spontaneously arranged into a crystalline 

hexagonal lattice.72  The nanofibers assumed this configuration to minimize inter-fiber 

charge repulsion, resulting in a self-assembled system with long range order.72  More 

recently in 2018, superstructures of entwined PA nanofibers bearing a short 

oligonucleotide sequence were reported.73  Through Watson-Crick pairing, nanofibers 

bearing complementary oligonucleotides crosslinked with each other to form large 
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bundles.73  The formation of these bundles changed the mechanical properties of the PA, 

which changed the phenotype of neural cells in contact with the material.73  In all of these 

examples, the final large scale structures ultimately originate from nanoscale self-

assembly.  Therefore, a fundamental understanding of nanoscale interactions is crucial to 

the development of PA structures that serve as biomaterials.   

 While hierarchical structures should be appreciated, this thesis focuses on tuning 

the nanoscale non-covalent interactions in PA assemblies. Since the first report of ECM-

like PA nanofibers in 200131, the Stupp laboratory has continued to study the factors that 

govern PA self-assembly.   In the last five years, significant progress has been made in 

understanding the internal dynamics and cohesion within PA assemblies.  In 2014, 

conformational dynamics through a PA nanofiber’s cross-section were probed using 

electron paramagnetic resonance spectroscopy (EPR).74   That work found that the β-

sheet forming segment of PA nanofibers exhibited solid-like behavior, while the 

hydrophobic core and charged headgroups showed more liquid-like dynamics (Figure 

1-4).74  If the PA’s hydrogen bonding segment was altered to weaken β-sheet formation, 

the PA nanofiber exhibited more liquid-like conformation throughout its cross-section 

(Figure 1-4).74   
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Figure 1-4: Internal conformational dynamics of supramolecular nanofibers, measured 
by EPR.  Figure from Ortony et al. 2014.74   

 

The internal dynamics of supramolecular structures should affect how they interact with 

cells, and indeed, another 2014 report linked nanofiber cohesion to their cytotoxic 

properties.75  Cationic species are known to disrupt negatively charged cell membranes, 

potentially causing cell death,76-79 so it was not surprising that positively charged PA 

coatings are cytotoxic (Figure 1-5a-b).75  However, cell viability was rescued if the PA 

contained a strong β-sheet forming segment, which enabled self-assembly of highly 

cohesive nanofibers (Figure 1-5a-b).75  These cohesive structures promote strong 

association between cationic PA molecules, which are then less likely to associate with 

cell membranes.75  Membrane interactions with cationic species do not always result in 

cytotoxicity, and in 2016, cationic PA was reported to enhance growth factor signaling in 

cells (Figure 1-5c-d).80  Weakly cohesive cationic PA assemblies interacted with the cell 

membrane to increase lipid raft mobility, which increases the efficiency of receptor 

activation.80  Strongly cohesive assemblies at the same concentration did not amplify 

growth factor signaling (Figure 1-5c-d).80   
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Figure 1-5: Supramolecular cohesion of PA affects biological response.  (a,c) Cationic 
PAs with different propensities for β-sheet formation, due to amino acids in 
the hydrogen bonding portion. (b) Fluorescence images of live (green, 
calcein) or dead (red, EthD-1) MC3T3 cells cultured on indicated PA 
surfaces.  Scale bars: 100 μm (d) Fast-blue staining for alkaline phosphatase 
activity in C2C12 cells, treated with the indicated PAs along with a sub-
efficacious dose of recombinant bone morphogenetic protein - 2.  Figure 
from Hendricks et al., 2017,63 adapted from original images in Newcomb et 
al., 201475 and Newcomb et al., 2016.80   
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In 2016, researchers used super-resolution microscopy to examine molecular exchange 

between nanofibers.81  They found that hydrogen bonding interactions along the 

nanofiber are heterogeneous, such that the nanofibers contain a variety of substructures.81  

Some substructures may be more “active” than others, and thus more inclined to engage 

in exchange.81  When PA molecules exchange between nanofibers, they appear to 

exchange as members of “active” substructures as opposed to individual monomers.81  

This structural diversity within PA nanofibers is likely to be important for their 

interactions with biological systems, just as nanofiber cohesion was shown to be 

important for cytotoxicity and growth factor signaling.  Following from these recent 

works, this thesis further probes non-covalent interactions within PA assemblies, with a 

specific focus on characteristics important to the design and clinical translation of 

biomaterials.         

 

1.2.2 Advantages of Non-Covalent Nature 

Self-assembled PA structures hold many advantages that are characteristic of 

supramolecular systems, which were discussed in Chapter 1.1.  The hydrogen bonds 

among PA molecules are highly tunable, reversible, and modular, which has allowed the 

creation of biomimetic structures.   

 

Highly Tunable 

PA nanofibers are reminiscent of natural extracellular matrix (ECM),31, 64 and are 

capable of forming self-supporting gels through ionic crosslinking of charged 
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headgroups.  These PA gels can serve as artificial scaffolds that support cells, which are 

known to be sensitive to mechanical cues.82-85  The mechanical properties of these gels 

can be tuned by making small adjustments to the PA’s amino acid sequence.  In one 

report, researchers systematically varied the number and position of valine and alanine 

residues in the PA’s β-sheet forming segment, which changed the storage modulus of PA 

gels.86  Valines tended to increase the stiffness of the PA gel, but the order of valines and 

alanines was also important.86  These mechanical differences were attributed to intra-fiber 

hydrogen bonds, with some peptide sequences promoting a “twisted” β-sheet 

configuration that weakened the gels.86  Interestingly, all PAs in this work self-assembled 

into high-aspect-ratio nanofibers, which were morphologically similar even as the 

hydrogen bonding configuration and mechanical properties changed.86   

The ability to vary PA mechanical properties through manipulating the hydrogen 

bonding sequence was later exploited to design scaffolds for muscle regeneration.  In that 

work, three different PAs were found to create gels of varying stiffness (Figure 1-6a), 

despite all self-assembling into similar long nanofibers that produced similar birefringent 

features (Figure 1-6b).87  Aligned PA strings containing encapsulated muscle stem cells 

were created using a previously described technique (Figure 1-3),71 mimicking the 

alignment of muscle fibers.  These PA strings containing cells were implanted into 

muscles, with the PA’s alignment matched to the muscle’s fiber alignment.87  

Quantitative analysis of encapsulated cells showed increased directionality in stiffer PA 

strings, demonstrating that higher PA stiffness promoted cellular alignment (Figure 1-6c-

d).87  These differences in cellular alignment were caused by changes to the PA’s amino 
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acid sequence (Figure 1-6a), demonstrating that the material can be tuned at the 

nanoscale to create a desired biological behavior.   

 

 

Figure 1-6: Tunable PA scaffolds for muscle regeneration.  (a) Storage modulus of PA 
gels with different peptide sequences.  (b) Cryogenic transmissin electron 
(top) and polarized light (bottom) micrographs of PAs analyzed in panel a.  
These micrographs are of PA solutions and not gels.  (c) Confocal 
micrographs of calcein-stained C2C12 cells within PA strings, created with 
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PAs analyzed in panel a.  (d) Directonality analysis from the images in 
panel c.  Figure adapted from Sleep et al, 2017.87 

 
 
Reversible  

 Due to their non-covalent nature, PA assemblies can exhibit reversibility in self-

assembly.  In the first report of PA nanofibers in 2001, the nanofibers contained thiol 

groups that could be reversibly crosslinked through oxidation and reduction.31  More 

recently, a covalent-supramolecular hybrid polymer was created using PAs as the 

supramolecular component, and the PA component could be reversibly extracted and re-

formed to affect the overall hybrid structure.88  In another recent report, PA nanofibers 

bearing complementary DNA strands reversibly formed bundled superstructures (Figure 

1-7).73  Hybridization of the complementary DNA sequences allowed the nanofibers to 

entwine and form large-scale bundles, which could be dissolved using an invader 

oligonucleotide to disrupt the Watson-Crick interactions (Figure 1-7).73  When no 

superstructured bundles were present, astrocytes cultured on the PA nanofibers adopted a 

naïve phenotype (Figure 1-7).73  The formation of bundles increased the storage modulus 

of the PA surface, which caused astrocytes to exhibit a reactive phenotype (Figure 1-7).73  

When the bundles were dissolved, once again decreasing the storage modulus of the PA, 

previously reactive astrocytes switched to a naïve morphology (Figure 1-7).73  Through 

the use of non-covalent interactions, reversible structures can be created and destroyed, 

which can be used to control biological outcomes.   
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Figure 1-7: Reversible PA bundles direct astrocyte phenotype.  Bundle formation 
promotes a reactive phenotype in astrocytes.  Bundle formation can be 
reversed, which causes the astrocytes to revert to a naïve phenotype.  
Figure adapted from Freeman et al., 2018.73 

 

Modular 

 The building block for PA assemblies is individual PA molecules, which engage 

in non-covalent interactions to form the resultant self-assembled structures.  Thus, the 

individual PA molecules in the system can be tuned to affect the structures, allowing for a 

modular “bottom-up” creation of PA materials.  To create an artificial scaffold for neural 

regeneration, researchers synthesized PA molecules bearing the laminin-mimetic epitope 

IKVAV (isoleucine-lysine-valine-alanine-valine).89  Only PA molecules bearing IKVAV 

were used, which created nanofibers presenting a high density of bioactive signal at their 

surface (Figure 1-8).89  The PA nanofibers presented IKVAV at a much higher density 

than native laminin, which amplified differentiation signals to cells.89  In other 
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applications, maximal ligand loading may not be necessary, and precise tuning of ligand 

density and presentation may be preferred.  RGDS (arginine-glycine-aspartic acid-

serine), a fibronectin-derived cell adhesion motif, functions with some lateral spacing 

between the ligands, and the ligand density can also be tuned to affect cell behavior.90-97  

On PA nanofibers, the RGDS density can be modulated by introducing diluent PA 

molecules bearing no epitope,98-100 or by synthesizing branched PA molecules that lower 

packing efficiency.99  The RGDS signal may be further optimized by adding a linker 

between the PA and RGDS sequence, such that the RGDS is further away from the 

nanofiber surface.98  Longer linkers were associated with increased cell area, improved 

actin fiber formation, and enhanced β1 integrin signaling in fibroblats.98  In both the 

IKVAV and RGDS PA scaffolds, individual PA molecules were tuned to achieve the 

final epitope topography at the nanofibers’ surface.   The composition of PA molecules 

(i.e. diluent versus epitope-bearing PA) could be tweaked to control epitope density, or 

the PA’s molecular design (i.e. branching, linker) could also be adjusted to control 

epitope spacing and presentation.  This demonstrates the possibility for a modular 

“bottom-up” design strategy in PA assemblies. 
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Figure 1-8: Altering epitope density at the surface of PA nanofibers.  Figure adapated 
from Silva et al., 200489 and Sur et al., 2015.98 

 

1.2.3 Challenges Posed by Pathway Dependence 

As discussed in Chapter 1.2.2, the non-covalent nature of PA assemblies provides 

many advantages in the design of biomaterials.  However, they can also give rise to 

complex pathway dependence behavior, because non-covalent self-assembly can be 

highly sensitive to pathway selection.101-103  One major cause of pathway dependence is 

the formation of kinetic traps, which prevent self-assembly into thermodynamic 

structures.  Thus, if PA molecules are rationally designed to create certain structures 

under thermodynamic conditions, the desired material may not be achieved.  Conversely, 

the opposite situation can occur, where kinetically trapped products are more functional 

and bioactive.  In this case, the self-assembly pathway would need to be carefully 

optimized to promote the formation of kinetic structures.  From a functional standpoint, 

high sensitivity to processing conditions can present difficulties in obtaining “correct” PA 

assemblies with the desired therapeutic function.   
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In a 2014 report, researchers found that PA assemblies did not form in the 

presence of hexafluoroisopropanol (HFIP), a “good” solvent that molecularly dissolves 

the PA molecules.102  When PAs were dissolved in HFIP/water mixtures, 21% HFIP was 

the critical fraction above which PA’s could not nucleate β-sheets.102  However, if the PA 

was first exposed to a lower HFIP content, such that β-sheet formation occurred, the β-

sheets did not readily disassemble upon addition of HFIP.102  Thus, PA assemblies that 

had already formed did not disappear immediately when transferred to destabilizing 

conditions, and instead remained kinetically trapped.102  Two years later in 2016, the link 

between kinetic traps and pathway-dependent self-assembly was further explored, and 

attributed to the existence of energy landscapes.103  Specifically, this work examined 

electrostatically charged PA under conditions of low and high ionic screening, and found 

that high charge screening reduced intermolecular charge repulsion to allow β-sheet 

formation.103  Therefore, long nanofibers with β-sheet character were the thermodynamic 

configuration under conditions of high charge screening, while shorter nanofibers with 

random coil character were preferred in conditions of low charge screening (Figure 

1-9).103  However, if long nanofibers formed and were then transferred to conditions 

favoring shorter fibers, they did not disassemble right away.103  In fact, there is an energy 

barrier to equilibrate kinetic structures to their thermodynamic minimum (171 kJ/mole, 

Figure 1-9).103  Long nanofibers were more effective at supporting cell adhesion than 

their shorter counterparts, demonstrating that energy landscape position is vital to 

biological function.103  Furthermore, this work found that freshly dissolved PA solutions 

contain metastable nanostructures, which can be equilibrated to their global minimum by 

overcoming an energy barrier (Figure 1-9).103  These results suggest that PA energy 
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landscapes can contain a variety of local minima, and different pathways can bring the 

system to different positions along its energy landscape.  Drawing an analogy to protein 

folding, incorrect pathways can lead to mis-folded proteins, which are considered non-

functional positions in their energy landscapes.104  To deal with this problem, biology has 

evolved molecular chaperones that direct proteins towards the correct supramolecular 

folding events.105, 106  In the absence of chaperones for synthetic surpamolecular systems, 

optimizing self-assembly conditions becomes much more crucial.  For any specific PA 

system, the desired bioactive structures may lie in one particular local or global 

minimum, which perhaps can only be achieved with a select few self-assembly pathways.  

Practically, this can make it difficult to achieve the “correct” structures, particularly when 

certain processing steps are necessary during clinical translation.  

   

 

 
 

Figure 1-9: Example of a PA energy landscape.  Figure from Tantakitti et al, 2016.103 



 43 
1.2.4 Considerations for Clinical Translation 

Biomaterials comprised of self-assembling PAs have shown promise in preclinical 

models for a variety of applications.  Supramolecular scaffolds comprised of PA 

nanofibers have demonstrated the ability to regenerate bone,107-110 cartilage,111 muscle,87 

blood vessels,112 neurons,89, 113 spinal cord,114 and peripheral nerves.115  Furthermore, PA 

assemblies have been used to develop drug delivery systems,116-119 anti-cancer 

therapies,118, 120, 121 and a treatment for trauma-induced hemorrhage.122  While these 

successes in preclinical models support efforts to pursue clinical translation, our 

understanding of PA non-covalent self-assembly is incomplete.  In this thesis, Chapters 2 

and 3 will discuss previously unknown factors influencing PA self-assembly, as well as 

implications for cell-material interactions.  Furthermore, the challenges posed by pathway 

dependent self-assembly must be anticipated during clinical translation.  This topic will 

be addressed in Chapters 4 and 5 of this thesis.  The creation of clinically feasible 

products requires large-scale manufacturing, long-term storage, transportation to end 

users, and material preparation by end users.  These tasks may require certain processing 

steps, which may not be compatible with stringent requirements for careful selection of 

self-assembly pathways.   

This thesis will discuss in detail one particular processing step that is pervasive in 

the large-scale distribution of organic materials.  Freeze drying is often used to preserve 

organic structures such as proteins,123 nanoparticles,124 and liposomes,125 and cells126 

which can be structurally damaged by ice nucleation, the use of extreme temperatures, 

and dehydration.123-126  Due to their non-covalent nature, PA nanostructures in solution 

are dynamic, so they are typically freeze dried and stored as dry powders.  The stable 
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dried powders can then be rehydrated immediately prior to use in biological applications.  

Indeed, many pharmaceutical products, particularly protein drugs that are unstable, are 

supplied as freeze dried powders.127  One specific clinical application that PAs have 

shown promise for is spinal fusion,107, 108, a surgical procedure where adjacent spinal 

vertebrae are fused by growing bone between them.  For surgeries such as spinal fusion, 

an off-the-shelf product that is ready to use with minimal preparation is required, because 

long preparation times are not permitted in the operating room.  Furthermore, the material 

should have a shelf life on the order of a few years.  Thus, the PA must be stored as a 

freeze dried powder that is ready to use upon rehydration in the operating room.  Building 

on previous knowledge that PAs are highly sensitive to processing pathways, this thesis 

treats freeze drying as a self-assembly pathway and examines its affects on PA structures. 

 

1.3 THESIS OVERVIEW 

Supramolecular interactions bring many advantages to the design of biomaterials, 

but they can also be challenging to control due to their dynamic nature.  If non-covalent 

interactions in supramolecular biomaterials are thoroughly understood, they can be 

exploited to harness the advantages while the challenges are successfully managed.  The 

work in this thesis provides methods for tuning the non-covalent interactions in one class 

of supramolecular biomaterials, built from a self-assembling PA platform.  It is organized 

from general to specific, beginning with a basic science study on PA self-assembly 

(Chapter 2), then moving on to more applied works that focus on PA-based biomaterials 
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(Chapter 3 and 4).  Finally, it culminates with a report of a PA bone graft for spinal 

fusion, a very specific clinical application (Chapter 5).   

In Chapter 2, a multicomponent PA system comprised of three distinct PA 

molecules is examined.  This system consists of a diluent PA bearing no fluorophore, a 

PA bearing a FITC fluorophore, and a PA bearing a TAMRA fluorophore, with the 

diluent PA being in molar excess of the fluorescent PAs.  The fluorescent PAs were 

found to self-sort in solvents of relatively low ionic strength.  When salt is added to 

increase the ionic strength, the fluorescent PAs showed more mixing.  By systematically 

examining the two fluorescent PAs separately, a likely mechanism for the self-sorting is 

identified.  Under conditions of low ionic strength, PAs bearing negatively charged FITC 

fluorophores cannot associate with negatively charged diluent PA nanofibers, while PAs 

bearing zwitterionic TAMRA fluorophores can.  At higher ionic strengths than screen 

electrostatic charges, both FITC- and TAMRA-conjugated PAs can associate with the 

diluent PA matrix, where they “mix.”     

The rest of this thesis focuses on single component PA systems, which are simpler 

and thus easier to control.  In Chapter 3, non-covalent interactions in cationic PA 

nanofibers are tuned by changing the alkyl tail position relative to the peptide portion, the 

hydrogen bonding sequence, and the polarity of a lysine linker.  These small molecular 

changes were found to have a significant effect on the cytotoxicity of PAs.  Some PAs 

were found to induce oncotic cell death by sequestering cholesterol from the cell 

membrane, a different mechanism from the cell death caused by disruption of the lipid 

bilayer of the plasma membrane.  Whether the PA would sequester cholesterol or not was 
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linked to the internal structure of PA assemblies, which was varied by small molecular 

details.   

Due to the potential cytotoxic effects of cationic PA, anionic PAs are generally 

used for regenerative medicine applications.  Chapter 4 focuses on one particularly 

promising anionic PA molecule, and examines how its self-assembled nanostructures 

change when subjected to freezing or freeze drying cycles.  These processing steps are 

highly relevant to long-term storage and large-scale manufacturing, which are important 

for clinical translation.  Several materials characterization techniques show that structural 

damage occurs during freezing and freeze drying, with long nanofibers breaking into 

shorter ones, but this damage can be repaired.  The repair is possible because the long 

nanofibers are a thermodynamically preferred configuration, so the system can be re-

equilibrated to this global minimum.  The repair pathway can be complicated by the 

presence of kinetic traps, caused by strong hydrogen bonds that do not dissociate easily to 

allow rearrangement into longer nanofibers.  Certain freeze drying conditions can also 

shift the global minimum, by increasing the electrostatic charge on the PA molecules.  

This frustrates self-assembly by introducing charge repulsion, which shifts the 

thermodynamic minimum towards shorter nanofibers.   

Using insights gained in Chapter 4, Chapter 5 presents a freeze dried PA 

formulation for a specific clinical application, where PAs are used as bone grafts for 

spinal fusion.  Although Chapter 4 demonstrates the capacity of short, freeze dried 

nanofibers to “repair” into longer ones, the elongation process is kinetically limited and 

requires an energy barrier to be overcome.  Practically, this requires a lengthy preparation 

procedure after the PA is rehydrated, which is not permissible in the surgical setting.  
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Thus, thermodynamic long nanofibers will not be attainable, which is concerning because 

long nanofibers are superior to shorter ones for supporting cell adhesion.  However, this 

thesis identifies a freeze drying pathway that preserves in-vivo efficacy in a rat spinal 

fusion model, despite the obviously shorter nanofibers after freeze drying.  A different 

freeze drying pathway did not product a therapeutic material, demonstrating that not all 

short, metastable nanofibers are functionally identical.   

Chapter 6 concludes by summarizing the insights gained in Chapters 2-5, and 

providing future outlook for both the PA platform as well as other supramolecular 

biomaterials.     
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2 SELF-SORTING IN SUPRAMOLECULAR ASSEMBLIES 
 
 

2.1 OBJECTIVES AND SIGNIFICANCE 

Supramolecular self-assembly enables living organisms to form highly functional 

hierarchical structures, comprised of individual components that self-organize across 

multiple length scales.  This natural phenomenon has inspired the design of synthetic 

supramolecular materials, which can contain one or more distinct self-assembling 

components.  The use of multiple components allows greater diversity in material design, 

but the factors that drive particular monomers to self-sort or co-assemble when mixed 

together are not fully understood.  For example, in the design of PA-based biomaterials, 

sometimes PAs with biological epitopes are mixed with diluent PAs that do not contain 

the epitope.98, 108, 111  In this work, we create a supramolecular matrix comprised of self-

assembling peptide amphiphile (PA) nanofibers, to which we introduce a small mole 

percentage of PA molecules bearing a pendant fluorophore. The fluorescent PAs were 

conjugated to either fluorescein isothiocyanate (FITC) or tetramethylrhodamine 

(TAMRA) through a lysine linker, but were otherwise identical to the PA molecules in 

the rest of the matrix.  We found that a pendant FITC significantly interferes with the 

fluorescent PA’s ability to associate with the non-fluorescent PA matrix, while a pendant 

TAMRA causes no such interference.  This difference in interaction strength of FITC- 

and TAMRA-labeled PA with the supramolecular matrix causes them to “self-sort” in the 

presence of this matrix, through a phenomenon that is fundamentally different from self-

sorting mediated by molecular recognition events.  
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2.2 BACKGROUND 

Living organisms maintain a high degree of self-organization by exploiting non-

covalent self-assembly, which has inspired significant research activity on synthetic 

supramolecular materials over the past decade.128  In the design of synthetic 

supramolecular materials, two or more components can be mixed to achieve properties 

not attainable with only a single molecule.  When different molecules are mixed and 

allowed to self-assemble together, they may self-sort or co-assemble, and the factors that 

promote one versus the other are not completely understood.  Previous work has shown 

that molecular recognition events, such as hydrogen bonding complementarity,51, 129 

chirality,130 or sterics,131 can mediate self-sorting in supramolecular systems.  More 

recently, kinetic control of self-assembly has been used to achieve self-sorting; 

specifically, the pH can be gradually altered to sequentially induce self-assembly of two 

different molecules, resulting in a segregated system.132, 133   

Our laboratory has developed peptide amphiphiles (PA), a class of molecules that 

self-assembles into a wide range of nanostructures, enabled by hydrophobic collapse and 

hydrogen bonding.31, 32  Using this platform, we have developed a variety of biomaterials, 

many of which are multicomponent systems combining different PA molecules.98, 107, 108, 

110, 111  Although this design strategy has shown promise, the factors that influence 

whether different PA molecules will self-sort or co-assemble are still poorly understood.  

Our laboratory and others have shown that supramolecular assemblies are dynamic and 

can exchange monomers over time, as non-covalent interactions allow individual 

molecules to leave one assembled nanostructure and join a different one.81, 134  We 

hypothesized that stronger cohesive forces within supramolecular assemblies would 
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decrease the rate of this exchange, thus trapping the system in a phase separated state.  In 

the case of PAs, our laboratory previously showed that counterion screening of charged 

PAs increases their propensity for hydrogen bonding, thus increasing cohesion within the 

nanofiber.103  Thus, we hypothesized that the addition of salt would hinder molecular 

exchange of PAs among nanostructures, resulting in a phase separated system  

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Self-Sorting of Two Peptide Amphiphile Molecules 

 Our laboratory has worked extensively with PA containing the peptide sequence 

V3A3E3, which promotes self-assembly into highly anisotropic nanofibers.71, 103, 135  For 

this work, we synthesized fluorescent analogs of this PA with the goal of examining 

molecular exchange between the PA nanofibers.  We first prepared separate 2 wt% 

(17.32 mM) aqueous solutions of V3A3E3 PA (diluent PA, Figure 2-1), V3A3E3 PA 

conjugated to fluorescein isothiocyanate (FITC PA, Figure 2-1), and V3A3E3 PA 

conjugated to carboxytetramethylrhodamine (TAMRA PA, Figure 2-1).  In both 

fluorescent PAs, the fluorophore is pendant to the PA molecule and does not interrupt the 

V3A3E3 peptide sequence responsible for self-assembly (Figure 2-1).  All three PAs were 

dissolved with 30 mM NaOH to deprotonate the acidic residues and improve solubility.  

Fluorescent PA solutions (either FITC or TAMRA PA) were then mixed with diluent PA 

at 1% (v/v).  These 2 wt% PA mixtures (diluent PA with either FITC or TAMRA PA) 

were then diluted with equal volume of pure water or NaCl, such that the resultant 

solutions contained 1 wt% (8.66 mM) PA and 0, 26, or 150 mM NaCl.  At each NaCl 
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concentration, PA solutions containing diluent and FITC PA were mixed in equal volume 

with PA solutions containing diluent and TAMRA PA.  Thus, the final composition in the 

PA mixture was 0.99 wt% diluent PA, 0.005 wt% FITC PA, and 0.005 wt% TAMRA 

PA, and the solution contained either 0, 26, or 150 mM NaCl (Figure 2-1). Previous work 

from our laboratory has shown that electrostatic screening of charged PAs can promote 

more cohesive assemblies,103 and in the current work, NaCl provides Na+ ions to screen 

the PA’s negatively charged glutamic acids.  At 8.66 mM of PA molecules that bear three 

glutamic acids, 26 mM provides equal charge balance to the PA.  In the 150 mM NaCl 

sample, the salt is in excess of the PA and this condition is also physiological ionic 

strength.  Our laboratory has shown that PA assemblies are dynamic and can exchange 

monomers over time,81 and we presumed that NaCl would slow this exchange by charge 

screening PA molecules and allowing closer associations between them.   

 

 

Figure 2-1: Chemical structures of diluent and fluorescent PA molecules. The base PA 
has a palmitic acid tail conjugated to the peptide sequence V3A3E3, and 
fluorophores are attached to the C terminus via a lysine linker. 
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To access the spatial proximity of the two fluorescent PAs, we first examined the 

PA mixtures described in Figure 2-1 by conducting Förster resonance energy transfer 

(FRET) experiments on the bulk solutions.  Since FITC can act as a FRET donor for 

TAMRA, we irradiated the sample at 450 nm to directly excite FITC (excitation 

maximum: 490 nm, emission maximum: 525 nm) but not TAMRA (excitation maximum: 

555 nm, emission maximum: 585 nm). TAMRA, the FRET acceptor, will emit only if it 

receives energy from FITC, which can only occur if the two fluorophores are within a 

few nanometers of each other.  If this energy transfer occurs, donor (FITC PA) emission 

is quenched while acceptor (TAMRA PA) emission increases.  When the PA samples are 

analyzed while freshly dissolved, immediately after they are created, the emission spectra 

show a TAMRA emission peak in samples with and without NaCl (Figure 2-2 left).   
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Figure 2-2:  PA mixtures containing diluent, FITC, and TAMRA PA. (a) Fluorescence 
emission spectra of PA mixtures excited at 450 nm, while freshly dissolved 
(left) and after annealing (right), at the indicated NaCl concentrations.   (b) 
Förster resonance energy transfer (FRET) ratios of fluorescence emission 
spectra shown in panel a.  Error bars represent the standard deviation.  
Confocal micrographs of annealed PA mixtures containing (c) 0, (d) 26, 
and (e) 150 mM NaCl (left - FITC channel, middle – TAMRA channel, 
right – merge).  Cryogenic transmission electron micrographs (cryoTEM) 
of PA mixtures containing (f) 0, (g) 26, and (h) 150 mM NaCl.  Cross 
polarized light micrographs of PA mixtures containing (i) 0, (j) 26, and (k) 
150 mM NaCl.  (*FRET ratio of annealed 0 mM NaCl sample is 
significantly different than the freshly dissolved 0 mM NaCl sample, paired 
t-test, p < 0.05; ns: FRET ratio of annealed 26 and 150 mM NaCl samples 
are not significantly different than their corresponding freshly dissolved 
samples) 
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We note that the overall fluorescent signal is lower when NaCl is present, which 

is likely due to FITC self-quenching.  When FITC PA is mixed with diluent PA alone, 

with no TAMRA PA, salt-dependent quenching is observed (Figure 2-3).  Fluorescein is 

known to self-quench when two molecules come within a few nanometers of each 

other,136 and our laboratory previously showed that salt counterions allow charged PA 

molecules to pack closer together by screening their charges.103  Thus, we hypothesize 

that the fluorescence quenching is due to PA molecules packing more closely within the 

nanofiber, which allows for more self-quenching events.  This would reduce the amount 

of FITC fluorophores that can potentially interact with TAMRA, but the shape of the 

emission spectra still shows a TAMRA peak, indicating that FITC and TAMRA are 

engaging in FRET interactions when NaCl is present.   

 

 

Figure 2-3: Fluorescence spectra of freshly dissolved PA mixtures containing FITC PA 
and diluent PA, at indicated NaCl concentrations. 

 

Next, the PA mixtures were subjected to a thermal annealing cycle (80°C for 30 

minutes, slow cool overnight), which was previously reported to induce PA self-assembly 
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into long nanofibers.71, 103  We have previously shown that PA nanofibers are highly 

dynamic and can thus exchange monomers over time,81 and that this exchange is likely to 

be important for nanofiber elongation.135  Since the FITC and TAMRA PA are mixed 

before the annealing cycle, when nanofiber elongation occurs, we expected annealing to 

promote mixing of the fluorescent PAs.  Instead, we were surprised to find that the 

emission spectrum shifts to show noticeably less donor quenching and less acceptor 

excitation in the absence of NaCl (Figure 2-2a right).  In samples containing either 26 or 

150 mM NaCl, the spectra do not show significant changes in FRET upon annealing 

(Figure 2-2a right).  Similar to the results with freshly dissolved PA (Figure 2-3), the 

overall fluorescent signal is lower when NaCl is present, which is likely due to FITC self-

quenching (Figure 2-4). 

 

 

Figure 2-4: Fluorescence spectra of annealed PA mixtures containing FITC PA and 
diluent PA, at indicated NaCl concentrations. 

 

We quantified the FRET behavior in Figure 2-2a by calculating a FRET ratio for 

each sample (Figure 2-2b).  As suggested by the emission spectra, PA mixtures 
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containing 0 mM NaCl have a lower FRET ratio than PA mixtures containing 26 or 150 

mM NaCl, both before and after annealing.  Furthermore, the annealing procedure causes 

a statistically significant decrease in the FRET ratio of the 0 mM NaCl sample, while the 

FRET ratios of the 26 and 150 mM NaCl samples remain unchanged.  Counterintuitively, 

these data suggest that NaCl enables more mixing between FITC and TAMRA PA, and 

also prevents the annealing-induced separation observed in the 0 mM NaCl sample.  

Interestingly, when no NaCl is present, shorter heating times also sufficient to induce the 

separation observed by FRET (Figure 2-5) and this separation also occurs at lower PA 

concentrations (Figure 2-6).  When NaCl is added to an already annealed, salt-free, 

separated system, it appears to induce mixing almost immediately (Figure 2-7).     

 

 

Figure 2-5: FRET spectra of PA mixtures containing 0 mM NaCl, heated at 80°C for the 
indicated times.  Excitation: 450 nm. 
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Figure 2-6: FRET spectra of PA mixtures at indicated PA concentrations, in 0 mM NaCl.  
Excitation: 450 nm. 

 

 

Figure 2-7: FRET spectra of annealed PA mixtures containing NaCl, added before or 
after annealing.  For comparison, annealed PA containing no NaCl is shown.  
Excitation: 450 nm.   

 

Since NaCl should allow more cohesive nanofibers by charge screening the 

PAs,103 we expected less PA exchange between nanofibers in samples containing NaCl.  

Furthermore, we did not expect the annealing procedure to cause an apparent separation 

between the fluorescent PAs, because they were mixed before annealing and allowed to 

self-assemble together during annealing.  Since the annealing procedure thermally 

equilibrates the self-assembling system to its energy minimum,103 we hypothesized that a 
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phase-separated system may be more stable under salt-free conditions.  Thus, we 

proceeded to further examine the annealed PA mixtures.    

 Because FRET efficiency can also be affected by the relative orientation of the 

fluorophore dipoles,137 we wanted to examine the spatial distribution of dyes using 

another technique.  We imaged the annealed PA mixtures using confocal microscopy, 

which examines the samples at the micron-scale.  Conversely, since FRET interactions 

can only occur if fluorophores are within a few nanometers of each other, those 

experiments report on nanoscale features of the samples.  In annealed PA mixtures 

containing no NaCl, the FITC and TAMRA channels appear different and the merged 

image shows poor overlap (Figure 2-2c).  Conversely, PA mixtures containing either 26 

or 150 mM NaCl show similar features in the FITC and TAMRA channels, and the 

merged image shows more overlap (Figure 2-2d-e).  Interestingly, the FITC channel 

shows qualitatively weaker features than the TAMRA channel when no NaCl is present.  

When NaCl is added, the FITC channels exhibits stronger micron-scale features, which 

also match the micron-scale features of the TAMRA channel.  Thus, the FRET and 

confocal microscopy data are consistent, with both showing self-sorting of FITC and 

TAMRA PA when NaCl is absent and mixing when NaCl is present. 

Next, we wanted to further investigate how NaCl affects PA self-assembly, in 

order to gain insight on how it enables mixing of the fluorescent PAs.  We imaged the 

annealed PA mixtures using cryogenic transmission electron microscopy (cryoTEM), 

which can reveal the individual PA nanofibers in their hydrated state, avoiding drying 

effects associated with drop casting the sample.  We also imaged the samples using 

polarized light microscopy, which can reveal organized micron-scale features formed by 
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the nanoscale assemblies.  While FRET and confocal microscopy can only interrogate the 

fluorescently labeled PAs, these techniques can access the entire PA sample, including 

the 99% of diluent PA in the mixture.  CryoTEM reveals long nanofibers in all samples 

(Figure 2-2f-h), which are expected to form after the thermal annealing procedure.71, 103  

These long nanofibers are expected to form liquid crystalline domains,71 and indeed 

polarized light microscopy shows the presence of birefringent features (Figure 2-2i-k).  

The cryoTEM and polarized light microscopy data show that NaCl causes no obvious 

differences in the supramolecular assemblies’ morphology, and small angle x-ray 

scattering (SAXS) experiments also show little change with NaCl (Figure 2-8).   

 

 

Figure 2-8: SAXS spectra of annealed PA mixtures with indicated NaCl amounts.  Two 
separate experiments are shown.   

 

Thus, morphology cannot explain how NaCl encourages mixing of the fluorescent 

PAs, but morphology alone does not report on molecular packing arrangement within the 
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nanofibers.  Charge screening by salts is known to promote closer association between 

PA by decreasing repulsive forces between them,103 but may not necessarily change the 

nanofibrous structure.  Indeed, we probed the β-sheet content of diluent PA at different 

NaCl concentrations using Thioflavin T (ThT) dye, and found that it increased with NaCl 

(Figure 2-9).   

 

 

Figure 2-9: ThT fluorescence spectra with freshly dissolved diluent PA, at indicated 
NaCl concentrations.   

 

We note that the FITC fluorophore attached to the PA bears two negative charges, 

while the TAMRA fluorophore is zwitterionic and bears zero net charge (Figure 2-1).  

Thus, it is plausible that charge screening by NaCl affects these two PAs differently, 

which may change how they interact with the matrix of negatively charged diluent PA 

nanofibers.  Therefore, we wanted to examine the two fluorescent PAs separately, while 

mixed with diluent PA but not with each other.   
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2.3.2 Effect of Counterions on Self-Assembly 

To study how it interacts with diluent PA assemblies, we mixed FITC PA with 

diluent PA at range of salt concentrations. First, 2 wt% (17.32 mM) diluent PA and 2 

wt% FITC PA solutions were prepared by dissolving PA with 30 mM NaOH, and then 

FITC PA was mixed with diluent PA at a volume ratio of 1:100.  This 2 wt% PA mixture, 

containing both diluent PA and FITC PA, was then diluted to 1 wt% PA with either pure 

water or NaCl, such that the final PA solution contained 0.99 wt% diluent PA, 0.1 wt% 

FITC PA, and 0, 26, or 150 mM NaCl.  We used confocal microscopy to image these 

solutions while freshly dissolved, and found no discernable micron-scale features 

regardless of NaCl amount (Figure 2-10a-c).  After thermal annealing, the PA mixture 

containing 0 mM NaCl remains featureless, while the 26 and 150 mM NaCl samples 

exhibit micron-scale hierarchical structures (Figure 2-10d-f).  These micron-scale 

features are stable enough to image while the sample is a bulk solution, which led to us to 

believe that FITC PA molecules may be less mobile when NaCl is present and these 

micron-scale structures appear.  Therefore, we performed fluorescence recovery after 

photobleaching (FRAP) experiments to measure the diffusion of FITC PA.  We 

photobleached 10 μm diameter circles and monitored fluorescence intensity recovery, 

which only occurs from diffusion of unbleached FITC PA into the bleached spot, because 

photobleaching is irreversible.  We monitored fluorescence recovery at short time points 

after photobleaching (<2 seconds), during which the recovery profile should be 

dominated by the fastest diffusing species, which is likely to be individual PA molecules 

as opposed to entire nanofibers.  In both freshly dissolved and annealed PA solutions, the 

presence of NaCl slows diffusion of FITC PA, indicated by the decreased fluorescence 
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recovery after ~1.8 seconds (Figure 2-10g).  Intriguingly, although the 0, 26, and 150 

mM NaCl freshly dissolved samples look identical by confocal microscopy, their FRAP 

signatures are extremely different (Figure 2-10g left).  Upon annealing, the mobility of 

FITC PA in 150 mM NaCl is further decreased and completely immobile, while the 

mobility of FITC PA in 0 mM and 26 mM NaCl remains similar (Figure 2-10g right).  

Although the confocal microscopy and FRAP experiments reveal information on the 

dynamics of FITC PA, we cannot make any conclusions about the non-fluorescent 

diluent PA.  Since confocal microscopy and FRAP can only interrogate FITC PA and not 

diluent PA, we interpret these data to be the behavior of FITC PA as it interacts with the 

diluent PA matrix.  
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Figure 2-10: Characterization of FITC PA.  Confocal micrographs of freshly dissolved 
FITC PA mixed with diluent PA, containing (a) 0, (b) 26, and (c) 150 mM 
NaCl.  Confocal micrographs of annealed FITC PA mixed with diluent PA, 
containing (d) 0, (e) 26, and (f) 150 mM NaCl.  (g) Fluorescence recovery 
after photobleaching (FRAP) experiments on freshly dissolved (left) and 
annealed (right) FITC PA mixed with diluent PA, at indicated NaCl 
concentrations.  Error bars represent the standard deviation.   

 

 
Next, we repeated the confocal microscopy and FRAP experiments for TAMRA 

PA, to determine if it behaved differently than FITC PA in the presence of a diluent PA 

matrix.  Using the same procedure as described for FITC PA mixtures, we prepared PA 

mixtures containing 0.99 wt % diluent PA and 0.01 wt % TAMRA PA and 0, 26, or 150 

mM NaCl.  Similar to FITC PA mixtures, when the PA samples were freshly dissolved, 

confocal micrographs show no micron-scale features regardless of NaCl amount (Figure 
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2-11a-c).  After annealing, micron-scale features appear in all these samples, whether 

they contain 0, 26, or 150 mM NaCl (Figure 2-11d-f).  Thus, all confocal micrographs of 

TAMRA PA are similar to their FITC PA counterparts (Figure 2-11a-f versus Figure 

2-10a-f), except for the sample that was annealed without NaCl.  In this condition, 

TAMRA PA exhibits micron-scale features (Figure 2-11d) but FITC PA does not (Figure 

2-10d).  This was the condition where an apparent separation between the two fluorescent 

PAs occurred (Figure 2-2c), and that confocal micrograph showed qualitatively weaker 

micron-scale features in the FITC channel.  This is congruous with the confocal 

micrographs of the two fluorescent PAs alone, where FITC PA (Figure 2-10d) shows no 

micron-scale features while TAMRA PA does (Figure 2-11d).     

We performed FRAP experiments on TAMRA PA, to determine if its diffusion 

rate was different than FITC PA.  In both experiments, the diluent PA matrix is exactly 

the same, and the differing fluorescent PA is only 1% of all PA in the system.  While 

freshly dissolved, the 0 mM NaCl TAMRA PA sample appears slightly less mobile than 

its corresponding FITC PA sample, with ~40% (TAMRA PA) versus ~60% (FITC PA) 

recovery at ~1.8 seconds (Figure 2-10g left versus Figure 2-11g left).  Upon annealing, 

this difference becomes far more drastic, as the TAMRA PA becomes almost completely 

immobile (Figure 2-10g right versus Figure 2-11g right).  In the presence of either 26 or 

150 mM NaCl, the FRAP curves of FITC and TAMRA PA are similar, although the 

annealed 26 mM NaCl FITC PA sample is slightly more mobile than its TAMRA PA 

counterpart (Figure 2-10g right versus Figure 2-11g right).  Thus, the most drastic 

difference between FITC and TAMRA PA is in the 0 mM NaCl annealed condition, 

where FITC PA was highly mobile while the TAMRA PA was almost completely 
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immobile.  Again, this is the condition under which apparent separation between the two 

fluorescent PAs occurred (Figure 2-2c).   

 
 

 

 

Figure 2-11: Characterization of TAMRA PA.  Confocal micrographs of freshly 
dissolved TAMRA PA mixed with diluent PA, containing (a) 0, (b) 26, 
and (c) 150 mM NaCl.  Confocal micrographs of annealed TAMRA PA 
mixed with diluent PA, containing (d) 0, (e) 26, and (f) 150 mM NaCl.  g. 
Fluorescence recovery after photobleaching (FRAP) experiments on 
freshly dissolved (left) and annealed (right) TAMRA PA mixed with 
diluent PA, with different concentrations of NaCl.  Error bars represent 
the standard deviation.   
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2.3.3 Proposed Mechanism of Self-Sorting 

Based on these data, we hypothesize that FITC PA interacts weakly with the 

diluent PA nanofibers while TAMRA PA interacts strongly, leading to the apparent 

separation when they are in the same solution.  Since the FITC fluorophore bears two 

negative charges, it is plausible that charge repulsion prevents the FITC PA from 

interacting strongly with the negatively charged diluent PA.  When NaCl is added, the 

FITC’s negative charges are screened, which enables the FITC PA to associate more 

closely with the diluent PA assemblies.  On the other hand, the TAMRA fluorophore is 

zwitterionic and overall neutral, so NaCl is not necessary for its association with the 

diluent PA matrix.  Thus, under conditions of low charge screening at 0 mM NaCl, the 

FITC PA remains in solution around the diluent PA nanofibers whereas the TAMRA PA 

closely associates with the diluent PA matrix.  This leads to spatial separation between 

the two fluorescent PAs. 

To further explore this hypothesis, we modeled the FRAP data using a single 

exponential model: 

 

 𝑦𝑦 =  𝑦𝑦0(1 −  𝑒𝑒−𝑡𝑡/𝜏𝜏) (1) 

 

where 𝑦𝑦 is the normalized fluorescence intensity (on a scale of 0 to 1, 0 indicates no 

recovery after photobleaching and 1 indicates full recovery) and 𝑡𝑡  is the time after 

photobleaching.  By fitting the experimental data, we can determine the constants in the 

model : 𝑦𝑦0 , the mobile fraction (thus, 1 −  𝑦𝑦0  is the immobile fraction), and 𝜏𝜏 , the 

characteristic diffusion time of the mobile species.  Using this model, we analyzed the 
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FRAP data for FITC PA when it is mixed with diluent PA.  In freshly dissolved samples, 

approximately 30% of FITC PA is immobile if no NaCl is present, and this immobile 

fraction increases to 70% if either 26 or 150 mM NaCl is added (Figure 2-12a).  After 

annealing, the immobile fraction remains similar to the freshly dissolved state in the 0 

and 26 mM NaCl samples, but increases from 70% to 97% in the 150 mM NaCl sample 

(Figure 2-12a).  To further probe the nature of the diffusing species, we used the 

Soumpasis approximation to estimate their diffusion coefficient from the FRAP data.  

The diffusion coefficient can give some indication of the diffusing species’ size, although 

other factors can also affect it (i.e. supramolecular interactions with each other or with 

diluent PA nanofibers).  We plotted the diffusion coefficients for FITC PA in various 

NaCl conditions, along with the hypothetical diffusion coefficient for PA micelles and 

200 nm short nanofibers (Figure 2-12b).  These hypothetical values are based on the 

Stokes-Einstein equation, which assumes non-interacting spherical objects.  Therefore, 

this model cannot precisely predict the behavior of all PA nanostructures, but these 

estimates can help place the diffusing species’ size within an order of magnitude.  We 

found that regardless of how much FITC PA is mobile and participating in diffusion (i.e. 

the mobile fraction), the FITC PA that is mobile exists in structures of sizes expected for 

micelles or short nanofibers (Figure 2-12b).  We note that the immobile PA, which likely 

exists in longer nanofibers, creates a hindrance to diffusion that is not reflected by the 

Stokes-Einstein equation.  In the absence of this hindrance, the diffusion coefficients 

should be higher, which would place the diffusing species much less than 200 nm and 

closer to micelles (Figure 2-12b).  Since our model is not extremely precise, another 

possible source of diffusion is FITC PA molecules that are exchanging between micelles 
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or nanofibers.  Unimer exchange between micelles has been described in block 

copolymer micelles.138, 139  However, the hydrophobicity of the C16 alkyl tail should favor 

hydrophobic collapse into self-assembled structures, so the amount of single FITC PA 

molecules in solution is likely to be extremely small.   

These calculations suggest that the FITC PA mobile fraction is comprised of 

structures much smaller than 200 nm, so we presume that all longer nanofibers (>200 

nm) are immobile in the timeframe of our experiments (𝑡𝑡 < 2 𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠).  Annealed 

diluent PA nanofibers are significantly over 200 nm, and while they are shorter in freshly 

dissolved samples, they are still likely to be at least or greater than 200 nm.103, 135  

Therefore, we interpret the immobile fraction to be a rough estimate of the amount of 

FITC PA molecules that are associated with diluent PA nanofibers, and this interpretation 

helps explain the confocal micrographs of FITC PA mixed with diluent PA.  In annealed 

solutions, the long diluent PA nanofibers form liquid crystalline structures by aligning 

with each other.  FITC PA that is associated with the long nanofibers will reflect these 

hierarchical structures in confocal microscopy, which appear in the presence of 26 or 150 

mM NaCl (Figure 2-10e-f).  When no salt is present, the diluent PA still forms these 

hierarchical structures, which are visible by polarized light microscopy (Figure 2-2i), but 

most of the FITC PA (approximately 75%) is not associated with the diluent PA (Figure 

2-12a).  Instead, the featureless confocal micrograph reflects FITC PA that is diffusing 

around the diluent PA nanofibers, which likely exists as micelles.  Conversely, the 

relatively shorter diluent PA nanofibers in freshly dissolved solutions do not form 

hierarchical structures, so no micron-scale structures are visible regardless of whether 

FITC PA is associated with diluent PA nanofibers or not (Figure 2-10a versus Figure 
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2-10b-c).  In both freshly dissolved and annealed samples with no NaCl, the majority of 

FITC PA (70 - 75%) does not associate with the diluent PA nanofibers.  The FITC 

fluorophore’s -2 charge likely creates charge repulsion between the FITC PA and the 

negatively charged diluent PA assemblies.  When NaCl is added, the FITC’s -2 charge is 

screened, allowing the PA to associate with the negatively charged diluent PA matrix.  

For comparison, we performed the same analysis for TAMRA PA mixed with 

diluent PA, from the FRAP data shown in Figure 2-11g.  In freshly dissolved samples, 

the immobile fraction is around 50% when either 0 or 26 mM NaCl is present, and 

increases to approximately 65% when 150 mM NaCl is added (Figure 2-12c).  Upon 

annealing, the immobile fraction increases to around 80% in both the 0 and 26 mM NaCl 

samples, and around 95% in the 150 mM NaCl sample.  Compared to FITC PA (Figure 

2-12a versus Figure 2-12c), the immobile fraction of TAMRA PA shows much less 

dependence on NaCl amount and much more dependence on whether or not the sample is 

annealed.  After annealing, the majority of TAMRA PA associates with the diluent PA 

nanofibers regardless of how much NaCl is present, because the zwitterionic TAMRA 

fluorophore will not cause electrostatic repulsion between TAMRA and diluent PA.  In 

freshly dissolved samples, when the TAMRA and diluent PA solution have just been 

physically mixed, the TAMRA PA has perhaps not had time to incorporate into the 

diluent PA matrix.  Similar to mobile FITC PA, mobile TAMRA PA likely exists in 

small structures on the order of micelles (Figure 2-12d), regardless of how much 

TAMRA PA is mobile.   
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Figure 2-12: Proposed mechanism for self-sorting. (a) Immobile fraction of FITC PA 
when mixed with diluent PA and (b) diffusion coefficient of mobile FITC 
PA, at indicated conditions.  The dashed lines are hypothetical values.  (c) 
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Immobile fraction of TAMRA PA when mixed with diluent PA and (d) 
diffusion coefficient of mobile TAMRA PA, at indicated conditions.  The 
dashed lines are hypothetical values.  Percentage of FITC and TAMRA PA 
that is co-assembled with the diluent PA nanofibers when the PA solutions 
are (e) fresh and (f) annealed, at indicated conditions.  (g) The affect of 
annealing on the amount of co-assembled FITC and TAMRA PA, at 0 mM 
NaCl.  (h) Schematic depicting the system at 0 mM NaCl after annealing.  
The relative amounts of the fluorescent PAs are not drawn to scale and are 
exaggerated for clarity.  In all graphs with error bars, the error bars are the 
standard deviation.  In all box plots, the line inside the box is at the mean of 
the data and the box spans the minimum to the maximum. 

 

 

Due to the noticeable dependence of FITC PA behavior on NaCl amount, we 

performed FRAP experiments and calculations for additional NaCl concentrations, on 

annealed samples containing diluent and FITC PA (same ratio as experiments in Figure 

2-10g).  FRAP data on FITC PA behavior at additional NaCl concentrations show that 

NaCl decreases FITC PA diffusion in a concentration-dependent matter (Figure 2-13) 

over the range of 0 – 150 mM NaCl.  For comparison, we created a physical PA gel by 

introducing divalent counterions (Ca2+ from CaCl2) that ionically crosslink the PA’s 

negatively charged glutamic acids.  These CaCl2 gels contained no NaCl.  As expected, 

FITC PA in this physical gel was mostly immobile.  We note that in the 500 mM NaCl 

sample, the sample is a liquid solution while freshly dissolved by becomes a gel upon 

annealing. 
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Figure 2-13: FRAP at additional NaCl concentrations for FITC PA, mixed with diluent 
PA. 

 

We also took confocal micrographs of the samples analyzed in Figure 2-13, and 

observed the development of micron-scale features as NaCl was added.  Interestingly, 

CaCl2 gels have similar features to liquid solutions of PA containing around 15-50 mM 

NaCl.   

 

 

Figure 2-14: Confocal micrographs at additional NaCl concentrations for FITC PA, 
mixed with diluent PA.  (a) 0 mM, (b) 15 mM, (c) 26 mM, (d) 50 mM, (e) 
150 mM, (f) 500 mM, (g) CaCl2 gel.   
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We also conducted a FRAP experiment where free fluorescein dye was mixed 

with PA, as opposed to PA conjugated to fluorescein (Figure 2-15).  The presence of 

NaCl did not affect the mobility of free fluorescein dye that was simply physically mixed 

with PA, suggesting the PA-mediated self-assembly is responsible for the affect of NaCl 

on FITC PA diffusion. 

 

 

Figure 2-15: FRAP on free fluorescein dye mixed with diluent PA, at indicated NaCl 
concentrations.   

 

 

From these FRAP data at additional NaCl concentrations, we calculated the 

immobile fraction and diffusion coefficient of FITC PA and free fluorescein dye, both of 

which were mixed with annealed diluent PA (Figure 2-16).  The data shows that 0 – 150 

mM NaCl is a critical range over which the FITC PA behavior changes drastically.  We 

conclude that, over this range, NaCl significantly affects whether or not FITC PA will 

interact with the diluent PA matrix, likely by screening the -2 charge on the FITC 

fluorophores.  Furthermore, we note that fluorescein dye is a small molecule around 1 

nm, so its diffusion coefficient is much slower than expected from the model.  This may 
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be due to interactions with long diluent PA nanofibers, which the model does not account 

for, and likely applies to all other calculations.   

 

 
Figure 2-16: Diffusion of FITC PA.  Left: Immobile fraction of FITC PA or fluorescein 

dye when mixed with diluent PA, at indicated conditions.  The error bars 
represent the standard deviation.  Right: Diffusion coefficient of mobile 
FITC PA or fluorescein dye, at indicated conditions.  The line inside the 
box is at the mean of the data and the box spans the minimum to the 
maximum. 

 

After modeling the FRAP data for both FITC PA and TAMRA PA, we wanted to 

relate the calculations to the observed self-sorting (Figure 2-2).  We interpret the 

immobile fraction of fluorescent PA to be a rough estimate of the fraction that is 

incorporated into diluent PA nanofibers, which should be immobile within the FRAP 

experiment’s timeframe (Figure 2-12b, d).  The exact nature by which fluorescent PA 

interacts with and incorporates into diluent PA nanofibers is difficult to probe directly, 

since fluorescent PA may simply be adsorbed to the surface of the nanofibers, or it may 

be co-assembled into the nanofibers.  We performed cryoTEM on FITC and TAMRA PA 

alone, without any diluent PA, and found that both were capable of forming nanofibers 

by themselves (Figure 2-17).  Thus, we speculate that the fluorescent PAs co-assemble 

with the diluent PA nanofibers if they interact with the nanofibers at all, so the immobile 
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fraction can be interpreted as the fraction of fluorescent PA that is co-assembled with the 

diluent PA matrix.  Within this interpretation, we plotted the percentage of co-assembled 

FITC and TAMRA PA under various conditions, in freshly dissolved and annealed 

solutions, which contained various amounts of NaCl (Figure 2-12e-f).  At the 0 mM NaCl 

annealed condition where self-sorting was observed (Figure 2-2), we found a substantial 

difference between the percentage of co-assembled FITC PA and co-assembled TAMRA 

PA (~25% versus ~85%).  Therefore, we conclude that, in 0 mM NaCl annealed samples, 

the majority of FITC PA is not co-assembled with the diluent PA and instead exists in 

smaller, less ordered states while the majority of TAMRA PA is co-assembled with the 

diluent PA nanofibers.  This is consistent with the confocal micrographs of FITC and 

TAMRA PA in different solutions, where FITC PA shows no micron-scale features 

(Figure 2-10d) but TAMRA PA does (Figure 2-11d).  When FITC and TAMRA PA were 

mixed in the same solution and self-sorting occurred, confocal micrographs qualitatively 

showed stronger micron-scale features in the TAMRA PA channel (Figure 2-2c).  The 

presence of NaCl charge screens the FITC PA, allowing it to co-assemble into the diluent 

PA matrix and mix with the TAMRA PA.  Indeed, confocal micrographs showed the 

formation of micron-scale features by FITC PA when salt was added (Figure 2-10e-f). 
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Figure 2-17: CryoTEM of annealed fluorescent PAs alone. (a) FITC PA and (b) TAMRA 
PA, with no diluent PA.   

 
We note that, in the 0 mM NaCl condition, the annealing procedure enhanced the 

observed self-sorting, indicated by the decrease in FRET behavior (Figure 2-2a-b).  The 

decrease is FRET signal is accompanied by a greater difference in amount of co-

assembled FITC PA and co-assembled TAMRA PA (Figure 2-12g), suggesting that 

differential co-assembled amount is responsible for the annealing-induced self-sorting.  

The self-sorted system at 0 mM NaCl, after annealing, is depicted in Figure 2-12h.  As 

illustrated, the majority of TAMRA PA is co-assembled into the diluent PA nanofiber, 

with a small amount existing in smaller structures such as micelles.  Conversely, FITC 

PA exhibits the opposite trend.  Thus, the self-sorting between FITC and TAMRA PA at 

0 mM NaCl is mediated by their differential ability to interact with the diluent PA 

nanofiber matrix, which is determined by the strength of repulsive forces exerted by the 

pendant fluorophores.  

 
Interestingly, physical disruption of the diluent PA matrix using pure mechanical 

force does not compromise the observed self-sorting, suggesting that the effect is more 

related to chemical properties.  We mechanically fractured the PA nanofibers using two 
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methods.  We subjected annealed PA nanofibers to a freeze-thaw cycle, where the ice 

crystals are known to break long nanofibers (Chapter 4).  In addition to freeze-thawing, 

we also vortexed annealed PA solutions.  We found that vortexting causes a decrease in 

viscosity, suggesting breakage of the nanofibers from mechanical perturbation (Figure 

2-18).  

 

 

Figure 2-18: Viscosity of annealed PA before and after vortexing (*p<0.05). 

  

 
 Annealed PA mixtures, containing diluent PA, FITC PA, and TAMRA PA were 

subjected to either freeze-thawing or vortexing, and their FRET spectra were measured.  

We found that the FRET spectra do not change upon freeze-thawing or vortexing, 

suggesting that mechanical perturbation of the nanofibers did not disturb the self-sorted 

configuration (Figure 2-19). Freshly dissolved PA solutions, which contain short 

nanofibers that have not had time to elongate, exhibit more FRET activity than annealed 

PA solutions (Figure 2-2a-b).  However, since freeze-thawing or vortexing decrease the 

length of the PA nanofibers without compromising self-sorting, we note that length 

cannot be solely responsible for the self-sorting. 
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Figure 2-19: FRET spectra PA mixtures after mechanical perturbation, by vortexing or 
freeze-thawing.  An intact annealed PA is included for comparison.  
Excitation: 450nm.   

 

Previous work from our laboratory suggests that PA nanofiber assemblies are not 

homogenous, but instead contain “active” and “inactive” clusters, with “active” clusters 

being more likely to break off a nanofiber and exchange to another one.81  In the current 

work, it is plausible that FITC PA form “active” clusters that exchange easily, due to its 

extra two negative charges, while TAMRA PA exists in more “inactive” clusters, due to 

its net neutral charge.  When NaCl is added to charge screen the FITC PA, it exists in 

more “inactive” clusters, or perhaps the entire nanofiber becomes more “inactive” as the 

negatively charged diluent PA is also screened.  Although we cannot definitively prove 

that either fluorescent PA is co-assembling with the diluent PA matrix, the data 

demonstrates that, under certain conditions, they have different affinities for interacting 

with this matrix.  This difference was linked to an apparent separation between the 

fluorescent PAs, which are identical in the portion of their peptide sequences responsible 

for self-assembly and differ only in their pendant fluorophores.    
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2.3.4 Effect of Diluent PA Matrix on Self-Sorting 

Although this work focuses mainly on the effect of the pendant fluorophores, we 

briefly examined the effects of changing the diluent PA matrix’s chemical identity.  

Instead of having a diluent PA matrix comprised of solely V3A3E3 PA (“strong PA”), we 

introduced an A3G3E3 PA molecule (“weak PA,” Figure 2-20), which has a weaker 

propensity for hydrogen bonding.  Both PAs have identical hydrophobic tails (C16, 

palmitic acid) and charged headgroups (E3, glutamic acids), but the peptide sequence 

A3G3 has much weaker propensity for β-sheet formation than V3A3.  We also synthesized 

a fluorescent analog of A3G3E3 PA, which bears a pendant FITC fluorophore (Figure 

2-20).   

 

 

Figure 2-20: Chemical structure of A3G3E3 and A3G3E3K-FITC (weak diluent PA and 
weak FITC PA, respectively).   

 

 Our laboratory previously showed that similar weak PA molecules self-assemble 

into less cohesive nanostructures than strong PA,75, 80 which we confirmed in the current 
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work with other techniques.  A Thioflavin T (ThT) assay to detect β-sheet content 

showed substantially less ThT fluorescence in weak PA compared to strong PA (Figure 

2-21a).  Furthermore, the presence of NaCl had no effect on the ThT fluorescence, in 

contrast to strong PA, where ThT fluorescence increased with NaCl amount (Figure 2-9).  

Circular dichroism (CD) experiments are consistent with the ThT results, showing a β-

sheet signature in strong PA and a random coil signature in weak PA (Figure 2-21b).  

Furthermore, similar to the ThT experiments, the CD signature of strong PA changes 

upon addition of NaCl while the CD signature of weak PA does not.  Also, while strong 

FITC PA mixed with strong diluent PA showed fluorescence quenching in the presence 

of NaCl (Figure 2-3), which was attributed to closer association due to charge screening, 

weak FITC PA mixed with weak diluent PA does not show changes in fluorescence 

intensity with NaCl (Figure 2-21c).  Taken together, the ThT, CD, and fluorescence data 

demonstrate that weak PA has a decreased propensity for hydrogen bonding, which is 

consistent with previous work in our laboratory.75, 80  We also note the NaCl does not 

appear to alter the self-assembly behavior of weak PA, in contrast to the behavior of 

strong PA.  In the case of strong PA, screening the negatively charged glutamic acids 

with positively charged sodium ions allows closer associations between PA molecules, 

and thus stronger hydrogen bonding between them.  Conversely, in the case of weak PA, 

the same negatively charged glutamic acids can be screened by the sodium ions.  

However, even if this charge repulsion is screened to allow closer association between 

the PA molecules, the PA molecules do not have the capacity to form strong β-sheet 

interactions with each other.   
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Figure 2-21: Characterization of weak PA.  (a) Thioflavin T (ThT) fluorescence in weak 
PA solutions, with and without NaCl as indicated.  The ThT fluorescence 
in a strong PA solution with no salt is plotted for comparison (black dotted 
line).  (b) Circular dichroism spectra of strong and weak PA solutions, with 
and without NaCl as indicated.  (c) Fluorescence spectra of weak FITC PA, 
with and without NaCl as indicated.  Excitation 450 nm.    

 

We made PA solutions containing weak FITC PA (Figure 2-20) and strong 

TAMRA PA (Figure 2-1), with diluent weak PA and diluent strong PA also mixed in.  

The amount of fluorescent PAs were kept constant, while the ratio of the diluent PAs 

changed, as illustrated in Figure 2-22.  Thus, the diluent PA “matrix” is changing as the 

ratio of strong to weak diluent PA changes, but the amount of PAs with pendant 

fluorophores is not.  These mixtures all contain no NaCl.   
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Figure 2-22: Schematic illustrating preparation of strong and weak PA mixtures. All 
illustrated solutions contained the same PA molar concentration. As 
indicated, solutions were mixed to give mixtures with different molar 
ratios of strong:weak diluent PA, but the same amount of fluorescent PA.  
Volumes are not drawn to scale, and are exaggerated for clarity.   

 

 We thermally annealed the strong and weak PA mixtures, and measured their 

FRET spectra (Figure 2-23).  We found that when strong:weak diluent PA is at a molar 

ratio of 60%:40%, the FRET spectrum shows similar self-sorting to the sample with only 

strong PA (Figure 2-2).  As the amount of weak PA is increased, the FRET spectrum 

shifts to suggest more mixing, becoming qualitatively more similar to strong PA samples 

containing NaCl (Figure 2-2).  In the 60%:40% strong:weak sample where self-sorting 

was still observed, we found that the presence of NaCl suppresses the self-sorting (Figure 

2-24), similar to data with strong PA alone (Figure 2-2).  
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Figure 2-23: FRET spectra of annealed PA containing weak and strong PA at indicated 
molar ratios.  All samples contained no added NaCl.  Excitation: 450 nm.   

 

 
Figure 2-24: FRET spectra of PA mixture with 60:40 strong:weak PA molar ratio, after 

annealing and at indicated concentration of NaCl.  Excitation: 450 nm.   

 

We imaged the nanostructures of 60:40 (self-sorted) and 40:60 (mixed) 

strong:weak PA mixtures in 0 mM NaCl (Figure 2-25a-b), as well as 60:40 strong:weak 

(mixed) PA mixture in 150 mM NaCl (Figure 2-25c).  All samples showed long 

nanofibers, so morphology cannot explain the FRET data.  We hypothesize that, while 

the nanofibers are similar in morphology, the presence of weak PA causes them to 

become less cohesive, which allows more exchange of the fluorescent PAs.  It is possible 
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that, as opposed to the case with strong PA alone, weakly cohesive nanofibers will allow 

more exchange of the TAMRA PA.  Thus, instead of being stuck to the diluent PA matrix 

all the time, TAMRA PA can exchange into solution where it can interact with the FITC 

PA.  This preliminary data shows that the identity of the supramolecular matrix, as 

determined by the diluent PA’s molecular design, can affect self-sorting versus mixing of 

the minority components (fluorescent PAs).  

 

 
 

Figure 2-25: CryoTEM images of strong:weak PA mixtures containing a strong:weak PA 
molar ratio of (a) 60:40, in 0 mM NaCl, (b) 40:60 in 0 mM NaCl, and (c) 
60:40 in 150 mM NaCl.    

 
 

2.4 CONCLUSIONS 

Regarding the design of multi-component supramolecular systems, there have been 

many studies on the factors that drive some molecules to self-sort, which generally focus 

on identifying molecular features that promote separation.  Here we explore a different 

approach in which the separation is based on variable interaction of the components with 

a “matrix,” which is in molar excess relative to the components. In particular, the diluent 

PA was in excess of the two fluorescent PAs.  Intriguingly, the interactions of FITC and 

TAMRA PA with the diluent PA matrix appear to be heavily mediated by the pendant 

fluorophores, as the PA peptides responsible for self-assembly are identical in all PA 
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molecules.  We believe the concepts presented in this work present a new approach to 

analyzing self-sorting versus co-assembly in multicomponent supramolecular systems. 

 

2.5 MATERIALS AND METHODS 

Peptide Synthesis 

Peptide amphiphiles (PA) were synthesized as described in Chapter 4, and is 

copied and pasted below for convenience.  This procedure was used to synthesize the 

C16-V3A3E3 PA, C16-V3A3E3K-FITC, C16-V3A3E3K-TAMRA, C16-A3G3E3 PA, and C16-

A3G3E3K-FITC PA molecules (FITC – fluorescein isothiocyanate; TAMRA – 

tetramethylrhodamine). 

PA molecules were synthesized using fluorenylmethyloxycarbonyl (Fmoc) solid 

phase peptide synthesis, by coupling Fmoc-protected amino acids (P3 BioSystems, 

Louiseville, KY, USA) from Rink amide MBHA resin (Novabiochem [EMD Millipore], 

Billerica, MA, USA).   All amino acid couplings were performed in a CEM Liberty 

microwave-assisted peptide synthesizer (CEM, Matthews, NC, USA), using default 

microwave settings.  Fmoc groups were deprotected using 20% 4-methylpiperidine and 

0.1 M hydroxybenzotriazole (HOBt) in dimethylformamide (DMF) at 75 °C for 3–4 min.  

Amino acids were coupled using 5 molar equivalents (equiv) of protected amino acid, 5 

equiv O-benzotriazole-N, N, N′, N′-tetramethyluronium hexafluorophosphate (HBTU) 

and 10 equiv N,N-diisopropylethylamine (DIEA), at 75 °C for 5–10 min.  Using this same 

procedure, palmitic acid (C16) was conjugated to the N-terminus of the peptide.  After 
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each coupling, unreacted amines were capped using 0.5 M acetic anhydride, 0.125 M 

DIEA and 0.015 M HOBt in DMF, at 65 °C for 2 minutes.    

Conjugation of Fluorophores to PA:  All fluorophores (FITC or TAMRA) were 

conjugated to the amine on a lysine side chain, which was Mtt-protected during the 

peptide synthesis procedure described above.  For this purpose, Fmoc-Lys(Mtt)-OH (P3 

BioSystems, Louseville, KY, USA) was used.  To expose the amine on the side chain, 

Mtt was deprotected using 1% trifluoroacetic acid, 3% triisopropylsilane in 

dichloromethane (DCM), for 15 minutes.  After Mtt deprotection, either 5(6)-

carboxytetramethylrhodamine (TAMRA acid) or fluorescein isothiocyanate (FITC) were 

coupled.  When coupling TAMRA, the reaction was conducted with 1.5 equiv. TAMRA, 

1.5 equiv. benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 

(PyBOP), in DMF with 8-10 times molar excess of DIEA.  When coupling FITC, the 

same reaction conditions were used except there was no PyBOB.  Fluorophore couplings 

for both dyes were conducted overnight.   

Completed PA molecules were cleaved off the resin using a solution of 95:2.5:2.5 

trifluoroacetic acid/triisopropylsilane/water for 2–3 h.  Volatile solvents were removed 

with rotary evaporation, and the PA was precipitated with cold diethyl ether and dried 

using a fritted filter.  The PA was then purified by preparatory scale reverse phase high-

performance liquid chromatography (HPLC, Varian), using a Phenomenex Gemini 

column (C18 stationary phase, 5 μm, 100 Å pore size, either 30 × 150 mm or 50 x 250 

mm).  A mobile phase of acetonitrile and water was used, both containing 0.1% NH4OH 

to aid solubility of acidic PA.  Pure fractions were identified and collected, using 

electrospray ionization (ESI) mass spectroscopy.  Excess acetonitrile was removed with 
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rotary evaporation, freeze-dried, and the powders stored at -20°C until use.  The purity of 

PA molecules was confirmed using liquid chromatography-mass spectroscopy (LC-MS), 

which was performed using an Agilent 6520 QTOF-LCMS with a similar Phenomenex 

column.  

 

Preparation of PA Mixtures Containing Diluent PA, FITC PA, and TAMRA  

 V3A3E3 (diluent PA), V3A3E3K-FITC (FITC PA), and V3A3E3K-TAMRA 

(TAMRA PA) powders were all separately dissolved to 2 wt%.  Diluent PA (at 2 wt%) 

was divided into two aliquots, and 1% (volume/volume) of 2 wt% V3A3E3K-FITC PA 

was added to one aliquot, and 1% (volume/volume) of 2 wt% V3A3E3K-TAMRA PA to 

the other aliquot.  These PA solutions containing either FITC- or TAMRA-labeled PA 

were further split into aliquots, and diluted to 1 wt% PA with an equal volume of pure 

water or NaCl solution.  For example, PA solutions containing 26 mM NaCl were diluted 

from 2 to 1 wt% PA by adding equal volume 52 mM NaCl.  Next, diluent + FITC PA 

solutions were mixed with diluent + TAMRA PA solutions containing the same NaCl 

concentration.  These PA mixtures were either analyzed immediately (freshly dissolved 

samples), or after undergoing a heating and cooling cycle (80°C for 30 minutes followed 

by slow cooling overnight, annealed samples).  When samples were annealed, they were 

subject to heating immediately after the initial mixing.   

 For the experiment where heating time was varied, the PA mixtures were heated 

at 80°C for the indicated times.  Afterwards, the samples were immediately submerged in 

room temperature water after heating, so they did not undergo the typical slow cooling 

step in the annealing procedure.  All samples began heating at the same time, and 
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samples with shorter heating times were stored at room temperature while other samples 

continued to heat.  For example, the 10-minute sample was heated for 10 minutes and 

then stored at room temperature for 20 minutes while the 30-minute sample continued 

heating.  The unheated sample was simply stored at room temperature for 30 minutes.   

 For the experiment where PA concentration was varied, freshly dissolved 1 wt% 

PA mixtures were first prepared.  Through serial dilutions in pure water, freshly 

dissolved mixtures of 0.5, 0.25, 0.125, and 0.0625 wt% PA were prepared, which 

simultaneously reduces the concentration of diluent, FITC, and TAMRA PA in solution.  

These diluted solutions were thermally annealed (80°C 30 minutes, slow cool overnight), 

and their FRET spectra collected as described above. 

For the experiment where the order of adding NaCl to PA mixtures was varied, 

annealed PA mixtures at 1 wt% were first prepared.  All samples were then diluted to 0.5 

wt% PA for this experiment in three different ways: 

1.) 0 mM NaCl salt: PA annealed at 1 wt% in 0 mM NaCl, diluted to 0.5 wt% 

with pure water 

2.) 75 mM NaCl salt (before): PA annealed at 1 wt% in 150 mM NaCl, diluted to 

0.5 wt% with pure water 

3.) 75 mM NaCl salt (after): PA annealed at 1 wt% in 0 mM NaCl, diluted to 0.5 

wt% with 150 mM NaCl 

Samples 2 and 3 above contain the same final PA and salt concentration (0.5 wt% PA, 75 

mM NaCl), but the NaCl was added at different times during processing.  Sample 1 

serves as a control with no NaCl. 
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 For experiments where PA mixtures were mechanically perturbed, we used two 

methods of mechanically disrupting the nanofibers.  PA samples were annealed before 

being subject to mechanical perturbation.  Freeze-thawed samples were created by 

subjecting the annealed PA mixtures to ~30 seconds of submersion in liquid nitrogen, and 

allowing them to thaw at room temperature.  Vortexed samples were created by 

subjecting the annealed PA mixtures to ~1 minute of vortexing.   

 

Preparation of Diluent + FITC PA and Diluent + TAMRA PA Mixtures  

 For FITC PA experiments, V3A3E3 PA and V3A3E3K-FITC PA were first 

separately dissolved to 2 wt% with 30 mM NaOH.  Next, 1% (volume/volume) of 

V3A3E3K-FITC PA solution was added to the V3A3E3 PA solution.  This solution was 

then split into different aliquots, which were diluted to 1 wt% PA with equal volume pure 

water or NaCl solution to achieve the desired NaCl concentration.  For example, PA 

samples containing 26 mM NaCl were diluted from 2 to 1 wt% PA by adding equal 

volume of 52 mM NaCl.  This same procedure was also used to mix TAMRA PA 

samples, as well as weak diluent PA (A3G3E3) with weak FITC PA (A3G3E3K-FITC).   

 

Preparation of PA Solutions Containing Only Fluorescent PA 

For consistency with diluent PA experiments, FITC PA and TAMRA PA were 

dissolved to 17.32 mM with 30 mM NaOH, which is the molarity of 2 wt% diluent PA.  

These PA solutions were then diluted to 8.66 mM (the molarity of 1 wt% diluent PA) 

with pure water, and thermally annealed (80°C 30 minutes, slow cool overnight). 
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Preparation of PA Mixtures Containing Strong and Weak PA 

 Strong (V3A3E3) PA was first dissolved to 1 wt% (8.66 mM) with 15 mM NaOH. 

To keep the molar concentration consistent, weak (A3G3E3) PA was first dissolved to 

0.89 wt%, which is 8.66 mM.  This experiment contains no added NaCl.  Fluorescent 

PAs (V3A3E3K-TAMRA, A3G3E3K-FITC) were dissolved to the same concentrations as 

their non-fluorescent counterparts.  Before mixing strong and weak PA solutions, 

fluorescent PAs was added to their respective PA solutions. All mixtures contained the 

same amount of fluorescent PA, regardless of the molar ratio of strong:weak unlabeled 

PA (Figure 2-22).  The PA solutions (before mixing strong and weak solutions) for the 

50:50 molar ratio sample had 1% volume/volume of fluorescent PA, and all other 

solutions received the same amount.  Thus, the volume percentage of fluorescent PA to 

diluent PA varied from 0.0833 – 1.25% (60:40 vs. 40:60 molar ratio).  Samples were 

thermally annealed for 80°C for 30 minutes, and slow-cooled overnight.  

For the experiment where NaCl was added to solutions containing weak PA, 

strong PAs (V3A3E3, V3A3E3K-TAMRA) were first separately dissolved to 2 wt%, and 

weak PAs (A3G3E3, A3G3E3K-FITC) were first dissolved to 1.78 wt%, to keep the 

molarity of the diluent PA solutions constant.  To keep the amount of fluorescent PA 

consistent with what it would be in a 50:50 mixture, strong diluent PA solutions received 

0.833% (volume/volume) of its fluorescent analog (V3A3E3K-TAMRA), while weak 

diluent PA solutions received 1.25% (volume/volume) of its fluorescent analog 

(A3G3E3K-FITC).  These solutions were then diluted with equal volume of either pure 

water or 300 mM NaCl, resulting in final concentrations of 1 wt% strong PA or 0.89 wt% 

weak PA (8.66 mM for both), and 0 or 150 mM NaCl.  Strong and weak PA solutions, 
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now containing their respective fluorescent PAs and appropriate NaCl amounts, were 

then mixed to achieve a 60:40 molar ratio of strong:weak PA.  These mixtures were then 

thermally annealed at 80°C for 30 minutes and slow-cooled overnight.  

 

Förster Resonance Energy Transfer (FRET)  

In all experiments in this work, FITC was the FRET donor and TAMRA was the 

FRET acceptor.  PA samples (50 µL) were loaded into a 96-well black plate with a clear 

bottom, which was analyzed using a CytationTM3 (BioTek, Winooski, VT, USA).  The 

solutions were excited at 450 nm (direct FITC excitation), and fluorescence spectra 

collected from 480 – 700 nm, which covers both FITC and TAMRA emission.   

For the FRET experiments in Figure 2-2, the fluorescence spectra were 

normalized to the highest fluorescent intensity detected in the 0 mM NaCl sample.  The 

experiment was repeated four times, and the normalized fluorescence spectra were 

averaged together and plotted in Figure 2-2a.  Each normalized spectra was used to 

calculate a FRET ratio, and the average FRET ratio is reported in Figure 2-2b.  In all 

other FRET experiments, the fluorescence spectrum shown is one representative 

experiment. 

For the data in Figure 2-2b, the normalized FRET spectra for each sample were 

deconvoluted using Igor Pro (Wavemetrics, Portland, Oregon, USA).  An example of a 

deconvolution is shown below in Figure 2-26.  The FRET ratio was then calculated as: 
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𝐹𝐹𝐴𝐴

𝐹𝐹𝐴𝐴 + 𝐹𝐹𝐷𝐷
 

 

where FA is the intensity of acceptor emission and FD is the intensity of donor emission.  

Thus, in the example shown below, we have: 

 

 

Figure 2-26: Example of fluorescence spectra deconvolution.  The x-axis is wavelength 
in nm and the y-axis is arbitrary fluorescence intensity.  Peak 0 is the 
deconvoluted FITC emission peak and Peak 1 is the deconvoluted TAMRA 
emission peak. 

 
 

𝐹𝐹𝐴𝐴
𝐹𝐹𝐴𝐴 + 𝐹𝐹𝐷𝐷

=  
0.40105

0.40105 + 0.8325
= 0.325  

 

Although this calculation is complicated by the self-quenching behavior of FITC 

(Figure 2-3, Figure 2-4) and the overlap in emission spectra of FITC and TAMRA, the 

data still reveals trends between the samples.   
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Confocal Microscopy Imaging of Diluent + FITC + TAMRA PA Mixtures 

PA solutions (50 µL) were pipetted onto a glass cover slip for imaging at 40x on a 

Nikon A1R microscope, using the 488 and 561 nm laser lines.   

 

Fluorescence Spectra for FITC PA (Strong and Weak PA) 

 Diluent + FITC PA solutions were prepared as described above, and contained 1 

wt% PA (99% diluent, 1% FITC PA) and 0 – 150 mM NaCl.  They were analyzed either 

immediately (freshly dissolved) or after thermal annealing (80°C for 30 minutes, slow 

cool overnight).  PA solutions (50 µL) were loaded into a 96-well black plate with a clear 

bottom.  The plate was read on a CytationTM3 (BioTek, Winooski, VT, USA), with 

excitation at 450 nm and emission spectra collected from 480 – 700 nm.   

 

Cryogenic Transmission Electron Microscopy (CryoTEM)  

Immediately before preparation for cryoTEM, PA solutions were diluted 1:100 (1 

wt% to 0.01 wt%) in pure water, except for the samples containing only FITC PA or only 

TAMRA PA.  When diluent PA was not present, the fluorescent PAs were dissolved to 

8.66 mM, which is consistent with 1 wt% of diluent PA.  These fluorescent PA-only 

samples were annealed and prepared without dilution, because they were not as viscous 

as samples containing diluent PA.  All samples (6.5 µL) were deposited onto 300-mesh 

copper grids with lacey carbon film (Electron Microscopy Sciences, Hatfield, PA, USA) 

inside a FEI Vitrobot Mark IV (FEI, Hillsboro, OR, USA), which was maintained around 

95% humidity.  Before use, the copper grids were glow discharged for 30 seconds in a 

PELCO easiGlow system (Ted Pella, Inc., Redding, CA, USA).  The samples were 
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plunged into liquid ethane, and then transferred to a Gatan 626 cryo-holder (Gatan, 

Pleasanton, CA, USA) while submerged in liquid nitrogen.  Samples were imaged on a 

JEOL 1230 TEM operating at 100 kV, and micrographs were captured with a bottom-

mounted Gatan 832 camera.  

 

Polarized Light Microscopy on PA Mixtures 

PA solutions (50 µL) were pipetted onto a glass cover slide, and observed 

between cross-polarizers set to 90°.  All PA samples imaged with this technique were at 1 

wt%.   

 

Small Angle X-Ray Scattering (SAXS) 

SAXS measurements were taken at the Advanced Photon Source of Argonne 

National Laboratory, on Beamline 5-ID-D of the DuPont-Northwestern-Dow 

Collaborative Access Team (DND-CAT).  A double crystal monochromator was used to 

select a beam energy of 17 keV (λ = 0.7293), and the detector was positioned 8.5 cm 

behind the sample.  PA solutions (1 wt%) were loaded into quartz capillaries, with 

1.5 mm diameter with 0.1 mm wall thickness (Charles Supper, Natick, MA, USA), and 

SAXS spectra were collected with an exposure time of 1 second.  Two separate 

experiments were conducted. 

 

Fluorescence Recovery After Photobleaching (FRAP)  

 Before photobleaching for FRAP analysis, images of the PA solutions were taken 

on the confocal microscope.  PA samples (50 μL) were pipetted onto a glass cover slip.  
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FITC PA was imaged with the 488 nm laser line while TAMRA PA was imaged with the 

561 laser line, both using a 40x objective on a Leica SP5 confocal microscope (Leica, 

Wetzler, Germany). 

After confocal imaging, the same PA samples were subject to photobleaching.  

For FITC PA samples, circles 10 µm in diameter were photobleached with the 488 nm 

laser line at 100% power.  For TAMRA PA samples, squares that were 10 µm long on 

each side were photobleached instead.  This is because, due to the high rate of 

photobleaching in TAMRA PA, the FRAP configuration does not allow photobleaching 

of circles.  During photobleaching, the microscope zooms in on a square around the 

bleach spot, so if the bleach spot is a circle, the area outside the circle will be subject to 

the lower laser intensity used for imaging as opposed to the higher laser intensity used for 

photobleaching.  In the case of TAMRA PA, this exposure to lower laser intensity causes 

the area outside the circle to become noticeably lower than the unbleached PA outside the 

zoom box.  However, this area still had a higher fluorescence intensity than the area 

within the actual bleach circle.  To avoid this problem, the entire square was 

photobleached.  FITC PA appears to be less susceptible to photobleaching than TAMRA 

PA, so circles could be bleached.  For both experiments, the microscope scanned a 512 x 

512 pixel area at 1000 Hz, allowing an image to be captured approximately every 0.263 

seconds.  Fluorescence intensity in the photobleached area was normalized to 

fluorescence intensity in an image area that was not photobleached, in order to account 

for photobleaching due to imaging.  The following equation was used to obtain the final 

values (𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐): 
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𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐 = 𝐼𝐼𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 ∗
 𝐼𝐼𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ𝑐𝑐𝑐𝑐0

𝐼𝐼𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ𝑐𝑐𝑐𝑐
 

 

where the initial unbleached value (𝐼𝐼𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ𝑐𝑐𝑐𝑐0 ) is the average of 5 pre-bleach frames, in 

the unbleached image area.  These corrected intensities (𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐) were then used to 

obtain a value between 0 and 1 (𝐼𝐼𝑢𝑢𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑢𝑢𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐 , where 0 represents no recovery and 1 

represents full recovery), and these values were plotted over time.  The pre-bleach 

fluorescence ( 𝐼𝐼𝑝𝑝𝑐𝑐𝑐𝑐𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ ) was obtained by averaging the bleach spots fluorescence 

intensity in the 5 pre-bleach frames, while the post-bleach intensity (𝐼𝐼𝑝𝑝𝑐𝑐𝑚𝑚𝑡𝑡𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ) was 

obtained by taking the bleach spot’s fluorescence intensity immediately after 

photobleaching.  The following equation was used to normalize fluorescence intensity in 

the bleach spot for all other time points: 

 

𝐼𝐼𝑢𝑢𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑢𝑢𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐 =
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐 −  𝐼𝐼𝑝𝑝𝑐𝑐𝑚𝑚𝑡𝑡𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ
𝐼𝐼𝑝𝑝𝑐𝑐𝑐𝑐𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ −  𝐼𝐼𝑝𝑝𝑐𝑐𝑚𝑚𝑡𝑡𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ

 

 

For FRAP experiments with free fluorescein dye, fluorescein sodium salt (Sigma 

Aldrich, St. Louis, MO, USA) was dissolved in pure water to 6 mg/mL.  This solution 

was mixed with 1 wt% freshly dissolved PA solution at 1% (volume/volume), for a final 

concentration of 30 µg/mL fluorescein sodium salt in the PA solution.  The PA solution 

containing fluorescein dye was then annealed at 80°C for 30 minutes and slowly cooled 

overnight.  For CaCl2 gels, 10 µL of PA solution (diluent + FITC PA) was pipetted into 4 

µL of 30 mM CaCl2. 
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Thioflavin T (ThT) Assay  

Diluent PA (strong or weak) was first dissolved to 2 wt%, and then split into 

separate aliquots.  These aliquots were then diluted to 1 wt% with equal volume of pure 

water or NaCl, such at the final PA solution contained 1 wt% PA and either 0, 26, or 150 

mM NaCl.  These solutions were analyzed while freshly dissolved.  It is not possible to 

use this assay to analyze annealed PA samples, because the bundles created by the long 

nanofibers interfere with ThT dye diffusion.  It is also not possible to conduct this assay 

with fluorescent PA, because the fluorescence would interfere with the ThT fluorescence.  

The 1 wt% PA samples were then mixed with a solution of ThT dye dissolved in pure 

water, such that the final concentrations of PA and ThT dye were 500 µM and 50 µM, 

respectively. This PA/ThT dye solution (100 µL) was loaded into a 96-well black plate 

with a clear bottom.  The NaCl concentrations on the graph refer to the concentration of 

NaCl in the original 1 wt% PA solution, and not after dilution for the ThT assay.  The 

plate was read on a CytationTM3 (BioTek, Winooski, VT, USA), with excitation at 440 

nm and emission spectra collected from 470 – 600 nm.   

 

Viscosity Measurements 

 PA samples (200 µL, 1 wt% PA) were loaded onto the measuring plate (set to 

23°C) of a MCR 302 rheometer (Anton Paar, Graz, Austria).  Measurements were 

performed with the CP25-2 fixture (25 mm diameter cone-plate), which increased the 

shear rate from 1–100 s-1 over 240 seconds, and measured the respondent shear stress.  

The final viscosity at 100 s-1 is reported.  
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Circular Dichroism (CD) 

CD experiments were performed on freshly dissolved PA solutions, since the long 

nanofibers formed during annealing can scatter light and interfere with the signal.  Strong 

and weak diluent PA samples containing no fluorescent PA first dissolved to 2 wt% and 

1.78 wt%, respectively, so that the molarities would match (17.32 mM).  These solutions 

were then diluted with equal volume of water or 300 mM NaCl, to get 8.66 mM PA.  For 

analysis by CD, the final 8.66 mM PA solutions were diluted 1:20 in pure water and 

loaded into a 1 mm path length cuvette.  A JASCO J-815 spectrophotometer was used to 

scan the samples from 190 – 250 nm, with a scan speed of 100 nm/minute.  All data is the 

average of three scans. 

 

Mathematical Modeling of FRAP Data 

We modeled individual FRAP curves (averaged together in Figure 2-10g, Figure 

2-11g) to describe the diffusion of fluorescent PA using a single exponential: 

 

 𝑦𝑦 =  𝑦𝑦0(1 −  𝑒𝑒−𝑡𝑡/𝜏𝜏) (1) 

 

This is a general equation of the form: 

 

 𝑦𝑦 =  𝑦𝑦0 −  𝐴𝐴𝑒𝑒−
(𝑡𝑡−𝑡𝑡0)
𝜏𝜏  (2) 
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where 𝑦𝑦0 = 𝐴𝐴  and 𝑡𝑡0 = 0.  The experimental data (𝑦𝑦 versus 𝑡𝑡) is the FRAP data (in 

Figure 2-10g, Figure 2-11g), and was fitted to equation 2 using the exp_XOffset function 

in Igor Pro 6.3 (WaveMetrics, Portland, OR, USA).  In this fitting, 𝑡𝑡0 is automatically set 

to the first data point in the inputted curve, which was always 0 seconds in our FRAP 

data.  In collecting our FRAP data, the first frame after photobleaching (𝐼𝐼𝑝𝑝𝑐𝑐𝑚𝑚𝑡𝑡𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ) was 

always taken to be 𝑡𝑡 = 0 𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, where the normalized intensity was set to 0 for 0 

recovery.  Since our FRAP data only has 8 data points and will therefore not be exactly 

precise, we did not force 𝑦𝑦0 = 𝐴𝐴 in the curve fittings.  However, we note that the values 

for 𝑦𝑦0 and 𝐴𝐴 were similar by visual inspection.  From these fittings, we obtained the 

parameters 𝑦𝑦0, 𝜏𝜏, and 𝐴𝐴, and the parameter 𝐴𝐴 was not used in further analysis.  From 𝜏𝜏, 

the half recovery time (𝑡𝑡1/2) of the mobile species can be calculated: 

 

 𝑡𝑡1/2 =  𝜏𝜏 ln(2) (3) 

 

From this and the parameters of the FRAP experiment, the diffusion coefficient (𝐷𝐷) of 

the mobile species can be calculated using the Soumpasis approximation140: 

 

 
𝐷𝐷 =  0.224 

𝑤𝑤2

𝑡𝑡1/2
 (4) 

 

where 𝑤𝑤 is the radius of the bleach area (5 μm).   Using the Stokes–Einstein equation, we 

calculated hypothetical diffusion coefficient for 10 nm PA micelles and 200 nm PA short 

nanofibers, by setting (𝑅𝑅 = 5 𝑠𝑠𝑛𝑛, 100 𝑠𝑠𝑛𝑛): 
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 𝐷𝐷 =  
𝑘𝑘𝐵𝐵𝑇𝑇

6𝜋𝜋𝜋𝜋𝑅𝑅
 (5) 

 

where 𝑘𝑘𝐵𝐵 is Boltzmann’s constant, 𝑇𝑇 is temperature, and 𝜋𝜋 is the viscosity of the solution.  

We used the viscosity of water for 𝜋𝜋, because the PA is dissolved in water and constitutes 

1 wt% of the entire solution.  Since the Stokes-Einstein equation assumes spherical 

objects diffusing through a uniform liquid medium, the size calculations will not 

accurately reflect anisotropic nanofibers or objects that are diffusing around long PA 

nanofibers, but we performed this calculation to estimate the size to an order of 

magnitude.  

Since the collected FRAP data has only 8 data points due to constraints with 

imaging speed, and there are errors associated with fluorescence measurements, the curve 

fitting sometimes gave grossly and obviously inaccurate results.  These fittings were 

excluded from our analysis.  This was more prone to happen in samples with a large 

immobile fraction, because the amount of fluorescence recovery was small in these cases, 

so the assumed exponential behavior may not be detected.  If the fitted parameters had an 

error several orders of magnitude greater than the fitted value, the fitting was excluded 

from our analysis.  Also, the fitted parameter 𝑦𝑦0 must be a value between 0 and 1 if it is 

to represent normalized fluorescence, so fittings where 𝑦𝑦0 was significantly larger than 1 

were excluded from our analysis.  Indeed, some of these excluded fittings may have 

described the absence of diffusion, where the mobile phase 𝑦𝑦0 → 0 and characteristic 

diffusion time 𝜏𝜏 →  ∞.  However, we did not want to arbitrarily exclude some fittings 

while including others as having a 100% immobile fraction, so we simply excluded these 
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fittings.  Furthermore, we did observe some degree of fluorescence recovery at 𝑡𝑡 ≅

1.8 𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 in all samples, so we assumed that all samples had some amount of mobile 

fraction.  We note that in one case, the mobile fraction was calculated to be almost 

exactly 1, which appeared to be an incorrect fitting.  This data point was later excluded 

due to the removal of outliers (described below).   

 Of the data points that were not excluded due to an obviously incorrect fitting 

(described above), we systematically removed outliers.  Because our FRAP data contains 

only 8 data points and therefore limited precision, we assumed that outliers in curve 

fitting parameters (𝑦𝑦0 and 𝜏𝜏) were due to inaccuracies in the fitting as opposed to actual 

variations in the system’s behavior.  To identify and remove outliers, we employed the 

ROUT method,141 which combines Robust regression and Outlier Removal, using 

GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA).  We chose Q = 10% for 

the ROUT analysis, which is relatively aggressive in detecting outliers, and relatively 

more likely to detect false outliers.  We chose this parameter due to our assumption that 

most variation in the data was caused by lack of precision in the model, as opposed to 

variation in the actual system.  Since 𝑦𝑦0 and 𝜏𝜏 come from the same fitted equation, if one 

was excluded for a specific curve, the other parameter for that curve was automatically 

excluded too.  
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3 CELL DEATH MEDIATED BY ALKYL TAIL PLACEMENT 
 
 

3.1 OBJECTIVE AND SIGNIFICANCE 

In multicellular organisms, cell death is tightly regulated by signal transduction 

pathways, with certain pathways leading to programmed cell death.  Synthetic materials 

can induce cell death, by rapidly destroying cellular structures, or by slowly activating 

the cell’s native cell death program.  All synthetic materials first interface with cells 

through their plasma membrane, so understanding material-membrane interactions is 

crucial to understanding the materials’ cytotoxic effects.  In this work, we show that 

subtle differences in the molecular design of self-assembling peptide amphiphiles (PA) 

can affect their cytotoxicity.  PAs are comprised of an alkyl tail conjugated to a short 

peptide chain, and the placement of the alkyl tail can significantly influence the PA 

assemblies’ cytotoxic effects.  When the alkyl tail is placed at the peptide’s N-terminus, 

the cytotoxic effect is rapid, with 100% of cells dead after 2 hours.  However, when the 

alkyl tail is positioned the C-terminus, cell death occurs over a longer time period, taking 

up to 12 hours for the percentage of dead cells to plateau.  While PA-induced rapid cell 

death occurs through physical rupture of the cell membrane, PA-induced slower cell 

death likely occurs through an oncotic signaling pathway, initiated by cholesterol 

sequestration from the cell membrane.  In the PA causing slower death, the alkyl tail is 

connected to the peptide through a lysine linker, and reversing its polarity hindered 

cholesterol sequestration and rescued cell viability. This work shows that PA alkyl tail 

position can determine its biological function, which we believe can apply to other 

supramolecular biomaterials built from amphiphilic self-assembling molecules.    
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3.2 BACKGROUND 

Programmed cell death occurs when cells intentionally orchestrate their own 

demise, a process that was named apoptosis in 1972.142  Apoptosis plays an important 

role in normal life-sustaining functions, including embryonic development,142-145 

eliminating self-reactive immune cells,146-151 and wound healing.152, 153  Cells that lose the 

ability to undergo apoptosis can form malignant growths, leading to the development of 

cancer.154, 155  In the 1990s, mechanistic studies showed that apoptosis is controlled by 

signaling cascades, deliberately working to execute a regulated cell death program.156-162  

A less studied cell death mechanism is oncosis, which is distinct from apoptosis in many 

regards.163-166  Most notably, apoptotic cells shrink before death, while oncontic cells 

swell and develop giant blebs.163-166  Traditionally, oncosis was thought to be 

“accidental” as opposed to “programmed” cell death,163, 165 but signaling pathways that 

mediate oncosis have been identified.167  Thus, oncosis can be considered a form of 

programmed cell death, resulting from intentional activation of certain signaling 

cascades.  When no signaling pathways are activated to program cell death, cells may still 

be killed by direct physical rupture of the cell membrane, which can be considered truly 

“accidental” cell death.  This distinction may be important in studying synthetic 

biomaterials, particularly cationic species that can interact with and disrupt negatively 

charged cell membranes.75-79  

In the development of synthetic therapeutic agents, cytotoxicity is an important 

design parameter.  Cytotoxicity can be beneficial in the development of anti-cancer 

therapies, but would be highly unfavorable for regenerative medicine applications.  For 

nanoscale materials, the factors that influence cytotoxicity have been studied, and are 



 104 
now known to include size,168-170 surface chemistry,171-174 and shape.175-177  Notably, these 

are static, bulk properties of nanomaterials, which will interact with highly dynamic and 

fluid cell membranes.  The cell membrane is the barrier between the cell and its 

environment, and thus serves as the contact point for all cell-material interactions.  

Comprised of a lipid bilayer held together by non-covalent hydrophobic interactions, the 

cell membrane is a supramolecular structure.  Thus, synthetic supramolecular 

nanomaterials may interact with the cell membrane in ways that more static materials do 

not.  Indeed, recent work showed that supramolecular cohesion in self-assembled peptide 

amphiphile (PA) nanofibers affected their ability to cause cell death.75  Weakly cohesive 

nanofibers were able to disrupt the cell membrane and exert a cytotoxic effect, while 

strongly cohesive nanofibers could not.75  Both PAs contained positive charges that could 

potentially compromise negatively charged cell membranes, but only weakly cohesive 

PA was cytotoxic.75  In another system, weakly cohesive cationic nanostructures were 

able to enhance growth factor signaling, which was linked to their ability to increase lipid 

raft fluidity in cell membranes.80  The interaction of two supramolecular structures – the 

cell membrane and the self-assembled nanofibers in this case – may yield phenomenon 

that are unique to non-covalent synthetic materials.   

In this work, we systematically alter the alkyl tail position of PAs and examine the 

effects on cytotoxicity.  The molecules studied in this work follow the canonical form of 

PAs, which includes an alkyl tail to induce hydrophobic collapse, a β-sheet forming 

peptide region to promote intermolecular hydrogen bonding, and a charged peptide 

residue region to promote solubility in water.31, 32  In all PAs here, the charged peptide 

residues are cationic, meaning they may disrupt negatively charged cell membranes.75-79  
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First, we alter the PA’s polarity by differentially attaching the alkyl tail to either the N- or 

C-terminus of the peptide sequence.  Next, we changed the orientation of a lysine linker 

between the alkyl tail and peptide portion.  Finally, knowing that cell death can be 

programmed, we probe the mechanism through which different PA assemblies exert their 

cytotoxic effects.  Previous work linking supramolecular cohesion to cytotoxicity focused 

on the hydrogen bonding segment of the PA,75 as opposed to the placement of the 

hydrophobic alkyl tail.  The overall goal of this work is to elucidate how alkyl tail 

position affects the PA assemblies and their interactions with cell membranes, and how 

this determines the cytotoxic response.   

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Differential Cell Viability to Molecular Design 

We synthesized PA1 (Figure 3-1a), which has been previously shown to enhance 

growth factor potency due to its ability to interact with the cell membrane.80  In PA1, the 

C16 alkyl tail is attached at the peptide’s C-terminus, though a lysine linker with the 

peptide chain attached to the α-amine and the alkyl tail attached to the ε-amine (Figure 

3-1a).  PA1 contains a weak hydrogen bonding segment that allows it to associate with 

cell membranes and increase lipid raft mobility, thus increasing growth factor signaling 

through membrane-bound receptors.80  However, the positively charged headgroups 

of PA1 may result in cytotoxicity, since cationic species are known to induce cell death 

by disrupting negatively charged cell membranes.75-79  PA1 enhances growth factor in its 

soluble form, when added to cell media,80 but PA1’s cytotoxicity as a surface coating has 
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never been studied.  Specifically, previous work showed that an analog of PA1 

containing the same set of amino acids, but with the alkyl tail positioned at the peptide’s 

N-terminus instead of the C-terminus, was highly cytotoxic both in solution and as a 

material coating (PA2, Figure 3-1a).75  In PA2, there is no lysine linker between the C16 

alkyl tail and the peptide, because C16 can be directly coupled to the N-terminus.  We 

speculate that the cationic charges of PA1 allow it to interact with negatively charged cell 

membranes and increase lipid raft mobility, but this same PA-cell interaction may also 

pose the risk of cell membrane disruption and thus cell death.  Since PA coatings are 

more relevant for the design of regenerative medicine scaffolds, we wanted to investigate 

the cytotoxicity of surfaces coated with PA1.  As a control, we also synthesized PA3, an 

analog of PA1 containing a strong hydrogen bonding segment, which should reduce its 

ability to interact with the cell membrane (Figure 3-1a).75  We observed all three PAs in 

aqueous solution using cryogenic transmission electron microscopy (cryoTEM), and 

found that all PAs self-assemble into nanofibrous structures (Figure 3-1b).  We note 

that PA2 formed shorter nanofibers than PA1 and PA3.  
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Figure 3-1: Molecular design of cationic PAs and their supramolecular structures.  (a) 
Chemical structure of PA molecules used in this study, all PAs have the 
same hydrophobic region (alkyl tail, blue); PA1 contains a weak ß-sheet 
forming region, PA2 differs from PA1 by positioning of the alkyl tail at the 
N-terminus of the peptide sequence, PA3 is the same orientation as PA1 but 
in β-sheet forming region, valines and alanines replace alanines and 
glycines, respectively. (b) CryoTEM showing self-assembled PA nanofibers 
formed by 1% (w/v) PA solutions in water.   

  

To investigate the interactions of the three PAs with cells, we first studied the 

cytotoxicity of these PAs as nanofiber coated surfaces.  We coated 96-well plates with 

PA and seeded CXT2 cervical cancer cells onto these surfaces, allowing the cells to 

interact with PA coatings as opposed to soluble PA in the media.  After an incubation of 

48 hours, we performed a live/dead assay using the fluorescent dyes calcein/ToPro3 and 

quantified the percentage of dead cells (Figure 3-2a).  Similar to results from a previous 

study,75 we found that nearly all cells on PA2 surfaces were dead.  On PA1 surfaces 

86±3% of cells were dead, demonstrating that PA1 has similar cytotoxic properties 
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to PA2.  Both PA1 and PA2 have cationic headgrounds in combination with weak 

hydrogen bonding segments, which likely contribute to their cytotoxicity.   Conversely, 

as shown by the decreased cytotoxicity on PA3 surfaces (6±2% dead), increasing PA 

hydrogen bonding propensity rescues cell viability.  Based on previous work, this is 

likely due to the decreased ability of more cohesive assemblies to interact with the cell 

membrane,75, 80 which decreases the PA’s ability to exert a cytotoxic effect.  We 

confirmed the live/dead assay results with an MTT assay, which indicated a significantly 

higher number of viable cells on PA3 surfaces (Figure 3-2b).  To confirm that the 

cytotoxic effect of PA1 was not specific to cancer cell lines, we performed a live/dead 

assay with non-cancerous cervical epithelial cells, which showed that nearly 84±4% of 

these cells were dead after 48 hours (Figure 3-2c).   

Interestingly, when we performed a series of live/dead experiments at different 

time points after cell seeding on the PA coatings, the time course showed that the 

cytotoxicity of PA2 was much more rapid than that of PA1.  After 2 hours of exposure, 

nearly 100% of CXT2 cells on PA2 surfaces are dead while little cytotoxicity is observed 

on PA1 surfaces, where the proportion of dead cells gradually increased and plateaued 

around 70-80% after 8-12 hours (Figure 3-2d).  Since PA1 and PA2 contain the same 

amino acids and differ mainly in alkyl tail position (C-terminus in PA1 versus N-

terminus in PA2), we hypothesized that alkyl tail placement could mediate the observed 

differences in their cytotoxic effects.  Indeed, PA2 has one more positive charge from the 

side chain of an extra lysine headgroup, which instead serves as non-reactive lysine linker 

in PA1, but the overall surface charge is cationic for both PAs.  Furthermore, the 

different temporal scales of cytotoxicity exerted by PA1 and PA2 suggest that the 
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mechanism of cell death in these two situations may be different.  Such differences, if 

they exist, are likely to be mediated by the internal supramolecular structure of the PA 

assemblies.  Supporting this hypothesis, a previous study showed that small changes in 

molecular design can have significant changes on the internal dynamics of PA 

assemblies, although that work focused more on the hydrogen bonding segment as 

opposed to the alkyl tail of the PA.74  

 

 
 

Figure 3-2: Cytotoxicity of cationic PA coatings.  CXT2 cells were cultured on PA 
coated surfaces for 48 hours and viability was assessed by (a) 
calcein/ToPro3 staining and (b) MTT assay. (c) Viability of CXT2 cells on 
PA1 is compared against non-cancerous cervical epithelial cells. (C) Time 
course of CXT2 cell death on PA1 and PA2 coatings.  (***p < 0.001, 
*p<0.05) 

 
 

3.3.2 Lysine Linker Polarity Rescues Viability 

To investigate if altering alkyl tail placement has an impact on cellular response, 

we synthesized an analog of PA1 where the polarity of the lysine linker between the 

peptide and the alkyl tail is reversed (PA4, Figure 3-3a).  In PA1, the lysine amino acid 

linking the peptide to the alkyl tail has the peptide attached at the α-amine and the alkyl 
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tail attached at the ε-amine (Figure 3-1a). Conversely, in PA4, the peptide is attached at 

the ε-amine while the alkyl tail is attached at the α-amine (Figure 3-3a).  Thus, PA1 and 

PA4 are completely identical except for the lysine linker’s polarity.  We examined PA4 

in aqueous solution by cryoTEM (Figure 3-3b), and found that it forms nanofibers similar 

to those formed by PA1 (Figure 3-1b).  To investigate if alkyl tail position could affect 

the PA assemblies’ internal structure, we took circular dichroism (CD) spectra of PA1 

and PA4 in aqueous solution, as well as of PA2 and PA3 (Figure 3-3c).  The CD spectra 

for PA1 suggests a random coil conformation, which is expected since previous work 

showed a low hydrogen bonding propensity in this PA.80  Interestingly, the CD spectra 

of PA4, which differs from PA1 only in lysine linker polarity, shows a positive signal 

between 190 – 200 nm and a negative signal at 218 nm, suggestive of more β-sheet 

character than PA1.  PA2 showed a random coil CD signature while PA3 showed more 

β-sheet character, which is expected since PA2 is designed to have a weak hydrogen 

bonding segment75 while PA3 is designed to have a strong hydrogen bonding segment.80  

Thus, the CD data suggest that PA4 is a more cohesive nanostructure than PA1, and that 

switching the lysine linker polarity can alter the internal supramolecular interactions in 

PA assemblies.  To probe the effect of lysine linker polarity on PA cytotoxicity, we 

evaluated the cytotoxicity of PA1 and PA4 surfaces with multiple cell lines.  

Surprisingly, for all cell lines studied, we found a significantly lower percentage of dead 

cells on PA4 than on PA1 (Figure 3-3d).  The live/dead data demonstrates that PA4 

surfaces are less cytotoxic than PA1 surfaces, and the CD data suggests that one possible 

mechanism is through increased cohesion in PA4 nanostructures.  This mechanism is 

consistent with previous work, which reported that increased supramolecular cohesion in 
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cationic PA assemblies rescued cell viability.75  However, further investigation is 

necessary to determine if this is the only mechanism through which lysine linker polarity 

rescues cell viability. 

 
 

 
Figure 3-3: Altering lysine linker orientation rescues viability. (a) Structure of PA4.  (b) 

CryoTEM image of PA4. (c) CD spectra of all PAs used in this study. (d) 
Cell viability of several cervical cancer cell lines on indicated PA surfaces, 
measured with Calcein/ToPro3 staining.  (***p<0.001, **p<0.01) 

 
 

3.3.3 PA-Cell Membrane Interactions 

Based on the surprising cytotoxicity results, we were motivated to examine how 

the different PAs interact with the cell membrane. Previous work has shown that PA2 

induces cytotoxicity through disruption of the cell membrane.75  To visualize the PA and 

cells, we added a small amount of fluorescently labeled PA analog to PA surfaces and 

labeled the cells with DiO, a cell membrane intercalating dye.  We seeded cells on the PA 

surfaces and allowed them to incubate for 4 hours, and then fixed the cells, mounted the 
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samples onto glass slides, and imaged them by confocal microscopy after 1 day (Figure 

3-4a).  We chose a 4-hour time point because at this time, most cells plated on PA2 

coatings were dead but the majority of cells still remained viable on PA1 coatings (Figure 

3-2d).  Consistent with previous work,75 our results showed PA2 penetrating and 

compromising the cell membrane, thus killing the cell (Figure 3-4b).  Similar to PA2, 

PA1 is also cationic and contains a weak hydrogen bonding segment, but doesn’t co-

localize with the cell membrane (Figure 3-4b).  We note that the shorter nanofibers of 

PA2 may insert into cell membranes more easily than the longer ones of PA1, even 

though both have a weak hydrogen segment.  Surprisingly, at a higher confocal plane 

above the cell-PA interface, we observed “fan-like” structures extending from the cell 

membrane in PA1 samples (Figure 3-4b). This “fan” is highly 2-dimensional, and formed 

at the interface of the mounting slide and mounting media. This “fan” does not form 

when the sample is not mounted, and it is formed gradually over the course of one day 

after mounting.  We also did this experiment with PA3 and PA4 surfaces, which are less 

cytotoxic than PA1 surfaces, and neither PA induced formation of these “fan-like” 

structures (Figure 3-4b). To determine if these “fan-like” structures are lipid membrane 

extensions and fluid in nature, we labeled the cells with two different lipophilic dyes (DiI 

and DiO) to examine mixing between “fans” from different cells (Figure 3-4c). We did 

not observe the mixture of two “fans” from two different cells; however, we found cells 

with co-localized dyes, which indicates that close association of two cells can allow 

exchange of cell membrane lipids.  Although we do not observe direct co-localization 

of PA1 with the cell membrane, the formation of these “fan-like” structures suggests that 
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PA1 interacts with and alters the cell membrane structure, resulting in increased 

membrane fluidity. 

 

 

 

Figure 3-4: Confocal images of cells with cationic PA coatings.  (a) Schematic 
representation of the upper and lower planes that were imaged.  (b) Images 
of CXT2 cells plated on indicated PA surfaces (DiO: green; TAMRA PA: 
red).  The white arrowhead indicates the large “fan-like” cell membrane 
extensions observed on PA1 coatings at the upper plane.  (c) Confocal 
images of cells labeled with two different dyes (DiO: green; DiI: red). 

 

3.3.4 Cholesterol Sequestration from Cell Membrane 

Cholesterol is an essential structural component of the eukaryotic cell 

membrane,178-182 and is involved in regulating membrane fluidity in many tyeps of 

cells.183-186 Therefore, one possible mechanism for the “fan” formation is through 

depletion of cholesterol from the cell membrane by PA. We tried to block cholesterol 

sequestration by PA1 using fetal bovine serum (FBS), which contains proteins that can 

adsorb to the charged PA nanostructures.  The resultant protein corona would block the 

cationic charges of the PA from interacting with the cell membrane, which could prevent 
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cholesterol transport from the cell membrane to the PA.  Furthermore, FBS is known to 

contain cholesterol, which might compete with membrane cholesterol for interaction with 

PA and provide a protective effect for cells. We added FBS to PA1 surfaces, either by 

pre-incubating the surfaces in cell media containing 10% FBS, or by seeding cells in 

media containing 10% FBS.  As a control, we also seeded cells in serum-free media, onto 

PA1 surfaces that had not been treated with FBS.  A live/dead assay showed that both 

pre-incubation of PA1 surfaces with FBS and the addition of FBS while seeding cells 

rescued cell viability, although pre-incubation was less effective (Figure 3-5a). 

 

 

 

Figure 3-5: FBS and BSA affect cytotoxicity of PA1 surfaces.  (a) Live/dead assay of 
CXT2 cells on PA1 surfaces, in serum-free media, media containing 10% 
FBS or PA1 coatings that were pre-incubated with cell media containing 
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10% FBS.  (b) Live/dead assay of CXT2 cells on PA1 surfaces, with BSA 
or cholesterol either in the cell media or on pre-incubated PA coatings. (c) 
Live/dead assay of CXT2 cells on PA1 surfaces, with indicated BSA 
concentrations in cell media. (d) Fluorescence of LysoSensor™ dye in the 
presence of PA, after indicated treatments with cholesterol or BSA.  (e) 
Schematic showing proposed mechanism of PA-BSA interactions that block 
molecular diffusion, preventing sequestration of cholesterol by PA. (f) Cells 
stained with DiO on PA3 or PA1 surfaces, with or without MβCD as 
indicated.  (***p<0.001, **p<0.01, ns p>0.05)   

 

To further investigate the mechanism by which FBS rescues cell viability, we 

examined two of its major components. The main protein component of FBS is bovine 

serum albumin (BSA), which is a negatively charged protein that should interact with the 

positively charged PA nanostructures. We incubated PA1 and PA3 with BSA and found 

similar BSA adsorption to both PAs (Figure 3-6), which is not surprising because they 

both have positive charges.  However, in contrast to PA1, PA3 is not cytotoxic even in 

the absence of serum or BSA (Figure 3-2a-b).  We added 4 mg/mL BSA to serum-free 

cell media, which is similar to the BSA concentration in 10% FBS, and this alone rescued 

cell viability (Figure 3-5b).  Similar to the results with 10% FBS, both pre-incubation of 

the PA surfaces with BSA and adding BSA to the cell media rescued cell viability, but 

BSA in the cell media was more protective (Figure 3-5b).  Furthermore, we found that 

the protective effect of BSA is concentration dependent (Figure 3-5c).  Conversely, when 

we added 10 μg/mL cholesterol to serum-free media, we did not observe a significant 

prevention of cytotoxicity (Figure 3-5b).  Pre-incubation of PA coatings with cholesterol 

also has no protective effect (Figure 3-5b). 

 



 116 

 
Figure 3-6: BSA adsorbed to PA1 and PA3 nanofibers, measured using bicinchoninic 

acid (BCA assay). 

 

To investigate whether BSA is exerting its protective effect through charge 

neutralization of positively charged nanofibers, we performed live/dead experiments 

on PA2 surfaces with BSA in the cell media. Although PA2 is also positively charged, 

BSA did not reverse its cytotoxic effects (Figure 3-7), so charge neutralization alone 

cannot explain BSA’s protective effects. This data, along with the time course 

cytotoxicity experiment (Figure 2c) and confocal imaging (Figure 4a), suggests that PA1 

exerts its cytotoxic effect through a different mechanism than PA2.  

 

 

Figure 3-7: Cytotoxicity of PA2 with indicated BSA concentrations in the cell media. 
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To explain BSA’s rescue of cell viability on PA1, we propose that BSA forms a 

protein corona around PA1 nanostructures, which impedes the diffusion of small 

molecules such as cholesterol into the PA’s hydrophobic core.  Thus, in the presence of 

BSA, PA1 would not be able to sequester cholesterol from the cell membrane as 

efficiently, reducing its ability to kill cells.  To further explore this hypothesis, we 

examined the diffusion of LysoSensor™ Green into PA1 nanofibers. The LysoSensor™ 

Green dye is a fluorophore conjugated to a weak base that accumulates in the membrane 

of acidic organelles after protonation. This dye also shows a strong propensity to 

accumulate in PA assemblies, resulting in strong fluorescent staining of nanofibers 

(Figure 3-8). 

 

 

Figure 3-8: LysoSensor™ staining of a PA1 nanofiber coating.  The left image is the 
LysoSensor™ signal alone, the right image is an overlay of the 
LysoSensor™ signal and a phase contrast micrograph.  

 

BSA in the media reduces the LysoSensor™ staining intensity (Figure 3-5d), suggesting 

that a BSA protein corona might prevent the diffusion of weakly polar LysoSensor™ 

molecules into the PA.  We also observed reduction in fluorescence intensity when the 

dye was incubated with cholesterol, although the effect was less prominent than with 

BSA in the media (Figure 3-5d). We speculate that cholesterol may compete with 
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LysoSensor™ molecules for diffusion into PA1 nanostructures, thus reducing the amount 

of LysoSensor™ that can be sequestered.  Furthermore, we confirmed that PA 

nanostructures can uptake cholesterol using a NBD cholesterol-binding assay (Figure 

3-9).  

 

 
Figure 3-9: Fluorescence of NBD cholesterol in the presence of indicated PAs.  The x-

axis represents the concentration of NDB cholesterol.  

 

NBD-labeled cholesterol contains a fluorophore that replaces the terminal segment of 

cholesterol’s flexible alkyl tail, and its fluorescence increases when it is within a 

hydrophobic environment.  Interestingly, mixing NBD-cholesterol with PA1 resulted in a 

higher fluorescent intensity than PA2-4.  Although free cholesterol in solution is different 

from cholesterol within plasma membranes, this data shows that PA1 is capable of 

uptaking cholesterol.  In light of all these data, we hypothesize that PA1 exerts its 

cytotoxic effects by sequestering cholesterol from cell membranes.  When BSA adsorbs 

to PA1 nanofibers, it forms a protective coating that prevents the nanofibers from 

depleting the cell membrane of cholesterol (Figure 3-5e).   
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Previous works have shown that cholesterol depletion from the cell membrane 

can result in cell death,187, 188 and we wanted to determine if this applied to our particular 

system.  We tested CXT2 cell viability at different concentrations of a known cholesterol-

sequestering agent, methyl-β-cyclodextrin (MβCD). We saw a dose-dependent cytotoxic 

effect by MβCD, and that 10% FBS reduced this cytotoxicity (Figure 3-10).  We 

introduced MβCD to cells on PA3 surfaces, which previously did not induce formation of 

“fan-like” structures (Figure 3-4b) or cause cell death (Figure 3-2a-b).  With the addition 

of 1% MβCD in the cell media, we observed distinct “fan” formation from the cells, 

similar to PA1 surfaces with no MβCD (Figure 3-5f). This suggests PA1 surface 

coatings are exerting a similar effect on cells as MβCD, a known cholesterol-sequestering 

agent, when MβCD is dissolved in the cell media.   

 

 

 
Figure 3-10: Cytotoxicity of MβCD, with and without serum in the cell media.  

 
  
 

Taken together, the experiments with FBS, BSA, cholesterol, and LysoSensor™ 

suggest that PA1 nanofibers interact with cell membranes to sequester cholesterol, which 
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results in a cytotoxic effect.  Conversely, PA4 nanofibers cannot deplete the cell 

membrane of cholesterol, so it is not cytotoxic.  These differences are caused by a change 

in lysine linker polarity (Figure 3-1, Figure 3-3), and are illustrated in Figure 3-11. 

  

 

 
Figure 3-11: Illustration of cholesterol sequestration by PA1 nanofibers, but not PA4 

nanofibers 

 
 

3.3.5 Programmed Death is Linked to Oncotic Mechanism 

As shown by previous work, cholesterol depletion from the cell membrane can 

activate signaling cascades that result in apoptosis.187, 188  In these reports, the ultimate 

cell death is programmed through activation of apoptotic pathways, as opposed to 

immediate physical rupture of the cell membrane.  We hypothesized that the cytotoxicity 

of PA1 is through programmed cell death, as opposed to physical disruption of the cell 

membrane.  Conversely, results from the current work (Figure 3-4) and previous work75 

both suggest that PA2 physically disrupts the cell membrane.  To probe the cell death 

mechanism of PA1, we performed time lapse imaging of CXT2 cells on PA1 surfaces.  

We observed the formation of giant blebs before cell death (Figure 3-12a), which is 

characteristic of an oncotic, not apoptotic, mechanism.163-166  We note that the blebs 
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observed in this work (Figure 3-12a, white arrows) appear quite similar to blebs observed 

in other oncotic cells (Figure 1b165).     

Additionally, cells were labeled with rhodamine 123, which stains mitochondrial 

membranes in live cells, and propidium iodide (PI) was added to the cell media, which 

identifies dying cells with permeable membranes.  In healthy cells, rhodamine 123 

penetrates the plasma membrane and concentrates in intact mitochondrial membranes, 

causing it to self-quench its fluorescence intensity.  When the mitochondria are 

compromised, the mitochondrial membrane potential drops and rhodamine 123 molecules 

are released into the cytoplasm, thus increasing fluorescence intensity.  During a cell 

death event, rhodamine 123 intensity increases approximately 1 hour before the uptake of 

propidium iodide (Figure 3-12b), suggesting that mitochondrial compromise occurs prior 

to cell death on PA1 surfaces.  Next, we observe an uptake of propidium iodide into the 

cell, during which rhodamine 123 fluorescence intensity rapidly drops (Figure 3-12b).  

As the cell membrane breaks down during cell death, rhodamine 123 is no longer 

contained within the cytoplasm, so its fluorescence intensity decreases.  We note that the 

first giant blebs form during the period of initial increase in rhodamine 123.   

The role of mitochondria in coordinating cell death is well established, and 

compromised mitochondria are early indicators of cell damage.160, 189-193  The rhodamine 

123 experiments suggest that mitochondria damage occurs prior to cell death on PA1 

surfaces, and we further explored this idea by measuring intracellular ATP levels.  We 

performed this experiment after 6 hours of incubation on PA surfaces, when nearly 100% 

of cells were dead on PA2 surfaces but only 61% of cells were dead on PA1 surfaces.  

Intracellular ATP was not detectable on PA2 (Figure 3-12c), where 100% of cells are 
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already dead (Figure 3-2d).  On PA3 and PA4, which are not cytotoxic (Figure 3-2a-b, 

Figure 3-3d), the intracellular ATP level was comparable to that of a control poly-D-

lysine surface (Figure 3-12c). However, on PA1 surfaces, we found a significantly lower 

intracellular ATP level compared to PA3 and PA4 surfaces, but a significantly higher 

ATP level compared to PA2 surfaces (Figure 3-12c).  Concomitant live/dead assays show 

that while the percentage of live cells on PA1 surfaces is only around 30% less than 

on PA3 and PA4, the ATP level detected on PA1 surfaces is already around 60% less 

than on PA3 and PA4 surfaces.  This suggests that, on PA1 surfaces, mitochondrial 

damage occurs some time before ultimate cell death.  This result, along with the time 

course cytotoxicity assay and mechanistic studies with BSA and MβCD, suggest that 

PA1 induces programmed cell death mediated by signaling cascades.  The necessary 

oncotic signaling pathways may take some time to activate, which is in contrast to the 

physical cell membrane rupture caused by PA2.   
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Figure 3-12: Mitochondrial distress precedes cell death on PA1 surfaces. (a) CXT2 cells 
on PA surfaces and stained with rhodamine 123 and propidium iodide.  
Yellow arrowheads indicate cells that die in later frames.  White 
arrowheads indicate giant blebs preceding cell death.  (b) Representative 
time course of rhodamine 123 and propidium iodide fluorescence 
intensities, in an individual cell.  (c) Fluorescence detection of ATP in 
CXT2 cells, after 6 hours on indicated PA surfaces.  (d) Viability of cells 
on indicated PA coatings after 6 hours.  (***p<0.001) 

 
 

3.4 CONCLUSIONS 

In summary, we have shown that subtle changes to PA molecular design, 

specifically the alkyl tail position, can significantly affect their interactions with the cell 

membrane and thus their cytotoxic effects.  Specifically, placing the alkyl tail at the 

peptide’s N-terminus will result in rapid cytotoxicity, while placing the alkyl tail at the C-

terminus results in slower cytotoxicity.  The rapid cytotoxic effects were linked to 
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physical disruption of the cell membrane, caused by the cationic PA inserting itself into 

the negatively charged lipid bilayer.  A slower cytotoxic effect occurred when the PA did 

not physically enter the cell membrane structure, but instead sequestered membrane 

cholesterol.  This cholesterol sequestration initiated a programmed cell death cascade, 

which appears to be though oncosis rather than apoptosis.  Reversing the polarity of the 

lysine linker between the alkyl tail and the peptide decreased the PA’s ability to sequester 

cholesterol, which rescued cell viability.  When shifting the alkyl tail from the N-

terminus to the C-terminus, a lysine linker must be added, and the effect of this subtle 

difference is not completely understood (PA1 versus PA2).  However, in reversing the 

lysine linker’s polarity, both the alkyl tail and peptide portion remain identical (PA1 

versus PA3).  Our results suggest that subtle changes in molecular design are able to 

exert significant biological effects due to supramolecular self-assembly, since it is the PA 

nanostructures that ultimately interact with cells.  We believe the concepts presented here 

are applicable to other supramolecular biomaterials, specifically those containing 

amphiphilic species.  In particular, these results may be interesting to the development of 

anti-cancer therapies, where it may be beneficial to selectively induce programmed cell 

death, as opposed to physically damaging cells with blunt force.   

 

3.5 MATERIALS AND METHODS 

Peptide Synthesis 

 PA molecules were synthesized using standard fluorenylmethyloxycarbonyl 

(Fmoc) solid phase peptide synthesis, at the Peptide Synthesis Core at the Simpson 
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Querrey Institute.  For PA1, PA3, and PA4, where the alkyl tail is attached at the 

peptide’s C-terminus via a lysine, Fmoc-Lys(Mtt)-OH was first coupled to rink amide 

resin. For PA1 and PA3, the Mtt-protected ε-amine was deprotected with 3% 

trifluoroacetic acid (TFA), 5% triisopropylsilane (TIPS) and 93% dichloromethane 

(DCM).  The C16 alkyl tail was then coupled to this ε-amine using 5 molar equivalents of 

C16 alkyl tail, 5 equiv O-benzotriazole-N, N, N′, N′-tetramethyluronium 

hexafluorophosphate (HBTU) and 10 equiv N, N-diisopropylethylamine (DIEA), at 75 °C 

for 5–10 minutes.  For PA4, the same procedure was used to attach the C16 alkyl tail, 

except that the C16 alkyl tail was coupled to the lysine’s α-amine.  To do this, the Fmoc-

protected α-amine was deprotected with 20% 4-methylpiperidine and 0.1 M 

hydroxybenzotriazole (HOBt) in dimethylformamide (DMF) at 75 °C for 3–4 minutes, to 

allow the alkyl tail to be coupled to the α-amine.  For PA1 and PA3, the peptide was then 

synthesized in a CEM Liberty microwave-assisted peptide synthesizer, which performed 

deprotection of Fmoc groups and amino acid couplings.  Fmoc deprotection was 

performed with 20% 4-methylpiperidine and 0.1 M hydroxybenzotriazole (HOBt) in 

dimethylformamide (DMF) at 75 °C for 3–4 minutes, and amino acids were coupled 

using 5 molar equivalents of protected amino acid, 5 equiv O-benzotriazole-N, N, N′, N′-

tetramethyluronium hexafluorophosphate (HBTU) and 10 equiv N,N-

diisopropylethylamine (DIEA), at 75 °C for 5–10 minutes.  For PA4, the Mtt-protected ε-

amine was deprotected with 3% trifluoroacetic acid (TFA), 5% triisopropylsilane (TIPS) 

and 93% dichloromethane (DCM), and the peptide was then synthesized in a CEM 

Liberty microwave-assisted peptide synthesizer, which performed Fmoc deprotections 

and amino acid couplings, as described above for PA1 and PA3.  For PA2, where the 
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alkyl tail is attached at the peptide’s N-terminus, amino acids were simply coupled to the 

rink amide resin, using the Fmoc deprotection and amino acid coupling procedures 

described above.  The C16 alkyl tail was then coupled to the last amino acid, at the 

peptide’s N-terminus, using the same procedure for coupling amino acids.  For PA2, all 

Fmoc deprotections and amino acid or alkyl tail couplings were performed in a CEM 

Liberty microwave-assisted peptide synthesizer. 

 Following synthesis of all PA molecules, they were cleaved from the rink amide 

resin with 95:2.5:2.5 TFA:TIPS:water for 2-3 hours.  Volatile solvents were removed 

using rotary evaporation, and the PA was precipitated using diethyl ether.  The PA was 

dried using a fritted filter and then purified using reverse phase high performance liquid 

chromatography.  PAs were purified with a mobile phase gradient of acetonitrile and 

water, containing 0.1% TFA to aid solubility, on a Phenomenex Jupiter Proteo column 

(C12 stationary phase, 10 μm, 90 Å pore size, 150 x 30 mm).  HPLC fractions containing 

PA were identified using ESI mass spectroscopy, and acetonitrile was removed from 

fractions using rotary evaporation.  The pure fractions were then lyophilized to a dry 

powder, which was stored at -20°C until use.  The PA powders were checked for purity 

using liquid chromatography - mass spectroscopy (LC-MS).   

 

Cryogenic Transmission Electron Microscopy 

All PAs were dissolved to 1 wt% in pure water, and cryoTEM samples were 

prepared immediately after.  PA solutions (6.5 uL) were deposited onto 300-mesh copper 

grids with lacey carbon film (Electron Microscopy Sciences, Hatfield, PA, USA), which 

had been glow discharged for 30 seconds in a PELCO easiGlow system (Ted Pella, Inc., 
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Redding, CA, USA).  The samples were automatically blotted and plunged into liquid 

ethane using a FEI Vitrobot Mark IV (FEI, Hillsboro, OR, USA), maintained around 95% 

humidity.  After vitrification in ethane, samples were transferred to a Gatan 626 cryo-

holder (Gatan, Pleasanton, CA, USA).  The samples were submerged in liquid nitrogen 

during the transfer. Finally, the samples were imaged on a JEOL 1230 TEM operating at 

100 kV, and micrographs taken with a bottom-mounted Gatan 832 camera.   

 

Peptide Amphiphile (PA) Coatings 

 To create 2D coatings of PA, a solution of 0.01 wt% poly-D-lysine (PDL) in 0.1 

M (pH 8.5) borate buffer was added to completely cover the surface (50 µL per well for 

96-well plates or 300 µL per 12 mm glass coverslip).  The glass cover slips were placed 

into 24-well plates for coating, and submerged with 300 µL of PDL solution in the entire 

well.  The surfaces were incubated with the PDL solution for 3 hours at room 

temperature, and then washed 3x with double distilled water (ddH2O).  Next, a 0.25 wt% 

alginate solution in ddH2O was added to the surfaces (50 µL per well for 96 well plates 

or 75 µL per glass coverslip).  The glass cover slips were in 24-well plates for coating, 

but the alginate solution was only added to the glass cover slip.   Surfaces were incubated 

with alginate at room temperature for 2 hours, after which the alginate was gently 

aspirated leaving a thin layer of coating.  The surfaces were then rinsed twice with 10 

mM CaCl2 to crosslink the alginate.  PA solutions (0.05 wt% in ddH2O) were then added 

to the surfaces and left overnight at 37°C.  PA-coated surfaces were washed twice with 

Hanks’ Balanced Salt Solution (HBSS, GIBCO [Thermo Fisher] Waltham, MA, USA).  

Glass-bottom dishes (MatTek Corporation, Ashland, MA, USA) were coated using the 
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same technique, with minor changes in solution volumes, to ensure full coverage of the 

glass surface.   

      

Cell Culture (Cervical Cancer Cells) 

 Cervical epithelial cells were isolated from tissue purchased through the 

Coopertative Human Tissue Network as described previously.194  Both non-cancerous 

and cancerous (CXT) cervical epithelial cells were cultured in Keratinocyte Serum Free 

media (KSFM, GIBCO) at 37°C and 5% CO2.  Cells were passaged at >80% confluency 

using 0.05% trypsin/EDTA (Life Technologies, Carlsbad, CA, USA).  The trypsin was 

neutralized with KSFM containing 10% FBS (fetal bovine serum), and removed by 

centrifugation at 600 rcf for 5 minutes.  For experiments, cells were resuspended in 

KSFM and plated at the desired cell numbers.  The numbers assigned to the CXT cervical 

cancer cells (CXT2, CXT3, etc.) designate cells derived from different patients.     

 

Live/Dead Assay 

Cells (CXT or normal cervical epithelial cells) were plated at 5,000 cells/well of a 

96 well plate containing a PA coating, in 100 µL of KSFM media (GIBCO).  After the 

desired treatment time, cells were incubated with 2 µM calcein-AM and 1 µM ToPro-3 

iodide in KSFM for 30 minutes at 37°C. Then cells were imaged using a Spectramax i3x 

Microplate reader.  The images were analyzed by counting the number of calcein positive 

cells (live) and the number of ToPro-3 positive cells (dead).   
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MTT Assay 

Cells were plated at 5,000 cells/well of a 96 well plate containing a PA coating, in 

100 µL of KSFM media (GIBCO).  After the desired treatment time, cells were incubated 

with 100 µL of MTT solution (1 mM MTT in KSFM) for 4 hours.  After this incubation, 

the MTT solution was removed and replaced with 100 µL of DMSO to solubilize the 

formazan precipitate.  The absorbance in each well was measured at 555 nm using a 

Spectramax i3X Microplate reader.   

 

Circular Dichroism (CD) 

As a buffer for PA samples during CD experiments, we diluted Hank’s Balanced 

Salt Solution (HBSS) 25x in pure water.  All PAs were dissolved to 1 wt% with pure 

water, and then PAs were diluted 50x in the diluted HBSS buffer.  This PA sample (200 

uL) was loaded into a 1 mm path length quartz cuvette, and scanned on a JASCO J-815 

spectrophotometer from 190 - 250 nm.   

 

Confocal Microscopy (for PA-cell membrane interactions) 

  CXT2 cells were seeded onto 12 mm glass cover slips containing a PA coating, 

placed in a 24-well plate.  For visualization, the PA solution contained 1 wt% of a 

fluorescent analog.  For PA4, a fluorescent analog was not available, so 1 wt% of 

fluorescent PA1 was used.  Cells were harvested and labeled by incubation with a 1 µM 

solution of DiO or DiI in KSFM, at 37°C for 30 minutes.  After this incubation, cells 

were washed in KSFM twice, and centrifuged at 600 rcf for 5 minutes to remove the 

wash solutions.  After the washes, cells were resuspended with KSFM to 300 cells/uL, 
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and 50 uL of this solution (15,000 cells) was deposited onto the cover slips.  To allow 

cell attachment without disturbance, glass cover slips were incubated with this 50 uL cell 

suspension for 1 hour before more KSFM was added to fill the well.  Cells incubated 

with the PA coatings for a total of 4 hours, and then fixed using 4% paraformaldehyde 

(PFA) for 15 minutes at room temperature.  Following PFA fixation, samples were 

washed 3x with PBS and the coverslips were mounted onto glass slides.  One day after 

mounting, images were using the 63x objective on a Leica DM18 confocal microscope.  

Z-stacks were taken to capture the focal planes shown in Figure 3-4a. 

 

Live/Dead Assays Using FBS, BSA, or Cholesterol to Block Nanostructures 

 FBS, BSA, or cholesterol was added to KSFM media, and PA surfaces were 

incubated with these solutions for 2 hours prior to cell seeding.  For “pre-incubation” 

samples, these solutions were removed prior to cell seeding, and cells were seeded in 

KSFM media alone.  For “media” samples, cells were seeded in KSFM media still 

containing FBS, BSA, or cholesterol.   

LysoSensor™ Staining  

PA coatings in 96-well plates, after overnight incubation with cholesterol or BSA 

at 37°C, were incubated with 500 nM LysoSensor™ Green (Invitrogen [Thermo Fisher], 

Carlsbad, CA, USA) in 100 µL PBS for 30 minutes.  For “pre-incubation” samples, the 

PBS did not contain cholesterol or BSA.  For “media’ samples, the PBS contained 

cholesterol or BSA.  After 30 minutes, the PA coatings were rinsed with fresh PBS, 

which contained cholesterol or BSA in “media” samples but no cholesterol or BSA in 

“pre-incubation” samples.  Fluorescence measurements of each well (21 spots per well) 



 131 
were collected using a Spectramax i3X Microplate reader, with an excitation/emission of 

488nm/530nm.  The fluorescence of the 21 spots was averaged to reduce artifacts due to 

uneven PA coating.  The example shown in Figure 3-8 is a PA1 coating in a glass bottom 

dish, without any FBS, BSA, or cholesterol.   

 

Methyl-β-Cyclodextrin (MβCD).Experiments 

 Cells were plated at 5000 cells/well in a 96-well plate and allowed to equilibrate 

overnight before MβCD exposure.  After this overnight incubation, cells were exposed to 

the indicated concentrations of MβCD in KSFM media, with or without 10% FBS, for 1 

hour at 37°C.  Following MβCD exposure, cell death was quantified with a live/dead 

assay, using calcein/ToPro-3 dyes.   

 

Quantification of BSA Adsorbed to PA Gels Using a Bicinchoninic Acid (BCA) Assay 

To form PA gels, cationic PAs were first dissolved to 1 wt% with ddH2O and 

sonicated.  These solutions were gelled by exposing 20 uL of PA solutions to ammonia 

vapors for 30 minutes at room temperature, which should ionically crosslink the cationic 

lysines.  The gels were then incubated overnight with 100 uL of PBS containing the 

indicated BSA amount.  After incubation with BSA, the supernatant was collected and 

analyzed using a BCA kit through the manufacturer’s instructions (Pierce™ BCA Protein 

Assay Kit, Thermo Fisher, Waltham, MA, USA).  Briefly, the supernantant was diluted 

into BCA working reagent (25 uL sample + 200 uL working BCA reagent) and incubated 

at 37°C for 30 minutes.  Afterward this incubation, the absorbance of the samples and a 

standard curve at 562 nm were read on a Spectramax i3X Microplate reader.  The 
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concentration of BSA in the supernatant was calculated using the standard curve, and this 

concentration was subtracted from the initial BSA concentration to calculate the amount 

of BSA that had adsorbed to PA gels.   

 

NBD-Cholesterol Assay 

 NBD cholesterol (Life Technologies [Thermo Fisher], Carlsbad, CA, USA) was 

dissolved in ethanol to make a 2.5 uM stock solution, which was stored   This stock 

solution was diluted with PBS to obtain the following concentrations of NBD cholesterol: 

2 mM, 1 mM, 200 uM, 20 uM, 10 uM, 2 uM.  These solutions will be diluted 1:200 with 

PA solution, so the final NBD cholesterol concentrations in the assay will be: 10 uM, 5 

uM, 1 uM, 0.1 uM, 0.05 uM, 0.01 uM.   PAs were first dissolved to 1 wt% in pure water, 

and then further diluted with PBS to obtain a 200 uM PA solution.  The molecular 

weights of the PAs are as follows: PA1 – 1025 g/mol, PA2 – 1025 g/mol, PA3 – 1151 

g/mol, PA4 – 1025 g/mol.  In a 96-well plate, 100 uL of the 200 uM PA solution was 

mixed with 0.5 uL of the NBD cholesterol solution, at various concentrations of NBD 

cholesterol.  The plate was incubated for 1 hour in the dark at room temperature, and read 

on a CytationTM3 (BioTek, Winooski, VT, USA).  The samples were excited at 473 nm 

and the fluorescence emission collected from 500 – 600 nm.   

 

Rhodamine 123 + Propidium Iodide (PI) Time Lapse Imaging 

CXT2 cells (7,500 cells in 100 µL of KSFM) were seeded into a glass bottom 

dish, coated with PAs.  The cells were allowed to equilibrate for 1 hour at 37°C before a 

rhodamine 123 solution (5 µg/mL in KSFM) was added.  After 45 minutes at 37°C, the 
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rhodamine 123 solution was removed, the dishes were gently washed 3x with KSFM 

before adding a PI solution (1.5 mL of 1 µg/mL PI).  Cells were imaged every 5 minutes 

over 24 hours at 10X magnification, with 12 fields of view for each time point, on a 

Nikon BioStation IM live imaging microscope.   

 

ATP Assay 

 CXT2 cells were plated into 96-well plates coated with PA, and incubated on PA 

coatings for 6 hours.  After 6 hours, cells were washed once with PBS, and then 

incubated with 30 µL 0.5% trichloroacetic acid (TCA) at 4°C for 30 minutes to lyse the 

cell membranes.  After 30 minutes, TCA was neutralized with addition of 180 µL 50 mM 

tris-acetate buffer (pH 7.75).  Samples were mixed well and centrifuged at 1000g at 4°C 

for 5 minutes, and the supernatant was collected and stored at -20°C until analysis.  For 

analysis with an ENLITEN® ATP Assay (Promega, Madison, WI, USA), the supernatant 

was diluted 10x in tris-acetate buffer.  The ATP content was analyzed using the 

manufacturer’s instruction, and plates were read on a Spectramax i3X Microplate reader. 
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4 SELF-REPAIR OF SUPRAMOLECULAR NANOSTRUCTURES 
 
 

4.1 OBJECTIVE AND SIGNIFICANCE 

Supramolecular nanostructures formed through self-assembly can have energy 

landscapes, which determine their structures and functions depending on the pathways 

selected for their synthesis and processing, and on the conditions they are exposed to 

after their initial formation.  We report here on the structural damage that occurs in 

supramolecular peptide amphiphile nanostructures, during freezing in aqueous media, 

and the self-repair pathways that restore their functions.  We found that freezing converts 

long supramolecular nanofibers into shorter ones, compromising their ability to support 

cell adhesion, but a single heating and cooling cycle reverses the damage and rescues 

their bioactivity.  Thermal energy in this cycle enables non-covalent interactions to 

reconfigure the nanostructures into the thermodynamically preferred long nanofibers, a 

repair process that is impeded by kinetic traps.  In addition, we found that nanofibers 

disrupted during freeze drying also exhibit the ability to undergo thermal self-repair and 

recovery of their bioactivity, despite the extra disruption caused by the dehydration step.  

Following both freezing and freeze drying, which shorten the 1D nanostructures, their 

self-repair capacity through thermally driven elongation is inhibited by kinetically 

trapped states, which contain highly stable non-covalent interactions that are difficult to 

rearrange. These states decrease the extent of thermal nanostructure repair, an 

observation we hypothesize applies to supramolecular systems in general and is 

mechanistically linked to suppressed molecular exchange dynamics.  
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4.2 BACKGROUND 

Supramolecular self-assembly directs biological molecules into quaternary protein 

structures, lipid membranes, and DNA double helices, and is thus essential to cell 

function.  This natural phenomenon has inspired the design of self-assembling 

biomaterials for a variety of applications including regenerative medicine31, 63, 89, drug 

delivery,195 cancer therapies,196 and immuno-engineering.197  Although supramolecular 

biomaterials show great promise, a recently identified aspect of their structure and 

function is proper selection of their self-assembly pathway in order to optimize 

bioactivity.101-103  In recent work some pathways have been found to result in structures 

with greater cytotoxicity.102, 103  Even after the molecules have traversed an undesired 

self-assembly pathway, it may be possible to “repair” the “damaged” supramolecular 

structures, since their non-covalent nature provides inherent reversibility.16, 88, 198  The 

self-repair ability of supramolecular materials has been previously demonstrated in the 

context of mechanical defects.  For example, supramolecular elastomers spontaneously 

self-heal when broken pieces are brought into contact, because hydrogen bonds readily 

reform at the fracture site.199, 200  Heat201, 202 or light203 can induce rearrangement of 

intermolecular interactions near a fracture site, allowing the network to fill in the defect.  

While these strategies can mend mechanical defects, they cannot repair defective 

supramolecular nanostructures that have undergone incorrect self-assembly pathways and 

reached non-functional positions in their energy landscapes. For example, misfolded 

protein configurations are considered non-functional positions in their energy 

landscape.104
  The repair of misfolded proteins has been reported but the processes are 
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extremely cumbersome, requiring finely tuned mixtures of small molecules and 

chaperones,204-206 because the energy landscapes of protein folding are extremely 

complex.   

Our laboratory has developed a broad platform of self-assembling molecules 

known as peptide amphiphiles (PAs), which in canonical form contain a hydrophobic tail, 

a β-sheet forming peptide domain to trigger self-assembly into highly one-dimensional 

fiber-like nanostructures, and charged amino acid headgroups to promote solubility in 

water.31, 32  In some cases, the peptide sequence terminates in a bioactive domain 

designed to interact directly with cell receptors or bind specific signaling proteins such as 

growth factors.89, 108, 111, 112 We have demonstrated their functionality in a variety of in-

vivo pre-clinical models for the regeneration of bone108, cartilage111, muscle,87 blood 

vessels,112 as well as spinal cord114 and peripheral nerves.115  For regenerative medicine 

applications, our group has extensively studied the use of PAs with the peptide sequence 

V3A3E3 (Figure 4-1).  This PA self-assembles into high-aspect ratio nanofibers that can 

mimic the architecture of mammalian extracellular matrices, and also forms self-

supporting gels when the negatively charged glutamic acids are ionically crosslinked with 

divalent counterions (usually Ca2+).71, 86, 207, 208  Since PA nanostructures in solution are 

dynamic, we typically freeze dry PA solutions and store the dried powders until they are 

to be used in biological applications.  Knowing that self-assembly of PA molecules into 

nanostructures is sensitive to their preparation pathway,102, 103 we were motivated to study 

how the freeze drying process affects the PA nanoscale filaments.  Amyloid fibrils, 

another self-assembling peptide system, can fragment into shorter pieces209 or undergo 

liquid crystalline phase transformations210 when exposed to freeze-thaw cycles.  Other 
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organic nanostructures such as proteins,123 nanoparticles,124 and liposomes,125 as well as 

cells126 are often preserved by freezing or freeze drying, and thus sometimes are 

structurally damaged by ice nucleation, the use of extreme temperatures, and 

dehydration.123-126  The objective of this work has been to characterize freezing and 

freeze drying damage to PA nanostructures and explore mechanisms and strategies to 

repair their structure and function. 

 

 

Figure 4-1: Chemical structure of V3A3E3 PA.  

 
 

4.3 RESULTS AND DISCUSSION 

4.3.1 Structural Damage to Nanostructures During Flash Freezing 

Before freezing and freeze drying V3A3E3 PA solutions, we equilibrated the 

nanostructures at their thermodynamic minimum by applying a previously discovered, 

thermally activated self-assembly pathway (annealing at 80°C for 30 minutes followed by 

slow cooling overnight).71, 103  These solutions contained 1 wt% (8.66 mM) PA dissolved 

in 15 mM NaOH, conditions that lead to a low charge density on the nanostructures, 

which in turn favor β-sheet formation and thus formation of long nanofibers.103  

Therefore, the annealing procedure results in formation of highly viscous solutions.  

When this solution is flash frozen and allowed to thaw at room temperature, its viscosity 

decreases drastically, suggesting disruption of the nanofiber structure (Figure 4-2a-b).  
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Using nanoparticle tracking analysis (NTA) to visualize light scattered by nanofibers, we 

estimated their lengths in annealed and flash frozen solutions, and found that annealed 

PA nanofibers tend to be well over 10 μm long, while flash frozen nanofibers are 

generally less than 5 μm (Figure 4-2c).  Viewed under cross-polarizers, annealed 

solutions of PA nanostructures contain large birefringent monodomains (Figure 4-2d), 

while flash frozen PA contains smaller ones (Figure 4-2e), indicating shorter fibers 

forming domains with less alignment.  These observations are consistent with the 

lyotropic liquid crystalline nature of aqueous solutions formed by the nanoscale 

filaments.71 We examined individual nanofibers by cryogenic transmission electron 

microscopy (cryoTEM) from both annealed (Figure 4-2f) and flash frozen solutions 

(Figure 4-2g), confirming the previous observations. Taken together, the viscosity, light 

scattering, and microscopy data demonstrate that flash freezing long nanofibers in 

solution fractures them into significantly shorter ones.  Although long nanofibers should 

be thermodynamically favored, we infer that the short freeze-damaged nanofibers are 

kinetically trapped in a local energy minima and do not spontaneously grow back to their 

original lengths during our time of observation.  
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Figure 4-2: Flash freezing PA nanofibers. (a) Schematic representation summarizing the 
effects of flash freezing annealed PA solutions.  (b) Viscosity of annealed 
and flash frozen PA solutions (*p < 0.0001, two-tailed paired t-test; error 
bars represent standard error of mean).  (c) Box-and-whisker plot of apparent 
nanofiber lengths in annealed and flash frozen PA using nanoparticle 
tracking analysis (NTA) video frames (*p < 0.0001, two-tailed unpaired t-
test)  (d, e) Cross-polarized light micrograph of annealed and flash frozen 
PA, respectively.  (f, g) CryoTEM of annealed and flash frozen PA, 
respectively.  (h, i) SEM micrographs of annealed and flash frozen PA gels, 
respectively.  (j, k) Confocal micrographs of MC3T3 mouse preosteoblast 
cells encapsulated inside annealed and flash frozen PA gels, respectively 
(insets are TEM micrographs of cell cross-sections; scale bar for inset: 1 μm).  
(l) Fluorescence recovery after photobleaching (FRAP) experiments on 
FITC-conjugated BSA within annealed and flash frozen PA solutions and 
gels (error bars are 95% confidence intervals).  
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Knowing that flash freezing shortens nanofibers in PA solutions, we studied the 

bioactivity implications for the PA gels made up of these one-dimensional 

nanostructures.  The nanostructures can localize and deliver growth factors and provide a 

scaffold to support cell infiltration.108, 111, 211  We prepared PA gels by introducing CaCl2 

to annealed and flash frozen PA solutions, which crosslinks negatively charged glutamic 

acids with positively charged Ca2+ ions, and then examined the resultant structure of the 

gels, as well as cell and protein interactions with the gels.  Scanning electron micrographs 

(SEM) reveal that annealed PA gels contain long nanofibers (Figure 4-2h) while flash 

frozen PA gels contain shorter nanofibers (Figure 4-2i), which is consistent with our 

observations in solution.  Since cells are sensitive to nanoscale topographical cues,66-68 

we studied whether this difference would affect cellular response to the nanofibers within 

the PA gels.  We encapsulated MC3T3 mouse preosteoblasts in annealed and flash frozen 

PA gels, allowed the cells to equilibrate for 24 hours, and then imaged the cell 

morphology using actin staining.  Confocal microscopy images show that cells within 

annealed PA gels spread and elongate (Figure 4-2j), but those within flash frozen PA gels 

remain more rounded (Figure 4-2k).  For a closer view of the interface between cells and 

PA, we cut thin sections of cells inside PA gels and observed them with transmission 

electron microscopy (TEM).  These thin sections revealed that cells inside the annealed 

PA gels have a few small protrusions along otherwise smooth plasma membranes (Figure 

4-2j, inset), while cells inside the flash frozen PA gels show intense membrane blebbing 

(Figure 4-2k, inset).  Previous work has shown that cell membrane blebbing occurs in the 

earliest stages of cell spreading, with blebs maturing to adherent lamellipodia in later 

stages.212-214  Therefore, we hypothesize that the cell membrane continues blebbing after 
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unsuccessful attempts to attach to shorter, freeze-damaged fibers.  These results are 

consistent with previous work from our laboratory, which showed that chemically 

identical PA surfaces support cell adhesion better when fibers are longer.103  Taken 

together, these results indicate that freezing damage is detrimental for either 

encapsulation of cells within PA gels or the recruitment of endogenous cells when they 

need to infiltrate implanted PA gels.   

Since cells are known to be sensitive to matrix mechanical properties (i.e. 

stiffness), we also performed rheological analysis of the annealed and flash frozen PA 

gels.  We induced gelation of PA solutions with CaCl2, and were surprised to find that the 

shorter nanofibers of flash frozen PA forms stiffer gels than the longer nanofibers of 

annealed PA (Figure 4-3a-b).  Although the magnitudes of the storage and loss modulus 

are different, the frequency (Figure 4-3c-d) and strain (Figure 4-3e-f) responses of 

annealed and flash frozen PA gels are similar.  They both become stiffer and show more 

elastic behavior at higher frequencies, and both break under strain to show more viscous 

behavior.   
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Figure 4-3: Rheology of annealed and flash frozen PA.  (a) Storage modulus of annealed 
and flash frozen PA gels, formed by CaCl2 crosslinking, after an 
equilibration period.  (b) Storage modulus of annealed and flash frozen PA 
gels, during CaCl2 crosslinking for indicated amounts of time.  The storage 
modulus reported in panel a is the final data point in panel b.  Frequency 
sweep experiment of (c) annealed and (d) flash frozen PA gels after 
crosslinking in CaCl2.  Strain sweep experiment of (e) annealed and (f) flash 
frozen PA gels after crosslinking in CaCl2.  

 
 
 Next we investigated protein interactions with annealed and flash frozen PA gels, 

since PA gels are known to be effective vehicles for growth factor delivery.108, 111  We 

examined the effect of flash freezing on the ability of PA nanofibers to bind proteins 
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using bovine serum albumin (BSA).  Although BSA has an overall negative charge, it 

contains both negatively and positively charged residues, and is known to attach to either 

positively or negatively charged surfaces.215  We mixed FITC (fluorescein 

isothiocyanate)-conjugated BSA into annealed and flash frozen PA solutions, induced 

gelation with CaCl2, and imaged the gels with confocal microscopy.  We performed 

fluorescence recovery after photobleaching (FRAP) experiments by bleaching 10 μm 

diameter circles in the gels and monitoring fluorescence recovery.  Since photobleaching 

is irreversible, fluorescence recovery only occurs if unbleached FITC-BSA diffuses into 

the bleached area.  Less or slower recovery indicates less protein mobility, signifying 

stronger association with the nanofibers.  FRAP data shows that annealed and flash 

frozen PA are equally capable of immobilizing BSA within their gels, with only 10-20% 

of the initial fluorescence recovered in both cases (Figure 4-2l).  This suggests that 

protein retention by nanofibers derives from surface properties, such as electrostatic 

forces and is independent of fiber length.  Furthermore, BSA diffuses freely through PA 

solutions and recovers approximately 90% of initial fluorescence (Figure 4-2l), 

demonstrating that gelation of PA or immobilization of nanofibers into a solid structure is 

responsible for immobilization of proteins.  For applications where PA gels are intended 

only as growth factor delivery vehicles, freezing damage to the nanostructures does not 

seem to be harmful.  Although interactions with cells are sensitive to nanofiber length, 

our data indicate that their ability to retain proteins is controlled by their surface 

properties and therefore the chemical structure of PA molecules.  
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4.3.2 Self-Repair After Damage From Flash Freezing 

Considering the sensitivity of cells to nanofiber length, we proceeded to 

determine if this effect was reversible.  In light of recent work on the energy landscapes 

of peptide amphiphile self-assembly,103 we hypothesized that we could restore the 

thermodynamically preferred long nanofibers by overcoming the activation barrier to 

reach this energy minimum.  To test this hypothesis, we re-annealed the flash frozen PA 

(Figure 4-4a, left pathway), giving it the same amount of thermal energy used to create 

the original annealed PA.  The viscosity of flash frozen PA was found to increase upon 

re-annealing (Figure 4-4b), suggesting the formation of long nanofibers again.  Although 

the viscosity does not reach that of the original annealed PA solutions (Figure 4-4b), 

several techniques show the reappearance of long nanofibers.  Cross-polarized light 

microscopy shows large birefringent monodomains (Figure 4-4c) and cryoTEM reveals 

long nanofibers (Figure 4-4d), similar to the original annealed PA (Figure 4-2). Most 

importantly, cells spread and elongate within re-annealed PA gels (Figure 4-4e), 

demonstrating that flash frozen and re-annealed nanofibers regain the ability to promote 

cell adhesion.  Furthermore, flash frozen and re-annealed nanofibers still retain the ability 

to bind BSA protein (Figure 4-5).  These data demonstrate that, given thermal energy to 

rearrange supramolecular interactions, freeze-damaged PA nanostructures successfully 

self-repair. 
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Figure 4-4: Self-repair after damage from flash freezing.  (a) Two flash freezing 
pathways for PA solutions, with (left) and without (right) annealing prior 
to freezing. (b) Viscosity of annealed, flash frozen, and re-annealed PA 
(*p = 0.0002 **p = 0.0006, two-tailed paired t-tests; error bars represent 
standard error of mean).  (c) Cross-polarized micrograph of re-annealed 
PA.  (d) CryoTEM of flash frozen and re-annealed PA.  (e) Confocal 
micrograph of MC3T3 mouse preosteoblast cells encapsulated within 
flash frozen and re-annealed PA gel and visualized by actin staining 
(green). (f) Viscosity of PA solutions after annealing freshly dissolved 
material, and after annealing freshly dissolved material that was flash 
frozen prior to annealing (p = 0.0341, two-tailed paired t-test; error bars 
represent standard error of mean).  (g) CryoTEM of freshly dissolved PA 
solution.  (h) CryoTEM of freshly dissolved PA solution that has been 
flash frozen (right pathway). 
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Figure 4-5: Effect of flash freezing on protein interactions with PA.  Fluorescence 

recovery after photobleaching (FRAP) experiments on FITC-conjugated 
BSA, encapsulated within annealed and flash frozen/re-annealed PA gels 
(error bars are 95% confidence intervals).   

 
 

Although re-annealing successfully repairs structural and functional damage, we 

wanted to understand why the solution viscosity does not return to its original value.  We 

hypothesized that when PA solutions are flash frozen, forces exerted by ice crystals 

mechanically break the supramolecular nanofibers. However, since they were formed 

under conditions of high charge screening, the long annealed nanofibers likely contain 

highly cohesive β-sheets,103 which become kinetically trapped in the short fibers. We 

omitted the first annealing step before flash freezing, and instead flash froze freshly 

dissolved PA and immediately annealed it (Figure 4-4a, right pathway).  We found that 

this flash freezing pathway did not result in a reduction of the post-annealing viscosity.  

In fact, this pathway resulted in a small but statistically significantly increase in viscosity 

after annealing (Figure 4-4f).  CryoTEM images of freshly dissolved PA (Figure 4-4g) 

and flash frozen freshly dissolved PA (Figure 4-4h) show no obvious differences between 

the two conditions, in contrast to the drastic change observed after flash freezing 
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annealed PA (Figure 4-2).  Flash freezing annealed PA activates a pathway that results in 

a metastable state of short fibers with cohesive β-sheets, an energy landscape position 

that is not reached when flash freezing non-equilibrium nascent nanostructures in freshly 

dissolved PA.  Indeed, circular dichroism (CD) experiments show that flash frozen PA 

solutions retain a characteristic β-sheet signature (Figure 4-6), in contrast to 

thermodynamically stable short nanofibers that exhibit a random coil CD signature, 

reported in previous work from our laboratory.103  We note that supramolecular 

assemblies can scatter circularly polarized light, which can interfere with CD 

experiments, and is likely contributing to the positive peak intensity in the annealed PA.  

When the annealed PA is flash frozen and the nanofibers break into shorter ones, they 

scatter less light so the positive peak intensity decreases.  Despite these interferences 

from the supramolecular assemblies, the characteristic β-sheet signature (negative peak 

around 220 nm, positive peak around 202 nm) is apparent.   

 

 
 

Figure 4-6: Circular dichroism of annealed and flash frozen PA.  
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Using super-resolution microscopy, our laboratory previously showed that 

molecular exchange occurs between different nanofibers in solution,81 and we presume 

that this exchange is necessary for elongation of nanofibers.  We hypothesize that 

annealed PA nanofibers have slower exchange rates than freshly dissolved metastable 

assemblies, possibly due to a higher coherence length of β-sheets along the nanofiber.  

This β-sheet configuration and slower exchange rate persists into the short freeze-

damaged nanofibers, making them more resistant to change during re-annealing. In 

contrast the un-annealed assemblies prior to freezing are in non-equilibrium states which 

must have shorter β-sheet coherence lengths, and are thus more likely to exchange 

molecules and molecular clusters to build stable nanofibers.  Furthermore, we speculate 

that nanofiber endcaps in metastable assemblies contain “defects” in the β-sheet structure, 

and are thus highly dynamic areas where PA molecules can more easily join the 

nanofiber or break off to join a longer nanofiber.  When long annealed nanofibers are 

physically fractured, perhaps the newly created endcaps retain order in their hydrogen 

bonds and are thus less dynamic.   

 

4.3.3 Flash Freezing Versus Slowly Freezing 
 

To further explore how freezing affects PA assemblies, we performed 

experiments where we slowly froze annealed PA nanofibers, as opposed to flash freezing 

them in liquid nitrogen.  A slower freezing process should result in larger ice crystals, as 

well as prolong the time that nanostructures in solution are exposed to cold temperatures 

and ice nucleation. Instead of flash freezing the PA solutions with liquid nitrogen, the 

solutions were allowed to equilibrate in a -20°C freezer.  Slowly freezing PA solutions 
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decreases the viscosity (Figure 4-7a), similar to flash freezing PA (Figure 4-2b).  

However, we found that re-annealing slowly frozen PA solutions allows the solutions to 

recover, on average, their original viscosity (Figure 4-7a). To determine if exposure to 

cold temperature alone disrupted nanostructures, we equilibrated PA solutions in a 4°C 

refrigerator overnight.  This refrigeration, after which no solid ice was observed, does not 

decrease the PA solution’s viscosity (Figure 4-7b).  Furthermore, cross-polarized 

microscopy shows smaller monodomains in slowly frozen PA solutions (Figure 4-7c), 

similar to flash frozen PA solutions (Figure 4-2e), and larger monodomains in 

refrigerated PA solutions (Figure 4-7d), similar to the original annealed PA (Figure 4-2d).  

In both slowly frozen (Figure 4-7e) and refrigerated (Figure 4-7f) samples, cryoTEM 

images show long nanofibers extending beyond the field of view, which must not be 

sufficiently large to capture fiber length differences at this scale.  Interestingly, cryoTEM 

was able to capture the shorter length of flash frozen PA nanofibers (Figure 4-2g), which 

showed an approximate 75% decrease in viscosity (Figure 4-2b) relative to annealed PA, 

while slowly frozen PA nanofibers showed an approximate 53% decrease (Figure 4-7a).  

These data suggest that slowly frozen nanofibers are longer than their flash frozen 

counterparts, possibly because slower ice nucleation reduces the rate of nanofiber 

rupture, thus requiring less repair. Furthermore, slowly frozen nanofibers may have less 

cohesive β-sheets than flash frozen nanofibers, which allows them to rearrange more 

easily during subsequent annealing.  While flash frozen nanofibers solidify long before 

their hydrogen bonds can be destabilized, PA nanofibers in the liquid portion of a 

partially frozen solution may adsorb to ice crystals, which may destabilize their hydrogen 
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bonds.  For proteins, infrared spectroscopy has shown that, in partially frozen systems, 

adsorption to ice crystals can result in loss of secondary structure.216 

 

 
 

Figure 4-7: Slowly freezing and refrigerating PA.  (a) Viscosity of annealed, slowly 
frozen, and re-annealed PA (*p = 0.0062 **p = 0.0053, two-tailed paired t-
tests (error bars represent standard error of mean).  (b) Viscosity of annealed 
PA and refrigerated PA (two-tailed paired t-test). (c, d) Cross-polarized 
micrographs of slowly frozen PA and refrigerated PA, respectively.  (e, f) 
CryoTEM of slowly frozen PA and refrigerated PA, respectively.  

 

4.3.4 Damage and Self-Repair after Freeze Drying 

After characterizing the self-repair of PA nanofibers from freezing, both rapidly 

with liquid nitrogen and slowly within a freezer, we were motivated to explore the 

consequences on bioactivity after freeze drying. From a functional point of view, the 

nanostructures should be stored dried rather than frozen in the hydrated state before 

coming into contact with living tissues. Since flash freezing breaks long nanofibers into 
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shorter ones (Figure 4-2), we expected that freeze drying would have a similar effect.  

Also, since the volume of PA nanofibers contains water molecules that contribute to their 

self-assembly,208 we expected that the added dehydration step would disrupt the 

nanofibers even further than freezing alone.  Since the presence of water triggers self-

assembly and directs hydrogen bonding of PA molecules as a result of hydrophobic 

collapse, we hypothesized that nanofibers would easily “re-assemble” after freeze drying 

as the nanostructured material is reconstituted as aqueous solutions.  We freeze dried 

(flash freeze with liquid nitrogen followed by sublimation of water under vacuum) and 

reconstituted annealed PA solutions (Figure 4-8a, left pathway) and found that the 

viscosity decreases, similar to what we found in the case of the flash freezing pathway 

(Figure 4-8b).  Re-annealing this reconstituted PA (Figure 4-8a, left pathway) increases 

the viscosity, but not to the original value (Figure 4-8b).  Despite the lower viscosity, PA 

nanofibers “re-created” after freeze drying form large aligned monodomains (Figure 

4-8c), appear long by cryoTEM (Figure 4-8d), and the gels they form are capable of 

supporting cell spreading and adhesion (Figure 4-8e) as well as retaining BSA protein 

(Figure 4-9).  Thus these nanostructures remain bioactive, similar to those exposed to 

flash freezing and re-annealed.   
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Figure 4-8: Self-repair after damage from freeze drying.  (a) Two freeze drying pathways 
for PA, with (left) and without (right) annealing prior to freeze drying.  (b) 
Viscosity of annealed, freeze dried, and re-annealed PA (*p = 0.0007 **p = 
0.0007 ***p = 0.0102, two-tailed paired t-tests, error bars represent standard 
error of mean).  (c) Cross-polarized light micrograph of freeze dried and re-
annealed PA. (d) CryoTEM of freeze dried and re-annealed PA. (e) Confocal 
micrograph of MC3T3 mouse preosteoblast cells encapsulated inside freeze 
dried and re-annealed PA gel, visualized by actin staining.  (f) Viscosity of 
PA after annealing freshly dissolved solution, and annealing freshly 
dissolved solution that has been freeze dried (not significant, two-tailed 
paired t-test, error bars represent standard error of mean).  (g) CryoTEM of 
PA immediately after reconstitution of powder, freeze dried from an 
annealed PA solution (left pathway).  (h) CryoTEM of PA immediately after 
reconstitution of powder, freeze dried from a freshly dissolved solution (right 
pathway).    
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Figure 4-9: Effect of freeze drying on protein interactions with PA.  Fluorescence 
recovery after photobleaching (FRAP) experiments on FITC-conjugated 
BSA, encapsulated within annealed and freeze dried/re-annealed PA 
solutions and gels (error bars are 95% confidence intervals).   

 

We also note that small angle x-ray scattering (SAXS) of PA nanofibers show 

very minor changes during both flash freezing and freeze drying and subsequent re-

annealing (Figure 4-10) demonstrating that the fibrous geometry is maintained, even as 

hydrogen bonds are rearranging and nanofiber length is changing. 
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Figure 4-10: Small angle x-ray scattering of PA during freezing and freeze drying.  (a) 
Small angle x-ray scattering (SAXS) profiles of freshly dissolved PA, and 
PA that is then annealed, flash frozen, and re-annealed. (b) SAXS profiles 
of freshly dissolved PA, and PA that is then annealed, freeze-dried, and re-
annealed.  

 

We then investigated whether omitting the annealing step before freeze drying 

would prevent the decrease in viscosity (Figure 4-8a, right pathway), similar to our 

experiment with flash freezing freshly dissolved PA before annealing (Figure 4-4a, right 

pathway). Bypassing annealing before freeze drying will generally prevent a decrease in 

viscosity (Figure 4-8f), similar to bypassing annealing before flash freezing (Figure 4-4f).  

However, this trend is not as consistent when freeze drying PA, with some experiments 

showing a decrease in viscosity and others showing an increase, and thus on average a 

change in viscosity is not observed (Figure 4-11).  
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Figure 4-11: Variation in PA after freeze drying.  (a) Variation between three 
experiments for annealing PA, with and without flash freezing before 
annealing. All three experiments show a small increase in viscosity if PA 
is flash frozen before annealing, and the average is reported in Figure 
4-4f.  (b) Variation between six experiments for annealing PA, with and 
without freeze drying before annealing. The first two experiments show 
an increase in viscosity if PA is freeze- dried before annealing, but the 
third experiment showed a decrease in viscosity. The experiment was 
repeated three more times, with varying results. On average, the viscosity 
does not change with freeze drying before annealing, which is reported in 
Figure 4-8f. 

 

CryoTEM images of PA immediately after reconstitution, following freeze drying 

from annealed PA solution (Figure 4-8g) and freshly dissolved solution (Figure 4-8h), 

show no obvious differences, and both also appear similar to the original freshly 

dissolved PA (Figure 4-4g).   While the cryoTEM micrographs appear very similar, we 

speculate that freezing annealed PA preserves the cohesive β-sheets of long nanofibers, 

which persist into the melted (flash frozen) or dried (freeze dried) states.  Although 

nanostructures are disrupted during freeze drying, the preserved β-sheets diminish the 

system’s ability to rearrange during subsequent annealing. These preserved β-sheets can 

be avoided if PA is not annealed before freeze drying, however, in contrast to the case of 

just freezing this processing pathway will not always prevent a decrease in viscosity 
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(Figure 4-11). We therefore suspected that the dehydration process was causing other 

changes to PA self-assembly in addition to those introduced by freezing alone, which do 

not appear to occur in a reproducible manner.   

 

4.3.5 Effect of Freeze Drying Conditions on Self-Repair 

To investigate how freeze drying affects self-assembly of the PAs investigated, 

we varied freeze drying conditions.  We hypothesized that freeze drying could increase 

the electrostatic charge on headgroups of PA molecules by converting the glutamic acids 

into their conjugate salt form.  The added negative charges would add repulsive forces 

among PA molecules, thus decreasing their propensity to self-assemble and changing 

their energy landscape.103  Previous work on freeze drying of proteins has shown that 

their ionization states in solution persist into the dried state, leading to a phenomenon 

called “pH memory.”217, 218  Because the solution pH determines the ionization states, 

freeze dried proteins “remember” the pH of the aqueous solution from which they were 

dried.217, 218  This “remembered” ionization state persists if the proteins are reconstituted 

into organic solvents, but is “erased” if proteins are reconstituted into aqueous media with 

a new pH value.217  In the case of freeze drying PAs, the three headgroups are 

“remembered” as either protonated glutamic acids or deprotonated glutamate salts.  

Although these ionization states can change upon reconstitution with aqueous media, the 

relative amount of glutamic acids versus glutamate salts in the PA powder will be 

determined by the previous freeze drying step.  If this powder is reconstituted with pure 

water, which has no buffering capacity, the amount of conjugate acid versus conjugate 
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base that was present can continue to exert an effect.  During self-assembly, the three 

glutamic acid side chains interact with each other and with neighboring molecules, which 

can affect their ionization state.  Under our specific stoichiometric conditions (15 mM 

NaOH to 8.66 mM PA, which contain 26 mM glutamic acids), we expect a wide range of 

possible ionization state configurations within the assembled nanostructures.  When the 

PA is freshly dissolved and metastable, these configurations are likely to be highly 

dynamic, and perhaps highly variable from sample to sample.  Upon drying in the 

presence of a non-volatile base like NaOH, we speculate that this variable configuration 

of ionization states gets kinetically trapped, with some Na+ ions bound to the glutamate 

residues, maintaining them as glutamate salts, and others existing as phase separated 

NaOH powder.  Thus, the large variation in possible ionization state configurations and 

NaOH powder amounts after freeze drying can lead to variations in energy landscapes 

upon reconstitution of PA.  

To better control the ionization states of the PA’s glutamic acids after freeze 

drying, we freeze dried PA from solutions containing a volatile base (NH4OH instead of 

NaOH).  Previous work has shown that the pH memory effect in proteins is suppressed 

when they are dried from solutions containing volatile buffers.218 The drying process 

removes the volatile buffers, leaving behind uncharged residues, effectively removing 

any “memory” of the ionization state in buffered solution.218  Unlike NaOH, NH4OH 

cannot remain in the freeze dried powder as a solid, and NH4
+  ions are not likely to 

remain bound to glutamate residues, as the removal of NH3 gas under vacuum would 

deplete the NH4
+ ions by Le Chatelier’s principle (NH4

+COO-  NH3 + COOH).  Thus, 

our strategy was to add excess volatile NH4OH (1% volume/volume) to deprotonate PA 
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as much as possible before freeze drying, and to add a specific amount of NaCl (non-

volatile salt) to control the number of glutamic acid residues that remain ionized after 

freeze drying.  While PA powder freeze dried from NaOH dissolves easily when 

reconstituted in pure water, PA powder freeze dried from NH4OH is not soluble (Figure 

4-12a), suggesting that the glutamic acids are left non-ionized and the base has also been 

removed.  However, when we add 15 mM NaCl to the solution before freeze drying, the 

resulting powder was found to be water-soluble (Figure 4-12a).  In contrast, the PA 

powder is also not soluble if the NaCl is added later (by freeze drying without salt and 

reconstituting in 15 mM NaCl).  This suggests that the positive Na+ ions form sodium 

glutamate salts with the PA, increasing its solubility above that of PA with glutamic 

acids.  We measured UV-visible absorbance of the supernatant in these samples to 

estimate the concentration of soluble peptide (Figure 4-12b), which confirmed our visual 

observations on the solubility.   
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Figure 4-12: Freeze drying PA in a volatile solvent.  (a) Photographs of PA solutions 
after freeze drying and reconstitution, using solvents indicated in chart. (b) 
UV-visible absorbance spectra of freeze dried PA solutions from panel a. 
(c) UV-visible absorbance spectra of freeze dried PA solutions immediately 
after reconstitution, with indicated concentrations of NaCl present during 
freeze drying. (d) Approximate pH values of freeze dried PA solutions after 
reconstitution and subsequent annealing, with indicated concentrations of 
NaCl present during freeze drying.  (e) Viscosity of freeze dried PA 
solutions after annealing, with indicated concentrations of NaCl present 
during freeze drying (15mM NaCl sample is significantly different from all 
other samples, p < 0.05, two-tailed paired t-test; error bars represent 
standard error of mean).  
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We then varied the concentration of NaCl in solution before freeze drying to see if 

we could control the extent of ionization in the final dried PA.  We dissolved 8.66 mM (1 

wt%) PA with a fixed amount of NH4OH (1% volume/volume), and varied the 

concentration of NaCl in the solution (4, 8.5, 15, 26, 50, 150 mM).  These samples, 

containing a total of 26 mM ionizable carboxylic acids (8.66 mM PA, three glutamic 

acids per V3A3E3 PA), were freeze dried and reconstituted with pure water.  UV-visible 

spectroscopy shows that as low as 4 mM NaCl increases the PA solubility, and that PA 

solubility improves up to a maximum at 15 mM NaCl (Figure 4-12c).  To further explore 

the idea that the NaCl controls the ionization state of the PA’s glutamic acids, we then 

annealed the fully soluble PA solutions (those containing 15 – 150 mM NaCl) and 

measured the approximate pH.  Since PA immediately after reconstitution is metastable 

and highly dynamic, we compared the annealed solutions, which should contain more 

stable nanostructures.  The PA solution freeze dried from 15 mM NaCl is more acidic 

than PA freeze dried from higher NaCl concentrations (Figure 4-12d), suggesting that it 

contains fewer carboxylic acids in the deprotonated, ionized state than samples with more 

added NaCl.  All samples had been exposed to the same amount of NH4OH base and 

NaCl alone does not affect the pH of water (Figure 4-13).   
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Figure 4-13: The pH of 1% NH4OH + NaCl solutions, that were freeze-dried, 
reconstituted, and then annealed.  These solutions contained no PA.   

 

 

At 15 mM NaCl, there are enough Na+ ions to maintain approximately two out of 

three carboxylate anions per PA molecule, while at least 26 mM of Na+ ions is sufficient 

to stabilize all three carboxylate groups.  Taken together, the solubility and pH data 

suggest that the presence of NaCl during freeze drying determines how many glutamate 

salt residues on the PA’s headgroups will be maintained into the dried state, and thus the 

amount of negative charges on the PA nanostructures after reconstitution in pure water.   

In this specific case, PA freeze dried with 15 mM NaCl contains less negative charge 

than PA freeze dried with higher amounts of NaCl since this sample has less Na+ ions to 

maintain negatively charged carboxylate groups during freeze drying.      

Since increased charges on the PA are known to promote repulsive forces and 

change the energy landscape,103 we expected that the change in the PA’s charged state, 

induced by certain freeze drying conditions, would affect PA self-assembly.  Indeed, PA 

freeze dried from 15 mM NaCl is significantly more viscous than PA samples with higher 

NaCl concentrations (Figure 4-12e), which is likely due to the lower negative charge on 
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the 15 mM NaCl sample, suggested by the solution’s more acidic pH (Figure 4-12d).  

Previous work has shown that increased pH can increase the electrostatic charge on 

acidic PA molecules, which disrupts their self-assembly,219 and our experiments show 

that simply adding more NaOH base to a PA solution will result in lower viscosity after 

annealing (Figure 4-14). 

 

 

Figure 4-14: PA viscosity experiments with varying pH.  

 

When approximately all three glutamic acids are deprotonated instead of two, the 

added charge frustrates self-assembly by introducing repulsion between PA molecules, 

shifting the thermodynamic minimum to relatively shorter, less cohesive nanofibers.  The 

self-repair capacity of PA nanostructures relies on the “functional” long nanofibers 

existing at an energy minimum that can be accessed with equilibration through the use of 

thermal energy.  The NH4OH and NaCl experiments suggest that certain processing steps, 

particularly freeze drying, can shift this energy landscape minimum and thus complicate 

self-repair.  When freeze drying freshly dissolved PA in NaOH, these energy landscape 

shifts varied from sample to sample, due to the wide range of possible ionization states 

within highly dynamic nanostructures and the ability of Na+ ions to exist in either phase-
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separated NaOH powder or sodium glutamate conjugates on the PA.  Using NH4OH and 

NaCl, we were able to better control the PA’s ionization states and shed light on the 

possible mechanism through which freeze drying causes shifts in energy landscape.  

Taken together, the solubility, pH, and viscosity experiments (Figure 4-12) suggest that 

counterions present during freeze drying can increase the net charge on the PA by 

maintaining conjugate salt groups, which can change the energy minimum in the PA’s 

energy landscape.  In this specific case, Na+ ions present during freeze drying of V3A3E3 

PA maintain the glutamic acid residues as negatively charged glutamate salts, which 

introduces charge repulsion and disrupts self-assembly, thus shifting the energy minimum 

to shorter nanofibers that produce a less viscous solution.  When the source of these Na+ 

ions is NaOH, these energy landscape shifts happen in a highly variable way because the 

amount of glutamate salts after freeze drying is not easily controlled.  This variation is 

reduced when NaCl is the source of Na+ ions, and this way the amount of glutamate salts 

after freeze drying can be controlled.   

 

4.3.6 Ionic Reactions During Freeze Drying 

 At 1 wt% (8.66 mM) PA, and three carboxylic acids per PA molecules, there are a 

total of 26 mM carboxylic acids.  As described above, we found that freeze drying 1 wt% 

PA dissolved in 1% NH4OH results in a powder that is not soluble in pure water.  Adding 

4 mM and 8.5 mM NaCl to the 1% NH4OH solution improves the freeze dried powder’s 

solubility, but at least 15 mM NaCl is required to confer full solubility (Figure 4-12).  We 

presume that 15 mM of Na+ ions have bound to the carboxylate anions of the PA, 
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maintaining them in their sodium carboxylate salt form, which is more soluble than the 

acid form.  Higher concentrations of NaCl (26, 50, 150 mM) also confer full solubility.  

This data suggests that slightly less than 2/3 (15/26 mM) carboxylic acids must be 

deprotonated to carboxylate salts to fully dissolve PA at 8.66 mM.  This is consistent 

with the observation that around 15 mM NaOH is required to dissolve the PA to 8.66 

mM, which is how all experiments described above (in this Chapter) were performed.   

When the samples are freeze dried from aqueous NaOH, positive Na+ ions that 

can stabilize carboxylate anions and hydroxide ions required to initially dissolve the PA 

originate from the same source.  In the final freeze dried powder, some Na+ ions may be 

associated with PA while others exist in NaOH powder, and the exact distribution is 

likely not reproducible due to the dynamic nature of freshly dissolved, metastable PA 

before freeze-drying.  Freeze drying in a volatile base (NH4OH) and non-volatile salt 

(NaCl) separates the source of hydroxide ions to initially dissolve PA and the source of 

non-volatile counterions that “fix” the PA’s ionization state into the dried state.  We 

speculate that the effect of freeze drying on the PA’s ionization state can depend on 

complex equilibria between ionic reactions during freeze drying.  During freeze drying, 

the equilibrium between NH4
+ and NH3 will be significantly shifted towards NH3 as it is 

continuously removed under high vacuum, depleting the system of NH4
+ ions that can 

stabilize carboxylate anions.  When PA is freeze-dried in 15 mM NH4Cl instead of 15 

mM NaCl, along with the same concentration of 1% NH4OH, the solubility after 

reconstitution is decreased but still above that of NH4OH alone (Figure 4-15). 
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Figure 4-15: UV-visible absorbance of PA freeze-dried from 1% NH4OH, without and 
with two different types of salts (NaCl and NH4Cl).   

 

This is consistent with a previous finding that “partial” pH memory was observed 

when freeze drying in buffers with one volatile component and one non-volatile 

component (i.e. (NH4)2HPO4).218 We speculate that this effect is due to complex ion 

equilibriums, and ions cannot be classified as simply “volatile” or “non-volatile.”  For 

example, we presume that NH3 gas is volatile but NH4
+ ions are not.  When freeze drying 

PA in NH4Cl and NH4OH vs. NH4OH alone, the equilibrium between NH4
+ ions and NH3 

will still deplete the system of NH4
+ ions that can stabilize carboxylate anions.  However, 

the presence of Cl- ions may help drive the equilibrium back towards NH4
+ ions.  Because 

HCl is a strong acid, H+ ions will be inclined to fully dissociate from Cl- ions, thus 

pushing the equilibrium towards NH4
+ ions.  In the absence of Cl- ions, H+ ions react with 

OH- to form water that sublimes away.  These reactions are illustrated below: 

 

𝑁𝑁𝑁𝑁4+ + 𝑂𝑂𝑁𝑁−  ↔ 𝑁𝑁𝑁𝑁3 + 𝑁𝑁2𝑂𝑂     (1) 

  𝑁𝑁𝑁𝑁4+ + 𝐶𝐶𝐶𝐶−  ↔  𝑁𝑁𝑁𝑁3 + 𝑁𝑁𝐶𝐶𝐶𝐶     (2)   
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In equation 1, as NH3 gas is removed and H2O is sublimed under vacuum, by Le 

Chatelier’s principle, the equilibrium will shift to the right and deplete the system of 

NH4
+ ions.  In equation 2, although NH3 gas will also be removed, the propensity of HCl 

to remain dissociated will provide a driving force to push the equilibrium towards the 

left.  We speculate that if the PA headgroups were sufficiently acidic, they would be 

capable of driving the equilibrium towards NH4
+ ions and maintaining them into the dried 

state.  Although supramolecular rearrangements likely do not occur in the frozen, solid 

state, we presume that ionic reactions may still occur.  However, solution-state 

supramolecular configurations before freeze drying may affect the effective ionization 

potential (i.e. pKa) of PA, which may affect ionic reactions during freeze drying.  We 

also note the freeze drying process itself can have an affect on the ionic reactions.  In all 

work presented here, the samples were freeze dried on a port-type freeze dryer, which 

does not provide temperature control of the sample.  We hypothesize that the temperature 

during drying can have an effect on the rate of the ionic reactions described above.  This 

work has focused mainly on the affect of the solvent the PA molecules are freeze dried 

in, but we speculate that different drying cycles could yield different results.   

 

4.3.7 Kinetics of Self-Repair 

Peptide amphiphile nanofiber elongation – either during initial annealing or re-

annealing a damaged state – is limited by the kinetics of self-assembly.  Even when long 

nanofibers are the clear thermodynamic minimum, the PA’s intermolecular hydrogen 

bonds do not instantly arrange into this configuration, and instead must overcome an 

energy barrier to do so.  We speculate that the exact kinetics to reach the thermodynamic 
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minimum is dependent on both the PA sequence and the solvent conditions.  For the 

V3A3E3 PA used in this work, we studied the affects of various heating times at 80°C 

(experiment schematic in Figure 4-16a), on freshly dissolved PA solutions containing 1 

wt% PA dissolved in 15 mM NaOH.  For these experiments, the PA solutions were not 

slow cooled overnight after heating, and were instead cooled immediately by submersion 

in water at room temperature.  We speculate that the slow cooling step allows nanofibers 

to better equilibrate, but we skipped this step to better observe the effects of heating 

alone.  This data shows that the viscosity increases gradually during 30 minutes of 

heating, the total amount of time used in the standard annealing procedure (80°C 30 

minutes, slow cool overnight).71, 103  Rapidly cooling the sample does not compromise the 

heat-induced increase in viscosity, suggesting that the majority of nanofiber elongation 

occurs during heating, which provides energy for hydrogen bonds to rearrange towards 

their thermodynamic minimum.  However, we speculate that the slow cooling step allows 

for better equilibration of the hydrogen bonds.   

 To corroborate the viscosity data, we also performed dynamic light scattering 

(DLS) experiments.  Because DLS assumes a spherical model, the measured sizes do not 

accurately reflect the length of nanofibers; however, trends between samples can still be 

observed.  The DLS data shows the same trend as the viscosity data, with the measured 

size increasing gradually during the 30 minutes of heating.  The correlation function 

shifts to longer lag times, indicating larger objects (Figure 4-16c).  Cross-polarized light 

micrographs of PA show that the samples become birefringent upon with only 5 minutes 

of heating, indicating the formation of liquid crystalline structures after this short heating 

time. 
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Figure 4-16: Heating PA for various times.  (a) Schematic showing experimental set-up 
for heating freshly dissolved PA for various times.  RT: Room temperature. 
(b) Viscosity of PA heated for various times as described in panel a.  (c) 
Dynamic light scattering (DLS) data for PA heated for various times as 
described in panel a.  The left graph shows the measured size, while the 
right graph shows the correlation function used to calculate this size.  The 
inset shows a zoomed in portion of the graph.  (d-h) Birefringence 
micrographs of PAs heated for various times as described in panel a.   

 

 The above data show that for freshly dissolved PA solutions, self-assembly into 

thermodynamically preferred long nanofibers does not occur instantly, and that the 

amount of thermal energy given to the system controls the kinetics of nanofiber 



 169 
elongation.  After freezing or freeze drying, which do not change the chemical identity of 

the PAs, we speculate that the kinetics to elongate towards a thermodynamic are similar 

to freshly dissolved PA.  As described above, freeze drying can shift the thermodynamic 

minimum to shorter nanofibers by increasing the charge density on the PA’s headgroups.  

In this case, the “original” long nanofibers cannot be recovered, because they are no 

longer the thermodynamic minimum.  However, nanofiber elongation towards the new 

thermodynamic minimum is still dependent on thermal energy input, similar to PA that 

has not been freeze dried.  We performed dynamic light scattering (DLS) experiments on 

1 wt% PA that had been freeze dried in 1% NH4OH and 15 mM NaCl, and then 

reconstituted in pure water.  After reconstitution, the PA was first diluted to 1 mM  with 

pure water (from 8.66 mM, 1 wt%), and then heated for 10 minutes at 65°C, 80°C, or 

95°C.  This solution was cooled by submersion in room temperature water, after which 

DLS measurements were taken.  The DLS data show that higher temperatures lead to a 

larger measured size on the DLS, suggesting more elongation of nanofibers (Figure 

4-17a).  After freeze drying, the PAs do not instantly reach their thermodynamic 

minimum upon reconstitution, similar to freshly dissolved PA in NaOH (Figure 4-16).  

Instead, the elongation kinetics depend on the amount of thermal energy the system 

receives, in this case, controlled by varying temperature.   

Annealed and flash frozen PA does not reach its original viscosity after re-

annealing (Figure 4-4), which we hypothesized was due to kinetic traps hindering 

elongation.  Unlike freeze drying, during which complex ionic reactions can occur 

(Figure 4-12), flash freezing should not alter the overall charged state of the PA’s 

headgroups and thus the thermodynamic minimum should not have shifted.  Thus, we 
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speculate that – in theory – the original viscosity can be recovered by re-annealing at a 

higher temperature or for a longer time period, which should remove the kinetic barrier to 

reach the thermodynamic minimum.  Experimentally, these procedures carry the risk of 

solvent evaporation during heating.  We have observed the formation of condensation on 

the sides and cap of the Eppendorf tubes, which changes the concentration of PA in the 

bulk solution.  We performed an experiment where we annealed and flash froze PA, and 

then re-annealed for 30 minutes as well as 60 minutes.  We measured the viscosity of the 

original annealed PA (orig.), PA that was flash frozen and re-annealed for 30 minutes 

(re30), and PA that was flash frozen and re-annealed for 60 minutes (re60).  We obtained 

inconsistent results for samples that were re-annealed for 60 minutes (Figure 4-17b).  

Whereas the data on heating freshly dissolved PA up to 30 minutes shows a steady 

increase in viscosity with increased heating time (Figure 4-16), re-annealing flash frozen 

PA for 60 vs. 30 minutes shows no consistent trend.  In one experiment it reaches the 

original viscosity, in another one it seems to be slightly lower than the sample re-

annealed for only 30 minutes (Figure 4-17).  We hypothesize that longer heating times 

can introduce more error due to solvent evaporation and increased condensation within 

the tube.  Indeed, this may happen to a certain extent during the heating procedures used 

in this work (30 minute at 80°C).  However, we note that while the data on re-annealing 

for 60 minutes is not consistent, re-annealing for 30 minutes consistently did not reach 

the original annealed viscosity.  This is consistent with the data in Figure 4-4, and these 

are completely separate experiments from the ones shown in that Figure.     
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Figure 4-17: PA nanofiber elongation with temperature and time.  (a) Dynamic light 
scattering experiment on freeze-dried PA (freeze-dried in 1% NH4OH + 15 
mM NaCl), heated for 10 minutes at various temperatures.  (b) Viscosity of 
annealed, and flash frozen and re-annealed PA.  “Orig.” refers to the 
original annealed PA, “re30” refers to PA that was flash frozen and re-
annealed for 30 minutes, and “re60” refers to PA that was flash frozen and 
re-annealed for 60 minutes.   

 

4.4 CONCLUSIONS 

We have described a thermally activated self-repair pathway for PA 

nanostructures, which can restore long nanofibers after they break into shorter ones.  

Long nanofibers are superior to shorter ones in supporting cell adhesion, and the repair 

pathway was able to recover this biological function.  This self-repair pathway works by 

overcoming the activation barrier to return the system to the thermodynamically preferred 

long nanofibers.  Some thermal histories will result in kinetic traps that impede this 

thermal repair process, specifically annealing prior to freezing or freeze drying will result 

in short nanofibers containing highly cohesive internal structures that suppress the ability 

of nanostructures to re-elongate.  Since this self-repair pathway succeeds when thermal 

energy reconfigures the system towards an energy minimum containing the long 

nanofibers necessary for bioactivity, any pathway that shifts this minimum will 
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complicate the repair process.  This was demonstrated by our freeze drying experiments, 

where the dehydration process can increase the electrostatic charges on PA 

nanostructures.  In contrast, freezing alone should not change the PA’s net charge and 

shift the energy minimum, so “incomplete” self-repair may be attributed purely to kinetic 

traps.  In principle, longer heating times or higher temperatures should overcome the 

energy barrier to achieve “complete” self-heating, but can lead to solvent evaporation or 

precipitation, thus altering solution concentrations (Figure 4-17). Such kinetic traps 

should therefore be avoided through the design of processing pathways.  The self-repair 

capacity of supramolecular nanostructures is highly possible, but must be optimized by 

careful selection of processing pathways, which no doubt are necessary in the actual use 

of the systems for biological applications. We hypothesize that the self-repair capacity of 

supramolecular nanostructures when their environment disrupts them should be broadly 

applicable to many chemical structures.  

 

4.5 MATERIALS AND METHODS 

Peptide Synthesis 

 Peptide amphiphiles molecules (C16-V3A3E3 PA) were synthesized using 

fluorenylmethyloxycarbonyl (Fmoc) solid phase peptide synthesis, by coupling Fmoc-

protected amino acids (P3 BioSystems, Louiseville, KY, USA) from Rink amide MBHA 

resin (Novabiochem [EMD Millipore], Billerica, MA, USA).   All amino acid couplings 

were performed in a CEM Liberty microwave-assisted peptide synthesizer (CEM, 

Matthews, NC, USA), using default microwave settings.  Fmoc groups were deprotected 
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using 20% 4-methylpiperidine and 0.1 M hydroxybenzotriazole (HOBt) in 

dimethylformamide (DMF) at 75 °C for 3–4 min.  Amino acids were coupled using 5 

molar equivalents (equiv) of protected amino acid, 5 equiv O-benzotriazole-N, N, N′, N′-

tetramethyluronium hexafluorophosphate (HBTU) and 10 equiv N,N-

diisopropylethylamine (DIEA), at 75 °C for 5–10 min.  Using this same procedure, 

palmitic acid (C16) was conjugated to the N-terminus of the peptide (V3A3E3).  After each 

coupling, unreacted amines were capped using 0.5 M acetic anhydride, 0.125 M DIEA 

and 0.015 M HOBt in DMF, at 65 °C for 2 minutes.   

 Completed PA molecules were cleaved off the resin using a solution of 95:2.5:2.5 

trifluoroacetic acid/triisopropylsilane/water for 2–3 h.  Volatile solvents were removed 

with rotary evaporation, and the PA was precipitated with cold diethyl ether and dried 

using a fritted filter.  The PA was then purified by preparatory scale reverse phase high-

performance liquid chromatography (HPLC, Varian), using a Phenomenex Gemini 

column (C18 stationary phase, 5 μm, 100 Å pore size, either 30 × 150 mm or 50 x 250 

mm).  A mobile phase of acetonitrile and water was used, both containing 0.1% NH4OH 

to aid solubility of acidic PA.  Pure fractions were identified and collected, using 

electrospray ionization (ESI) mass spectroscopy.  Excess acetonitrile was removed with 

rotary evaporation, freeze-dried, and the powders stored at -20°C until use.  The purity of 

PA molecules was confirmed using liquid chromatograph-mass spectroscopy (LC-MS), 

which was performed using an Agilent 6520 QTOF-LCMS with a similar Phenomenex 

column.  
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Sample Preparation (PA Solutions in NaOH) 

Purified PA powder was dissolved to 1 wt% (8.66 mM) in 15 mM NaOH.  For pH 

variation experiments, different NaOH amounts were used as indicated.  Immediately 

after dissolving the PA powder, the solution is the freshly dissolved PA solution.  To 

create the annealed PA, this PA solution was submerged in an 80°C water bath for 30 

minutes and slowly allowed to cool to room temperature overnight.  For the 60-minute 

annealing procedure, the sample was heated for 60 minutes at 80°C before slowly cooling 

overnight.  For all re-annealing procedures, this heating and cooling cycle was also used.  

Because evaporation and condensation of liquid around the tube can occur during heating 

at 80°C, all annealing procedures were performed with at least 50 μL of PA solution in a 

1.7 mL Eppendorf tube.  For experimental techniques requiring a dilution of the PA 

solution, the sample was always annealed at 1 wt% and diluted right before analysis.  For 

experiments on the kinetics of PA self-assembly, PA solutions were heated at 80°C for 

the indicated times (5 – 30 minutes) and then cooled immediately by submersion in room 

temperature water. 

 

Sample Preparation (PA Solutions NH4OH)  

The purified PA powder was first dissolved to 2 wt% (17.3 mM) with 2% NH4OH 

(volume/volume), and the solution was divided into different samples.  Pure water or a 

salt solution (NaCl or NH4CL) was added in equal volume to this PA solution, such that 

the final concentrations were 1% NH4OH, 1 wt% (8.66 mM) PA, and the desired 

concentration of NaCl or NH4Cl.  After freeze drying, these samples were reconstituted 

to 1 wt% PA in pure water or 15 mM NaCl as indicated.  For experimental techniques 
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requiring a dilution of the PA solution, the sample was always annealed at 1 wt% and 

diluted right before analysis.  

 

Flash Freezing Procedure 

 For flash freezing procedures, the PA solution was submerged in liquid nitrogen 

for approximately 30 seconds and allowed to thaw at room temperature.  With <250 µL 

of PA solution in 1.7 mL Eppendorf tubes, complete freezing was always achieved in less 

than 30 seconds.  

 

Slowly Freezing Procedure 

For experiments where PA was slowly frozen, PA solutions were allowed to 

equilibrate in a standard freezer (-20°C) overnight, after which complete freezing was 

observed.   

 

Refrigeration Procedure 

 PA solutions were allowed to equilibrate in a standard refrigerator (4°C) 

overnight, after which no solid ice was observed. 

 

Freeze Drying Procedure 

 PA solutions were flash frozen as described in Flash Freezing Procedures above.  

While still frozen, the samples were transferred to a port-type freeze drier and allowed to 

dry overnight.  With <250 µL of PA solution in 1.7 mL Eppendorf tube, complete drying 

was achieved overnight. 
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Viscosity Measurements 

Viscosity measurements were performed on an MCR 302 rheometer (Anton Paar, 

Graz, Austria).  The CP25-2 fixture (25 mm diameter cone-plate) was used to analyze 

200 µL of PA, with the rheometer plate set to 23°C.  In all experiments, the PA solution 

contained 1 wt% of PA.  The shear rate was increased from 1–100 s-1 over 240 seconds, 

and the final viscosity at 100 s-1 is reported.  To account for batch-to-batch variations of 

from PA synthesis, all samples for one experiment came from the same PA stock 

solution.  For example, for the experiment where PA was annealed, flash frozen, and then 

re-annealed, one annealed PA solution was created for all the samples.  Some of this 

solution was then used to measure the viscosity of annealed PA, while the rest was flash 

frozen.  After flash freezing, some of the sample was taken to measure the viscosity of 

flash frozen PA, and some was re-annealed.   

 

 Nanoparticle Tracking Analysis (NTA) 

PA solutions were diluted from 1 wt% to 0.00125 wt% with pure water 

immediately before analysis.  Diluted samples were loaded into a NanoSight LM10-HS 

nanoparticle tracking analysis (NTA) system (Malvern Instruments, Malvern, UK) with a 

405 nm laser light source, and a 60 second video of light scattered by PA was recorded at 

30 frames/second.  NTA only records light scattered by PA nanofibers, and does not 

produce a resolved image of the nanofibers themselves.  However, the length of the PA 

nanofibers can be roughly estimated by the “apparent” fibers seen in NanoSight videos, 

where the view area is known to be 80 μm × 100 μm × 10 μm (depth).  Images extracted 

from the video frames were used to quantify “apparent” nanofiber lengths in ImageJ.  
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Two frames from each video were chosen, from near the beginning and end of the frame 

sequence.  This approach was chosen to maximize the chances of quantifying different 

nanofibers, which come in and out of view throughout the 60 seconds.  Using 5-6 videos, 

at least 100 nanofibers were measured for each experimental condition.   

 

Cross-Polarized Light Microscopy 

PA solutions at 1 wt% (50 µL) were pipetted onto glass slides and observed 

between cross-polarizers.   

 

Cryogenic Transmission Electron Microscopy (cryoTEM) 

Before use, 300-mesh copper grids with lacey carbon film (Electron Microscopy 

Sciences, Hatfield, PA, USA) were glow discharged for 30 seconds in a PELCO 

easiGlow system (Ted Pella, Inc., Redding, CA, USA).  PA solutions (4 µL) were 

pipetted onto grids, blotted, and plunged into liquid ethane with an FEI Vitrobot Mark IV 

(FEI, Hillsboro, OR, USA), maintained around 95% humidity.  While submerged in 

liquid nitrogen, vitrified samples were transferred to a Gatan 626 cryo-holder (Gatan, 

Pleasanton, CA, USA) and imaged on a JEOL 1230 TEM operating at 100 kV.  Liquid 

nitrogen temperatures were maintained during imaging, and micrographs were captured 

with a bottom-mounted Gatan 832 camera.   

It was not possible to prepare all samples for cryoTEM at the same dilution, due 

to the differences in solution viscosity and nanostructure properties.  More viscous 

solutions with more nanostructures required dilution for blotting.  The following samples 

were diluted to 0.01 wt% in pure water immediately before plunging: 1) annealed, 2) 



 178 
annealed/flash frozen, 3) annealed/flash frozen/re-annealed, 4) annealed/freeze-dried/re-

annealed PA solutions, 4) slowy frozen PA, and 5) refrigerated PA.  For refrigerated PA, 

the Vitrobot was set to 4°C.  The following samples were plunged at 1 wt% without 

dilution: 1) freshly dissolved, 2) freshly dissolved/flash frozen, 3) annealed/freeze-dried, 

and 4) freshly dissolved/freeze-dried.    

 

Scanning Electron Microscopy (SEM) 

Immediately before gel formation, 1 wt% PA was diluted 9:1 in pure water to 

0.9 wt%, to mimic experiments where proteins or cells were loaded into PA solutions 

before gelation (FRAP and cell encapsulation experiments).  PA gels were created by 

pipetting 4 µL of 30mM CaCl2 onto Parafilm, and then introducing 10 µL of 0.9 wt% PA 

solution into this CaCl2 droplet.  Next, PA gels underwent a gradual ethanol exchange, 

where they were submerged in ethanol-water solutions containing gradually increasing 

amounts of ethanol: 10 minutes at 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 95% 

EtOH, and then 15-20 minutes at 100% EtOH.  Using a Samdri-795 critical point dryer 

(Tousimis, Rockville, MD, USA), dehydrated gels were purged with supercritical CO2 for 

10 minutes and then dried through the critical point of CO2.  Dried samples were 

mounted onto carbon tape, with a small drop of carbon paste in between the tape and 

sample to improve adhesion.  To enhance conductivity, samples were coated with 16 nm 

of osmium metal using an SPI Osmium Coater (SPI Supplies, West Chester, PA, USA).  

Coated samples were imaged with a Hitachi SU-8030 SEM (Hitachi, Tokyo, Japan) 

operating at 2.0 kV.   
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Rheological Analysis of Gels 

Similar to viscosity experiments, annealed and flash frozen PA samples were 

obtained from the same PA solution, in order to account for PA batch-to-batch variation 

or errors in sample preparation.   Thus, each annealed PA measurement is “paired” with a 

flash frozen PA measurement.  Similar to viscosity measurements, we found that while 

the absolute values of rheology measurements differed from sample to sample, the same 

trend between annealed and flash frozen PA were repeatedly observed.   

Rheological analysis of PA gels was performed using an MCR 302 rheometer 

(Anton Paar, Graz, Austria).  PA solutions at 1 wt% were diluted to 0.9 wt% in pure 

water immediately before the experiment, to mimic experiments where proteins or cells 

were loaded into PA solutions before gelation (FRAP and cell encapsulation 

experiments).  This 0.9 wt% PA solution (143 µL) was loaded onto the rheometer plate, 

set to 23°C.  A total of 57 µL of 30 mM CaCl2 was introduced to the CP25-2 fixture (25 

mm diameter cone-plate) in small droplets, as evenly spread as possible, and gelation was 

initiated when the fixture contacted the sample.  The gel was equilibrated for 25 minutes 

(1500 seconds) at constant strain (0.1%) and angular frequency (10 rad/sec), and the final 

storage modulus is reported. 

Immediately following the 25-minute equilibration period, a frequency sweep 

experiment was conducted.  The strain was fixed at 0.1%, and the frequency was 

logarithmically decreased from 100 to 1 radians/second.  After the frequency sweep 

experiment, the frequency was held constant at 10 rad/sec, and the strain logarithmically 

increased from 0.1 – 100%.   
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Cell Encapsulation Experiments 

MC3T3-E1 subclone 4 mouse preosteoblasts (ATCC, Manassas, VA, USA) were 

maintained using standard cell culture techniques, in Alpha Minimum Essential Medium 

(Catalog No. A1049001, GIBCO [Thermo Fisher] Waltham, MA, USA) supplemented 

with 10% fetal bovine serum (FBS, Denville Scientific, South Plainfield, NJ, USA), 100 

U/mL penicillin, and 100 µg/mL streptomycin (Pen Strep, GIBCO).  FBS was heat-

inactivated before use.  Cells were passaged using 0.25% trypsin (GIBCO), and used for 

experiments at passages 4-6.  For experiments, cells were suspended to 70,000 cells/µL 

in media, and this cell solution was mixed with 1 wt% PA in a 1:9 ratio, resulting in final 

concentrations of 0.9 wt% PA and 7000 cells/µL.  A 4 µL CaCl2 droplet was deposited in 

a 14 mm glass-bottom dish (MatTek Corporation, Ashland, MA, USA), and 10 µL of the 

PA/cell mixture introduced into the droplet to form a gel containing 5000 cells/µL.  The 

CaCl2 droplet contained 30 mM CaCl2, to initiate gelation of PA, as well as 400 mM 

NaCl, to adjust the ionic strength of the gels.  The PA solution contains no physiological 

salts, so NaCl was added to the calcium to provide physiological ionic strength for cells.   

Cells were allowed to equilibrate for 24 hours, and then samples were prepared 

for confocal or TEM imaging.  For confocal microscopy, gels were fixed in 4% 

paraformaldehyde and then permeabilized with 0.4% Triton X and 2% bovine serum 

albumin, both for 30 minutes at room temperature.  Cells were then stained by incubating 

gels with a 1:200 dilution of Alexa Fluor 488 phalloidin (Molecular Probes), overnight at 

4°C.  All these solutions were dissolved in PBS w/ CaCl2, which was also used to rinse 

samples three times between all steps.  After phalloidin staining, gels were mounted onto 
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glass slides with Immu-Mount and observed on a Nikon AIR confocal microscope.  All 

images presented are the maximum intensity projections of 15 μm thick z-stacks. 

 

Thin-Sectioning for Transmission Electron Microscopy (TEM) 

PA gels containing encapsulated cells were fixed in 2% paraformaldehyde, 2.5% 

glutaraldehyde in PBS, and stored at 4°C in this solution until embedding.  When 

samples were ready to be processed further, they were transferred to the primary fixative.  

Incubation steps for fixation were performed in a Pelco Biowave with a cold spot and 

vacuum chamber (Ted Pella, Inc., Redding, CA, USA), followed by agitation at room 

temperature.  The protocol is detailed below: 

 

Solution Time in 

Biowave 

Time at (RT), 

with agitation 

Number of 

times repeated 

1) Primary fixation: Modified 

Karnovsky’s solution, with      

2% paraformaldehyde, 1.5% 

glutaraldehyde in 0.05M sodium 

phosphate buffer, pH 7.4 

 

 

4 minutes 

 

 

5 minutes 

 

 

2 

2) Buffer wash: 0.05M sodium 

phosphate buffer, pH 7.4 

1 minute 5 minutes 3 

4 minutes 5 minutes 1 

3) Secondary fixation: 1.5% 

osmium tetroxide 

4 minutes 5 minutes 1 

4) DI water wash 1 minute 5 minutes 2 

1 minute 15 minutes 1 
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Following fixation, samples were gradually dehydrated in acetone.  Samples were 

sequentially incubated in 30%, 50%, 70%, 90%, and twice in 100% acetone.  Each 

incubation step was performed inside a Pelco Biowave, for 40 seconds followed by 

approximately 3 minutes of agitation at room temperature.  After dehydration, samples 

were infiltrated in EMBed812 resin (Electron Microscopy Sciences, Hatfied, PA, USA) 

with acetone.  The following protocol was used: 

 

Solution (acetone / 

resin ratio) 

Time in Biowave Time at (RT), with 

agitation 

Number of times 

repeated 

1) 2:1 3 minutes 30 minutes 1 

2) 1:1 3 minutes 1-4 hours 1 

3) 1:2 3 minutes overnight 1 

4) 100% resin 3 minutes 1 hour 2 

 

After resin embedding, samples were polymerized in an oven at 60°C for 24 

hours.  A Leica Ultracut S ultramicrotome (Leica Microsystems, Wetzlar, Germany) was 

used to cut 90 nm thick sections, which were collected onto copper grids and post-stained 

with 3% uranyl acetate and Reynold’s lead citrate.  Samples were imaged on a 1230 

JEOL TEM operating at 100 kV, and micrographs captured with a Gatan 832 camera.   

 

Fluorescence Recovery After Photobleaching (FRAP)  

FRAP experiments were performed on bovine serum albumin (BSA), tagged with 

fluorescein isothiocyanate (FITC), in PA solutions and gels (Molecular Probes, Eugene, 

OR, USA).  FITC-BSA stock (2 mg/mL) was prepared by dissolving BSA powder in 
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pure water, and stored at -20°C until use.  Immediately before the experiment, 1 wt% PA 

solution was mixed with the FITC-BSA stock in a 9:1 ratio, resulting in 0.9 wt% PA and 

0.2 mg/mL BSA.  For FRAP on PA solutions with BSA, 50 µL of PA/BSA mixture was 

pipetted into glass-bottom dishes (MatTek Corporation, Ashland, MA, USA).  For FRAP 

on PA gels, a 4 µL droplet of 30 mM CaCl2 was deposited on Parafilm, and 10 µL of 

PA/BSA mixture introduced into the droplet to create a gel.  Gels were placed in glass-

bottom dishes. 

PA solutions and gels were imaged on a Leica SP5 confocal microscope (Leica, 

Wetzler, Germany), which was used to perform FRAP experiments.  Imaging and 

photobleaching were performed with the 488 nm laser line, with 17% power for imaging, 

and 50% power for photobleaching 10 μm-diameter circles.  The microscope scanned a 

512x512 pixel area at 1000 Hz, allowing an image to be captured approximately every 

0.263 seconds.  Fluorescence intensity in the region of interest (ROI, 10 μm-diameter 

circles) was monitored for approximately 13 seconds, including 10 pre-bleach frames, 

followed by 2 bleach frames, and finally 50 post-bleach frames.  Each experimental 

condition was repeated with 3 different samples, with 5 ROIs examined per sample, 

resulting in a total of 15 measurements for each condition.   

To account for photobleaching due to imaging, the ROI’s fluorescence intensity 

(𝐼𝐼𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 ) was corrected using a different region of the sample, which was never 

intentionally photobleached (𝐼𝐼𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ𝑐𝑐𝑐𝑐).  The following equation was used to obtain 

corrected values for the ROI’s fluorescence intensity ( 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐 ).  The value for 

𝐼𝐼𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ𝑐𝑐𝑐𝑐0  is the fluorescence intensity of region used for correction in the first pre-

bleach frame, where photobleaching from imaging would be minimal.   
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𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐 = 𝐼𝐼𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 ∗
 𝐼𝐼𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ𝑐𝑐𝑐𝑐0

𝐼𝐼𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ𝑐𝑐𝑐𝑐
 

 

The corrected intensities (𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐) were then normalized (𝐼𝐼𝑢𝑢𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑢𝑢𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐) to a value 

between 0 and 1 (where 1 represents full recovery), and plotted over time.  The pre-

bleach fluorescence ( 𝐼𝐼𝑝𝑝𝑐𝑐𝑐𝑐𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ ) was obtained by averaging the ROI’s fluorescence 

intensity in the 10 pre-bleach frames, while the post-bleach intensity (𝐼𝐼𝑝𝑝𝑐𝑐𝑚𝑚𝑡𝑡𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ) was 

obtained by taking the ROI’s fluorescence intensity immediately after photobleaching.  

The following equation was used to normalize fluorescence intensity in the ROI for all 

other time points (𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐): 

 

𝐼𝐼𝑢𝑢𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑢𝑢𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐 =
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐 −  𝐼𝐼𝑝𝑝𝑐𝑐𝑚𝑚𝑡𝑡𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ
𝐼𝐼𝑝𝑝𝑐𝑐𝑐𝑐𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ −  𝐼𝐼𝑝𝑝𝑐𝑐𝑚𝑚𝑡𝑡𝑢𝑢𝑢𝑢𝑐𝑐𝑚𝑚𝑐𝑐ℎ

 

 

 

Circular Dichroism (CD) 

 PA solutions were diluted to 0.05 wt% from 1 wt%, immediately before loading 

into a 1mm path length quartz cuvette.  CD spectra in the wavelength range 190–250 nm 

were captured on a JASCO J-815 spectrophotometer, at room temperature. 
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Small Angle X-Ray Scattering (SAXS) 

SAXS measurements were performed using Beamline 5-ID-D of the DuPont-

Northwestern-Dow Collaborative Access Team (DND-CAT), located at the Advanced 

Photon Source of Argonne National Laboratory.  A double crystal monochromator was 

used to select a beam energy of 17 keV (λ = 0.7293), and the detector was positioned 

8.5 cm behind the sample.  PA solutions at 1 wt% were loaded into quartz capillaries, 

with 1.5 mm diameter with 0.1 mm wall thickness (Charles Supper, Natick, MA, USA).   

 

Ultraviolet-Visible Spectroscopy (UV-Vis) 

 PA powders were reconstituted with pure water to obtain a 1 wt% solution (50 uL 

of pure water to reconstitute 0.5 mg was used in all experiments). Samples were briefly 

vortexed and centrifuged for 5 minutes at 14,000 rotations per minute, and the clear 

supernatant taken and transferred to another tube.  Because PA powder does not settle to 

the bottom of the tube easily, this centrifugation step was repeated two more times to 

ensure that no precipitates interfered with UV-visible absorbance measurements.  After 

three centrifugation steps, all for 5 minutes at 14,000 rpm, the clear supernatant was 

diluted 1:10 with pure water.  This diluted sample was loaded into a 0.1 mm path length 

quartz cuvette, and UV-visible absorbance spectra in the range 200-400 nm were 

collected on a LAMBDA 1050 spectrophotometer (Perkin Elmer, Waltham, MA, USA).  

All UV-visible spectra were plotted from 200 - 250nm, because no signal was observed 

at the higher wavelengths.  Because NH4OH is volatile during freeze-drying, NaCl 

solutions at the appropriate concentration were used to perform solvent background 
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subtract (i.e. 15 mM NaCl was the background for PA freeze-dried from 1% NH4OH and 

15 mM NaCl).    

 

Dynamic Light Scattering (DLS) 

PA was first dissolved to 1 wt% (8.66 mM) and then immediately diluted to 1 mM 

PA with pure water, because 1 wt% is too concentrated for DLS experiments.  These 

diluted PA solutions were then heated as described.  DLS measurements were taken on a 

Zetasizer Nano ZSP (Malvern Instruments, Malvern, UK).  Because DLS assumes a 

spherical model, the measured sizes do not accurately reflect the length of nanofibers; 

however, trends between samples can still be observed.  
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5 A PEPTIDE AMPHIPHILE BONE GRAFT FOR SPINAL FUSION 
 
 

5.1 OBJECTIVES AND SIGNIFICANCE 

Built from non-covalent interactions, supramolecular biomaterials are extremely 

versatile but can be highly sensitive to pathway selection.  This presents challenges to 

clinical translation, where certain processing pathways may be necessary for large-scale 

manufacturing and clinical use.  In this work, we address this challenge in a specific 

supramolecular biomaterial, a bone graft comprised of self-assembled peptide amphiphile 

(PA) nanofibers.  For spinal fusion surgeries, PA bone grafts can reduce the therapeutic 

bone morphogenetic protein-2 (BMP-2) dose 100-fold in a small animal model.  

Currently, supraphysiological doses BMP-2 are used clinically, delivered through an 

absorbable type 1 collagen sponge.  This PA’s non-covalent structures are susceptible to 

change in solution, so the PA should freeze dried and stored as a dry powder to increase 

stability and shelf life.  After rehydration, the PA must be immediately ready for use, 

because lengthy or complex preparation steps are not permitted in surgical settings.  We 

identify here a freeze drying pathway that produces a functional PA material, despite 

causing noticeable disruptions to PA nanostructures.  This freeze dried PA is capable of 

achieving a 100% fusion rate in a rat model, with 100-fold less BMP-2 than the 

established therapeutic dose.  We also present a non-functional freeze drying pathway 

that achieves a lower fusion rate (17%), which surprisingly showed superior in-vitro 

results but was not effective in-vivo.   Our results underscore the effect of pathway 

dependence on clinical translation of this PA, which we believe applies to other 

supramolecular biomaterials. 
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5.2 BACKGROUND 

Supramolecular biomaterials are built from non-covalent interactions, which can be 

tuned to achieve specific mechanical or chemical properties.9, 16, 65, 86, 220  Non-covalent 

bonds also enable the design of structures that are reversible and responsive to 

environmental cues, allowing the material to mimic the dynamic nature of biological 

systems.9, 12, 16, 65  However, non-covalent self-assembly can also give rise to energy 

landscapes, which lead to complex pathway dependence behavior in supramolecular 

assemblies.101-103, 135  Recent work has shown that some pathways can result in cytotoxic 

structures or structures with compromised ability to promote cell adhesion.103, 135  Thus, 

high sensitivity to pathway selection has significant implications for biological function, 

which presents challenges to clinical translation. Unfortunately, stringent requirements 

for pathway selection may not be compatible with procedures necessary for clinical 

translation, such as large-scale manufacturing, long-term storage, transportation to end 

users, and material preparation by end users.  Specifically, recent work has shown that 

freeze drying, a common procedure to preserve organic materials, can disrupt 

supramolecular structures and also cause complex shifts in energy landscape positions.135   

Over the past two decades, our laboratory has developed a class of supramolecular 

biomaterials comprised of self-assembling peptide amphiphiles (PAs).63, 65  In canonical 

form, PAs contain an alkyl tail to cause hydrophobic collapse, a β-sheet forming peptide 

sequence to induce self-assembly into one-dimensional nanostructures, and charged 

peptide residues to promote solubility in water.31, 32  We have used this platform to 

develop supramolecular scaffolds for regenerating bone,107-110 cartilage,111 muscle,87 

blood vessels,112 neurons,89, 113 spinal cord,114 and peripheral nerves,115 which have shown 
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success in preclinical models.  In one specific application, PAs are used as bone grafts for 

spinal fusion,107, 108 a surgical procedure where two adjacent spinal vertebrae are 

permanently fused.  Successful fusion requires the presence of an osteoinductive scaffold 

to induce bone formation, and insufficient bone growth will lead to non-union.221  Bone 

morphogenetic protein-2 (BMP-2) is a growth factor that induces osteogenesis,222 and 

recombinantly synthesized human BMP-2 can successfully promote vertebral fusion 

when delivered through an absorbable type I collagen sponge.223  However, 

supraphysiological doses of BMP-2 are required to achieve sufficient bone growth, which 

can lead to side effects such as ectopic bone,224-226 inflammation,227-229 infection,230, 231 

neurological complications,227, 232 and retrograde ejaculation.233-235  Our laboratory has 

shown that PAs can reduce the therapeutic BMP-2 dose 10 - 100 times in a small animal 

model,107, 108 demonstrating that PAs can potentially improve the safety of BMP-2 bone 

grafts used clinically. 

Knowing that PA assemblies have complex energy landscapes and pathway 

dependence behavior, we wanted to identify pathways conducive to clinical translation, 

using the spinal fusion application as a case study.  This specific case requires therapeutic 

materials to have shelf life on the order of years, and to be ready for use on demand with 

minimal preparation time.  Unstable materials may be preserved as a freeze dried powder 

and rehydrated immediately prior to surgery, which is how protein-based drugs are 

generally supplied.127  In this work, we explore the effects of freeze drying on the in-vivo 

efficacy of PA-based bone grafts, knowing that freeze drying can disrupt PA 

nanostructures.135  By performing materials characterization and in-vitro experiments 

alongside the in-vivo studies, we again insight into how the structure of PA assemblies 
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affects their therapeutic efficacy, shedding light on design criteria for clinical translation 

pathways.     

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Freeze Drying PA Disrupts Nanostructures and Bioactivity 

We dissolved V3A3E3 PA (Figure 5-1a) to 2 wt% (17.32 mM) in aqueous media, 

using 30 mM NaOH to deprotonate the glutamic acid residues and enable solubility.  

Immediately after the PA dissolved at 2 wt%, we diluted it to 1 wt% with pure water.  We 

chose this procedure for consistency with experiments where we instead diluted PA with 

glycerol, to test its lyoprotective properties.  We then thermally annealed the 1 wt% PA 

solutions (80°C 30 minutes, slow cool overnight), to equilibrate the PA assemblies to 

their thermodynamic minimum.  For this PA molecule under these solvent conditions 

(high charge screening, low charge density on nanofibers), the thermodynamic minimum 

is infinitely long nanofibers.71, 103, 135  To increase the stability and thus shelf life of this 

material, it is advantageous to store it in the dry state.  The long-term storage of pre-

annealed solutions is unfavorable, because the non-covalent nature of PA assemblies 

makes them susceptible to change over time.  Thus, we freeze dried the annealed PA 

solutions (pathway 1) and rehydrated the powder (pathway 2), according to the 

processing pathway illustrated in Figure 5-1b.  For clinical applications, the dry PA 

powder can be stored long-term and rehydrated immediately prior to use.  Similar to 

previous work,135 we found that freeze drying breaks long nanofibers into shorter ones by 

several characterization techniques.  The viscosity of pathway 2 PA is around 4x lower 
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than the viscosity of pathway 1 PA (Figure 5-1c), suggesting disruption of the long 

nanofibers.  Due to long nanofibers aligning into bundles, annealed PA solutions are 

known to be liquid crystalline and exhibit birefringence.71  In the current work, we 

confirmed that pathway 1 PA contains birefringent monodomains (Figure 5-1d), and 

then found that they are lost in pathway 2 PA (Figure 5-1e).  As long nanofibers break 

into shorter ones, they no longer possess the necessary length to form aligned domains, so 

the solution loses its liquid crystalline nature.  As expected, cryogenic electron 

transmission micrographs (cryoTEM) show long nanofibers extending beyond the field of 

view in pathway 1 PA (Figure 5-1f) and shorter nanofibers of more heterogeneous 

lengths in pathway 2 PA (Figure 5-1g).  Although dried materials are more stable than 

their hydrated counterparts, long nanofibers are known to be superior to shorter ones for 

supporting cell adhesion,103, 135 so their breakage during freeze drying is concerning.  For 

successful spinal fusion, cells must infiltrate the PA scaffold to form new bone, so 

compromising cell adhesion can potentially be detrimental.  To further explore this, we 

created PA scaffolds using pathway 1 and pathway 2 PA, and examined their structure 

and bioactivity in-vitro.  
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Figure 5-1: Freeze drying annealed PA solutions for long term storage.  (a) Chemical 
structure of V3A3E3 PA.  (b) Diagram illustrating processing pathways for 
creating pathway 1 and pathway 2 PA solutions.  (c) Viscosity of pathway 
1 and pathway 2 PA solutions (t-test, *p<0.0001).  Polarized light 
micrographs of (d) pathway 1 and (e) pathway 2 PA solutions.  Cryogenic 
transmission electron micrographs of (f) pathway 1 and (g) pathway 2 PA 
solutions.    

 

Clinically, BMP-2 is delivered on an absorbable collagen sponge (ACS), which 

we also use to deliver PA.107, 108  The collagen sponge provides physical support for soft 

PA gels, and is a commercially available product that is currently used for spinal fusion.  

We applied pathway 1 and pathway 2 PA solutions to collagen sponges (ACS), and then 

induced gelation of PA nanofibers with CaCl2 (Figure 5-2a).  When loading BMP-2 onto 

the scaffolds, BMP-2 is mixed with the PA solution as illustrated (Figure 5-2a), but no 

BMP-2 was incorporated for experiments where BMP-2 was not relevant (i.e. imaging of 
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PA nanostructures).  We examined the PA scaffolds’ surface morphology using scanning 

electron microscopy (SEM), and found that pathway 1 scaffolds are comprised of long 

nanofibers while pathway 2 scaffolds are comprised of shorter ones (Figure 5-2b-c), 

which is consistent with our characterization of the two PA solutions (Figure 5-1).  To 

examine cell adhesion to these PA scaffolds, we seeded MC3T3 preosteoblast cells onto 

their surfaces.  After a 4-hour incubation, we fixed and stained the cytoskeleton of the 

cells, and found no drastic morphological differences between cells on the two scaffolds 

(Figure 5-2d-e).  From this data, we believe that both scaffolds can support cell adhesion 

to some extent.  However, when we performed an MTS assay to detect cell metabolic 

activity on the scaffolds, we found that there was less MTS signal from pathway 2 

scaffolds (Figure 5-2f).  This suggests the pathway 2 scaffolds, while they can support 

cell adhesion, are not as effective a pathway 1 scaffolds in doing so.  This is consistent 

with previous results from our laboratory, which showed that long nanofibers are superior 

to shorter ones for supporting cell adhesion, even if their chemical compositions are 

identical.103, 135  Although these data all strongly suggests that the ideal PA bone graft 

should contain long nanofibers, the long preparation time needed to achieve them (80°C 

30 minutes, slow cool overnight) is unsuitable for clinical translation.  An off-the-shelf 

material containing pre-annealed long nanofibers is also not favorable, because their non-

covalent nature makes them susceptible to change during transport and storage.  
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Figure 5-2: Cell adhesion to PA scaffolds.  (a) Diagram illustrating the preparation of 
implantable scaffolds from PA.  Scanning electron micrographs of scaffolds 
formed from (b) pathway 1 PA and (c) pathway 2 PA.  Confocal 
micrographs of MC3T3 cells seeded onto scaffolds formed from (d) 
pathway 1 PA and (e) pathway 2 PA, visualized with actin staining.  (f) 
MTS assay for MC3T3 cells seeded onto PA scaffolds (t-test, *p<0.01). 

 

5.3.2 Addition of a Lyoprotectant to PA 

We examined whether the addition of a cryo/lyo-protectant to PA solutions could 

preserve long nanofibers during freeze drying.  In 1949, researchers discovered the 

cryoprotective properties of glycerol for storage of human sperm.  They found that if the 

sperm was frozen in the presence of glycerol, the sperm remained viable after freezing 

and thawing.236  We prepared annealed PA solutions containing 1 wt% PA and 5% 

glycerol, which have a similar viscosity compared to annealed PA solutions containing 

no glycerol (Figure 5-3a versus Figure 5-1c).  When annealed PA solutions containing 

5% glycerol are freeze dried and rehydrated, the viscosity decreased (~25% decrease, 
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Figure 5-3a), but not nearly as much as when PA is freeze dried without glycerol (~75% 

decrease, Figure 5-1c).  In the presence of glycerol, annealed PA still exhibits 

birefringent monodomains (Figure 5-3b), which appear very similar to those found in 

annealed PA without glycerol (Figure 5-1d).  When annealed PA with glycerol is freeze 

dried, the large monodomains are not lost (Figure 5-3c), in contrast to when PA is freeze 

dried without glycerol (Figure 5-1e).  CryoTEM shows long nanofibers extending beyond 

the field of view in annealed PA containing glycerol, before (Figure 5-3d) and after 

freeze drying (Figure 5-3e).  Both of these solutions can be loaded onto collagen sponges 

to form implantable scaffolds, and both scaffolds contain long nanofibers that appear 

similar to annealed PA without glycerol (Figure 5-3d-e, Figure 5-2b). 

 

 
 

Figure 5-3: Freeze drying PA in 5% glycerol.  (a) Viscosity of PA annealed in the 
presence of 5% glycerol, and the same solution after freeze drying and 
rehydration (t-test, *p<0.01).  Polarized light micrographs of PA annealed in 
the presence of 5% glycerol (b), and the same solution after freezing and 
rehydration (c).  CryoTEM of PA annealed in the presence of 5% glycerol 
(d), and the same solution after freezing and rehydration (e).  SEM 
micrographs of PA annealed in the presence of 5% glycerol (f), and the 
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same solution after freeze drying and rehydration (g), both loaded onto 
absorbable collagen sponges. 

 

These experiments with glycerol show that it has the ability to preserve long PA 

nanofibers during freeze drying (Figure 5-4).  However, we note that freeze dried solid is 

not a powder that readily dissolves when rehydrated, and is instead a sticky substance 

that requires some time to dissolve (Figure 5-4).  Indeed, the sticky nature of the solid 

may be the reason glycerol has lyoprotective properties, because long nanofibers stuck 

within this “gooey” substance may be protected from breakage.  However, the long 

dissolution time is not favorable for clinical use, where materials should be prepared as 

quickly and as simply as possible.  Therefore, we were motivated to look at other 

preparation pathways that were compatible with the surgical setting.   

 

 
 
Figure 5-4: Schematic summarizing the effects of glycerol during freeze drying of long 

annealed PA nanofibers.  Photographs of the freeze dried solid, without and 
with glycerol, are included.  
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5.3.3 A Shortened Heating and Cooling Cycle 

The elongation of nanofibers is kinetically limited, requiring time and energy 

input for the reaction to proceed.103, 135  Currently, our laboratory has ample evidence that 

heating PA solutions at 80°C for 30 minutes followed by slow cooling overnight will 

allow elongation to proceed and drive the system towards its global minimum.71, 103, 135  

For surgical applications such as spinal fusion, lengthy overnight preparation procedures 

are not feasible.  Thus, we were motivated to study a shortened annealing cycle, which 

involves 10 minutes of heating at 80°C and then cooling the solution immediately.  Also, 

because we know from previous work that freeze drying in NaOH without prior 

annealing can result in a variable material (Chapter 4),135 we chose to solubilize the PA in 

a different solvent for freeze drying.  The previous work (Chapter 4) also showed that 

freeze drying in NH4OH and NaCl may improve the reproducibility,135 which we use in 

the current work.  In this method, acidic PA powders are solubilized for freeze drying 

with NH4OH, which is volatile and will be removed under vacuum during freeze 

drying.135  A non-volatile counterion, Na+ from NaCl, is added to maintain glutamic acids 

as glutamate salts, so that a water soluble freeze dried powder is obtained.135  As 

described in Figure 5-5a, we freeze dried PA in this solvent and rehydrated it (pathway 

3), and then subjected the sample to a shortened heating and cooling cycle (pathway 4).  

We measured the viscosity of pathway 3 and pathway 4 PA, and found that the viscosity 

increases with only 10 minutes of heating at 80°C (Figure 5-5b).  This suggests that the 

shortened heating and cooling cycle is sufficient to induce nanofiber elongation, and we 

proceeded to visualize the PA solutions using light and electron microscopy.  Polarized 
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light micrographs show that pathway 3 PA (Figure 5-5c) is largely isotropic while 

pathway 4 PA (Figure 5-5d) contains liquid crystalline domains, which is associated 

with longer nanofibers that can align with each other.71  Indeed, cryoTEM reveals short 

nanofibers that end within the field of view in pathway 3 PA (Figure 5-5e) and longer 

nanofibers extending beyond the field of view in pathway 4 PA (Figure 5-5f).   

We then loaded pathway 3 and pathway 4 PA onto collagen sponges and 

induced gelation with CaCl2 (Figure 5-2a), and then imaged the scaffolds using scanning 

electron microscopy.  As expected, SEM micrographs show that pathway 3 PA scaffolds 

are comprised of short nanofibers (Figure 5-5g) while pathway 4 PA scaffolds are 

comprised of longer ones (Figure 5-5h).  Unexpectedly, we noticed a difference between 

pathway 2 and pathway 3 PA scaffolds.  We did not expect any differences because 

both are freeze dried PA solutions immediately after rehydration, containing metastable 

assemblies that have not had time to elongate into their thermodynamic state.  When the 

SEM field of view was zoomed out to observe micron-scale features, we noticed that 

pathway 3 PA scaffolds were considerably more porous than pathway 2 PA scaffolds 

(Figure 5-5i-j).  Since the critical point drying process for SEM imaging can introduce 

artifacts into the sample, we wanted to study pathway 2 and pathway 3 gels using a 

different technique.  We measured the rheological properties of pathway 2 and pathway 

3 gels alone, with no collagen sponge, using CaCl2 to crosslink the PA solutions.  We 

found that pathway 3 PA forms significantly weaker gels than pathway 2 PA, with a 

storage modulus nearly an order of magnitude lower (Figure 5-5k).  Thus, it is reasonable 

that the weaker gels of pathway 3 PA would leave a more porous collagen sponge. 
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Figure 5-5: A shortened annealing cycle.  (a) Diagram illustrating two additional 
processing pathways, creating pathway 3 and pathway 4 PA solutions.  (b) 
Viscosity of pathway 3 and pathway 4 PA (t-test, *p<0.001).  Polarized 
light micrographs of (c) pathway 3 and (d) pathway 4 PA.   Cryogenic 
transmission electron micrographs of (e) pathway 3 and (f) pathway 4 PA.  
SEMs of scaffolds formed from (g) pathway 3 PA and (h) pathway 4 PA.  
Zoomed out SEMs of scaffolds formed from pathway 2 PA (i) and 
pathway 3 PA (j).  (k) Storage modulus of pathway 2 PA and pathway 3 
PA gels, formed by gelation with CaCl2 (t-test, *p<0.001). 

 
 

5.3.4 In-Vitro Characterization of Peptide Amphiphile Scaffolds 

 Since these PA scaffolds are intended to act as spinal fusion bone grafts, we 

wanted to study their ability to promote osteogenic differentiation in-vitro.  We used 

C2C12 mouse myoblasts as an in-vitro model, because this cell line is known to 



 200 
differentiate into an osteoblastic lineage when exposed to ostoegenic cytokines like 

BMP-2.  Our laboratory has previously used the C2C12 cell line to probe the osteogenic 

potential of PA nanostructures, although those experiments were 2D, with cells cultured 

on surfaces and PA dissolved in the cell media.107, 108  In the current work, we performed 

a 3D experiment where we mixed C2C12 cells with PA solutions, loaded the cells and 

PA onto collagen sponges, and then induced gelation of PA using CaCl2.  In some 

experiments, BMP-2 was added to the PA solution and thus became encapsulated in the 

PA scaffolds, and in other experiments BMP-2 was added to the cell media surrounding 

the scaffolds (Figure 5-6a).  The cells were incubated with BMP-2 for three days, after 

which we measured alkaline phosphate (ALP) activity, an early marker for osteogenic 

differentiation.  Due to the interference of negatively charged PA with assays that detect 

DNA or protein, we could not normalize the ALP activity to the number of cells, and 

instead plotted the relative ALP activity detected per scaffold.  We found that when 

BMP-2 is encapsulated within the scaffold, no ALP activity was detected above that of a 

negative control receiving no BMP-2 treatment (Figure 5-6b).  We believe the reason no 

ALP activation occurs in-vitro is that BMP-2 is sequestered within the PA gels and 

therefore not available to cells.  In fact, the ability to bind and slowly release BMP-2 is 

important to the success of PA as spinal fusion scaffolds,108 so this result is not 

surprising.  In the in-vivo system, degradation of the PA gel occurs over several weeks, 

which does not occur during a 3-day in-vitro experiment.  Interestingly, when the BMP-2 

is added to the cell media as opposed to encapsulated within the PA scaffolds, we get the 

same results except that ALP activation is detected in pathway 3 scaffolds (Figure 5-6b).  

This result was also confirmed by staining the scaffolds for ALP activity, which revealed 
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ALP positive cells only at the surface of pathway 3 scaffolds (Figure 5-6c).  Since the 

materials characterization data suggests that pathway 3 scaffolds are highly porous 

compared to the other PA scaffolds (Figure 5-5j-k), we hypothesize that its porous 

structure allows BMP-2 in the cell media to access the cells and induce ALP activity.  In 

all other PA scaffolds, the BMP-2 in the media becomes sequestered by the PA gels and 

is therefore unavailable to cells.  Since pathway 2 and pathway 3 PA are both freeze 

dried PA solutions immediately after rehydration, and thus both at a metastable state in 

their energy landscape,103, 135 we were intrigued by the drastic differences between their 

scaffolds.   

     

 
Figure 5-6: In-vitro characterization of PA scaffolds.  (a) Schematic illustrating 

experimental set-up for in-vitro experiments.  (b) Alkaline phosphatase 
(ALP) activity of C2C12 cells encapsulated within PA scaffolds, using the 
set-up described in panel a (one-way ANOVA, *p<0.05).  Since the 
measured outcome is relative ALP, all PA conditions were analyzed in 
tandem.  (c) Staining for ALP positive cells on PA scaffolds, when BMP-2 
was added to the cell media.  The color key in panel b applies.  (d) ALP 
activity of C2C12 cells encapsulated within PA scaffolds, compared to a 
collagen scaffold with no PA.  These are separate experiments from the 
ones shown in panel b, conducted in tandem with the collagen scaffold 
alone (one-way ANOVA, *p<0.05).  (e) BMP-2 release from PA scaffolds 
and collagen scaffolds with no PA, measured using ELISA. 
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Moving forward, we decided to focus on pathway 2 and pathway 3 PA, which 

both require no additional preparation beyond rehydration of PA.  The in-vitro 

experiments suggested that pathway 3 PA may create more efficacious scaffolds than 

other freeze drying pathways such as pathway 2.  We repeated the ALP activity assay 

with BMP-2 in the cell media, comparing pathway 2 and pathway 3 PA with a bare 

collagen sponge.  As expected, cells seeded onto a collagen sponge showed 20-30 times 

more ALP activity when exposed to BMP-2, compared to their counterparts that received 

no growth factor (Figure 5-6d).  Using the same point of comparison, BMP-2 fails to 

signal cells in pathway 2 scaffolds but causes a 10-fold increase in ALP activity in 

pathway 3 scaffolds (Figure 5-6d).  In this experiment, the collagen sponge is the most 

porous scaffold, since there are no PA nanofibers “blocking” the pores.  Therefore, the 

BMP-2 in the media is completely free to interact with the cells and induce ALP 

expression.   Pathway 3 scaffolds exhibit “intermediate” behavior because it contains PA 

that can bind and sequester rhBMP-2, but its porous microstructure allows some growth 

factor to still interact with cells.  Although scaffold porosity should facilitate cell 

infiltration and nutrient diffusion, the inability of collagen to bind and slowly release 

BMP-2 diminishes its efficacy in-vivo.  Clinically, collagen sponges must be loaded with 

supraphysiological doses to successfully promote fusion.  Conversely, the ability of PA to 

bind and slowly release BMP-2 allows it to reduce the therapeutic BMP-2 dose in-vivo.108  

This would not be reflected in the in-vitro experiment, where BMP-2 is in the cell media 

and cannot “escape” the scaffolds.  Therefore, we loaded BMP-2 into bare collagen 

sponges and pathway 2 and 3 PA scaffolds, and studied BMP-2 release kinetics using an 

enzyme-linked immunosorbent assay (ELISA).  Both pathway 2 and pathway 3 PA 
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scaffolds outperformed bare collagen sponges in retaining rhBMP-2 (Figure 5-6e), and 

we note that the higher porosity of pathway 3 scaffolds does not significantly 

compromise its ability to retain BMP-2.  From all this data, we hypothesized that 

pathway 3 scaffolds might outperform pathway 2 scaffolds in-vivo.  Although pathway 

3 scaffolds do not contain the long nanofibers of pathway 1 scaffolds (Figure 5-2), its 

higher porosity (Figure 5-5j) and weaker gels (Figure 5-5k) may ease cell infiltration and 

also allow cells better access to the underlying collagen, which is a natural extracellular 

matrix component of bone.  Thus, we proceeded to test the therapeutic efficacy of 

pathway 2 and 3 PA scaffolds in-vivo, using pathway 1 scaffolds as a point of 

comparison.   

 

5.3.5 In-Vivo Efficacy of Peptide Amphiphile Scaffolds 

We tested the PA scaffolds using a well-established rat posterolateral lumbar 

intertransverse spinal fusion model, where therapeutic materials are implanted between 

the L4 and L5 transverse processes.  After 8 weeks, L4-L5 fusion is accessed by blinded 

manual palpation of three independent scorers.  A fusion score of 0 indicates that no 

fusion occurred, a score of 1 indicates successful unilateral fusion, and a score of 2 

indicates successful bilateral fusion.  An average score ≥1 indicates that the animal 

successfully fused, and fusion rate is the percentages of animals that fuse.  In this model, 

it is established that 10 μg/animal of BMP-2 is required to achieve 100% fusion if the 

BMP-2 is applied to a bare collagen sponge.107, 108  Our laboratory has demonstrated the 

ability of PA-based scaffolds to reduce the therapeutic BMP-2 up to 100 times in this rat 
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model.107, 108  Indeed, we achieved this result with pathway 1 PA, and were surprised to 

find that pathway 2 PA also achieved 100% fusion (Figure 5-7).  This result was 

unexpected because several techniques show the breakage of long nanofibers upon 

freeze-drying (Figure 5-1, Figure 5-2b-c), and previous work from our laboratory has 

shown that long nanofibers support cell adhesion better than shorter ones.103, 135  Thus, we 

conclude that while nanofiber length is an important factor, decreased length will not 

completely suppress their bioactivity.  Despite the better performance of pathway 3 PA 

in-vitro (Figure 5-6), it only achieved a 17% fusion rate in-vivo, in contrast to the 100% 

fusion rate achieved by both pathway 1 and pathway 2 PA (Figure 5-7).  Since pathway 

3 scaffolds were highly porous compared to the other PA scaffolds, the data suggests that 

porosity is not an important factor for PA efficacy in promoting fusion.  Perhaps 

degradation of the PA gels allows cell infiltration, even if the collagen pores are initially 

“clogged.” Since pathway 2 and pathway 3 PA both show the ability to retain BMP-2 

(Figure 5-6e), the growth factor release data alone explain the differences in-vivo.  

However, it is possible that the weaker PA gels of pathway 3 degrade faster, causing the 

BMP-2 to be released must earlier.  Taken together, the pathway 1, 2, and 3 data suggest 

that short, freeze dried PA nanofibers can be efficacious bone grafts for spinal fusion, if 

the proper freeze drying pathway is selected.  For further optimization of freeze drying 

pathways, we note that in-vitro experimental results may not predict how the material 

will behave in-vivo.   
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Figure 5-7: In-vivo efficacy of PA scaffolds.  Fusion scores (one-way ANOVA, 
p<0.0001) and associated fusion rate (Fisher’s exact test, *p = 0.0152) from a 
rat spinal fusion experiment, 8 weeks after treatment with 100 ng/rat BMP-2, 
delivered through indicated PA scaffolds.   

 

5.3.6 Further Investigation of Freeze Drying Conditions 

Since pathway 2 and pathway 3 PA differ in both solvent and processing steps 

(pathway 2: NaOH, annealed prior to freeze drying; pathway 3: NH4OH, never annealed 

prior to freeze drying), we wanted to further examine the effects of these two variables.  

We dissolved PA to 1 wt% in either solvent, and processed them as indicated below.   

1. NaOH, never annealed 

2. NaOH, annealed prior to freeze drying - This is a slightly modified version of 

pathway 2 PA, which was first dissolved to 2 wt% and immediately diluted to 

1 wt% with pure water.  This sample was instead simply dissolved to 1 wt%.  

The data in Figure 5-8a shows that this slight modification does not 

significantly change the PA gel’s storage modulus.  The trend between this 

“modified” pathway 2 PA and pathway 3 PA (Figure 5-8b) is similar to the 

trend between the original pathway 2 PA and pathway 3 PA (Figure 5-5k). 

3. NH4OH, never annealed - This is pathway 3 PA. 
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4. NH4OH, annealed prior to freeze drying  

After dissolving the PA in the indicated solvent, and annealing if applicable, the PA 

solutions were freeze dried overnight.  The PA powders were then rehydrated with pure 

water, and the 1 wt% PA solutions were analyzed by measuring their storage modulus 

(when gelled with CaCl2).  We chose to do rheology experiments because pathway 2 and 

pathway 3 PA showed drastically different storage moduli (Figure 5-5k). 

 

 

Figure 5-8: Effect of solvent and annealing prior to freeze drying.  (a) Storage modulus 
of pathway 2 PA (dissolved to 2 wt% PA in NaOH, immediately diluted to 1 
wt%, annealed, freeze-dried) compared to a slightly modified version of 
pathway 2 PA (dissolved to 1 wt% PA in NaOH, annealed, freeze-dried).  
T-test, not significant.  Error bars are standard deviation. (b) Storage 
modulus of PsA processed as indicated.  The processing pathways that 
correspond to pathway 2 and pathway 3 are labeled.  The asterisk indicates 
that this is a slight modification from pathway 2, as described in panel a.  
Two-way ANOVA, *p<0.05. 

 

From Figure 5-8b, we see that both prior annealing and the choice of solvent affect 

the properties of the material.  Even though freeze drying is known to break long 

nanofibers created by annealing (Figure 5-1), annealing prior to freeze drying results in 

stiffer PA gels regardless of solvent (Figure 5-8b).  The solvent that the PA was dissolved 

in for freeze drying (all PAs are rehydrated with pure water to form a visually clear 
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solution) also has an effect, with NaOH resulting in stiffer PA gels (Figure 5-8b).  The in-

vivo studies showed that pathway 2 PA, i.e. PA that had been dissolved in NaOH and 

annealed prior to freeze drying, achieves 100% fusion.  This rheology data suggests that 

these exact processing conditions are necessary for this biological function, i.e. the PA 

must be dissolved in NaOH and annealed prior to freeze drying, even if freeze drying will 

break long nanofibers formed through annealing.  It is possible that, although freeze 

drying breaks long nanofibers, the prior annealing step produces longer nanofibers than if 

the freeze dried sample had never been annealed.  This may be due to some nanofibrous 

structures being preserved in the powder.  

 To further probe the effects of solvent and annealing on subsequently freeze dried 

samples, we performed Fourier-transform infrared spectroscopy (FTIR) on PA solutions.  

We prepared the following 1 wt% PA solutions, using deuterated solvents D2O and 

NaOD to reduce solvent interference in the amide I/II region: 

1. PA freshly dissolved in NaOD 

2. PA freshly dissolved in NaOD, then freeze dried and rehydrated with D2O 

3. PA freshly dissolved in NaOD, then annealed (pathway 1 PA, with minor 

modification: PA was dissolved directly to 1 wt% as opposed to 2 wt% and 

then diluted) 

4. PA freshly dissolved in NaOD, then annealed, then freeze dried and 

rehydrated with D2O (pathway 2 PA, with minor modification: PA was 

dissolved directly to 1 wt% as opposed to 2 wt% and then diluted) 

5. PA freshly dissolved in NH4OH, then freeze dried and rehydrated with D2O 

(pathway 3 PA) 



 208 
In the FTIR spectra of these samples (Figure 5-9), the peak around 1622 cm-1 likely 

corresponds to amides that are within a β-sheeted environment, whereas the peak around 

1560 cm-1 likely corresponds to amides that are within a less ordered environment.  As 

expected for V3A3E3 PA, which is known to have high propensity for β-sheet formation 

due to the V3A3 peptide portion75, 80, the peak at 1622 cm-1 is prominent in all solutions.  

Not surprisingly, the annealed sample (blue trace) qualitatively shows the largest peak, 

and it is known to contain long nanofibers with cohesive β-sheets.103, 135  

However, the presence of the 1622 cm-1 peak in all samples suggests that, even as 

various processing steps may disrupt the self-assembled nanostructures formed by the 

PA, the ability of the PA molecules to form β-sheeted structure is not lost.  This is 

consistent with previous work showing the self-repair capacity of PA nanofibers after 

disruption from freezing or freeze drying.135 We note that the spectrum of the freshly 

dissolved, freeze-dried NaOD sample qualitatively similar to the spectrum of the 

annealed, freeze-dried NaOD sample, although these two samples had different storage 

moduli (Figure 5-8b).  Thus, the FTIR data suggests that the difference in storage moduli 

(a bulk property) is not caused by differences at the molecular level, because both 

samples appear to be capable of β-sheet formation.  Therefore, it is possible that 

annealing prior to freeze drying causes an increase in nanofiber length, compared to 

samples that have never been annealed.  Although freeze drying will break the long 

nanofibers created by annealing, it is possible that they are still longer than if the PA had 

never been annealed. The in-vivo function (Figure 5-7) of each sample is labeled on the 

FTIR spectra, and it appears that the loss of some qualitative features upon freeze drying 

(i.e. the 1622 cm-1 peak becomes smaller) does not compromise bioactivity.   
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Figure 5-9: FTIR of 1 wt% PA solutions, processed as indicated. 

 

5.4 CONCLUSIONS 

We have identified a freeze drying pathway that does not compromise the PA’s in-

vivo efficacy in a rat spinal fusion model (pathway 1 versus 2), which was not obvious 

because freeze-drying drastically disrupts PA nanofibers.  Specifically, both pathways 1 

and 2 produced PA that was capable of reducing the therapeutic BMP-2 dose 100 times 

in-vivo.  Interestingly, not every freeze-drying pathway will result in PA assemblies with 

this desired biological function (pathway 3).  Freeze dried PA immediately after 

rehydration can be considered a metastable state, where the system has not had time to 

equilibrate towards its thermodynamic minimum of long nanofibers.  Indeed, both 

pathway 2 and pathway 3 PA contain shorter nanofibers than solutions that had been 

subjected to heat (pathways 1, 4) for equilibration.  The in-vivo data suggests that not all 
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metastable positions in the energy landscape are equal, and that some can be significantly 

more bioactive than others (pathway 2 versus 3).  One possibility is that some nanofiber 

elongation occurs upon rehydration of PA powder, and under certain conditions and 

processing pathways (pathway 2), this elongation is “enough” for biological function.  

This is encouraging for surgical applications such as spinal fusion, where materials must 

be ready to use with minimal preparation, so thermodynamic positions in the energy 

landscape will likely be inaccessible.  In summary, this works suggests that, for certain 

clinical applications, PA assemblies should be designed for use in a metastable state.  

Kinetic barriers must be overcome to reach the global minimum, and the short 

preparation times allowed in surgical settings will not provide sufficient time or energy 

input.  This concept is common in biology, where functional proteins are not necessarily 

the most thermodynamically stable configuration.  We believe the ideas presented in this 

work can be applied to translating other supramolecular biomaterials with complex self-

assembly energy landscapes. 

 

5.5 MATERIALS AND METHODS 

Peptide Synthesis 

V3A3E3 PA was synthesized using solid-phase peptide synthesis and purified 

using reverse high performance liquid chromatography, with the same procedure as 

described in Chapter 2.   
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Preparation of PA Solutions  

Pathway 1 – V3A3E3 PA was first dissolved to 2 wt% in 30 mM NaOH, and immediately 

diluted to 1 wt% with pure water.  This PA solution, containing 1 wt% PA in 15 mM 

NaOH, was heated at 80°C for 30 minutes and then allowed to slow cool overnight. 

Pathway 2 – Pathway 1 PA solutions were prepared as described above.  These solutions 

were flash frozen in liquid nitrogen, and then transferred to a port-type freeze drier.  This 

was always done in 1.7 mL Eppendorf tubes, where the volume of PA was always small 

enough to freeze completely after ≤ 30 seconds of submersion in liquid nitrogen, and to 

completely dry overnight.  This powder was rehydrated with pure water to produce a 1 

wt% PA solution.   

Pathway 3 – V3A3E3 PA was dissolved to 1 wt% in a solvent containing 1% NH4OH and 

15 mM NaCl.  The 1% NH4OH refers to the dilution of a concentrated NH4OH solution 

(28 – 32%) to 1% volume/volume in water.  This PA solution was freeze dried the same 

way as described for Pathway 2 PA.  The resultant powder was rehydrated with pure 

water to produce a 1 wt% PA solution.   

Pathway 4 – Pathway 3 PA solutions were prepared as described above.  These solutions 

were heated at 80°C for 10 minutes and then cooled immediately by submersion in RT 

water.   

Annealed PA with 5% Glycerol – V3A3E3 PA was first dissolved to 2 wt% in 30 mM 

NaOH, and immediately diluted to 1 wt% with a 10% (v/v) glycerol solution.  The 

glycerol solution was 10% volume glycerol in pure water.  This PA solution, containing 1 

wt% PA in 15 mM NaOH and 5% glycerol, was heated at 80°C for 30 minutes and then 

allowed to slow cool overnight. 
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Freeze Dried PA with 5% Glycerol – Annealed PA containing 5% glycerol was prepared 

as described above.  These solutions were flash frozen in liquid nitrogen, and then 

transferred to a port-type freeze drier.  This was always done in 1.7 mL Eppendorf tubes, 

where the volume of PA was always small enough to freeze completely after ≤ 30 

seconds of submersion in liquid nitrogen, and to completely dry overnight.  This solid - 

which is a sticky, “gooey” substance - was rehydrated with pure water to produce a 1 

wt% PA solution.   

 

Viscosity 

Viscosity measurements were performed on an MCR 302 rheometer (Anton Paar, 

Graz, Austria).  The CP25-2 fixture (25 mm diameter cone-plate) was used to analyze 

200 µL of 1 wt% PA, with the rheometer plate set to 23°C.  The shear rate was increased 

from 1–100 s-1 over 240 seconds, and the final viscosity at 100 s-1 is reported. 

 

Polarized Light Microscopy 

PA solutions at 1 wt% (50 µL) were pipetted onto glass slides and observed 

between cross-polarizers, set to 90°. 

 

Cryogenic Transmission Electron Microscopy (CryoTEM) 

Before use, 300-mesh copper grids with lacey carbon film (Electron Microscopy 

Sciences, Hatfield, PA, USA) were glow discharged for 30 seconds in a PELCO 

easiGlow system (Ted Pella, Inc., Redding, CA, USA).  PA solutions (4 µL) were 

pipetted onto grids, blotted, and plunged into liquid ethane with an FEI Vitrobot Mark IV 
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(FEI, Hillsboro, OR, USA), maintained around 95% humidity.  Pathway 1 PA, pathway 4 

PA, annealed PA with 5% glycerol, and annealed/freeze dried PA with 5% glycerol were 

diluted 1:100 (volume:volume) in pure water before blotting, because highly viscous 

solutions cannot be blotted onto grids at 1 wt%.  Pathway 2 and pathway 3 PA were 

blotted at 1 wt% with no dilutions, because they are less viscous.  While submerged in 

liquid nitrogen, vitrified samples were transferred to a Gatan 626 cryo-holder (Gatan, 

Pleasanton, CA, USA) and imaged on a JEOL 1230 TEM operating at 100 kV.  Liquid 

nitrogen temperatures were maintained during imaging, and micrographs were captured 

with a bottom-mounted Gatan 832 camera.   

 

Creating PA Scaffolds on Collagen Spong 

Before loading onto collagen sponges, 1 wt% PA was diluted 9:1 

(volume:volume) in pure water to 0.9 wt%, to mimic experiments where BMP-2 is mixed 

with the PA and loaded onto the scaffolds.  This PA solution (50 μL) was loaded onto 

cylindrical collagen scaffolds that measured 6 mm in diameter and 5 mm long.  Helistat® 

collagen sponges (10 cm x 7.5 cm x 5 mm) were purchased from Integra LifeSciences 

(Plainsboro, NJ, USA), and a 6 mm biopsy punch was used to cut individual scaffolds for 

experiments.  After the PA solutions were loaded onto collagen sponges, 50 μL of 30 mM 

CaCl2 was added to the scaffold to induce gelation of PA.  To maximize absorption of 

solutions into the collagen sponge, all loading steps were done with the collagen sponge 

on Parafilm®.  The Parafilm® repels liquid, so it will not wick the solutions away from 

the porous sponge.  
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Scanning Electron Microscopy (SEM)  

Collagen/PA scaffolds were created as described above.  To prepare the scaffolds 

for SEM imaging, they were subject to a gradual ethanol exchange followed by critical 

point drying.  They were submerged in ethanol-water solutions containing gradually 

increasing amounts of ethanol: 10 minutes at 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 

95% EtOH, and then 15-20 minutes at 100% EtOH.  Using a Samdri-795 critical point 

dryer (Tousimis, Rockville, MD, USA), dehydrated gels were purged with supercritical 

CO2 for 10 minutes and then dried through the critical point of CO2.  Dried samples were 

mounted onto carbon tape, with a small drop of carbon paste in between the tape and 

sample to improve adhesion.  To enhance conductivity, samples were coated with either 

16 nm of osmium metal using an SPI Osmium Coater (SPI Supplies, West Chester, PA, 

USA), or 15 nm of gold-palladium (Au-Pd) using a Denton III Desk Sputter Coater 

(Denton Vacuum, Moorestown, NJ, USA).  Coated samples were imaged with a Hitachi 

SU-8030 SEM (Hitachi, Tokyo, Japan) operating at 2.0 kV.  

 

MC3T3 Cell Culture  

 MC3T3-E1 subclone 4 mouse preosteoblasts (ATCC, Manassas, VA, USA) were 

maintained using standard cell culture techniques, in Alpha Minimum Essential Medium 

(αMEM, Catalog No. A1049001, GIBCO [Thermo Fisher] Waltham, MA, USA) 

supplemented with 10% fetal bovine serum (FBS, Denville Scientific, South Plainfield, 

NJ, USA), 100 U/mL penicillin, and 100 µg/mL streptomycin (Pen Strep, GIBCO).  FBS 

was heat-inactivated before use.  Cells were passaged using 0.25% trypsin (GIBCO), and 

used for experiments at passages 5-7. 
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Seeding MC3T3 Cells onto Collagen/PA Scaffolds 

Collagen/PA scaffolds were created as described above, and transferred to a 96-

well cell culture plate.  MC3T3 cells were seeded onto the scaffolds, at 40,000 

cells/scaffold, suspended in 30 µL of αMEM cell media.  The cells (40,000 cells/30 µL) 

were allowed to physically settle onto the scaffolds for 5 minutes before 120 µL of 

αMEM media was added to the well (total 150 µL cell media/well).  Cells were then 

incubated for 4 hours at 37°C.  Before staining for actin or MTS assay analysis, the 

scaffolds were washed in 2x in PBS.  After each PBS wash, the scaffolds were gently 

placed on a Kimwipe to remove liquid inside the scaffold.   

 

Cytoskeleton Staining  

 After the 4-hour incubation, cells were fixed in 4% paraformaldehyde and then 

permeabilized with 0.4% Triton X and 2% bovine serum albumin, both for 30 minutes at 

room temperature.  Cells were then stained by incubating gels with a 1:200 dilution of 

Alexa Fluor 488 phalloidin (Molecular Probes), overnight at 4°C.  All solutions were 

dissolved in PBS w/ CaCl2, which was also used to rinse samples three times between all 

steps.  After phalloidin staining, the scaffold surfaces were imaged using the 20x 

objective of a Nikon AIR confocal microscope.  The images shown are maximum 

intensity projections of 25 μm z-stacks.       

 

MTS Assay  

 In this assay, MTS [3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium)] was used to detect the presence of cell metabolic 



 216 
activity.  MC3T3 cells were seeded onto collagen/PA scaffolds as described above.  After 

the 4-hour incubation and PBS washes, the scaffolds with adhered cells were returned to 

96-well plates and incubated with 150 μL of MTS working solution for 1 hour at 37°C.  

The MTS working solution was prepared and the incubation carried out according to the 

manufacturer’s instructions (CellTiter 96® AQueous MTS Reagent Powder, Promega, 

Madison, WI, USA).  After incubation, 100 μL of MTS working solution was harvested, 

centrifuged to remove PA that may have become dislodged from the scaffolds, and the 

absorbance at 490 nm read on a CytationTM3 (BioTek, Winooski, VT, USA).  Blank 

scaffolds with PA on collagen but no cells were prepared in each PA condition, and the 

experiment was carried out the same way.  The absorbance of these blanks was subjected 

from the absorbance of the samples.   

 

Rheological Properties of PA Gels 

 Rheological analysis of PA gels was performed using an MCR 302 rheometer 

(Anton Paar, Graz, Austria), using a 25 mm cone-plate fixture (CP25-2).  PA solutions (1 

wt% PA, 150 µL) were loaded onto the rheometer plate, set to 23°C.  To induce gelation 

of the PA, 50 µL of 30 mM CaCl2 was pipetted onto the CP25-2 fixture in small droplets, 

as evenly spread as possible.  Gelation was initiated when the fixture came into contact 

with the sample for the measurement.  The gel was equilibrated for 25 minutes (1500 

seconds) at constant strain (0.1%) and angular frequency (10 rad/sec), and the final 

storage modulus is reported.   
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C2C12 Cell Culture 

C2C12 mouse myoblasts (ATCC, Manassas, VA, USA) were maintained using 

standard cell culture techniques, in Dulbecco’s Modified Eagle’s Medium (DMEM, 

Catalog No. 30-2002, ATCC, Manassas, VA, USA) supplemented with 10% fetal bovine 

serum (FBS, GIBCO [Thermo Fisher] Waltham, MA, USA), 100 U/mL penicillin, and 

100 µg/mL streptomycin (Pen Strep, GIBCO).  FBS was heat-inactivated before use. 

Cells were passaged using 0.05% trypsin (GIBCO), and used for experiments at passages 

4-5. 

 

Treat C2C12 Cells with BMP-2 in Scaffold 

Since both cells and BMP-2 solution had to be mixed with PA, PA solutions were 

prepared at 1.1 wt% instead of 1 wt%.  Otherwise, they were prepared as described 

above.  A 20,000 ng/mL BMP-2 solution was created by diluting the 1.5 mg/mL BMP-2 

stock (INFUSE™, Medtronic Sofamor Danek, Memphis, TN, USA) 75x with pure water.  

An 80,000 cells/µL C2C12 suspension in DMEM was also created.  Next, the 1.1 wt% 

PA solution, BMP-2 solution, and cell suspension was mixed in a 10:1:1 volume ratio, 

such that the final PA concentration was 0.9166 wt%.   For controls with no BMP-2, pure 

water was added instead of the BMP-2 solution. 

Helistat® collagen sponges (10 cm x 7.5 cm x 5 mm) were purchased from 

Integra LifeSciences (Plainsboro, NJ, USA), and a 6 mm biopsy punch was used to cut 

individual scaffolds for experiments (6-mm diameter by 5 mm length).  The solution 

containing PA, cells, and BMP-2 (60 μL) was loaded onto cylindrical collagen scaffolds 

that measured 6 mm in diameter and 5 mm long.  To maximize absorption of solutions 



 218 
into the collagen sponge, all loading steps were done with the collagen sponge on 

Parafilm®.  The Parafilm® repels liquid, so the surface will not wick the solutions away 

from the porous sponge.  To sterilize the Parafilm®, it was exposed to ultraviolet (UV) 

light within a tissue culture hood for 10 minutes.  Thus, cells were encapsulated at 

400,000 cells/scaffold and BMP-2 was encapsulated at 100 ng/scaffold.  Next, a salt 

solution (40 μL) containing 37.5 mM CaCl2 and 187.5 mM NaCl was applied to the 

scaffolds to induce gelation of PA and to adjust the scaffold to physiological ionic 

strength.  These scaffolds with encapsulated cells and BMP-2 were placed into 48-well 

plates, and surrounded with 1 mL of DMEM media.   

 

Treat C2C12 Cells with BMP-2 in Cell Media 

PA solutions with 1 wt% PA were prepared as described above.  An 80,000 

cells/µL C2C12 cell suspension in DMEM was created.  PA was mixed with cells in a 9:1 

volume ratio, such that the final PA concentration was 0.9 wt%.  Helistat® collagen 

sponges (10 cm x 7.5 cm x 5 mm) were purchased from Integra LifeSciences (Plainsboro, 

NJ, USA), and a 6 mm biopsy punch used to cut individual scaffolds for experiments (6-

mm diameter by 5 mm length).  The solution containing PA, cells, and BMP-2 (50 μL) 

was loaded onto cylindrical collagen scaffolds that measured 6 mm in diameter and 5 mm 

long.  To maximize absorption of solutions into the collagen sponge, all loading steps 

were done with the collagen sponge on Parafilm®.  The Parafilm® repels liquid, so the 

surface will not wick the solutions away from the porous sponge.  To sterilize the 

Parafilm®, it was exposed to ultraviolet (UV) light within a tissue culture hood for 10 

minutes.  Thus, cells were encapsulated at 400,000 cells/scaffold.  Next, a salt solution 
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(50 μL) containing 30 mM CaCl2 and 150 mM NaCl was applied to the scaffolds to 

induce gelation of PA and to adjust the scaffold to physiological ionic strength.  For 

samples containing no PA and only the collagen sponge, 400,000 C2C12 cells were 

suspended in 100 μL of DMEM, which was loaded onto the collagen sponge.  These 

scaffolds with encapsulated cells and BMP-2 were placed into 48-well plates, and 

surrounded with 1 mL of DMEM media.  The cells were allowed to equilibrate overnight 

before they were exposed to DMEM media containing BMP-2.   

To make the BMP-2 treatment media, a 1.5 mg/mL BMP-2 stock (INFUSE™, 

Medtronic Sofamor Danek, Memphis, TN, USA) was diluted 100x in pure water to 

obtain a 15,000 ng/mL BMP-2 solution.  This solution was further diluted in DMEM 

media containing 2.5% FBS, such that the final BMP-2 concentration was 100 ng/mL.  

The FBS content was reduced from the usual 10% to 2.5% because serum proteins can 

interfere with growth factor signaling.  Scaffolds containing cells were then transferred to 

BMP-2 treatment media, in a 48-well dish surrounded by 1 mL of media.     

 

ALP Colorimetric Assay 

 After 3 days of incubation with BMP-2, either in the scaffold of in the media, the 

ALP activity in cells was analyzed.  Scaffolds were rinsed in PBS and then gently placed 

onto a Kimwipe to soak up excess liquid.  This PBS wash followed by removing excess 

liquid was repeated twice.  The scaffolds were then placed into Eppendorf tubes and 

subjected to two freeze-thaw cycles, where they were submerged in liquid nitrogen to 

freeze and then submerged in room temperature water to thaw.  These freeze-thawing 

steps were done to rupture the cell membranes and disrupt the PA gel, to aid in extracting 
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the ALP.  While the scaffold was thawing during the second freeze-thaw cycle, 100 μLof 

M-Per™ Buffer (Thermo Fisher, Waltham, MA, USA) containing Halt™ Protease 

Inhibitor (Thermo Fisher, Waltham, MA, USA) was added to the scaffold.  The scaffolds 

were then horn sonicated to further disrupt the cell membranes and PA gel, to maximize 

extraction of ALP into M-Per™ buffer.  Following horn sonication, forceps were used to 

squeeze the scaffolds against the sides of the Eppendorf tubes, in order to remove as 

much liquid as possible from the scaffolds.  The scaffolds were then discarded.  The M-

Per™ buffer containing extracted proteins was centrifuged at 13.2 rpm for 2 minutes.  

The supernatant (50 μL) was then analyzed for ALP activity using a SensoLyte® pNPP 

Alkaline Phosphate Kit (AnaSpec, Fremont, CA, USA).   

 

ALP Staining 

  C2C12 cells were encapsulated in PA/collagen scaffolds and treated with BMP-2 

in the cell media, as described above.  After a 3-day incubation with BMP-2, ALP-

positive cells were visualized using a Stemgent® Alkaline Phosphatase Staining Kit II 

(Stemgent, Cambridge, MA, USA), following the manufacturer’s instructions.  Due to the 

3D nature of the experiment, the color change took longer than the manufacturer-

recommended 5–15 minutes, which was likely optimized for cells in 2D culture.  Instead, 

the color change took around 1-2 hours to develop.  Furthermore, we note that this 

experiment would only detect ALP-positive cells at the surface of the scaffolds, because 

collagen scaffolds are optically dense.   
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ELISA (Enzyme-Linked Immunosorbent Assay) for BMP-2 Releases 

 A 6-mm biopsy punch was used to cut individual scaffolds (6-mm diameter by 5 

mm length) out of a Helistat® collagen sponge sheet (10 cm x 7.5 cm x 5 mm, Integra 

LifeSciences, Plainsboro, NJ, USA).   PA solutions at 1 wt% were prepared, and a BMP-

2 solution was prepared by diluting a 1.5 mg/mL stock (INFUSE™, Medtronic Sofamor 

Danek, Memphis, TN, USA) to 20,000 ng/mL in pure water.  The PA and diluted BMP-2 

solutions were mixed in a 9:1 volume ratio, such that the resultant solution contained 0.9 

wt% PA and 2000 ng/mL BMP-2.  This PA/BMP-2 mixture (50 μL) was added to the 

individual collagen scaffolds, so the scaffolds were loaded with 100 ng of BMP-2.  The 

PA was then gelled by adding 50 μL of 30 mM CaCl2 to the collagen scaffold.  The 

addition of PA/BMP-2 and CaCl2 solutions to the collagen scaffolds were done on 

Parafilm®, which has a hydrophobic surface that does not wick away liquid from the 

porous sponge.  For samples with no PA, the 20,000 ng/mL BMP-2 solution was further 

diluted 20x to 1000 ng/mL with pure water.  This solution (100 μL) containing BMP-2 

and no PA was added to a collagen scaffold.  All these scaffolds containing BMP-2 were 

allowed to equilibrate at room temperature for 15 minutes, after which they were placed 

into 2 mL Eppendorf tubes.  Release media (0.1% BSA in PBS, 1 mL) was added to each 

tube.  At each time point, 700 μL of the release media was extracted, and replaced with 

700 μL of fresh release media.  The extracted samples were stored at -80°C until analysis 

by ELISA. BMP-2 in the samples was detected using a Human BMP-2 DuoSet ELISA 

kit (Catalog No. DY355-05, R&D Systems) following the manufacturer’s instructions.   
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Rat Posterolateral Lumbar Intertransverse Spinal Fusion 

Helistat® collagen sponges (10 cm x 7.5 cm x 5 mm) were purchased from 

Integra LifeSciences (Plainsboro, NJ, USA), and 1.5 cm x 0.5 cm x 5 mm (original 

thickness) scaffolds were cut from these sponges using a sharp blade.  PA solutions at 1 

wt% were prepared, and a 1.5 mg/mL BMP-2 stock solution (INFUSE™, Medtronic 

Sofamor Danek, Memphis, TN, USA) was diluted 399x with pure water to 3759.4 ng/mL 

BMP-2 (2 μL BMP-2 + 796 μL water).  The PA and diluted BMP-2 solutions were mixed 

in a 9:1 volume ratio, such that the final solution contained 0.9 wt% PA and 50 ng 

BMP/133 μL of solution.  This volume (133 μL) will be loaded onto each scaffold, so 

with each rat receiving two scaffolds (one per side of spine), each rat receives 100 ng 

BMP-2 total.  The scaffolds were placed onto Parafilm®, and 133 μL of PA/BMP-2 

solution was added to the scaffold, followed by 133 μL of 30 mM CaCl2 to induce 

gelation of PA.  Adding 133 μL of PA/BMP-2 solution to 1.5 cm x 0.5 cm x 0.5 cm 

scaffolds achieves a similar PA:collagen ratio as the in-vitro experiments (50 μL PA on 

6-mm diameter x 5 mm long cylindrical discs).  The Parafilm® provided a hydrophobic 

surface that does not wick away liquid from the porous sponge.  The experimental groups 

tested were: 1) Pathway 1 PA scaffolds + 100 ng BMP-2/rat; 2) Pathway 2 PA scaffolds 

+ 100 ng BMP-2/rat; 3) Pathway 3 PA scaffolds + 100 ng BMP-2/rat.    

This study was approved by the Institutional Animal Care and Use Committee 

(IACUC), and carried out within its policies.  Scaffolds were implanted between the L4-

L5 transverse processes of female Sprague-Dawley rats aged 12-16 weeks, using an 

established surgical technique.107, 108  This study consisted of 18 rats, with 6 randomly 

assigned to each of the three experimental groups.  During surgery, the rats were 
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maintained on heating pads and a continuous isoflurane inhalational anesthetic delivery 

system, and monitored for respiratory or cardiac difficulties.  The L4-L5 transverse 

processes were exposed through a posterior midline incision, followed by two fascial 

incisions 4 mm from the midline on either side.  A blunt instrument was used to dissect 

the muscle and expose the periosteum of the spine.  After exposure, the L4-L5 transverse 

processes were irrigated with a sterile gentamicin/saline solution, and the cortical layer 

was decorticated using a high speed burr.  The scaffolds were implanted bilaterally 

between L4-L5, within the paraspinal musculature.  The fascial incisions were closed 

with closed using 3‐0 Monocryl absorbable sutures, and the skin incision closed using 

wound clips.  After surgery, the rats were housed in separate cages.   

Eight weeks post-surgery, rats were euthanized and the spines were harvested.  

Harvested spines were placed into 10% Neutral Buffered Formalin for 7 - 10 days, 

followed by incubation in 50% EtOH for 2 hours, and then stored in 70% EtOH until 

analysis.  Using an established method, spines were scored with manual palpitation by 

blinded observers, and the average score of three independent observers is reported.  The 

scoring system is as follows: 0 = no bridging; 1 = unilateral bridging; and 2 = bilateral 

bridging.  To calculate fusion rates, rats receiving a score ≥1 were considered fused.  The 

fusion rate is the percentage of animals that are successfully fused.   

 

Fourier-Transform Infrared Spectroscopy  

PA solutions (40 μL) were placed between two CaF2 windows with a 50 μm PTFE 

spacer.  A Bruker Tensor 37 FTIR Spectrometer was used to collect IR spectra of these 
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samples from 400 – 4000 cm-1 at a resolution of 1 cm-1, averaging 25 scans.  The spectra 

from the region 1520 – 1650 cm-1 is plotted. 
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6 CONCLUSION 
 

 
6.1 CH 2: SELF-SORTING IN SUPRAMOLECULAR ASSEMBLIES 

One advantage of supramolecular biomaterials is the allowance for modular 

design.2, 17-19  Supramolecular structures can be modulated by tuning the individual 

molecules participating in nanoscale self-assembly, enabling a “bottom-up” design 

approach.  This is in contrast to the processing of existent materials into therapeutic 

products; for example, when collagen (Helistat®, Integra LifeSciences), alginate 

(Tegaderm™, 3M), or cellulose (Nanoderm™, Axcelon Biopolymers Corporation) are 

harvested and processed into wound dressings, their nanoscale features cannot be fine-

tuned.  One example of modular design is the creation of multicomponent supramolecular 

systems, where two or more rationally chosen molecules are allowed to self-assemble 

together, under rationally chosen molar ratios and conditions.2, 17-19, 98, 99  While the use of 

multiple components allows greater diversity in material design, our knowledge of 

multicomponent self-assembly is incomplete.  Specifically, the factors that drive different 

molecules to self-sort or co-assembly are not completely understood, although there is 

literature that offers some insights.51, 129-133  In our specific PA platform, this is 

particularly relevant in materials where diluent PA molecules are combined with epitope-

bearing PA molecules.98, 99, 108, 111  

In Chapter 2, a multicomponent PA system was presented and a condition that 

promoted self-sorting was identified.  FITC- and TAMRA-conjugated PA were mixed 

with diluent PA bearing no fluorophore, with the diluent PA in molar excess of the two 

fluorescent PAs.  All three PAs contained negatively charged headgroups.  FRET and 
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confocal imaging experiments showed that, in conditions of relatively low ionic strength, 

FITC-conjugated PA segregated from TAMRA-conjugated PA.  This result was 

surprising because no molecular recognition motifs exist to promote self-sorting, since 

FITC- and TAMRA are attached to the same PA backbone, which is identical to the 

diluent PA except for a lysine linker to attach the fluorophore.  FRAP experiments 

showed that FITC-conjugated PA was highly mobile while TAMRA-conjugated PA was 

immobile, when both PAs were surrounded by diluent PA nanostructures.  This suggests 

that FITC-conjugated PA cannot associate strongly with the negatively charged diluent 

PA assemblies, which is likely due to the -2 charge of the FITC fluorophore.  The FITC-

conjugated PA remains in the solution around the diluent PA nanofibers, and are thus 

highly mobile by FRAP.  Conversely, TAMRA is zwitterionic so TAMRA-conjugated 

PA can co-assemble with the diluent PA matrix.  When the solution’s ionic strength was 

increased with addition of NaCl, providing Na+ ions to screen the PA’s negative charges, 

self-sorting was suppressed.  This was accompanied by lower mobility of FITC-

conjugated PA, which can now associate with the diluent PA nanofibers and mix with the 

TAMRA-conjugated PA.  In summary, the “self-sorting” is mediated by interactions with 

a supramolecular matrix, which the self-sorted species differentially associate with.  

Compared to the current literature that focuses on molecular recognition events, this work 

proposes a different mechanism for supramolecular self-sorting. 

Multicomponent PA systems are often created when epitope-bearing PAs are 

mixed with diluent PAs.  In this study, the “epitope-bearing” PAs contained pendant 

fluorophores (FITC or TAMRA), which were originally presumed to be much simpler 

than bioactive peptide chains.  Although peptide-based epitopes will behave differently 
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than small molecule fluorophores, this work presents some insights for mixing epitope-

bearing PAs with diluent PAs.  Specifically, the charge of the epitope relative to the 

diluent PA should be considered, in the context of the specific solvent conditions.     

 

6.2 CH 3: CELL DEATH MEDIATED BY ALKYL TAIL PLACEMENT 

While Chapter 2 revealed complexity in multicomponent supramolecular systems, 

Chapter 3 focused on single component systems and demonstrated complexity in 

molecular design rules.  Built from non-covalent interactions that can be modulated, 

supramolecular biomaterials have the advantage of being highly tunable.8-11  Unlike the 

static covalent bonds in polymers, non-covalent interactions have a characteristic 

equilibrium association constant (Keq), which is affected by the association (ka) and 

dissociation (kd) constants.  These parameters can be fine-tuned to achieve desired 

material properties, if the link between molecular design and supramolecular interactions 

is thoroughly understood.  Chapter 3 showed that miniscule alterations to cationic PA 

molecules had significant consequences for their cytotoxic properties.    

Similar to previous reports,75 cationic PAs with weak supramolecular cohesion 

were cytotoxic while similar PAs with strong supramolecular were not.  Building from 

this result, experiments in Chapter 3 showed that alkyl tail placement and peptide polarity 

affected the cytotoxic properties of PA assemblies.  As shown by time course 

experiments, cationic PAs with the alkyl tail at the N-terminus rapidly exerted cytotoxic 

effects, while cationic PAs with the alkyl tail at the C-terminus killed cells more slowly.  

The faster cell death is likely caused by immediate physical disruption of the cell 

membrane, but the slower cell death must occur through a slower process.  Mechanistic 
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studies linked the slower cell death to an oncotic mechanism, where PA nanostructures 

sequester cholesterol from the plasma membrane, initiating signaling pathways that lead 

to programmed cell death.  Interestingly, changing the polarity of the lysine linker 

between the alkyl tail and the peptide sequence suppressed cholesterol sequestration and 

rescued cell viability.  In summary, these cationic PAs were tuned at the nanoscale with 

small alterations to molecular design, by changing the alkyl tail placement and thus 

peptide polarity, hydrogen bonding sequence, or lysine linker polarity.  These nanoscale 

changes changed the internal structure of the PA assemblies, which then exerted 

differential effects on micron-scale cell membranes.   

Interestingly, different cell membrane interactions (physical disruption versus 

cholesterol sequestration versus no interaction) were achieved with different 

supramolecular assemblies.  This deviates from the conventional wisdom that cationic 

species disrupt negatively charged cell membrane solely through electrostatic 

interactions.75-79  Similar phenomenon likely occurs in other supramolecular structures 

that interface with the supramolecular lipid bilayer of cell membranes. 

 

6.3 CH 4: SELF-REPAIR OF SUPRAMOLECULAR NANOSTRUCTURES  

The inherent reversibility9, 16, 88 of non-covalent bonds is often touted as an 

advantage of supramolecular biomaterials, and can be used to design self-healing 

materials58, 61, 62, 199-203, 237 or materials that can be altered to differentially induce 

biological behaviors.73, 238, 239  While non-covalent reversibility has been exploited to 

mend mechanical defects58, 61, 62, 199-203, 237, the possibility of repairing incorrectly self-
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assembled structures has not been explored.  One major cause for defective 

supramolecular structures is incorrect choice of self-assembly pathway,101-103 leading to 

encounters with kinetic traps and non-functional energy landscape positions.  While 

faulty self-assembly pathways should be avoided when possible, some processing steps 

may be necessary for large-scale applications such as clinical translation.  In the case of 

PAs, they must be preserved with freezing or freeze drying for large-scale applications 

such as clinical use, because their self-assembled structures are highly dynamic in 

solution.     

The results presented in Chapter 4 show that freezing and freeze drying can indeed 

cause structural and functional damage to supramolecular structures.  Specifically, long 

nanofibers, known to be favorable for supporting cell adhesion,103 break into shorter ones 

during freezing or freeze drying.  This was confirmed by several techniques, including 

rheological, spectroscopic, and microscopy experiments.  Importantly, cells encapsulated 

in short, freeze-damaged PA nanofiber gels did not spread as well as cells in longer PA 

nanofiber gels.  The long nanofibers can be recovered, as well as their ability to support 

cell adhesion, by subjecting the PA to a previously reported annealing cycle.  Long 

nanofibers are thermodynamically preferred, and annealing overcomes the energy barrier 

to reach the global minimum, although kinetic traps can impede the process.  Certain 

processing steps (i.e. freeze drying) can shift the global minimum of the system by 

changing the charge density on the PA, which further complicates self-repair. 

In conclusion, Chapter 4 offers the following insights for optimizing the self-repair 

capacity of supramolecular structures:  The desired structures should be designed as a 

thermodynamic minimum, to which the system can return to after damage.  The damaged 
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states are then kinetic traps, which are ideally not deep wells, and viable self-assembly 

pathways should exist between the “damaged” kinetic traps and “repaired” global 

minimum.  Importantly, this work was conducted on a system with a single PA molecule, 

and these results are likely generalizable to other single component supramolecular 

systems.  However, based on the work in Chapter 2, multicomponent systems may have 

more complicated energy landscapes that can complicate the repair process.  For 

example, it is possible that multicomponent nanofibers will re-elongate after breakage, 

but the configuration of the different molecules may be different after “repair.”      

 

6.4 CH 5: A PEPTIDE AMPHIPHILE BONE GRAFT FOR SPINAL FUSION 

Following from work in Chapter 4, Chapter 5 presented a freeze dried PA 

formulation for a specific clinical application.  In preclinical models, PAs have shown 

promise to be effective bone grafts for spinal fusion surgeries, which can reduce the need 

for supraphysiological doses of recombinant BMP-2.107, 108  The freeze dried PA 

formulation reduced the therapeutic BMP-2 dose 100x in a rat spinal fusion model, on 

par with PA that had not been freeze dried for preservation.  Scientifically, this result was 

surprising because freeze drying noticeably broke long PA nanofibers into shorter ones, 

and longer nanofibers are known to be more effective at supporting cell adhesion.103, 135   

The short nanofibers in this freeze dried PA can be considered a functional metastable 

state in the PA’s energy landscape.  A non-functional metastable state, formed through 

another freeze drying pathway, was also identified.     
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Although Chapter 4 reported the self-repair capacity of PA nanofibers, it is a 

kinetically limited process, requiring an annealing cycle for nanofiber elongation to 

proceed.  Long and cumbersome preparation procedures are not permitted in the 

operating room, so the PA must be ready to use immediately after rehydration of the 

freeze dried powder.  Supplying pre-prepared PA nanofibers in solution is not ideal, 

because their non-covalent nature makes them dynamic and susceptible to change over 

time.  Comparable surgical products have a shelf-life on the order of a few years.  

Therefore, the ability to freeze dry PA without compromising its bioactivity significantly 

improves its potential for clinical translation.   

Thus, despite the challenges posed by dynamic non-covalent bonds, particularly in 

causing pathway dependence, a PA formulation compatible with surgical procedures was 

generated.  Indeed, this formulation was of a well-studied PA molecule in a single 

component system, but more complex materials may be developed if their non-covalent 

interactions are thoroughly understood and controlled.  The same non-covalent 

interactions that enable the advantages of supramolecular biomaterials (i.e. highly 

tunable, reversible, responsive, modular) are the same non-covalent interactions that give 

rise to complex pathway dependence behavior and energy landscapes, which are 

currently much easier to manage in single component systems.  Looking beyond the PA 

platform described in this work, this thesis suggests that supramolecular biomaterials 

have the capacity to become clinical therapies, and the capacity to precisely tune their 

non-covalent interactions is vital to realizing this potential. 
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