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Abstract 
 
 Peptide-pi conjugated materials represent a powerful class of supramolecular materials 

with the unique ability to bridge the traditionally disparate realms of electronics and biological 

settings. The modular nature of peptide synthesis has facilitated systematic investigations into the 

impacts of amino acid composition for material properties. This dissertation presents design 

strategies to achieve new conformations and electronic outcomes within these peptide materials, 

efforts to characterize mixed peptide assemblies on the nanoscale and attempts to employ them in 

biological settings. In chapter 1 the state of organic electronics and its extensions to bioelectronics 

is introduced. Previous efforts from our lab to control peptide-pi-peptide scaffolds through 

monomer design and assembly trigger are discussed. Then, the fundamentals of electron 

microscopy are reviewed along with electron specimen interactions and their use in characterizing 

nanomaterials. 

 In chapter 2, constitutional isomerism brought about by swapping regimes of unique 

hydrophobicity and the influence on physical properties, morphology, and electronic 

communication among pi-cores is examined. The addition of a purely hydrophobic alkyl tail is 

also discussed wherein access to a range of nanoarchitectures without diluting the impacts of 

constitutional isomerism is demonstrated. Chapter 3 details efforts to use bromine and sulfur as 

elemental indicators of co-assembly or self-sorting and examine the nanoscopic details of mixed 

assemblies by way of STEM-EDS mapping. This characterization method is applied to statistically 

mixed co-assemblies, self-sorted structures based on exploiting subtle pKa differences as 

previously reported by our lab, and a novel self-sorting paradigm brought about by tailoring 

specific monomer-monomer interactions. In chapter 4, the field of diphenylalanine research and 

extensive efforts to effectuate control over the assembly of this unique dipeptide are discussed. 
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Efforts to control the assembly of diphenylalanine by single fluorine substitution at the beta-carbon 

are explored wherein preliminary studies suggest that this relatively small change in structure can 

have dramatic impacts on assembly. Chapter 5 is concerned with biologically relevant 

nanomaterials and the promise of peptide-pi conjugates in 3D cell culture applications. Both failed 

and successful attempts to prepare a hydrogel scaffold containing attributes known to guide 

neuronal stem cells toward neuronal lineages are presented. Finally, promising efforts to translate 

peptide-pi-peptide nanomaterials to in vivo stroke recovery models are detailed. 
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Organic Electronic Materials 

 

The origins of organic electronics materials trace back to the mid-20th century where a 

series of advancements lead to the collaboration of MacDiarmid, Heeger, and Shirakawa that 

culminated in a Nobel prize for their work on iodine-doped polyacetylenes.1,2  This among other 

progress in π-conjugated organic materials prompted interest in a shift from conventional “hard” 

silicon-based to “soft” organic electronic materials with the prospect of low-cost components for 

wearable devices, sensing, and biomedical applications.3,4 The “hard” electronics of the 20th 

century were designed on a platform of stability, rigidity, high reliability, high temperature 

processing and “top-down” preparation through lithographic techniques. Organic electronic 

materials have distinct advantages of low temperature and solution processing, low energy 

consumption, and are based on a “bottom-up” fabrication process.4 That said, mobility values, 

charge transfer characteristics, and device performance are inherently linked to precise geometric 

organization of units where bridging the meso-scale to “device”-scale size regimes have presented 

an opportunity for continued investigation in the 21st century.4–6  While most organic electronic 

platforms are associated with either small-molecule or polymeric materials, for our purposes herein 

we will focus on the former, however, it should be noted that a rich body of research can be found 

on the latter. 

While theoretically the optical absorption (i.e. excitation energy of the lowest excited state) 

of a pristine π-conjugated polymer without defects should present an unlimited conjugation 

pathway that is defined by the length of the polymer. In practice the “effective conjugation length” 

is determined by a balance of order and disorder in the system that often limits conjugation to  

oligomer-length units.7,8 Oligomers can be uniformly synthesized with tunable physical and 
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electronic properties; however, thin film fabrication methods available such as vapor-phase 

deposition are expensive and impractical when compared to the more accessible spin coating 

procedures conditions for their polymeric counterparts.9 As such, control of processing and 

ultimately the three-dimensional (3D) geometric organization of these materials over multiple 

length scales through supramolecular engineering has come to the forefront of research interest.5 

 

Supramolecular Assembly of π-conjugated Materials 

 

Self-assembly of two or more molecular building blocks by means of molecular 

recognition to yield structurally ordered nano-assemblies is the basis of supramolecular 

chemistry.10,11 Early investigations in this field explored the properties of weak intermolecular 

interactions such as hydrophobic and Van der Waals forces, and hydrogen bonding, and these 

foundations later guided studies of enzyme-substrate binding, and detailed organizational studies 

of coordinatively saturated species such as the acetic acid dimer.12,13  In 1961 Charles J. Pedersen’s 

serendipitous discovery of dibenzo-18-crown-6 and his observation of selective metal cation 

binding was a breakthrough in the field where fundamental concepts were applied to synthetic 

systems.14 The term supramolecular chemistry was first described by Jean-Marie Lehn as “the 

chemistry beyond the molecule” as he examined of the size selective binding of metal cations by 

polycyclic multidentate ligands called cryptates.10,15 Systems of increasing sophistication have 

since been explored, for example, the interlocking “molecular machines” termed rotaxanes and 

catenanes developed by Stoddart and coworkers.,16–19  

Among weak interactions, hydrogen bonds are an important motif in the design and 

organization of supramolecular assemblies due to their high selectivity and directionality.10,20 For 
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example, the monomers depicted in Figure 1.1 A are composed of two ureidopyrimidinone termini, 

separated by an alkyl spacer, and form quadruple hydrogen bonds to assemble into the random 

coiled polymers shown in Figure 1.1 B. These polymers demonstrate remarkable mechanical 

properties and, like their covalent counterparts, adhere to classical models of polymer physics in 

solution and in bulk but show a temperature dependent viscosity due to a decrease in hydrogen-

bond lifetime as temperature increases.10 Schenning, Meijer, and co-workers demonstrated the 

temperature dependent aggregation of mono-functionalized oligo(p-phenylenevinylene)s 

(MOPV)s in organic solvent. These structures were found to be composed of helical stacks of 

hydrogen-bonded dimers (Figure 1.1 C,D) and illustrate the utility of supramolecular interactions 

to assemble π-conjugated subunits into uniform, discrete structures that exhibit well-defined 

electron transport properties within the assembly.21–23 Other groups have prepared nanoribbons24, 

fibrils25 and helical nanotubes26 by engineering a delicate balance of intermolecular interactions to 

achieve electrical conduits within the supramolecular aggregate attained under thermodynamically 

favorable conditions in organic solvents.27,28 However, unfunctionalized π-conjugated organic 

semiconductors have limited aqueous solubility and are therefore difficult to process for 

biologically relevant applications.29 10,30–32 
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Figure 1.1. Monomeric units and the rang of structures they form upon supramolecular 

assembly. Adapted from Reference 10. Copyright Science, 2012. Reprinted from reference 21. 

Copyright Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2004. 
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Peptide Templated π-Conjugated Supramolecular Assemblies 

 

 

Figure 1.2. Illustration of the step-wise formation of fibres from rod-like monomers as detailed 

in peptide aggregation models. Reprinted from reference 33. Copyright PNAS, 2001. 

 

A significant area of research in supramolecular chemistry has focused on developing 

biologically relevant nanomaterials, such as proteins and peptides, due the significant source of 

hydrogen bond donors and acceptors they present.13  The hierarchical assembly of peptide units, 

particularly those forming beta-sheets, can be understood through the context of models for 

amyloid formation as shown in Figure 1.2. The assembly process proceeds in a step-wise fashion 

through the initial formation of rod-like monomers as the primary chain takes on a beta-strand 

conformation and assembles, due to molecular recognition, into tapes with left-handed helical 

twist. Tapes associate laterally to form fibrils that ultimately associate into a fibers with finite 

thickness imposed by steric constraints.33 An example of this assembly is peptide amphiphiles 
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composed of a peptide head group and a fatty acid tail that assemble into high aspect-ratio 

cylindrical nanofibers (Figure 1.1 E,F). Stupp and co-workers have studied these materials 

extensively from molecular design to function feeding applications in 3D cell culture, templating 

and biomineralization.34–40  

 

 The unique organizational power of peptides can be leveraged for π-conjugated units to 

enact precise geometries and facilitate electronic delocalization.41–45 Parquette and co-workers 

examined di-lysine peptides functionalized with NDI in varied substitution and acetylation pattern 

to form n-type 1D constructs. They found that morphological outcome was intimately linked to 

the placement of the NDI moiety generating either helical tapes or nanoribbons and demonstrating 

the subtle changes to monomer structure that influence the eventual assembly and the 3D 

organization of electronic units (Figure 1.3a).41 Bäuerle and co-workers reported the conjugation 

of a regioregular tetra(3-hexylthiophene) with a silk-inspired pentapeptide that formed linear 

nanoobjects which were in stark contrast to the lamellar structures formed by the tetrathiophene 

carboxylic acid demonstrating the ability of the hydrogen n peptide unit to overhaul the assembly 

paradigm (Figure 1.3b).42 More recently, Brimble and co-workers demonstrated the 

functionalization of thiophene-diketopyrrolopyrrole with an octapeptide to prepare a fibrous 

network hydrogel as well as thin film of a co-facially stacked aggregate capable of charge transport 

(Figure 1.3c).45 
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Figure 1.3. Peptides assembly can be leveraged to organize precise geometries of π-units. 

Monomer structure dictates (A) supramolecular outcome in NDI appended di-lysine peptides and 

can direct the construction of 1D objects in (B) oligothiophenes and (C) diketopyrrolopyrrole. 

Adapted from references 42, 42 and 45. Copyright the American Chemical Society, 2009, the 

Royal Society of Chemistry, 2004, and 2020. 

 

Work by our lab incorporated π-conjugated organic semiconductors into short oligopeptide 

sequences by exploiting routine Fmoc-based solid phase peptide synthesis (SPPS) techniques 

whereby peptide sequences are assembled on solid supports and functionalized with the π-core 

through two synthetic strategies. In the first (Figure 1.4, left panel) the aromatic unit with di-

carboxylic acid functionality is constructed by solution phase synthesis. The acids are then 

activated and used to cap the ends of two finished peptide segments on resin. In the second method 

(Figure 1.4, right panel) the N-terminus of the peptide is capped with Ar1 that presents a halogen 

for reaction with a suitable bi-functionalized coupling partner in Pd-catalyzed cross couplings.29,46–

48 In both cases, cleavage of the peptide from resin reveals two carboxy-termini and the general 

structure of the “triblock” peptide-π-peptide monomers is exemplified in Figure 1.4.  
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Figure 1.4: Synthetic strategy to form peptide-π-peptide monomers with a diversity of cores on 

resin. 

  

 Our peptide-π-peptide materials are generally designed as follows: acidic residues are 

deprotonated at high pH (~10) and considered molecularly dissolved due to repulsion between like 

charges that frustrates and disfavors assembly.49 Lowering the pH or otherwise shielding negative 

charges triggers assembly into 1-dimensional nanostructures, guided largely by intermolecular 

hydrogen bonds (Figure 1.5A). The peptide assembly directs the stacking of the π-conjugated cores 

to form an electronic conduit within the nanostructures as idealized in Figure 1.5B. The 

photophysical characteristics of the system undergo distinct changes as monomers assemble into 

supramolecular structures. A hypsochromic-shift in absorption and quenched fluorescence 

emission intensity upon acidification signify “H-aggregation” or co-facial stacking of the 

embedded chromophores (Figure 1.5C).50 Furthermore, the CD spectra exhibit Cotton effects in 
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the assembly, indicating excitonic coupling of the embedded chromophores in a chiral 

environment. Finally, nanomaterial morphologies can be characterized by transmission electron 

microscopy (TEM) and shown to form extended networks as well as discrete structures.47 

 

Figure 1.5. A) General molecular structure of the “triblock” peptide-π-peptide monomers that self-

assemble under acidic conditions into B) discrete nanostructures. Photophysical changes (C,D) 

occur upon assembly from molecular dissolved monomers at high pH to aggregates at low pH. 

Nanostructures can be observed as extended networks (E) and as discrete structures (F) using TEM 

imaging. Reprinted from reference 48. Copyright American Chemical Society, 2012. 
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Control of Self-Assembly – Energy Landscapes 

 

 

Figure 1.6. Two energy landscapes accessible to peptide amphiphiles that depend on assembly 

conditions at A) low ionic strength and B) high ionic strength. Adapted from reference 53. 

Copyright Macmillan Publishers Limited, 2016. 

 

 Precise supramolecular construction requires careful navigation of the energy landscapes 

that dictate the assembly process. Kinetic and thermodynamic influences, while difficult to 

uncouple, can ultimately dictate order/disorder, co-assembly/self-segregation, and 

assembly/disassembly characteristics in an emerging polymer.51 Access to different 

thermodynamic wells can produce materials with varied function and properties; however, 

prohibitively high kinetic barriers can trap assemblies in metastable potential wells that prevent 

structural reorganization to the targeted thermodynamic minimum.52,53 Recent reports have 

examined how monomer design can be coupled with controlled assembly conditions to navigate 
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challenging energy surfaces. Stupp and coworkers demonstrated energy landscapes in peptide 

amphiphiles with the sequence V3A3K3 N-terminally conjugated to 16-carbon aliphatic tails where 

β-sheet interactions among valine and alanine residues compete with electrostatic repulsion 

between consecutive lysine residues to respectively promote or frustrate assembly. Two energy 

surfaces are revealed at low and high ionic strength as illustrated in Figure 1.6. At low ionic 

strength, limited charge screening produces polydisperse and randomly coiled fibers. These fibers 

retain their random coil secondary structure after thermal annealing, demonstrating stabilization at 

a deep thermodynamic minimum on this surface (Figure 1.6A). The low ionic strength surface 

contains a second minimum corresponding to long, stable, monodisperse β-sheet fibers that can 

only be obtained by triggering their assembly under high ionic strength conditions, where they are 

thermodynamically favored (Figure 1.6B), followed by dilution to low ionic strength, thus 

directing the system between the two energy surfaces. Monomer design can illuminate competing 

attractive and repulsive interactions, while strategic application of assembly conditions can be used 

to navigate or link energy landscapes and arrive at desired thermodynamic minima. The field of 

supramolecular chemistry promises dynamic and stimuli responsive materials whose development 

will require a nuanced experimental and computational understanding in navigating energy 

surfaces.52 We will discuss examples of modular changes in monomer design that, by changing 

the energy landscape (thermodynamic minima and kinetic barriers) result in varied material 

properties that emerge at points along these potentials and examine efforts to control either 

thermodynamically or kinetically the formation of mixed chromophore systems as well as offer a 

review of efforts from our group to guide the assembly of our peptide-π-peptide conjugates. 
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Figure 1.7. A) Variation in the identity of amino acid flanking π-conjugated core can greatly 

impact B) UV and C) photoluminescence spectra of triblock peptide nanomaterials. Adapted 

from reference 55. Copyright American Chemical Society, 2014. 

 

Modest chemical diversity in monomer design can greatly impact nanostructure 

morphology and thus electronic behavior in π-conjugated peptide materials. Our lab examined 

small modifications to amino acid sequences in tri-block conjugated tetrapeptides flanking an 

oligophenylenevinylene (OPV3) π-conjugated core (Figure 1.7). Changes in photophysical 

properties were observed, most notably linked to the amino acid identity neighboring the 

conjugated core. The smallest residue (G) showed dramatic quenching and broadening in 

photoluminescence indicating excimer-like emission. More sterically demanding side chains (V, 

I, F) demonstrated structured emission spectra, typically observed upon H-like aggregation of OPV 

chromophores, indicating geometric differences within the assembly and thus different electronic 

couplings among the π-conjugated units.54 Furthermore, the impact of amino acid chemistry was 

observed in changes to the mechanical properties of hydrogels formed from these peptides, where 
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amino acids with higher β-sheet forming propensities (V, I) correlated with more rigid hydrogel 

formation.55 In another study, the directionality of intermolecular hydrogen bonds in OPV3 

peptides were modulated by controlling the monomer symmetry. Preparation of symmetric 

monomers biased “parallel” (Figure 1.8A) whereas asymmetric monomers biased “anti-parallel” 

β-sheet motifs (Figure 1.8B) that accompanied a switch from excimeric to excitonic like 

emission.56 These structure-function relationships will be critical in extending molecular design 

principles beyond the empirical methods for developing conjugated peptides with desired 

electronic, mechanical, and morphological properties. 

 

Figure 1.8.  A) Symmetric peptide monomers form “parallel” β-sheets corresponding to 

excimeric emssion while B) asymmetric peptides form “anti-parallel” β-sheets that result in 

excitonic emission. Adapted from Reference 57. Copyright American Chemical Society, 2014. 
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Figure 1.9. A) Incorporation of subtle pH trigger led to the formation of B) self-sorted or C) co-

assembled nanostructures depending on the nature of assembly trigger. D) Emission profiles of 

GdL-triggered assemblies show evidence of self-sorting with residual electronic coupling and E) 

HCl-triggered assemblies demonstrated co-assembly, energy migration and charge separation. 

Adapted from reference 60. Copyright American Chemical Society, 2017. 

 

The incorporation of a pH triggered assembly paradigm into triblock peptides (Figure 1.9) 

can facilitate co-assembly or self-segregation of peptides bearing distinct electronic functionalities. 

This has been demonstrated in triblock peptides wherein a C-terminal aspartic acid residue was 

incorporated into monomers containing the oligo(phenylenevinylene) (OPV3) core. Substitution 

at this C-terminal position with a lysine residue imidated with naphthalenediimide (NDI) in peptide 
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monomers containing a quaterthiophene (OT4) core lead to a difference in apparent pKa of 6.2 

and 6.5 for OPV3 and OT4-NDI respectively (Figure 1.9A). Rapid acidification with HCl 

produced co-assemblies of OPV3 and OT4-NDI (Figure 1.9C) wherein excitation of OPV3 

resulted in energy transfer to OT4 and then photoinduced electron transfer to NDI resulting in a 

quenched emission profile.57–59A gradual reduction in pH, through hydrolysis of glucono-δ-

lactone, initiated the preferential assembly of OT4-NDI as the solution pH reached its respective 

pKa. The remaining molecularly dissolved OPV3 subsequently assembled as the pH further 

decreased yielding self-sorted structures as evidenced by NMR and XRD analysis (Figure 1.9B). 

However, despite indications of self-sorting with gradual acidification trigged peptide assembly, 

evidence of residual energy transfer in sorted peptides was observed, particularly with the OT4-

Ac control peptide, showing emission spectra resembling that of OT4 upon excitation of the OPV3 

core (Figure 1.9D,E). Insight into the true nature of these self-sorted structure, for example the 

formation of block co-polymers or intimately intertwined but separate heterostructures would be 

invaluable for their informed application, for example in p/n heterojunctions.59  

 

Fundamentals of Electron Microscopy 

 

𝑑 =
𝜆

2∙𝑁𝐴
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 An examination of the local character of the mixed assemblies described above would be 

invaluable for the further development of π-peptide conjugates, and we look to microscopy to 

examine these details.  The impetus to many breakthroughs in microscopy is the demand to 

increase spatial resolution which can be defined as the shortest lateral distance between two objects 

where they remain observable as distinct entities.60 In practice, resolution is limited by both lens 

aberrations, physical defects that prevent the lens from perfectly focusing, and the wave property 

of light that results in diffraction.60,61 Diffraction is conceptualized in Figure 1.10a where light 

from an object enters a circular aperture of radius a in an opaque diaphragm and is viewed on a 

blank screen. In place of a single point on the screen, we observe a diffraction pattern that contains 

a central spot encircled by an oscillating and highly dampened Airy disk (Figure 1.10b). If light 

from a second object enters the aperture at angle θ, the two are resolved when the global Airy 

maximum from object two overlaps the first minimum of object one as visualized in Figure 

1.10c.60,62  If the sources are closer in space they appear as a single object (Figure 1.10d).62 Ernst 

Abbe first recognized this phenomena in the late 19th century where he characterized it as the 

“diffraction barrier” and formulated Equation 1, known as the Abbe criterion. In Equation 1, NA 

is the numerical aperture of the objective lens and n is the refractive index of the medium between 

the objective and the sample.61 Assuming aberration correction, the minimum feature size that can 

be resolved with visible light is approximately 200 nm.60,61 However, the wealth of knowledge that 

lies beyond this limit is extensive and the ability to exceed it is critical to understand the operation 

of systems at smaller size regimes. 
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Figure 1.10. Light passing through an opaque screen with circular aperture (a) illuminates a 

display screen and creates a diffraction pattern (b) where two diffraction patterns are just 

resolved when the maximum of the first overlaps the first minimum of the second (c). If the two 

points are closer in space, they appear as a single object (d). Adapted from reference 61. 

Copyright Springer International Publishing Switzerland, 2006. Adapted from reference 63. 

Copyright Saunders College Publishing, 1995. 

 

Spatial resolution can be increased by illumination with ultraviolet wavelengths, and 

techniques in super resolution such as stimulated emission depletion (STED) which require 

expensive optics and fluorescent tagging respectively.60,61,63,64 An important advancement in 

microscopy and came with the development of the electron microscope in 1932 following theories 

posited by Louis DeBroglie that matter, with its particle-like behavior, might also behave wave-

like as photons do.65 The DeBroglie wavelength, Equation 2, dictates that particle wavelengths are 
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equal to the Planck constant (h), divided by particle mass (m) and velocity (v).66 Electrons can be 

generated and accelerated to low picometer wavelengths using thermionic, Schottky or field 

emission guns allowing for spatial resolution down to approximately 0.1 nm and a vast 

improvement with respect to optical microscopy.60 

  

Figure 1.11. The interaction of an electron beam generates radiation and changes to electron 

path and/or energy. Reprinted from reference 69. Copyright InTech, 2016.  

        

 In transmission electron microscopy (TEM) transmitted electrons pass through thin 

samples where an image is formed in a manner like light microscopy -- areas where the sample 

absorbs, diffracts or scatters the incoming electron beam appear dark and form the image. The 

electrons that are not transmitted, collide with atoms in the specimen in an elastic or inelastic 

fashion generating radiation or distinct changes to electron path or energy as shown in Figure 

1.11.67,68  Secondary and backscattered electrons can be analyzed in thick specimens by focusing 

the electron beam to analyze in a raster scan pattern in what is called scanning electron microscopy 

(SEM). Similarly, this fine probe scanning technique can be used to detect transmitted or scattered 

electrons in scanning transmission electron microscopy (STEM). In 1970, using a high-angle 
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annular dark field (HAADF) detector, the STEM technique produced the first images of single 

atoms in a string of uranium and thorium deposited on a thin carbon substrate (Figure 1.12a).60,69 

Atoms and columns of atoms can now be routinely imaged using TEM and STEM operating modes 

as can be seen in Figure 1.12b and c where grain boundaries in the honey-comb hexagonal lattice 

of graphene are directly observed.70  

 

Figure 1.12. (a) String of thorium and uranium atoms visualized by STEM-HAADF and the first 

photo taken of a single atom. (b and c) The grains and grain boundaries can be discerned in a 

graphene sheet. Adapted from reference 70. Copyright Physics Today, 1970. Adapted from 

reference 71. Copyright Nature, 2011. 

 

Electron beam-specimen interactions (Figure 1.13) provide an abundance of information in 

addition to image formation, for example, elemental composition, surface topography 

characterization and the nature of crystalline phases.71 Two particularly important interactions are 

illustrated in Figure 1.13a. High energy electrons can penetrate beyond the valence shell and eject 

an inner K shell electron, ionizing the atom. This vacancy is filled through a cascade of electronic 

relaxations originating from an outer shell, L1-3, accompanied by the emission of X-ray photons. 

The emitted X-rays have energies unique to the ionized element and can be detected in energy 

dispersive x-ray spectroscopy (EDS). The inner shell K vacancy can also be filled as shown in 
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Figure 1.13b by an electron from the L1 shell. The X-ray photon released can be re-absorbed by 

an outer L2-3 electron providing it energy to escape its nuclear orbit and be ejected from the sample 

and detected as an Auger electron. It is useful to note that while the detection of x-rays in TEM 

has been employed for years, in practice, Auger electron spectroscopy (AES) requires specialized 

instrumentation and is less commonly used for elemental analysis.72 Elements with atomic mass 

(Z) less than that of carbon, are more likely to produce Auger electrons than to emit X-rays and 

have low fluorescence yields (ω) as can be understood from Equation 3. These lighter elements as 

a result cannot be characterized by EDS.72,73 However, when a K shell electron is ejected from an 

element, the beam electron loses energy and can be detected in what is called electron energy loss 

spectroscopy (EELS). The EELS signal is not limited by fluorescence yield and can be used as a 

compliment to EDS even in lighter elements.72 Furthermore, detailed structural and chemical 

bonding information can be extracted from EELS spectra, for example, information about bonding, 

valence state, nearest neighbor atomic structure and the existence and details for bandgap in a 

solid, among others.72,74 
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Figure 1.13. Electron-specimen interactions that occur to produce (a) EDS and EELS signals and 

(b) and Auger electrons. Reprinted from reference 73. Copyright Springer Science and Business 

Media, 2009. 

 

𝜔 =
𝑍4

𝑎+𝑍4 
      (Equation 3) 

 Nanotechnology refers to the manipulation of matter at the atomic and molecular level with 

dimensions in the range of 1-100 nm. This size regime is just beyond the resolution limits of light 

microscopies. Electron microscopy has become a pivotal characterization technique in the 

development of nanotechnologies and exploring the intimate characteristics of nanomaterials.75 

For example, Shelnutt and coworkers examined the formation of diphenylalanine nanotube-

nanoparticle composites were a STEM-HAADF line scan demonstrated changes in density profile 

showing the platinum nanoparticles embedded within the walls of the peptide nanotubes (Figure 

1.14a). Further EDS Spectra shows a clear and distinct platinum signal within the nanostructures 

(Figure 1.14b) and selected area diffraction shows diffraction rings consistent with the presence of 

platinum.76 Several examples of peptide nanomaterials being used to template inorganic 

nanowires, or biomineralization, and even organic polymeric materials. Electron microscopy and 

elemental mapping were used to examine structure and phase separations where the presence of 

these inorganic components offer distinct signals for EELS or EDS detection.76–79 However, the 

ability to visually map peptide nanomaterials and examine their assembly behavior would prove 

invaluable for future peptide nanomaterials design and control.  
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Figure 1.14. (a) STEM-HAADF image of Phenylalanine nanowire-platinum nanoparticle 

composites where HAADF line scan shows higher density in the walls of the nanowire where (b) 

EDS spectra show distinct presence of Pt signal. Adapted from reference 7. Copyright the Royal 

Society of Chemistry, 2004. 

 

Conclusion 

 

 Supramolecular chemistry offers emerging avenues for the control of organic 

semiconducting materials. A large body of research in this area has been devoted to the 

development of biologically relevant, conducting nanomaterials with capabilities of transmitting 

charge carriers in aqueous media. Our lab has developed peptide-π-peptide architectures wherein 

the peptidic units reliably guide the assembly of the core into H-type aggregate assemblies. We 

have demonstrated that changes to peptide composition and presentation can dictate new energy 

landscapes wherein different minima reveal the subtleties of interchromophore electronic 

communication accessible. External parameters, such as assembly condition, govern how the 

energy landscapes are traversed and can be exploited to produce multicomponent assemblies.  

Within these important foundations is room to further expand the toolkit of molecular 
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modifications that achieve novel electronic and morphological outcomes. Furthermore, 

advancements in electron microscopy would be an invaluable tool to understand these materials 

on the nanoscale. With a more complete understanding of their structure on different hierarchical 

levels, coupled with their unique ability to bridge the electronic and biotic environments, these 

materials could be well suited to reach to a vast area of bioelectronics applications from tissue 

engineering to sensing. 
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Introduction 

Achieving spatial control of π-electron overlap in organic electronic materials over 

multiple length scales is a challenge that has frustrated the continued development of organic 

optoelectronic applications involving light harvesting, light emission and field transmission.1–4 

The bottom-up nature of self-assembly and supramolecular chemistry has emerged to meet this 

challenge using the additive contributions of weak, non-covalent enthalpic interactions (hydrogen 

bonding, π-π stacking, van der Waals forces etc.) coupled with entropic solvation considerations.  

These design elements guide the assembly of π-conjugated subunits into complex hierarchical 

structures and in turn foster specific intermolecular electronic interactions.2,5 A large body of this 

research has been influenced by the powerful preorganization exemplified in natural systems 

where, for example, precise tertiary protein structures construct three-dimensional enzymatic 

active sites and establish substrate recognition and specificity.6,7 For example, proteins and 

oligopeptides have been used to scaffold the assembly of extended π-conjugated units into well-

defined geometries that generate interesting electronic materials capable of interfacing the 

classically disparate environments of nanoelectronics and biological systems. 8–17 
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Figure 2.1: Structure of previously studied systems including (a) synthetic peptide amphiphile 

with charged, β-sheet forming, head group appended to a lipophilic tail, (b) perylene diimide 

substituted with a beta-sheet forming peptide and a branched alkyl tail and (c) a peptide linked to 

a benzothienobenzothiophene unit with an alkyl tail. The charged hydrophilic (red), hydrophobic 

β-sheet forming peptide (blue), π-conjugated (yellow), and alkyl tail (green) segments are 

highlighted on each system. 

Lipopeptides are prevalent in natural systems wherein the hydrophobic components of 

lipids are joined covalently to solubilizing peptides. Synthetic variants such as peptide amphiphiles 

were first described by Tirrell and co-workers as a series of collagen derived alpha-helical peptides 

bearing two N-alkyl tails whose length could switch the morphological outcome to form triple 

helical bundles, monolayers as well as spheroidal and cylindrical micellar structures.18–21 Stupp 

and co-workers prepared amphiphiles with an oligo-peptide head group containing residues that 

promote β-sheet secondary structure and a cone-shaped molecular design that produced cylindrical 

micelles with very high aspect ratios (Figure 2.1a).22,23 Stupp’s peptide amphiphile platform has 
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since been extensively studied for a range of applications including regenerative medicine and as 

a template for inorganic nanostructures.24 These “bottom-up” peptide assemblies are advantaged 

in the modular nature of peptide synthesis wherein chemistry of the head group and morphological 

outcome is intimately dictated by amino acid composition.25 

Work from several groups examined the covalent addition of π-conjugated oligomers to 

peptide assemblies wherein the π-system not only introduces quadrupolar interactions, but also an 

element of hydrophobic character distinct from alkyl chains and peptide segments. Nowick and 

co-workers prepared synthetic “amino acids” from 4’-amino-(1,1’-biphenyl)-4-carboxylic acid to 

construct rigid rod-like oligomers that were compatible with solid-phase peptide synthesis and 

could be readily appended with peptide segments (Figure 2.2a).26,27 Extensive studies of 

diphenylalanine and a number of other dipeptides, capped with aromatic groups such as 

naphthalene, N-(fluorenyl-9-methoxycar-bonyl) (Fmoc), or pyrene, reveal the formation of a 

variety of fibers, tapes and belts where π-stacking, β-sheet formation, molecular shape and extent 

of charge repulsion dictate supramolecular morphologies and the resulting physical properties 

(Figure 2.2b).28–34 Stupp and co-workers examined the effect of amino acid side chain volume, 

hydrophobicity and β-branching in a terthiophene di-peptide conjugate wherein substitution from 

glycine to valine, isoleucine and leucine produced flat spicules, spiral sheets, nanotubes and giant 

flat sheets, respectively (Figure 2.2c).35 More recently, Tovar and co-workers found that variation 

in the amino acid composition of two tetrapeptide units flaking an oligo(p-phenylenevinylene) 

directed a switch from excitonic-like to excimeric-like emission based on the steric and 

hydrophobic demand of the amino acid side chain.36  
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Figure 2.2.  The construction of peptide-π conjugates can be achieved through the (a) synthesis of 

aromatic “amino acids” to produce macrocycles of by conjugation to dipeptides (b,c) to achieve 

fibrils, spicules and nanotubes among other nanomorphologies. Adapted from references 27, 30, 

and 35. Copyright the American Chemical Society 2009 and 2018 and the Royal Society of 

Chemistry, 2012. 

 

The addition of purely hydrophobic character in the form of n-alkyl tails to peptide π-

conjugates has been examined by several groups. Schenning and Meijer demonstrated the 

synthesis of a β-sheet promoting peptide joined on both sides to a tri-alkyl substituted oligo(p-

phenylenevinylene) wherein geometric organization of the π-conjugated segments is dictated by 



40 
 

the amino acid composition of the peptide.37 Guo and co-workers reported the assembly of 

amphiphilic naphthalene diimides into helical nanofibers in organic solvent via direct attachment 

of a hydrogen bonding peptide on one side and an alkyl tail on the other (Figure 2.1b).38 Guler and 

co-workers reported the aqueous assembly of benzothienobenzothiophene into uniform cylindrical 

nanofibers through conjugation on one side, via a short alkyl spacer, to a β-sheet forming peptide 

segment with a charged dilysine terminus and to a short hydrophobic tail on the other (Figure 

2.1c).39  

 

Figure 2.3. The π-conjugated peptide library presented in this work (a) that encompasses a range 

of intermolecular interactions to (b) guide assembly from monomers to a range of 

nanoarchitectures.  

Previous work from our lab and others explored the self-assembly of a wide variety of π-

conjugated oligomers flanked by different peptide units whose amino acid side chain composition 

dictates the nature of the interchromophore π-overlap.40–42 In this work, we present a versatile on-

resin synthetic procedure to prepare π-conjugated oligomers with differential presentation of 
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peptide blocks on either side of the π-conjugated core. We start with peptide-π-core tri-block 

molecules and then extend to the more classical peptide amphiphile structure bearing n-alkylated 

carbon chains. Four distinct structural regimes within this library promote specific intermolecular 

interactions that dictate nanostructure processing and assembly: (1) an ionizable peptide sequence 

that encourages water solubility, (2) a relatively hydrophobic β-sheet promoter sequence that 

engages in hydrogen bonding, (3) a π-conjugated core that introduces π-stacking (e.g. quadrupolar 

influences) and (4) a hydrophobic alkyl chain that undergoes hydrophobic collapse predominately 

due to van der Waals forces (Figure 2.3, A2.21).43 We examine how the diversity and positions of 

these different hydrophobic blocks govern the self-assembly process and permit access to new 

nanostructure morphologies. The stark differences in physical properties and related consequences 

for supramolecular morphologies exhibited by constitutional isomers of oligopeptide sequences in 

peptide amphiphiles is well documented.44,45 In the present case, constitutional isomerism is 

achieved by swapping different regimes of hydrophobic character. These alterations impact the 

hierarchical assembly, the morphology, and the subsequent electronic communication between the 

embedded π-conjugated cores.  

 

Results and Discussion: 

 

Peptide Design and Synthesis. Design. Considering the triblock peptide architectures previously 

reported from our lab that displayed symmetric amino acid sequences flanking a π-conjugated 

core, we prepared 1 based on the widely studied, hole-transporting semiconductor, 

quaterthiophene (OT4). Peptide 2 presents the same global amino acid composition as 1, however, 

the hydrophilic aspartic acids and the hydrophobic β-sheet forming valine and alanine residues are 
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sequestered on opposite sides of the OT4 core. Peptide 3 is another constitutional isomer wherein 

the β-sheet forming peptide and the OT4 positions are exchanged with respect to the acidic C-

terminus. We envisioned that variation in the presentation of these distinct hydrophobic regimes 

along the length of the peptide would bias new morphologies and interchromophore electronic 

communications through a subtle interplay of intermolecular interactions. We also sought to 

explore these effects in peptides 4 and 5 with the addition of a third hydrophobic segment and the 

impact of increasing hydrophobic demand in a series of saturated 8 and 16-carbon tails. The nature 

of our synthetic procedure to prepare peptides 2-5, as detailed in the next section, produced 6, 7-

C8, and 7-C16 as side products. In these three peptides we examined the absence of β-sheet 

promoters on assembly of the π-conjugated core and the morphological and photophysical changes 

that accompany the addition of a saturated hydrophobic tail to a π-conjugated peptide. 
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Synthesis. This peptide library was prepared employing standard Fmoc-based solid phase peptide 

synthesis (SPPS) techniques. Peptide 1 was prepared according to our prior on-resin dimerization 

approach, whereby the Asp-Asp-Val-Ala tetrapeptide was expressed on resin and was used to 

doubly acylate a core [2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid.  The hydrophobic 

β-sheet forming Val-Ala-Val-Ala tetrapeptide found in peptides 2-5 was synthesized using 
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standard SPPS, Fmoc deprotected and cleaved from the resin to be used for additional couplings. 

The hydrophilic Asp-Asp-Asp-Asp tetrapeptide segment found in peptides 2-5 was also 

synthesized on resin, and the terminal Fmoc group was removed.   This resin was capped with 

[2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid in the synthesis of peptides 2 and 4 

leaving a terminal carboxylic acid functionality which was activated on resin with a solution of 

benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and N,N-

diisopropylethylamine (DIPEA). This activated resin was washed with coupling solvent, and then 

a solution of the hydrophobic Val-Ala-Val-Ala tetrapeptide was added (Figure A2.1).  At this 

point, the peptide was cleaved from the resin to provide peptide 2 while the resin bound material 

was again activated as described above prior to treatment with the needed alkyl amine leading to 

peptide 4 after cleavage. This synthesis was modified to prepare peptides 3 and 5 wherein the 

hydrophilic Asp-Asp-Asp-Asp tetrapeptide segment was prepared on resin and Fmoc deprotected.  

The Fmoc-protected, hydrophobic Val-Ala-Val-Ala tetrapeptide segment was coupled to the 

hydrophilic segment, then Fmoc deprotected and capped with [2,2':5',2'':5'',2'''-quaterthiophene]-

5,5'''-dicarboxylic acid.  This resin bound material was cleaved leading to peptide 3 while the resin 

bound material was again activated as described above prior to treatment with the needed alkyl 

amine leading to peptide 5 after cleavage. Attempts to build the amphiphilic octapeptide on one 

resin resulted in low synthesis yields.  

 Morphological Characterization of the Peptide Assemblies. All peptides were designed with 

four repeating aspartic acid residues to promote solubility at high pH as a result of ionization, 

where acidification and screening of these charges ultimately triggered nanostructure assembly. 

Given the range of hydrophobic character in these peptides, particularly those with n-alkyl tails, 

we explored different assembly conditions to optimize dissolution and access representative 
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nanostructure morphologies.  A rapid acidification procedure often led to random aggregates, as 

visualized by transmission electron microscopy (TEM) (Figure A2.2).  

 

Figure 2.4. Representative transmission electron micrographs of 2 (a,c) and 3 (b,d) assembled 

from basic media (a,b) and neutral media (c,d). 

 

Rapid assembly via acidification of basic solutions of peptides 1, 2, and 3 led to nanostructures 

with widths of 4.1±0.8 nm, 5.4±0.8 nm and 6.6±0.3 nm respectively. Given the 2.9 nm extended 

molecular length of these peptides, the rapid basic-to-acidic assemblies display varying degrees of 

lateral association between peptide fibrils.  Peptide 1 formed nanostructures with lengths on the 

order of hundreds of nanometers, like other symmetric peptides previously reported (Figure 

A2.3a).12 Peptide 2 formed nanostructures with lengths on the order of hundreds of nanometers 
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(Figure 2.4a), while the swapped hydrophobe 3 presented a mixture of random aggregates and 

tightly bundled structures (Figure 2.4b) with lengths significantly shorter than both analogues 1 

and 2 (Figure 2.4b).46,47 This suggests that the balance of enthalpic gains relative to entropic losses 

among peptides within the assemblies varies with hydrophobe placement. Although peptides 2 and 

3 were soluble at high pH, the range of hydrophobic character in this library presented challenging 

aqueous solubility, thereby prompting an exploration of a variety of dissolution and assembly 

conditions that were applied to these more soluble peptides. Peptides 2 and 3, when assembled 

from neutral media, yielded bundled tape-like structures where peptide 3 displayed what appear as 

more uniform and well-defined nanostructures (Figure 2.4c,d) than 2. Higher magnification 

images show striations coincident with the long axis of the tapes revealing internal order with 

periodicities of 3.2±0.4 nm and 3.0±0.5 nm in 2 and 3 respectively, comparable to the extended 

molecular length of these peptides. The order of hydrophobic presentation in these constitutional 

isomers impacts the mode of packing and dictates lateral interactions. This is apparent through the 

dispersity observed in 2, which forms tapes composed of two to six strands, where 3 uniformly 

forms tapes of around four repeating strands. The differences in morphological outcome based on 

the dissolution conditions suggest pre-association at neutral pH that is lost upon complete 

dissolution of the peptide in basic media. The constitutional isomerism between 1, 2, and 3 clearly 

influences molecular packing geometries and dictates lateral interaction and nanostructure length, 

an effect that is even more pronounced in more organized neutral-to-acidic assemblies. 
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Figure 2.5. Representative transmission electron micrograph of 4-C8 (a,c) and 5-C8 (b,d) 

following rapid acidification and incubation at room temperature for 30 min (a,c) and after 

sonication, thermal annealing and equilibration for 16 hours at pH 7 (b,d). 

 

We then examined the influence of the addition of a third hydrophobe block on the 

nanostructure morphological outcomes. The rapid acidification of basic solutions of n-alkyl 

terminated 4-C8 and 5-C8 resulted uniformly in random aggregates (Figure A2.2). The 4-C8 

peptide formed well defined nanostructures only after incubation at room temperature for at least 

30 minutes following rapid acidification (Figure 2.5a), suggesting the relaxation of a metastable 

aggregate to a thermodynamic minimum. The structures measured 8.3±0.9 nm in diameter, 

approximately double the extended molecular length of approximately 3.5 nm, suggesting an 
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elongated micellar or cylindrical construction consistent with other alkyl-based peptide 

amphiphiles. When the hydrophobic peptide segments are swapped in 5-C8, the nanostructures 

formed after at least 30 minutes of incubation at room temperature are shorter structures in a dense 

mat with widths of 7.2±1.7 nm (Figure 2.5b). Several groups established conditions for processing 

peptide amphiphiles with 16+-carbon tails including incubation at 80°C to effect complete 

dissolution followed by equilibration at room temperature over an extended period at neutral 

pH.44,48–50 After 16 hours under these conditions and at room temperature, the 4-C8 peptide formed 

elongated nanostructures with widths of 7.7±1.8 nm and lengths of hundreds of nanometers (Figure 

2.5c). The swapped peptide-π hydrophobe 5-C8 formed rods with widths of 11.8±1.1 nm that were 

markedly shorter and more uniform in length (Figure 2.5d). As with peptides 1, 2, and 3, the 

position of the hydrophobic peptide and π-conjugated segments with respect to the charged 

terminus dictate characteristics of the resulting nanostructure, in these cases, limiting nanofiber 

length and augmenting the degree of lateral bundling. Furthermore, this effect does not seem to be 

impacted by a purely hydrophobic terminal alkyl tail.  
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Figure 2.6. Transmission electron micrograph of 4-C16 dissolved at pH 8.6 and equilibrated 

at room temperature for (a) 16 hours (b) 2 weeks. 5-C16 dissolved at (a) pH 7.0 and (b) pH 8.6 

and equilibrated at room temperature for 16 hours. 

 

We also examined the influence of increasing hydrophobic demand of a terminal n-alkyl tail 

by doubling its length. Initial TEM imaging of peptides 4-C16 and 5-C16 under rapid acidification 

assembly also showed random aggregates (Figure A2.2). Given this additional hydrophobic 

demand imparted by the extended 16-carbon alkyl tail, these peptides were subjected to sonication 

for 3 minutes, thermal annealing for 5 minutes at 80°C and equilibration at room temperature for 

16 hours under several high pH conditions. In an aqueous 0.05 M glycine-NaOH buffered solution 

(pH 8.6), 4-C16 formed mixed populations of nanostructures that resemble small spherical 
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particles, short rod-like fibers with widths of 7.9±1.6 and nanoribbon-like bundles (Figure 2.6a). 

Previous studies of similar molecules indicate that equilibration to populations comprised only of 

ribbons and belts occurs over time.44,49 Examination of these 4-C16 assemblies after two weeks 

showed equilibration to networks of highly bundled nanofibers with widths of 7.7±0.5 nm after 

two weeks (Figure 2.6b, A2.22). At this pH, 4-C16 may become kinetically trapped in this range 

of nanoarchitectures where thermal equilibration over an extended period results in relaxation to a 

more favorable fibrous structure that minimizes electrostatic repulsion among head groups. 4-C16 

was also examined in a 0.09 M phosphate-citrate buffer (pH 7.0) and consistently formed short 

nanorods and spherical particles (Figure A2.4a) suggesting that an intermediate pH, between 7.0 

and 8.6, might balance enthalpic intermolecular interactions with charge density, and therefore 

allow for the persistence of nanoribbons. The 5-C16 showed further diminished aqueous solubility 

and required sonication and extended 24 hour thermal annealing at 80°C to produce spherical 

particles of 9.1±1.1 nm diameters at pH 7.0 and a mixture of elongated nanostructures with 6.1±0.9 

nm widths that were highly aligned in some areas (Figure 2.6 c,d) at pH 8.6. These morphological 

outcomes were not significantly changed after a two-week incubation at room temperature (Figure 

A2.4b,c, A2.22). The constitutional isomerism in these peptides may dictate contrasting energy 

landscapes wherein the 4-C16 landscape contains a shallow barrier that allows equilibration at 

room temperature to a thermodynamic minimum. However, the 5-C16 peptide required extensive 

thermal annealing to form any well-defined nanostructures.  These constructs persisted over 

extended periods, suggesting a landscape composed of high thermal barriers between 

thermodynamic minima. 
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Figure 2.7: Representative transmission electron micrographs of (a) 6 (b) 7-C8 and (c) 7-C16 

at pH 9 and (d) 7-C16 at pH 1. 

 

TEM examination of peptide 6 consistently showed curled sheet-like morphologies (Figure 

2.7a). The addition of an alkyl tail in 7-C8 under basic-to-acidic triggered assembly resulted in 

random aggregates (Figure A2.2). Dissolution at pH 7 following sonication, annealing, and 

equilibration at room temperature for 16 hours, as previously described, resulted in fibers with 

widths of 12.7±1.5 nm and lengths of hundreds of nanometers (Figure 2.7b). At pH 9, 7-C16 

formed sole populations of spherical structures with diameters of 14.4±1.3 nm (Figure 2.7c). When 

the pH of this solution is lowered, elongated, worm-like micelles are observed (Figure 2.7d). 

Nguyen and coworkers previously explored the kinetics of peptide amphiphile assembly through 
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molecular dynamics computational methods indicating that upon dissolution in aqueous media, 

hydrophobic alkyl tails quickly drive micelle formation at high pH where the spherical particles 

maximize charge separation.51 When this charge repulsion is minimized at low pH conditions, the 

spherical particles merge forming nanofibers as observed in the 7-C16 peptide.  

 

Photophysical Characterization of the Peptide Assemblies: Previous work from our lab 

detailed the photophysical consequences that accompany supramolecular assembly of these types 

of peptides. Upon assembly, the π-conjugated cores are guided into proximity where interaction 

of the transition dipoles on neighboring molecules brings about distinct photophysical changes 

with respect to the dissolved monomers. Typically, a hypsochromic-shift in absorption as well as 

a quenched photoluminescence signature are observed upon acidification and are hallmarks of H-

type aggregation, signifying co-facial stacking and near-parallel alignment of transition dipoles in 

the exciton-coupled π-conjugated system.52 Circular dichroism spectra also show the evolution of 

bisignate Cotton effects upon assembly, which further indicate exciton coupling in a twisted chiral 

environment. In this light, we documented the photophysical character of the present peptide 

library in order to examine how the presentation of hydrophobic units impacted the local π-core 

interactions within the observed nanomaterials. 
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Figure 2.8. UV-Vis (left panels, solid lines) and photoluminescence (left panels, dashed lines), 

CD (middle panels), and DLS (right panels) spectra for 1 (a,b,c), 2 (d,e,f) and 3 (g,h,i) in basic 

(grey traces) and neutral (orange traces) media and in basic-to-acidic (black traces) and neutral-to-

acidic (green) assemblies. 

 

Unless otherwise noted, the peptides in this library exhibited an absorbance maximum of 

around 420 nm under high pH, molecularly dissolved conditions. Upon assembly by rapid pH 

decrease, peptides 1, 2, and 3 experienced 40, 20 and 50 nm blue-shifts in absorbance λmax 

respectively, quenched photoluminescence and strong Cotton effects upon assembly (Figure 2.8, 

black traces). When dissolved in neutral aqueous media, peptide 2 showed UV-Vis and PL spectral 

profiles matching those in basic pH solution but a weak bisignate CD feature suggesting a slight 
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degree of pre-association in the neutral sample (Figure 2.8 d,e, orange traces). Absorbance and 

photoluminescence traces of neutral-to-acidic assemblies of 2 mirror those of the basic-to-acidic 

aggregates (Figure 2.8d, green traces). These assemblies show an inverted CD signal with a red-

shifted crossover point, possibly due to changes in chromophore geometry that impose local chiral 

order and dominate the CD signals. (Figure 2.8e, green traces). At neutral pH, Peptide 3 showed a 

significantly more attenuated absorbance (further blue shifted to 358 nm) and a quenched emission 

trace that is even further diminished upon acidification (Figure 2.8g). Cotton effects for 3 are 

negligible at neutral pH or in neutral-to-acidic assemblies indicating that, while intermolecular 

electronic interactions are present at neutral pH, at low pH they lack any global chiral bias (Figure 

2.8h).  

Dynamic light scattering experiments (DLS) of 1, 2, and 3 show an increase in particle size 

upon rapid acidification and assembly from basic media (Figure 2.8 c,f,i). Neutral solutions of 

peptides 2 and 3 consisted of a majority of particles with hydrodynamic volume greater than 100 

nm, confirming the presence of pre-assemblies in these solutions that increase in size upon rapid 

acidification assembly. The hydrophobic peptide localization in this constitutionally isomeric 

series clearly impacts physical properties (solubility etc.) and assembly conditions that allow 

access to different nanostructure morphologies and photophysical properties of the assemblies.  
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Figure 2.9. UV-Vis (left panels, solid lines) and photoluminescence (left panels, dashed lines), 

and CD (right panels) spectra for 4-C8 (a,b) 5-C8 (c,d) at pH 10 (grey traces) and pH 1 following 

rapid acidification (black traces). 

 

The 4-C8 peptide experienced a 25 nm UV-Vis blue-shift and weak Cotton effects upon 

rapid acidification assembly (Figure 2.9 a,b). The 5-C8 peptide had a UV-Vis λmax of 410 nm at 

high pH, blue shifted by about 10 nm from typical dissolved OT4-peptides. This feature further 

blue shifted to 368 nm upon acidification (Figure 2.9 c,d). This peptide showed Cotton effects in 

both basic and acidic media, again indicating pre-existing electronic interactions in basic 

unassembled conditions. The opposite handedness observed in the CD spectra for these peptides 

shows how the constitutional isomerism affects the local nature of the exciton coupling, leading to 

assemblies with different global chiralities. The 4-C8 and 5-C8 peptides formed cylindrical 

micellar structures under two different processing conditions (as observed with TEM): after 

equilibration for at least 30 minutes following acidification from basic solution, and when 

dissolved in 0.09 M phosphate-citrate buffer (pH 7) and subjected to sonication, thermal annealing 
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and incubation at room temperature for 16 hours. The 4-C8 peptide showed only subtle shifts in 

absorbance maxima and emission intensity after incubation at room temperature for 30 minutes 

and virtually no change in CD response. After thermal annealing at pH 7, absorbance mirrored the 

response under basic, dissolved conditions, and a featureless CD signal was observed, suggesting 

dissolution at these high dilution conditions (Figure A2.5 a,b). The 5-C8 peptide, when thermally 

annealed at pH 7, had augmented absorbance that was red-shifted by several nanometers from the 

basic solution along with increased emission intensity and a CD response that mirrored basic-to-

acidic assembly (Figure A2.5 c,d). 

 

Figure 2.10. UV-Vis (left panels, solid lines), photoluminescence (left panels, dashed lines), 

and CD (right panels) spectra for 4-C16 (a,b) and 5-C16 (c,d) at basic (grey) and acidic (black) 

pH. 

 

 

The 4-C16 peptide exhibited a 19 nm blue shift in absorbance (from 425 nm to 406 nm) and a 

quenched emission upon assembly.  Cotton effects for this peptide were observed under basic and 
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acidic conditions (Figure 2.10a,b). The 5-C16 peptide demonstrated a significantly diminished 

solubility at high pH as indicated by the blue-shifted absorbance of 390 nm and the quenched 

emission with respect to typically dissolved OT4 peptides at basic pH. Further, only small 

perturbations to this peptide’s absorbance and photoluminescence were observed upon 

acidification (Figure 2.10c). This peptide showed Cotton effects at high pH that inverted in sign 

and attenuated upon acidification, indicating an inversion in helical character and a less 

pronounced global chiral bias at lower pH conditions, albeit both signals were of very weak 

intensity (Figure 2.10d). Given the previously described changes in morphological outcome over 

time in the 4-C16 peptide dissolved at pH 8.6, we monitored this progression spectroscopically. 

After two weeks of equilibration at room temperature the absorbance is minimally perturbed; 

however, a decrease in photoluminescence and enhanced CD signature are observed (Figure A2.6 

a,b). These changes indicate that equilibration from mixed nanoarchitectures to 1-D structures 

induces changes to interchromophore geometry that results in stronger excitonic coupling. The 5-

C16 peptide was examined following thermal annealing at 80°C for 24 hours and equilibration at 

room temperature after 24 hours and two weeks. This peptide showed attenuated absorbance and 

emission but unperturbed CD profiles suggesting stronger interchromophore electronic interaction 

not accompanied by a global change in chiral bias (Figure A2.6 c,d). 
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Figure 2.11: (Left panel) UV-Vis, solid, and photoluminescence, dashed, and (Right panel) 

CD traces for (a,b) 6 (c,d) 7-C8 and (e,f) 7-C16 at basic (grey) and acidic (black) pH. 

 

Peptides 6 and 7-C8 showed 50 and 30 nm blue-shifts in absorbance respectively from 415 

nm and quenched emission (Figure 2.11 a,c). Interestingly, the negative Cotton effects 
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observed in 6 become inverted in polarity upon addition of the eight-carbon alkyl tail in the 7-

C8 peptide (Figure 2.11 b,d). The 7-C8 peptide was also annealed at pH 7 where the 

photophysical properties, particularly an increase in emission counts and an attenuated CD 

signal indicate that the observed cylindrical nanofibers decrease the degree of π-overlap among 

the embedded chromophores (Figure A2.5). Given the greater hydrophobic demand of the 7-

C16, it follows that it would have decreased aqueous solubility as evidenced by its quenched 

emission and maximum absorbance of 395 nm which blue-shifted by only 10 nm upon 

acidification (Figure 2.11 e). Strong negative Cotton effects are observed at high pH that invert 

in polarity and become attenuated upon acidification (Figure 2.11 f). These observations are 

interesting given the micellar structures observed via TEM and the chiral environment 

evidenced by the CD signature.  

 

Conclusion 

We prepared an amphiphilic peptide library bearing an array of different hydrophobic 

segments that can access a range of nanoarchitectures in aqueous media. The peptides in this 

library offer four distinct regimes that engage in specific intermolecular interactions: electrostatic 

interactions of a charged peptide head group, a β-sheet promoting oligopeptide, a π-conjugated 

core and a saturated alkyl chain. We found that physical properties such as solubility, dispersity in 

nanostructure bundling and, ultimately, the degree of electronic communication within the π-

conjugated core can be dictated by swapping regions of hydrophobicity in these molecules. This 

effect was not diluted by the addition of extended saturated alkyl tails, where hydrophobic collapse 

is typically a dominant feature in assembly thermodynamics. We found that peptides composed of 

two oligopeptide segments and the π-conjugated core are pre-associated in neutral media in a 
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manner that dictates highly ordered tape-like architectures with dispersity dependent on 

constitutional isomerism. Furthermore, we found that a high pH environment typically minimizes 

these pre-associated assemblies and results in one-dimensional structures with disperse degrees of 

lateral assembly upon acidification. A range of nano-architectures were observed upon addition of 

saturated hydrocarbon tails ranging among short and elongated micellar structures, spheres and 

what appear as ribbons. tails. Furthermore, in a peptide composed of a hydrophilic peptide and the 

OT4 core, curled sheet-like structures are observed. The addition of an 8-carbon alkyl tail allows 

for the formation of one-dimensional cylindrical nanofibers and extension of this tail to 16-carbons 

decreases solubility and yields spherical micelles at high pH. This report provides new synthetic 

techniques to install diverse regions of hydrophobicity in π-conjugated peptide nanomaterials 

whose nature dictate inter-chromophore communication, which will be useful for the design and 

development of new supramolecular bioelectronic materials.  

Experimental Section: 

General Considerations.  Reactions were carried out in flame-dried glassware under nitrogen 

atmosphere. Non-aqueous solvents were dried over molecular sieves and degassed by sparging 

with nitrogen for a minimum of 15 minutes. N-Bromosuccinimide (NBS) was obtained from 

Sigma-Aldrich and recrystallized before use. Tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) 

was obtained from Strem Chemicals. Chemicals used in solid phase peptide synthesis (Wang resin, 

9-fluorenylmethyloxycarbonyl (Fmoc) protected amino acids, 2-(1H-benzotriazol-1-yl)-1,1,3,3- 

tetramethyluronium hexafluorophosphate (HBTU), benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and N-methylpyrrolidone (NMP)) 

were acquired from Advanced Chem. Tech. N,N- Diisopropylethylamine (DIPEA) was purchased 

from Fisher, and dried over 4Å molecular sieves before use. 2,2':5',2'':5'',2'''-quaterthiophene was 
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prepared and di-carboxylated to [2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid 

following literature precedent. 47,53,54 All other chemicals were provided by Sigma-Aldrich or 

Fisher and used as they were received unless otherwise noted.  

General Fmoc-Based Peptide Synthesis: Oligopeptide segments were synthesized via standard 

Fmoc-based solid phase peptide synthesis starting with the first Fmoc-amino acid preloaded onto 

Wang resin solid supports. The resin was swelled in dichloromethane (DCM) followed by 

deprotection of the Fmoc protecting group carried out in a solution of 20% v/v piperidine in N,N-

dimethylformamide (DMF) for 2×10 min. The resin was washed with 3×NMP, 1×methanol 

(MeOH) followed by 3×DCM and swelled in DCM for 10 min. For all standard amino acid 

couplings, a solution of 3 equivalents of the succeeding Fmoc protected amino acid, 2.9 

equivalents of HBTU was prepared in 10 mL of NMP and sonicated to dissolve, followed by 10 

equivalents of DIPEA and mixed for one min.  The resin was drained of DCM, the activated amino 

acid was added to the chamber, and mixed for a minimum of 1 hour. The resin was then drained 

and rinsed with 3×NMP, 1×MeOH followed by 3×DCM, swelled in DCM for 10 minutes and the 

process repeated starting with Fmoc deprotection for each sequential amino acid in the sequence. 

The success of each coupling step was monitored by performing a Kaiser test. 

N-terminus-acylation, and on-resin Stille coupling procedure: Peptides were acylated with 5- 

bromothiophene-2-carboxylic acid and subjected to Stille cross-coupling conditions in the 

presence of 5,5’-bis-tributylstannyl-[2,2’]-bithiophene as previously described.55 

General on resin activation: The unprotected hydrophilic peptide was capped with a solution of 

3 equivalents of  [2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid, 3 equivalents of 

benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and 10 

equivalents of DIPEA  in NMP through an over-night reaction a leaving a terminal carboxylic acid 
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functionality. The terminal carboxylic acid was activated on resin with a solution of 0.95 

equivalents of PyBOP and 10 equivalents DIPEA in NMP for 1 hour.  The resin was washed twice 

with NMP. 

General peptide cleavage and work-up: Following solid-phase synthesis the peptide was 

cleaved by mixing the resin in a 2.5:2.5:95 Water:Triisopropylsilane (TIPS):Trifluoroacetic acid 

(TFA) cocktail for three hours. The solution was collected from the chamber, concentrated under 

vacuum, and triturated in cold diethylether. The suspended product was centrifuged to isolate and 

lyophilized. The lyophilized product was HPLC purified. Specific experimental procedures and 

molecular characterization data for each molecule synthesized can be found in the supporting 

information. 

Electrospray Ionization Mass Spectrometry (ESI-MS): ESI signatures were samples using a 

Thermo Finnigan LCQ Deca Ion Trap Mass Spectrometer operating in negative mode. Samples 

were prepared in a 1:1 MeOH:water solution with 0.1% ammonium hydroxide. 

UV-Vis and Photoluminescence: UV-Vis spectra were acquired using a Varian Cary 50 Bio UV- 

Vis spectrophotometer. Photoluminescence spectra were taken on a PTi Photon Technology 

International Fluorometer equipped with a Ushio Xenon short arc lamp. Spectroscopic samples 

were prepared at ca. 3 µM in Millipore water. The pH was adjusted by adding either 1M KOH or 

1M HCl. 

Circular Dichroism (CD): CD spectra were obtained with a Jasco J-810 spectropolarimeter. 

Spectroscopic samples were prepared at ca. 3 µM in Millipore water. The pH was adjusted by 

adding either 1M KOH or 1M HCl. 
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Dynamic Light Scattering (DLS): DLS experiments were conducted using a Zetasizer Nano-

ZS90 (Malvern Instruments). DLS samples were prepared at ca. 9 µM in Millipore water. The pH 

was adjusted by adding either 1M KOH or 1M HCl. 

Reverse-Phase HPLC:  Peptides were purified by reverse-phase HPLC on a Varian PrepStar SD-

1 system equipped with a Phenomenex, Luna, 5 μm particle diameter silica support functionalized 

with TMS terminated C8. An aqueous 0.1% ammonium formate buffer (pH 8):acetonitrile gradient 

was used as mobile phase. 

Transmission Electron Microscopy (TEM): Imaging was performed on a FEI TECNAI 12 

TWIN transmission electron microscope equipped with an SIS Megaview III CCD digital camera. 

The samples were prepared in two ways. The first was by pipetting a drop of 1 mg/mL solution of 

assembled peptide in water onto ionized 200 mesh Formvar coated copper grids and incubated for 

5 minutes at 25°C. Excess solution was removed by floating the grid in a drop of water. The sample 

was then stained with a 2% uranyl acetate solution, washed by dipping in water, and excess 

moisture was wicked off by dabbing the grid on filter paper. For peptides 4-7, superior imaging 

contrast was observed through another sample preparation method where 10μL of a 1 mg/mL 

solution of assembled peptide was allowed to sit on the grid for one minute. Excess solution was 

wicked away by dabbing the grid on filter paper. 10 μL of 2% uranyl acetate solution was allowed 

to sit on the grid for 30 seconds and then wicked away on filter paper. In both methods, the grids 

were allowed to dry completely in air before imaging. 
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Introduction.  

Programmed self-assembly of π-conjugated nanomaterials through elegant assembly 

triggers or monomer interaction energies can effectuate either narcissistic self-sorting or 

statistically blended co-assembly of distinct semiconducting units from solution.1–3  These 

controlled assembly mechanisms underlie the next generation of functional supramolecular 

materials and are critical for applications that depend heavily on precise hierarchical ordering and 

directional energy transfer such as organic heterojunctions or light harvesting systems 

respectively.4,5 Given the abundant examples of precise supramolecular construction and 

specificity achieved by biomacromolecules, these assembly strategies can be translated 

synthetically to biologic-semiconducting hybrid systems. Peptide nanomaterials have been used to 

assemble multiple chromophores into distinct domains or mixed structures from solution due to 

the directional nature of the hydrogen bond, and the modular nature of synthetic peptide procedures 

that can incorporate a diversity of chemistries through amino acid side chains.1,2,6  However, new 

characterization methods and even direct observation of co-polymerization and hierarchical 

structure in self-sorted structures would be invaluable for implementing these materials in 

bioelectronics applications.  

Precise supramolecular construction requires careful navigation of the energy landscapes 

governing the assembly process. Kinetic and thermodynamic influences, while difficult to 

uncouple, can ultimately dictate order/disorder, co-assembly/self-sorting, and 

assembly/disassembly characteristics in an emerging polymer. While most supramolecular 

polymerizations occur spontaneously under thermodynamic control, exercising a detailed 

understanding of  energy surfaces could support supramolecular materials in applications that 

require spatial and temporal precision.7–9 Recent reports have examined how monomer design, 
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which dictates a given energy landscape, can be coupled with controlled assembly conditions 

(solvent composition, cooling rate etc.) to navigate challenging energy surfaces to access different 

polymerization mechanisms, avoiding the dispersity and “single state” of the thermodynamic 

product and arrive at desired co-polymeric outcomes in length and structure.9–12 Adams and co-

workers examined the pH triggered assembly of perylene bisimide and stilbene based xerogels 

achieving self-sorting by slow pH reduction through hydrolysis of glucono-δ-lactone and co-

mixing via HCl rapid assembly under kinetic control (Figure 3.1a).3,13 A widely sought 

supramolecular construction is a block co-polymer which have been attained by isolating 

kinetically trapped species to act as seed crystals on which the polymerization can occur in a 

manner analogous to methods in covalent polymer chemistry that control length and dispersity (i.e 

living polymerization).11,14–16 In a seminal work from Manners and co-workers, the controlled 

polymerization of poly(ferrocenylsilane) with poly(dimethylsiloxane) and poly(isoprene) from 

kinetically stable, uniform crystallite seeds, was achieved through epitaxial growth forming block 

cylindrical co-polymers (Figure 3.1b).17,18 This was extended to semi-crystalline pi-conjugated 

systems through a self-seeding annealing process that minimized defects within a poly(3-

hexylthiophene)-block-polystyrene seed on which a polythiophene block co-polymer with a 

different corona could be grown to produce a tri-block micellar fiber.19,20   More recently, George 

and co-workers reported the cooperative block-copolymerization of two naphthalenediimide 

derivatives under thermodynamic control where the unique emission profiles of the monomer units 

permit spectroscopic and imaging characterization.9 The same group, more recently, reported tri-

component block co-polymerization of naphthalene appended dipeptides under kinetic control 

(Figure 3.1c).21 Kinetically trapped structures often undergo energetic relaxation to a 

thermodynamic minimum wherein new intermolecular geometries described by those minima can 
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be associated with corresponding changes in material properties that could also be advantageous 

for stimuli responsive materials applications.22–24  

 

Figure 3.1. The controlled assembly of supramolecular materials from mixed solutions of 

monomers has been achieved through (a) assembly trigger to create self-sorted nanostructures. 

Block co-polymer structures have also been prepared through (b) crystallite seed formation and 

(c) monomer design. Adapted from references 13, 17, and 21. Copyright the Royal society of 

Chemistry, 2016, Macmillan Publishers 2010, and Wiley-VCH GmbH, 2021. 

Monomer design illuminates the competing attractive and repulsive intermolecular 

interactions that ultimately dictate the contours of the energy surface wherein the strategic 

application of assembly conditions can be used to navigate and arrive at desired thermodynamic 

minima or kinetically trapped states.8,25–27 Our lab previously examined single amino acid 

substitutions in tetrapeptides flanking oligophenylenevinylene (OPV3) π-conjugated cores whose 

photophysical signatures could be used to report on the nature of the assembly. The emission 

profiles changed from excimeric-like to excitonic-like by substituting a small glycine for more 

bulky hydrophobic residues, respectively. Through these subtle changes to intermolecular 
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interactions of the monomer, different thermodynamic minima are accessed where the resulting 

geometric and spatial changes within the assembly modify electronic couplings among the π-

conjugated units.28 In a later study we examined a pH triggered assembly paradigm in triblock 

peptides to guide co-assembly or self-segregation of peptides bearing distinct electronic 

functionalities. The slow reduction in pH by GdL hydrolysis could preferentially assemble 

peptides based on their apparent pKa and create self-sorted structures while rapid acidification 

produced statistically mixed co-assemblies.6,29,30 However, despite NMR and XRD evidence of 

self-sorting by GdL assembly, residual energy transfer was observed in photophysical studies. 

Insight into the true nature of these self-sorted structures, for example the formation of block co-

polymers or intimately intertwined but separate heterostructures would be invaluable for the 

informed application of these materials, for example in p/n heterojunctions.30 

Given the dynamic nature of supramolecular assembly, it follows that a paradigm to 

directly observe polymeric outcomes would be invaluable. Previous work from Meijer and co-

workers examined the exchange pathways of supramolecular assemblies of 1,3,5-

benzenetricarboxamides modified with Cy5 and Cy3 fluorescent dyes that could be used as labels 

in stochastic optical reconstruction microscopy (STORM) to reveal the details of monomer 

exchange along the polymer length.31 In a later study, Stupp and co-workers applied this super-

resolution technique to peptide amphiphile assemblies revealing that exchange occurs as 

monomers or small clusters randomly insert into the fiber wherein varying exchange rates along 

the fiber length suggest regions of stronger and weaker cohesive forces among monomers.32  More 

recently, Uljin and co-workers devised a non-covalent approach to stimulated emission-depletion 

(STED) super resolution microscopy using electrostatics to label a positively charged peptide 

nanofiber with a negatively charged Alexa-488 fluroescent dye to observe dynamic processes such 
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as enzymatic degradation.33 The necessity of covalent dye labeling in STORM imaging may 

impact molecular geometry and packing, and the non-covalent and non-specific nature of 

electrostatic labeling excludes differential imaging in assemblies formed from solutions containing 

multiple species and limits the versatility of these optical light microscopies for specific 

applications. 

Given our previous report of pH triggered assemblies that demonstrated residual evidence 

of energy transfer in photophysical measurements of self-sorted materials, we were interested in 

the hierarchical ordering of peptide heterostructures by different assembly mechanisms. For 

example, does residual energy transfer arise from interactions among separately sorted structures 

that are intimately intertwined or, for example, domains of sorted peptides in a single block-like 

polymeric structure? Herein, we examine the self-sorting or co-mixing of π-conjugated peptides 

with selective bromine tagging for elemental contrast in scanning TEM (STEM) coupled to energy 

dispersive x-ray spectroscopy (EDS) elemental analysis. We demonstrate measurable self-sorting 

and co-mixing in these systems by STEM-EDS by changing the sequence or assembly trigger 

which will be a helpful advancement to characterize new materials for electronics applications. 

We confirm this imaging technique with a different peptide system, previously demonstrated to 

engage in energy transfer in mixed co-assemblies.6 

 

Results and Discussion.  

Peptide Design and Synthesis. Design.  We designed two peptide systems, one in which a GdL 

pH triggered assembly ensures self-sorting of 1 and 2 as in previously reported systems.1 In peptide 

3 we incorporated an elongated peptide hydrogen bonding motif to encourage self-sorting upon 

rapid HCl acidification with 1 by biasing homo over hetero monomer interaction energetics. 
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Peptide 1 presents two terminal glutamic acids, and thus four solubilizing acidic functional groups, 

and two alanine repeats flanking a quaterthiophene (OT4) π-conjugated core, brominated on both 

outer rings at both β-positions to provide elemental contrast in STEM-EDS when differentially 

assembled from solution mixtures with 2 and 3 respectively. Peptide 2 contains three repeating 

alanine residues flanking a bare OT4 π-conjugated core but is otherwise size matched with peptide 

1. The lack of acidic side chains in 2 leaves just the two terminal carboxylic acid functionalities, 

as compared to the four in 1, culminating in an effective pKa difference between 1 and 2 that 

should effectuate self-sorting upon slow hydrolysis of GdL. Self-sorting has been demonstrated in 

coiled-coil peptides where the extension of the coil leads to the increased stability of homo vs. 

hetero interaction energies.34  We envisioned that the longer peptide sequence lengths in 3 would 

allow it to preferentially engage in assemblies with its own extended hydrogen bonding motif 

rather than co-mix with the shorter sequence of 1. We also hypothesized that mixtures of 4 with 2 

and 3 could be examined under the same sample conditions with STEM-EDS using sulfur as an 

elemental marker for co-mixture or self-sorting. 
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Synthesis. Peptides were assembled on solid-supports via standard Fmoc-based solid-phase 

peptide synthesis (SPPS). The Wang resin was preloaded with the first Fmoc-protected amino acid 

and the desired peptide segment was extended on resin and terminated with either 5-bromo-2-

thiophenecarboxylic acid or 3,4,5-tribromothiophene-2-carboxylic acid. On-resin Stille coupling 

conditions, as previously reported by our lab, were applied with a 5,5′-bis(tributylstannyl)-2,2′-
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bithiophene coupling partner to prepare either the bare or tetrabrominated OT4 (Scheme 1), taking 

advantage of the known regioselectivity for α-thienyl bromides to undergo selective cross-

coupling in preference to the more sluggish β-thienyl bromides .35 The peptides were then cleaved 

from the resin to reveal the dual carboxylic acid termini. 

Spectroscopic Characterization of Peptide Assemblies. Carboxylic acid functional groups along 

the peptide backbone render the peptides molecularly dissolved at high pH due to the stronger 

solvation of the electron-rich carboxylate groups. Upon acidification and protonation of these 

carboxylates, the assembly process is driven by enthalpic interactions that guide the embedded 

chromophores into co-facial stacking arrangements that bring about distinct spectroscopic 

changes. For example, under basic conditions 1, 2, and 3 have essentially identical UV-vis 

absorbance (λmax of 422, 414, and 418 nm respectively) (Figure A3.1). A hypsochromic shift in 

absorbance (λmax to 412, 367, and 370 nm, respectively) is observed for 1, 2, and 3 respectively 

upon acidification as well as a marked quench in emission intensity (Figure 3.2). These 

spectroscopic changes are typical hallmarks of H-like, co-facial stacking of the embedded π-

conjugated cores and have been used to probe the assembly of peptide-π-peptide nanomaterials in 

previous work by us and by others.36–38 
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Figure 3.2. UV-vis absorbance (dashed) and PL (solid) spectra for 1 (black), 2 (blue traces), and 

3 (yellow traces) under acidic conditions. 

 A consequence of OT4 bromination is the red shift in absorbance and emission profiles 

with respect to its unbrominated analogues. The strong overlap in absorbance of 1 and the emission 

of 2, and 3 under acidic conditions around 440 nm meets the precondition for Förster resonance 

type energy transfer (ie. overlap of donor emission and acceptor absorbance that is maximized by 

specific inter-chromophore spacing distances and angles).39,40 However, the spectroscopic 

characteristics that typify this type of energy transfer, such as enhanced acceptor emission 

intensity, can be diminished in these peptide assemblies by other forms of energy transfer or 

relaxation pathways (e.g. aggregated oligothiophene emission intensities tend to be very weak).6  

Furthermore, the broad and bimodal nature of the emission profiles of 2 and 3 respectively (with 

a low energy λmax at ca. 580 nm), could overlap with the similarly broad emission profile of 1 (λmax 

at 620 nm) and interfere with the assignment of any amplified acceptor emission. We examined 

these homo-assembles by excitation at 350 nm where 1 should minimally absorb and 480 nm 
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where 2 and 3 should minimally absorb but found residual excitation under these conditions that 

could further complicate FRET analysis (Figure A3.2). 

 

Table 3.1. Summary of peptide samples prepared by different assembly conditions. 

 

We examined the 1:1 co-assemblies of peptides 1-3 under three conditions as specified in 

Table 1. The UV traces for the solutions A-F are shown in Figure 3.3 a and b. In sample A, 1 and 

2 should create statistical co-assemblies while in sample D, 1 and 3 are designed to self-sort. 

Counterintuitively, the UV trace of sample A has a bimodal absorbance that closely resembles that 

of the separately assembled samples B and E while D appears as a single broad peak. On the other 

hand, a bimodal absorbance is not observed in samples C or F, the GdL assemblies that should 

Sample Name Peptide 

Composition 

Assembly Conditions Expected Outcome 

A 1,2 HCl Statistical Co-assembly 

B  1,2 Separately Assembled Sorted Structures 

C 1,2 GdL Sorted Structures 

D 1,3 HCl Sorted Structures 

E 1,3 Separately Assembled Sorted structures 

F 1,3 GdL Sorted Structures 

G 1 HCl Homo-assemblies 

H 4,2 HCl Statistical Co-assembly 

I 4,2 Separately Assembled Sorted Structures 

J 4,2 GdL Sorted Structures 

K 4,3 HCl Sorted Structures 

L 4,3 Separately Assembled Sorted Structures 

M 4,3 GdL Sorted Structures 
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theoretically form self-sorted structures. These conflicting data points are not aided by the PL 

signatures for samples A-F (Figure 3.3 c-h) where no obvious spectral changes are observed 

regardless of assembly condition or peptide identity. These data suggests that the global and 

statistical nature of these measurements cannot reliably distinguish the local changes in the 

presentation of the different monomers within the assembly for this brominated co-assembly 

system. 
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Figure 3.3. UV-vis signatures for 1:1 mixtures of (a) 1 and 2 and (b) 1 and 3 following rapid HCl 

acidification (black traces), separately assembled and then mixed (orange traces), and GdL 

assembled (purple traces) conditions. PL traces (c-h) following excitation at 350 (green traces) and 

480 nm (black traces) following (c,f) rapid HCl acidification, (d,g) under separately assembled 

and then mixed, and GdL assembled (purple traces) conditions for samples A-C (c-e) and D-F (f-

g). 

 

 

 The requisite overlap of donor emission and acceptor absorbance has also been 

demonstrated by our lab with OT4 and 1,4-distyrylbenzene (OPV3) wherein UV/PL measurements 

were suggestive of energy transfer from OPV3 to OT4.6 As such we examined UV-vis absorbance 

(Figure A3.3, A3.4) and emission (Figure 3.4) of peptide 4 under different assembly conditions 

with 2 and 3 (samples H-M). Again, we probed these assemblies at 310 nm where OPV3 absorbs 

but OT4 absorbs minimally and at 450 nm where OT4 absorbs but OPV3 absorbs minimally. The 

emission of OPV3 (Figure 3.4, grey traces) under acidic conditions (ex. 310 nm) is relatively 

intense when compared to both OT4 bearing peptides (Figure 3.4, blue and yellow traces). Sample 

H (ex. 310 nm) shows a quenched emission relative to homo-assemblies of OPV3, however, the 

same sample when excited at 450 nm demonstrated enhanced emission relative to both OPV3 and 

OT4 homo assemblies at that same wavelength. Together these changes are suggestive of energy 

transfer from OPV3 to OT4. On the other hand, sample K (ex. 310 nm) shows an emissive 

signature similar to the separately assembled and mixed (sample L) and GdL assembled (sample 

M) possibly suggesting a degree of self-sorting in the HCl assembled sample of 3 and 4. Similar 

to sample H, sample K shows an enhanced emission intensity at 450nm again suggesting energy 
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transfer from OPV3 to OT4. That said, there is also enhanced emission in samples L and M in the 

450 nm channel relative to homo assemblies, suggesting energy transfer in these most certainly 

sorted structures. In this case, while the OPV3-OT4 systems provides evidence of self-sorting the 

indications of residual energy transfer are contradictory and impel an examination on a more local 

level to uncover details of nano domains within these materials.   

 

Figure 3.4. PL traces following excitation at 310 (a,c) and 450 nm (b,d) following rapid HCl 

acidification (black traces), under separately assembled and then mixed (orange traces), and GdL 

assembled (purple traces) conditions for samples H-J (a,b) and K-M (c,d). PL traces for homo 

assembles of peptides 2, 3, and 4 are plotted for comparison in blue, yellow and grey respectively. 
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Transmission Electron Microscopy and Elemental Analysis of Peptide Assemblies. In 

principle, STEM-EDS could be used to generate elemental maps of bromine distributions within 

co-assemblies and illuminate more local indications self-sorting that were undistinguishable or 

convoluted in photophysical measurements. Samples A-D, G, and H-K were prepared and imaged 

with STEM-EDS techniques, with the help of Dr. Sz-Chian Liou at the University of Maryland 

NanoCenter. First, the viability and sensitivity of STEM-EDS to bromine was assessed by 

collecting an EDS spectrum over a large area of sample G, stained with 2% uranyl acetate, wherein 

a strong bromine peak at ca. 11.9 keV was observed corresponding to the bromine Kα line. Next 

an elemental map of sample G was collected to show a coincidence of bromine in the regions were 

peptide material was present demonstrating that bromine can not only be detected in peptide 

nanomaterials using this technique but mapped on to regions of peptide nanowires (Figure 3.5).  
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Figure 3.5. (a) Large area EDS spectrum of sample G showing strong presence of bromine Kα 

line. (b) The peptide nanomaterials could be imaged wherein that demonstrates (c) bromine 

occurrence in areas of peptide density. 

In general, minimization of the support film thickness increases image quality and spatial 

resolution. Furthermore, increased background signal from the 2% uranyl acetate stain typically 

used in bright field imaging sample preparation can obscure signals from the specimin. Thus, all 

samples were prepared on lacey carbon film and while nanomaterial is still visible, the distinct 

outline of each structure is less clearly defined without stain. Furthermore, initial elemental area 

heat mapping techniques were explored, the samples were delicate and characterized by low 

bromine EDS signal that limited the insightfulness of this technique. Line scan plots allow for 

longer dwell times and access higher signal to noise with significantly reduced data collection time 

due to limitations with instrumentation and were used initially to examine bromine distributions 

within the samples. Given the presence of sulfur peptides 1-3 we use this as an indicator of peptide 

presence while the bromine tag was used to signify self-sorting or co-mixing in the assemblies. 

We first examined Sample B wherein the separately assembled and then mixed sample preparation 

would ensure self-sorting among 1 and 2 (Figure 3.6). Indeed, areas of bromine enrichment can be 

observed with a signal emerging in the latter half of the scan while the sulfur signal is clearly 

detected throughout the entirety of the trace (Figure 3.6 b). 

 



88 
 

Figure 3.6. (a) Spectrum image and line scan path for sample B where (b) the normalized sulfur 

and bromine signals are detected and quantified. 

To report on the influence of different assembly conditions to control supramolecular 

outcomes in co-assemblies, we examined samples A and C wherein the assembly trigger should 

control co-mixing or self-sorting, respectively. Figure 3.7a shows the spectrum profile for sample 

A where a line scan reveals the relative sulfur and bromine distributions to track with each other. 

More specifically, as the sulfur intensity increases so does the bromine intensity with the same 

general peak shape and character. When this same sample is assembled with a GdL pH reduction 

trigger we see the bromine signal does not perfectly mimic the intensity and shape of the sulfur 

signal, for example a spike in sulfur signal around 0.25 and 0.65 is not mimicked to the expected 

intensity in the bromine trace (Figure 3.7 c,d). These subtle changes to line scan profiles indicate 

self-sorting as would be expected under this subtle pH triggered assembly condition. We also 

examined sample D demonstrating similar outcomes. While the sample appears thinner and the 

signal to noise is diminished, there are clear areas where bromine and sulfur track together and 

regions where they do not, for example just before positions 1 and after 3 we see dramatic spikes 

in the sulfur signal but not in the bromine channel (Figure 3.7e,f).  
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Figure 3.7. (a,c,e) Spectrum image and line scan paths for samples A, C and D where (b,d,f) 

sulfur and bromine signals are detected and quantified. 
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Figure 3.8. Spectrum image and elemental mapping for sulfur (green) and bromine (red) for 

samples (a) b, (b) a, (c) c and (d) d. 
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 The elemental mapping data was collected for samples A-D wherein the locatization of 

peptide was monitored by examination of sulfur presence and the effect of self-sorting or co-

mixing was assessed by the enrichment of the bromine signal. As expected, samples A and B 

showed clear evidence of statistical co-assembly and sorted structures respectively. In the GdL, 

self-sorted, sample C we see regions of sulfur enrichment that do not have a corresponding signal 

in the sulfur channel that is suggestive of local regimes of segregation between the peptides. In the 

HCl triggered assembly of peptides 1  and 3 we see that the effects of self-sorting are more subtle. 

Regions wherein the signals do not coincide are observed, for example the region at the top right 

of the image. Given that these assemblies are rapidly assembled from a homogenous solution of 

peptide, it may be that advancements in technology can elucidate the subtle local orderings in this 

sample. However, checking this work with another mixed system would allow us to confirm some 

of these observations of self-sorting.
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Figure 3.9. Spectrum images for (a-c) sample I and (d-f) sample H showing the spectrum images 

(a,d) and elemental mapping for oxygen (yellow, b,e) and sulfur (purple c,f) within the sample.  

As such, I examined co-assemblies of OPV3 and OT4 (samples H-K) wherein we exploited 

oxygen as a marker of peptide presence and sulfur to indicate self-sorting or co-mixing. The 

separately assembled and mixed sample I shows subtle differences between oxygen and sulfur 

distributions as would be expected in this sorted sample (Figure 3.9 a-c). Statistical mixtures (ie. 

the HCl assembly of 2 and 4 in sample H) clearly show even distribution of both elements across 

the sample (Figure 3.9 d-f). In the GdL assembly of 2 and 4, sample J, sulfur enrichment is 

observed at the top of the image but is minimal elsewhere. Oxygen has a strong signal throughout 

the image, albeit also enriched near the top (Figure 3.10 a-c). On the other hand, sulfur domains in 

sample K, the HCl assembly of 3 and 4, are more subtle but can be distinguished (Figure 3.10 d-

f). It could be that the nature of GdL triggered assembly creates clearly defined nanodomains of 

each peptide by exploiting their different effective pKas. The HCl assembly of 3 and 4 occurs 

rapidly from homogenous solution and relies of differences in monomer interaction energy that 

indeed trigger self-sorting but with structures that are more intimately associated which tracks well 

with the PL data suggesting residual energy transfer in sample K. The results demonstrate that 

STEM-EDS line scans can be used generally to examine outcomes of assembly paradigms through 

changes in assembly trigger as well as monomer design by tracking elemental composition on the 

nanoscale. That said, these studies push the resolution limits of available instrumentation. As 

technology advances and more resolved images can be attained, even more information could be 

gleaned from these elemental mapping techniques for informed material design. 
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Figure 3.10. Spectrum images for (a-c) sample J and (d-f) sample K showing the spectrum images 

(a,d) and elemental mapping for oxygen (yellow, b,e) and sulfur (purple c,f) within the sample. 

Conclusion. 

 We have prepared a series of peptides to explore co-assembly of π-conjugated peptide 

nanomterials. We developed a simple synthetic scheme that, when paired with on-resin palladium 

catalyzed Stille coupling procedures previously developed by our lab, allows the incorporation of 

bromine labels into a OT4 core. The nature of the assembly process can then be carefully selected 

by tailoring the peptide substitutents flanking the brominated core and an unbrominated core to 

dictate self-sorting or co-mixing. We explore this by exploiting a pKa differential in the 
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brominated and unbrominated peptides and produce self-sorted structures through a slow decrease 

in pH upon hydrolysis of GdL. In another system we initiate self-sorting by assembly of a 

brominated peptide with an unbrominated peptide that has a longer hydrogen bonding motif to 

stabilize homo over hetero monomer interactions. We examine these assemblies through 

photophysical measurements wherein their broad excimeric signals and overlapping emission 

profiles obscure possible energy transfer that would be diagnostic in these sytstems. Instead we 

examined these assemblies through STEM-EDS imaging using the bromine labels as an elemental 

tag to uncover clear differences in line-scan profiles showing controlled self-sorting or co-mixing 

depending on system and assembly conditions. We also examine co-assemblies of OPV3-OT4 by 

way of photophysical and STEM-EDS measurements to confirm differences in assembly condition 

and monomer design on supramolecular outcome. With additional information using, for example, 

diffraction techniques, we envsion that these distinct elemental analyses will be helpful in the 

implementation of similar materials in applications where spatial and hierarchical control of 

nanomaterial structue is critical to device function and performance.  

 

Experimental. 

General Considerations.  Reactions were carried out in flame-dried glassware under nitrogen 

atmosphere. Non-aqueous solvents were dried over molecular sieves and degassed by sparging 

with nitrogen for a minimum of 15 minutes. N-Bromosuccinimide (NBS) was obtained from 

Sigma-Aldrich and recrystallized before use. Tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) 

was obtained from Strem Chemicals. Chemicals used in solid phase peptide synthesis (Wang resin, 

9-fluorenylmethyloxycarbonyl (Fmoc) protected amino acids, 2-(1H-benzotriazol-1-yl)-1,1,3,3- 

tetramethyluronium hexafluorophosphate (HBTU), benzotriazol-1-yl-
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oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and N-methylpyrrolidone (NMP)) 

were acquired from Advanced Chem. Tech., N,N- Diisopropylethylamine (DIPEA) was purchased 

from Fisher, and dried over 4Å molecular sieves before use. 4,4'-((1E,1'E)-1,4-

phenylenebis(ethene-2,1-diyl))dibenzoic acid (OPV3 diacid) and 3,4,5-tribromothiophene-2-

carboxylic acid were synthesized according to literature precedent.41,42 All other chemicals were 

provided by Sigma-Aldrich or Fisher and used as they were received unless otherwise noted.  

General Fmoc-Based Peptide Synthesis: Oligopeptide segments were synthesized via standard 

Fmoc-based solid phase peptide synthesis starting with the first Fmoc-amino acid preloaded onto 

Wang resin solid supports. The resin was swelled in dichloromethane (DCM) followed by 

deprotection of the Fmoc protecting group carried out in a solution of 20% v/v piperidine in N,N-

dimethylformamide (DMF) for 2×10 min. The resin was washed with 3×NMP, 1×methanol 

(MeOH) followed by 3×DCM and swelled in DCM for 10 min. For all standard amino acid 

couplings, a solution of 3 equivalents of the succeeding Fmoc protected amino acid, 2.9 

equivalents of HBTU was prepared in 10 mL of NMP and sonicated to dissolve, followed by 10 

equivalents of DIPEA and mixed for one min.  The resin was drained of DCM, the activated amino 

acid was added to the chamber, and mixed for a minimum of 1 hour. The resin was then drained 

and rinsed with 3×NMP, 1×MeOH followed by 3×DCM, swelled in DCM for 10 minutes and the 

process repeated starting with Fmoc deprotection for each sequential amino acid in the sequence. 

The success of each coupling step was monitored by performing a Kaiser test. 

N-terminus-acylation, and on-resin Stille coupling procedure: Peptides were acylated with 5- 

bromothiophene-2-carboxylic acid or 3,4,5-tribromothiophene-2-carboxylic acid and subjected to 

Stille cross-coupling conditions in the presence of 5,5’-bis-tributylstannyl-[2,2’]-bithiophene as 

previously described.43 
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General peptide cleavage and work-up: Following solid-phase synthesis the peptide was 

cleaved by mixing the resin in a 2.5:2.5:95 Water:Triisopropylsilane (TIPS):Trifluoroacetic acid 

(TFA) cocktail for three hours. The solution was collected from the chamber, concentrated under 

vacuum, and triturated in cold diethylether. The suspended product was centrifuged to isolate and 

lyophilized. The lyophilized product was HPLC purified. Specific experimental procedures and 

molecular characterization data for each molecule synthesized can be found in the supporting 

information. 

Electrospray Ionization Mass Spectrometry (ESI-MS): ESI signatures were samples using a 

Thermo Finnigan LCQ Deca Ion Trap Mass Spectrometer operating in negative mode. Samples 

were prepared in a 1:1 MeOH:water solution with 0.1% ammonium hydroxide. 

UV-Vis and Photoluminescence: UV-Vis spectra were acquired using a Varian Cary 50 Bio UV- 

Vis spectrophotometer. Photoluminescence spectra were taken on a PTi Photon Technology 

International Fluorometer equipped with a Ushio Xenon short arc lamp. Spectroscopic samples of 

homo assemblies were prepared at ca. 3 µM in Millipore water with a final volume of 3100 μL. 

For co-assemblies, the appropriate volume of stock solutions were both added to 3000 μL of Milli-

Q water and the remaining volume was added to dilute to 3100 μL and final concentration of ca. 

3 μM for both peptides. The pH was adjusted by adding either 1M KOH, 1M HCl or 10 mg/mL 

GdL. HCl samples were measured immediately upon addition of acid while GdL samples were 

measured at approximately 24 hours after GdL addition.  

Reverse-Phase HPLC:  Peptides were purified by reverse-phase HPLC on a Varian PrepStar SD-

1 system equipped with a Phenomenex, Luna, 5 μm particle diameter silica support functionalized 

with TMS terminated C8. An aqueous 0.1% ammonium formate buffer (pH 8):acetonitrile gradient 

was used as mobile phase. 



97 
 

Transmission Electron Microscopy (TEM): Conventional transmission electron microscopy 

(TEM), scanning TEM (STEM) high-angle annular dark-field (HAADF), and STEM energy 

dispersive x-ray spectroscopy (EDS) line-scans were collected using a JEM 2100 field emission 

TEM equipped with a Flash 6T/60 Bruker, silicon drift, EDS detector. The accelerating voltage 

was 200 keV for TEM. STEM-EDS line-scans and maps were acquired at a solid angle of 0.189 

sr with 1-2 seconds per pixel dwell time and 1-2 nm step size The samples were prepared by 

pipetting a drop of 1 mg/mL solution of assembled peptide in water onto ionized 200 mesh lacy 

carbon coated copper grids and incubated for 5 minutes at 25°C. Excess solution was removed by 

floating the grid in a drop of water. Some samples were then stained with a 2% uranyl acetate 

solution, washed by dipping in water, and excess moisture was wicked off by dabbing the grid on 

filter paper. The grids were allowed to dry completely in air before imaging. 
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Introduction 

Intermolecular interactions among aromatic units, termed π-π stacking, are critical for the 

folding, stabilization and function of proteins, but also constitute a powerful force in misfolding 

and aggregation.1 Indeed, phenylalanine dipeptide is considered an important consensus sequence 

in the assembly of amyloid plaques that manifests in neurological disorders such as Alzheimer’s 

disease.2,3 The power of aromatic residues to self-associate is supported by the observation that 

even an unmodified phenylalanine amino acid can self-assemble into distinct fibrillar structures.4  

In the context of nanomaterials, diphenylalanine and its derivatives have found a place as 

environmentally benign yet powerful low molecular weight gelators in applications such as tissue 

scaffolding, cell culture, and drug delivery.5 Efforts to understand the mechanisms of Phe-Phe 

assembly and their impacts on physical properties will be crucial not only for advancement in these 

numerous applications but fundamental investigations of these primary units could reflect on our 

understanding of the field as a whole and the basis of nanotechnology. 

 

Figure 4.1. Model of the A) crystal structure of diphenylalanine demonstrating a B) porous 

laminated structure composed of C) individual nanotubes formed by head-to-head hydrogen 

bonding of diphenylalanine peptide backbone. Adapted from reference 2. Copyright Royal Society 

of Chemistry, 2006. 

Studies by Reches and Gazit concluded that crystallized assemblies of nanotubes exhibit a 
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polymorphic crystal structure from that of isolated tubes.6  Gorbitz and coworkers later compared 

the crystal structure of diphenylalanine fibers prepared by fast evaporation of an aqueous solution 

of the peptide at 80°C to that of an isolated peptide nanotube grown through a solvent switch 

technique. These structures were self-consistent and identical to x-ray spectra predicted through 

computational modeling. The crystal structure as demonstrated by Gorbitz is represented in Figure 

4.1. Nanotube channels are constructed from the head-to-tail salt bridge formation by six 

diphenylalanine molecules Figure 4.1c. Nanotubes stack vertically through hydrogen bonding and 

assembled further into fibers through side chain edge-to-face π-stacking interactions as can be seen 

in Figure 4.2a,b.7,8 The hydrophilic inner structure of the pore runs parallel to the long axis of the 

fiber and has been shown to engage in host-guest chemistries, for example the encapsulation of 

solvated metal ions.4,7 More recent molecular dynamics simulations reveal that the aromatic 

interactions steer the assembly early on in the assembly process and the zwitterionic interactions 

power organization into a more ordered state that eventually forms higher order assembles again 

driven by side chain interactions.9 Furthermore, investigations into the assembly and crystal 

structures of other aromatic dipeptide species, most notably the phenylalanine-tryptophan 

dipeptide, yielded similar porous crystal structures as observed in the diphenylalanine species.7  

 

 

 

Table 4.1: Assemblies of phenylalanine containing peptides can access a myriad of morphologies. 

Reprinted from reference 4. Copyright Royal Society of Chemistry, 2014.  
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N or C-terminal modifications to diphenylalanine have been well documented to influence 

crystal structure and supramolecular architectures ranging from tubes and spheres to hydrogels 

(Table 1).4 For example unprotected Phe-Phe can assemble into mixed populations of tubes and 

spheres, however, the addition of an N-terminal tert-butyl dicarbonate group (Boc) can form tubes 

and spheres as the solvent is switched from water to water ethanol mixtures respectively.10 Another 

system that has been widely studied is the N-fluorenylmethoxycarbonyl protected diphenylalanine 

(Fmoc-Phe-Phe) which readily forms a hydrogel under physiological conditions based on 

nanocylindrical structures formed from anti-parallel β-sheets among the peptides and interlocking 

pi-pi stacking interactions between the Fmoc and phenyl moieties as is shown in Figure 4.2d. This, 

again, highlights the power of the π-π stacking interactions as the formation of the nanotubular 

structures within Phe-Phe nanomaterials remains despite the absence of head-to-tail hydrogen 

bonding observed in the unprotected structure.11 Adams and co-workers have extensively studied 

the properties of Fmoc-Phe-Phe and other capped diphenylalanine hydrogels diving deep into their 

rheological properties, assembly conditions, network characteristics and molecular packing and 

electronic properites.12–16 
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Figure 4.2: Simple molecular modifications of diphenylalanine induce morphological changes 

wherein a) para-fluoro induces tubular formation, b) per-fluorination results in wider tubular 

structures, c) para-iodo substitution results in a mixture of spheres and fibrillar structures, and d) 

Fmoc-protection of the N-terminus dictates a nanotubular structure. Reprinted from references 18 

and 11. Copyright IOP Publishing Ltd, 2006 and WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim, 2008.

  

 Nanostructure morphology has also been controlled through modulation of electronic 

distributions.17 For example, and as shown in Table 1, aromatic substitution of phenylalanine 

containing peptides with electron withdrawing groups such a fluorine and other halogens can 

dictate the formation of tubes, fibers, or plates (Figure 4.2 a-c).17,18 Fluorine has often been 

exploited as a conformational tool in organic chemistry and biological chemistry. With its atomic 

radius between hydrogen and oxygen, and high electronegativity, a single hydrogen-to-fluorine 

substitution can dramatically alter electronic distributions with minimal change to molecular 

size.19 Nilsson and coworkers found that perfluorination and even monofluorination of the Phe-

Phe phenyl ring increased gelation rates when compared to unfluorinated reference 
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compounds.5,20,21 Another example lies in liquid crystal (LC) technology wherein fluorination of 

rigid LC cores establishes dielectric anisotropy and facilitates molecular reorientation upon the 

application of an external electric field. 22,23 Fluorine incorporation into small alkyl bridges 

between mesogenic LC cores has also proven useful for manipulating material performance by 

increasing clearing temperatures and the nematic phase ranges. Computational analysis of cores 

linked by CF2-CF2 spacers (Figure 4.3A) by Kirsch and Bremer demonstrated that molecular 

conformation is governed by a preference of 2.62 kcal mol-1 for the gauche conformation as 

opposed to a preference of 0.66 kcal mol-1 in the non-fluorinated analog. This preference is 

attributed to σCH to σ*CF “negative” hyperconjugation that can only be achieved in the gauche 

conformation (Figure 4.3B). Finally, this result is consistent with the increased clearing point and 

nematic phase range observed, properties that are enhanced with “straight” molecular geometry in 

the gauche-conformation as opposed to the “bent” geometry of the anti-conformation.22Due to the 

focus of previous studies on aromatic fluorination, and the unexploited prospect of perturbations 

in stereo-electronics such as the gauche, anomeric effect and hyperconjugation, fluorination at the 

β-carbon is an interesting next step for control over diphenylalanine supramolecular structures.19 

 

Figure 4.3: Effect of fluorination on alkyl spacers in liquid crystal cores. A) Structure of a model 

liquid crystal core B) stabilization of conformer through negative hyperconjugation. Adapted 

from reference 22. Copyright Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim, 2010. 

   

The impacts of fluorination are not limited to intramolecular phenomena. Due to its high 
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electronegativity, fluorine has been well documented to influence intermolecular interactions and 

crystal structures by changing electronic distributions. For example, the perfluorination of 

aromatic systems inverts the electronic distribution within the molecule with respect to protonated 

analogues as is exemplified with stilbene and perfluorostilbene in Figure 4.4. Patrick and Prosser 

in 1960 reported the crystal geometry of a 1:1 mixture of stilbene and perfluorostilbene as stacked 

structures of alternating protonated and fluorinated molecules. The packing arrangement reported 

for the co-crystal was disparate from the edge-to-face stacking observed in pure solutions of these 

molecules and was attributed to favorable electrostatic interactions from fluorination. Finally, 

changes in electronic distributions due to fluorination expand the available intermolecular 

interactions accessible such as F···H hydrogen bonding, C-F···π, and in rare occasions F···F 

interactions.24  

 

Figure 4.4. Heatmap demonstrating the changes in electronic distribution upon perfluorination 

of stilbene as calculated by PC Spartan. Reprinted from reference 24. Copyright Royal Society of 

Chemistry, 2005. 

 

Given the unique physical and chemical properties of phenylalanine peptide, the strong 

dipole moment of the C-F bond and differences in molecular conformation and intermolecular 

interactions observed upon fluorination, we thought to systematically study of the impacts of 
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mono-fluorination at diphenylalanine’s β-carbons. We suspected that spatial orientation of C-F 

dipole vectors as presented in the four possible diastereomers (1-4) would dramatically impact 

molecular conformation and assembly properties with respect to nonfluorinated analogs while 

posing a minimal structural perturbation. With this work, we hope to contribute a new strategy of 

molecular engineering Phe-Phe by way of this simple fluorine atomic substitution that could 

inform future applications of this promising dipeptide material.  

 

 

Results and Discussion 

Advances in fluorination chemistry in recent years have yielded a mild approach to 

selectively fluorinate amino acids. Leckta and coworkers demonstrated remarkably selective 

mono-fluorination of phenylalanine and phenylalanine containing peptides at β-positions, using 

Selectfluor®, catalytic amounts of a dibenzosuberenone photosensitizer and visible light (Scheme 

4.1). The photochemical nature of the radical reaction requires strategic selection of protecting 

groups to prevent side reactions and maintain high yields. While C-terminal protection is 

unnecessary, N-terminal protecting groups such as phthalimido (NPhth), trifluoroacetate (TFA) 
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and acetate (Ac) were necessary to achieve 80%, 67% and 57% fluorination yields respectively.25 

 

As an initial step, I performed preliminary DFT calculations using the crystal structure 

coordinates of the unprotected unfluorinated dipeptide (CCDC #: 163340). While holding the 

atomic coordinates of the crystal structure static, we made fluorine substitutions at each alpha 

carbon to generate all four possible monofluoro diastereomers and calculated the free energy of 

these new species as compared to the unfluorinated molecule (Figure 4.5a) using the B3LYP 

functional and 6-31+G(D) basis set. The most striking outcomes of this computational study are 

that the free energies of the S,R and R,R diastereomers are calculated to be 0.0 and 55.0 kcal/mol 

higher than the unfluorinated dipeptide (Figure 4.5 b,c). In the S,R case, the unchanged free energy 

could be due to a F-H hydrogen bond-like interaction, as shown in Figure 4.6c wherein the H(81) 

and F(85) atoms appear to be in close contact. On the other hand, the high free energy of the R,R 

diastereomer may be due to the unfavorable proximity of F(85) and F(84) as shown in Figure 4.6d. 

These preliminary results provide motivation for this study and indicate that simple fluorination 

of these peptides could control supramolecular assembly, crystal packing and possible physical 

properties of these materials. 
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Figure 4.5. a) Relative energies of 1-4 as obtained by DFT calculations with representative 

structures of the b) S,R and c) R,R diastereomers. 

 Experimentally, I started by obtaining difluorinated NPhth-Phe-Phe-OH prepared by 

Desta Bume in the Leckta group. The phthalimido protecting group was selected for its optimized 

yield and compatibility with fluorination and the reaction conditions have been well established to 

selectively mono-fluorinate the benzylic beta-carbon.25,26 I started by attempting separation by 

flash chromatography of all four NPhth-Phe-Phe-OH diastereomeric products but was 

unsuccessful due to co-elution. Ideally, the summation of differently arranged dipole vectors 

should offer subtle differences in polarity that would allow for separation, however, in practice 

this could not be achieved. I then obtained a mixture of fluorinated NPhth-Phe-OH diastereomers 

from Stefan Harry from the Leckta group (5, 6) with the idea that it could be coupled on resin to 

prepare monofluorinated diphenylalanines or serve as a test case for the hypothesis that even mono 
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fluorination would disrupt normal electronic distributions to sufficiently change molecular 

interactions.  

 

 

Figure 4.6. A) HPLC traces of separation of using 5 and 6 column and MeOH isocratic method 

(green trace), gradient from 100:0- 50:50 MeOH:Hex (red trace), gradient from 100:0-98:2 
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MeOH:IPA (blue trace). 19F-NMR spectra of B) mixture of diastereomers of 5 and 6 and C) 

following chiral column purification. 

I tried a series of normal phase separation methods that were not able resolve the 

fluorinated diastereomers from each other. I was able to borrow a Pirkle-type column for 

separations, whose chiral stationary phase can engage in π-π, dipole, and hydrogen-bonding 

interactions, that I screened under isocratic and gradient conditions to separate the diastereomers. 

An isocratic separation method with methanol as the eluent failed to separate the diastereomers 

(Figure 4.6a, green trace). A gradient method with methanol and hexanes achieved small resolution 

(Figure 4.6 a, red trace) that increased with a more gradual change in solvent polarity, where a 

gradient from pure methanol to 98% isopropanol achieved the best separation (Figure 4.6a, blue 

trace).  19F-NMR is diagnostic in assessing the diastereomeric purity of these molecules as the 

fluorine environments are distinct chemically. The 19F-NMR of the mixture of diastereomers in 

Figure 4.6b shows the distinct chemical shifts of the diastereomers at around -169 and -180 ppm. 

Due to the small injection size dictated by the chiral column used, 10 injections of the diastereomer 

mixture were cumulatively collected and compiled using a fraction collector timed to collect in 20 

second intervals as to consistently collect time-points of the separated peaks. A dilute sample of 

the first peak was analyzed with 19F-NMR overnight generating the spectra in Figure 4.6c showing 

a small peak corresponding to the diastereomer at around -169 ppm, however a disturbance in the 

baseline at -180 ppm indicates possible incomplete separation of the diastereomers. A column with 

higher injection load would have been advantageous to assess the viability of this chiral column 

for separating these diastereomers, however, chiral separations are complex and highly dependent 

on the specific intermolecular interactions available within the column stationary phase and with 

limited access to a diversity of chiral phases, it is difficult to assess proper separation conditions.27 
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As such, I sent mixtures of Phth-F-Phe-OH enantiomers to Phenomenex for chiral screening 

wherein, the use of an amylose-1 stationary phase and Hexane:Ethanol:TFA (70:30:0.1) eluent 

achieved excellent resolution of diastereomers from each other as well as from other impurities 

(Figure 4.7). This avenue would be able to afford pure enantiomers to be studied on their own or 

used in peptide synthesis to prepare peptides with specific fluorine substitutions. However, the 

preparative column required for a gram scale purification would be in the ~$10,000 range and this 

avenue could not be further pursued. 

 

 

Figure 4.7. Chiral screening demonstrates conditions for excellent separation of fluorinated Phth-

F-Phe diastereomers. 
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Figure 4.8. Crystals obtained from a mixture of 5 and 6 contained 5 as the majority component. 

Despite difficulty attaining diastereomeric purity as detailed above, small, slender 

monoclinic crystals of Phth-F-Phe, were obtained through slow evaporation of 5 in ethyl acetate 

and analyzed by x-ray diffraction. From the mixture of enantiomers and a some unfluorinated 

amino acid, B with an R diasteromeric configuration at the β-carbon, preferentially crystalized 

with ca. 20% occupancy of the unfluorinated analogue. The crystal structure shows what appears 

to be π-stacking among phthalimide protecting groups and phenyl side chain rings respectively as 

shown from two perspectives in Figure 4.8. Interestingly, the fluorine atom is labeled as being 

close contact, less than the sum of van der Waals radii, with a proton on a neighboring phthalimide 

protecting group as can be seen by the blue dashed indicator and white arrow in Figure 4.9a. On 

the other hand, the crystal structure of the unfluorinated amino acid (CCDC: 138514) does not 

show any close contacts with its hydrogens at the β-position (Figure 4.9b, white arrow). This 

difference highlights that the presence of the Fluorine indeed influences how these molecules pack 
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into organized arrays. In the future, being able to separate the fluorinated diastereomers from the 

unfluorinated amino acid followed by crystallization would be an excellent start to pushing this 

project further.  

  

Figure 4.9: Close contacts formed in (a) Phth-F-Phe and (b) Phth-Phe crystals. 

Conclusion 

 Diphenylalanine and its derivatives present an interesting class of powerful small molecule 

gelators with tunable properties that arise from small modifications to monomer structure. 

Advances in fluorine chemistry have produced elegant methods of monofluorination at the beta-

carbon of phenylalanine and phenylalanine containing peptides. Given its dramatic 

electronegativity and size, hydrogen-to-fluorine substitutions present the possibility to bring about 

new inter- and intramolecular interactions among phenylalanine dipeptides without greatly 

impacting overall molecular size. Preliminary DFT calculations provide impetus to this study 

suggesting that the energetics of monomer interaction will change depending on spatial orientation 

of the fluorine bonds in di-fluoro diphenylalanines. As such, chromatographic separations of the 

four di-fluoro Phth-diphenylalanine diastereomers were attempted without success. Separation 

methods of the Phth-F-Phe amino acid diastereomers were discovered in chiral screening but 

present a significant financial investment. That said, crystallization of this amino acid 



119 
 

demonstrates preferential crystallization of the R-diastereomer with some occupancy of the 

unfluorinated amino acid, demonstrating new close contacts in the structure not observed in the 

pure starting material. These preliminary crystallographic differences are a promising next step to 

use this simple fluorine substitution toward molecular engineering strategies for this important 

dipeptide. 

 

Experimental 

Electrospray Ionization Mass Spectrometry (ESI-MS): ESI signatures were samples using a 

Thermo Finnigan LCQ Deca Ion Trap Mass Spectrometer operating in negative mode. Samples 

were prepared in a 1:1 MeOH:water solution with 0.1% ammonium hydroxide. 

Reverse-Phase HPLC:  Peptides were purified by reverse-phase HPLC on a Varian PrepStar SD-

1 system equipped with a Phenomenex, Luna, 5 μm particle diameter silica support functionalized 

with TMS terminated C8. An aqueous 0.1% ammonium formate buffer (pH 8):acetonitrile gradient 

was used as mobile phase. 

Computational Information: Calculations were performed at the DFT level (B3LYP/6-31 

+G(D)) on crystallographic coordinates using Gaussian 09. 
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Introduction 

Cell culture techniques have played a pivotal role in biomedicine to probe physiology and 

pathophysiology of cells and tissues outside of the organism. However, the 2D nature of materials 

used in traditional cell culture platforms limits their ability to mimic the external 

microenvironment that directly impacts the spatial and temporal cues that dictate complex cellular 

responses such as cellular morphology, differentiation, migration, and communication. Indeed, 

studies in the last decade demonstrated that cells display atypical behavior when they are removed 

from their 3D native environment. Thus, 3D cell culture has become a promising platform by 

which to model extracellular space for physiologically relevant cell culture studies.3 Hydrogels 

prepared from peptide-π-peptide nanomaterials are promising candidates for 3D cell culture 

applications as biocompatible peptide sequences are present on the surface and can “communicate” 

with the biotic environment. Further, the modular nature of peptide synthesis allows for facile 

incorporation of bioactive epitopes, such as laminin derived IKVAV and RGD, that have been 

shown to facilitate adhesion, migration and neurite extension in dendritic root ganglion cells.4,5  
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Figure 5.1: Young’s moduli characteristic of various tissues. Reprinted from reference 8. 

Copyright Nature, 2020. 

   

The stiffness of cell culture substrates has been demonstrated to direct aspects of cell 

physiology wherein cells exert mechanical forces on the substrate and draw on the mechanical 

response from the environment as a deciding factor in cell fate.6–8 More specifically, this feed-

back loop has been demonstrated to impact the clustering and occupancy of mechanosensors 

known as integrin adhesion complexes that modulate cell signaling cascades and thus effect cell 

proliferation, differentiation and migration.9,10 Young’s modulus, which demonstrates the 

geometry independent stiffness of a material, ranges from about 0.1kPa to 1MPa in most tissues.11 

Consequently, the mechanical properties of hydrogel scaffolds should mimic tissue from which 

the cells originate (Figure 5.1). 11,12 For example, progenitor cells have been demonstrated to 

preferentially differentiate into neurons in the presence of a softer mechanical environment more 
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closely resembling the brain.13 Our lab has developed a cross-linking scheme based on several 

well-known bioconjugation reactions. For example, peptides containing alkene terminated 

alloxycarbonyl (Alloc) protected lysine residues were crosslinked with a thiol terminated, 

heterobifunctional, ethylene glycol spacer arm upon treatment with 365 nm light through the 

radical-initiated thiol-ene reaction.4 Variations in crosslinker concentrations could be used to tune 

the rheological properties of our hydrogels to match the stiffness ranges of tissues in vivo and in 

turn increase long term stability of the gels.  

 

Figure 5.2. Schematic of peptide containing donor-acceptor system. Reprinted from Reference 17. 

Copyright American Chemical Society 2016 

 

 An intriguing aspect of π-conjugated peptide hydrogel materials is the capacity to generate 

electric fields and charge carriers in aqueous environments. Electric fields are generated in vivo 

through sodium and potassium gradients and charges carried by biomolecules such as 

transmembrane receptors, growth hormones and signaling molecules. Endogenous electric fields 

are unique to each cell and tissue type and are used as a guiding cue for cellular processes such as 
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differentiation during development and regenerating tissues.14 For example, embryonic 

development begins with cellular polarization that spreads throughout the embryo and is 

responsible for delivering the appropriate cues that ultimately define regions of the developing 

organism, for example, the anterior and posterior domains.15 The impact of electric fields on 

cellular physiology has also been demonstrated in cell culture studies. For example, Langer and 

coworkers demonstrated enhanced neurite outgrowth and neuronal differentiation of PC-12 cells 

when cultured on conductive, oxidized polypyrrole and subjected to electric stimuli.16 Work from 

our lab has demonstrated the synthesis and characterization of peptides containing a 

quaterthiophene (OT4) core and napthalenediimide (NDI) appended to peptides via lysine side 

chains as shown in Figure 5.2. Through transient absorption spectroscopy, these chromophores 

were shown to take part in a photo-induced electron transfer from the donor (OT4) to the acceptor 

(NDI) in aqueous media. This donor-acceptor couple is a promising system by which to generate 

electric fields in a cell culture environment and stimulate cells with electric fields to guide stem 

cell differentation.17 

 

Peptide based nanomaterial systems have been shown to form self-supporting hydrogels 

based on entanglement and are compelling materials to mimic the ECM for tissue 

engineering applications addressing the crucial aspects above as they 1) are equipped with 

π-conjugated subunits capable of generating charge carriers in aqueous media17–20 2) are 

biocompatible, on the size order of the extracellular matrix, and can be modified with 

bioactive epitopes4 3) have tunable mechanical properties that can be modulated to the 

requirements for a given cell line.4  This study aims to exploit and optimize the modular 

nature of these peptide-based hydrogel systems while incorporating the donor-acceptor 
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electronic functionalities described above to provide an environment compatible with 

electrosensitive cell lines for cell culture and neuronal tissue engineering purposes. 

 

 Results and Discussion 

 

Synthetic Strategy and Design of Multifunctional Hydrogels 

 

 Damage to the adult central nervous system (CNS) can have devastating long term effects 

on cognitive function and lead to a cascade of neuronal degeneration.1 Adult neurons in the 

peripheral nervous system can regenerate axons and dendritic connections upon injury depending 

on their size and location, however, neurons in the CNS cannot.21 Cell therapy and nerve tissue 

engineering is a promising means by which to replace damaged areas of the central nervous system, 

particularly through the use of stem cells.1 However, neural stem cells in the CNS generally give 

rise to three different cell types; oligodendrocytes and astrocytes, collectively referred to as glia, 

and neurons.22 Oligodendrocytes are responsible for the myelination process while astrocytes 

support neurons (with water, ions etc.) and are the main component of glial scarring following 

injury to the CNS.23 The recovery of function after injury is contingent upon replacing damaged 

neuronal connections which requires control over stem cell fate toward neuronal lineages.2 To 

demonstrate the demand for a tailored hydrogel system I conducted a differentiation study with 

human neuronal stem cells (hNSCs) on Matrigel film in the absence of electrical and chemical 

stimulation. Figure 5.3A shows the epifluorescence images of cells stained for 𝛽III-tubulin 

markers indicating neuronal differentiation. Figure 5.2B shows the epifluorescence image of the 

same frame stained with markers for both 𝛽III-tubulin and GFAP, demonstrating a high preference 
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for glial lineages. Finally, Figure 5.2C shows a colored overlay with the cell nuclei stained with 

DAPI highlighting low neuronal yield of this unsophisticated cell culture technique.  

 

Figure 5.3: Epifluorescence images of differentiated hNSCs stained with A) neuronal markers B) 

glial and neuronal markers C) color overlay of stained nuclei (blue) cells with neuronal markers 

(green) and glial markers (red). 
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Thus, I moved to prepare peptide-pi-peptide constructs with the following attributes: 1) a 

donor-acceptor system based on 4T and NDI to stimulate cells with electric fields in a 3D cell 

culture environment 2) present bioactive epitopes within the hydrogel scaffold 3) tune the 

rheological properties of the gel suited to that of neuronal tissues for the purposes of guiding cell 

differentiation to neuron. Many synthetic challenges were presented in this project from the start 

and required me to formulate a step-wise investigation procedure that I follow with any challenge 

in the laboratory. I first assess the purity of all reagents to ensure no issues with chemical feed 

stocks and then reprepare any on-hand reagent solutions that could be a source of contamination.  

If step one does not reveal any issues, I conduct a thorough overview of each reaction step as can 

be uncovered from the literature and consider potential issues with reaction set-up, this can include 

synthesis of a literature compound to ensure proper technique. If the first two steps do not expose 

any obvious issues or do not achieve successful synthesis, I focus on small changes to reaction 

parameters or target design that can often open a successful route. In the next several sections I 

will detail a chronology of my trials, some of the roadblocks, and creative avenues I devised to 

prepare a peptide system with the above three stated attributes. 
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My first target was the undecapeptide 1 which incorporates the laminin-derived bioactive 

epitope IKVAV, an OT4 core and NDI appended via lysine residues. Further, an Alloc 

functionalized lysine is incorporated to facilitate crosslinking through the thiol-ene photoreaction 
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as previously reported by our lab.4 The length and complexity of this peptide presented challenges. 

Solid phase peptide synthesis is generally streamlined through literature precedent and I could not 

identify issues with my synthetic procedure. There are, however, well documented “difficult 

sequences” that are usually composed of several hydrophobic residues in a row leading to poor 

solvation and thus incomplete deprotection and acylation. I made many attempts to prepare this 

peptide including changes to solvent composition (the “magic mixture”: DCM:DMF:NMP 1:1:1), 

the addition of chaotropic salts (LiCl) and use of detergents (Triton-X).24 With the inability to 

construct the peptide backbone of 1 I moved to a simpler target, 2, that incorporated the donor-

acceptor dyad and Alloc modified lysine residues. My thought was that hydrogelation of 

compound 2 followed by the addition of 1% cysteine containing peptide sequences, such as 

CIKVAV or CRGD, under thiol-ene reaction conditions could yield a hydrogel equipped with 

bioactive epitopes wherein the remaining active sites could be exploited for cross-linking. I again 

encountered synthetic difficulties, for example, the peptide backbone could be prepared and the 

OT4 incorporated, but the final step of NDI attachment would fail. To rule out issues with reagent 

contamination or procedure I prepared peptide 3, a peptide containing both OT4 and NDI 

previously made by us and was successful. Apart from variation in peptide sequence, the most 

obvious functional difference between compounds 2 and 3 is the presence of the Alloc protected 

lysine residue during NDI incorporation. My thoughts were that the Alloc might be engaging in 

side-reactions, such as Diels-Alder, with the incoming NDI moiety that would be deleterious for 

the imidation step. I attempted to switch the order of synthetic operations with an attempted 

synthesis of 4, wherein the Lys(NDI) and Lys(Alloc) are switched in position relative to the OT4 

core. In this respect, extension of the peptide would proceed with NDI imidation immediately after 

incorporation of the first lysine. Then, the peptide could be further extended to incorporate the 
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Lys(Alloc). While this synthetic route was finally successful, it was plagued by significant 

biproducts and low yields making separation difficult.  

 

Scheme 1. 
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Figure 5.4: Absorbance (solid lines) and emission (dashed lines) of peptides a) 6  and b) 5 crude 

under dissolved (basic, black lines) and assembled (acidic, grey lines) conditions. 

 

 

My next phase of attempts involved strategies to bypass the on-resin imidation procedure 

by way of an NDI functionalized amino acid that could be coupled on-resin under typically SPPS 

acylation conditions.25 I was initially able to successfully synthesize Fmoc-Lys(NDI)and had some 

success with incorporating it into peptides, however, I encountered difficulties attaining sufficient  

Fmoc-Lys(NDI) to scale up the peptide synthesis for characterization. The imidation of N-propyl-

1,4,5,8-naphthalenetetracarboxylic acid monoanhydride with β-alanine is has been reported and is 

synthetically facile and can achieve high yield with simple isolation steps (Scheme 1).26 The 

addition of β-Ala(NDI) to a free lysine side chain through typical solid phase coupling conditions 

yielded peptide 5 in good yields. The acetylated control of peptide 6 undergoes a blue shift in 

absorbance and quench in emission upon assembly (Figure 5.4a). Preliminary characterization of 

crude peptide 5 on the other hand exhibits a dramatic quench in fluorescence, even in the 

molecularly dissolved state that is associated with this donor-acceptor system as previously 
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reported.17 TEM images of 5 are shown in Figure 5.5 demonstrating the formation of one-

dimensional nanostructures.  

 

 

Figure 5.5. TEM images of peptide 5 stained with 2% Uranyl acetate. Both scale bars represent 

200 nm. 

 

  Despite the apparent success in synthesis and characterization with peptide 5, degradation 

could be observed between purification steps. For example, Figure 5.6a shows the HPLC trace at 

260 nm for an initial preparative purification step following synthesis of peptide 5. ESI analysis 

of the fractions collected revealed the elution of peptide 5 in fraction 10 at 25.553 minutes. This 

fraction was collected, lyophilized and re-injected with a longer gradient to achieve finer 

separation. Figure 5.6b shows the HPLC trace for this second injection at 260nm revealing many 

new impurities that should have been removed with the first purification step. Due to the inherent 

necessity of these materials to be processable and stable in water, this material design was clearly 

inappropriate for our purposes and the monomer was again redesigned.  
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Figure 5.6. Absorbance at 260 nm, absorbance of peptide backbone during A) Preparatory 

purification, peak isolated at 26.55 min corresponding to peptide 5 B) Semipreparative purification 

of 5 showed large number of new impurities. 
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 A new approach wherein each component – bioactivity, NDI and crosslinking 

functionalities – are included into separate peptides and then co-assembled into hydrogels was then 

assessed. These peptides contain the same internal consensus sequence of DK(X)VV-OT4 wherein 

the lysine side chain amine can be modulated with various functionalities (X). Peptides 7 and 8 

have been prepared where peptide 7 is imidated with NDI while 8 contains the fibronectin derived 

bioactive epitope RGD and an acetylated lysine. Both 50% and 10% dilutions of peptide 8 in a 

matrix of peptide 7 show quenched emission upon assembly that is characteristic of the 

photoinduced electron transfer within the NDI-OT4 dyad (Figure 5.7). Furthermore, peptides at 

both 50% and 10% dilution of 8 in 7 qualitatively exhibit gel-like characteristics at 1 wt%, however 

quantification of these properties will need to be established with rheological studies before 

beginning in vitro studies. Furthermore, peptide 9, contains an Alloc protected lysine that could be 
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assembled and diluted in the same manner and cross-linked to increase stability and tune the 

modulus to match that of tissues of interest. 

Figure 5.7: Emission of peptide 8 diluted to 50% and 10% in a solution of peptide 7 under (a) 

basic and (b) acidic conditions. 

 

 

In vivo Stroke Recovery Work 

 

 

          Apart from my efforts to construct complex peptides for an in vitro cell culture platform, I 

have engaged in an ongoing collaboration with the labs of Dr. Stephen Zeiler and Dr. Ryan Felling. 

In this work, we hope to explore our peptide-pi conjugates for the purposes of stroke recovery with 

in vivo mouse models. With these preliminary studies we hoped to confirm that injection of 

dissolved peptide into the high ionic strength biotic environment will trigger assembly of a 

hydrogel directly in the tissue. Furthermore, we hypothesize that injection of peptide into the 
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region of stroke injury will establish the electrical conduits needed and alter the extracellular 

composition to facilitate better long-term recovery of neuronal activity in the stroke cavity. I 

synthesized and characterized peptide 10 which undergoes a blue-shift in absorbance and quench 

in emission upon assembly (Figure 5.8). A 1 mg/mL solution of this material was provided to the 

Zeiler and Felling labs who conducted all in vivo experiments.  

 

Figure 5.8.  The a) UV and b) PL traces for 10 under basic (dashed) and acidic (solid) conditions 

          The solution of peptide 10 was injected into a stroke cavity and imaged following fixation 

with electron microscopy (Figure 5.9). Linear structures with lengths of around 100 nm can be 

observed extending from the injection site (Figure 5.9, white void space) indicating assembly and 

formation of hydrogel in the brain. These structures were not observed elsewhere in the stroke 

cavity indicating there might be an issue with the process of fixation, aggregation of the material 

or its diffusion into the surrounding tissue.  
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Figure 5.9. Representative electron micrograph following injection of 10 into stroke cavity. 

  

          The process of preparing samples for electron microscopy is time consuming and presents a 

challenge as fixation and staining the tissue may create artifacts that interfere with observation. 

While peptide 10 displays a quench in emission upon assembly, residual emission may be used as 

a handle to visualize hydrogel formation in brain slices and dramatically decrease processing time 

with respect to electron microscopy. This process would vastly improve experimental procedure 

as we advance toward behavioral studies. Figure 5.10 shows side-by-side fluorescence imaging of 

the injection sites of hydrogen and saline in stroke and non-stroke brains. In general, no discernable 

difference is observed between the two groups due to convolution from tissue autofluorescence 
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(which coincides with the GFP emission wavelength) that is often observed in CNS damage even 

from the needle wound itself.  

 

Figure 5.10. Tissue auto fluorescence convolutes hydrogel imaging in stroke and non-stroke 

brains. 

 

As such we worked to prepare a peptide conjugate that could carry a fluorophore with distinct 

emission from this auto fluorescence. I prepared peptide 11 through acylation of a lysine side chain 

with Cy5 who’s emission falls at 662 nm, well out of the range of the CNS autofluorescence. 

Figure 5.11a shows fluorescence images of a brain slice containing two injection sites, one of 

saline and one of hydrogel. As observed with peptide 10 there is little difference between the 

fluorescence imaging in the GFP channel, however, when imaged in the Cy-5 channel we see a 

clear fluorescence signal representing hydrogel formation in the tissue. Figure 5.11b shows several 

slices of two different stroke brains confirming the presence of hydrogel deep within the stroke 
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tissue. Peptide 11 is therefore a promising platform to begin animal trials to assess the ability of 

these unique hydrogels to aid in stroke recovery. Furthermore, the hydrogel platform developed 

with electronic, mechanical, and bioactive compatible properties will be an interesting next step 

for examining these peptide-pi conjugates in CNS wound healing and stroke recovery. 

 

 

 

 

Figure 5.11. Fluorescence images of a) brain slice with saline and hydrogel injections and b) 

several slices of two brains with hydrogel visualized at the stroke site by monitoring the cy-5 

channel. 
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Conclusion 

          Peptide nanomaterials appended with pi-conjugated electronic units represent a powerful 

class of biomaterials well suited for tissue engineering or biosensing applications. The impaired 

ability of the CNS to recover after nerve injury and its propensity for glial scarring provides 

motivation for new strategies in cell therapies. External cues that direct stem cells toward neuronal 

lineages in vitro have been well documented, for example, the presence of external electric fields, 

the mechanical stiffness of the extracellular space and the presence of specific bioactive peptide 

cues present on the extracellular matrix, all of which should be tailored to match the environment 

of the native tissue. As such, after a series of successes and failures, a peptide-pi-peptide platform 

was produced wherein a peptide containing OT4-NDI capable of producing transient electric fields 

in aqueous media photonically and a bioactive epitope bearing peptide can be co-assembled. 

Likewise, the addition of an Alloc containing peptide could be incorporated to tune the mechanical 

properties of a tri-component hydrogel. The preliminary results for use of a pi-core bearing peptide 

in an in vivo mouse model were also presented. Electron microscope data demonstrate the 

formation of hydrogel in the stroke cavity, and addition of a far-red chromophore to the peptide 

allow for imaging of the gel by way fluorescence microscopy bypassing convolution from 

endogenous fluorescence. With this multi-component hydrogel platformed established and 

conformation of hydrogel formation in vivo, cell culture studies and behavioral studies respectively 

will be a promising next step to assess these materials towards this needed area of research. 

 

Experimental 

General Considerations.  Reactions were carried out in flame-dried glassware under nitrogen 

atmosphere. Non-aqueous solvents were dried over molecular sieves and degassed by sparging 
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with nitrogen for a minimum of 15 minutes. Tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) 

was obtained from Strem Chemicals. Chemicals used in solid phase peptide synthesis (Wang resin, 

9-fluorenylmethyloxycarbonyl (Fmoc) protected amino acids, 2-(1H-benzotriazol-1-yl)-1,1,3,3- 

tetramethyluronium hexafluorophosphate (HBTU), benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and N-methylpyrrolidone (NMP)) 

were acquired from Advanced Chem. Tech., N,N- Diisopropylethylamine (DIPEA) was purchased 

from Fisher, and dried over 4Å molecular sieves before use. The synthesis of N-propyl-1,4,5,8-

naphthalenetetracarboxylic acid monoanhydride and n-Bu-NDI-β-alanine were carried out 

according to literature precedent.1726All other chemicals were provided by Sigma-Aldrich or Fisher 

and used as they were received unless otherwise noted.  

 

General Fmoc-Based Peptide Synthesis: Oligopeptide segments were synthesized via standard 

Fmoc-based solid phase peptide synthesis starting with the first Fmoc-amino acid preloaded onto 

Wang resin solid supports. The resin was swelled in dichloromethane (DCM) followed by 

deprotection of the Fmoc protecting group carried out in a solution of 20% v/v piperidine in N,N-

dimethylformamide (DMF) for 2×10 min. The resin was washed with 3×NMP, 1×methanol 

(MeOH) followed by 3×DCM and swelled in DCM for 10 min. For all standard amino acid 

couplings (and the addition of n-Bu-NDI-β-alanine), a solution of 3 equivalents of the succeeding 

Fmoc protected amino acid, 2.9 equivalents of HBTU was prepared in 10 mL of NMP and 

sonicated to dissolve, followed by 10 equivalents of DIPEA and mixed for one min.  The resin 

was drained of DCM, the activated amino acid was added to the chamber, and mixed for a 

minimum of 1 hour. The resin was then drained and rinsed with 3×NMP, 1×MeOH followed by 

3×DCM, swelled in DCM for 10 minutes and the process repeated starting with Fmoc deprotection 
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for each sequential amino acid in the sequence. The success of each coupling step was monitored 

by performing a Kaiser test. 

 

N-terminus-acylation, and on-resin Stille coupling procedure: Peptides were acylated with 5- 

bromothiophene-2-carboxylic acid and subjected to Stille cross-coupling conditions in the 

presence of 5,5’-bis-tributylstannyl-[2,2’]-bithiophene as previously described.27 

 

General Lys(Mtt) deprotection and Imidation Procedure: The resin bound peptide bearing 

Lys(Mtt) was deprotected in a solution of 93:5:2 DCM:Trifluoroacetic Acid (TFA): 

Triisopropylsilane (TIPS) for 15 min (x2). The resin was drained and washed with 3×DCM, 

3×NMP, 3×DMF, 3×95:5 DMF:DIPEA, 3×DMF, 3×NMP, 3×DCM. The resin was then dried 

and added to a Schlenk tube with N-propyl-1,4,5,8-naphthalenetetracarboxylic acid 

monoanhydride, a stir bar, and then fit with a reflux condenser. Following atmosphere exchange, 

10 mL of dry, degassed DMF was added and the mixture was heated to 50°C for 1 hr, with 

continuous bubbling of N2. Then suspension was then heated to 110°C for 22 hours. After cooling, 

the resin was transferred to a peptide chamber and washed (3×NMP, 3×DMF, 2×iPrOH, 2×H2O, 

2×acetonitrile, 2×diethylether, 2×hexanes).  

 

 

General peptide cleavage and work-up: Following solid-phase synthesis the peptide was 

cleaved by mixing the resin in a 2.5:2.5:95 Water:TIPS:TFA cocktail for three hours. The solution 

was collected from the chamber, concentrated under vacuum, and triturated in cold diethylether. 

The suspended product was centrifuged to isolate and lyophilized. The lyophilized product was 
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HPLC purified. Specific experimental procedures and molecular characterization data for each 

molecule synthesized can be found in the supporting information. 

 

Electrospray Ionization Mass Spectrometry (ESI-MS): ESI signatures were samples using a 

Thermo Finnigan LCQ Deca Ion Trap Mass Spectrometer operating in negative mode. Samples 

were prepared in a 1:1 MeOH:water solution with 0.1% ammonium hydroxide. 

 

UV-Vis and Photoluminescence: UV-Vis spectra were acquired using a Varian Cary 50 Bio UV- 

Vis spectrophotometer. Photoluminescence spectra were taken on a PTi Photon Technology 

International Fluorometer equipped with a Ushio Xenon short arc lamp. Spectroscopic samples of 

homo assemblies were prepared at ca. 3 µM in Millipore water with a final volume of 3100 μL. 

For co-assemblies, the appropriate volume of stock solutions were both added to 3000 μL of Milli-

Q water and the remaining volume was added to dilute to 3100 μL and final concentration of ca. 

3 μM for both peptides. The pH was adjusted by adding either 1M KOH, 1M HCl or 10 mg/mL 

GdL. HCl samples were measured immediately upon addition of acid while GdL samples were 

measured at approximately 24 hours after GdL addition.  

 

Reverse-Phase HPLC:  Peptides were purified by reverse-phase HPLC on a Varian PrepStar SD-

1 system equipped with a Phenomenex, Luna, 5 μm particle diameter silica support functionalized 

with TMS terminated C8. An aqueous 0.1% ammonium formate buffer (pH 8):acetonitrile gradient 

was used as mobile phase. 
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Transmission Electron Microscopy (TEM): Imaging was performed on a FEI TECNAI 12 

TWIN transmission electron microscope equipped with an SIS Megaview III CCD digital camera. 

The samples were prepared in two ways. The first was by pipetting a drop of 1 mg/mL solution of 

assembled peptide in water onto ionized 200 mesh Formvar coated copper grids and incubated for 

5 minutes at 25°C. Excess solution was removed by floating the grid in a drop of water. The sample 

was then stained with a 2% uranyl acetate solution, washed by dipping in water, and excess 

moisture was wicked off by dabbing the grid on filter paper. For peptides 4-7, superior imaging 

contrast was observed through another sample preparation method where 10μL of a 1 mg/mL 

solution of assembled peptide was allowed to sit on the grid for one minute. Excess solution was 

wicked away by dabbing the grid on filter paper. 10 μL of 2% uranyl acetate solution was allowed 

to sit on the grid for 30 seconds and then wicked away on filter paper. In both methods, the grids 

were allowed to dry completely in air before imaging. 
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Chapter 2 

 

 

 

Figure A2.1. Peptide library was synthesized by standard solid-phase peptide synthesis adapted 

with an on-resin carboxylic acid activation procedure. 
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Figure A2.2: Transmission electron micrographs of basic-to-acidic processing of peptides (a) 4-

C8 (b) 5-C8 (c) 4-C16 (d) 5-C16 (e) 7-C8 and (f) 7-C16 show random aggregates. 
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Figure A2.3. Transmission electron micrograph of (a) 1 and (b) 3 in basic-to-acidic assemblies 

and (c) 2 and (d) 3 in neutral-to-acidic assemblies. 
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Figure A2.4. Representative transmission electron micrograph of (a) 4-C16 dissolved in buffer 

pH 7 after sonication, thermal annealing, and equilibration at room temperature for two weeks and 
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5-C16 dissolved in (b) pH 7.0 and (c) 8.6 buffers, sonicated, thermally annealed for 24 hours and 

equilibrated at room temperature for two weeks. 

 

 

Figure A2.5. UV-Vis (left panels, solid) and photoluminescence (left panels, dashed), and CD 

(right panels) spectra for (a,b) 4-C8 (c,d) 5-C8 (e,f) in basic (grey), acidic (black), 30 minutes after 

acidification (red) and in thermally annealed samples pH 7 (green). 
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Figure A2.6. UV-Vis (left panels, solid lines), photoluminescence (left panels, dashed lines), 

and CD (right panels) spectra for 4-C16 (a,b) and 5-C16 in pH 8.6 buffer 16 hours (green 

traces), 24 hours (orange traces) and two weeks (purple traces) after thermal annealing. 
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Synthesis Details and Molecular Characterization Data: 

 

 

HO-DDVA-OT4-AVDD-OH (1): Solid supported Wang-DDVA-NH2 peptide (0.2 mmol) was N-

acylated with 5-bromothiophene-2-carboxylic acid and subjected to the standard Stille coupling 

procedure in the presence of 5,5’-bis- tributylstannyl-[2,2’]-bithiophene (0.1 mmol, 0.07 g) and 

Pd(PPh3)4 (0.008 mmol, 0.009 g). Following general cleavage, work-up, and HPLC purification, 

the peptide was obtained as a light orange powder (0.017 mmol, 9%). DATA UV-Vis (H2O) λ/nm 

(pH 10): 420. MS (ESI) m/z 1217.0 (M-1H) (calc. 1217.3), m/z 608.3 (M-2H)/2 (calc. 608.7). 

 

HO-DDDD-OT4-AVAV-OH (2): Solid supported Wang-DDDD-NH2 peptide (0.2 mmol) was N-

acylated with [2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid and then subjected to the 

on-resin activation procedure. A solution of HO-VAVA-NH2 (0.4 mmol) was prepared and added 

to the resin and mixed for 16 hours. Following general cleavage, work-up, and HPLC purification, 

the peptide was obtained as a light orange powder (0.007 mmol, 3%). DATA UV-Vis (H2O) λ/nm 

(pH 10): 420. MS (ESI) m/z 1217.4 (M-1H) (calc. 1217.3), m/z 608.5 (M-2H)/2 (calc. 608.0), m/z 

405.1 (M- 3H)/3 (calc. 405.0). 



161 
 

 

HO-DDDD-VAVA-OT4-OH (3): Solid supported Wang-DDDD-NH2 peptide (0.2 mmol) was N-

acylated with HO-VAVA-NHFmoc (0.4 mmol). The terminal Fmoc was deprotected and capped 

with [2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid. Following general cleavage, work-

up, and HPLC purification, the peptide was obtained as a light orange powder (0.016 mmol, 8%). 

DATA UV-Vis (H2O) λ/nm (pH 10): 417. MS (ESI) m/z 1217.1 (M-1H) (calc. 1217.3), m/z 608.5 

(M-2H)/2 (calc. 608.0). 

 

HO-DDDD-OT4-AVAV-C8 (4-C8): Solid supported Wang-DDDD-NH2 peptide (0.2 mmol) was 

N-acylated with [2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid  and subjected to the on-

resin activation procedure. A solution of HO-VAVA-NH2 (0.4 mmol) was prepared and added to 

the resin and mixed for 16 hours. The terminal carboxylic acid was again subjected to the on-resin 

activation procedure. A solution of octylamine (0.6 mmol, 0.10 mL) in NMP was added and stirred 

for 16 hours.  Following general cleavage, work-up, and HPLC purification, the peptide was 

obtained as a light orange powder (0.002 mmol, 1%). DATA UV-Vis (H2O) λ/nm (pH 10): 413. 

MS (ESI) m/z 1328.3 (M-1H) (calc. 1328.4), m/z 664.3 (M-2H)/2 (calc. 663.7), m/z 442.9 (M-

3H)/3 (calc. 442.1). 
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HO-DDDD-OT4-AVAV-C16 (4-16): Solid supported Wang-DDDD-NH2 (0.2 mmol) peptide 

was N-acylated with [2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid and subjected to the 

on-resin activation procedure. A solution of HO-VAVA-NH2 (0.4 mmol) was prepared and added 

to the resin and mixed for 16 hours. The terminal carboxylic acid was again subjected to the on-

resin activation procedure. A solution of hexadecylamine (0.6 mmol, 0.14 mL) in NMP was added 

and stirred for 16 hours.  Following general cleavage, work-up, and HPLC purification, the peptide 

was obtained as a light orange powder (0.002 mmol, 1%). DATA UV-Vis (H2O) λ/nm (pH 10): 

420. MS (ESI) m/z 1440.5 (M-1H) (calc. 1440.5), m/z 720.6 (M-2H)/2 (calc. 719.7), m/z 480.3 

(M-3H)/3 (calc. 479.5). 

 

HO-DDDD-VAVA-OT4-C8 (5-C8): Solid supported Wang-DDDD-NH2 (0.2 mmol) peptide was 

N-acylated with HO-VAVA-NHFmoc (0.4 mmol). The terminal Fmoc was deprotected and 

capped with [2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid and subjected to the on-

resin activation procedure. A solution of octylamine (0.6 mmol, 0.10 mL) in NMP was prepared 

and added to the resin and mixed for 16 hours. Following general cleavage, work-up, and HPLC 

purification, the peptide was obtained as a light orange powder (0.004 mmol, 2%). DATA UV-Vis 

(H2O) λ/nm (pH 10): 417. MS (ESI) m/z 1328.2 (M-1H) (calc. 1238.4), m/z 663.7 (M-2H)/2 (calc. 

663.7). 
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HO-DDDD-VAVA-OT4-16 (5-C16): Solid supported Wang-DDDD-NH2 peptide (0.2 mmol) 

was N-acylated with HO-VAVA-NHFmoc (0.4 mmol). The terminal Fmoc was deprotected and 

capped with [2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-dicarboxylic acid and subjected to the on-

resin activation procedure. A solution of hexadecylamine (0.6 mmol, 0.14 mL) in NMP was 

prepared and added to the resin and mixed for 16 hours. Following general cleavage, work-up, and 

HPLC purification, the peptide was obtained as a light orange powder (0.001 mmol, 1%). UV-Vis 

(H2O) λ/nm (pH 10): 402. MS (ESI) m/z 1440.31 (M-1H) (calc. 1440.5), m/z 720.45 (M-2H)/2 

(calc. 719.7). 
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ESI Mass Spectra: 

 

Figure A2.7. ESI spectrum of HO-DDVA-OT4-AVDD-OH peptide (1). MS (ESI) m/z 1217.0 

(M-1H) (calc. 1217.3), m/z 608.3 (M-2H)/2 (calc. 608.7).  
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Figure A2.8. ESI spectrum of HO-DDDD-OT4-AVAV-OH peptide (2). MS (ESI) m/z 1217.4 

(M-1H) (calc. 1217.3), m/z 608.5 (M-2H)/2 (calc. 608.0), m/z 405.1 (M- 3H)/3 (calc. 405.0).  
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Figure A2.9. ESI spectrum of HO-DDDD-VAVA-OT4-OH peptide (3). MS (ESI) m/z 1217.1 

(M-1H) (calc. 1217.3), m/z 608.5 (M-2H)/2 (calc. 608.0). 
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Figure A2.10. ESI spectrum of HO-DDDD-OT4-AVAV-C8 peptide (4-C8). MS (ESI) m/z 1328.3 

(M-1H) (calc. 1328.4), m/z 664.3 (M-2H)/2 (calc. 663.7), m/z 442.9 (M-3H)/3 (calc. 442.1). 
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Figure A2.11. ESI spectrum of HO-DDDD-OT4-AVAV-C16 peptide (4-C16). MS (ESI) m/z 

1440.5 (M-1H) (calc. 1440.5), m/z 720.6 (M-2H)/2 (calc. 719.7), m/z 480.3 (M-3H)/3 (calc. 

479.5). 
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Figure A2.12. ESI spectrum of HO-DDDD-VAVA-OT4-C8 peptide (5-C8). MS (ESI) m/z 1328.2 

(M-1H) (calc. 1238.4), m/z 663.7 (M-2H)/2 (calc. 663.7). 
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Figure A2.13. ESI spectrum of HO-DDDD-VAVA-OT4-C16 peptide (5-C16). MS (ESI) m/z 

1440.31 (M-1H) (calc. 1440.5), m/z 720.45 (M-2H)/2 (calc. 719.7). 

 

 

 

HPLC Traces of Purified Peptides 

 

 

Figure A2.14: Analytical HPLC trace of purified HO-DDVA-OT4-AVDD-OH peptide (1). 

Traces monitoring 260 nm (top) and 420 nm (bottom). Method: Linear gradient of 10%-50% 

acetonitrile/buffer over 25 minutes, then linear gradient of 50%-10% over 5 minutes. 
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Figure A2.15. Analytical HPLC trace of purified HO-DDDD-OT4-AVAV-OH peptide (2). Traces 

monitoring 260 nm (top) and 420 nm (bottom). Method: Linear gradient of 10%-50% 

acetonitrile/buffer over 25 minutes, then linear gradient of 50%-10% over 5 minutes. 
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Figure A2.16. Analytical HPLC trace of purified HO-DDDD-VAVA-OT4-OH peptide (3). Traces 

monitoring 260 nm (top) and 420 nm (bottom). Method: Linear gradient of 10%-50% 

acetonitrile/buffer over 25 minutes, then linear gradient of 50%-10% over 5 minutes. 

 

 

Figure A2.17. Analytical HPLC trace of purified HO-DDDD-OT4-AVAV-C8 peptide (4-C8). 

Traces monitoring 260 nm (top) and 420 nm (bottom). Method: Linear gradient of 20%-60% 

acetonitrile/buffer over 25 minutes, then linear gradient of 60%-20% over 5 minutes. 
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Figure A2.18. Analytical HPLC trace of purified HO-DDDD-OT4-AVAV-C16 peptide (4-C16). 

Traces monitoring 260 nm (top) and 420 nm (bottom). Method: Linear gradient of 30%-70% 

acetonitrile/buffer over 25 minutes, then linear gradient of 70%-30% over 5 minutes. 
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Figure A2.19. Analytical HPLC trace of purified HO-DDDD-VAVA-OT4-C8 peptide (5-C8). 

Traces monitoring 260 nm (top) and 420 nm (bottom). Method: Linear gradient of 20%-60% 

acetonitrile/buffer over 25 minutes, then linear gradient of 60%-20% over 5 minutes. 

 

Figure A2.20. Analytical HPLC trace of purified HO-DDDD-VAVA-OT4-C16 peptide (5-C16). 

Traces monitoring 260 nm (top) and 420 nm (bottom). Method: Linear gradient of 30%-70% 

acetonitrile/buffer over 25 minutes, then linear gradient of 70%-30% over 5 minutes 
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Figure A2.21: Distinct regimes of chemical character guide the assembly process and 

morphological outcomes in the current peptide library. 
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Figure A2.22: Assembly conditions and morphological outcomes for the 4-C16 and 5-C16 

peptides. 
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Chapter 3 

 

Figure A3.1. UV-vis absorbance (left) and PL (right) spectra for 1 (black), 2 (blue traces), and 3 

(yellow traces) under basic conditions. 

 

Figure A3.2. Emission spectra from a) 1 b) 2 and c) 3 when excited 350 nm (green traces) and 

480 nm (black traces). 
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Figure A3.3. UV-vis absorbance (a,b) and PL (c,d) spectra for 2 (blue traces), 3 (yellow traces), 

and 4 (grey traces) under basic(a,c) and acidic (b,d) conditions. 
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Figure A3.4. UV-vis absorbance profiles for 1:1 co-assemblies of a) 4 and 2 and b) 4 and 3 

when assembled by HCl addition (black traces), when separately assembled and then mixed 

(yellow traces) and GdL hydrolysis (blue traces)  

 

EAA-OT4Br4 (1): Solid supported Wang-EAA-NH2 peptide (0.2 mmol) was terminally Fmoc 

deprotected, capped with 3,4,5-tribromothiophene-2-carboxylic acid, and subjected to the standard 

Stille coupling procedure in the presence of 5,5’-bis- tributylstannyl-[2,2’]-bithiophene (0.1 mmol, 

0.07 g) and Pd(PPh3)4 (0.008 mmol, 0.009 g). Following general cleavage, work-up, and HPLC 

purification, the peptide was obtained as a light orange powder (0.012 mmol, 6%). DATA UV-Vis 

(H2O) λ/nm (pH 10): 417. MS (ESI) m/z 1275.17 (M-1H) (calc. 1275.82), m/z 637.15 (M-2H)/2 

(calc. 637.41), m/z 1912.44 (3*M-2)/2) (calc. 1912.75).

 

AAA-OT4 (2): Solid supported Wang-AAA-NH2 peptide (0.2 mmol) was terminally Fmoc 

deprotected, capped with 5- bromothiophene-2-carboxylic acid, and subjected to the standard Stille 

coupling procedure in the presence of 5,5’-bis- tributylstannyl-[2,2’]-bithiophene (0.1 mmol, 0.07 

g) and Pd(PPh3)4 (0.008 mmol, 0.009 g). Following general cleavage, work-up, and HPLC 

purification, the peptide was obtained as a light orange powder (0.023 mmol, 11.5%). DATA UV-

Vis (H2O) λ/nm (pH 10): 418 nm. MS (ESI) m/z 843.21 (M-1H) (calc. 843.99), m/z 421.29 (M-
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2H)/2 (calc. 421.50), m/z 1266.30 (3*M-2)/2) (calc. 1266.49), 1688.21 (4*M-2)/2) (calc. 1688.98).

 

EAEAA-OT4 (3): Solid supported Wang-EAEAA-NH2 peptide (0.2 mmol) was terminally Fmoc 

deprotected, capped with 5- bromothiophene-2-carboxylic acid, and subjected to the standard Stille 

coupling procedure in the presence of 5,5’-bis- tributylstannyl-[2,2’]-bithiophene (0.1 mmol, 0.07 

g) and Pd(PPh3)4 (0.008 mmol, 0.009 g). Following general cleavage, work-up, and HPLC 

purification, the peptide was obtained as a light orange powder (0.026 mmol, 13%). DATA UV-

Vis (H2O) λ/nm (pH 10): 417 nm. MS (ESI) m/z 1360.31 (M-1H) (calc. 1360.45), m/z 679.70 (M-

2H)/2 (calc. 679.23).

 

EAA-OPV3 (4): 0.022 g (0.06 mmol) of OPV3-diacid and 0.062 g (0.12 mmol) of PyBOP was 

dissolved in 10 mL of 2:1 NMP:DCM solution, after which 0.35 mL of DIPEA was gradually 

added then mixed for 1 min. This solution was added to solid supported Wang-EAA-NH2 (0.2 

mmol) peptide in a peptide chamber and mixed for 12 hours. The resin was drained and rinsed 

with coupling solvent.  0.014 g (0.04 mmol) of OPV3-diacid and 0.041 g (0.08 mmol) of PyBOP 

was dissolved in 10 mL of 2:1 NMP:DCM solution, after which 0.35 mL of DIPEA was gradually 

added then mixed for 1 min. This solution was added to the resin and mixed for another 12 hours. 
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The resin was drained and washed once with coupling solvent. A solution of 0.062 g (0.12mmol) 

of PyBOP was dissolved in 10 mL of 2:1 NMP:DCM solution, after which 0.35 mL of DIPEA 

was gradually added and mixed for 1 min. This solution was added to the peptide chamber and 

mixed for 12 hours. The peptide chamber was drained and washed 3 x NMP, 1 x MeOH, 3 x DCM. 

Following general cleavage, work-up, and HPLC purification, the peptide was obtained as a light-

yellow powder (0.004 mmol, 2%). DATA UV-Vis (H2O) λ/nm (pH 10): 350 nm. MS (ESI) m/z 

1328.2 (M-1H) (calc. 1238.4), m/z 663.7 (M-2H)/2 (calc. 663.7). 
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ESI Mass Spectra: 

 

Figure A3.5. ESI spectrum of EAA-OT4Br4 peptide (1). MS (ESI) m/z 1275.17 (M-1H) (calc. 

1275.82), m/z 637.15 (M-2H)/2 (calc. 637.41), m/z 1912.44 (3*M-2)/2) (calc. 1912.75). 
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Figure A3.6. ESI spectrum of AAA-OT4 peptide (2). MS (ESI) m/z 843.21 (M-1H) (calc. 843.99), 

m/z 421.29 (M-2H)/2 (calc. 421.50), m/z 1266.30 (3*M-2)/2) (calc. 1266.49), 1688.21 (4*M-2)/2) 

(calc. 1688.98). 
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Figure A3.7. ESI spectrum of AAA-OT4 peptide (3). MS (ESI) m/z 1360.31 (M-1H) (calc. 

1360.45), m/z 679.70 (M-2H)/2 (calc. 679.23). 
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Figure A3.8. ESI spectrum of EAA-OPV3 peptide (4). MS (ESI) m/z 911.24 (M-1H) (calc. 

911.35), m/z 455.39 (M-2H)/2 (calc. 455.18). 
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HPLC Traces of Purified Peptides: 

 

 

Figure A3.9. Analytical HPLC trace of purified EAA-OT4Br4 peptide (1). Traces monitoring at 

420 nm. Method: Linear gradient of 10%-50% acetonitrile/buffer over 25 minutes, then linear 

gradient of 50%-10% over 5 minutes. 

 

Figure A3.10. Analytical HPLC trace of purified AAA-OT4 peptide (2). Traces monitoring 420 

nm. Method: Linear gradient of 10%-50% acetonitrile/buffer over 25 minutes, then linear gradient 

of 50%-10% over 5 minutes. 
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Figure A3.11. Analytical HPLC trace of purified EAEAA-OT4 peptide (3). Traces monitoring 

420 nm. Method: Linear gradient of 10%-50% acetonitrile/buffer over 25 minutes, then linear 

gradient of 50%-10% over 5 minutes. 

 

Figure A3.12. Analytical HPLC trace of purified EAA-OPV3 peptide (4). Traces monitoring 350 

nm. Method: Linear gradient of 10%-50% acetonitrile/buffer over 25 minutes, then linear gradient 

of 50%-10% over 5 minutes. 
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Chapter 4 

 

X-Ray Crystallography Experimental details and Report: 

 

All reflection intensities were measured at 110(2) K using a SuperNova diffractometer (equipped 

with Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under the program CrysAlisPro (Version 

CrysAlisPro 1.171.39.29c, Rigaku OD, 2017). The same program was used to refine the cell 

dimensions and for data reduction. The structure was solved with the program SHELXS-2018/3 

(Sheldrick, 2018) and was refined on F2 with SHELXL-2018/3 (Sheldrick, 2018). Analytical 

numeric absorption correction using a multifaceted crystal model was applied using CrysAlisPro. 

The temperature of the data collection was controlled using the system Cryojet (manufactured by 

Oxford Instruments).  The H atoms were placed at calculated positions (unless otherwise specified) 

using the instructions AFIX 13, AFIX 23 or AFIX 43 with isotropic displacement parameters 

having values 1.2 or 1.5 Ueq of the attached C atoms.  The H atom attached to O2 was found from 

difference Fourier map, and its coordinates were restrained pseudofreely using the DFIX 

instruction in order to keep the O−H bond distance within an acceptable range.  The structure is 

mostly ordered. 

 

The crystal contains a mixture of the fluorinated compound (one F and one H atoms attached to 

C7, major component) and the starting material (2 H atoms attached to C7, minor component).  

The occupancy factor for the major component (i.e., target compound) of the disorder refines to 

0.736(6).   

 



190 
 

The absolute configuration has been established by anomalous-dispersion effects in diffraction 

measurements on the crystal, and the Flack and Hooft parameters refine to 0.00(7) and 0.01(6), 

respectively.  The structure only contains the diastereomer with the R chiral center on C7.   
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Table A4.1. Experimental details of x-ray diffraction 

 xs2158a 

Crystal data 

Chemical formula C17H12.26F0.74NO4 

Mr 308.50 

Crystal system, 

space group 

Monoclinic, P21 

Temperature (K) 110 

a, b, c (Å) 9.70548 (18), 5.50361 (12), 13.0137 (3) 

 (°) 92.9508 (17) 

V (Å3) 694.21 (3) 

Z 2 

Radiation type Cu K  

 (mm-1) 0.95 

Crystal size (mm) 0.40 × 0.12 × 0.02 

 

Data collection 

Diffractometer SuperNova, Dual, Cu at zero, Atlas 

Absorption Analytical  
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correction CrysAlis PRO 1.171.39.29c (Rigaku Oxford Diffraction, 

2017) Analytical numeric absorption correction using a 

multifaceted crystal    model based on 

expressions derived by R.C. Clark & J.S. Reid. (Clark, R. C. 

& Reid, J. S. (1995). Acta Cryst. A51, 887-897) Empirical 

absorption correction using spherical harmonics,  

implemented in SCALE3 ABSPACK scaling algorithm. 

 Tmin, Tmax 0.809, 0.980 

No. of measured, 

independent and 

 observed [I > 

2 (I)] reflections 

8757, 2693, 2618   

Rint 0.023 

(sin / )max (Å-1) 0.616 

 

Refinement 

R[F2 > 2 (F2)], 

wR(F2), S 

0.027, 0.069, 1.06 

No. of reflections 2693 

No. of parameters 213 

No. of restraints 2 
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H-atom treatment H atoms treated by a mixture of independent and constrained 

refinement 

max, min (e Å-

3) 

0.21, -0.14 

Absolute structure Flack x determined using 1134 quotients [(I+)-(I-)]/[(I+)+(I-

)]  (Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-

259). 

Absolute structure 

parameter 

0.00 (7) 

 

Computer programs: CrysAlis PRO 1.171.39.29c (Rigaku OD, 2017), SHELXS2018/3 

(Sheldrick, 2018), SHELXL2018/3 (Sheldrick, 2018), SHELXTL v6.10 (Sheldrick, 2008). 
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Chapter 5 

 

 

 

DK(NDI)VV-OT4 (7): Solid supported Wang-DK(Mtt)DVV-NH2 peptide (0.2 mmol) was 

terminally Fmoc deprotected, capped with 5-bromothiophene-2-carboxylic acid, and subjected to 

the standard Stille coupling procedure in the presence of 5,5’-bis- tributylstannyl-[2,2’]-

bithiophene (0.1 mmol, 0.07 g) and Pd(PPh3)4 (0.008 mmol, 0.009 g). Lysine Mtt protecting groups 

were removed and the resin washed. The resin bound free amine was subjected to imidation 

conditions with N-propyl-1,4,5,8-naphthalenetetracarboxylic. Following general cleavage, work-

up, and HPLC purification, the peptide was obtained as a light orange powder (0.009 mmol, 4.5%). 
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DATA. UV-Vis (H2O) λ/nm (pH 10): 380 nm, 420 nm. MS (ESI) m/z 1275.17 (M-1H) (calc. 

1275.82), m/z 637.15 (M-2H)/2 (calc. 637.41), m/z 1912.44 (3*M-2)/2) (calc. 1912.75). 

 

DGRDK(Ac)VV-OT4 (8): Solid supported Wang-DGRDK(Ac)VV-NH2 peptide (0.2 mmol) was 

terminally Fmoc deprotected, capped with 5-bromothiophene-2-carboxylic acid, and subjected to 

the standard Stille coupling procedure in the presence of 5,5’-bis- tributylstannyl-[2,2’]-

bithiophene (0.1 mmol, 0.07 g) and Pd(PPh3)4 (0.008 mmol, 0.009 g). Following general cleavage, 

work-up, and HPLC purification, the peptide was obtained as a light orange powder (0.007 mmol, 

3.4%). DATA. UV-Vis (H2O) λ/nm (pH 10): 420 nm.MS (ESI) m/z 1275.17 (M-1H) (calc. 

1275.82), m/z 637.15 (M-2H)/2 (calc. 637.41), m/z 1912.44 (3*M-2)/2) (calc. 1912.75). 

 

DVV-OT4 (10): Solid supported Wang-DVV-NH2 peptide (0.2 mmol) was terminally Fmoc 

deprotected, capped with 5-bromothiophene-2-carboxylic acid, and subjected to the standard Stille 

coupling procedure in the presence of 5,5’-bis- tributylstannyl-[2,2’]-bithiophene (0.1 mmol, 0.07 

g) and Pd(PPh3)4 (0.008 mmol, 0.009 g). Following general cleavage, work-up, and HPLC 

purification, the peptide was obtained as a light orange powder (0.023 mmol, 11.5%). DATA. UV-
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Vis (H2O) λ/nm (pH 10): 420 nm. MS (ESI) m/z 1275.17 (M-1H) (calc. 1275.82), m/z 637.15 (M-

2H)/2 (calc. 637.41), m/z 1912.44 (3*M-2)/2) (calc. 1912.75). 

 

 

DK(Cy5)VV-OT4 (11): Solid supported Wang-DK(Mtt)VV-NH2 peptide (0.1 mmol) was 

terminally Fmoc deprotected, capped with 5-bromothiophene-2-carboxylic acid, and subjected to 

the standard Stille coupling procedure in the presence of 5,5’-bis- tributylstannyl-[2,2’]-

bithiophene (0.05 mmol, 0.04 g) and Pd(PPh3)4 (0.004 mmol, 0.005 g). Following general cleavage 

and work-up the free-amine peptide (0.008 mmol, 0.010g) was dissolved in 9 mL of 0.1M sodium 

bicarbonate. Cy5-NHS ester (0.007 mmol, 0.005g) was dissolved in 0.5 mL amine-free DMF. To 

this solution, 4.5 mL of the peptide solution was added and mixed for 4 hr. Following work-up the 

peptide was obtained as a green-blue powder (0.009 mmol, 9%). DATA. UV-Vis (H2O) λ/nm (pH 

10): 427 nm, 624 nm.MS (ESI) m/z 1116.77 (M-2H)/2 (calc. 1116.02). 

ESI Mass Spectra: 
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Figure 

Figure A5.3. ESI spectrum of DK(NDI-n-Bu)VV-OT4 peptide (7). MS (ESI) m/z 1883.15 (M-

1H) (calc. 1883.10), m/z 941.60 (M-2H)/2 (calc. 941.05). 
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Figure 

Figure A5.4. ESI spectrum of DGRDK(Ac)VV-OT4 peptide (8). MS (ESI) m/z 1020.47 (M-2H)/2 

(calc. 1020.15), m/z 1360.70 (M*2-3H)/3 (calc 1360.53). 
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Figure 

Figure A5.5. ESI spectrum of DVV-OT4 peptide (10). MS (ESI) m/z 1043.50 (M-H) (calc. 

1043.27), m/z 521.80 (M-2H)/2 (calc 521.14). 
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Figure A5.6. ESI spectrum of DK(Cy5)VV-OT4 peptide (11). MS (ESI) m/z 1116.77 (M-2H)/2 

(calc. 1116.02). 
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HPLC Traces 

 

 

 

Figure A5.9. Analytical HPLC trace of purified DK(NDI-n-Bu)VV-OT4 peptide (7). Traces 

monitoring at 260 nm (top) and 430 nm (bottom). Method: Linear gradient of 10%-50% 

acetonitrile/buffer over 25 minutes, then linear gradient of 50%-10% over 5 minutes. 
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Figure A5.10. Analytical HPLC trace of purified DGRDK(Ac)VV-OT4 peptide (9). Traces 

monitoring at 260 nm (top) and 420 nm (bottom). Method: Linear gradient of 10%-50% 

acetonitrile/buffer over 25 minutes, then linear gradient of 50%-10% over 5 minutes. 
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Figure A5.11. Analytical HPLC trace of purified DVV-OT4 peptide (10). Traces monitoring at 

260 nm (top) and 420 nm (bottom). Method: Linear gradient of 10%-50% acetonitrile/buffer over 

25 minutes, then linear gradient of 50%-10% over 5 minutes. 

 

Figure A5.11. Analytical HPLC trace of purified DK(Cy5)VV-OT4 peptide (11). Traces 

monitoring at 426 nm (top) and 624 nm (bottom). Method: Linear gradient of 10%-50% 

acetonitrile/buffer over 25 minutes, then linear gradient of 50%-10% over 5 minutes. 
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