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Research in the field of designer nanostructure has shown great potential for use of 

peptides, peptide analogues, and a wide array of small molecules in a variety of industries 

and applications. As the field continues to expand, the need for techniques which are 

capable of providing structural detail at atomic-level resolution will only grow. The 

question of how best to extract atomic-level structural detail from these systems has yet to 

be adequately addressed, however. Here I show the efficacy of solid-state nuclear magnetic 

resonance (NMR) in extracting molecular-level detail from two self-assembling peptide 

analogues: peptoid B28 and fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF). A 

study of peptoid B28 nanosheets has shown the capability of dipolar recoupling solid-state 

NMR to distinguish between the cis and trans configurations of peptoid backbone amide 

bonds, providing refined physical constraints for an evolving B28 nanosheet molecular 

model and revealing previously unconsidered peptoid backbone folding behavior. My 



 xiii 

study of Fmoc-FF suggests this system is highly polymorphic despite its small size, and 

that the polymorphism appears to be dependent on solvent environment. Despite this 

polymorphism however, two-dimensional solid-state NMR indicates each of our Fmoc-FF 

systems feature a common backbone hydrogen-bonding pattern of diphenylalanine 

sidechains inconsistent with the most widely accepted Fmoc-FF nanofiber model. 

Solid-state NMR has never been applied either peptoid B28 or Fmoc-FF, nor is 

there any evidence in the literature that it has ever been applied a peptoid system or Fmoc-

dipeptide. I am borrowing these solid-state NMR experiments from peptide 

characterization methods and applying them to probe for structural phenomena that has 

never been tested in either system. I have simply looked at the proposed molecular 

arrangements in both peptoid B28 and Fmoc-FF and applied measurements sensitive to the 

details I want to see. This is a not a standard application of solid-state NMR, but nothing 

new ever began as standard.
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CHAPTER 1. INTRODUCTION 

The aim of the work presented herein has been to demonstrate the novel application 

of established solid-state NMR techniques to address long-standing knowledge gaps and 

unexpected behavior in self-assembling peptide analogue systems. This section will 

provide background information dealing with peptide structure, peptide self-assembly, 

peptide analogues, and classes of self-assembling peptide analogues on which this work is 

focused. Target self-assembling systems will be addressed in their respective research aim 

chapters. 

 Peptide Structure 

1.1.1 Peptide Primary Structure 

Peptides are compounds made up of two or more amino acids, with each amino acid 

possessing the same basic structure. There are twenty naturally occurring amino acids, 

from which all naturally occurring proteins are composed. Each is listed here, along with 

their primary structures and accepted abbreviations.1 All amino acids have the same basic 

structure: a central α-carbon atom is bound to a carboxylic acid, amine, hydrogen, and a 

unique ‘R’ group. Amino acids are distinguished from one another by their ‘R’ groups, 

with the folding and functionality of the peptides being determined by the amino acid 

sequence. Two amino acids bond via a dehydration reaction between their amine and 

carboxylic acid groups. Peptides are distinguished from proteins by size, with peptide 

sequences being <50 amino acids in length. Figure 1 shows a summary of amino acid and 

peptide primary structure. 



 2 

 

Figure 1 – Standard amino acid primary structure and formation of a peptide bond. 

Four examples of amino acid ‘R’ groups are provided.  

1.1.2 Peptide Secondary Structure 

Peptide secondary structure refers to the physical orientation adopted by a single 

peptide strand. The two basic peptide secondary structures are the α-helix and β-sheet, 

shown in Figure 2, which can be either left or right-handed and parallel or antiparallel, 

respectively. These structures are stabilized by hydrogen bonding between amide nitrogen 

and carbonyl groups along the peptide backbone (intra-strand bonding in α-helices and 

inter-strand bonding in β-sheets). Peptide secondary structure is also characterized in terms 

of the torsion angles identified in Figure 3: φ, ψ, and ω.  For α-helices, typical φ and ψ 

values are about -60° and -40° for right-handed helices and 45° for both φ and ψ in left-

handed helices. For β-sheets, typical φ and ψ values are about -120° and 105° in a parallel 

conformation and -145° and 140° in an antiparallel configuration. In all standard peptide 

configurations, the backbone amide bond is in the trans configuration, corresponding to an 

ω value of 180°. The trans configuration of the backbone amide bond in peptides is heavily 

energetically favoured over the cis configuration.2  
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Figure 2 – Cartoon examples of peptide secondary structure. A right-handed α-helix 

is shown in blue and an antiparallel β-sheet in green. 

 

Figure 3 – Backbone torsion angles φ, ψ, and ω are shown in blue, red, and green, 

respectively. Angles of rotation are positive with respect to the α-carbon in φ and ψ 

and positive with respect to the carbonyl in ω.   

  Peptide Self-Assembly 

  Peptide self-assembly is the spontaneous organization of identical peptide 

monomers into highly ordered assemblies. The assemblies are bound together through non-

covalent interactions such electrostatic forces, hydrogen bonding, and π-π stacking. Peptide 

self-assembly is a hallmark of many neurodegenerative diseases (e.g. Alzheimer’s, 

Parkinson’s, and amyotrophic lateral sclerosis), in which self-assembled peptide structures 

aggregate into plaques on the surface of nervous tissues.3  In particular, the Paravastu group 

has done considerable work in identifying structures formed by the Alzheimer’s peptide, 

amyloid-β.4-5 
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1.2.1 Designer Peptide Self-Assembly 

Alongside naturally occurring self-assembling peptides we have self-assembling 

designer peptides. Designer peptide self-assembly refers to de novo design of a peptide 

monomer unit which will self-assemble into well-ordered structure upon introduction to 

specific environmental conditions (often a buffer with a specific salt concentration). The 

original designer peptides were developed in the early 1990’s and were based a self-

assembling segment of the yeast protein, Zuotin.6-7  This segment, EAK16, is sixteen amino 

acids in length and composed of alternating hydrophilic and hydrophobic amino acids 

(AEAEAKAKAEAEAKAK). The hydrophilic amino acids glutamic acid (E) and Lysine 

(K) alternate in a (--++) pattern. CD spectra from EAK16 in water is characteristic of a β-

sheet, and self-assembly occurs upon introduction of salt to the solution.  

From the study of EAK16 came the first true designer self-assembling peptide 

system, RAD16 (RARARADARARADADA).8 The design featured alternating 

hydrophobic and hydrophilic amino acids, a charge motif similar to EAK16 (--++ for 

EAK16 and ++-- for RAD16), exchanged glutamic acid (E) for aspartic acid (D) and lysine 

(K) for arginine (R), and was found to self-assemble under similar conditions to EAK16. 

This approach, which features patterns of hydrophilicity and hydrophobicity in the amino 

acid R-groups and positive and negative charge patterning in the hydrophilic groups, has 

become a cornerstone in designer, β-sheet forming, self-assembling peptides. 

 Self-Assembling Peptide Analogues 

1.3.1 Peptide Analogues 
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 The field of designer self-assembly has been propelled forward by growth of the 

peptide industry because it has made any imaginable peptide sequence commercially 

available. Because of this commercial availability and our current collective knowledge of 

synthetic chemistry, there was no reason from a non-biological perspective for the 

“building materials” of designer nanostructure to be limited to amino acids. Along this 

vein, many research groups have begun to design non-naturally occurring self-assembling 

molecular systems such as peptoids and low molecular weight gelator molecules. These 

systems are heavily influenced by known peptide folding and assembly properties, but are 

also distinct from peptide primary structure9-10. Thus far these peptide analogue systems 

have not been highly relevant to study of pathology. However, they are highly relevant to 

design of nanostructure. 

1.3.2 Peptoids 

Peptoids are peptide-mimetic, sequence-defined heteropolymers that can form 

highly ordered crystals in the solid state and protein-like supramolecular assemblies in 

aqueous solution11-13. Their folding and assembly are influenced by the sequence of 

chemically diverse sidechains along an N-substituted glycine backbone.  Peptoid residues 

are polymerized iteratively with precise sequence control via solid-phase synthesis 

techniques that are analogous to peptide synthesis techniques14. A comparison of peptoid 

and primary structure is shown in Figure 4. 
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Figure 4 – Schematic showing the distinction between peptoid and peptide primary 

structure.   

The potential for peptoid mimicry of proteins has already been demonstrated in 

studies of lung surfactant proteins SP-B and SP-C.12-13 Without these proteins, respiratory 

distress syndrome occurs. Using submonomer units with properties and structures similar 

to those of the corresponding amino acid side chains on the surfactant proteins, researchers 

were able to produce peptoids which mimicked the folding and function of the native 

proteins. These peptoids have been used to successfully treat respiratory distress syndrome 

in infants.       

1.3.3 Low Molecular Weight Gelators 

Low molecular weight gelator (LMWG) molecules have emerged as a growing 

topic of research in recent years. LMWG’s are small molecules, typically with molecular 

weight < 1000 Da, which self-assemble into macromolecular anisotropic structures (often 

nanofibers).15 At sufficiently high concentration, the nanofiber assemblies create an 

entangled network capable of supporting a gel state. These gels have been the primary 
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focus in a number of studies exploring topics including three-dimensional cell culture16-18, 

directed stem cell differentiation19-20, development of electrically conductive gels21-22, and 

targeted drug delivery.23-25 

One of the pioneers of low molecular weight gelator technology, Rein Ulijn, 

founded the company Biogelx. Biogelx specializes in many of the applications for synthetic 

peptide hydrogels mentioned in the previous paragraph. They also authored a book chapter 

in Peptide Self-Assembly regarding three-dimensional cell culture on self-assembling 

peptide hydrogels.26 This is the same book in which the Paravastu group published a book 

chapter on solid-state NMR of self-assembling peptides.27 
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CHAPTER 2. MATERIALS AND METHODS 

This chapter will deal specifically with my primary and supplementary analytical 

methods, as well as specific material preparation methods for my research aims.  

 Solid-State Nuclear Magnetic Resonance 

 My main experimental technique is solid-state nuclear magnetic resonance (NMR). 

NMR measures the strength and variations of the local magnetic field experienced by 

magnetically susceptible nuclei. These magnetic fields contain valuable information about 

the local electronic environment of individual nuclear spins. The nuclear spins of interest 

in my work will be 1H (99.9% natural abundance) and 13C (1.1% natural abundance). To 

enhance signal from isotopes with low natural abundance, NMR samples may be 

synthesized with specific “isotopic labeling” schemes, in which abundant and NMR-

inactive 12C atoms at desired sites are replaced with their respective magnetically 

susceptible isotope, 13C. For examples of NMR spectra, please refer to my research aims 

and the Paravastu group’s published book chapter, which covers all of our commonly used 

solid-state NMR techniques and their standard spectrometer setups.27  

Solid-state NMR is a useful means of probing molecular conformation in materials 

such as peptoid B28 and Fmoc-FF which form assemblies too large to tumble isotropically 

in solution but also do not precipitate. The impaired diffusivity of such systems leads to 

anisotropies in the local magnetic environment of otherwise equivalent nuclei, making 

solution-state NMR impractical. Lyophilization is used to remove solvent from the system, 

leaving only the supramolecular assembly behind. Once the sample is dry, solid-state NMR 
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may be used to probe molecular conformation of the assemblies present. Local anisotropies 

are averaged away using solid state NMR specific techniques, magic angle spinning (MAS) 

and spin decoupling. The averaging techniques allow us to greatly increase the resolution 

of NMR spectra obtained from solid samples, though standard systems do not approach the 

resolution seen in solution-state NMR. 

2.1.1 One-Dimensional Cross Polarization Magic Angle Spinning NMR 

Each of my studies will begin with 1H-13C cross polarization magic angle spinning 

(CPMAS) NMR.28 This is a double resonance experiment, meaning it excites two different 

nuclear species, 1H and 13C in this case. The result of the experiment is a spectrum 

representative of all 13C frequencies in a sample. The frequencies are shown in a 0-200 

parts-per-million (ppm) range with general rules for peak assignments as follows: carbonyl 

carbons appear in the 160-180 ppm range, aromatic carbons in the 100-150 ppm range, and 

aliphatic carbons in the 20-70 ppm range. The ppm scale refers to deviation (in Hz) from a 

standard 13C frequency, usually tetramethylsilane (measured in MHz). Because the natural 

abundance of 13C is approximately 1.1%, the spectrum we collect from unlabeled material 

is the collective signal of approximately 1.1% of all carbon atoms in the sample. While this 

large sample size does not give us precise details of structural arrangement, we are able to 

make assumptions regarding the degree of molecular order. Sharp, distinct signals well 

above the spectral noise indicate large populations of carbon atoms experiencing very 

similar local electronic environments. This is what we see in systems exhibiting a high 

degree of molecular order and is a requirement for further study using NMR. Once the 

presence of a well-ordered assembly has been established, we proceed with synthesis of 

isotopically labeled NMR samples for more the specialized solid-state NMR experiments 
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described below. All CPMAS spectra shown in this document were obtained using an 11.75 

T spectrometer with either 20 or 25 kHz MAS. The CPMAS NMR pulse sequence in shown 

in Figure A1 of the appendix. All further solid-state NMR measurements discussed in 

herein require enrichment with 13C isotopes at the sites of interest. Isotopic labeling 

patterns for specific materials and samples will be detailed in the research aims chapter. 

2.1.2 PITHIRDS-CT Dipolar Recoupling NMR 

I will make interatomic distance approximations using the NMR experiment, 

PITHIRDS-CT.29 PITHIRDS-CT is a homonuclear dipolar recoupling experiment which 

may be used with either 13C or 15N spin pairs. Under magic angle spinning conditions, 

dipolar couplings are averaged away, meaning these signals do not appear in the spectra. 

Dipolar recoupling experiments are able to selectively reintroduce these couplings and 

yield a time-dependent NMR signal. The strength of the dipolar coupling between the spin 

pair scales with 1 𝑟3⁄ , where 𝑟 is inter-nuclear distance. The experimental NMR parameters 

are the same as those employed in previous studies by the Paravastu group (12.5 kHz magic 

angle spinning, 11.75 T spectrometer), with the exception of the total recoupling time, 

which was 30.72 ms. In the terms defined by Tycko, 𝑘2 + 𝑘3 = 16. The PITHIRDS-CT 

pulse sequence is shown in Figure A2 of the appendix. 

2.1.3 Finite Pulse Radio Frequency Dipolar Recoupling NMR 

Finite pulse radio frequency dipolar recoupling (fpRFDR) is a two-dimensional 

solid-state NMR experiment which probes for direct dipolar couplings between 13C nuclei. 

The experiment is designed to detect couplings out to an approximate distance of 1.5 Å 

and is commonly used to map out correlations between directly bonded carbon atoms. I 
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will be using fpRFDR as a control experiment with carbon-hydrogen-hydrogen-carbon 

(CHHC) NMR, which is described subsequently. The fpRFDR pulse sequence is shown in 

Figure A3 in the appendix. 

2.1.4 Two-Dimensional Carbon-Hydrogen-Hydrogen-Carbon NMR 

Carbon-hydrogen-hydrogen-carbon (CHHC), like fpRFDR, is another two-

dimensional solid-state NMR experiment. CHHC however, is designed to detect 13C-13C 

correlations between the carbon atoms of two specifically aligned CH-groups in which the 

1H nuclei are positioned within approximately 3 Å of one another.30 The experiment 

induces magnetization transfer beginning from one of the 13C nuclei to the directly bonded 

1H nucleus. Spin diffusion then occurs between 1H nuclei of the CH groups, then cross 

polarization between the 1H and 13C nuclei of the second CH group. In the case of anti-

parallel β-sheet forming peptides, this unique alignment appears between the α-carbon 

atoms of adjacent peptide backbones within the β-sheet. The same contact does not appear 

in parallel β-sheets, allowing spectroscopists to use CHHC as a means of differentiating 

between the two secondary structures. CHHC contacts may also be observed between CH 

groups in which the carbon atoms are directly bonded. To differentiate between CHHC 

contacts of directly bonded atoms and anti-parallel β-sheet contacts, we use fpRFDR, 

which will reveal interaction between directly bonded carbon atoms but not the anti-

parallel β-sheet contacts. The CHHC pulse sequence is shown in Figure A4 in the appendix. 

 NMR Spin Simulations 

I used SpinEvolution® NMR simulation software to generate predicted 

PITHIRDS-CT curves for interatomic distances ranging 0.275nm to 0.410nm. The 
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simulated curves will be used in approximating the interatomic distance associated with 

experimental PITHIRDS-CT curves.31  

 Fourier-Transform Infrared Spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) measurements were performed 

using a Shimadzu Prestige 21 spectrometer. Each spectrum was obtained from 45 

scans/measurement at a resolution of 16.0 cm-1. Fmoc-FF hydrogel samples were placed 

directly on to the IR probe and held in place using a sample press which was part of the 

Shimadzu instrumentation. 

 Peptoid B28 Sample Preparation 

All peptoid B28 samples were produced by synthetic chemists using a well-

established solid-phase, sub-monomer synthesis method at the Molecular Foundry user 

facility at the Lawrence Berkeley National Laboratory in Berkeley, CA.14, 32 Nanosheet 

samples were assembled using a scaled up vial rocking method14, and the amorphous 

control samples were obtained from lyophilization of the B28 peptoid from 

acetonitrile/water (1:1, v/v). It was my responsibility to communicate with the team in 

Berkeley and determine the most effective placement of isotopic labels from their 

accessible sites.  

 Fmoc-FF Sample Preparation 

All Fmoc-FF used in this research was purchased from Bachem at >99% purity. 

My study focused on Fmoc-FF nanofiber hydrogels formed in 5% DMSO, 5% methanol, 
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10% methanol, 80% methanol, and toluene. All solvent percentages are given as 

𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑣𝑜𝑙𝑢𝑚𝑒

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
 in water. 

2.5.1 Hydrogel Preparation 

Fmoc-FF hydrogels in 5% DMSO, 5% methanol, 10% methanol, and 80% 

methanol were prepared using a solvent switch method. First, Fmoc-FF was dissolved in 

the pure solvent. Fmoc-FF fully dissolved in DMSO at room temperature. Dissolution of 

Fmoc-FF in methanol required heating the system to approximately to 40°C. After 

complete dissolution, each sample was diluted with water to a final Fmoc-FF concentration 

of 15 mg/mL and the desired solvent volume fraction (5% DMSO, 10% methanol, or 80% 

methanol). Upon dilution with water, each system immediately began to transition from 

the solution state to the gel state. Samples formed in 5% DMSO, 5% methanol, and 10% 

methanol were left to equilibrate over a 24-48 hour period. Samples in 80% methanol were 

only allowed to equilibrate for approximately 8 hours. If left to equilibrate overnight, 

Fmoc-FF in 80% methanol would crystallize. Fmoc-FF hydrogels in toluene were formed 

by mixing Fmoc-FF in toluene at a concentration of 15 mg/mL and heating the sample to 

approximately 80°C to induce dissolution of the Fmoc-FF. Upon complete dissolution, the 

sample was removed from the heat source. Gelation began immediately upon cooling. 

Toluene hydrogels were left to equilibrate for 24-48 hours. 

2.5.2 NMR Sample Preparation 

I produced solid-state NMR samples from the DMSO and methanol gels by first 

freezing the gels in liquid nitrogen then lyophilizing the solvents from the frozen gels. In 



 14 

the case of 80% methanol gels, I carried out a solvent exchange by depositing 1 mL H2O 

on top of the gel to allow for exchange with the methanol. The water was refreshed every 

15 minutes over the course of 2.5 hours. After the solvent exchange, the sample was 

lyophilized. NMR samples from toluene gels were produced by allowing the toluene to 

evaporate from the gel under a hood at room temperature.  

Because of the discrepancies in NMR sample drying methods, I prepared NMR 

control samples from 80% methanol and toluene by freezing gels in liquid nitrogen and 

drying them using a lyophilizer with a temperature-controlled drying chamber. Each of the 

drying procedures described for 80% methanol and toluene produced NMR samples with 

consistent NMR spectra obtained from lyophilized samples, suggesting no structural 

variation due to drying method. We also have no evidence to suggest lyophilization 

compromises the self-assembled fiber structure. 

 Molecular Modeling 

2.6.1 Peptoid B28 

Molecular modelling of peptoid B28 nanosheets was performed using Nanoscale 

Molecular Dynamics (NAMD)33 package together with the MFTOID forcefield developed 

at the Molecular Foundry.34 

2.6.2 Fmoc-FF 

All novel Fmoc-FF structures are idealized images drawn using Visual Molecular 

Dynamics (VMD) and the molefacture plugin and manipulated using Mathematica™. Each 

structure has a 4.8 Å intermolecular distance, which is standard for β-strands within a β-
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sheet. Each molecule also has the standard (ϕ, ψ) β-strand rotational state, (-120°, 113°). 

Renderings of the Fmoc-FF structure proposed by Smith et al.35 were drawn in VMD using 

imported protein databank files received Andrew Smith.  
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CHAPTER 3. RESEARCH AIM: PEPTOID B28 

  Background and Introduction 

3.1.1 Peptoid B28 

The development of peptoid B28 was based on the self-complementary design 

motif of many self-assembling peptide systems.11 In these systems, alternating 

hydrophobic and hydrophilic amino acid sidechains are sequestered on opposite “faces” of 

the molecule, which adopts a β-strand conformation.8 Consistent with this design motif, 

peptoid B28 contains 28 residues with alternating hydrophobic and hydrophilic sidechains. 

Counting from the amino terminus, the 14 even numbered residues in B28 are hydrophobic 

N-(2-phenylethyl)glycine units. The first 7 odd numbered sidechains are cationic (at neutral 

pH) N-(2-aminoethyl)glycine units, such that the first half of the B28 molecule would be 

considered a positively charged block. The odd numbered sidechains on the second half of 

the molecule are anionic N-(2-carboxyethyl)glycine units, resulting in a negatively charged 

block.36 Peptoid B28 primary structure is shown in Figure 5. While peptide systems 

following similar design patterns very often adopt β-strand conformations, one of the 

primary driving forces behind assembly of β-sheet-rich amyloid fibers is believed to be 

intermolecular hydrogen bonding along the peptide backbones.37 Because there are no 

amide hydrogen atoms in peptoids, backbone hydrogen bonding is not possible, thereby 

removing this as a contributor to self-assembly. Despite the lack of backbone hydrogen 

bonding capability however, peptoid B28 self-assembles into highly-stable nanosheets (see 

Figure 6) which are believed to be composed of molecules in extended “∑-strands”, a 

conformation analogous to a β-strand.11, 36 Furthermore, the organization of ionic 
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sidechains to produce like-charged blocks is believed to promote a brickwork-like inter-

molecular organization.36 The alternating sequence motif of aromatic and ionic sidechains 

is quite general for nanosheet formation. This enables functionalization and structural 

engineering of nanosheets for a variety of applications including serving as affinity 

reagents, templates for the growth of composite materials, holding great potential for use 

as membranes for separations, and as a platform for chemical and biological sensing.14 

 

Figure 5 – Primary structure of peptoid B28 with the aminoethyl block in blue 

brackets and the carboxyethyl block in red brackets. 
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Figure 6 – TEM image of peptoid B28 nanosheets. 

3.1.2 Previous Peptoid B28 Structural Measurements 

Previous measurement techniques applied to peptoid nanosheets include 

aberration-corrected TEM, XRD, and AFM.11, 38 In the aberration-corrected TEM 

measurements, researchers identified what appear to be striations in the nanosheet 

assembly that are on the size-scale of individual peptoid molecules.11 They appear to show 

monomers in extended conformations associating laterally with an approximate inter-

strand distance of 4.5 Å.11 This is useful information and provides a basis for assumptions 

made in an initial structural hypothesis,36 but it does not provide the atomic-level resolution 

needed to test the accuracy of the hypothesized structure. XRD measurements show the 

same 4.5 Å value for inter-strand distances in peptoid nanosheets.38 However, much like 

aberration-corrected TEM, the measurements do not provide the atomic-level resolution 

needed for structure determination. AFM measurements of peptoid nanosheets have been 

use to estimate the thickness of the nanosheet at 30 Å. Again, similar aberration-corrected 
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TEM and XRD, measurements of nanosheet dimensions are useful in formulating a 

structural hypothesis, but there is not enough detail to test the hypothesis.  

In short, previous measurements of peptoid nanosheets provided information on the 

dimensions of a peptoid nanosheet that were critical the original proposed B28 nanosheet 

structure.36 However, none of these techniques inform on the accuracy of the proposed 

structure at the molecular level. Solid-state NMR however, has been used extensively in 

probing atomic-level molecular structure in biological assemblies. This is why I believed 

solid-state NMR would be uniquely suited to complement the measurements already 

performed by delving past nanosheet dimensions and into the structural detail within the 

nanosheets. 

3.1.3 Introduction to Research Aims 

The overarching aim of my work with peptoid B28 was to use solid-state NMR to 

test a recently proposed molecular model of peptoid B28 nanosheets36 and use molecular 

constraints obtained from solid-state NMR data to refine the model if necessary. To 

accomplish this goal we focused on a long-standing structural question regarding the 

configuration of backbone amide bonds (torsion angle ω) within peptoids. Double bond 

character at this site results in two possible values for ω. For peptides, cis amide bonds (ω 

= 0) are rare and trans (ω = 180°) is the heavily favored configuration. For peptoids, 

theoretical calculations and solution NMR data suggest that trans remains the favored 

configuration, but the energy gap between trans and cis amide bonds (see Figure 7A and 

7B) is reduced by the attachment of  sidechains to backbone N atoms (peptide sidechains 

connect to Cα atoms).34, 39 Thus, the theoretical calculations and solution NMR 
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measurements suggested that, despite the smaller energy gap, there would be no effect on 

backbone amide configurational distributions. However, no direct measurement of 

cis/trans isomerism in the backbone amide bonds of peptoids within a supramolecular 

assembly had yet been published. 

In the same way that peptoid design was inspired by peptide primary structure, we 

looked to solid-state NMR as a high resolution analytical technique used to probe peptide 

molecular structure in supramolecular assemblies. Though no solid-state NMR studies of 

peptoid assemblies had yet been published, we hypothesized—based on standard sp3 

bonding orbitals and geometry—that Cα-Cα interatomic distance would vary sufficiently 

between the cis and trans configurations shown in Figure 7 such that we could probe the 

isomerization state using PITHIRDS-CT dipolar recoupling NMR. These experiments 

would simultaneously demonstrate the capability of solid-state NMR to probe molecular 

structure in peptoids as well as address long-standing concerns regarding peptoid backbone 

configurations. 

 

Figure 7 – Planar representations of peptoid backbone amide bonds in the cis (A) and 

trans (B) configurations. 

 Results and Discussion 

3.2.1 Solid-State NMR 
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To begin the study, peptoid B28 samples were first produced unlabeled. Unlabeled 

peptoid B28 nanosheet samples were used to confirm that the material adopted the 

necessary ordered structure for successful application of more targeted and specific solid-

state NMR measurements (see Figure 8). Following observation of an ordered molecular 

structure, further samples were synthesized with precise incorporation of 13C isotopic 

labels at selected pairs of adjacent Cα sites.  

 

Figure 8 – CPMAS spectra of peptoid B28 nanosheets showing 13C natural abundance 

signals corresponding to a well-ordered structure. 

Though theoretical calculations and NMR of short peptoids in solution suggested 

little variation in backbone amide cis/trans isomerization, I still sought to test the 

hypothesis in the nanosheet assembly. To probe the isomerization state of B28 backbone 

amide bonds, I employed PITHIRDS-CT dipolar recoupling solid-state NMR on samples 

that were isotopically labeled with 13C at pairs of adjacent Cα sites. In tandem, molecular 
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dynamics simulations on single B28 ∑-strands were used to provide approximate 

interatomic distance distributions for adjacent Cα sites in cis and trans configurations 

(Figure 9). Isomerization of the amide bond was expected to affect the distance between 

adjacent Cα sites and therefore the strength of 13C-13C magnetic dipolar couplings 

measured using PITHIRDS-CT.29 

 

Figure 9 – Comparison of cis and trans configurations and their respective Cα-Cα 

distance distribution estimates from molecular dynamics simulations of peptoid B28 

monomer units (single molecules). 

 From here, I examined the dependence of measured 13C PITHIRDS-CT NMR peak 

intensity on 13C-13C dipolar evolution time (Figure 10). Samples were 13C-labeled at 

residues 6 and 7, 7 and 8, or 14 and 15 (see Figure 10A). For each 13C labeled pair, 

experiments were performed on a nanosheet sample, and an unassembled, amorphous 

control sample for a total of 6 samples. The CPMAS NMR spectra of these samples are 

shown in Figures A5 of the Appendix. Each data point in Figure 10B and 10C represents 
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the integrated intensity of measured NMR signal for a specific evolution time under the 

influence of 13C-13C magnetic dipolar coupling (estimated error based on NMR signal-to-

noise is on the order of the symbol size). Data were corrected for the expected contribution 

of 1% naturally abundant 13C background signal corresponding to unlabeled aliphatic sites 

in B28. 

 

Figure 10 – A) Unabbreviated primary structure of peptoid B28 with 13C-labeled Cα 

pairs identified by black triangles (6, 7), red triangles (7, 8), and green triangles (14, 

15). B) PITHIRDS-CT data for Cα pairs (6, 7) and (7, 8). Nanosheet (cis) decays are 

indicated by filled triangles, and amorphous control (trans) decays are indicated by 

empty triangles. C) PITHIRDS-CT decays from nanosheet (filled triangles) and 

amorphous control samples (empty triangles) labeled at (14, 15). Color scheme for (B) 

and (C) is maintained from (A). Simulated curves are shown to indicate predicted 

PITHIRDS-CT decays for distance distributions corresponding to 100% cis, 80% cis, 

20% cis, and 0% cis in (B) and 40% cis, and 0% cis in (C). 

Nuclear spin simulations were performed using SPINEVOLUTIONTM in order to 

quantify the dependence of PITHIRDS-CT decay on interatomic distance for a pair of 13C 

nuclei.31 The theoretical curves shown in Figure 10 are the sums of simulated NMR decays, 

weighted in terms of distributions of predicted 13C-13C distances in Figure 9. All three 
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amorphous control samples exhibit similar decay curves (empty symbols in Figure 10B 

and 10C), indicative of a primarily trans amide bond population. In contrast, measured 

decays for nanosheet samples labeled at residues 6 and 7 and residues 7 and 8 (Figure 10B, 

filled symbols) are consistent with a predominantly cis configuration. Data from the 

nanosheet samples labeled at positions 14 and 15 (Figure 10C, filled symbols) indicate a 

more even split in the population with an estimated 40% contribution of the cis 

configuration. Potential effects of inter-molecular 13C-13C dipolar couplings were 

considered using spin simulations (Figure A6) and we determined that the strongest 

possible intermolecular 13C dipolar couplings would not affect our assessment of trans 

versus cis amide bonds. 

The PITHIRDS-CT results in Figure 10 have important implications. Results for 

amorphous control samples are harmonious with previous experimental analyses on small, 

solvated peptoid molecules and theoretical predictions that suggest a lower energy for trans 

amide bonds.34, 39 However, here we experimentally observe, for the first time, that peptoid 

B28 nanosheets appear to exhibit significant contribution from the cis configuration at 

multiple backbone amide bonds. As we see it, our results motivate two possible 

explanations that are not necessarily mutually exclusive. First, that the energetics of 

intermolecular interactions occurring during self-assembly could be sufficiently strong to 

promote isomerization of amide bonds from trans to cis. Second, isomerization from trans 

to cis could occur prior to self-assembly. If this were true, it would likely indicate that the 

cis configuration increases the propensity for nanosheet assembly, given the results 

supporting cis-dominant nanosheets. Further studies would be required to experimentally 

characterize the influences of peptoid length, sidechain interactions, and nanoscale 
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assembly on amide bond isomerization. It is worth emphasizing that the sample preparation 

procedures for B28 nanosheet and amorphous control samples yield differing degrees of 

protonation in the hydrophilic sidechains which may impact chain conformation and 

propensity for amide bond isomerization. 

3.2.2 Molecular Modelling 

Until now, extended, linear molecular conformations in peptides and peptide-

mimicking materials have always assumed an all-trans configuration along the backbone. 

Based on previous experimentation, we still believe B28 monomers adopt extended 

conformations within nanosheets.11 As such, we simulated B28 monomers with the goal of 

determining whether or not an all-cis, low-energy state in which the molecule maintains 

overall linearity and sequestration of hydrophilic and hydrophobic sidechains is possible. 

The results indicate that this is indeed possible, and interestingly, that the correspondingly 

shorter molecular length of the “cis Σ-strand” would promote more compact arrangements 

of hydrophobic residues within nanosheet cores (see Figure 11). 

 

Figure 11 – A) Cis Σ-strand configuration. B) Trans Σ-strand configuration. 

Length/residue and total molecular length values were obtained through molecular 

dynamics simulation of peptoid nanosheets. 
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 While the all-cis state of a B28 monomer is feasible according to molecular 

modeling simulation and quantum mechanical calculations, the same data also indicate that 

the all-trans monomer backbone features a lower, more energetically preferable folding 

scheme. While this finding is consistent with previous experimentation and simulation, it 

remained vexing given the PITHIRDS-CT data which clearly indicated cis-like interatomic 

distances between α-carbons in nanosheets. When the cis backbone configuration was 

introduced to nanosheet simulations, however, we found that though the trans state was 

favored for monomers in solution, the cis backbone yielded a lower energy minimum for 

the nanosheets as a whole. This is due in large part improved packing efficiency of the 

aromatic sidechains in the hydrophobic core afforded by the shorter molecular length of 

the extended cis backbone. What these simulations and calculations suggest is that when 

nanosheet assembly occurs, intermolecular interactions are able to overcome natural 

energetic barriers presented by intramolecular forces to produce configurations which 

would be unfavorable outside of a nanosheet (illustrated in Figure 12). This is both an 

illustration of the incredible difficulty inherent to careful designer self-assembly and 

accurate prediction of final molecular structure, as well as the information which may be 

gleaned from the effective combination of high resolution analytical techniques like solid-

state NMR and the computing power of molecular dynamics simulations. 
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Figure 12 – Illustration showing the preference for trans in the unassembled state and 

cis in the nanosheet state. 

 To test our new cis nanosheet model we looked to residues 14 and 15 of peptoid 

B28. Recall that within nanosheets, PITHIRDS-CT data at this site appeared to show a near 

even distribution of cis and trans states. The spacing of the brickwork-like structure means 

that this site sits near a gap between two adjacent molecules. Application of umbrella 

sampling to the new model suggested that this site possessed a uniquely low free energy 

barrier for cis-to-trans isomerization. Further softening of the potential energy forcefields 

about the ω dihedral angle increased the isomerization rate at this site, leading to a near-

even distribution of cis and trans. This behavior is consistent with the NMR data, providing 

further support for the cis model being a good approximation of the nanosheet structure 

observed by NMR. The final cis nanosheet model is shown in Figure 13 and the results of 

the umbrella sampling and forcefield softening are shown in Figure 14. 



 28 

 

Figure 13 – A) Side-view and B) top view of new cis nanosheet model. N-(2-

aminoethyl) residues are shown in red, N-(2-carboxyethyl) residues in black, and N-

(2-phenylethyl) residues in black. 

 

Figure 14 – Evolution of |ω| of each residue over all B28 chains in a biased simulation 

was an all-cis nanosheet. The middle residue shows a near equal distribution of cis 

and trans. 

 The addition of the cis backbone has also helped to rationalize other aspects of the 

nanosheets which had previously been unresolved. The dimensions of the cis nanosheet are 
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a better match for measurements taken using atomic force microscopy (AFM) and x-ray 

diffraction (XRD). Additionally, in introducing the cis backbone into the nanosheet 

structure, we found that this led to an overall energy reduction of ~9kBT (5.3 
𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
) per 

residue. This was due in large part to more efficient packing of phenylethyl sidechains in 

the hydrophobic core of the nanosheet. Therefore, our observation of cis amide bonds, 

combined with new modeling revelations, suggest that the proposed bilayer and brickwork 

arrangements are correct.   
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CHAPTER 4. RESEARCH AIM: FMOC-FF 

 Background and Introduction 

4.1.1 Fmoc-FF 

Fmoc-FF is one of the most commonly studied low molecular weight gelator 

systems.40-41 It possesses only two amino acid residues (see primary structure in Figure 15), 

whereas most peptides which form stable hydrogels contain 8-16 amino acid residues.42 

Study of Fmoc-FF began with research on pathological amyloid self-assembly, a hallmark 

of diseases such as Alzheimer’s, Parkinson’s, type II diabetes, and prion diseases.3 

Researchers identified several peptide fragments from naturally occurring amyloid-

forming peptides which could either self-assemble independently or inhibit self-assembly 

of their parent peptide. In each of these peptide fragments the researchers noted the 

presence of amino acids bearing aromatic sidechains. They also noted the significant 

impact of self-assembly behavior which often occurred with modification of the aromatic 

residues. This led researchers to the idea that π-stacking of aromatic side-chains was crucial 

to amyloid self-assembly.43 Of particular interest was the Alzheimer’s peptide, amyloid-β 

(Aβ), which features two adjacent phenylalanine residues at positions 19 and 20.43 Because 

Aβ fragments containing the FF motif were found to either self-assemble independently or 

inhibit Aβ self-assembly, researchers sought to isolate the FF motif. In pursuing this, 

Reches and Gazit demonstrated the capability of FF to self-assemble into rigid nanotubes44, 

a phenomenon which had been shown a few years prior to their report.45 Reches and Gazit 

continued their work on the FF system by modifying the N- and C-termini to probe the 

effect of electrostatic interaction on FF self-assembly. They showed that the addition of an 
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Fmoc group at the N-terminus lead to formation of hydrogels supported by nanofibers with 

amyloid-like morphology and significantly smaller diameters than the FF nanotubular 

arrays.10 Fmoc-FF hydrogels have since become a prominent model system in development 

of LWMG applications. 

 

Figure 15 – Primary Structure of Fmoc-FF. 

 In addition to applications development, Fmoc-FF has also been shown to exhibit 

curious thermodynamic behavior. In peptide self-assembly, assembled structure—

particularly amyloids—are very stable. Breaking these structures down over observable 

time-scales typically involves introducing a new variable, such as heat, to induce 

denaturation of the assembly. Diluting the peptide system below its critical assembly 

concentration will very often lead to no measureable change in peptide assemblies. 

Although it’s still worth pointing that the slow, inexorable march of thermodynamics will 

ultimately lead to breakdown of assembled structure over time-scales outside the limits of 

laboratory observation. In contrast, Fmoc-FF hydrogels show measureable reversibility of 

assembly in response to changes in solvent composition and Fmoc-FF concentration.46 

Colloid scientists—including our partners for much of this Fmoc-FF research project, 

Nikola Dudukovic and his PhD advisor Charles Zukoski—have surmised that the observed 
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equilibrium behavior would enable accurate plotting of Fmoc-FF phase diagrams 

analogous to colloidal phase diagrams.40 

4.1.2 Previous Fmoc-FF Structural Measurements 

Structural measurements of Fmoc-FF have consisted almost entirely of probing for 

peptide secondary structure using FTIR and CD spectroscopy. Circular dichroism is a 

commonly used method of exploiting optically active molecules with chiral centres. For 

peptides, CD absorption spectra are sensitive to secondary structure.47 In the case of Fmoc-

FF, CD measurements have used to conclude that assemblies exhibit β-sheet secondary 

structure.35, 48 The measurements do indeed exhibit classical β-sheet absorbance, but there 

is no precedent for the effect of the Fmoc group on absorbance profile. I do not believe it 

is wise to make interpretation of Fmoc-FF secondary structure based on standards 

established for peptide secondary structure. 

The more thorough structural studies of Fmoc-FF have relied more heavily on FTIR 

measurements than on CD.35, 49 The problem is that they are divided on their conclusions. 

Each study produced a reasonable molecular model, but one concluded that Fmoc-FF 

nanofibers form a well-ordered assembly composed of Fmoc-FF molecules arranged anti-

parallel to one another35 and the other concluded that the assemblies were disordered in the 

FF subunit.49 Furthermore, other studies have provided FTIR data and analysis for Fmoc-

FF assemblies, each of which conclude that Fmoc-FF assemblies for anti-parallel β-

sheets.16, 18, 21 The conclusions are based on absorbance of the amide I band, which in FTIR 

spectra appears in the 1700-1600 cm-1 wavenumber range.50 For β-sheet secondary 

structure in peptides, the amide I stretch should appear in the 1638-1632 cm-1 range. If it 
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is an anti-parallel β-sheet, there should be an additional signal in the 1695-1675 cm-1 

range.50 The problem here is that in each of the studies which concluded an Fmoc-FF anti-

parallel β-sheet, the amide I stretch ranges 1650-1625 cm-1.16, 18, 21, 35 In the study that 

posited a disordered structure, the amide I stretch was 1645 cm-1.49 The divergent FTIR 

data are summarized in Figure A8 and A9 of the appendix. Additionally, while each of the 

FTIR studies referenced so far exhibits the anti-parallel signal at 1695-1675 cm-1, this has 

been called into question as well. In a study assessing the viability of FTIR as a means of 

assigning secondary structure in Fmoc-FF, researchers were able to show that removing 

the carbamate group from the Fmoc portion of the molecule eliminated the canonical anti-

parallel β-sheet signal from the FTIR spectra.51 

To summarize, the most prominent method of assessing structure in Fmoc-FF 

systems, FTIR, appears highly subject to individual interpretation, with very similar results 

being given highly divergent interpretations. Additionally, there is uncertainty as to 

whether or not standard peptide secondary structure assignments from FTIR may be 

applied directly to Fmoc-FF because of the contribution from the Fmoc group. 

Because of the controversy surrounding FTIR interpretation in Fmoc-FF 

assemblies, I do not believe it is a good way of assessing structure in these systems. 

Meanwhile, solid-state NMR provides atomic-level structural detail based on the local 

electronic environment on magnetically susceptible nuclei. This means solid-state NMR 

gives information directly on the arrangement of atoms in the sample and is far less subject 

to individual interpretation. This makes solid-state NMR far superior to both FTIR and CD 

as a technique for probing structure in Fmoc-FF assemblies. 
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4.1.3 Introduction to Research Aims 

 My work with Fmoc-FF began with questions surrounding variability of Fmoc-FF 

nanofiber morphology when self-assembly solvent environment was varied. Together with 

Nikola Dudukovic and Charles Zukoski of the University of Illinois in Urbana, Champagne 

we were able to show this variability using confocal microscopy and transmission electron 

microscopy (Figure 16). Morphological variation of nanofibers is a known property of Aβ 

specifically52 and amyloid forming peptides in a more general sense.53 

 

Figure 16 – (A-F) Confocal microscopy images of Fmoc-FF gels in: A) DMSO/H2O, 

B) acetone/H2O, C) methanol/H2O, D) HFIP/H2O, E) benzene, and F) toluene. Scale 

bars represent 10 µm. (G-I) TEM images of Fmoc-FF gels in G) DMSO/H2O, H) 

methanol/H2O, and I) toluene. 

 Observation of these amyloid-like properties in Fmoc-FF assemblies led us to two 

primary questions: 1) ‘Are Fmoc-FF nanofiber structures well-ordered at the molecular 

level?’ and 2) ‘What is the level of accuracy in two previously proposed, non-harmonious 
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Fmoc-FF modeling schemes?’35, 49 The first molecular model, proposed by Smith et al., 

used potential energy minimization to generate a tubular fiber structure composed of Fmoc-

FF molecules arranged anti-parallel to one another and in a helical pattern along the length 

of the fiber.35 The model is supported experimentally by FTIR and CD measurements, the 

results of which have been interpreted to suggest the presence of anti-parallel β-sheets and 

β-sheets, respectively. Multiple subsequent studies have used FTIR and CD in an attempt 

to characterize Fmoc-FF nanofiber secondary structure and reached similar conclusions 

regarding β-sheet-like secondary structure.48, 54 It’s also worth noting, however, the 

presence of the Fmoc group has caused some researchers to question the conclusions 

reached through interpretation of FTIR data.51 The second model posits a micelle-like 

structure in which the nanofiber core is stabilized by π-stacking of the Fmoc groups in the 

‘hydrophobic’ portion of the micelle, with the amino acid sidechains adopting disordered 

conformations on the ‘hydrophilic’ surface of the micelle.49 

My aim here is to show that well-established solid-state NMR techniques for peptide 

structure determination may be successfully translated Fmoc-FF systems in order to 

address these questions.   

 Results and Discussion 

4.2.1 Solid-State NMR 

4.2.1.1 CPMAS 

In addressing questions regarding overall order of Fmoc-FF assemblies, I used 

CPMAS to probe Fmoc-FF nanofibers formed in 5% DMSO, 5% methanol, 80% methanol, 
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and toluene. The results of these experiments are shown in Figure 17. Additionally, at this 

time I ran CPMAS on a sample of Fmoc-FF with uniform 13C labeling on the phenylalanine 

residues to differentiate between amino acid and Fmoc signals, results of which are shown 

in Figure A7 of the appendix.  

These solvent environments were chosen because Fmoc-FF nanofibers self-

assemble in each environment, imaging techniques are able to show clear morphological 

variation in those fibers, and the chosen solvents represent widely varying degrees of 

polarity, hydrogen bonding capability, and dispersive forces. In particular, assembly of 

nanofibers in toluene was quite surprising. First, given the hydrophobicity and aromaticity 

of toluene, self-assembly of Fmoc-FF seemed unlikely because it is believed to be initiated 

by hydrophobic collapse and stabilized by π-stacking of the Fmoc groups and 

phenylalanine sidechains. Additionally, we have the proposition that solvent-bridged 

hydrogen bonding is crucial to dipeptide self-assembly.55 Toluene, however, has very little 

hydrogen bonding capability.  
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Figure 17 – A) CPMAS spectra obtained from Fmoc-FF nanofibers self-assembled in 

5% DMSO (black), 5% methanol (blue), 80% methanol (green), and toluene (red). B) 

carbonyl, C) γ-carbon, and D) α-carbon signals from each spectrum. 

The sharp line-widths of each of the spectra shown in Figure 17 are indicative of 

ordered molecular structure within the samples. Additionally, the CPMAS data show 

substantial variation in chemical shift across the different solvent systems in areas known 

to be sensitive to structural change in peptide systems, pointing to structural polymorphism. 
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Figure 17B shows the carbonyl region of Figure 17A, in which there are two significant 

peaks in each spectrum due to the carbonyl groups of the phenylalanine residues. From the 

DMSO sample, we see two peaks at about 172.5 and 174 ppm (phenylalanine carbonyl 

signals)1, 56 corresponding to chemical shift values of protonated carboxylic acids. 

However, in both methanol samples and the toluene sample, there is a clear shift in one 

peak from 174 to 179 ppm. A shift of this magnitude is consistent with deprotonation of 

the C-terminus of the molecule.56   

Peak shifting behavior can be seen in the aromatic and aliphatic regions of the 

spectra as well. Figure 17C shows the signal between 135 and 139 ppm in each spectrum, 

corresponding to the γ-carbons of the two phenylalanine residues, the only aromatic carbon 

atoms capable of substantial conformational variation.1, 56 Each spectrum has a peak at 

about 136 ppm, but intensity varies across each solvent. The second peak in each spectrum 

is of variable intensity and falls between 137 and 138 ppm. In this peak however, the 

position is shifted slightly up-field in the methanol samples compared to the DMSO and 

toluene samples.  

Figure 17D shows the α-carbon signals of the phenylalanine residues, which fall in 

the 53-59 ppm range.1, 56 Moving downward from DMSO to toluene in Figure 17D, we can 

see the clear transition and growth of a third peak which appears in the DMSO spectrum 

as only a small “shoulder” on the large peak near 57 ppm. Also, unlike in Figures 17B and 

17C, we see three significant signals. This suggests a significant contribution from three α-

carbon conformational populations, where the fraction of each is dependent on the solvent 

environment of gelation. This would in turn indicate the presence of multiple distinct and 

well-ordered molecular conformations within these gels.  



 39 

Finally, the β-carbon region of the spectrum—about 33-34 ppm—is less intense 

and more broad than in the regions highlighted in Figure17B-D.1, 56 The decreased intensity 

and increased broadness of the signals here indicate that the β-carbons adopt less-ordered 

conformations than the regions highlighted in Figure 17B-D, suggesting they may not be 

critically involved in self-assembly. Standing out starkly from this interpretation is a very 

sharp peak in the DMSO spectrum at about 38 ppm. I believe this signal originates in part 

from residual DMSO remaining in the sample.56 Recall that a previous study has proposed 

that solvent-bridged hydrogen bonding is crucial to dipeptide nanofiber formation,55 and 

DMSO is capable of participating as a hydrogen bond accepter. However, there is no 

evidence to suggest the incorporation of DMSO into fiber structure, and formation of 

Fmoc-FF nanofibers in toluene suggests solvent-bridged hydrogen bonding is not required 

for Fmoc-FF nanofiber self-assembly. 

4.2.1.2 Two-Dimensional CHHC and fpRFDR NMR 

With the observation of an ordered molecular structure is each of these systems via 

CPMAS, I had shown that Fmoc-FF assemblies were observable through NMR. With this 

in mind I moved to the proposed molecular models.35, 49 First, the prediction by Mu and 

coworkers that the amino acid sidechain portion of the molecule adopts a disordered 

conformation is inconsistent with each of the CPMAS data sets shown in Figure 17.  

From here I moved to a molecular model proposed by Smith et al. in 2008. Using 

the 2D NMR experiments, CHHC and fpRFDR, I probed Fmoc-FF nanofiber samples 

containing 100% 13C-labeled phenylalanine residues for anti-parallel β-sheet molecular 

contacts. The results of these experiments are shown in Figures 18-21. For the sample 
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assembled in 5% methanol, I increased the methanol volume fraction to 10% in order to 

simplify sample preparation. CPMAS data indicate no change in molecular structure 

between the two samples. In each fpRFDR spectrum, the data shows no interaction 

amongst signals in the 53-59 ppm region, indicating none of the signals originate from 

directly bonded pairs of atoms. However, all fpRFDR spectra show interaction between 

signals in the 53-59 ppm region with signals in the 33-43 ppm region (green circles). This 

is the expected interaction between α-carbon (red circles) and β-carbon signals (orange 

circles). Unlike the fpRFDR data, the CHHC data show unambiguous dipolar coupling 

between signals in the 53-59 ppm region (blue circles). In order for this signal to appear, 

there must be magnetization transfer following the pattern previously described for CHHC. 

We also see CHHC contacts between α-carbon and β-carbon signals, the expected 

interaction between directly bonded α-carbon and β-carbon atoms. One-dimensional 

‘slices’ from each of the CHHC and fpRFDR spectra are shown in Figure 22. The slices 

show the relative cross-peak intensities from CHHC and fpRFDR and absence of α-α 

interaction in the fpRFDR data. Finally, mapping of the α-carbon and carbonyl signals in 

the fpRFDR indicate that we are seeing CHHC contacts between F1 and F2 of the FF 

subunit (results shown in Figure A10 of the appendix). 

To ensure that the observed CHHC contacts are not the result of intramolecular 

interactions, we prepared a 50% isotopically diluted of Fmoc-FF nanofiber sample for 

CHHC and fpRFDR (Figure 23). The results show a decrease in signal intensity of α-α 

interactions relative to the individual α-carbon signals. This indicates the α-α interaction 

signals we are observing are originating from intermolecular contacts. 
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Figure 18 – Side-by-side comparison of CHHC (A) and fpRFDR (B) spectra for Fmoc-

FF nanofibers assembled in 5% DMSO. Red circles highlight α-carbon signals, 

orange circles show β-carbon signals, blue circles show α-α correlation signals, and 

green circles show α-β correlation signals. Correlation signals are mirrored on each 

side of the diagonal containing α-carbon and β-carbon signals. 

 

Figure 19 – Side-by-side comparison of CHHC (A) and fpRFDR (B) spectra for Fmoc-

FF nanofibers assembled in 10% methanol. Red circles highlight α-carbon signals, 

orange circles show β-carbon signals, blue circles show α-α correlation signals, and 

green circles show α-β correlation signals. Correlation signals are mirrored on each 

side of the diagonal containing α-carbon and β-carbon signals. 
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Figure 20 – Side-by-side comparison of CHHC (A) and fpRFDR (B) spectra for Fmoc-

FF nanofibers assembled in 80% methanol. Red circles highlight α-carbon signals, 

orange circles show β-carbon signals, blue circles show α-α correlation signals, and 

green circles show α-β correlation signals. Correlation signals are mirrored on each 

side of the diagonal containing α-carbon and β-carbon signals. 

 

Figure 21 – Side-by-side comparison of CHHC (A) and fpRFDR (B) spectra for Fmoc-

FF nanofibers assembled in toluene. Red circles highlight α-carbon signals, orange 

circles show β-carbon signals, blue circles show α-α correlation signals, and green 

circles show α-β correlation signals. Correlation signals are mirrored on each side of 

the diagonal containing α-carbon and β-carbon signals. 
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Figure 22 – Overlay of one-dimensional CHHC and fpRFDR slices at 58 ppm from 

samples in A) 5% DMSO, B) 10% methanol, C) 80% methanol, and D) toluene. 
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Figure 23 – A) Overlay of CHHC spectra from Fmoc-FF formed in 10% methanol 

using 100% 13C-labeled material (black) and 50/50 13C labeled/unlabeled (red). B) 

One-dimensional slice comparison at ~53 ppm from both spectra in (A). 

4.2.2 Molecular Modeling 

To rationalize the two-dimensional NMR data shown in the previous section, I 

turned to molecular modeling using VMD. First, I reached out to Rein Ulijn and Andrew 

Smith to acquire a copy of their proposed model. Analysis of this model showed that 

though the structure predicted an anti-parallel backbone arrangement, it was not consistent 

with the CHHC NMR data. 

 Moving forward, we sought to rationalize the NMR data by using idealized 

molecular structures. Based on the forces involved in maintaining β-sheet secondary 

structure in peptides and on the results of a recent study which substituted peptoid residues 

for phenylalanine residues in Fmoc-FF,57 we believed backbone hydrogen bonding was 

critical. We then generated diphenylalanine backbone arrays which would present 

favorable hydrogen-bonding sites and checked these structures for arrangements which 
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would give the contacts observed using CHHC NMR. Figure 23 shows our three most 

reasonable backbone arrays in terms of backbone hydrogen bonding availability: parallel, 

antiparallel, and an antiparallel flipped arrangement, alongside the arrangement predicted 

by Smith et al.  

 

Figure 24 – A) Idealized, parallel diphenylalanine backbone, B) Idealized, antiparallel 

diphenylalanine backbone, C) Idealized, flipped antiparallel diphenylalanine 

backbone, and D) Smith diphenylalanine backbone. Dashed lines indicate hydrogen 

bonds, solid black lines indicate intermolecular Hα pairs outside CHHC detection 

range, red lines indicate intramolecular Hα pairs, and green lines indicate 

intermolecular Hα pairs inside CHHC detection range. All distances are given in 

angstroms (Å). 

In Figure 23 shows that though there are multiple possible hydrogen bonding 

alignments, only one alignment—flipped antiparallel—also predicts an arrangement 

consistent with the NMR data. Most interestingly, despite the fact that we evidence of 

significant polymorphism in both microscopy and CPMAS NMR data, CHHC appears to 

indicate that this flipped anti-parallel arrangement is common to all Fmoc-FF assemblies 
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tested. This study includes samples assembled using heating to induce dissolution 

(toluene), solvent switch (5% DMSO), and both heating and solvent switch (methanol 

gels). Additionally, the study which highlighted the importance of backbone hydrogen 

bonding using peptoid substitution studied Fmoc-FF hydrogels formed using a solvent 

switch method with DMSO and a pH switch,57 so it appears that assemblies formed using 

the pH switch and solvent switch methods rely similarly on backbone hydrogen bonding. 

It is highly possible then that the flipped antiparallel hydrogen bonding pattern identified 

here is present in assemblies formed using the pH switch method as well. 

4.2.3 FTIR 

Because this study marks the first use of solid-state NMR to study Fmoc-FF 

assemblies, I sought connect this work to previous studies of Fmoc-FF. Up to the present, 

determination of antiparallel β-sheet-like structure in Fmoc-FF assemblies has been based 

on interpretation of FTIR.16, 35, 54 I ran FTIR on hydrogels from each of the four solvents 

from the CHHC and fpRFDR experiments. Results are shown in Figure 24. In each system 

we see signals previously attributed to an anti-parallel β-sheet-like arrangement in Fmoc-

FF systems: a large peak around ~1640-1650 cm-1 and a smaller peak around ~1690-1700 

cm-1.16 The signals vary slightly from solvent to solvent, with peaks broadening or shifting 

slightly. Dashed lines in the figure show the range for the large peak around ~1640-1650 

cm-1, dotted lines show the range for the smaller peak around ~1690-1700 cm-1, and a single 

dash-dotted line shows a small “shoulder” signal which appears in the DMSO, 10% 

methanol, and 80% methanol gels. 
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Figure 25 – FTIR spectra from Fmoc-FF formed in 5% DMSO (black), 10% 

methanol (blue), 80% methanol (green), and toluene (red). 

Though FTIR has been a common tool used in assessing Fmoc-FF secondary 

structure, there are a few points of interest that are worth noting. First, the peak attributed 

to a β-sheet signal is sometimes near 1650 cm-1. A peak in this region is often attributed to 

disorder in a peptide system,49 though from NMR we know that this is not the case for 

these Fmoc-FF systems. Additionally, the peak near 1690 cm-1 attributed to anti-parallel 

β-sheet structure has been shown to disappear if the carbamate portion of the Fmoc group 

is removed.51 It is not clear if that is because the peak at 1690 cm-1 is solely from the 

carbamate stretch or if removal of the carbamate group has an effect on assembled 

structure. Recall though, that despite the uncertainties of FTIR measurements of Fmoc-FF, 

NMR appears to validate previously drawn conclusions.  
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Finally, each spectrum appears to exhibit some signal near 1600 cm-1. It is not clear 

at this stage what aspect of the system is causing the absorbance at this point. It is has been 

shown in the past that labeling with 13C in larger peptides can result in amide I shifts to this 

region of the spectrum, but this is like not the case here.50 Each of the FTIR samples were 

produced using unlabeled material, meaning that any 13C interference would have to come 

from natural abundance 13C. There is no evidence to suggest this is occurring. Small signals 

in this region can be seen in some of the FTIR measurements referenced previously, though 

it did not appear to be significant to the authors.18, 21 
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK  

 Peptoid B28 

The NMR data presented here show evidence of site-dependent, assembly-driven 

trans-to-cis isomerization in the backbone amide bonds of peptoid B28 nanosheets. The 

measurements led to development of a new molecular model more closely aligned with 

NMR, AFM, and XRD measurements than the previous model.36 

Where does the work go from here? With specific regard to peptoid B28, there 

remain aspects of the new molecular model that have not been confirmed experimentally. 

First is the brickwork arrangement of molecules within the nanosheet. There is strong 

indirect evidence in the modeling and dipolar recoupling data to suggest that the brickwork 

alignment is indeed present in the nanosheet structure. However, further 13C isotopic 

labeling of α-carbons at positions 6 and 22 along the B28 backbone and application of 

PITHIRDS-CT would address the question definitively. If we see a measureable decay then 

it would indicate there must be an intermolecular contact between the two sites, a positive 

result for the brickwork arrangement. Isotopic labeling with 15N and 13C at the backbone 

amide and carbonyl sites of B28 and application of dipolar recoupling NMR could yield 

estimates for the backbone torsion angles, thereby confirming the proposed folding state 

of the cis ∑-strand. Finally, 13C isotopic labeling of a single δ-carbon in a phenylethyl 

group and application of dipolar recoupling, preferably in the 6-8 site range because it is 

where we have the most information, may be able to show the presence of a hydrophobic 

core of the nanosheet. However, because the modeling suggests it is the packing of the 
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hydrophobic core that enables cis-amide bond stability, I believe probing for the 

hydrophobic core directly to be unnecessary.  

It is worth noting that all of these proposed measurements may be inaccessible or 

limited due to restrictions of available isotopic labeling schemes in peptoids. It is my hope 

that as the field continues to expand, the need for greater structural knowledge and 

demonstrated capability of solid-state NMR will push chemists to design synthesis 

schemes to incorporate 13C and 15N isotopes in any desired pattern. 

The most interesting and potentially illuminating of these measurements is, I 

believe, the measurement of backbone torsion angles. Both the original and updated 

molecular models show B28 monomers with secondary structure unique from peptide 

secondary structure. Because of the accessibility of both the trans and cis configurations 

of the backbone amide bond, I believe peptoids very likely have a wider array of possible 

secondary structures than peptides. Classifying these would be a time consuming process 

because it is unclear at present how many peptoid secondary structures there may be, the 

forces involved in dictating secondary structure, and the forms of the structures themselves. 

Fortunately, I believe the peptoid field is here to stay and will continue develop both in its 

original domain, that of peptide mimics, and as an independent family of designer 

molecules. As more peptoid systems are developed, we can use NMR to classify secondary 

structure in peptoids and catalogue the results in the beginnings of a peptoid databank. 

At this point, I want to point out that while I do believe peptoid development, and 

specifically self-assembling peptoid development is a burgeoning field; the cataloguing of 

peptoid secondary structure and careful design of peptoid primary structure will require 
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many years to reach a point at which we can accurately predict peptoid structure. We need 

only look to designer peptide self-assembly to see the difficulty inherent in the task. 

Designer peptide self-assembly began with the observation that specific patterning of 

hydrophobicity, hydrophilicity, and electrostatics in the chosen amino acids would yield 

peptides capable of self-assembly into well-ordered structures. This was an amazing 

discovery and one that I believe will be remembered as a critical scientific breakthrough in 

the years and decades to come. However, we must be honest with ourselves in admitting 

that we as a community have not progressed significantly beyond this point. Others will 

disagree I am sure, but it is undeniable that we still cannot accurately or reliably predict 

the atomic-level detail of the assemblies we make. We still design self-assembling peptide 

systems based on distinct patterning of amino acids, all the while studying naturally 

occurring self-assembling systems that possess no distinct patterning of amino acids and 

yet assemble into structures more complex than any we have designed. In the case of 

peptoids, the lack of reference data from both naturally occurring and designer systems, as 

well as potentially greater chemical diversity of the peptoid R-groups compared to 

peptides, mean that the process of developing design protocol and predicting structure in 

peptoids will only be more difficult. With that said, researchers are already working on the 

problem and in order to address it we need high-resolution techniques capable of probing 

peptoid structure. Solid-state NMR is capable of doing just that, and I believe the peptoid 

field is the much more promising and rich direction for future research for the Paravastu 

lab in terms of both applications development and toward developing a greater 

understanding of self-assembly. 

 Fmoc-FF 
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Using solid-state NMR we have shown that Fmoc-FF nanofibers formed in a wide 

array environmental conditions adopt well-ordered molecular conformations with 

significant molecular-level polymorphism dependent on the organic solvent used in the 

self-assembly procedure. From here I was able to 2D solid-state NMR techniques to 

identify a backbone hydrogen bonding pattern common to each of the Fmoc-FF assemblies 

I test in the course of this work. 

Moving forward with solid-state NMR in the Fmoc-FF system will be a difficult 

task. One of the primary reasons for the widespread use of Fmoc-FF as a model LMWG 

system is its structural simplicity. Unfortunately, structural simplicity leads to fewer 

distinct chemical shifts in the NMR spectrum. With fewer distinct chemical shifts we 

would be limited in terms of what information we could extract from the system using 2D 

correlation NMR experiments. Dipolar recoupling measurements could be used to measure 

backbone torsion angle of the FF unit of the molecule, though I believe this data would not 

yield any meaningful insights into the system. 

There is one possible avenue which could yield fruitful information for Fmoc-FF 

and Fmoc-dipeptides as a whole, however. Though we have identified a backbone 

hydrogen bonding pattern in the FF subunit, we still have no details on what role the Fmoc 

group plays in maintaining structural integrity of the assembly. We know attachment of the 

Fmoc group has a substantial effect on assembly properties and behavior, and we know it 

adopts a well-ordered conformation. I believe we could begin to address knowledge void 

by synthesizing Fmoc-FF with 13C isotopic labels on the Fmoc group. Commercially, there 

is very little demand for this level of synthesis. However, if we were able to selectively 

label with 13C in the Fmoc group, we could then use 2D and dipolar recoupling NMR to 
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probe for new contacts and estimate distances. This would help answer questions of how 

the Fmoc groups are oriented in the system and could show whether Fmoc groups interact 

primarily with one another or if there is any significant interaction with the phenyl rings of 

the FF subunit. Availability of the isotopic labeling in the Fmoc group, combined with the 

methods for probing backbone hydrogen bonding I have developed, could lead to a general 

methodology for determination of structure in Fmoc-dipeptide systems. However, the 

simplicity of the model system also means there will be a limited number of Fmoc-

dipeptide gelators, which may limit broad interest in the topic. 

To give you a final, over-arching picture of the thread of my work with Fmoc-FF, 

I began this believing that it may be an opportunity to find an equilibrium structure in the 

self-assembled FF subunit of the system. Recall that the Fmoc-FF study timeline began 

because researchers believed hydrophobic collapse of aromatic residues was crucial to 

amyloid self-assembly. I thought that if we were able to identify and an equilibrium 

structure in the FF subunit that it might teach us something about the Aβ structures in 

Alzheimer’s disease. Upon observing molecular-level polymorphism dependent on the 

assembly environment however, it became clear that we would be able to address no such 

questions in this study. Additionally, because of my position in the Paravastu Lab I have 

been privy to many discussion of Aβ assemblies and analysis of solid-state NMR data of 

those assemblies. The polymorphic nature of Aβ assemblies likely leads to many different 

states in which the FF units of neighboring peptides do not interact, undermining the notion 

that an equilibrium FF structure would inform on Aβ. Also, because kinetic trapping 

playing such a significant role in peptide assembly, finding an equilibrium FF structure 

would not be likely to help in identifying kinetically trapped states. 
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At this point, Fmoc-FF is a prominent LMWG model system, I chose to use it as a 

means of demonstrating the effectiveness of solid-state NMR. In that regard I succeeded. 

However, while there is still information we could extract from this system, I do not believe 

the long-term gains would justify the Paravastu lab’s continued pursuit of this project over 

other available topics.  

 Final Summary 

Peptoids and LMWG systems appear to be here to stay. Molecules from both 

systems are being actively investigated for potential use in a wide variety of applications. 

As our understanding and ambition increase, I believe the applications pursued with these 

materials will become finer in scope but greater in magnitude. Correctly applying our 

current understanding of these systems will magnify the effect of ambitious exploration 

using these systems. That is the niche where my research resides and where we have much 

work left to do. I do not believe we as a community understand self-assembly nearly as 

well as what is portrayed in present-day publications. In the mid-nineties we found an 

amino acid pattern in a single protein that led to self-assembly. To this day, self-assembling 

peptide designs continue to be based on similar patterning of amino acids, and we are still 

unable to predict the structures that will form in even these relatively simple systems. To 

add insult to injury, nature shows us many examples of peptides possessing none of our 

self-assembly motifs which will assemble into far more intricate structures than what we 

are able to produce. Now we have expanded into peptoid biology, where we are seeing 

assemblies and secondary structures that have yet to be observed in peptide systems. We 

don’t even yet know the range of attainable secondary structures available to peptoids. 

Solid-state NMR possesses all of the tools necessary to address these knowledge gaps. It 
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will be a painstaking process of iteration, but in time we will be able to achieve it. It is my 

hope that demonstrating the usefulness of solid-state NMR in this project will help to 

motivate a continued effort along this path. 

The final point I wish to highlight is that this entire project was pushed forward 

primarily by non-standard applications of solid-state NMR, particularly in the application 

of PITHIRDS-CT to peptoid B28. Rather than seek out canonical measurements for my 

target systems (which did not exist for some of my questions), I sought out measurements 

which would yield information on structure within my systems regardless of their nature. 

My challenge to future scientists is to continue looking beyond what is standard to find the 

best means of answering the questions you are faced with. You will have to defend your 

choices and you will likely be wrong more than you are right, but it is the fastest and surest 

way to gaining the knowledge you seek. 
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CHAPTER 6. APPENDIX 

 NMR Pulse Sequences 

Each pulse sequence is shown with the standard parameter setup used by the 

Paravastu group.27 

6.1.1 CPMAS 

 

Figure A1 – CPMAS pulse sequence 
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6.1.2 CHHC 

 

Figure A2 – PITHIRDS-CT pulse sequence 

6.1.3 fpRFDR 

 

Figure A3 – fpRFDR pulse sequence 
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6.1.4 CHHC 

 

Figure A4 – CHHC pulse sequence 

 Peptoid B28 Supplemental Figures 

 

Figure A5 – CPMAS spectra of peptoid B28 nanosheets with 100% 13C isotopic 

labeling at the sites indicated. 
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Figure A6 – Comparison of PITHIRDS-CT data to simulated curves that consider 

potential effects of intermolecular 13C-13C dipolar couplings.  Symbols correspond to 

measured PITHIRDS-CT decays for peptoid B28 nanosheets labeled at the sixth and 

seventh α-carbon sites specified in Figure 4.  The curve for the 2-spin simulation 

corresponds to adjacent 13C-atoms on either side of an amide bond in the cis 

configuration, with the distribution of internuclear distances shown in Figure 3.  The 

10-spin simulations were performed to evaluate the maximum possible effects of 

inter-molecular 13C-13C dipolar couplings, and correspond to pairs of 13C atoms 

separated by an intramolecular distance, d, of either 3Å (cis configuration) or 3.8 Å 

(trans configuration).  The 10-spin simulations each include 5 pairs of 13C atoms, with 

each pair separated by an intermolecular distance of 4.5Å.  The 4.5Å estimate 

corresponds to distance between adjacent molecular backbones within the same 

molecular monolayer observed with aberration-corrected TEM images and x-ray 

diffraction measurements on similar nanosheet forming peptoids.11 This distance 

corresponds to a lower limit for intermolecular 13C-13C distances and therefore 

maximal possible intermolecular 13C-13C dipolar couplings.  In our view, a 4.5Å 

distance between 13C-labeled sites on adjacent molecules corresponds to inter-

molecular alignments that are unlikely to occur because like-charged segments of 

peptoid B28 are unlikely to align in this way.  Comparison of the 2-spin and 10-spin 

simulated PITHIRDS-CT decays indicates that inter-molecular 13C-13C dipolar 

couplings did not affect the results for 13C-13C dipolar recoupling times under 10 ms.  

Our assessments of amide bond isomerization are thus based on the shapes of curves 

corresponding to dipolar recoupling times below 10 ms. 
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 Fmoc-FF Supplemental Figures 

 

Figure A7 – CPMAS of unlabeled Fmoc-FF (black) and Fmoc-FF with uniform 13C, 
15N (red). Both Fmoc-FF samples were assembled in 5% DMSO. Peaks appearing in 

the black spectrum but not the red spectrum originate from the Fmoc group. They 

are assigned using chemical shift standards from molecules with similar local 

chemical bonding. 
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Figure A8 – Reprinted FTIR spectra from Zhou18 (top left), Ryan21 (top right), 

Jayawarna16 (bottom left), and Smith35 (bottom right). The green line in each 

spectrum marks the position of amide I stretch. These spectra were used to conclude 

that Fmoc-FF forms an anti-parallel β-sheet. 
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Figure A9 – Reprinted FTIR spectra from Mu49. These spectra were used to conclude 

that Fmoc-FF assemblies are disordered in the FF subunit of the molecule. 
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Figure A10 – fpRFDR spectra from Fmoc-FF formed in 10% methanol. The off-

diagonal correlation signals indicate that our CHHC contacts are between F1 and F2 

of the FF subunit. 
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