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ABSTRACT 

 

Nature ubiquitously utilizes precise chemical arrangement to create and tune 

advanced structures and interactions. Within synthetic and natural scaffolds, this 

arrangement can often be read as a “sequence,” which creates particular functions and/or 

phenotypes. Much research has sought to understand chemical sequences to guide the 

design of molecules and materials for therapeutic benefit. Examples and additional 

background are discussed in Chapter 1. In this work, I have explored a new class of 

sequence-defined polymers called oligothioetheramides (oligoTEAs) described in 

Chapter 2 in search of sequence-structure-function relationships by employing solution-

phase and biophysical characterization. In Chapter 3, we demonstrate the challenging 

solution-phase structural characterization of a flexible sulfonated oligoTEA, utilizing a 

range of techniques including variable temperature pulse field gradient (PFG) NMR, 

double electron−electron resonance (DEER), molecular dynamics (MD) simulations, as 

well as the combination of PFG NMR and DEER within Stokes−Einstein−Sutherland 

diffusion theory. 

 I apply these techniques along with biophysical characterization toward a 

specific class of antibacterial oligoTEAs to evaluate their potential as antibiotics. 

Motivated by the need to new antibiotic development, these oligoTEAs are designed as 



 

 

membrane-targeting AMP mimetics, featuring cationic and hydrophobic groups to 

potently and selectively disrupt bacterial membranes. However, this physical design has 

struggled to guide broad success for AMPs in vivo. Thus, we have investigated 

additional properties for optimization of these antimicrobials. We completed solution-

phase characterization including small- and wide-angle x-ray scattering 

(SAXS/WAXS), as well as fluorescence microscopy and surface plasmon resonance 

(SPR), both with Staphylococcus aureus mimetic membranes. 

In Chapter 4, I have examined the characterization a pair of constitutional 

oligoTEA isomers that show a unique ~ 10-fold difference in antibacterial potency. In 

Chapter 5, I present the characterization of oligoTEAs with different cationic groups 

and with hydrophobic backbone sequences. Across all studies, oligoTEAs direct the 

formation of multimeric lipid aggregates that correlates with biological activity and 

helps establish a framework for the kinetic mechanism of action. Thus, revealing new 

parameters for antimicrobial optimization. Overall, this work highlights the importance 

of sequence definition and biophysical characterization for the design of new 

membrane-targeting antibiotics. 
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Motivation from Nature 

Nature utilizes precise chemical arrangement to create and tune advanced 

structures and interactions. Molecular forces of hydrogen bonding, hydrophobicity, 

electrostatic charge, and many others come together to create all necessary pieces for 

life: sensitive and complex stimuli-response, information management, growth, 

homeostasis, and reproduction. Thus, much work has been devoted to understand the 

chemical “sequence” or molecular basis for the structures that create particular functions 

and/or phenotypes, often including the processes of macromolecular binding and target 

recognition. With these understandings, research continues toward the design of 

molecules or materials to interact with biological systems to provide therapeutic benefit 

and repair diseased states of health.  
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The use of sequence to build structure 

Examples of molecular engineering in Nature are inspiring, motivating the 

development of synthetic scaffolds and training observant scientists to understand and 

speak a natural chemical “language.” Take for example the peptide scaffold. Peptides 

and many other evolutionarily optimized structures frequently utilize hydrogen bonding 

to develop structure and subsequently functional states.1 Hydrogen bonding is a shorter-

range molecular force, limited to specific participating atoms. Peptides make use of the 

hydrogen bonding of their secondary amides in a truly elegant way, where the amino 

acid backbone is the main mode of structural development.  

For peptides, the sequence of amino acids affects the resulting structure (α-helix, 

β-sheet, etc), but the formed structures are robust and somewhat independent of 

sequence to enable tuning of the final functionality of the structure.2 First hypothesized 

by William Astbury in the 1930s and fully described by Linus Pauling, Robert Corey, 

and Herman Branson in 1951,3,4 the α-helix structure was slowly understood to be a 

universal part of protein structure, still allowing a significant range in function. These 

α-helices and similar helical structures (310-helix) are one of the most common 

transmembrane motifs,5,6 enabling signal transduction (e.g., A2A Adenosine receptor,7 

see Figure 1). With a similar sequence to impart basicity and hydrophobicity, the α-

helix also participates as a membrane penetrant (e.g., melittin,8 see Figure 1). However, 

other α-helices are capable of interacting and regulating very hydrophilic structures 

including DNA (e.g., Max transcription factor,9 see Figure 1). All of this demonstrates 

the versatility of peptides as a model sequence-defined material, able to prepare diverse 

structures that predicate function. 
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Figure 1-1: Peptides as model scaffold of sequence-defined material 

The amino acid backbone of peptides naturally forms structures including the α-helix 

to enable a wide variety of functions, which are ultimately defined by the exact sequence. 

(Left) White dotted lines highlight the hydrogen bonding in the peptide backbone of the 

α-helix. Originally sourced from the RCSB Protein Data Bank (ID: 2NRL), with 

attribution to E.R. Schreiter et al., Journal of Biological Chemistry 2007, 282 (27) 

19773-1978010 (Middle left) The alpha helix enables cellular signal transduction in the 

A2A adenosine receptor,7 adapted with permission from V. Jaakola et al., Science 2008, 

322 (5905) 1211-1217. Copyright © 2008 American Association for the Advancement 

of Science (License #4513170763724). (Middle right) The alpha-helix also enables 

transcription regulation in the Max transcription factor,9 adapted with permission from 

P Brownlie et al., Structure 1997, 5 (4) 509-520 Copyright © 1997 Elsevier (License 

#4511421202898). (Right) The alpha-helix also enables stochastic membrane 

disruption,8 Originally sourced from the RCSB Protein Data Bank (ID: 2MLT), with 

attribution to M. Gribskov, L. Wesson, and D. Eisenberg (unpublished work, deposition 

version 1.3, 2011). 

 

Structure: ordered or disordered? 

While structured materials are commonly understood and recognizable, ordered 

molecular conformation is not a prerequisite for function. Indeed, recent understanding 

of intrinsically disordered domains in proteins and peptides has challenged the 

importance of a typical fixed three-dimensional structure (e.g lock-and-key 

mechanism).11 Just under half (~44%) of the human proteome contains intrinsically 
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disordered domains of 30 amino acids or longer, many with no currently understood 

function.12 Of those that are understood, many disordered domains play critical roles in 

protein-protein interactions, substrate-ligand binding, the arrangement of protein 

functional states, and binding to various nucleic acids (DNAs and RNAs). For chemists 

and others focusing on sequence-defined materials, this demonstrates i) the daunting 

challenge to locate and evolve toward functional sequence space, ii) our underestimation 

of dynamic allostery, iii) the functional advantage of transient and induced binding 

fits,13 and iv) Nature’s evolutionary harmony with entropy.12,14,15 Fortunately, the tools 

and lessons in structural biology are available for researchers working and developing 

sequence-defined materials. The techniques and findings can be co-opted to characterize 

disordered materials to enable optimization, track progress toward structured materials, 

and understand the function of disordered materials. Several common methods include 

nuclear magnetic resonance (NMR), small- and/or wide-angle x-ray scattering 

(SAXS/WAXS), pulsed electron paramagnetic resonance (EPR), and molecular 

simulation.16 A brief review of methods is included in Chapter 3 (see Solution-phase 

characterization of flexible macromolecules). Overall, structural biology highlights that 

it should be no surprise that dynamic disorder materials can have distinct functions, but 

with dynamic structures, the development of sequence-structure-function relationships 

can also be challenging.14,17 
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The quest to harness sequence-definition for therapeutic use 

Sequence-definition as a convergence of effort and properties 

With such a precedent set by Nature, scientists have long sought to utilize precise 

chemical arrangement to specifically direct interactions within natural systems. 

Generally speaking, sequence-defined materials can be described from the viewpoint of 

three major fields of chemistries: i) small-molecule chemistry, ii) synthesis of naturally 

existing scaffolds, and iii) polymer synthesis.  

First, small-molecule drug discovery has sought to apply chemistry for the 

development of therapeutics, gathering several lessons along the way for nearly a 

century. Most modern medicines are small-molecules, meaning substantial 

improvements in quality and length of life are owed to their development. While some 

lessons for small-molecules are not as applicable (e.g. Lipinski’s rules),18,19 sequence-

defined materials seek to have similar levels of synthetic diversity and information 

density as small molecules. Moreover, sequence-defined materials can be utilized for 

the delivery or controlled release of small-molecule therapeutics in either a conjugates 

or other biomaterials.20–22 

Second, the reproduction and engineering of naturally-existing scaffolds, often 

called “biologics,” has seen ever-growing attention primarily due to its high degree of 

specificity within biological systems.23 Protein and peptides comprise one of the largest 

classes of biologics, frequently demonstrating a near consistent level of synthetic 

diversity based on the number of available amino acid functionalities. However, even 

for only of α-amino acids, non-natural monomers has expanded synthetic capability well 

beyond the 20 common amino acids to include abiotic, engineered, and/or biosynthetic 
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amino acids.24–26 While the capability of peptide synthesizers continues to grow,27 

protein engineering and expression of bacterial or mammalian cells is usually required 

for the production of very large proteins including monoclonal antibodies or full 

proteins (e.g. insulin).28,29 Overall, these naturally-existing scaffolds provide a 

significant density of chemical and structural information, across a variety of sizes. But 

ultimately, they still are limited in terms of absolute synthetic diversity that small-

molecules or synthetic sequence-defined systems could provide. 

Third, sequence-defined polymers evolved from polymer chemistry make up 

one of the most diverse sets of sequence-defined materials. Precise sequence-definition 

is a natural result of advancements in polymer chemistry, which has always sought to 

combine multiple units or monomers in a polymer.22 Advancements in polymer 

chemistry over the years have focused on precision, especially with regard to their 

dispersity (Ð). Most of all, sequence-defined polymers are not restricted to specific 

chemistries or scaffolds. Thus, polymer chemistry has broadened from step-growth 

methods that provided bulk plastic materials to precise chain-growth polymerizations, 

multi-step polymerizations, and iterative assembly of monomer units. Similar to 

polypeptides, sequence-defined polymers can span a large range of sizes. While ever-

increasing, the traditional chemical and/or structural information density of polymers is 

lower than small-molecules and polypeptides. 

 Together, these three fields paint differing perspectives on the developing field 

of sequence-defined materials for therapeutic use. Generally speaking, they each come 

from differing levels of three core properties of chemical information density, size, and 
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synthetic diversity (Figure 1-2). Thus, one can conclude that an ideal sequence-defined 

scaffold should combine and improve on the standard set by these model materials.  

 
Figure 1-2: Precedent set by three major fields for sequence-defined materials 

Individual efforts in these fields all seek to provide an ideal sequence-defined material 

with varied levels of size (molecular weight), synthetic diversity, and chemical 

information density. 

 

Small-molecule chemistry: The veteran in the background 

Over the past century, small-molecules chemistries have provided the majority 

of therapeutic drug development, realizing unique modes of chemical communication 

within biological systems. The dominance of small-molecule drugs could possibly be 

attributed to their size, ease of characterization and purification, and the evolution of 

synthetic capabilities.30 For example, well before modern-day analytical techniques of 

NMR became common, chemists were still able to unambiguously elucidate the 



 

8 

 

structure of morphine in 1923 and achieve its total synthesis in 1955.31,32 In current day, 

improvements to small-molecule drug discovery continues with high-throughput 

screening and characterization, fragment-based discovery,33 and the advancement of 

structured molecules (e.g. macrocycles).34–37 Even with development of biologics and 

biomaterials, small-molecule drug discovery continues to have a strong outlook and role 

in therapeutic development, especially with the rising aid of automated synthesizers and 

applications of computational design algorithms (e.g., machine learning, artificial 

intelligence).38–40 While important to therapeutic development, small molecules are not 

immediately considered “sequence-defined” materials, due to the fact that their 

structures cannot typically be encoded into a “sequence” of monomer units. However, 

more recent developments in small-molecule drug discovery frequently focus on 

specific targets and interactions similar to the targets of biologics and sequence-defined 

polymers (e.g. RNA,40–42 and protein-protein interactions43). In some ways, small-

molecules represent the spirit behind some of the advancements of sequence-defined 

materials as therapeutics. Thus, researchers should take note of the lessons and 

techniques that can apply toward sequence-defined materials of smaller sizes (e.g. 

oligomers).  

 

Scope of discussion of sequence-defined materials 

The continued understanding of Nature has inspired researchers to produce 

sequence-defined materials at all levels of biomimicry ranging across i) the synthetic 

preparation of natural scaffolds, ii) the non-natural modification of natural scaffolds, iii) 

new biologically inspired scaffolds, iv) the fully synthetic scaffolds designed for the 



 

9 

 

purpose of precise sequence definition, and v) the evolution of polymerization 

techniques toward sequence-control. All of these fields and techniques have co-evolved 

over the years and conscientious researchers would be remiss to take note from each 

significant advance within each field toward the production of large-scale, precisely-

defined, functional materials. 

Herein, this discussion will be primarily focused on sequence-defined polymers 

that can be chemically produced, specifically excluding methods based on biosynthetic 

cell or even cell-free production. Many of these methodologies are promising and seek 

to both expand the chemical diversity of naturally-occurring scaffolds and provide 

scalability. While not discussed here, these methods have been well-reviewed and 

include portions of protein engineering,28,44,45 polyketide synthesis,46 engineered 

ribosomes that can encode aforementioned non-canonical amino acids,47,48 and non-

ribosomal synthases.49  Protein engineering methods are especially notable, providing 

significant therapies over the past few decades. From its beginnings with large peptides 

and recombinant proteins, such as humanized insulin in 1982, protein engineering has 

led the field of biologics. 29,44 Current day advancements in biotechnology of protein 

expression, recombination, and purification truly marked a new era for drug 

development, delivering complex proteins including antibodies, soluble receptors, and 

fusion proteins.28,50 Thus, the discussion will begin with the synthetic production of 

naturally occurring scaffolds; then, move on to the development of other sequence-

defined scaffolds that draw significant biological inspiration; lastly, the discussion will 

conclude with scaffolds that are predominantly focused on pushing the boundary of 

synthetic diversity often derived from polymer chemists. As the production of synthetic 
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sequence-controlled polymers has utilized both one-pot and iterative approaches, a brief 

discussion on supported methods will be presented. 

 

Synthetic production of natural scaffolds 

Nucleic acids 

Arguably, the field of synthetically produced sequence-defined materials started 

with preparation of oligonucleotides. Deoxyribonucleic acid (DNA) is a biopolymer 

assembled with repeating base pair monomers in a sequence (e.g. adenine “A,”) linked 

together in a phosphodiester backbone. Shortly after the structural elucidation of the 

double helix of DNA by Watson and Crick (with data from R Franklin and R Gosling),51 

Michelson and Todd reported in 1955 the (3'->5’)-internucleotidic linkage, which is 

identical to natural DNA.52 Within twenty years, oligonucleotide methods were 

becoming advanced with the phosphoamidite synthesis approach automated in the 

1970s,53 efficient sequencing methods by F. Sanger et al,54 and polymerase chain 

reaction (PCR) demonstrated by R. K. Saiki et al.55 These and many efforts have lead 

to incredible feats including the sequencing of the human genome.56 And in current day, 

the production of oligonucleotides can be accomplished at staggeringly impressive 

lengths and rates, typically ≥100 monomers per day up to thousands of monomers.57 

Such synthetic achievement is likely due to the fact that the monomer units are very 

similar and hydrophobic collapse is not as much of a factor as it is in other syntheses 

(e.g. peptides).58,59 
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Aptamers 

One result of both biosynthetic engineering and the ability to chemically 

synthesize nucleic acids is the sequence-defined scaffold of aptamers. Nucleic acid 

aptamers can achieve affinities on the order of antibodies, made possible by the process 

of their enrichment and also their structural properties.60 Production of nucleic acids 

chemically and biosynthetically is rapid and robust, even allowing for any desired 

chemical modification. Moreover, nucleic acids scaffolds often have high physical 

stability and low immunogenicity. 

The enrichment of apatmers was one of the first methods of molecular evolution 

and is generally referred to as Systematic evolution of ligands by exponential 

enrichment (SELEX)61,62. Briefly, the process begins with a very large library of 

approximate size 4n, where n is the length of the randomized sequence, with constant 

regions on the 5’ or 3’ ends for primers. Then, the library is exposed to the target to 

allow binding interactions. Afterward, the target is isolated by affinity chromatography, 

immunoprecipitation, or paramagnetic beads and the bound nucleic acid is eluted and 

amplified by polymerase chain reaction (PCR) (error-prone) to regenerate the library. 

The selection process can be repeated multiple times with increasing stringency by 

changing the target and/or buffer concentration. One main drawback is that the selection 

method does not have regiospecificity on the target itself. For example, researchers may 

desire to block a specific site on a protein such as an allosteric or enzymatic site, but it 

is very possible for the aptamer to bind in any location on the protein. Thus, additional 

means of selection would need to be coupled to the SELEX process.  
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While quite successful in vitro,63,64 aptamers have struggled to gain similar 

success in vivo, likely due to their physicochemical properties. Aptamers are generally 

physically small and have extensive opportunity for hydrogen bonding. Intramolecular 

hydrogen bonding also causes conformational restriction and further enables tight 

binding to the target. Moreover, aptamers are highly charged due to the use of the 

phosphodiester backbone, which can decrease bioavailability.60  

 

Peptides 

The reproduction of naturally occurring peptides came next with seminal work 

by Merrifield to accomplish amide coupling in the production of a tetrapeptide in 196365 

and Bradykinin in 1964.66 For peptides, the N-terminal amine must be orthogonally 

protected from the C-terminal connection to the solid support to prevent unintentional 

detachment during peptide assembly. Throughout the history of peptide synthesis, a few 

prominent orthogonal chemistries have been used, evolving through several chemistries 

over the years with carbobenzoxy (Cbzo), tert-butyloxycarboxyl (t-Boc), eventually 

fluorenylmethyloxycarbonyl (Fmoc) protecting groups for blocking and deblocking. 

Merrifield originally used the carbobenzoxy (Cbzo) group, susceptible to 10% 

HBr, to protect the N-terminal while the C-terminal was protected by the benzyl ester, 

susceptible to 30% HBr65 or Pd reduction.67  Developed before Merrifield’s seminal 

paper, another popular method was N-terminal protection with the tert-

butyloxycarbonyl (t-Boc) group that can undergo orthogonal deprotection with 

trifluoroacetic acid (TFA). Together, these developments allowed orthogonal use of t-

Boc and the benzyl ester for the synthesis of many peptides.67 Despite its success with 
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some active enzymes, growth factors, and small proteins, the t-Boc/benzyl ester 

protection strategy required repetitive acidolysis, meaning acid-sensitive amino acids 

could not be used.68 Subsequent development of the fluorenylmethyloxycarbonyl 

(Fmoc) protection strategy for the N-terminal amine allowed complete orthogonal 

deprotection under mildly basic conditions, meaning the acid-labile t-Boc could be used 

for side-chain protection and C-terminal support coupling.68,69 Ultimately, this high 

degree of orthogonality between the Fmoc and t-Boc groups led to important synthetic 

improvements in the field of peptide synthesis and is commonly used today.58,59,68 In 

current day, peptides have been widely-adopted by scientists as an excellent sequence-

defined scaffold to pursue therapeutic development. As a natural material, peptides have 

expanded rapidly with over 60 FDA approved peptide therapies and 155 in clinical trial 

as of 2018.70–72  

 

Shortcomings of peptides 

Though wide-adopted, peptides delivered systemically in vivo often suffer from 

several naturally occurring processes including natural posttranslational modifications 

and immune recognition. There are several potential post-translational modifications 

peptides can experience including asparagine deamidation, isomerization (Asp), 

oxidation (Met, Trp, and Cys), and notably degradation (chemical or proteolytic), all of 

which can impact the stability and development of a potentially therapeutic peptide.73  

Proteolytic degradation is a natural post-translational modification of endogenous 

proteins, causing structural and also functional changes to target sequences. While a 

natural pathway of protein turnover, proteolytic degradation can serve as a regulator 
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and/or activator of biological processes.74 Immunological recognition can occur via 

either an innate (commonly Toll-like receptors75) and/or adaptive response (MHC 

receptors). Both of these biological responses have been well-studied and been utilized 

toward therapeutic uses. Proteolytic degradation has been utilized for several pro-drug 

strategies, drug delivery,76 self-assembly,77 and conjugate linker degradation,78 and 

many more applications.74 Immunological recognition has been reengineered to 

activated the immune system for vaccine development,79,80 One relevant finding for the 

development of antimicrobial / host-defense peptides is a requirement of peptide length 

to activate the adaptive immune response via binding to MHC class II receptors (11-14 

amino acids in length).81  

 

Methods to improve peptide stability 

As a proven class of materials for therapeutic development, researchers have 

sought out to improve upon the weaknesses of peptides, commonly improving stability. 

One simple way to avoid immune recognition is to utilized short peptides, which are not 

large enough to be recognized.81 However, there do not appear to be more broad 

recommendations from literature. To prevent against proteolytic degradation, there are 

a variety of robust methods that can be employed including the use of amino acid 

analogues, non-natrual amino acids,82 C- and/or N-terminal modification, 

macrocyclization,34 stapling,83–85 lipidization, and/or PEGylation.86–88 Use of different 

amino acid analogues is common often swapping natural L- and D-amino acids and 

frequently done, with D-amino acid scanning as a complementary technique to alanine 

scanning.89,90 In addition to stabilizing the peptide and improving half-life, some 



 

15 

 

techniques can stabilize the binding of the peptide into its binding pocket and/or increase 

cellular internalization, as is the case with macrocyclization and peptide stapling.91,92 

 

Sequence-defined polymer scaffolds 

With peptides employed with such success, researchers have sought to improve 

upon the synthetic diversity, chemical information density, and the shortcomings of 

peptides (proteolytic degradation and immune recognition). Thus, a massive amount of 

research has created sequence-defined scaffolds. There are several broad types of 

scaffolds that have been developed that will be briefly reviewed herein. In this section, 

all scaffolds presented are completely sequence-defined, meaning when oligomers or 

polymers are prepared within that scaffold, they consist of the same single molecule and 

not distributions of molecules (e.g. monodisperse). All of these materials are generally 

considered sequence-defined polymers. Generally speaking, sequence-defined 

materials presented herein are in order of their similarity to α-peptides. 

 

Terminology: Classes of sequence-defined polymers 

There are several fields that are not precisely defined within this section 

including peptidomimetics, foldamers, and sequence-defined polymers itself. The field 

of sequence-defined polymers includes sequence-defined oligomers, which can be 

difficult at times to differentiate between small molecules with periodic structure. In a 

historical perspective, the field of sequence-defined polymers has developed through 

improvements to polymer chemistry methods and new completely synthetic strategies 

to achieve absolute macromolecular or molecular definition. This field co-evolved with 
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peptidomimetics, which predominantly has focused on mimicry of peptides, already a 

sequence-defined biopolymer. Peptidomimetics are defined as peptide-like, and thus 

could be chemically or structurally similar to peptides (e.g., helix- or sheet-formation).93 

Also, an explicit requirement of similarity does not appear to be in literature. Lastly, 

foldamers are defined by their quest toward discrete conformational structures, and is 

also broadly defined.94 Foldamers can be produced utilizing peptidomimetics or 

sequence-defined materials that are significantly more synthetic in appearance. 

Frequently, success has been found with backbones that appear completely different 

than the polyamide backbone of peptides, including additional sterically blocking and/or 

hydrogen bonding groups.95,96 At times, both the fields of peptidomimetics and 

foldamers encompass each other. Here, all are considered sequence-defined polymers 

because of their ability to be defined with a chemical “sequence.”  

 

Brief history of polymer chemistry 

While there has been much work surrounding sequence-defined materials 

through biomimicry, sequence-definition has been a long-standing goal of polymer 

chemistry. Moreover, there are sequence-defined scaffolds of note that are not 

particularly suited in the sections above, meaning they were not designed as peptide 

mimetics or with explicit molecular structural designs in mind (e.g., foldamers). In 

contrast, several of these sequence-defined polymers systems were developed to push 

the boundary of synthetic diversity further. However, by the definition set throughout 

this discussion, many would consider all scaffolds presented in this chapter to be 

sequence-defined polymers.  
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At the onset, man-made homopolymers and statistical copolymers were 

incredible materials, establishing a full new commodity of plastics used in nearly every 

industry today. Synthetically produced polymers have historically had less chemical 

density with simpler structures. But, even simple homopolymers or copolymers have 

found incredible utility throughout all aspects of society as materials. This is likely owed 

to the tunable material properties of plastics and for their preparations at scale, far 

beyond those of biological scaffolds even in modern-day.  

Nonetheless, polymer chemists continued to broaden methodologies from step-

growth methods to more advanced methods of precise chain-growth polymerizations, 

multi-step polymerizations, and iterative assembly of multiblock structures.97 This 

progression of methods has been well-reviewed in great detail, including discussions 

around specific types of polymerization methods (e.g., ionic living, radical living, 

etc.).97–99  Today, polymer chemists have pushed the boundary of synthetic diversity, 

across a large range of sizes and chemical densities approaching those seen in biology. 

Even from its beginning, traditional polymers have significant similarities to proteins. 

For example, nylon and peptides are both polyamides, just with different functional 

groups and chemical density.  

Overall, these efforts continue to bridge the gap between proteins and synthetic 

polymers. While ever-increasing, some researchers regard the chemical and/or 

structural information density of these polymers is lower than small-molecules and 

proteins.100 Often, these increases in synthetic diversity and chemical density are 

focused on the development of structured and functional materials. Thus, some contrast 

can be seen in the directions of polymer chemistry with biological understanding. As 
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polymer chemists focus on increasing chemical density and diversity, structured 

macromolecules often result and are valued. Meanwhile structural biologists are now 

more focused on intrinsically disordered protein structures, which are more similar to 

traditional polymers with high degrees of disorder and entropy.  Some researchers have 

called explicitly for this era of polymer chemistry to be described as the development 

of fully synthetic protein-mimetics, with sequence-definition, structure, and function in 

tune.101 Indeed, many applications of advanced sequence-defined materials are 

molecular recognition,102 catalysis, or information storage,103 all which have distinct 

biological solutions utilizing natural sequence-defined biopolymers.99   

 

Bringing sequence to polymers 

In contrast to many of other scaffolds (peptides, peptidomimetics, etc.), polymer 

chemists started the quest for sequence-definition with a significant consideration for 

scalability, rather than biomimicry. After all, polymer chemistry derives its history from 

providing scalable methods as material commodity. Thus, polymer chemists have been 

driven to create scaffolds that provide both sequence-definition and scalability. With 

two core values, a wealth of approaches and method evolved with varying degrees of 

importance placed on each value. These methods differ not only by their chemistry, but 

by their purification, assembly, and supports, beyond the solid-phase supports utilized 

by the majority of the previous scaffolds mentioned. 
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Sequence-controlled vs sequence-defined 

At the onset toward sequence-definition, several researchers have sought and 

still seek polymer preparations with improved sequence control. Current-day research 

achieves varying degrees of exact sequence-definition, often working with “sequence-

controlled” polymer preparations. To be clear, “sequence-controlled” methods do not, 

by definition, have to create monodisperse exact sequence-defined materials, but they 

do demonstrate improved in dispersity and arrangement of the chemical sequence.97,99 

Moreover, sequence-controlled materials demonstrate that in some applications, exact 

sequence-definition may be unnecessary. Successes in this area demonstrates the 

necessity of research at this interface to determine applications where sequence-control 

is sufficient and where exact sequence-definition is necessary. This topic is further 

discussed in the last two sections of this Chapter. 

Sequence-controlled methods frequently utilize one-pot approaches, though not 

exclusively. Some sequence-controlled methods are better classified as iterative as they 

complete the addition of one monomer unit at a time, by either tuning monomer 

reactivity or addition, or by the use of protecting groups. Moreover, some one-pot 

methods do produce exact sequence-defined polymers including those prepared 

utilizing reactive templates. Thus, one-pot approaches are generally employed due to 

their potential for larger-scale preparations, with the primary alternative being iterative 

addition of monomers. Due to their popularity, both methods (one-pot or iterative 

approach) are discussed next, and their degree of sequence-control mentioned for each. 
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One-pot approach 

In the one-pot approach, desired monomer units are precisely added or designed 

to react in a defined order. Several sequence-controlled methods are performed to 

maintain scalability, while enhancing the degree of sequence control in comparison to 

“traditional” polymer preparations aforementioned (e.g. homopolymer, block 

copolymer, etc.). Sequence-controlled one-pot methods make use of several techniques 

including the advancement of radical polymerization by tailoring monomer 

reactivity,104,105 design,106–108 or addition time.109 Tuning of radical polymerization 

methods have been demonstrated to the near-point of exact sequence-definition, with a 

prime example given by near single-monomer addition achieved by tuning atom-

transfer radical polymerization (ATRP)110 Another popular approach polymerizes 

sequence-defined units, producing polymers colloquially termed “segmers.” With 

sequence-defined units, the monomer design focuses on tuning monomer reactivity in 

low-dispersity multiblock schemes.111,112 Other segmer methods perform controlled 

polymerization with sequence-defined monomers,113 such as ring opening metathesis 

(ROMP).107,114   

Though many one-pot approaches produce sequence-controlled polymers, they 

demonstrate exact sequence-definition through the use of templated reactions. The 

design the template encodes the location and order of the monomer reactions.115,116 In 

some cases, this template can be evolved when coupled with a selection method 

(discussed next). One of the most incredible demonstrations utilizing  a pre-defined 

template was performed by the molecular machine.117 
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Scaffolds designed specifically for molecular evolution 

Some templated methods are able to perform molecular evolution beyond just 

the directed the assembly of monomers in sequence-defined materials.99,118 Typically, 

in this case, nucleic acids are utilized as the template in combination with a biosynthetic 

approach to generate a slight degree of randomization.119 Thus, coupled with a selection 

technique and a target (e.g. enzyme, receptor, etc.), a library of sequence-defined 

polymers can be screened and evolved. There are similarities to these methods and the 

SELEX method described earlier. These approaches have been well-reviewed,120 and 

represent an incredible harmony between chemistry and biological processes for the 

development of sequence-defined polymers. 

 

 

Iterative assembly enabled by supports synthesis 

While successful, complex one-pot approaches utilize advanced templates, 

multifunctional monomers, precisely timed methodology, which can limit scalability.121 

And some argue that exact sequence-definition is not possible to achieve with one-pot 

approaches, specifically calling for iterative assembly.100 Iterative approaches 

frequently utilize a support, seen prominently in the production of nucleic acids, 

peptides, and other peptidomimetics. Supported synthesis methods execute iterative 

addition of monomer units to grow a sequence-defined polymer unit by unit. This 

approach is largely attributed to Merrifield for the synthesis of peptides on an 

immobilized solid support.65  
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Synthesis with solid-phase supports 

Since Merrifield’s demonstration in 1963, solid-phase supported synthesis 

methods have become wide-spread. Typically, the solid-phase method is completed 

utilizing an insoluble resin or nanoparticle that can be coupled to an initial monomer 

unit to begin iterative extension of the oligomer or polymer. Reactions add each 

monomer unit, often using excess reagent to achieve quick reaction rates. Then, the solid 

support can be isolated via filtration and washed, before moving on to the next monomer 

unit reaction. Since its development, solid-phase synthesis has had a huge impact, 

leading to the development of modern day- techniques of oligonucleotide synthesis,53,122 

peptide synthesis,58 and peptidomimetics123–126 including peptoids127 and oligomers 

produced from thiolactone aminolysis.128 

However, a solid-phase approach does have drawbacks. Reactions at solid 

interfaces often demonstrate slow kinetics, hence the use of excess reagent. Moreover, 

a solid-phase support localizes all polymers close together, which can enhance the 

possibility of polymer-polymer association or polymer-support association that prevents 

addition of subsequent monomer units. Generally speaking as an example, many 

medium-sized 30–50 amino acid peptides can be synthesized using solid-support 

methods, but some sequences with as short as 10 amino acids experience aggregation 

or collapse, and cannot be prepared using common techniques.58,59 Thus, these 

shortcomings have motivated the use of other supports including liquid-phase, polymer-

supported, and fluorous-phase supports.129  
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Synthesis with liquid-phase supports 

Reactions performed with a liquid-phase support inherently benefit from quick 

solution-phase kinetics without the need for large reagent excesses. Overall, the “liquid-

phase” definition of these supports refers to the elongation of the sequence-defined 

polymer during a liquid-phase reaction. In other words, the purification does not have 

to be performed in the liquid-phase as well, and in fact, selective precipitation of the 

support can also be used as a means for purification. Generally, liquid-phase supports 

have been accomplished utilizing polymers of various types and sizes,130–133 but has also 

more recently been accomplished utilizing fluorous supports.134 Both are discussed 

below. 

First, polymer supports utilizing iterative approaches were developed less than 

ten years after Merrifield’s demonstration, seeking to improve on the drawbacks of 

solid-supports.130 Polymer supported scaffolds could take advantage of liquid-phase 

reaction kinetics, and then be precipitated and filtered for isolation and has been well-

reviewed.135 Other benefits are that polymer-supported scaffolds often have fewer issues 

with solubility since the polymer overwhelms the extended oligomer or polymer. Also, 

liquid-phase reactions also enable a variety of analytical chemistry techniques to 

monitor the reaction.130 Thus, polymer-supports have been successfully used to 

synthesize peptides (1972),131 oligonucleotides,132 oligosaccharides133 and other unique 

polymers including oligomers prepared by the Passerini three-component reaction136 

utilizing precipitation-based purifications. Moreover, “polymer-supported” methods are 

excellent at the elongation of the polymer-support itself, enabling the production of 

monodisperse polyethylene glycol (PEG).137 
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However, as aforementioned, polymer supported methodologies generally 

purify after each reaction by precipitation and filtration. Therefore, the main drawback 

is co-precipitation of either reagents or monomers, which is difficult to predict and 

sequence-dependent.135 In comparison, solid-phase scaffolds are able to perform 

multiple washes with a variety of polar or nonpolar solvents, whereas the solvent choice 

for polymer-supported scaffolds is more limited.129 Aside from precipitation, column 

chromatography has also been utilized, where the polymer support is simply purified 

from free monomer and reagents.130,137 However, the separation of truncated sequences 

would be challenging.129   

Second, fluorous-phase supports take advantage of both liquid-phase reaction 

kinetics and solid-phase characteristics, similar to polymer- and liquid-phase supports. 

Fluorous supports are short perfluorinated alkyl chains (C3-10Fx), often called “fluorous 

tags,” which take advantage of fluorous self-association for purification.134 Historically, 

fluorous-tagged purifications were utilized to isolate small molecules during difficult 

synthetic procedures.134 Originally, fluorous purifications were demonstrated utilizing 

fluorous solvents, which would sequester the fluorous-tagged material from organic 

and/or aqueous (i.e. triphasic extraction).138 Later on, fluorinated solid-phases of silica 

beads were developed allowing smaller scale reactions (<100 mg) to be purified 

efficiently. Termed fluorous solid-phase extraction, FSPE isolates fluorous-tagged 

materials onto the solid-phase in the presence of a fluorophobic solvent that washes 

away other impurities, examples include 70–80% MeOH–H2O, 50–60% CH3CN–H2O, 

or 100% DMSO.134,139 The purified fluorous-tagged material can then be eluted with a 

variety of fluorophilic solvents, often 100% organic. While somewhat apparent, the 
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solvent systems chosen do somewhat correlate with solvent polarity,140 and have even 

been applied to aid regular silica column chromatography.141 Overall, FSPE has been 

widely adopted,134,142 extended to combinatorial methods including 96-well plate143 and 

most recently by A. J. Vegas et al. to microarrays for the discovery of histone 

deacetylase inhibitors.144 

However, as with any purification method, fluorous supports do have some 

drawbacks. Fluorous tags and supports themselves are challenging to synthesize, 

sometimes requiring the use of hydrofluoric acid, but are commercially available.140 

Extraction with fluorous solvents is best applied at medium to large scales (+100 mg), 

with FSPE working well down to small amounts (~10 mg). Specific to FSPE, 

fluorophobic solvent choice is important to prevent breakthrough or pre-mature elution. 

However, strongly fluorophobic solvents can cause clogging of columns. Other issues 

are similar to silica and other solid-phases including finite lifetime of the fluorous solid-

phase and insufficient contact with the solid-phase (i.e. channeling)139 

Nevertheless, fluorous-based supports have been successfully applied to the 

synthesis of sequence-defined polymers and perhaps has been overlooked as a useful 

support until recently. One of the first demonstrations was by Jain and Tour in their 

synthesis of oligo(phenylene-vinylene)s, though very short in length.145 One seminal 

demonstration for fluorous-based supports was made by our lab by M. Porel and C. A. 

Alabi in 2014 for the preparation of oligothioetheramides (oligoTEAs), for oligomer 

lengths as long as 10 monomers prepared in approximately one day.146,147 OligoTEAs 

will be discussed much more in Chapter 2. Afterward, several sequence-defined 
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macromolecules were prepared including oligo(hydroxyproline)s by R. Langer D. G. 

Anderson and colleagues,148 and monodispersed PEGs by Li et al149 

 

Support free iterative assembly 

While supports can be utilized to provide purification handles for iterative 

approaches to sequence-defined polymer synthesis, researchers have also developed 

support-free methods. Frequently, these methods function by monomers with designed 

reactive orthogonality. To be clear, these methods that do not utilize a polymer support, 

but are only required to be in solution. Some have called for a more rigorous re-

definition of the liquid-phase support as the approaches below only need to be 

solubilized into solution (i.e. “supported” by the solvent), whereas the above liquid-

phase supports could be defined explicitly as polymer or fluorous supports.129  

One main method that highlights the potential of support-free methods is the 

strategy of iterative exponential growth (IEG).121 In IEG, a monomer with two 

orthogonally protected groups is split into two batches. The batches are separately 

deprotected or activated under two different conditions, providing each batch a different 

deprotected group. Then, the batches can be mixed together to react together to form 

dimers of the monomer. From there, the process repeats to prepare tetramers, octamers, 

etc. For purification, the IEG approach generally requires simple liquid extraction 

workups during assembly and provides access to gram-scale quantities. However, this 

strategy does rely on the completion of both deprotection and coupling reactions and 

complicates the incorporation of sequence diversity. First reported by M.C. Whiting,150 

and demonstrated at scale by C. J. Hawker,151 significant advances for IEG were made 
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was when it was automated152 and side-chain diversity was introduced by Johnson and 

Jamison.121 

 

 
Figure 1-3: Selected methods and scaffolds from polymer chemistry 

 

 

Peptidomimetics 

Peptidomimetics are defined as sequence-defined polymers that are peptide-

like.93 Multiple properties of α-peptides can be mimicked including chemical 

similarities (e.g. amide backbone, chiral centers) and also structural similarities (e.g. 

helix- or sheet-formation). There have been multiple attempts to classify 

peptidomimetics both based on their chemical similarity (Type I, II, and III)93 and 

degree of structural similarity (Type A, B, C, and D).153 It is not immediately clear when 

a scaffold or material would be classified as only a sequence-defined polymer and not a 

peptidomimetic. It could depend on the chemist’s intention or inspiration, or as 

aforementioned, be defined chemically or structurally. In addition, there are a number 

of scaffolds that have been developed, not always classified by the originators. 
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However, the field of peptidomimetics is very large and consists of some of the most 

well-known sequence-defined polymers that exist today.  

For this section, peptidomimetics will be presented based on their chemical 

similarity to nature’s own α-peptides, specifically the polyamide backbone. This choice 

is predominantly due to the fact that that not all α-peptides are structured as 

aforementioned with intrinsically disordered proteins and peptides.12 Thus, mimicking 

the structural characteristics of α-peptides, which are occasionally disordered, is an 

uncertain goal. Therefore, researchers seeking to mimic structural elements of peptides 

as peptidomimetics should be explicit in the structure they are mimicking. Indeed, 

researchers have embraced specific structural definitions including α-helix mimetics.154 

 The smallest difference one can make to the α-peptide scaffold to generate a 

peptidomimetic is by changing the chirality of the central carbon, as a D-amino acid. As 

a frequent tool for researchers preparing α-peptides,89,90 the inclusion of d-amino acids 

has be considered a peptidomimetic and has been used successfully to generate protease 

resistant ligands.155 And, in one case, researchers were able to generate a fully functional 

enzyme specific to only the substrate enantiomer, demonstrating full protein mirror 

image protein folding.156  

 

Scaffolds with additional methylenes in peptide backbone 

 Another set of popular peptidomimetics including β-peptides,157,158 γ-

peptides,157,159 and even δ-peptides,160 change the backbone structure by adding in a 

methylene or methylenes in the repeat unit. From β to δ, the Greek letter refers to the 

chemical position of the functional group with reference to its unit carbonyl group. Of 

these, the most popular is β-peptides, which is commonly prepared as the β3 version, 
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where the β2 version moves the functional group back α to the carbonyl. β-peptides 

introduce only one methylene and thus one element of disorder into the peptide. 

However, the β-peptide does allow the introduction of a cyclic ring into the peptide 

backbone between the β and α carbons. The addition of a cyclic ring is sterically 

blocking and has been successful in preparing an alpha-helix mimetic from 

aminocyclohexane carboxylic acid (ACHC), and has notably been used by S.H. 

Gellman and N.L. Abbott to begin to understand water ordering at hydrophobic 

interfaces.161,162 Other researchers have taken this further in the case of I.S. 

Radzishevsky et al., who demonstrated robust antibacterial activity with oligo(acyl-

lysines).163  

 
Figure 1-4: Selected scaffolds with methylene additions to the α-peptide backbone 

 

Scaffolds with additions or changes to the amide backbone 

Several scaffolds have made changes to the poly-amide backbone, which is one 

of the main chemical identifiers of α-peptides. First, depsipeptides are α-peptides that 

include ester linkages rather than amide linkages between amino acid units; the 

exclusion of amides is not required.164 Aminoxy acids have been utilized to create 

aminoxy peptides that are prone to forming intramolecular N-O turns within the peptide 

backbone.165,166 Some scaffolds have sought to include larger number of hydrogen 
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bonding groups than α-peptides. Oligosulfonamides are structurally similar to β-

peptides, except the amide of the β-peptide unit is replaced with sulfonamide, which can 

accept a larger number of hydrogen bonds.167 Other scaffolds have included substituted 

urea groups including azapeptides,95,168 which replace one or more of the α-carbon(s) 

with nitrogen. With this urea within the peptide backbone, a variety of chemistries have 

been applied to perform cyclizations and other functionalizations.168 Taking this 

inclusion of ureas further, the scaffolds of oligoureas169,170 and azatides167,171 do not 

include any type of amide. 

 

 
Figure 1-5: Selected scaffolds with nonamide backbones 

 

Peptide nucleic acids (PNAs) 

Peptide nucleic acids (PNAs) could also be considered derivatives of β-peptides, 

with a repeating (2-aminoethyl) glycine backbone, but are significant on their own right 

as combinations of the DNA and peptide scaffolds. The nucleobase is attached to the 

internal amide of the repeating unit, with similar spacing and distance to the DNA 

backbone itself.172 Thus, this elegant sequence-defined system has demonstrated several 

similar functions to DNA itself including hybridization to other complementary DNA, 

RNA, or PNA strands.94,173 
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Figure 1-6: Diagram comparing nucleic acids to PNAs 

 

Peptoids 

Peptoids, or N-substituted glycines, are a broadly popular sequence-defined 

peptidomimetic. In comparison to α-peptides, peptoids feature the functional side chain 

on the amide rather than the central carbon.174,175 The first synthetic attempt to produce 

peptoids was designed to mimic peptide synthesis with Fmoc-protected monomers 

coupled onto a solid-phase support.174 However, this approach required a difficult 

monomer synthesis that could not keep pace with demand.127 The second attempt led to 

the development of the submonomer method,176 which employed two orthogonal 

reactions per monomer addition cycle; acylation followed by SN2 displacement. The 

displacement was achieved with primary amines, allowing the submonomer method to 

benefit from their extensive commercial availability.  

The assembly of peptoids by the submonomer method facilitated the expedient 

and efficient synthesis of peptoids for use in a wide variety of applications including the 

search for structured macromolecules.100,101,127 However, exchanging the hydrogen 

bonding of the secondary amide for a methylene meant that the backbone is no longer 

independent of the functional groups. The functional groups of peptoids are solely 

responsible for any specific molecular structure that develops.100 
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In their design, peptoids have drawn strong inspiration from α-peptides, meaning 

from the onset the search for structural mimetics was on. In particular a helical mimetic 

was investigated first, with computational simulations completed on prospective 

functional groups that could constrain the backbone.100 Within a few years of peptoids 

inception, P Armand et al177 as well as K Kirshenbaum178 et al found computationally 

and experimentally that both phenylethyl groups and napthylene groups were sufficient 

to develop helical structures in solution as observed by circular dichroism and NMR. 

Thus, peptoids were able to have sequences that provided a alpha-helix mimetic. 

Since then, there have been several excellent peptoid structures developed 

through combinatorial and computation research. With an alpha-helix mimetic, a 

functional nanostructure was developed to be able to clamp and chelate zinc with high 

affinity (~1 nM).102 Sequences were also discovered to provide nanotube (~9.3nm in 

diameter) formation from co-block peptoid sequence of decyl and polyethylene oxide 

groups.179 Another important case was the preparation of free-standing peptoid 

nanosheets from also from a combination of two peptoids with alternating sequence of 

benzyl and either amine or carboxylic acid groups.180 The nanosheets were prepared in 

organic solvent with both peptoids present. The charge groups assemble together with 

with hydrophobic benzyl groups facing “outward” from the sheet core. Overall, these 

demonstrations are impressive and the amount of work performed with peptoids is 

convincing. However, the length of time and work put in to generate the alpha-helix 

mimetics (~5 years) and the beta-sheet mimetic (~16 years), highlights the challenge 

peptoids face only use of the functional groups to control their structure. In some 
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reported cases, substitution of these functional groups destabilize the desired 

structure.181  

 
Figure 1-7: Molecular structure of peptoids scaffold 

 

Foldamers 

As aforementioned, foldamers are a broad class of sequence-defined polymer 

that focus on structure forming molecules or macromolecules.95,96 With specific 

structures in mind (e.g., helicies), foldamers could be classified as peptidomimetics or 

vice-a-versa. Some researchers claim all of the scaffolds presented above are foldamers 

because of their abilities to form specific molecular conformations and thus would 

should be considered a broader class.94–96 To this point, there are several foldamer 

scaffolds that do not appear at all similar to peptides; and with little to no similarity to 

peptides, they would not be defined as peptidomimetics. This is commonly due to the 

inclusion of aromatic groups, conjugated bonds, and hydrogen bonding groups.95,96 

 Thus, in this section, a remaining set of scaffolds will be presented that have less 

similarity to peptides than those in the section above. Generally, molecular 

conformation can be secured with hydrogen bonding groups, similar to α-peptides. 

Some foldamers have been considered both foldamers and peptidomimetics include 

oligopyrrolinones and arylamides. Oligopyrrolinones are quite unique in their design 

that derives from the rearrangement of the moieties of β-peptides.167 Their conjugated 

system with an enaminone NH that can stabilize a β-sheet-like intermolecular 
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structure.182  Arylamides have been considered both peptidomimetics and foldamers, 

and accomplish an additional degree of steric hinderance over the cyclic β-peptides 

utilizing an unsaturated benzyl ring rather than a cyclohexane.183,184 From such an 

example, several scaffolds build upon the level of hydrogen bonding available in the 

backbone including oligohydrazides,185 oligoisophthalamides,186 and oligotriazines.187 

Another strategy employed in the pursuit of defined conformational structure is 

the use of steric blocking groups or conjugated bonds to restrict conformational 

freedom. Thus, several scaffolds have been developed including oligo(phenylene-

ethynylenes) (also called oligo(phenylene-acetylenes))188–191 and oligothiophenes.192 

Oligo(phenylene-acetylenes) are incredibly conjugated, but typically difficult to 

synthesize. Due to their degree of conjugation, these systems have found use in other 

fields. Specifically, oligothiophenes have favorable electronic and optical properties for 

semiconductor design.193  

 

 

Figure 1-8: Selected structures of foldamer scaffolds 
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Sequence-defined polymers for information storage   

Sequence-defined polymers find variety of uses, generally at the interface of 

biology, hence the biomimicry, or in materials (next section). However, with the 

concomitant emergence of computer systems as polymer chemistry improved toward 

sequence-definition, information storage has also been an application of interest for 

sequence-defined polymers. For this application, exact sequence-definition is required 

for high fidelity information writing and reading. As presented previously, nucleic acids 

and in particular DNA have been excellent information storage, with significantly 

higher information density of 5.5 petabits/mm3 than any other man-made silicon 

nanostructure (e.g., hard-drive disk).194 Under the right conditions, DNA can be stored 

and re-accessed via sequencing thousands of years later and storage fidelity has been 

measured to be between 99.99% and 100% accurate to original record.195,196 

However, other sequence-defined polymers have also been prepared toward this 

application, with the goal to improve data storage density, stability, as well as synthetic 

assembly and reading by MS/MS. Generally, these systems can be designed with MS-

liable bonds to increase MS/MS efficient fragmentation to enable sensitive access to the 

stored information. The design can also incorporate either binary or higher order modes 

of information storage. One advantage within these systems is that the data system (e.g., 

binary) defines the number of monomer units utilized, providing opportunity for 

optimized syntheses with relatively simple functional units that can be decoded by mass 

spectrometry (e.g., methyl group).103,197 
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Sequence for bulk polymer materials 

While paramount in biology and a goal of polymer chemistry, the extent of the 

importance of sequence-definition in bulk materials is currently being debated. There is 

an overwhelming amount of evidence within biology concerning the importance of 

sequence-definition. But, as aforementioned, common-day polymeric materials are 

typically prepared with little to no sequence-definition, questioning its importance and 

utility in designer bulk materials. Thus, polymer chemists have recently set out toward 

to determine both the extent of the impact of sequence on physical and chemical 

properties of bulk materials. Currently, there are a few demonstrations. In 2017, T. Y. 

Meyer et al. have demonstrated that the sequence of poly(lactic-co-glycolic acid)s 

(PLGA) was the primary factor in their swelling behavior and hydrolytic degradation 

rate.198 And in 2018, J. A. Johnson et al. demonstrated that block copolymer sequence 

affected the phase behavior and assembly of polymers prepared by iterative exponential 

growth (IEG).199 

 

Conclusions 

There are an overwhelming variety of ways to prepare sequence-defined 

macromolecules across many scales, molecular weights, degrees of sequence-definition, 

synthetic diversity, and chemical density. In this chapter, a broad review of chemical 

methods was discussed including the synthetic production of natural scaffolds, scaffolds 

predominantly inspired by nature, and scaffolds sought out through advancements in 

polymer chemistry. It is clear from Nature that sequence-definition is incredibly 
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important within dynamic biological processes. However, to develop specific functions 

within biological systems, the length of the sequence-defined polymer serves as a 

gateway, with longer sequences producing more advanced structure and function. In 

some cases, biologically active sequences can be quite short, placing biological function 

well-within synthetic chemists’ abilities. For example, consensus sequences as short as 

three amino acids have been utilized to target o attached into integrin proteins 

(“RGD”)200 or develop hydrogel materials (“KYF”).201 Increasing in length can then 

start to elicit immunological response, with amino acids as short as 13 residues 

activating major histocompatibility complex (MHC) class II response.79 Further 

increases to near 20 residues can allow α-helices to begin forming.202 

 Thus, researchers have sought out sequence-control from several avenues and 

will continue to advance and understand sequence-structure-function relationships 

across a variety of scaffolds. Similar to the challenges face in structural biology, 

sequence-structure-function relationships will be difficult to establish given that defined 

molecular conformations are not required for biological function.  Researchers will 

continue to evolve our ability to perform molecular engineering, taming entropy and 

creating designer structures for specific purposes both in biological contexts and 

materials. 
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Chapter 2 : Sequence-defined Oligothioetheramides 
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Abstract 

The importance of sequence-defined polymers is evident in highly developed 

biological systems. As such, their synthetic de novo production with similar 

macromolecular diversity, efficiency, and speed has been the focus of considerable 

research. In this chapter, the rationale behind the new synthesis of sequence-defined 

oligothioetheramides (oligoTEAs) will be placed in context with the accepted methods 
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of peptide and peptoid synthesis, where all methods notably utilize chemical 

orthogonality in their design. Along with the conceptual design, we will discuss the 

assembly of oligoTEAs by highlighting the solution-phase kinetics of each orthogonal 

reaction and the liquid-phase fluorous purification methodology. OligoTEAs are 

assembled through iterative thiol-ene “click” and thiol-Michael reactions, which will 

both be discussed in detail. The thiol-Michael reaction in particular is mechanistically 

discussed and examined thoroughly across multiple N-allyl-N-acrylamides, both 

experimentally and also computationally. Calculations in to the mechanism of each 

transition state have begun to explain and rationalize substituent effects. The success of 

oligoTEAs stems from the rapid orthogonal chemical reaction of the thiol-ene and thiol-

Michael and thus should be discussed. OligoTEAs seek to contribute and advance the 

field of sequence-defined polymers by providing additional structural diversity to 

fundamentally study sequence-structure-function relationships for both material science 

and biological applications. 

 

Introduction 

Introduced and discussed in Chapter 1, sequence-defined polymers are 

macromolecules with precisely controlled monomer organization. Biological systems, 

including nucleic acids and peptides, have long demonstrated the importance of 

sequence control and have used this as a tool to create and tune their structural, physical, 

and chemical properties.99,203,204 In an effort to mimic these well-behaved systems, 

researchers have sought out precise primary sequence by biomimicry of natural 
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scaffolds, deviations thereof, and control over synthetic polymerizations with the goal 

of creating new materials with engineered properties such as solubility, conductivity, 

molecular recognition, biocompatibility, and reactivity.95,99,101,129,205 Moreover, 

combinatorial production of sequence-defined polymers has powerful opportunities for 

high-throughput screening of reactivity, binding, and biological function.167,174,206  As 

such, efficient synthetic methods to control monomer sequence within a polymer 

scaffold have been the focus of intense research through a variety of methodologies and 

approaches detailed in Chapter 1.  

Inspired by some of these methods, the de novo assembly of sequence-defined 

oligothioetheramides (oligoTEAs) has been developed in our lab by M. Porel and C.A. 

Alabi.146 In this chapter, the rationale behind the synthesis of oligoTEAs will be 

discussed, along with a discussion around the reactions that are used to assemble 

oligoTEAs: the photo-initiated thiol-ene and thiol-Michael addition. The kinetic 

mechanism of the thiol-Michael will be discussed in depth from experiments and 

computational calculations, which were completed by Andrew W. Ruttinger in 

Professor Paulette Clancy’s research group. 

 

Reactive orthogonality to create sequence-definition 

Use of protecting groups 

Several of the sequence-defined scaffolds presented in Chapter 1 demonstrate 

reactive orthogonality in the design of their monomer units to achieve iterative assembly 

of exact sequences. To some degree, all of the scaffolds presented demonstrate some 
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orthogonality. The assembly of most peptides and nucleic acids is accomplished by the 

use of protecting groups that are deblocked during specific conditions orthogonal to 

coupling reactions. Without the use of protecting groups, the peptide assembly in a 

sequence-defined manner is not possible. Each amino acid must be carefully modified 

to enable its use in typical peptide assembly.58,207 For example, with peptides utilizing 

the common Fmoc strategy, each amino acid must be modified prior to assembly with 

an Fmoc group and purified. Thankfully, peptides are a high demand sequence-defined 

scaffold, and Fmoc-protected amino acids are readily commercially available. Once 

prepared, the Fmoc-protected amino acid is ready for assembly and can be coupled to 

the support. Coupling proceeds utilizing a variety of reagents that do not lead to the 

unintended deprotection of the Fmoc group, which would result in polymerization. 

Afterward, the Fmoc group is removed by a nucleophilic base (e.g., piperidine) and the 

cycle can continue. As another part of its design, the entire peptide assembly proceeds 

orthogonally to the acidic conditions required to remove the peptide from the support 

and any protecting groups on functional side-chains.58,207  

Protecting groups can enable diverse schemes of sequence-defined polymers and 

there are multiple examples. Aforementioned, The iterative exponential growth (IEG) 

scheme aforementioned demonstrates reactive orthogonality utilizing a protecting group 

well.151,152 In the most recent example of IEG by Johnson and colleagues, each monomer 

is prepared with an epoxy and protected alkyne, which can be orthogonally reacted to 

either add in each subsequent azide and side-chain or activate the alkyne.121 Then, 

coupling between the activated monomers can occur using the copper(I)-catalyzed 

azide-alkyne cycloaddition (CuAAC) reaction (Figure 2-1). 
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Figure 2-1: Example of approach that utilizes producting groups (IEG+)121 

 

Design of orthogonal reactions without protecting groups  

Without the use of protecting groups in the design of a sequence-defined 

scaffold, complete reactive orthogonality is required. However, there are then fewer 

reactions required to prepare the oligomer or polymer, potentially speeding along the 

assembly process and avoiding any potential truncation due to an incomplete reaction. 

One can argue that the monomer units should be simpler to prepare without the use of 

protecting groups; however, the development of completely orthogonal monomers can 

be complex.  

To accomplish reactive orthogonality without protecting groups, sub-monomer 

or co-monomer approaches are often employed. This is most commonly seen with 

revised preparation of peptoids, where bromoacetic acid is coupled to a supported 

amine, then a subsequent amine can be reacted (Figure 2-2).176 Also in the family of 

these sub- or co-monomer schemes, “click” chemistry is frequently utilized. “Click” 

reactions are a relatively new class of reactions designed to be bioorthogonal and 

proceed with quick kinetics at high yields.208 Thus, these “click” chemistry groups are 
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stable to a variety of reactions conditions and functional groups including amines, thiols, 

carboxylic acids, heat, etc found in biology.208 Moreover, the reactivity of some of these 

groups are orthogonal to each other and can be used in combination. In one example, 

the assembly of triazole amides was accomplished by J.-F. Lutz and colleagues by 

alternating between the CuAAC reaction and amide coupling.209 In another, Solleder 

and Meier assemble amide-substituted oligo(ester-thioether)s by alternating between 

the thiol-ene and Passerini three-component reactions (Figure 2-2).136 

 

 

Figure 2-2: Examples of sequence-defined scaffolds that use submonomer approaches 

 

Oligothioetheramides 

Inspired by the aforementioned orthogonal methods used for the synthesis of 

peptides and peptoids, our lab reported a new and efficient synthetic strategy for the 

assembly of oligothioetheramides (oligoTEAs).146 Our goal was to increase the scaffold 
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diversity and accessibility of sequence-defined polymers for drug discovery and 

delivery applications by designing a protease-resistant scaffold with tunable backbone 

and pendant functionalities. To our knowledge, there were not any known sequence-

defined scaffolds that provide extensive access to the backbone of the resulting polymer.  

To do this, we designed a unique monomer with two orthogonal reactive sites 

that can react with the same nucleophile under different reaction conditions. The two 

reactive sites in the monomer framework are an acrylamide and allyl functional group. 

The acrylamide can undergo a phosphine-catalyzed Michael addition with thiols while 

the allyl group is a great candidate for the photoinitiated thiol-ene ‘click’ reaction. These 

two reactions were selected because of their quantitative conversion as well as their fast 

solution kinetics.210,211 Each of these reactions will be discussed in detail in the next 

section.  

 

Example of model monomer 

Once selected, M. Porel and C. A. Alabi prepared a trial monomer to understand 

the combination of these functional groups, with the simplest combination being an N-

allyl-N-acrylamide (Figure 2-3). The N-allyl-N-acrylamide could be prepared from two 

simple steps: (a) synthesis of N-allyl-N-alkyl/arylamines intermediates from a primary 

amine or halide, and (b) acylation of this intermediate with acryloyl chloride to give the 

final N-allyl-N-acrylamide functional monomer. There were some examples in literature 

with similar combinations of these chemical groups. Chan, Hoyle, and Lowe utilized 

sequential thiol-Michael and thiol-yne/ene reactions for the preparation of dendrimer-

like structures.210 Additionally, C. A. Alabi et al. utilized the aza-Michael addition and 
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thiol-yne reactions for the combinatorial preparation of lipids to study their gene 

transfection potential as lipid nanoparticles.212 Nevertheless, to our knowledge the 

combination of two orthogonal “click” reactions within a single monomer for the 

production of sequence-defined polymers had not been designed before. 

With a simple N-allyl-N-methylacrylamide, M. Porel and C. A. Alabi went on 

to verify the speed of the thiol-ene and thiol-Michael reactions.146,147 As shown in Figure 

2-3b, the Michael addition of N-allyl-N-methylacrylamide (0.16 M) and 1,3-

propanedithiol in the presence of a catalytic amount of dimethylphenylphosphine 

(DMPP) was almost complete in 300 seconds with a bimolecular rate constant of 0.07 

M–1s–1. During this reaction, there was no cross-reaction with the allyl functional group, 

demonstrating clearly the reactivity orthogonality of these groups. As arranged, the 

thiol-Michael addition would occur before the thiol-ene and thus the thiol-ene kinetics 

were explored on an octyl-modified N-allyl-N-acrylamide monomer. Moreover, the 

thiol-Michael addition is orthogonal to the thiol-ene, but not vice-a-versa. The thiol-

Michael reacts preferentially with electron-deficient olefins, whereas the thiol-ene can 

react with nearly any olefin. The resulting N-allyl-N-methyl-3-(octylthio)acrylamide 

was synthesized and used along with 1,3-propanedithiol and 2,2-dimethoxy-2-

phenylacetophenone (DMPA) as a photoinitiator to measure the kinetics of the thiol-

ene reaction. This reaction was extremely fast and was complete in 90 seconds with a 

unimolecular rate constant of 0.03 s–1 (Figure 2-3b). 
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Figure 2-3: Thiol-ene and thiol-Michael addition with methyl N-allyl-N-acrylamide 

Used with permission from M. Porel, J. S. Brown, and C. A. Alabi, Synlett 2015, 26 (5), 

565-571. Copyright © 2015 Georg Thieme Verlag Stuttgart (License #4518230433130) 

 

Assembly on the fluorous support 

While the thiol-ene and thiol-Michael has been performed on solid-phase 

surfaces before in literature,213–215 several attempts to perform the Michael and thiol-

ene reactions on resins yielded much slower reaction kinetics and poor reaction 

efficiencies.  Nevertheless, there have been some reports of the challenges the thiol-ene 

faces if diffusion-limited.216 Thus, aforementioned in Chapter 1, a fluorous support was 

chosen to maintain these rapid solution-phase kinetics, enabling fluorous solid-phase 

extraction (FSPE). Specifically, an acid cleavable Boc-functionalized fluorous tag (F19-

Boc-On) was used, which could be prepared into a fluorous-tag allyl amine. Using the 

fluorous support, the kinetics were verified again to investigate any effect of the support 
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on the reactions. The photo-initiated thiol-ene reaction between 1,3-propanedithiol and 

fluorous-tagged allylamine was complete in 90 seconds to give the monosubstituted 

derivative as the only product, which was surprising. In solution, an unsupported dithiol 

would likely have shown some di-addition of the allyl groups. We further examined the 

effect of different amounts of dithiol (0.5 equiv to 5 equiv) relative to the fluorous-

tagged allylamine on product distribution (mono-addition vs. di-addition) and observed 

the mono-addition adduct to be the sole product in all cases.146 Our results also indicated 

that for fluorous-tagged substrates, a two- to five-fold excess of dithiol was necessary 

to push the reaction to completion in 90 seconds. The phosphine-catalyzed Michael 

addition of an N-allyl-N-acrylamide monomer to a fluorous-tagged thiol was complete 

in a similar timeframe to the monomer alone. 

For the FSPE conditions, methanol was the preferred solvent for reaction and 

purification due to its compatibility with the monomers and fluorous-tagged substrates. 

Thus, a fluorophobic wash (20% aqueous methanol) was used to elute all non-fluorous 

molecules. While FSPE is quick, its limitations in the preparations of oligoTEAs have 

also been observed. The purification of hydrophilic or charged oligomers can be 

challenging and low-yielding, as it appears to disrupt the fluorous self-association to the 

solid-phase. An example of this challenging appears in the preparation of an oligomer 

with a high degree of ethylene oxide content.21 For acidic groups (e.g. carboxylic acids), 

purification can be improved from yields of 20% to the standard 80%217 by adding dilute 

acid to the wash solution (e.g., 0.1M HCl). Moreover, recent work by J.S. Brown et al. 

has demonstrated that increasing the aqueous content of the fluorophobic wash can 

increase yield and prevent breakthrough of the oligomer during washes, as understood 
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in literature.140,217 With increased aqueous content, excess monomer and catalyst 

occasionally precipitate as well, but usually purify; nevertheless, verification by NMR 

will determine the purity. A fluorophilic wash (100% methanol) was used to elute the 

desired oligomer from the fluorous stationary phase to be dried for the next cycle.  

Once elongated to desired length, the oligomer can be cleaved from the fluorous 

support using a strong acid (trifluoroacetic acid). This final mixture can again be 

purified by FSPE; however, the product will elute with the fluorophobic aqueous 

methanol wash and the fluorous tag will be removed. The resulting oligoTEA will yield 

an amine functional group at one end (F-terminal) and an allyl group at the other (A-

terminal), both of which are useful for post-synthetic modifications. High-performance 

liquid chromatography (HPLC), 1H nuclear magnetic resonance (NMR), and liquid-

chromatography mass spectrometry (LCMS) can then chemically confirm and verify 

the oligoTEA.  

Under this scheme, M. Porel and C. A. Alabi prepared several proof-of-concept 

oligoTEAs varying in length and functionalities by cycling between the two reactions 

with FSPE purification after each reaction (Figure 2-4).146 In comparison to the sub-

monomer methods aforementioned by peptoids and others (Figure 2-2),136,176,209 the 

assembly of oligoTEAs could be characterized as a sub-monomer method. However, 

the dithiol monomer is not predetermined and can be varied easily across a diverse 

number of commercially available dithiols to precisely control and craft the backbone 

of the oligomer. Therefore, oligoTEA assembly is best thought of as a co-monomer 

method, because every monomer can be varied or modulated with extreme ease. 
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Figure 2-4: Scheme of oligoTEA assembly via alternating co-monomer reactions 

 

Thiol-ene reaction 

As a core reaction of oligoTEA assembly, the thiol-ene reaction has a longer 

history and utility, covalently linking a thiol and an alkene to form an alkyl sulfide, 

often a thioether. It has been well-studied and reviewed in literature.218–221 The first 

applications of the thiol-ene was the vulcanization of rubber, largely attributed to the 

work of Charles Goodyear in the mid-19th century, featuring the radical addition of 

sulfur and thiols to alkenes in rubber.219 Another significant utility of the thiol-ene 

reaction came later in the mid-20th century to crosslink materials and improve 

polymerizations.222 Generally speaking, polymerizations methods improved and the 

chemical utility of thiol-ene crosslinking fell out of favor. The thiol-ene was use 

historically in these applications due to its robust nature, demonstrating tolerance to a 

variety of solvent and reaction conditions; thus, it was not long until it began to 

reappear within more specialized context.219,220  

The thiol-ene is now understood to be thermally, radically, base-, or 

nucleophile-initiated with a variety of alkene groups including acrylates, acrylamides, 
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vinyl sulfones, norbornenes, and maleimides.219–221 The thiol-ene can proceed by two 

routes: i) the radical addition through the use of a thermal or radical initiator and by ii) 

the Michael addition through the use a base or nucleophile.223 Generally, the thiol 

follows the anti-Markovnikov addition to the alkene, though the Markovnikov 

addition has been seen in literature and its percentage of formation depends on the 

reaction conditions (e.g., solvent polarity)224,225 For oligoTEAs, the Markovnikov 

addition has been observed, but in small amount isolated amount of approximately 5% 

per thiol-ene (see Appendix A, Figure A-1 and A-2). 

Technically speaking, the thiol-Michael addition is usually considered a thiol-

ene reaction;221 however, they will be discussed separately in this chapter. For the 

remainder of this section, we will discuss the kinetics and applications of the 

photoinitiated thio-ene, because of its common usage and extent of control 

demonstrated, more so than with thermal initiation.  

 

Kinetic understanding of the photoinitiated thiol-ene 

Once in the hands of researchers, the thiol-ene became extensively studied and 

understood. Efficient kinetics and high yields allow the thiol-ene to be considered a 

“click” reaction.218–221  However, there are several factors that can limit the kinetic rate 

of the photoinitiated thiol-ene and rapid kinetics are not always guaranteed. The thol-

ene has been kinetically studied in several way including considerations for the alkene 

reactivity and stability of radical intermediates since the step of addition have been 

understood.220 One seminal publication on this topic was presented by N. B. Cramer, 

S. K. Reddy, A. K. O’Brien, and C. N. Bowman in 2013.226 Cramer et al. presented 
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kinetic data from a variety of alkenes as they were photopolymerized with a 

tetrafunctional thiol and were able to successfully model the data across multiple 

stoichiometries. The model they presented was based on the ratio of the reaction rates 

between the propagation and chain transfer steps within the mechanism of the thiol-

ene (Figure 2-5). Across the available alkenes used, Cramer et al. concluded their 

findings suggesting that the electron density of the alkene likely affected this balance 

of reactivities.226 Indeed, computation calculations by B. H. Northrop and R. N. 

Coffey (2012) were able to verify the direct impact the electron density at the alkene 

center, specifically indicating electron rich ene have quick propagation rates (kP).227 

Additionally, recent calculations by V. Fındık et al. (2019) demonstrated decreases in 

electron density around the thiol favor the rate of propagation over chain transfer, 

likely through the decreased carbon radical stability.226,228 

 

Figure 2-5: Summary of kinetic understanding about the thiol-ene reaction 

Radical is represented as an asterisk (*), kP refers to the rate of propagation of the 

radical during thiol addition to the alkene, kCT refers to the rate of chain transfer from 

the radical alkene to a new thiol, and RP refers to the rate of polymerization. Several 

other combinations of radical transfer can occur (notably termination), but these are 

the ones N. B. Cramer et al. proposed as critical to the rate limiting step of the 

photoinitated thiol-ene.226 Moreover, several empirical results suggest that the rate of 

reaction depends on the initial concentration of the initiator, which is not shown, but 

would directly increase the reaction rate. Example data studied by J S Brown of this 

finding shown in Table 2-1. 
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Applications of the thiol-ene 

Similar to other “click” chemistries,208 there are a broad range of potential 

applications for the thiol-ene and much of the work has been well-reviewed in 

literature.221 Aforementioned, thiol-ene has been performed on solid-phase surfaces 

and thus it has been used in variety of diffusion-limited applications including surface 

functionalization, nanoparticle synthesis, post-functionalization of polymers.221,229,230 

Though, there have been reports where diffusion limitation hinders the thiol-ene.216 In 

biological contexts, the thiol-ene has been utilized in a variety of bioconjugations231 

with examples including the glycosylation of glutathione232 and label alkyne-bearing 

proteins expressed within E. coli.233 Aforementioned, the thiol-ene is utilized in the 

scheme to prepare sequence-defined oligo(ester-thioether)s via the Passerini three-

component reaction.136 One of the most remarkable examples of thiol-ene utility was 

demonstrated by D. W. Yee et al. (2017), where two-photon lithography was utilized 

to build nanoscale 3-dimensional structures, made possible by 7-diethylamino-3-

thenoylcoumarin (DETC), an efficient two-photon photoinitiator.234 Because of these 

and other studies, there are is a wealth of understanding around the effect of molecular 

substituients on the rate of reaction.235 

 

The use of the thiol-ene for oligoTEA assembly 

Thus, the thiol-ene was an excellent candidate reaction for the assembly of 

sequence-defined polymers as designed with oligoTEAs. As demonstrated before by 

our lab, the thiol-ene provided quick kinetics and high conversion, generally in less 
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than five minutes. Further control experiments with N-allyl-N-acrylamides have 

demonstrated that the reaction is insensitive to air and solvent conditions (DCM, THF, 

MeOH, etc). However, under stringent conditions (2 equivalents thiol), one can see the 

thiol-ene reaction with N-allyl-N-acrylamides is sensitive to concentration and highly 

sensitive to the amount of photoinitiator used (DMPA) (Table 2-1). 

Table 2-1: Conversion of the thiol-ene versus catalyst and solvent concentration 

Concentration, mM 0.1 mol% 0.5 mol% 1 mol% 

DMPA,            

5 mol% 

400 9% 33% 69% 98% 

250 - 15% 29% 93% 

100 - - - 78% 

 

Note: These conversions were quantified by NMR. The exact reaction conditions were 

2 equivalents of 1,3-propanedithiol, 1 equivalent of protected sulfonate N-allyl-N-

acrylamide (Chapter 3) after thiol-Michael addition of octanethiol, in dichloromethane 

at varying concentration and amount of DMPA photoinitiator. The percentage of 

photoinitiator is in reference to the amount of thiol used.   

 

Thiol-Michael addition 

Introduction 

In addition to the radical mechanism, the thiol-ene can proceed through the base- 

or nucleophile-initiated mechanism, typically called the thiol-Michael addition.223 

Similarly rich in history, the thiol-Michael addition derives its name from the more 

general Michael addition, which was first understood in 1887 by Authur Michael.236,237 

In the Michael addition, a carbanion or nucleophile is reacts onto an electron-deficient 

alkene in the presence of a catalyst.213,236 Thus, the Michael addition has been 

demonstrated in a variety of ways with amines,238 hydroxyl groups,239,240 and thiols, 
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which was demonstrated in 1964.213,213,241 In its own right, the thiol-Michael addition is 

considered a “click” reaction, providing efficient and quick reactions.213,235 This 

reaction has been demonstrated to be simple, robust, compatible with aqueous solutions, 

and without side reaction, except the formation of the catalyst complex if utilizing a 

nucleophile.213,223,242–244  

The mechanism of the thiol-Michael reaction follows similar elementary steps 

and to the photoinitiated thiol-ene, except an anion is propagated and transferred rather 

than a radical.213 Aforementioned, the thiol-Michael addition can be initiated with either 

a base or nucleophile, affecting the mechanism and kinetics that follow. In the base-

catalyzed mechanism, the base abstracts a proton from the thiol to form a negatively 

charged thiolate nucleophile, which can then attack the Michael acceptor.213 Thus, the 

properties of the base affect reaction rate and yield, including concentration, pKa, 

sterics, as well as solvent polarity and pH.213 A common base utilized to study the base-

catalyzed mechanism is triethylamine, which does not participate in the nucleophile-

initiated mechanism.245,246 In the nucleophile-initiated mechanism, the nucleophile 

reacts with the Michael acceptor directly to form a strong base (e.g. carbanion), which 

then deprotonates the thiol to generate a thiolate.213 In this way, the nucleophile-initiated 

mechanism is not a proper catalyst, since it is not regenerated at the end of the reaction 

cycle. Generally, the rates for nucleophile-initiated reactions are faster than with base-

catalysis, and the reaction is well-reported with common nucleophiles including 

unhindered amines and phosphines.210,211,213,242,247–251  
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Applications of the thiol-Michael addition 

As a “click” reaction, the thiol-Michael addition reaction has found broad utility 

from materials chemistry to bioconjugation, which has been well-reviewed in 

literature.213,218,235,245,252 There are several material and polymeric applications of the 

thiol-Michael addition including the synthesis and post-functionalization of 

polymers,213 the surface grafting of designer polymers to surfaces253 and nanoparticle 

surfaces,254 as well as the creation of hydrogel networks for tissue engineering.22 

Because of its tolerance to aqueous conditions, the thiol-Michael has also found broad 

utility in bioconjugation including the creation of antibody-drug-conjugates (ADCs)255 

and thiol-activated fluorogenic probes,256 predominatly through the use of the 

maleimide.257 In one other elegant example, both spatial and temporal control of the 

thiol-Michael addition was achieved to form two-stage polymer lithography networks 

made possible from a “photocaged” base catalyst.258 Since functionalization continues 

to be critical to the development of complex, highly specific macromolecules, the thiol-

Michael addition will continue to be the target of research. Moreover, precise kinetic 

control of the thiol-Michael addition is required to make these and other potential 

applications possible. 

 

The thiol-Michael utilized by oligoTEAs 

The quick, clean kinetics of the thiol-Michael addition demonstrated in literature 

made it an ideal candidate to be utilized for the assembly of sequence-defined polymers. 

In the scheme of oligoTEAs, the thiol-Michael addition is the first reaction that attaches 

the N-allyl-N-acrylamide monomer to the scaffold, with no cross-reactivity of the allyl 
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group via the thiol-ene. This reactive orthogonality clearly highlights the differences in 

their mechanisms.   

In practice, the thiol-Michael has been tolerant to aqueous content during 

oligoTEA assembly, which occasionally remains after fluorous purification from the 

fluorophobic wash. However, if there is sufficient water content, the fluorous tag will 

precipitate and the thiol-Michael will not go to completion. Thus, thiol concentration of 

the reaction can be monitored by a dithiodipyridine (DTDP) assay to determine if the 

reaction was complete. Over a variety of monomers, the kinetic rate of the thiol-Michael 

addition could vary from 5 minutes reported originally146 to other slower monomers like 

the N-allyl-N-acrylamide azide monomer, which required 30 minutes to react.21 In 

extreme cases, some monomers would take days to react, including the phthalimide-

protected amine N-allyl-N-acrylamide monomer (see Appendix A, Figure A-3). 

However, based on comparison to literature,251 N-allyl-N-acrylamide monomers 

generally react faster than their acrylamide counterparts. 

To better understand the variability of this reaction, we have studied the 

mechanism and kinetics of the reactions across a variety of functional groups to better 

understand the thiol-Michael generally and in the context of oligoTEA assembly. With 

broader understanding of the thiol-Michael addition, the reaction could be completed 

reliably, enabling automated synthesis. Moreover, with an understanding about the 

molecular substituent effects similar to others in literature,259 N-allyl-N-acrylamide 

monomers with enhanced kinetics could be prepared to potentially enable 

bioconjugation or biosensing, which is not typically possible with acrylamides.255,256  
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Literature background of kinetic mechanism 

In literature, both the base-catalyzed and nucleophile-initiated mechanisms have 

been studied and compared. As aforementioned, multiple studies have experimentally 

and computationally confirmed that the nucleophile-initiated mechanism is faster.218 

This is further supported by research suggesting the degree to which a base can act 

through the nucleophile-catalyzed mechanism increases the reaction rate.246,250 Of the 

potential nucleophiles, Nair et al. provide a comprehensive review discussing the use of 

unhindered amines and phosphines, with the strength of the nucleophile increasing the 

reaction rate.213 Overall, multiple reports support the use of the phosphine nucleophiles 

as potent initiators of the thiol-Michael addition.211,223,247,260 

Based on these results, we will focus on the nucleophile-initiated mechanism 

utilizing a phosphine catalyst. In this mechanism the following steps proceed: i) the 

nucleophile attacks the electron-deficient alkene, resulting in a carbanion, ii) the 

carbanion extracts a proton from a thiol to generate a thiolate (initiation), which enters 

the common mechanism, iii) the thiolate attacks another electron-deficient alkene, 

forming another carbanion (propagation), iv) the new carbanion is stabilized through a 

second proton transfer from an additional thiol, generating a new thiolate and the desired 

product (chain transfer) (Figure 2-6). Overall, the thiol-Michael addition appears 

proceeds at a constant concentration of anionic species within the common mechanism, 

similar to other living polymerizations. With experts in the field generally agreeing on 

this scheme, research has focused on determining substituent effects that direct the rate 

limiting step.213,246,247,251 
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Figure 2-6: The mechanism of the thiol-Michael addition 

 

 Identifying the rate-limiting step (RLS) is critical for improving any reaction 

kinetics. Generally speaking, steric hinderance or lack of electron-deficiency in the 

alkene will slow the overall reaction rate.252 However, there is much debate over the 

exact RLS for the thiol-Michael addition, likely indicating substituent effects. Most 

researchers have claimed the thiolate attack (propagation) to be rate-limiting,213,252 

while others argue the proton transfer to the carbanion (chain transfer),246 or the 

nucleophile attack on the alkene is slower.247 Furthermore, there is also lack of 

agreement on the reversibility of the reaction. While most agree that the thiolate attack 

is reversible,213,252 some researchers suggest that the entire Michael addition is 

reversible.260,261  

Herein, our work aims to clarify these discrepancies in the thiol-Michael 

addition kinetics by providing a systematic case study for the thiol-Michael addition 

within oligoTEA assembly. We performed this study by experimentally and 

computationally examining a variety of N-allyl-N-acrylamides. Dithiodipyridine 

(DTDP) experiments measured the thiol and thiolate concentration of the reaction, to 

quantitatively determine the kinetic rate of reaction. Across temperatures, we then 
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calculated the activation energy using the Arrhenius relation.262 Density functional 

theory (DFT) was coupled with a transition state determining method to determine the 

energy barriers between each of the mechanistic steps. A comparison of experimental 

and computational results demonstrated the importance of hydrogen bonding between 

the thiol and the N-allyl-N-acrylamide Michael acceptor, suggesting that the 

decomplexation of the product in the chain transfer step could be rate-limiting.  

 

Results 

Experimental kinetics 

Experiments were completed to measure the thiol-Michael reaction rate at room 

temperature (25°C) and elevated temperature (40°C) using the methyl, ethyl, butyl, 

hexyl, benzyl, and ethylenephenyl N-allyl-N-acrylamides. Monomers were chosen 

based on their ability to show an increasing alkyl substituent effect263,264 and 

aromaticity,265,266 which was qualitatively known to affect the reaction time. While mass 

or infrared spectrometry is typically used, high-throughput kinetic assay was desired; 

therefore, we chose to adapt the dithiodipyridine (DTDP) assay267,268 to a 96-well plate 

format. The DTDP assay measures the combined thiol and thiolate concentration of the 

reaction to track the reaction conversion. DTDP was chosen over an Ellman’s assay 

because these reactions are completed in organic solvent. Modifications to the DTDP 

assay as presented in literature were required to make the 96-well plate format 

quantitative (see Materials and Methods).  

The kinetic rates of the reaction were revealed  from the data by fitting a simple 

bimolecular rate equation to the data, as has been done before (Figure 2-7, see Materials 
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and Methods).213 To prepare for each reaction, dimethylphenylphosphine (DMPP) was 

incubated with N-allyl-N-acrylamide monomer for fifteen minutes to create the 

phosphine initiator, which acts as carbanion base (Figure 2-6 in blue). In addition to the 

carbanion, there is a positive charge on the phosphorous center after the reaction, 

making the phosphine initiator a zwitterion.  Then, to start the reaction, the fluorous 

thiol (F-DTT) was added. This initial fifteen minute incubation was performed because 

a delay in conversion would otherwise occur while the carbanion catalyst is generated, 

as seen in literature.251 For additional confirmation, the kinetics of the reaction between 

the phosphine nucleophile and a model monomer was analyzed to confirm this reaction 

completion prior to thiol introduction (see Appendix A, Figure A-4). Starting the 

reaction at a consistent concentration of carbanion will allow us to specifically examine 

the balance between the rates of propagation, chain transfer, or any other rate-

limitations.  
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Figure 2-7: Apparent kinetic rate of N-allyl-N-acrylamide reaction with fluorous thiol 
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The kinetic rate of the N-allyl-N-acrylamides varied significantly (Figure 2-7). 

The methyl monomer was significantly faster than the other alkyl monomers, with a 

decreasing reaction rate observed with longer alkyl chains. The increase in alkyl chain 

length could indicate an increase in steric hinderance, a potential effect of electron 

donation, or another substitutive effect. But, the effect did not persist significantly past 

the ethyl functional group, as the butyl and hexyl functional groups demonstrated 

statistically similar reaction speeds as the ethyl at both temperatures (see Appendix A 

Table A-1 for statistical summary).  Interestingly, the methyl and ethylene phenyl 

monomers had statistically similar reaction rates at both temperatures (p = 0.0994 and 

p = 0.0631 for T = 25 and 40°C, respectively, see Appendix A Table A-1 for statistical 

summary). However, there were large significant differences between the 

ethylenephenyl and the benzyl, which rapidly increased in reaction rate with the addition 

of heat.  

Overall, these data proved interesting and indicated that simple explanations 

about contributions of electron density could not alone explain these results. Usually, 

studies that investigate the kinetics of the thiol-Michael report on the differences across 

alkene classes (e.g., vinyl sulfone vs acrylates)211,251,269 or different catalysts (e.g., 

amines vs phosphines)247,257,260,270 but this is the first time to our knowledge that such 

large kinetic rate differences have been observed within the same alkene class. This is 

especially true when comparing the kinetic data of the aromatic groups, which differ 

significantly in activation energy. Indeed, converting these kinetic rates to activation 

energies (EA) utilizing the Arrhenius relation reveals that the benzyl and ethylenephenyl 

are dramatically different (Figure 2-8). 
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Figure 2-8: Activation energies for thiol-Michael addition with fluorous thiol 

 

Computational background to mechanistic study 

Thus, to understand these effects and the thiol-Michael addition more broadly, 

we investigated these reactions utilizing computational techniques. A number of studies 

have used computational work for the study of Michael addition kinetics.246,247,263,271 In 

each case, the researchers employ Density Functional Theory (DFT) to determine 

reaction energies and kinetic rates. DFT uses a quantum mechanical approach to 

determine the ground-state energy of a group of atoms. Coupled with a transition state 

determining method, this provides a basis to calculate temperature independent 

enthalpies fundamental to the quantification of reaction kinetics. For our purposes, we 

divided each step in the thiol-Michael addition into an energy barrier separating two 

minima on a Potential Energy Surface (PES), corresponding to a chemical, or even 

structural transition of atoms. Then, using the Nudged Elastic Band (NEB) method,272–

274 we determined the transition state, corresponding to the highest energy atomic 

configuration along the Minimum Energy Pathway (MEP) between minima (see 
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Materials and Methods). With this we calculated activation energies, allowing 

comparison between each reaction step to determine which is rate-limiting. Our 

previous computational work provides an example of this partitioning of a reaction 

mechanism to determine reaction energies.275 A final comparison between our 

computationally derived rate-limiting step and our experimentally observed activation 

energy will provide validation for our mechanistic study. 

 

Mechanism of the thiol-Michael with methyl N-allyl-N-acrylamide 

 Prior to studying the effect of all functional groups, we look at a model case 

using a methyl N-allyl-N-acrylamide monomer to confirm agreement between 

experimental and theory. A full mechanistic study is performed for this particular 

reaction, with the results shown in Figure 2-9.  The activation energy of each reaction 

step was extracted from Figure 2-9a and is presented more clearly in Figure 2-9b. 

Interestingly, the reaction energies of the traditional rate-limiting steps of initiation 

propagation, and chain transfer demonstrated poor agreement with the experimental 

data. Of these traditional steps, our results show do show that the chain transfer step is 

rate-limiting, matching what Desmet et al. reported.246 However, this chain transfer step 

(15.5 kJ/mol) is still significantly below our experimental value (42.3 ± 2.3 kJ/mol).  
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Figure 2-9: Computational energies of thiol-Michael mechanism versus experiment 

(left) The energy profile of the reaction mechanism of the methyl N-allyl-N-acrylamide 

monomer undergoing a thiol-Michael addition with a fluorous thiol. All reaction 

energies were calculated using DFT. The step in which the thiolate is initially formed 

is shown in blue (initiation). The remaining steps (propagation, chain transfer, and 

decomplexation) are shown in red because they cycle multiple times throughout the 

course of the reaction. Atomic configurations are provided, with transition state 

complexes indicated by a dashed line. Reaction intermediates are shown below the 

energy pathway. The fluorous R-group is explicitly shown in the upper left corner. 

(right) The reaction energies for each step, along with the experimental value. 

 

Thus, we analyzed the reaction behavior at the molecular-scale, following the 

anionic charge transfer, noting several molecular complexations along the pathway. 

Before the start of this pathway, the zwitterionic phosphine initiator (I±) was prepared. 

In experiments, the zwitterionic phosphine initiator (I±) was formed during the 

incubation the phosphine with the N-allyl-N-acrylamide to the point of completion (5 

mol%), as a source of carbanion base (Figure 2-6 in blue). Thus, the first step is the 

initiation (Figure 2-9 in blue) can start with the phosphine initiator (I±). In this step, the 

carbanion of the zwitterionic phosphine initiator acts as a Brønsted-Lowry base, 
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extracting a proton off of the thiol (T), making thiolate and used initiator. The anionic 

charge is now located on the thiolate (T-), electrostatically stabilizing its complexation 

with the now positive phosphine initiator (I+).  

Next, the propagation and chain transfer occur. In the propagation, the thiolate 

(T-) attacks the alkene of an unreacted methyl N-allyl-N-acrylamide (M). The energy 

required to separate the negatively-charged thiolate (T-) and used initiator (I+) is much 

higher than for the neutral methyl N-allyl-N-acrylamide (M) to join the complex. Thus, 

the unreacted methyl N-allyl-N-acrylamide likely approaches and thiolate attack 

proceeds, propagating the anion charge onto the carbanionic product (TM-), which will 

become product (TM) after chain transfer. Similar to the unreacted methyl N-allyl-N-

acrylamide, it is easier for another thiol (T) to approach than dissociate the complex for 

the chain transfer to occur. With the addition of new thiol (T), the carbanionic product 

(TM-) extracts the proton from the thiol (T), making product (TM) and a new 

thiolate.Then, in order to continue the thiol-Michael addition cycle, the product (TM) 

must be removed from its electrostatically stabilized complex, also containing the used 

initiator (I+) and new thiolate (T-), to allow a new alkene monomer to react. We refer 

to this step as “product decomplexation” and calculate the energy barrier associated with 

this molecular dissociation.  

When the product decomplexation step is considered, the results show better 

agreement with the experimental data, indicating the rate limiting step is likely this 

decomplexation. For the methyl N-allyl-N-acrylamide, the product decomplexation step 

(55.1 kJ/mol) now overpredicts the experimental value (42.3 ± 2.3 kJ/mol). However, it 

is not uncommon for theoretically calculated energies to overpredict experimental 
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values, since the NEB method follows an energy gradient from high values to low. This 

is further reconciled when the mean absolute error of an energy barrier, calculated with 

a range-separated functional, is considered (~ 3 kcal/mol [12.5 kJ/mol]).276 Moreover, 

the energy barrier of product decomplexation is much larger than the chain transfer 

energy barrier, allowing us to confidently label product decomplexation as rate-limiting.  

 

Discussion about the thiol-Michael addition in oligoTEA assembly 

At the time of this writing, the data collected from these computational 

calculations is preliminary and will be finalized before potential preparation as a 

manuscript for publication. Additional calculations will be performed for other 

functional groups presented, with special focus placed on the aromatic substituents. 

While not discussed in depth here, there are two explanations that additional preliminary 

data has started to clarify and allow rationalization of the experimental results. First, 

there are multiple hydrogen bonds between the thiol and thiolate to the molecular 

complexes (initiator, N-allyl-N-acrylamide monomers). This hydrogen bonding 

stabilizes the transition states during the initiation, propagation, and chain transfer steps, 

but must be broken for the decomplexation. The exact hydrogen bonding network is 

shown in Figure 2-10, showing the hydrogen bonding network that forms between the 

product, initiator, and next thiol that reacts. The breaking of these hydrogen bonds is the 

product decomplexation process. 
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Figure 2-10: Hydrogen bonding network between product, initiator, and thiol. 

 

A control experiment and calculation should reveal that without these stabilizing 

forces, decomplexation will be easy and the other steps will not be stabilized. Second, 

the alignment and sterics of the aromatic groups can rationalize differences between the 

activation energies observed between the benzyl and ethylenephenyl functional groups. 

The added carbon in ethylene phenyl adds distance between the aromatic groups, 

anionic thiolate, and other substituents.  Thus, the attractive forces are less strong and it 

is easier for the ethylenephenyl to dissociate. However, in the case of benzyl, to 

dissociate the product, an aromatic-aromatic interaction, anion-aromatic interaction, and 

additional short-range interactions must be broken, leading to a higher energy barrier. 

 

Conclusions 

Using both the photoinitiated thiol-ene “click” and thiol-Michael addition 

reactions, the assembly of oligothioetheramides (oligoTEAs) is possible through their 

reactive orthogonality in a co-monomer approach. Our approach was inspired by the 

robust orthogonal strategies discussed and demonstrated, including peptoids and other 

submonomer approaches that accomplish sequence-definition without the use of 
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protecting groups. Moreover, we have detailed a brief understanding of the thiol-ene 

and its reaction requirements for effective oligoTEA assembly. We have also focused 

on the kinetic and mechanistic understanding of the thiol-Michael addition to a much 

greater extent given its broad utility and variability, even within the same alkene class 

of N-allyl-N-acrylamides. Comparing experimental activation energies to 

computational calculation of transition state energies has begun to reveal the importance 

of molecular complexation as a potential rate limiting step in the thiol-Michael addition. 

More specifically, mechanistic examination of the thiol-Michael addition has started to 

rationalize complex results seen in experiment through the visualization of hydrogen 

bonding, aromatic stacking, and other short-range interactions that affect transition state 

energies. 

Through oligoTEAs, we have significant sequence and backbone diversity, 

which will help elucidate sequence-structure-function relationships and provide new 

avenues for advanced materials from the molecular scale. Since establishing 

oligoTEAs,146,147 we have prepared several studies ranging from their solution-phase 

characterization,217 ability to produce advanced structures including macrocycles,37 

utility as multifunctional bioconjugates,21 intracellular delivery,277 antibacterial 

activity,278–280 and biophysical characterization.281,282 We hope that our work will help 

advance the field, featuring peptides and peptoids, toward the goal of achieving rapid 

and efficient production of highly diverse and functional sequence-defined polymers. 
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Materials and Methods 

Reaction conditions 

The thiol-Michael addition was performed across a variety of monomers at 30 mM 

fluorous (4-10mg, 6.8-17 µmol). 2 equivalents of N-allyl-N-acrylamide monomer (13.6-

34 µmol) from a 200mM methanol stock was activated for 15 minutes with 0.1 

equivalents of dimethylphenyl phosphine (0.68-1.7 µmol DMPP) from a 2.5 v/v% stock 

in methanol. Fifteen (15) minutes was chosen as a catalyst incubation time from 

literature precedent demonstrating monomer incubation delayed reaction initiation.251  

 

Experimental quantification of the thiol-Michael addition 

Monitoring the thiol-Michael addition is typically observed by FTIR, but was not 

possible in this case due to anticipated crowding in the spectra. Two assays were 

completed to determine thiol-Michael addition kinetics with N-allyl-N-acrylamide 

monomers using i) dithiodipyridine (DTDP) to quantify the fluorous thiol concentration 

and ii) high-performance liquid chromatography mass spectrometry (LCMS) to quantify 

the product concentration using single ion mode (SIM). All data was plotted and 

analyzed in GraphPad Prism 7.05 using nonlinear regression fitting to an integrated 

solution of the bimolecular kinetic rate equation as described below. 

 

Bimolecular rate equation 

The following mass action kinetics were assumed and subsequently solved to determine 

an analytical solution for nonlinear regression fitting to experimental data. 
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𝐹 +𝑀 
𝑘𝑜𝑏𝑠
→   𝐹𝑀 

Where F is the concentration of the fluorous thiol, M is the concentration of the N-allyl-

N-acrylamide monomer, and FM is the concentration of the product. This results in the 

following rate equations, leading to a integrated analytical solution of the bimolecular 

rate equation. 

𝑑𝐹𝑀

𝑑𝑡
= 𝑘𝑜𝑏𝑠(𝐹)(𝑀) 

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹(𝑡 = 0) 𝑜𝑟 𝐹𝑜 = 𝐹 + 𝐹𝑀  ∴    𝐹 =  𝐹𝑜 − 𝐹𝑀 

𝑀𝑡𝑜𝑡𝑎𝑙 = 𝑀(𝑡 = 0) 𝑜𝑟 𝑀𝑜 = 𝑀 + 𝐹𝑀   ∴    𝑀 =  𝑀𝑜 − 𝐹𝑀 

𝑑𝐹𝑀

𝑑𝑡
= 𝑘𝑜𝑏𝑠(𝐹𝑡𝑜𝑡𝑎𝑙 − 𝐹𝑀)(𝑀𝑡𝑜𝑡𝑎𝑙 − 𝐹𝑀) 

∫
𝑑𝐹𝑀

(𝐹𝑡𝑜𝑡𝑎𝑙 − 𝐹𝑀)(𝑀𝑡𝑜𝑡𝑎𝑙 − 𝐹𝑀)
=  ∫𝑘𝑑𝑡 

𝐹𝑀 − 𝐹𝑜
𝐹𝑀 − 𝑀𝑜

= 𝐶 ∙ 𝑒𝑥𝑝(𝑘𝑡(𝐹𝑜 −𝑀𝑜)), 𝑤ℎ𝑒𝑟𝑒 𝐶 𝑖𝑠 𝑎 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑟𝑜𝑚 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 

𝐹𝑀(𝑡 = 0) = 0   ∴    𝐶 =  
𝐹𝑜
𝑀𝑜

 

𝐹𝑀 − 𝐹𝑜
𝐹𝑀 − 𝑀𝑜

=
𝐹𝑜
𝑀𝑜
𝑒𝑥𝑝(𝑘𝑡(𝐹𝑜 −𝑀𝑜)) 

𝐹𝑀 =
𝐹𝑜𝑀𝑜 [exp(𝑘𝑡(𝐹𝑜 −𝑀𝑜)) − 1]

𝐹𝑜 exp(𝑘𝑡(𝐹𝑜 −𝑀𝑜)) − 𝑀𝑜
 

All kinetic data gathered was normalized between 0 and 1, where 0 represents the start 

of the reaction (no conversion), and 1 represents the complete conversion to the product 

of the resulting fluorous tagged olefin. Thus, this equation was normalized to the 

reaction by Fo. 

𝐹𝑀

𝐹𝑜
=
𝑀𝑜 [exp(𝑘𝑡(𝐹𝑜 −𝑀𝑜)) − 1]

𝐹𝑜 exp(𝑘𝑡(𝐹𝑜 −𝑀𝑜)) − 𝑀𝑜
 



 

72 

 

 

Quantification of thiol concentration by 2,2’ dithiodipyridine (DTDP) 

Thiol concentration was quantitatively assessed during the thiol-Michael addition by 

modification from previous reported literature.267,268 Assay concentration was designed 

to be 100uM final, with a final volume of 210uL. Microcentrifuge tubes held the bulk 

of the assay volume of 1.4 mL, constituted from 45 µL 12mM 2,2’ dithiodipyridine (386 

µM final) and 1350.1 µL 0.1 v/v% triethylamine (TEA) in DMSO. Time point aliquots 

(4.9 µL) were taken from the reaction containing the prospective fluorous thiol at a 

reaction concentration of 30mM. The initial (t=0) time point was taken before the 

reaction was started (43.9 mM) and diluted appropriately. Preliminary studies showed 

thiolate concentration was detected by DTDP consistently after being aliquoted into the 

microcentrifuge tube termed the “thiol incubation.” However, there was a modest 

decrease in detected thiolate concentration after being placed into the 96-well plate with 

the subsequent acetic acid addition termed the “acid incubation” (Figure S1). 
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Figure 2-11: Thiol and acid incubations that affect the DTDP signal 

(a.) Thiol signal from DTDP absorbance versus thiol incubation time revealing that the 

fluorous thiol can remain in the DTDP assay for long periods of time without affecting 

the resulting signal (F test for significantly non-zero slope, p = 0.3652, n = 2, df = 1). 

(b.) Thiol signal from DTDP absorbance versus acid incubation time revealing the 
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fluorous thiol signal decreases modestly over time in the presence of acid (F test for 

significantly non-zero slope, p = 0.0076, n = 2, df = 1) while the blank remains constant 

(F test for significantly non-zero slope, p = 0.8492, n = 2, df = 1). The shaded area is 

the 95% CI around the linear regression line. 

 

Thus, from the 1.4mL bulk assay volume, 200 µL was transferred to a Grenier or 

Corning 96-well UV-transparent flat plate or a ThermoFisher Scientific flat 96-well 

plate and 10 µL of acetic acid was added immediately before reading sample absorbance 

(370±5 nm) using a multi-channel pippette. Samples were normalized to 450 nm to 

account for well-to-well variation in the 96-well plate, where no absorbance of the 

reaction substituents was observed, and blank subtracted. Nonlinear regression fitting 

analysis was performed within GraphPad 7.05 using the Fo-normalized integrated 

equation described in the methods above to find an apparent rate kobs, reported with 

standard error. 

 

Detailed theoretical background 

Density Functional Theory (DFT), the method used by many theoretical 

researchers in determine reaction energies, uses a quantum mechanical approach to 

determine the ground-state energy of a group of atoms. When Schrodinger developed 

his famous equation in 1926,283 he provided the means to determine the electronic and 

nuclear energy of atoms. Unfortunately, his equation could only be solved exactly for 

one atom. Thomas and Fermi were able to simplify this issue with their ground-breaking 

discovery in 1927 that the ground state of a system of electrons can be described fully 

using the electron density distribution.284,285 This greatly reduces the degrees of freedom 

needed to mathematically solve for the energy of the system. With the growth of 
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computational resources, researchers turned to a numerical way to solve for this ground-

state energy. However, it was not until the 1960s that a solution was found. 

In 1964, Hohenberg and Kohn presented an important principle providing a 

basis for DFT: the ground-state properties of a system of atoms can be uniquely 

determined with a functional of the electron density of the group of atoms in 3 

dimensions.286 This is important because rather than having to know the positions of 

every particle in the system, one only needs to know the density of the electrons 

throughout the system. Kohn and Sham built upon this principle stating that the energy 

determined by this functional will always be greater than or equal to the true ground-

state energy. For the case when the energy of the electron density functional equals the 

ground-state energy, the exact electron density has been determined.287 The deviation 

of the energy from the ground-state energy is caused by the exchange and correlation in 

the functional. Throughout the years, many electron density functionals have been 

developed to better predict the ground-state energy, allowing for better understanding 

of molecules at an atomic level.288,289 Based off of these fundamental principles, we 

perform similar calculations using DFT.  

When using DFT for a fixed system of atoms, we can describe the energy level 

of each configuration of atoms as a point on a Potential Energy Surface (PES). Then, 

the motion of these atoms in space creates a continuous energy surface from which we 

can understand chemical and structural transitions. In fact, the classical energy barrier 

that scientists are familiar with is a transition of atoms from one energy minimum on 

this PES to another, across some barrier. This trajectory is known as the Minimum 

Energy Pathway (MEP), with the maximum energy on this MEP corresponding to the 
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ubiquitous activation energy definition. Arrhenius was the first to recognize activation 

energy, formulating his well-known Arrhenius equation.262 Trautz further elucidated 

this activation energy by proposing collision theory.290 In the context of this study, we 

describe this activation energy in the quantum mechanical sense outlined earlier. 

Therefore, we quantify this apex on the MEP as a first-order saddle point between two 

minima.  

If the mechanism between two energy minima is known, the transition state can 

be found through simple search methods.291 However, this concept is frustrated when 

studying a complex system of atoms. Analyses of a PES have shown that even small 

displacements in the position of an electron can lead to an energy difference.292 

Therefore, it is more reasonable to think of the PES as a “rough” surface that is the 

superposition of multiple electronic movements, rather than smooth, Gaussian-like 

curves depicted in most representations. By isolating these movements, we can uncover 

the lowest energy mechanism between minima, connected by multiple, smaller energy 

barriers bounded by intermediate complexes. To perform this, researchers need a 

combination of intuition and a transition state searching method.  

The Nudged Elastic Band (NEB) method (described further in the succeeding 

section) is the leading method for locating transition states on a MEP.272 First defined 

in 1998, several modifications have been implemented to improve the algorithm, 

leading to the one in use today.273,274 Simply put, the NEB method provides an accurate 

estimate of a transition state. Mathematically, this is achieved by optimizing an initial 

guess of the MEP of a transition. Oftentimes, the initial guess is a linear interpolation 

between the two minimum energy structures characterizing the start and end of the 
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transition.293 From a methodical perspective, one would have sets of Cartesian 

coordinates that span an energy barrier. We refer to these as “frames”. The NEB method 

optimizes this initial guess of frames by connecting the frames with a fictitious harmonic 

spring force and minimizing the total force on each frame. The harmonic spring force 

constrains each frame from falling into an energy minimum, while the potential energy 

gradient allows the structure of the frame to be optimized downward on the PES. Once 

converged to the MEP, the approximation of the transition state corresponds to the frame 

with the highest energy. Then, we can use transition state optimization, which locates 

the saddle point, to converge to the true transition state. With this atomic configuration, 

the activation energy can easily be calculated, along with other kinetic properties using 

Transition State Theory (TST).294 

Although powerful, the NEB method has a significant drawback: it assumes the 

existence of a single energy barrier as a geometric change between minima (i.e. proton 

transfer, substitution). If this assumption is ignored, the MEP can easily be over-

predicted. Henkelman echoes this concern in a recent review, stating: “a precise rate 

calculated for an assumed reaction mechanism is misleading if there is a lower-energy 

pathway that was not discovered.”295 This concern presents a need for a meticulous 

approach to pinpoint the MEP for subsequent engineering. The solution is to isolate 

each geometric change in a mechanism, both chemical and structural. A recent paper by 

the Clancy group gives an example of partitioning a reaction mechanism to determine 

the true MEP.275 This approach is important for the thiol-Michael addition, which has 

several steps in the overall mechanism.  
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Nudged elastic band simulation 

 All NEB simulations for our study were performed using a custom NEB 

algorithm for compatibility with the Orca DFT software package.296 These calculations 

were performed at the B97-D3 level of theory297 with Ahlrichs’ def2-TZVP basis set.298–

300 Several parameters also needed to be specified within the NEB algorithm. We chose 

the LBFGS optimizer301 based on the recommendation from Herbol et al.302 A spring 

constant, required for the harmonic spring force that help the band together, was given 

as 0.1 eV/Å. We used the Climbing-Image NEB algorithm,273 which came into effect 

after 5 iterations of the NEB optimizer, to provide a more accurate guess of the transition 

state atomic geometry. Additional parameters included a dimensionless step size, 

dimensionless step size adjustment, and maximum step size of 1.0, 0.5, and 0.04 Å, with 

an accelerated linesearch method for faster convergence. The step size was reset every 

20 steps. For all energy barriers related to chemical transitions (initiation, propagation, 

chain transfer), the convergence criteria were either a root mean squared force of 0.0272 

Ha/Å or maximum force of 0.0272 Ha/Å. For all energy barrier related to structural 

transitions (product decomplexation), the convergence criteria were either a root mean 

squared force of 0.005 eV/Å or maximum force of 0.005 eV/Å. The tighter convergence 

criteria provide a better prediction of the transition state in the absence of a transition 

state optimization that requires a stable first-order saddle point not present in a structural 

transition such as decomplexation. An example of the NEB method for the chain transfer 

step in the N-butyl-N-allylacrylamide monomer reaction is shown in Figure 2-11. The 

transition state corresponds with the x-value of 2 along the reaction coordinate. 
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Figure 2-12: Iterative reduction of energy from our custom NEB method 

The iterative reduction of energy from our custom NEB method. Shown in this figure is 

the chain transfer step of the N-butyl-N-allylacrylamide, calculated using the B97-D3 

functional with the def2-TZVP basis set in an implicit methanol solvent. The colors 

shown the energy barrier at each iteration, moving downward to the final energy barrier 

of 20 kJ/mol. 

Comparison of energies between levels of DFT theory 

Common to all computational studies, our study faced the trade-off between cost 

and accuracy for the calculation of our stationary points and reaction energies. As 

reported by Smith et al., range-separated functional are necessary for modeling the thiol-

Michael addition, as it properly predicts an energy minimum for the carbocation 

intermediate.271 Moreover, another article suggests the B97X-D3 range-separated 

functional due to its ability to accurately predict proton transfers, a transition present in 

the thiol-Michael addition.303 However, the computational cost for the B97X-D3 

range-separated functional is high, making it infeasible to perform all calculations at 

this level of accuracy. Instead, we employ a two-step approach. We calculate all 

stationary points at the Generalized Gradient Approximation (GGA) level of theory 

using the B97-D3 functional, recommended by Grimme et al. as fast and accurate,288,289  
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then perform final single point energy calculations using the more accurate B97X-D3 

range-separated functional. Beyond these reasons, these two functionals were also 

chosen because of their compatibility. Both functionals calculate the short-range 

interactions using the same algorithm, with the B97X-D3 functional having additional 

capabilities to calculate long-range interactions. Therefore, an energy barrier of discrete 

atomic positions will have coincident minima and maxima for both levels of theory. The 

B97X-D3 functional predicts larger energy barriers than B97-D3, due primarily to the 

inclusion of important long-range interactions present in a system with ions, such as 

ours. 
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Chapter 3 :  Synthesis and Solution-Phase 

Characterization of Flexible Sulfonated 

Oligothioetheramides 
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Abstract 

Nature has long demonstrated the importance of chemical sequence to induce structure 

and tune physical interactions. Investigating macromolecular structure and dynamics is 

paramount to understand macromolecular binding and target recognition. To that end, 

we have synthesized and characterized flexible sulfonated oligothioetheramides (oligo- 

TEAs) by variable temperature pulse field gradient (PFG) NMR, double 

electron−electron resonance (DEER), and molecular dynamics (MD) simulations to 

capture their room temperature structure and dynamics in water. We have examined the 

contributions of synthetic length (2−12mer), pendant group charge, and backbone 

hydrophobicity. We observe significant entropic collapse, driven in part by backbone 

hydrophobicity. Analysis of individual monomer contributions revealed larger changes 

due to the backbone compared to pendant groups. We also observe screening of 

intramolecular electrostatic repulsions. Finally, we comment on the combination of 

DEER and PFG NMR measurements via Stokes−Einstein−Sutherland diffusion theory. 
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Overall, this sensitive characterization holds promise to enable de novo development of 

macromolecular structure and sequence−structure−function relationships with flexible, 

but biologically functional macromolecules. 

 

Figure 3-1: Graphical abstract describing synthesis and solution-phase 

characterization of flexible sulfonated oligothioetheramides 

 

Introduction 

Motivation 

Biological macromolecules perform advanced functions by controlling the 

relationship between their chemical functionalities and structure. Higher-order 

structures including α-helices, β-sheets, stem-loops, and many others represent the 

potential of optimized sequence-structure-function relationships to generate sensitive 

stimuli-response, allostery, information management, and expression.304–308 Precise 

sequence control, as seen in biological scaffolds, can be used to control local enthalpic 

and global entropic contributions, important factors that dictate folding, self-assembly, 

and biological interactions.309 The ability to control structure and function by 
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composition and sequence has prompted significant research in the development of 

sequence-defined polymers.97,99 Motivated by this call, we recently described sequence-

defined oligothioetheramides (oligoTEAs) featuring a rapid and efficient synthesis, 

access to the backbone, and the use of diverse pendant groups.146,147 The synthetic 

strategy utilizes the reactive orthogonality of N-allyl acrylamide monomers, rather than 

protection/deprotection groups for iterative assembly.147 The accessibility of the 

oligoTEA backbone and pendant groups render them ideal for exploring 

macromolecular conformation and dynamics. 

Development of sequence-defined sulfated materials 

Sulfates and sulfonates have long been sought after for materials development 

for their ability to impart water-solubility, surfactant action, non-fouling, and self-

assembly.310,311 In biology, sulfated carbohydrates comprise significant portions of the 

extracellular membrane surface and proteins often experience glycosylation, which can 

be sulfated. The sulfation and sulfonation of these carbohydrates adds a layer of 

complexity on top of the saccharide (glucose, galactose, fructose, mannose, etc.), let 

alone the remaining modifications of alkylation, phosphorylation, and N-acetylation. 

This structural diversity provides limitless potential to encode complex biological 

information. Thus, researchers have shown that sulfated carbohydrates play diverse and 

important biological roles in the regulation of blood clot formation, viral infection, 

neural cell growth, angiogenesis and tumor growth, cartilage structure, and 

metastasis.312–317  However, sulfates and sulfonates are highly polar and can dominate 

their physical properties and solubility, often requiring the use of protecting groups.318  
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To study sulfated or sulfonated materials, several methods have been employed 

ranging from isolation from natural sources, to post-sulfation or sulfonation of designer 

polymers, to the bottom-up synthesis of glycomemetics. Low-molecular weight heparin 

sulfate from natural (porcine) sources containing the active heparin pentascchairde 

sequence is often isolated by enzymatic and/or chemical depolymerization of tissue. 

This isolation suffers from batch to batch variability, posing a safety risk because of the 

sensitive nature of anticoagulation. In one recent case in 2007, contaminated heparin 

sulfate was associated with over 200 deaths in the US.319  Post-sulfation has commonly 

been employed with sulfur trioxide complexes across a variety of designed polymers, 

but results in heterogeneous sulfation patterns.320–324 Other researchers have been 

working with polymerization of defined, sulfated glycan monomers can produce 

libraries of mimetics with relative monodispersity.325–327 

While bulk sulfation is likely sufficient for some materials and applications, 

precise sequence control of sulfation is biologically prescribed, though poorly 

understood. However, synthesis of sequence-defined sulfated or sulfonated materials is 

challenging, especially within the use of the saccharide backbone. A primary example 

of this challenge is seen in the slow throughput in the decades long development of the 

heparin pentasaccharide, the isolated five sugar sequence sequence responsible for high 

affinity anticoagulant binding.328–331 Total synthesis provides strict replication of the 

saccharide backbone with sequence-defined sulfation, but can often be a difficult, low-

yield, multi-step process, even with advances in chemoenzymatic methods.332,333 

Peptides and peptoids (N-substituted glycines) have long struggled to 

incorporate sulfates or sulfonates due to the frequent use of TFA  and nucleophilic bases 



 

85 

 

for deblocking, both of which compromise sulfate esters, making their exploration 

difficult, even in replication of natural sulfotyrosine form334,335. This is largely due to 

the innate sensitivity of sulfate esters to acid and nucleophiles336. Several protecting 

group strategies have been tried over the years including phenyl, 2,2,2-trichloroethyl, 

2,2,2-trifluoroethyl, neopentyl, isobutyl, and most recently 2,2,2-trichloroethyl sulfuryl 

imidazolium salts all with increasing degrees of chemical protection and utility337. 

However, protecting groups that are stable to acidic conditions or nucleophiles (e.g., 

neopentyl) often require harsh conditions for deprotection that limits their use. 

In comparison to sulfate esters, sulfonates provide better chemical stability while 

maintaining important hydrogen bonding, negative charge, and hydrophilic 

characteristics of the sulfate ester. The development of protecting group chemistries for 

sulfonates has also struggled, since sulfonate esters are also potent electrophiles.318 

Nevertheless, sulfonate protecting groups progressed and initial success was found with 

the neopentyl group, which was stable but slow to deprotect decreasing potential yields. 

Modification of the neopentyl group to a first-generation TFA-liable “neoN-B” (N-Boc-

4-amino-2,2- dimethylbutyl-1-sulfonate ester), which allowed better cleavage via 

intramolecular nucleophilic attack. Advancements were made in the pursuit of esterase 

cleavable sulfonates from self-immolative trifluoromethylbenzyl substrates, which were 

more economical than the neoN-B and similarly stable.338 This effort culminated in 

work by S Pauff and S Miller to produce an α-trifluoromethyltolyl (TFMT) sulfonate 

protecting group that provided ideal stability to N-allyl-N-acrylamide monomer 

synthesis, oligoTEAs assembly, and a clean TFA-cleavage without nonvolatile side-
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products.339 The TFMT sulfonate protecting group was well-suited for the following 

work.  

Solution-phase characterization of flexible macromolecules 

The solution-phase structure and dynamics of macromolecules are challenging 

to characterize because they are a complex product of intramolecular interactions, 

entropy, and solvent interactions derived from the chemical composition and sequence. 

For characterization of small macromolecules or molecules, structure and dynamics can 

be challenging due to the small length- and time-scales, which can limit common 

experimental structural elucidation techniques. Current techniques characterize 

structure at various resolution and throughput, depending on the size and flexibility of 

the macromolecule. These limitations are of concern because OligoTEAs contain a 

significant number of unconstrained methylenes within their repeat unit, meaning they 

should be quite flexible in solution, limiting potential methods of characterization. 

As a cornerstone in high resolution structure determination, X-ray 

crystallography is limited by the production of quality crystals, difficulty with flexible 

domains, and the stochastic nature of crystallization to visualize only low-energy 

conformers without solution phase dynamics.340–343 NMR can serve as a high-resolution 

method for protein structure elucidation344,345 and primary ligand screening,346 but 

robust methods to study synthetic non-peptide structure are lacking. Small-angle x-ray 

scattering (SAXS) has proven to be a robust low-resolution tool providing solution-

phase ensembles, but can be limited by structure flexibility because of time- and space-

averaged scattering.347–349 Comprehensive techniques have improved upon individual 

weaknesses including combinations of SAXS and crystallography,350 NMR and 
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crystallography,351 SAXS and molecular dynamics (MD),352 and even SAXS, 

crystallography, and MD.353 Each type of methodology combines information to 

generally refine the solution-phase structure observed. Inspired by these methodologies, 

we sought to explore additional means of solution-phase characterization that was not 

limited by macromolecular flexibility. 

Objectives 

Highly sulfated macromolecules have potential to show a diverse array of 

biological interactions and will continue to be explored.354 In this work, we have sought 

to simultaneously i) demonstrate the ease of assembling sequence-defined sulfonated 

oligoTEAs, ii) develop methodology to characterize the extent of single-chain collapse 

of these oligomers, iii) thus allowing us to determine the structural effects of 

intramolecular electrostatic repulsion. Herein, we present the synthesis and solution-

phase characterization of sulfonated oligoTEAs as a function of length (2-12mer). We 

also explored the effect of pendant group charge and backbone composition on 

dynamics of the oligoTEA chain. Structural investigation was performed by variable 

temperature pulsed field gradient (PFG) NMR, pulsed electron paramagnetic resonance 

(EPR), and molecular dynamics (MD) simulations. Variable temperature PFG NMR 

most directly measures the macromolecular hydrodynamic radius.355 EPR and MD can 

both observe solution-phase dynamics. Double electron-electron resonance (DEER) 

EPR can quantify the distance distribution between paramagnetic spin-labels356,357 and 

has been done for a few oligomer case studies358–361. MD simulation visualizes 

oligoTEA time evolution and molecular configuration space. All characterization was 

carried out to capture room temperature structure and dynamics in water. We also 
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comment on the combination of these data within the Stokes-Einstein-Sutherland 

equation with size and shape factors to quantify size and aspect ratio within simple 

geometries.362  

Results and Discussion 

OligoTEA assembly as shown in Figure 3-2 begins with a fluorous-tagged 

soluble support functionalized with an allyl group. The first monomer is attached by a 

UV-initiated thiolene utilizing dithiol in the presence of a photoinitator. Fluorous solid-

phase extraction isolates the resulting fluorous thiol. The next monomer is attached via 

a thiol-Michael addition of an N-allyl acrylamide monomer in the presence of phosphine 

catalyst. The orthogonal reactivity ensures that the acrylamide reacts with the fluorous 

thiol with minimal cross-reactivity of the allyl group. To incorporate sulfonated pendant 

groups, a protected sulfonate N-allyl acrylamide monomer (PSM) was prepared utilizing 

an α-trifluoromethyltolyl (TFMT) group (Figure 3-11).339 With the attachment of an N-

allyl acrylamide by the thiol-Michael addition, the allyl group is reestablished to begin 

the cycle again.  
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Figure 3-2: Sulfonated oligothioetheramide assembly 

where (ia) A fluorous olefin is reacted with a dithiol in a UV-initiated thiolene and the 

product is purified in (ib) by fluorous solid-phase extraction (FSPE). (iia) A fluorous 

thiol is reacted with an N-allyl acrylamide monomer in a phosphine initiated thiol-

Michael addition and purified by FSPE (iib). These two reactions are cycled until the 

desired oligomer length is reached. (iii) The fluorous support is cleaved with 

trifluoroacetic acid and HPLC purified to give the final desired oligomer.  

TMFT: α-trifluoromethyltolyl protecting group.  

 

The first set of oligomers was synthesized by iterating dithiothreitol (DTT) 

dithiol and the protected sulfonate N-allyl acrylamide monomer and tracked by 1H 

NMR, 19F NMR, and a dithiodipyridine (DTDP) assay (Figure 3-3). As detailed in 

earlier reports, the synthetic progression of oligoTEAs can be tracked by 1H NMR by 

focusing on the disappearance of the allyl protons to confirm thiolene conversion.146 To 

track the completion of the thiol-Michael addition, 1H NMR has previously focused on 

the consumption of the thiol peak and appearance of allyl peaks. However, the monomer 

thiol peak of dithiolthreitol appears within the t-Boc of the fluorous support (Figure 3-

3, methyl protons designated as ‘E’). Additional evidence of the Michael addition 
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conversion can be observed with the growth of protons ‘C’ and ‘D’ located on the 

aromatic tolyl group of the protected sulfonate N-allyl acrylamide. Also, a DTDP assay 

can determine the thiol concentration and subsequent consumption.267,268 Finally, 

sensitive 19F NMR can also be used to verify the completion of the Michael addition by 

observing the trifluoro group of the protected sulfonate N-allyl acrylamide (Figure 3-3, 

trifluoro group designated B). All monomer peak intensities increase and broaden with 

respect to the fluorous support as the oligomer is elongated as expected. Oligomers after 

each cycle were sequestered, cleaved, purified by HPLC, and confirmed by 1H NMR 

and LCMS (Appendix B see Supplementary Spectra) providing synthetic lengths of 2-

12 “mers.” To explore the effect of each chemical group, additional oligomers were 

synthesized at the 10mer length with 1) a positively charged guanidine (G) group 2) a 

non-charged methyl sulfone (MeS) pendant group and 3) a methylene backbone using 

butanedithiol (BDT) (Figure 3-2, Appendix B see Supplementary Spectra). 

 

 
Figure 3-3: Assembly of hydroxylated sulfonate oligoTEAs 

Full molecular structures are shown with green trifluoro and orange proton groups on 

the fluorous support (A and E, respectively) and the PSM (B and C,D respectively). 

DTDP assay determination of thiol concentration, indicating thiol-Michael addition 
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completion and qualitative yield. 19F NMR spectra are shown with fluorous trifluoro 

group A normalized. PSM trifluoro group ‘B’ intensity increases and becomes broader 

as a function of oligomer length. Similarly, 1H NMR spectra normalized by Boc protons 

‘E’ shows intensity increases and broadening of PSM tolyl protons ‘C’ and ‘D.’ 

 

Characterization of oligoTEAs by variable temperature PFG NMR visualizes 

macromolecular diffusion as a linear function of viscosity normalized temperature 

(Figure 3-4). This linearity rules out any intramolecular transitions as a function of 

temperature and constrains the prospective size within Stokes-Einstein-Sutherland 

equation (Equations 3-2 to 3-4, Materials and Methods, Diffusion Theory). It 

additionally suggests minimal intermolecular interactions (e.g., aggregation, repulsion). 

Accurate measurements were obtained using 3 mm tubes, high gas flow rate, an 

optimized eddy current delay, convection compensation, and gradient pulse control 

experiments (Figures 3-12 to 3-14).355 The translational diffusion of the backbone was 

compared to the diffusion of the oligomer end to discern any heterogeneity, revealing 

the uniform diffusion of each oligomer (Figure 3-15).  

Diffusion is affected by the hydrodynamic size, shape, and hydration state of a given 

macromolecule. The data in Figure 3-4 follow expected trends in that these 

macromolecules diffuse quicker at higher temperatures or shorter synthetic length. The 

oligomers with hydroxylated (DTT) backbone diffused slightly faster than the aliphatic 

backbone (BDT). This result can be rationalized by a number of factors including 

differences in shape, hydration effect caused by the more hydrophobic BDT backbone, 

or stronger hydrogen bonding in the DTT hydroxylated backbone resulting in a more 

compact faster diffusing oligomer. Additionally, the slope of the diffusion versus 
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normalized temperature establishes a relationship between the hydrodynamic radius and 

aspect ratio depending on the assumed geometric model (Equations 3-5 to 3-12). 

 
Figure 3-4: Diffusion coefficient versus viscosity normalized temperature 

Translational diffusion coefficient as measured by PFG-NMR of oligoTEAs over a 

range of 10-40 °C of 1-3 mM (DTT-Sulf)1-6 in D2O. B. Diffusion coefficients of 1-3 mM 

oligomers in D2O with different pendant and backbone groups as a function of 

temperature, shown with the same scaling. Solid-line linear fits are shown with shaded 

regions representing the 90% CI. 

 

To observe the dynamics of these oligoTEAs in an aqueous environment double 

electron electron resonance (DEER) EPR distance measurements and molecular 
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dynamics (MD) simulations were completed. DEER measurements were performed on 

dispin-labeled oligomers prepared by reaction of an oligoTEA diamine with a Proxyl 

NHS ester. The oligoTEA diamines were prepared by via an additional thiolene reaction 

of 2-(Boc-amino)ethanethiol on the terminal allyl group. TFA cleavage then liberates 

an amine at each end. Dispin-labeled oligomers were purified by HPLC, verified by 

LCMS (Figure 3-16, see Appendix B Supplementary Spectra), measured by 4-pulse 

double electron-electron resonance (DEER), and reconstructed by Tikhonov 

regularization using the L-curve method. Molecular dynamics simulations of single 

oligomer chains were performed for 50ns in a water-filled box with periodic boundary 

conditions in an NVT ensemble to represent a dilute oligomer solution. Specifically, the 

(DTT-Sulf), (DTT-MeS), and (BDT-Sulf) oligoTEAs were simulated at all lengths (2-

12mer) to aid in the visualization of trends as a function of synthetic length. To validate 

the simulations, the translational diffusion constant was calculated and compared to 

PFG NMR measurements, revealing good agreement (Figure 3-17). With respect to the 

(DTT-Sulf)1-6 series (Figure 3-5A), the probability distribution from EPR data shows an 

increase in end-to-end distance with increasing oligomer length, as well as a 

concomitant increase in conformational freedom as measured by the full width of half 

max (FWHM). The mean end-to-end distance of the oligomers calculated by MD is also 

in reasonable agreement with the EPR data, showing a modest increase with oligomer 

size. MD simulations observe a slightly greater end-to-end distance with the (DTT-

Sulf)5,6, which falls within the experimentally observed conformational ensemble 

(Figure 3-5B). Overall, this data highlights oligomer flexibility, especially when 
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considering they show an average ~50% collapse from their fully extended theoretical 

length (Figure 3-5B and Appendix Figure B-3). 

 

 

 
Figure 3-5: (DTT-Sulf)x sulfonated oligomer end-to-end distances 

A. Distance reconstructions of the end-to-end distance distribution function generated 

from DEER EPR of 100 uM (DTT-Sulf)1-6 in 20% ethylene glycol in water vitrified (70K) 

from room temperature. B. Mean end-to-end distance versus synthetic length from 

DEER distance reconstruction and single-chain MD simulation (300K, explicit water 

solvent). Data points represent the mean end-to-end distance. Transparent bands 

represent the full-width at half maximum (FWHM) from EPR or standard deviation 

from the MD simulation time after equilibration. Supplementary methods detail sample 

spin-labeling (Figure 3-16), DEER measurement, and MD simulation detail.  

 

End-to-end distance measurements from DEER and MD were used to visualize 

the individual contributions of backbone hydroxylation and pendant groups, revealing 

a larger effect from the backbone. 10mers with a methylene backbone, i.e., (BDT-Sulf)5, 

positive charge (DTT-G)5, and neutral charge (DTT-MeS)5 were characterized (Figure 

3-6). The EPR results show that the pendant groups have minimal influence on the 

average end-to-end distance and the conformational flexibility of the 10mer oligoTEAs. 
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The length scale of these results are sensible given literature.363 The MD data on the 

other hand shows that the cationic (DTT-G)5 results in a relatively smaller end-to-end 

distance than predicted for the (DTT-Sulf)5 and (DTT-MeS)5. The methylene backbone 

of (BDT-Sulf)5 results in a smaller end-to-end distance in both DEER and MD 

experiments. This effect could be rationalized by greater hydrophobic collapse without 

backbone hydroxylation. However, PFG NMR suggests that the (BDT-Sulf)5 diffuses 

slower than all other 10-mers with pendant group modifications (Figure 3-4B). Together 

these results can be rationalized by two possible explanations. The Proxyl spin-probes 

could be participating in hydrophobic collapse and thus locate closer to one another in 

BDT-Sulf. Though possible, the MD simulations predict similar collapse and were 

performed without spin probes on the molecular structure (Figure 3-6B), casting doubt 

on the ability of the spin probes to direct the collapse of the BDT-Sulf oligomer. Thus, 

the hydroxylated backbone likely participates in intramolecular interactions, aiding 

collapse by attractive forces (i.e., hydrogen bonding) to result in a smaller 

hydrodynamic size than the BDT-Sulf. 
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Figure 3-6: End-to-end distance of alternative 10mer oligomers 

A. Distance reconstructions of the end-to-end distance distribution function generated 

from DEER EPR of all 10mers at 100 uM  in 20% ethylene glycol in water vitrified 

(70K) from room temperature. B. Mean end-to-end distance from DEER distance 

reconstruction and single-chain molecular dynamics simulation (300K, explicit water 

solvent). Data points represent the mean end-to-end distance. Error bars represent the 

full-width at half maximum (EPR) or standard deviation (MD). Supplementary methods 

detail sample spin-labeling (Figure S12), DEER measurement, and MD simulation 

detail. 

 

The effect of intramolecular electrostatic repulsion on chain dynamics can be 

visualized with DEER and MD by screening these interactions with ammonium cations 

(Figure 3-7). Aqueous ammonia was added to the oligoTEA sample preparation to give 

an estimated [NH4
+] concentration of 8.5 mM (Kb of 1.8 x 10-5), with oligoTEA 

concentration at 100 M. The neutral oligoTEA (DTT-MeS)5 does not experience a 

change conformational flexibility or end-to-end distance with the addition of 

ammonium ions as would be expected (Figure 3-7E). However, the addition of 

ammonium ions in the (DTT-Sulf)5 oligoTEA results a slightly shorter end-to-end 
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distance presumably due to screening of intramolecular electrostatic interactions (Figure 

3-7A). Conversely, without salt present, intramolecular electrostatic repulsion is 

stronger, marginally broadening the conformational ensemble. This effect can is seen 

more prominently in the (DTT-Sulf)6 oligoTEA (Figure 3-7B). Addition of ammonium 

ions to the positively charged (DTT-G)5 oligoTEA leads to a slight narrowing of the 

distribution and little to no change in the average end-to-end distance (Figure 3-7C). 

The distribution and average end-to-end distance of the backbone modified (BDT-Sulf)5 

oligoTEA showed similar results with slight narrowing of the distribution and little to 

no change in the average end-to-end distance (Figure 3-7D). 

 

 
Figure 3-7: Effect of ammonium salt on oligoTEA end-to-end distance 

End-to-end distance distributions from DEER measurement of 100 uM oligoTEAs  in 

20% ethylene glycol in water vitrified (70K) from room temperature revealing that all 

charged oligoTEAs experience electrostatic screening by the addition of ammonia 

during sample preparation. Lighter color lines indicate distributions measured with 

ammonia sample preparation. 

 

DEER and PFG NMR measurements both provide an indication of 

macromolecular size; DEER gives the end-to-end distance while PFG NMR measures 

the translational diffusion coefficient. The Stokes-Einstein-Sutherland (SES) relation 

can be used to relate diffusivity to the macromolecular size and shape, given simple 
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geometries (Equations 3-1 to 3-5).362,364 Shape models have been developed by F. Perrin 

(oblate, prolate ellipsoids) and more recently by A. Ortega and J. García de la Torre 

(rod) (Equations 3-6 to 3-8).365–368 While an ellipsoid is geometrically preferred, the rod 

model is mathematically continuous over its range of aspect ratio, making it more 

robust. To solve for size and shape simultaneously, a constraint is needed outside of the 

data gathered from the PFG NMR (Equation 3-4). DEER and MD end-to-end distances 

can be assumed to describe the length of the rod, allowing discrete solutions to be 

obtained for the hydrodynamic radius and aspect ratio (Equations 3-9, 3-10).  

 

Figure 3-8: (DTT-Sulf)x aspect ratio versus synthetic length 

The aspect ratio of the (DTT-Sulf)1-6 series calculated from the solution to the SES rod 

model assuming the end-to-end distance data describes the long dimension (length) of 

the rod. Data in the black filled circles were computed using end-to-end distance 

measurements from EPR and the diffusion coefficient of oligomers without the spin 

probes present. The filled green circles represent solutions to the SES rod model using 

the end-to-end distance data obtained from MD simulations. The open circles represent 

the aspect ratio of the (DTT-Sulf)1-6 oligomers computed using the diffusion coefficient 

of the oligomers bearing the two spin probes. The error bars on the experimental (DTT-

Sulf)1-6 data series represent errors from the PFG NMR data and a 95% confidence 

level in the DEER data, all propagated through the SES model.  
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Similar to the end-to-end distance data (Figures 3-5 through 3-7), this additional 

analysis confirms increases in size, as indicated by the hydrodynamic radii from the 

SES rod model, at longer oligomer lengths (Figure S12). However, the aspect ratio data 

derived from the MD end-to-end distances appear lower than what is observed 

experimentally (Figure 3-8). One possible explanation of this observation is that the 

addition of spin-labels for DEER measurement adds significant size or length to the 

smaller oligomers. This concern is compounded because the aspect ratio is 

exponentially sensitive to the difference between the end-to-end constraint and twice 

the hydrodynamics radius (Appendix B Figure B-6). To investigate this theory, the first 

three di-spin labeled oligomers ((DTT-Sulf)1-3) were oxidized, measured by PFG NMR 

(Appendix B Figure B-7) and re-analyzed with the SES rod model. The new aspect ratio 

which takes into account the spin labels on (DTT-Sulf)1-3 confirms that the original 

aspect ratio of the smaller oligomers was inflated by the length added by the spin labels 

(Figure 3-8). Although the paramagnetic nitroxides can affect the NMR quality (i.e., 

oxidation is necessary), the shape and size analyses are best performed on the same 

macromolecule when shorter oligomer lengths are involved. Beyond a synthetic length 

of six monomers (three dithiol and three N-allylacrylamide monomers), the spin-probes 

have minimal (< 10%) impact on diffusion (Appendix B Figure B-8). The overall SES 

shape analysis with the rod model utilizing PFG NMR and DEER data, and the MD 

data, indicate that all oligoTEAs prepared in this work have a low aspect ratio (1-2) as 

expected for relatively short and flexible macromolecules.  
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Biological testing of sulfonated oligoTEAs 

Note: this work was not included in Brown, J. S.; Acevedo, Y. M.; He, G. D.; Freed, J. 

H.; Clancy, P.; and Alabi, C. A. Macromolecules 2017, 50 (21), 8731–8738. 

 

Additional background 

With sulfonated oligoTEAs of varying length produced, biological testing could 

reveal their potential as sulfated glycomimetics. As briefly aforementioned, heparin 

sulfate is one of the most-well known sulfated glycosaminoglycans and has clinically 

been utilized toward a variety of anticoagulant and antithrombotic indications since the 

1940s.369  Thrombosis of cerebrovascular, cardiovascular, and peripheral vasculature, is 

the leading cause of mortality in the western world and developing countries.370 Short 

term treatment with heparin sulfate includes any extracorporeal procedure 

(hemofiltration, catheter, etc) as well as acute coronary syndrome (i.e. reduced blood 

flow to the heart) with or without percutaneous coronary intervention (“stent”). Longer 

term treatment requires an excellent safety profile with reliable phenotypical response. 

General indications includes i) atrial fibrillation, a leading risk factor for stroke, 

affecting 2.3 million people in the US as of 2008, ii) treatment or prophylaxis of venous 

thromboembolism following surgery, iii) or prophylaxis for myocardial infarction 

(“heart attack”) or reinfarction, a leading cause of death worldwide.371–373 
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Figure 3-9: Common pathway of the coagulation cascade. 

Modified from reference304,374 demonstrating the location of antithrombin as the main 

inhibitor of thrombin, which amplifies several other parts of the coagulation cascade. 

Hemostatic regulation of coagulation cascade is a complex and the pathway 

centers around the activation of thrombin (Factor II). Thrombin itself is highly 

responsive to the progression of thrombosis and its activity is highly tuned, modified, 

and ultimately attenuated by cofactors that bind to its exosites304,375 (Figure 3-9). 

Therapy to attenuate the sensitivity and activity of these reactions has been a focus of 

much research ranging from inhibition of thrombin, Factor Xa, and antithrombin. 

Antithrombin serves to be a straightforward method to inhibit thrombin action. Thus, a 

strategy to manage this process and prevent possible clot formation is to activate 

antithrombin, which can then inhibit thrombin.  

Little to no binding to antithrombin 

While it facilitates several parts of the coagulation cascade, heparin sulfate binds 

and activates antithrombin to then inhibit thrombin to maintain a controlled level of 

coagulation. With this known mechanism, we attempted to observe binding of 

sulfonated oligoTEAs to antithrombin. Work in literature has connected changes in the 
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tryptophan fluorescence of antithrombin to binding of heparin sulfate into its binding 

pocket. This method was chosen over the use of exogenous molecular probes including 

6-(p-Toluidino)-2-naphthalenesulfonate (TNS), which can encode information about 

changes in protein conformation.376–378 According to the binding assay, the prepared 

sulfonated oligothioetheramides show little to no binding to antithrombin up to 0.6 mM 

at low salt concentrations. 
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Figure 3-10: Antithrombin binding assay 

Unfractionated heparin sulfate (UFH) is shown, analyzed to have a binding affinity (Kd) 

of approximately 100 nM, close to literature value of 45 nM, given the assumption of 

molecular weight (see Materials and Methods, Antithrombin binding assay). No binding 

of either the short (DTT-Sulf)1 “2mer” or the (DTT-Sulf)5 “10mer” was observed. The 

2 and 10mer were used in this assay as representatives of short and long oligomers 

sequences. While the 10mer has a larger total charge, it has the same repeat unit and a 

greater degree of conformational freedom, which increases the entropic cost of binding. 

Total ionic strength was 20 mM. 

 

 While disappointing, lessons from literature of the development of heparin 

derived therapeutics explain the lack of binding of our sulfonated oligoTEAs. Overall, 

successful antagonism of the heparin-binding site on antithrombin has been primarily 

completed by mimetics that still utilize the saccharide backbone.379 The structure of the 

antithrombin ligand is a key determinate of its functionality. Potential ligands with the 
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same charge density and slightly different structure vary significantly in their binding 

affinity.329,380 The isolated ligand to antithrombin, heparin pentasaccharide, proceeds to 

bind by allosteric activation of antithrombin, suggesting a highly specific and 

cooperative mechanism377. Evidence for this particular binding mechanism strongly 

suggests that mimetics that merely associate or interact with the binding site will be 

insufficient to produce the necessary conformational activation. 

Conclusions 

In this venture, we successfully synthesized sulfonated oligoTEAs and 

characterized their size, chain dynamics, and conformational ensemble by PFG NMR, 

DEER EPR, and MD simulations as a function of synthetic length (2-12mer) and 

individual monomer functional groups. We confirm the strength of entropy and 

hydrophobicity to create oligomer “collapse” of flexible structures. Our results suggest 

that this collapse can overwhelm intramolecular electrostatic repulsion. Analysis of 

individual monomer contributions revealed larger changes due to modulation of the 

backbone as opposed to pendant groups. Charged oligoTEAs were observed be affected 

by the addition of ammonium salt, resulting in fewer conformations of similar end-to-

end distances, likely by ionic screening.  

In biological testing, we were unable to bind our sulfonated oligoTEAs onto 

antithrombin even at concentrations up to 0.6 mM in low ionic strength (20mM) buffer. 

This lack of interaction is likely due to the flexible nature observed of these oligoTEAs, 

unlike the natural saccharide backbone within heparin sulfate itself. Additionally, the 

heparin pentasaccharide itself experiences a unique induced fit transitioning from a low 

affinity to a higher affinity binding conformation.377  
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While low resolution, these characterization techniques have provided insight 

into the ensemble of highly flexible oligoTEAs. The characterization of other short 

flexible oligomers will enable understanding of sequence-structure relationships for 

sequence-defined oligomers toward to design of single-chain folding behavior. 

Meanwhile, this methodology can be applied to the structural characterization and 

development of flexible, but biologically functional materials. 

Materials and Methods 

Supplementary methods 

General chemicals were purchased from Sigma Aldrich, Alfa Aesar, or Acros Organics. 

Fluorous tag and fluorous silica were purchased from Boron Specialties. Routine NMR 

spectra were recorded on INOVA 400, 500, or 600 MHz spectrometers and analyzed by 

MestReNova (version 10.0.0). 1H NMR chemical shifts are reported in units of ppm 

relative to the deuterated solvent. LCMS experiments were carried out on an Agilent 

1100 LCMS system with a Poreshell 120 EC-C18 (3.0x100mm, 2.7um) column 

monitoring at 210nm with positive or negative mode for detection. Solvents for LCMS 

were water with 0.1% acetic acid (solvent A) and acetonitrile with 0.1% acetic acid 

(solvent B). A flow rate of 0.6 mL/min was used with a gradient starting at 5% solvent 

B, followed by a linear gradient of 5% to 95% solvent B over 10 min, 95% solvent B 

for 2 min, before returning to 0% solvent B over 2 min. Most all tabulated data was 

processed with GraphPad Prism 7.01. 
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Synthesis of the protected sulfonate allyl acrylamide monomer (PSM): 

 

Figure 3-11: Synthetic scheme summarizing the assembly of the protected sulfonate 

allyl acrylamide monomer (PSM) 

 

The protecting group was prepared as described in S Pauff and S Miller339 Briefly, 1.4 

equivalents of trimethyl(trifluoromethyl)silane was added to a solution of benzaldehyde 

in THF at 500 mM at 0 °C. Approximately 1 drop per mmol of 1M TBAF solution in 

THF catalyzed the Ruppert-Prakash reaction and was brought to RT to stir for 1hr. The 

solution was concentrated and purified by flash chromatography (0-1% ethyl acetate in 

hexanes) to give the trimethyl(2,2,2-trifluoro-1-(p-tolyl)ethoxy)silane at 85% yield after 

purification as a light yellow oil. The age of the silane reagent was seen to be a 

significant factor for the reaction conversion.  

 

The TMS-protected alcohol was dissolved in 1:1 1M HCl:THF at 250 mM and stirred 

vigorously at RT for 2hrs. The reaction was extracted using ethyl acetate and the 

combined organic layer was washed with 0.1M HCl, water, and brine. The 2,2,2-

trifluoro-1-(p-tolyl)ethanol (TFMT) was obtained as a light yellow liquid in 90% yield.  
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The TFMT was dissolved in dry DCM at 110 mM with 2.0 equivalents of triethylamine 

and stirred on ice. 1.3 equivalents of chloropropylsulfonyl chloride was prepared in a 

1.3 M solution of DCM and added dropwise. The 100 mM mixture stirred on ice for 1hr 

and then at RT overnight. The reaction was quenched with water, extracted using DCM 

washed with 0.1M HCl, water, and brine. Concentration and purification with flash 

chromatography (0-15% ethyl acetate in hexanes) yielded the 2,2,2-trifluoro-1-(p-

tolyl)ethyl 3-chloropropane-1-sulfonate as a white amorphous solid at 90% yield. The 

melting point was observed to be just above room temperature, but not quantified. 

 

The alkyl halide protected sulfonate was then put through N-allyl acrylamide monomer 

synthesis146 with modifications. The chloropropane protected sulfonate (2.6 g, 8 mmol) 

was dissolved into 100 equivalents (800 mmol, 60 mL) of allyl amine and 5 equivalents 

(40 mmol, 5.6 g) of potassium chloride. The solution was stirred at a 50C reflux 

overnight. The solution was then filtered over Celite and concentrated to yield an amber 

oil. The conversion of the chloropropane to the N-allyl propane protected sulfonate was 

checked by NMR and TLC and assumed to be pure. Thus, the N-allyl propane protected 

sulfonate (2.8 g, 8.0 mmol) was dissolved in dry DCM at 150 mM and stirred with 1.2 

equivalents of triethylamine. Acryloyl chloride (1.4 equivalents, 11.1 mmol, 880 uL) 

was diluted in DCM (3mL) and added dropwise. The reaction stirred over 1 hour and 

then allowed to come to RT for two hours. The reaction was then extracted using DCM 

and washed with 0.1M HCl, water, and brine. The concentrated amber oil was then 

purified by flash chromatography using 0-60% ethyl acetate in hexanes to give a clear 

light yellow liquid in 65% yield. 



 

107 

 

 

Sulfonated oligothioetheramide assembly 

General method for fluorous allyl amine synthesis: 

2-[2-(1H,1H,2H,2H-Perfluoro-9-methyldecyl)isopropoxycarbonyloxyimino]-

2phenylacetonitrile (fluorous tag) was dissolved in THF (10mg/mL). Two equivalents 

of allyl amine and two equivalents of triethylamine were added to the reaction mixture 

and stirred at room temperature for at least 3 hours. Afterward, the THF was completely 

removed by vacuum centrifuge and the reaction mixture was dissolved in fluorophobic 

20% Water in MeOH wash solution, directly loaded onto fluorous silica, and purified 

by FSPE. Methanol was evaporated under reduced pressure to yield fluorous allyl amine 

as an off-white solid. 

 

General method for thiolene reaction: 

Two equivalents of dithiothreitol and 2,2-dimethoxy-2-phenylacetophenone (DMPA, 

10 mol % of dithiol) were added to a solution of corresponding fluorous-olefin in 

methanol (>80 mM). The reaction mixture was UV irradiated for 270 s at 20 mW/cm2. 

The product (fluorous-thiol) was purified by FSPE. Methanol was removed by vacuum 

centrifuge or dry nitrogen at 40 °C. The product was confirmed by NMR for reaction 

completion and purity or DTDP assay for approximate yield. 

 

General method for Michael addition: 

Two equivalents of the protected sulfonate allyl acrylamide monomer activated by 

dimethylphenylphosphine (DMPP, 5 mol% of monomer) were added to the fluorous-
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thiol (variable mM) in methanol. Thirty minutes of reaction time was sufficient to reach 

completion verified by NMR and DTDP assay at 100 mM concentration. The reaction 

mixture was then purified by FSPE. 

 

Purification by fluorous solid-phase extraction (FSPE): 

The fluorous column was preconditioned with water (1 mL / g of fluorous silica). The 

fluorous organic mixture was precipitated by adding one-fourth of the reaction volume 

of water and loaded onto the fluorous silica column (500 mg or 2 g per scale of reaction). 

Any remaining fluorous material in the reaction vessel was resolubilized in methanol, 

again precipitated by water addition, and transferred to the fluorous column. A 

fluorophobic wash (20 vol% Water in MeOH) was used to elute all non-fluorous 

molecules while the fluorous-tagged material was retained on the fluorous silica gel 

(Thiolene wash:  0.33 mL/mg of fluorous material; Michael addition wash: 0.5 mL/mg 

of fluorous material). A fluorophilic wash of methanol was then used to elute the 

fluorous material (0.2 mL/mg fluorous material). For the FSPE purification of the MeS 

containing oligomers, the wash solution was made more fluorophobic by the addition 

of water up to 60 vol%. 

 

Generalized method for oligoTEAs synthesis: 

Fluorous allyl amine was synthesized and cycled through the thiolene and Michael 

additions until desired oligomer length was reached as described. Upon completion, 

oligoTEAs were treated with 5 mM TFA with 5 v/v% deionized water for 2hrs if the 

PSM was used in its preparation; otherwise, the oligoTEA was treated with 1:1 
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TFA:DCM at 5 mM. Then, the mixture was dried at room temperature under argon and 

HPLC purified. 

 

HPLC purification of oligoTEAs 

HPLC purification was performed on an 1100 Series Agilent HPLC system using a 

reverse phase Agilent Eclipse Plus C18 column (4.6x150 mm, 5µm) or an Agilent 

Eclipse XDB-C18 (9.4x250 mm, 5µm) column and collected using an automated 

fraction collector. The column compartment was kept at 40 °C. Solvents for HPLC were 

water with 0.1% trifluoroacetic acid (solvent A) and acetonitrile with 0.1% 

trifluoroacetic acid (solvent B). Compounds were eluted at a flow rate of 1 mL/min or 

4 mL/min over specified gradients. 

 

Assay of organic thiol concentration by 2,2’ dithiodipyridine (DTDP) 

Thiol concentration was qualitatively assessed after purification at the end of each 

thiolene and during the Michael addition to track the oligoTEAs synthesis. Following 

previously published procedure267,268 5 µL of 12 mM DTDP and 300µL of 0.1 v/v% 

TEA in DMSO were prepared for each assay sample. Aliquots of fluorous material were 

added to the assay such that the concentration would be 100 µM, mixed, and allowed to 

sit for 3-5 minutes. The reaction was quenched with 10uL of acetic acid and 150uL were 

analyzed by an absorbance scan from 325-450 nm (step size 2 nm). Spectra were 

normalized to 450 nm and analyzed. 
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Pulse-field gradient nuclear magnetic spectroscopy (PFG NMR) 

Measurements were performed with a Varian Unity INOVA 600 MHz spectrometer 

equipped with a Varian 600 triple resonance XYZ PFG (HCN) inverted probe. 1H 

spectra were first acquired with optimized 90° pulse angle from -2 to 14 ppm using 4 

scans, a relaxation delay of 2 seconds, and an acquisition time of 1.7 seconds. Diffusion 

measurements were accomplished using the double-stimulated echo convection 

compensated sequence381 using 3 mm tubes and 20 LPM of VT gas flow to diminish 

convection. Measurements were completed with an array of 20 linearly developed pulse 

field gradient strengths, an acquisition time of 1.7 seconds, 8 steady state pulses, 

diffusion gradient length of 2.0 milliseconds (ms), 0.0 ms of off-center delay (del2), 

0.00 unbalancing factor, and alternating gradient pulse sign. The diffusion delay was set 

to 120 ms as it attenuated the (DTT-Sulf)5 to approximately 10% of its original intensity 

at the maximum gradient pulse. Scout diffusion measurements of small scan numbers 

were completed to estimate and determine the best gradient stabilization delay (1.0-2.5 

ms) to minimize the phase errors caused by eddy currents355. A standard of 99.9% D2O 

was run to calibrate the probe (gcal) by the observed diffusion coefficient of HDO for 

each temperature as described by a Speedy-Angell power law fit382 of Longsworth’s 

data383 (Figure 3-12, Equation 3-1). Example processing is shown in Figure S4 and S5. 
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Figure 3-12: HDO Self-diffusion versus temperature for PFG-NMR calibration 

A. Arrhenius plot of HDO diffusion in 99.9% D2O as measured by Longsworth383. The 

Arrhenius plot can fit diffusion data in a linear fashion with some small error. B. As 

seen in literature,382 a better fit can be achieved using the Speedy-Angell power-law 

using parameters listed in the equation below to eliminate nearly all error. This data 

allowed a control experiment to measure the HDO diffusion in 99% D2O at each 

temperature provided as described in literature355. 

𝐷 = 𝐷0 [
𝑇

𝑇𝑠
− 1]

𝛾

   ;      𝐷0 = 1.62421 × 10
−4,   𝑇𝑠 = 223.36,   𝛾 = 1.96 

Equation 3-1: The Speedy-Angell power-law as applied to translational diffusion. 

While an Arrhenius plot does show appreciable linearity of HDO diffusion measured by 

Longsworth383, systemic error can be reduced by the use of the Speedy-Angell power-

law as previously seen382. Fitted parameters to Longsworth data are listed and used in 

Figure 3-4. 
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Figure 3-13: Viscosity vs temperature used in PFG-NMR analysis. 
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Plot of D2O viscosity that was utilized in DOSY analysis from J Lapham et al384. This 

data was used in the analysis of PFG NMR data. 

 

 

Figure 3-14: Example of PFG-NMR data processing. 

Example of PFG NMR processing of the 2 mer at 25 °C. Acquisition parameters are in 

Supplemental Methods. 1H spectra was examined for quality signal-to-noise and phase 

errors associated with eddy currents, phased manually, and baseline corrected. Sets of 

peaks were integrated as a function of the pulse field gradient strengths that was applied 

to reveal a single exponential decay of each molecule. This serves as an example for all 

collected PFG NMR spectra. 
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Figure 3-15: Example result of PFG-NMR data analysis. 

The natural logarithm of the normalized intensity versus the calibrated gradient 

strength to observe the molecular diffusion homogeneity of the 4mer at 25C. Individual 

sets of peaks from different regions of the oligomers demonstrate that the end of the 

oligomer (e.g. allyl protons Y5, Y7-8) diffuses the same as the backbone of the oligomer 

(e.g. aliphatic Y or thioether Y1). This observation demonstrates there were no major 

differences between the end and backbone groups. This serves as an example for all 

spectra. 

Conjugation of proxyl spin label to sulfonated oligoTEAs 

  

Figure 3-16: Scheme to produce di-spin labeled sulfonated oligoTEAs.  
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Before TFA cleavage of the fluorous support, 3 equivalents of 2-(Boc-

amino)ethanethiol and DMPA (10 mol%) were reacted with the elongated oligoTEA 

allyl (A) terminal. Cleavage and HPLC purification was completed as described 

generally. During confirmation of the cleaved product by 1H NMR, 19F NMR was 

completed with a trifluoroethanol standard to quantify residual trifluoroacetic acid 

(TFA) from the HPLC to inform the equivalency of base to be used in subsequent 

conjugation. The confirmed oligoTEA was reacted with 5 equivalents of 2,2,5,5-

Tetramethyl-3-pyrrolin-1-oxyl-3-carboxylic acid N-hydroxysuccinimide ester (Proxyl 

NHS ester) and with 5-20 equivalents triethylamine at 1-10mM in 30% water in DMSO 

at room temperature for 4 hours. Upon reaction completion, the di-spin labeled 

oligoTEAs was HPLC purified and confirmed by LCMS. 

 

Electron spin resonance distance measurements 

ESR measurements were completed at the Advanced Electron Spin Resonance 

Technology (ACERT) Center. Di-spin labeled oligoTEAs were reduced using aqueous 

ammonia for 1-2 hours at 50-500 µM at room temperature. Some samples as labeled 

were dialyzed against ultrapure water using a 100-500 MWCO Micro-Float-A-Lyzer 

(Spectrum Labs) and monitored by a calibrated Accumet Four Cell Conductivity/ATC 

probe (Cat 13-620-165) with an Accumet Excel XL20 conductivity meter. All samples 

were prepared at 100 µM and vitrified to 70K rapidly from room temperature. A 

working frequency of 17.3 GHz with a 30G magnetic component in a rotating reference 

frame was sufficient for distances of 10 Å or longer. Most samples were measured by 

4-pulse sequence double electron-electron resonance (DEER) and some were measured 
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by double quantum coherence (DQC). Time domain data was processed in MATLAB; 

an example is shown in Figure S16. Then, distance distributions were calculated by 

Tikhonov regularization based on the L-curve method (α ~ 2-7) using modified 

MATLAB scripts from the ACERT website (acert.cornell.edu). 

 

Molecular Dynamics (MD) simulations 

The oligomer simulations were run in the Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS), Sandia’s molecular dynamics software package385. A 

single oligomer chain was simulated for 50 ns with 1 fs timesteps in a water-filled box 

with periodic boundary conditions to simulate the motion of disperse oligomers in 

aqueous solution. An isothermal, NVT, ensemble was implemented in the MD 

simulation using a Nosé−Hoover thermostat set to 300 K. The OPLS (Optimized 

Potential for Liquid Simulations) force field developed by Jorgensen386 was used for the 

oligomers and is expected to well represent the system since OPLS parameters are 

optimized to fit experimental properties of liquids, such as density and heat of 

vaporization, in addition to fitting gas-phase torsional profiles. To supplement the core 

OPLS parameters, the sulfonate parameters were taken from research by J N C Lopes, 

A A H Padua, and K Shimizu which studied ionic liquids.387,388 Since ionic liquid 

properties are heavily derived from charge interactions, we expect this force field to 

appropriately handle charge contributions to the system’s dynamics. Finally, the force 

field selected for the water solvent was the TIP4P model, which offers a good 

compromise between computational efficiency and charge accuracy.389  
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Accurately simulating an isolated oligomer required careful design of physical 

constraints and charge constraints. The periodic simulation box was made large enough 

to minimize self-interaction errors. This was done by running a relatively long 10 ns 

simulation for each oligomer size to determine the approximate end-to-end distance 

distribution. Less than 1% of the collected data is affected by self-interaction. The box 

sizes selected were from 3.7 nm for the shortest oligomers to 7 nm for the longest 

oligomers. The amount of water molecules required to fill those respective simulation 

boxes, ranged from 1700 molecules to 7200 molecules. The total amount of atoms 

simulated, including the oligomer, ranged from 5100 atoms to 22000 atoms. 

 

The charge calculation was done using a long-range particle-particle particle-mesh 

solver in LAMMPS. In solution, the (DTT-Sulf)1-6 have a permanent negative charge 

on each sulfonate group. Charge neutrality was achieved in the simulations by using 

sodium ions. 

 

Circular dichroism measurements 

Circular dichroism data is shown in Appendix B. Spectra were collected from 185-400 

nm (2 nm step size) on an AVIV Biomedical Circular Dichroism Spectrometer Model 

400 (Lakewood, NJ) using a 0.2 cm cuvette filled with 700 µL of oligoTEA at variable 

concentration {45-300 µM}.  The automatically calculated CD signal, Dynode (PMT 

voltage), CD current (Abs),  CD Delta – Absorbance (Raw data) were collected. Sample 

concentration was found to be optimal at approximately 200 µM based on a maximized 

Dynode (PMT voltage) with regards to the resulting signal to noise. 
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Diffusion theory  

Compiled and made explicit from Stokes-Einstein-Sutherland, Chen and Chen390, and 

G. de la Torre368, and F. Perrin365–367 with a review by A. Macchioni362. 

 

𝐷𝑡 =     
𝑘𝐵𝑇

𝑓
   =     

𝑘𝐵𝑇

𝑐(𝑟𝐻)𝑓𝑆(𝑝)𝜋𝜂𝑟𝐻
    
𝑓𝑜𝑟 "𝑙𝑎𝑟𝑔𝑒" 𝑠𝑝ℎ𝑒𝑟𝑒𝑠
→                   

𝑘𝐵𝑇

6𝜋𝜂𝑟𝐻
 

Equation 3-2: Stokes-Einstein-Sutherland (SES) equation 

The SES equation relates the Boltzmann temperature and the translational molecular 

diffusion where kB is the Boltzmann constant, T is the temperature in Kelvin, rH is the 

prospective hydrodynamic radius, η is the dynamic viscosity, c is a size-dependent 

modification to transition between the slip/no-slip boundary conditions, p is the 

geometrically defined aspect ratio, and fs is the shape-modified friction factor.362 

𝐷𝑡 =  (
𝑘𝐵

𝑐(𝑟𝐻)𝑓𝑆(𝑝)𝜋𝑟𝐻
)
𝑇

𝜂
 

Equation 3-3: Algebraic rearrangement of the SES equation 

This rearrangement clearly shows there is a linear relationship between the 

translational diffusion and the normalized temperature (T/η), then the quantity in the 

parentheses is equal to the slope, if linear and constant. 

𝛼 ≡  (
𝑘𝐵

𝑐(𝑟𝐻)𝑓𝑆(𝑝)𝜋𝑟𝐻
)    

 
→    𝛽 ≡  

𝑘𝐵
𝛼𝜋
  =   𝑐(𝑟𝐻)𝑓𝑆(𝑝)𝑟𝐻  

Equation 3-4: Definition of experimental slope from SES equation. 

This yields an experimentally derived parameter (β) as it constrains the prospective size 

and aspect ratio, two unknown parameters. 

𝑐(𝑟𝐻) =  
6

1 + 0.695 (
𝑟𝑠𝑜𝑙𝑣
𝑟𝐻
)
2.234                       4 < 𝑐(𝑟𝐻) < 6 

Equation 3-5: Microfrictional correction to the SES by H Chen and S Chen 

This relates the van der Waals radius of the solvent to the prospective molecule 

hydrodynamic radius. The expression was derived to correct the translational diffusion 

of crown ethers, which are notably smaller than the prospective sulfonated 

oligoTEAs390. 
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𝑓𝑃𝑟𝑜𝑙𝑎𝑡𝑒 = 
√1 − 𝑝2

𝑝
2
3⁄ ln (

1 + √1 − 𝑝2

𝑝
)

  ;   𝑝 ≡
𝑏

𝑎
 < 1 

Equation 3-6: The prolate ellipsoid friction factor 

This friction factor for a prolate ellipsoid was defined by F Perrin 1934,1936 and 

corrected by S Koenig 1975 with the limits of the aspect ratio365–367. 

𝑓𝑂𝑏𝑙𝑎𝑡𝑒 = 
√𝑝2 − 1

𝑝
2
3⁄ arctan(√𝑝2 − 1)

  ;   𝑝 ≡
𝑏

𝑎
 > 1 

Equation 3-7: The oblate ellipsoid friction factor 

This friction factor for an obalte ellipsoid was defined by F Perrin 1934 and1936 with 

the limits of the aspect ratio365,366.  

𝑓𝑅𝑜𝑑 = 1.009 + 1.395 × 10
−2(ln 𝑝) 

              +7.88 × 10−2(ln 𝑝)2                  ;   0.1 < 𝑝 ≡
𝐿

𝑑
 < 20 

              +6.040 × 10−3(ln 𝑝)3 

Equation 3-8: The friction factor for a rod (cylinder) 

This semi-empirical friction factor for a rod was defined by A Ortega and J García de 

la Torre with the limits of the aspect ratio368. 

𝑉𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑠𝑝ℎ𝑒𝑟𝑒 = 𝑉𝑠ℎ𝑎𝑝𝑒𝑑 = 
4

3
𝜋𝑟𝐻

3 

𝑉𝑅𝑜𝑑 =  𝜋𝑟
2𝐿 →  𝑟𝐻 = √

3𝑟2𝐿

4

3

 

Equation 3-9: Constant volume constraint for non-spherical shapes 

The volumetric constraint that assumes the prospective oligomer shape fills a volume 

that to be equivalent in volume to a sphere described by the hydrodynamic radius, rH. 

The parameters in these equations are described in Appendix Figure B-6 where r is the 

geometric rod radius, and L is the rod length.  

𝑑𝐸𝑆𝑅 = 𝑙𝑜𝑛𝑔 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 𝑜𝑓 𝑟𝑜𝑑 = 𝐿 → 𝑟 =
𝑑𝐸𝑆𝑅
2
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𝑝 ≡ 0.1 <
𝐿

2𝑟
< 20 =  

𝑑𝐸𝑆𝑅
2𝑟

 → 𝑟 =
𝑑𝐸𝑆𝑅
2𝑝

 

𝑟𝐻 = √
3𝑟2𝐿

4

3

= √
3𝑑𝐸𝑆𝑅

3

16𝑝2

3

 

𝛽 = 𝑐(𝑟𝐻)𝑓𝑆(𝑝)𝑟𝐻 = 

=
6

1 + 0.695

(

 
 
 

𝑟𝑠𝑜𝑙𝑣

√3𝑑𝐸𝑆𝑅
3

16𝑝2
3

)

 
 
 

2.234 × √
3𝑑𝐸𝑆𝑅

3

16𝑝2

3

× [

1.009 + 1.395 × 10−2(ln 𝑝)

+7.88 × 10−2(ln 𝑝)2

+6.040 × 10−3(ln 𝑝)3
] 

Equation 3-10: Final algebraic expression relating experiment to aspect ratio  

with a known end-to-end distance. This algebraic relates the diffusion constant within 

β to the constrained SES with the rod model, assuming the ESR distance applies in the 

long dimension as described by Appendix Figure B-6. This equation was solved using 

fsolve in MATLAB R2013a with MaxIter = 800, MaxFunEvals = 200, a tolerance of 10-

25, and a multiplier on the residual of 1015. 

Antithrombin binding assay 

Human α-antithrombin III was purchased from Haematologic Technologies (Essex 

Junction, VT, 58 kDa) and stored as received in 50% glycerol at -20C prior to use. 

Unfractionated heparin (UFH) (CAS 9041-08-1, Grade 1-A, ≥180 USP units/mg, 

assumed to be 13kDa within the range of manufacturer specification and literature 

use391,392) and PEG8000 was purchased from Sigma-Aldrich. Protocols for the binding 

of unfractionated heparin (UFH) and heparin mimetics has been previously established 

in literature.376–378 Briefly, binding assays were completed in 20 mM NaPO4, 0.1 mM 

EDTA, 1 mg/mL PEG8000, and optional 25 mM NaCl for higher salt conditions. 

Concentrations of an intermediate stock of antithrombin were calculated using the 
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extinction coefficient of 36000 1/(M*cm) and the TECAN NanoQuant plate (2 µL) 

before delivering a final concentration of 1uM into   a Greiner UV-Star® flat bottom 96 

well plate for the assay. UFH and any sulfonated oligoTEAs were distributed by serial 

dilution (ranging from a factor of 1.6-1.85) with a final well volume of 100uL. 

Fluorescence measurements were taken using a TECAN Infinite® M1000 PRO 

Microplate Reader (Männdorf, Switzerland). Fluorescence excitation and emission 

scans were performed to reveal peak excitation of 280nm (tryptophan fluorescence) and 

emission at 324nm. The fluorescence was normalized (Fi-F0) / F0, where Fi is each well 

and F0 is the baseline fluorescence. Affinity was calculated using nonlinear regression 

in GraphPad Prism 7.01 using the normalized equation in literature.376–378 
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Chapter 4 :  Antibacterial isoamphipathic oligomers 

highlight the importance of multimeric lipid 

aggregation for antibacterial potency 
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Abstract 

Cationic charge and hydrophobicity have long been understood to drive the potency and 

selectivity of antimicrobial peptides (AMPs). However, these properties alone struggle 

to guide broad success in vivo, where AMPs must differentiate bacterial and mammalian 

cells, while avoiding complex barriers. New parameters describing the biophysical 

processes of membrane disruption could provide new opportunities for antimicrobial 
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optimization. In this work, we utilize oligothioetheramides (oligoTEAs) to explore the 

membrane-targeting mechanism of oligomers, which have the same cationic charge and 

hydrophobicity, yet show a unique ~ 10-fold difference in antibacterial potency. 

Solution-phase characterization reveals little difference in structure and dynamics. 

However, fluorescence microscopy of oligomer-treated Staphylococcus aureus mimetic 

membranes shows multimeric lipid aggregation that correlates with biological activity 

and helps establish a framework for the kinetic mechanism of action. Surface plasmon 

resonance supports the kinetic framework and supports lipid aggregation as a driver of 

antimicrobial function. 

 

Figure 4-1: Graphical abstract for Chapter 4 

 

Introduction 

Motivation 

Antibiotics are a cornerstone of modern-day medical care. Before penicillin was 

discovered by Alexander Fleming in 1928, a cut could be deadly if infected, surgery 

was impossible, childbirth often complicated, and illnesses like pneumonia and 
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tuberculosis were untreatable. Now, antibiotics are widely used, with over 269 million 

antibiotic prescriptions in the United States alone in 2015, many of them for children.393 

Antibiotics have been so effective, we can hardly imagine a world without them.  

However, as Fleming predicted in his Nobel lecture in 1945, bacteria can evolve to 

survive antibiotic treatment, commonly termed antibiotic resistance. Antibiotic 

resistance continues to grow as a world health crisis due to the natural evolution of 

bacteria, an increase in antibiotic use and accessibility, as well as a substantial decline 

in development.394,395 With the rise of “superbugs” resistant to all antibiotics, the age of 

antibiotic therapy could be ending. Unaddressed, antibiotic resistant bacteria are 

predicted to kill more people annually than cancer by 2050.396 

As resistance accumulates, researchers have turned to the development of new 

antibiotic strategies including cationic antimicrobial peptides (AMPs).397 As a 

structurally broad class, AMPs encompass short, amphipathic peptide units that share 

common cationic and hydrophobic features. They naturally serve as a part of the innate 

immune system and are an evolutionarily conserved response to foreign 

pathogens.398,399 Several modes of action have been proposed, with some AMPs acting 

by disrupting and permeabilizing the bacterial membrane.400,401 Additional steps can 

contribute to bacterial death including membrane polarization, disruption of 

cytoplasmic components, immunomodulatory response, or adjuvant function.402–404 

Since the bacterial membrane is essential and AMP disruption is diverse and stochastic, 

bacteria can have difficulty circumventing this mechanism.400,405 Understanding the 

fundamental mechanism of antibiotic action is critical, considering that almost every 
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new antibiotic produced in the past sixty years has succumbed to bacterial resistance 

within a few years of release.406 

AMPs have encountered barriers to their systemic use, predominantly due to 

their toxicity, proteolytic degradation, and low bioavailability.398,402,407 Several AMPs 

and lipophilic AMPs including polymixin B, nisin, gramicidin S, and colistin have been 

developed, but relegated to topical application, food packaging, or as drugs of last resort, 

with the exception of daptomycin.398,408–411 Toxicity is primarily due to insufficient 

selectivity, where AMPs generally interact more strongly with bacterial membranes 

based on their lipid composition and properties. Anionic lipids within bacterial 

membrane are broadly targeted by AMPs over the more neutral and rigid cholesterol-

containing mammalian membrane.399,412 Low bioavailability is primarily due to rapid 

proteolytic degradation of peptides by serum proteases. Using this knowledge, 

researchers have worked toward enhancing serum stability with the development of 

sequence-defined peptidomimetics including peptoids,413 β-peptides,183,414,415 

oligothioetheramides (oligoTEAs),278,416 and many others. To control activity and 

selectivity, AMPs and AMP mimetics have focused on tuning the nature, quantity, and 

spatial positioning of cationic charge and hydrophobicity.398,400,404,407 This optimization 

generally holds, even within structured macromolecules containing α-helices, where 

these fundamental properties lead to interfacial amphipathicity.417–419 Thus, with these 

design parameters, some AMPs and AMP mimetics with promising prospects have been 

developed (e.g. brilacidin in Phase II clinical trial).163,420 

Researchers have also established limitations within the optimization of potency 

and selectivity using cationic charge, hydrophobicity, and amphipathicity.400,404 For 
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example, hydrophobicity improves membrane insertion and potency, but can increase 

both in vitro and in vivo toxicity.278,413,421–423 Similar trends have been seen for the level 

of amphipathicity.417 Thus, researchers have called for the advancement of design 

principles to include targeting strategies or biophysical parameters.400,424,425 Beyond 

these common molecular-scale physicochemical properties, biophysical 

characterization potentially holds the next level of parameters to direct the design of 

therapeutically-relevant membrane-disrupting antimicrobials.400,401 Several biophysical 

techniques probe the interaction of these membrane disruptors with supported bacterial 

mimetic bilayers including surface plasmon resonance (SPR),426,427 quartz crystal 

microbalance,428,429 and more recently dual polarization interferometry.401,430 Thus far, 

these studies have revealed a complex sequence of events that are often 

indistinguishable including binding, insertion, and structural changes made to bacterial 

membranes by disruptive AMPs and their mimetics.426,427 Moreover, these studies have 

developed the concept of a critical threshold concentration of membrane disruption, 

argued to direct the minimum inhibitory concentration (MIC),400 or another 

concentration in which irreversible structural changes are made to the membrane.401 

Prior work in the Alabi lab 

Prior to this work, our lab has performed a couple of studies with other 

antibacterial scaffolds as AMP mimetics. The first work was completed by M Porel, 

D.N. Thornlow, N.P. Phan, and C.A. Alabi (2016),416 explored a diverse set of pendant 

groups and structures including macrocycles. Macrocyclic structures were created with 

oligoTEAs by an acid-catalyzed reaction between a TFA-liable aldehyde pendant group 

(acetal) and an alkoxyamine to forming an oxime. Biologically, several structures were 
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tested including macrocycles of varying size and tail lengths, as well as simple linear 

oligomers.  Structured materials like macrocycles often have been better potential to 

bind to challenging drug targets including protein-protein interactions.34 However, the 

linear structures showed more selectivity than the macrocyclic oligoTEAs in this 

original study. In addition, other successes in literature came to light. Specifically, I. S. 

Radzishevsky et al (2007) presented research on synthetic acyl-lysines with excellent 

promise as potent and selective antibacterial agents with successful in vivo challenges 

(intraperitoneal, mouse model). Combined, these findings lead to the antibacterial 

scaffold explored by M. Porel, D.N. Thornlow, C.M. Artim, and C.A. Alabi (2017), 

which expanded the search for antibacterial candidates using a polyamine scaffold with 

a variety of pendant and backbone groups. This work showcased the ability of 

oligoTEAs to decouple molecular properties including hydrophobicity and charge to 

understand their contributions to antimicrobial action. Within the library of oligoTEAs 

synthesized were the oligomers discussed in this Chapter. 

Objectives 

Toward understanding new parameters for AMP optimization and development, 

we have explored a unique pair of sequence-defined oligothioetheramide (oligoTEA) 

constitutional isomers of the same length, cationic charge, hydrophobicity and thus 

amphipathicity.278 These antibacterial oligoTEAs (AOTs) have the same physical and 

chemical properties that typically guide optimization of membrane-disrupting 

antimicrobials, but have displayed a unique differential in potency and toxicity of nearly 

10-fold. Thus, they were ideal for exploring new parameters for sequence-structure-

function optimization of membrane-disrupting antimicrobials. We confirmed similar 
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solution-phase structures using small- and wide-angle x-ray scattering (SAXS/WAXS) 

as well as pulsed field gradient (PFG) NMR and pulsed electron paramagnetic resonance 

(EPR) processed within the molecular Stokes-Einstein-Sutherland relation.217 However, 

directed by differences in biophysical observations, we explored the interaction of these 

oligomers with supported bacterial mimetic bilayers using fluorescence microscopy, 

fluorescence recovery after photobleaching (FRAP), and oligomer-lipid extraction. All 

biophysical experiments created a de novo kinetic framework that was then tested and 

supported by modeling oligomer-membrane interactions observed by surface plasmon 

resonance (SPR). Thus, we are able to present new parameters that can enable further 

development of membrane-disrupting antibacterial agents beyond typical 

physicochemical parameters of cationic charge and hydrophobicity. 

Results 

Different potency yet similar solution-phase structures 

Membrane disrupting antimicrobials make use of cationic charge and 

hydrophobic moieties to bind and insert into bacterial membranes, respectively.398,400,407 

In previous work, we examined structural features such as oligomer length (total 

charge), hydrophobicity, sequence, and composition.278,416,423 Relationships observed 

between chemical and physical properties with activity corroborate conclusions made 

across multiple molecular classes: a threshold of cationic charge is required for activity 

and hydrophobicity increases potency while increasing toxicity. However, exceptions 

were found based on the conformation of a benzyl group at the center of the first-

generation AOT scaffold (Figure 4-2a). The oligomer with a para-substituted benzyl 
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group (“Para”) showed nearly an order of magnitude higher potency than the meta-

substituted version (“Meta”) against several clinically relevant pathogens as measured 

by a minimum inhibitory concentration (MIC) assay (Figure 4-2b, see Materials and 

Methods, Figure 4-7 for MIC definition). The MIC of the Meta and the Para were 

recorded as the minimum concentrations that prevented 90% of visible bacterial growth, 

also called a MIC90. A similar trend was observed with toxicity as measured by the 

hemolysis assay (Appendix C Figure C-1). However, these oligomers showed the exact 

same hydrophobicity as demonstrated by their retention on reverse phase HPLC (Figure 

4-2c) and are thus isoamphipathic.  

 

 

Figure 4-2: Antibacterial and hydrophobicity characterization 
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(a) Structures of the Meta and Para (b) Minimum inhibitory concentration (MIC) results 

showed nearly a 10-fold difference in potency across several clinically relevant 

bacterial strains. Error bars represent the range of the MIC observed. (n=3 biological 

replicates each with n=2 technical replicates shown. See Materials and Methods for 

MIC definition (Figure 4-7). MRSA is methicillin-resistant Staphylococcus aureus and 

VRE is vancomycin-resistant Enterococcus. Significant difference in potency: p < 

0.0001, 0.0002, 0.0005, and 0.0021 paired t-test, two-tailed, df = 5 for all, B. subtilis, 

MRSA, S. epidermidis, and VRE, respectively. (c) Reverse phase HPLC-MS 

chromatogram of the extracted product mass (EIC) of the Meta and Para demonstrated 

the same retention and hydrophobicity.  

 

Since these isomeric oligoTEAs have different connectivity, their solution-phase 

structure was initially suspected to be responsible for the differences seen in their 

antimicrobial potency. Solution-phase size, shape, and conformation were examined by 

pulsed field gradient (PFG) NMR, double electron-electron resonance EPR, and small-

angle x-ray scattering (Figure 4-3). PFG NMR is a label free technique to measure the 

self-diffusion of molecules observed by NMR within the solution-phase, encoding 

information about the hydrodynamic size and shape. Variable temperature (VT) PFG 

NMR revealed similar diffusion coefficients across a range of viscosity normalized 

temperatures (identical slopes, p = 0.862, two-tailed t-test) for both isomers. This 

linearity indicated minimal intermolecular interactions or intramolecular transitions 

during measurement, which would appear as functions of temperature (e.g. aggregation, 

repulsion).  To gauge the solution-phase structure at the lipid membrane, VT PFG NMR 

was also performed in a lipid mimetic solvent of 1:4:4 water:methanol:chloroform, 

previously used for structure determination of transmembrane proteins.431,432 In this 

lipid mimetic solvent, both the Meta and Para present similar diffusion characteristics 

(identical slopes, p = 0.485, two-tailed t-test). The oligomers show slower diffusion, 
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likely due to expanded hydrodynamic radii, a sign of improved solvation. This 

expansion and solvation could indicate an entropic gain if the oligomer were to bind and 

then insert into the hydrophobic space in the lipid bilayer. 

To investigate the dynamics of these oligoTEAs, double electron-electron 

resonance (DEER) EPR was performed. End-to-end distance measurements by DEER 

measures the dipolar coupling between two unpaired electrons from “spin” probes on 

the molecule using pulsed EPR. Reconstruction of the observed data extracts a distance 

distribution between the spin probes. The di-spin labeling of the oligomers was made 

possible by use of a phthalimide protected N-allyl-N-acrylamide monomer during 

oligomer assembly. Thus, only the terminal amines were di-spin labeled with a proxyl 

nitroxide (Materials and Methods, Figure 4-9). Deprotection of the di-spin labeled 

oligoTEA N-phthalimides was optimized using a sodium borohydride reduction and 

acid hydrolysis to provide the final di-spin labeled Meta and Para (Appendix C 

Supplementary Spectra).433 DEER measurement was completed on 50 µM oligomer 

after rapid vitrification from room temperature (RT) in PBS with 10 v/v% ethylene 

glycol. Reconstructed distance distributions revealed similarities in both end-to-end 

distance distributions (Figure 4-3b).  

Together, the end-to-end distance from DEER and diffusion measurements 

enable calculation of the hydrodynamic radius and aspect ratio with the Stokes-Einstein-

Sutherland (SES) equation (Figure 4-3c and d; Materials and Methods). This calculation 

uses the slope of the plot of diffusion versus viscosity-normalized temperature (Figure 

4-3a), and allows structural elucidation of highly flexible, small structures217. The 

calculated hydrodynamic radii were under 1 nm and the aspect ratios reveal similar 
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spherical oligoTEA shapes (Figure 4-3c and d). Spherical appearance of the oligomer 

indicated clear space-averaging during observation from single-chain collapse. These 

dynamics were also visualized in a similar broad DEER distribution (Full-width at half 

maximum of ~2nm). These data from DEER demonstrate that the oligomers have 

similar dynamics due to the same size and distribution, likely indicating similar 

flexibilities. 

 

Figure 4-3: Meta and Para have highly similar solution-phase structures 

(a) Variable temperature PFG-NMR (1mM) completed from 0-40°C in D2O and a lipid 

mimetic solvent (1:4:4 D2O:dMeOD:CDCl3) shown and shaded regions indicating 

standard deviation. The diffusion constant is plotted versus the viscosity (η) normalized 

temperature. Statistical significance for D2O: identical slopes, p = 0.862, two-tailed t-

test and for lipid mimetic solvent: identical slopes, p = 0.485, two-tailed t-test. (b) 

Reconstructed end-to-end distance profiles from DEER EPR of samples rapidly vitrified 

to 70K from room temperature (RT, 22°C) 50 μM in PBS. (c) Aspect ratio calculated 

from diffusion and end-to-end distance measurements and a molecular Stokes-Einstein-

Sutherland (SES) equation at RT. The shaded region reflects the aspect ratio of an ideal, 

well-solvated polymer (AR ~1.1). (d) The calculated hydrodynamic radii from the SES 

equation and the radii of gyration for the Meta and Para from Guinier fits of SAXS data 

(see Appendix C Figure C-2 and Table C-1). In (c) and (d) error bars represent standard 

deviation, propagated from the PFG NMR measurement and the DEER end-to-end 

distance. 

 

To complement the SES analysis, X-ray scattering was completed to confirm 

similarities in the Meta and Para oligomers and verify the SES-calculated hydrodynamic 
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radii (Appendix C Figure C-2). When done in the solution-phase, small- and wide-angle 

x-ray scattering (SAXS / WAXS) is a label-free technique that encodes information 

about macromolecular size, shape, and dynamics by measuring the scattering of x-rays 

from a sample. Scattering was examined at both small- and wide-angle due to the small 

size of these oligomers to measure their radii of gyration.434,435 Broad scattering was 

observed decaying toward the baseline around q ~ 0.4-0.5 (Appendix C Figure C-3). 

Guinier fits provided the radii of gyration in good agreement with the SES analysis at 

~0.5 Å below the hydrodynamic radii, expected from oligomer hydration (Appendix C 

Figure C-2 and Table C-1). Moreover, exceptional overlap in calculated SAXS pair-

wise distributions was observed between the Meta and Para (Appendix C Figure C-3). 

Overall, these results demonstrate remarkable similarities between the highly dynamic 

and spherical solution-phase structures of the Para and Meta oligoTEAs, strongly 

suggesting they are indistinguishable in solution. Thus, these flexible and dynamic 

oligomers likely initiate their interaction with the bacterial membrane in highly similar 

fashions. Traditionally, membrane-disrupting AMPs and mimetics initiate this binding 

via electrostatic interactions, but their composition and structure influences the 

thermodynamics and kinetics of the interaction. Structure in solution is not a 

prerequisite for activity, however, and structure can develop within subsequent binding 

states408,426,436. 

 

Meta and Para are distinguishable at the bacterial membrane surface 

Since the mechanism of AMPs and AMP mimetics includes membrane 

disruption,278,401 additional biological testing was pursued on the mechanism of the 
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Meta and Para. A propidium iodide (PI) assay was completed on methicillin-resistant 

Staphylococcus aureus MRSA. PI is a membrane impermeable agent that fluoresces 

upon binding and intercalation with nucleic acid. Thus, PI displays fluorescence if the 

bacterial membrane is permeabilized to allow either diffusion of PI into the bacteria or 

diffusion of nucleic acid out of the bacteria. The PI assay demonstrate that the Para 

rapidly compromised the bacterial membrane (Figure 4-4a), with significantly higher 

permeabilization shown by the Para than the Meta as expected. The differential between 

the Meta and Para is similar when tested with B. subtilis (Appendix C Figure C-4). 

Membrane depolarization was measured with fluorescent 3,3’-

dipropylthiadiacarbocyanine (diSC35), which binds and quenches at the membrane 

surface from the natural bacterial polarization. Membrane disruption leads to 

depolarization, releasing and dequenching diSC35.437 Using this assay, the Para shows 

a greater extent of depolarization than Meta (Figure 4-4b), with less of a difference than 

the PI assay. Both the PI and diSC35 assays demonstrated results expected for 

membrane-disrupting agents such as melittin. These results also corroborated the 

differences between the Meta and Para, despite their extensive similarities in solution-

phase structure, size, charge, and hydrophobicity. 
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Figure 4-4: Meta and Para were distinguishable and active on the bacterial membrane 

(a) Propidium iodide (PI) assay demonstrated the ability of the Para to disrupt and 

permeabilize the bacterial membrane of MRSA (ATCC 33591) at significantly greater 

activity than the Meta (p = 0.0015, df=2.018, unpaired t-test, two-tailed). The shaded 

region indicates the standard deviation around a solid line (mean) of n = 3 biological 

replicates with n=2 technical replicates each. (b) diSC35 membrane depolarization 

assay performed against MRSA (n = 3 biological replicates). The Para shows stronger 

membrane depolarization, (* p < 0.028, df = 3.995, unapaired t-test, two-tailed). In 

both assays, oligomers and controls were added at 15 μM to compare their activity. 

Vancomycin inhibits cell wall synthesis, and serves as a negative control. 

 

Meta and Para triggered lipid surface aggregates formation 

Since the Meta and Para presented distinguishable membrane interactions, we 

sought to investigate their interaction and disruption on a S. aureus mimetic supported 

lipid bilayer (SLB) via fluorescence microscopy. Bacteria innately have different lipid 

compositions within their membranes, which can influence the interaction and 

effectiveness of AMPs. Since MRSA results in a significant percentage of deaths from 

antibiotic-resistant bacteria,438 we focused on simulating its lipid membrane 

composition. A head group composition of 4:5:11 neutral lipids, cardiolipin, and 
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phosphatidylglycerol was compiled from literature on the S. aureus membrane (see 

Supporting Information). Lipids tail groups were chosen to maintain fluidity at room 

temperature, specifically neutral 18:1 diacylglycerol (DG), tetrapalmitoyl cardiolipin 

(TPCL), and 1-palmitoyl-2-oleoyl-sn-glycero-phosphoglycerol (POPG). Small 

unilamellar vesicles (SUVs) were prepared with this composition and labeled with 

Octadecyl Rhodamine (R18). SLB preparation was enabled by pre-coating glass slides 

with poly-L-lysine (PLL)439 (See Materials and Methods, Appendix C Figure C-5). The 

resulting lipid bilayers were visualized and fluorescence recovery after photobleaching 

(FRAP) was completed to verify their quality and fluidity (Appendix C Figure C-6, C-

7).  FRAP can determine the lateral diffusion of two-dimensional lipid bilayers, even 

on living cellular membranes, by observing the recovery of a photobleached spot. 

Treatment of the S. aureus mimetic membranes for 10 minutes with 5 µM Meta 

and Para revealed the formation of micron-sized lipid aggregates and lipid particle 

evolution from the surface into the bulk solution (Figure 4-5a, see online version for 

Supplementary Movie 1 and 2 (doi: 10.1038/s42003-018-0230-4), Appendix Figure C-

7). Treatment at 5 µM was chosen as it is in between the MIC of the oligomers to discern 

any difference. Control experiments demonstrated the phenomena was not specific to 

the R18 label. SUVs prepared with Texas RedTM DHPE in place of R18 revealed similar 

lipid aggregation and particle evolution phenomena (See online version for 

Supplementary Movie 3 (doi: 10.1038/s42003-018-0230-4)). 

To further understand their participation in membrane disruption, the Meta and 

Para were fluorescently labeled to visualize oligomer co-localization with the 

aggregates. Fluorescein acrylamide was conjugated to the oligoTEAs via the terminal 
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thiol at the end of oligomer assembly. Following acid cleavage, the final product was 

purified by HPLC and verified via 1H NMR and LCMS (see Materials and Methods, 

Figure 4-10, Appendix C Supplementary Spectra). The fluorescein-labeled Meta and 

Para were mixed with unlabeled oligomer and placed onto S. aureus mimetic membrane 

using the same conditions (5μM, 10 minutes, RT, 50% labeled). Due to the fluorescence 

of the solution, imaging was completed after buffer exchange with PBS to remove 

solution-phase and loosely-bound fluorescein-labeled oligomers. The fluorescent 

microscopy images showed that the fluorescein-labeled Meta and Para were co-

localized with the lipid aggregate, likely directing its formation (Figure 4-5b). 

Additionally, the biological activity was also checked, revealing decreased potency and 

differential between the Meta and Para after fluorescein labeling (Appendix C Figure 

C-8). Thus, the fluorescein oligomers did not fully represent the mechanism of action 

of the unlabeled oligomers, but all shared the physical phenomena of aggregate 

formation. Fewer aggregates were observed relative to the unlabeled oligomers with 

size differences, likely because of the attenuated biological activity. 

Lipid removal from the SLB membrane was confirmed by measuring the 

fluorescence of bulk solution in the microscopy well via R18. The S. aureus mimetic 

SLBs labeled with R18 were incubated with the oligomers for 5 minutes, as time-lapse 

imaging showed the lipid particles could settle after 7-10 minutes. The bulk solution 

was removed and treated with Triton-X detergent at 5 mM final concentration to 

solubilize any lipid particles.440 The remaining SLB membrane in the microscopy well 

was also extracted fully by treatment with Triton-X detergent (verified in Appendix C 

Figure C-9). Comparison of the fluorescence revealed 1-2.5% of the membrane is 
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extracted into the bulk solution during oligomer exposure over a concentration range of  

0.25-40 μM (Figure 4-5c). The Para showed more extraction at lower concentrations. 

Moreover, lipid extraction was observed below concentrations where lipid particles 

were observed in the fluorescence microscopy, indicating lipid extraction can occur in 

smaller, non-aggregate forms (e.g. micelles). 

Analysis of the aggregates at equilibrium revealed the Para forms smaller and 

more numerous micron-sized aggregates at lower concentrations (Figure 4-5d and 4-

5e). A higher number of aggregates formed per oligomer concentration defines efficient 

aggregate formation. ImageJ particle analysis revealed the Para and Meta form 

aggregates at similar rates and efficiency at higher concentrations of ≥7.5 μM (Figure 

4-5e and 4-5f), closer to where both oligomers are antimicrobial (Appendix C Figure C-

10, C-11). However, at lower concentrations of ≤5 μM, the Para remains active against 

MRSA and retains efficient aggregate formation, whereas the Meta is inactive and 

shows attenuated aggregate production (Figure 4-5e). Efficient aggregate formation 

appears to have a concentration threshold in similar style to the MIC and could be 

important for oligomer antimicrobial function. However, the MICMeta is much higher 

than this concentration, undermining any immediate quantitative correlation, likely 

because of differences in experimental set up. With regards to size, a smaller size 

aggregate increases surface density, possibly increasing any antimicrobial action of the 

aggregate per oligomer mass. The smaller size or the efficiency of aggregate formation 

could be a potential explanation as to why the Para is much more potent than the Meta. 

Overall, the particle count and size data obtained from fluorescence microscopy show 
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differences between the Para and Meta that could correlate with their differences in 

antimicrobial activity. 
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Figure 4-5: Visualization of aggregate count, size, and kinetic formation,  

as well as evidence of membrane loss and binding 

(a) Fluorescent micrographs of before and after 10 minutes of oligomer exposure, R18 

visualizes the lipids. (b) Use of fluorescein Meta and Para demonstrated oligomer 
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participation via co-localization in the aggregate (10 minutes, 5 μM total, 50 %FL, 

washed with PBS). All scale bars are 25 μm. (c) Capture of lipid particles evolved from 

surface quantified by plate reader fluorescence as a percentage of total within the 

microscopy well. Semi-log lines are an aid to the eye (n=1). (d) Histogram of aggregate 

sizes on microscopy images determined by ImageJ particle analysis (e) Total number of 

aggregates in microscopy image after 10 minutes versus oligomer concentration 

showed a threshold of efficiency. A linear regression is shown to aid the eye. At high 

(active) oligomer concentration the oligomers were indistinguishable; at low 

concentration the Para developed more aggregates, as it is more potent. Individual 

SLBs were observed (n=1) for all concentrations except 1 μM Meta and 2.5 μM Para, 

where n=2. (f) Kinetics of aggregate formation showing the oligomers are 

indistinguishable at high concentration, but distinguishable at intermediate and low 

concentrations. 10 μM, 7.5 μM, and 1 μM are the high, mid, and low concentrations, 

respectively. Note for 1 μM the y-axis is 1k, whereas for 10 μM and 7.5 μM the scale is 

3k aggregates. (g) FRAP experiment revealing reversible decrease in membrane 

diffusivity when equilibrated with 10 μM oligomer from a molecular, non-aggregate 

state (****p < 0.0001; ns p > 0.05, unpaired t-test, two-tailed). FRAP replicates 

represent membrane heterogeneity, n = 4,3,2,2 for the Control, Meta, Para, Meta 

Washed, and Para Washed, respectively. (See Appendix C Figure C-14 for mobile 

fraction). 

 

Kinetic mechanism proposed from microscopy observations 

Time-lapse fluorescence microscopy of oligomer disruption of the S. aureus 

mimetic SLB clearly showed irreversible aggregate formation, where few to no 

aggregates re-adsorbed into the mobile lipid bilayer after their formation or washing. 

Analysis of aggregate count in all frames over time revealed kinetic behaviors that are 

dependent on oligomer concentration, supplementing evidence of a threshold in similar 

style to the MIC (Figure 4-5f). At high concentration, both oligomers exhibited quick 

aggregate formation kinetics to a level of ~3k particles, or ~20k particles per mm2. At 

intermediate concentration, aggregate formation from the Para quickly reached an 

equilibrium aggregate density, while the Meta is slow. At low concentrations, the Para 
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shows slower aggregate formation, while the Meta shows little to no aggregate 

formation. Overall, these data indicated concentration dependence on kinetic formation 

of the aggregate, also in a similar style to the biological activity (MIC). 

FRAP of the S. aureus mimetic SLB membrane revealed evidence of sub-

micron, reversible oligomer binding, in contrast to the irreversibly-formed aggregate. 

Treatment of the membrane with the Meta and Para showed a decrease in diffusivity by 

FRAP (Figure 4-5g). The aggregates only contributed ≤4% of the FRAP laser spot size 

(Materials and Methods, Particle Analysis, Appendix C Figure C-12). Therefore, the 

decreased diffusion measured by FRAP represented changes in the membrane not due 

to the immobile aggregates. At 10 µM, there is not a large difference between the Meta 

and Para, also in contrast to the aggregate, indicating the sub-micron binding events 

progress to a similar equilibrium. The SLB was thoroughly washed with PBS to remove 

solution-phase and loosely-bound oligomer. Afterward, FRAP shows the membrane 

diffusivity returned to its native state, indicating this binding was reversible (Figure 4-

5g). Additional oligomer concentrations of 2.5 and 5 µM were also tested (Appendix C 

Figure C-13). At these lower concentrations, the decrease in diffusion lessened in a 

concentration dependent manner, and binding remained reversible. Molecular binding 

states that reversibly changed the membrane diffusivity could be the oligomer cross-

linking the phospholipid head-groups or inserting into the membrane to cause 

viscoelastic changes. As described in literature, there are several hypothesized 

molecular- and macromolecular-scale binding states seen with AMPs including “bind 

and insert” mechanisms, which would not be visible by microscopy.401,404,407,426  
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All data from the fluorescence microscopy and FRAP guided the development 

of a kinetic framework around the mechanism of the Meta and Para membrane 

disruption. The FRAP showed molecular-scale states that bind reversibly. These 

reversible states reached equilibrium faster than the FRAP time-scale (minutes), but 

binding could be quick if initiated by electrostatic interactions. Aggregate formation is 

irreversible and entraps oligomer onto the membrane surface, occurring after molecular 

binding. Lipid losses from particle or micelle formation likely includes oligomer as well, 

as some aggregates are observed dissociating from the membrane surface via a meta-

stable “worm” (See Supplementary Movies in online version (doi: 10.1038/s42003-018-

0230-4)). Altogether, these observations begin to describe both the kinetics and 

mechanism of the oligomers’ membrane disrupting action (Figure 4-6a). 

 

Kinetic hypothesis supported by surface plasmon resonance 

With a hypothesized kinetic framework (Figure 4-6a), surface plasmon 

resonance (SPR) tested the kinetic model against observed data of S. aureus mimetic 

membrane disruption by the oligomers (Figure 4-6b). SPR is a label-free technique that 

uses an optical biosensor to observe effective refractive index changes near the gold 

sensor surface. It encodes both mass and structural changes, making it ideal to observe 

biomolecular interactions, such as membrane disruption, in real-time. Using a Biacore 

L1 chip,427,441,442 S. aureus mimetic membranes were formed on the sensor and the Meta 

and Para were injected to observe the kinetics of binding and membrane disruption 

(Appendix C Figure C-15). Upon injection of oligomer, all response curves ascended 

quickly and then slowed toward an equilibrium, consistent with two-phase binding 
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kinetics (Figure 4-6c). Specifically, it appears oligomer was quickly bound to the lipid 

membrane (OL) and then shifted into another second, subsequent bound state (OL*). 

After the membrane was washed with PBS, a quick drop to an elevated baseline was 

observed to indicating the presence of both reversible and irreversible states (Figure 4-

6c, Appendix C Figure C-16).  

The proposed model based on fluorescence microscopy, lipid extraction, and 

FRAP fit well to the experimental SPR data, unlike literature models (Figure 4-6b, 

Materials and Methods, Equation 4-1).  Several models have been developed for AMPs 

binding to SPR mimetic membranes, commonly utilizing two reversible steps including 

loss or lipid expansion on the second step.426,441,442 However, attempts to fit the SPR 

sensorgrams with literature-based two state models with or without loss on the second 

step were unsuccessful (Appendix C Figures C-17 and C-18). The model could fit parts 

of the sensorgram (e.g. association, dissociation phase), but not the complete curve. 

Addition of loss on the first step (OL) to the model successfully described the SPR data 

(Figure 4-6c). This loss was rationalized by the sub-micron losses observed in the lipid 

extraction experiments, as well as the remainder of the data once a singular aggregate 

state is assumed (Appendix C Figure C-19). Physically, the observations by SPR within 

the model are consistent with all previous observations. The aggregate formation likely 

accounts for the irreversible baseline shift due to the permanent addition of oligomer to 

the membrane surface and dramatic structural changes. The intermediate step 

corresponds to molecular- or macromolecular-binding states that are revealed to be 

rapid and reversible by the SPR. 
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Across concentrations, the SPR model fitted and suggested the irreversible 

aggregate (OL*) to have a concentration threshold similar to the MIC. Model fits were 

obtained for all oligomer concentrations (Appendix C Figure C-20, Table C-2). Within 

the model, any parameter responsible for directing antimicrobial activity should 

demonstrate favor for the Para at concentrations below the MICMeta while showing 

similarity near the MICMeta. Within the fitted parameters, three matched this criteria i) 

K1, the equilibrium constant for molecular binding states, ii) OL*, the population of 

irreversible surface aggregates, and to some extent iii) Loss(OL*), which was lipid 

particle loss from the aggregate. K1 showed a favorable differential for the Para and 

occurred at a fast time-scale (seconds), typical of electrostatic associations (Appendix 

C Figure C-22 and C-23). However, the time-scale of the oligomer antimicrobial action 

was much longer (hours) as previously reported.278 Thus, K1 was likely not the 

parameter responsible for biological activity. The population of aggregates (OL*) 

showed a good correlation with the differential in biological activity, and has a slower 

time-scale to match biological experiment. Lipid particle evolution from the aggregate 

Loss(OL*) showed some concentration dependence as well (Appendix C Figure C-24). 

Thus, the SPR modeling corroborated the importance of the aggregate formation as it 

relates to the biological activity of these isoamphipathic oligomers. 
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Figure 4-6: Kinetic model based on observations tested and supported by SPR 

(a) Kinetic framework was developed from all observations from time-lapse 

fluorescence microscopy (aggregates, lipid particle evolution), lipid extraction 
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experiments (nanoscale losses), and FRAP (molecular-scale binding) and translated 

into (b) a testable hypothesis of oligomer membrane disruption. (c) SPR sensorgram of 

a high (10 μM) and low (1 μM) concentration. The Meta and Para showed similarities 

at high concentration, especially within the dissociation phase (PBS wash). At low 

concentrations, the oligomers were significantly different in both the association and 

dissociation phases. All runs did not return to the original baseline, with some 

irreversible changes. (d) Model fit of 5 μM Meta. (e) Model fit of 5 μM Para. (f) 

Concentration dependence of differential aggregate formation (OL*), where the Para 

showed higher activity at lower concentration, below the MIC of the Meta. 

 

Discussion 

This work has focused on the development of new experimental parameters for 

membrane-targeting antimicrobials, outside of the known properties of cationic charge 

and hydrophobicity. OligoTEAs have enabled the synthesis of isoamphipathic 

oligomers to specifically probe additional parameters in membrane-disruption. With 

extensively similar physicochemical properties, the Meta and Para also displayed 

similar solution-phase structure and dynamics, indicating they approached the bacterial 

membrane in similar fashions. However, at the membrane surface, the action of the Meta 

and Para was distinguishable and clear, as shown by the PI and diSC35 assays.   

Fluorescence microscopy visualized the formation of a multimeric lipid 

aggregate, a differential of the two isoamphipathic oligomers. The kinetics, size, and 

efficiency of aggregate formation favor the Para, potentially connecting it to the 

biological differential in MIC. FRAP allowed the general visualization of molecular-

scale diffusivity, indicating reversible molecular-scale binding. The oligomer-

membrane disruption was observed across multiple length-scales by time-lapse 

fluorescence microscopy, quantification of lipid extraction, and FRAP, all culminating 
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into a kinetic framework that was tested and supported by SPR. The aggregate 

population (OL*) correlated with the observed behavior in the microscopy and the 

biological activity across concentrations.  

Much research has focused on nano- and/or molecular-scale including models 

including the barrel-stave pore model, toroidal pore model, carpet model, and others by 

use of transmission electron microscopy (TEM), atomic force microscopy (AFM), and 

x-ray scattering. More recent work has highlighted the dynamic nature of some these 

states, possibly allowing for reversibility as seen in the FRAP data herein.399,401,443–445 

Other investigations into the mode of action of AMPs and their mimetics have also 

visualized dramatic, micron-scale membrane changes by electron microscopy and 

confocal microscopy.417,446–448 These techniques frequently show morphological 

changes indicative of pore formation, but lack quantitative description this work has 

demonstrated. With SPR, AMPs and AMP mimetics have demonstrated elevated 

baselines after injection, meaning aggregate formation or a similar process could be 

shared between the Meta and Para with others scaffolds.401,426,441,449 Outside the scope 

of this work, the robust appearance of this multimeric lipid aggregate on supported 

bacterial-derived membranes429 will be explored in future work with other AMP and 

AMP mimetic scaffolds to see if similar behaviors are observed.  

Thus, in conclusions to this work on these isoamphipathic oligomers, lipid 

aggregate formation is implicated in the mechanism of action of membrane-disrupting 

materials. However, it is not immediately clear how aggregate formation induces 

antimicrobial action. The Para produces both a greater number and smaller size of 

aggregates and either parameter (size or quantity) could be responsible. A smaller 
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aggregate indicates efficient aggregate formation, requiring a lower oligomer-to-lipid 

ratio, analogous to the peptide-to-lipid ratio.400 However, it is also possible that the 

oligomers have similar ratios, but the Para provides more favorable kinetics for 

irreversible aggregate formation. Either way, the states of future interest lay somewhere 

between oligomer binding (OL) and aggregate formation (OL*). In this work, SPR 

could not distinguish additional states without introducing redundancy in the model. 

Investigating deeper into these quick transitions at the molecular and nanoscale states 

remains challenging. With respect to these oligomers, the challenge also included 

connecting the molecular conformation to the nano- and micron-scale. With 

requirements of high time- and length-scale resolution, we expect that further 

investigation with molecular simulation will provide answers when focused on the 

complexation of the oligomer with lipids and subsequent multiplex formation. 

 

Tri-guanidine oligoTEA library designed from the Meta/Para 

The nearly 10-fold difference in activity between the Meta and Para oligomers 

can be described as an exception to the general rule of physicochemical optimization of 

membrane-targeting AMPs and AMP mimetics. Thus, we sought to expand upon this 

exception to determine the extent to which the Meta and Para groups can differ in 

antimicrobial potency, as additional parameters for optimization would be hugely 

beneficial to understand further. A short 6-mer library of oligoTEAs were designed to 

contain the Meta and Para groups containing guanidine cationic groups rather than 

amines. During the time the oligomers were conceived, shorter oligoTEA sequences 

were demonstrated to have modest activity when utilizing guanidines. For example, the 
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MIC of PDT-3G is just above 10 µM against MRSA USA 300, whereas PDT-3Am has 

very little activity.278 The experiment is then designed to review any cooperative action 

of the Meta and/or Para groups, where the oligomer would become more active and 

visualized by the MIC assay. Thus, for all of these compounds, the N-(bis-Boc-

ethylguanidine)-N-allyl-N-acrylamide was used during assembly for the pendant group, 

rather than the N-(Boc-aminoethylene)-N-allyl-N-acrylamide used in the preparation of 

the Meta and Para. To discuss and name these compounds, dithiol codes were used, 

similar to prior work, specifically: 3 encodes 1,3-propandithiol, M encodes 1,3-

benzenedimethanethiol, and P encodes 1,4-benzenedimethanethiol. A small cohort of 

oligomers were prepared to initialize the study and determine if the differences observed 

between the Meta and Para aforementioned translated to the 6-mer guanidine scaffold, 

specifically 333-3G, 3M3-3G, and 3P3-3G were synthesized and tested against MRSA 

and P. aeruginosa (Figure 4-7). Testing was completed against these bacteria to capture 

the potency against both Gram-negative and Gram-positive pathogens. 
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Figure 4-7: MIC characterization of guanidine containing Meta / Para compound set. 

Minimum inhibitory concentration (MIC) was characterized as described in Materials 

and Methods. The three oligoTEAs 333-3G, 3M3-3G, and 3P3-3G were tested against 

MRSA USA 300 (left) and against P. aeruginosa (right) with controls, as available. In 

both experiments, the oligomers were evaluated n = 3 biological replicates and no error 

bars are shown for clarity to see the MIC. Credit to Meghan O’Leary for this biological 

testing. 
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In an interesting turn of events, the Meta containing compound (3M3-3G) was 

found to be modestly more active than the Para (3P3-3G) against both MRSA and P. 

aeruginosa; thus, motivating further library development. While single Meta and Para 

containing compounds were of interest and could have been synthesized (e.g., 33M-

3G), there was significant interest to determine if the Meta and Para could be act 

cooperatively, meaning compounds containing two or more of these groups were of 

interest.  Another consideration in the design of the oligomer library was to increase the 

speed of synthesis to capture as many possible compounds without limitation from 

single-shot syntheses that are typically done. Thus, potential compounds were organized 

around the order of dithiols proposed for the tri-guanidine (3G) scaffold in a twelve-

member library (Figure 4-8).  To synthesize these twelve oligoTEAs, three separate 

batches of fluorous allyl amine were reacted with the specific dithiol of choice and then 

split into six batches after complete reaction of the thiol-Michael addition with the 

guanidine monomer. These six batches were then carried through another cycle adding 

each specific dithiol for the desired sequence and similarly split into twelve batches after 

completion of the thiol-Michael addition (Figure 4-8).  
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Figure 4-8: Meta and Para containing oligoTEA library prepared by split syntheses. 

All syntheses were performed by J. S. Brown and Manisha Kunala, with guanidine 

monomer prepared by Nana Antwi. 

 

These oligoTEAs were then HPLC purified, confirmed by LCMS, and 

quantified by 1H NMR against a known standard. To facilitate discussion, the 

oligoTEAs were divided and names by their first dithiol that began their synthetic 

sequence as either the 3-, M-, or P-series 3G oligoTEAs. In the spirit of the original 

Meta and Para, this 3G library was prepared to be isoamphipathic and ideally, they 

would have similar hydrophobicities by HPLC. However, there were some differences 

as visualized by analysis on the HPLC column retention time of the LCMS (Figure 4-
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9). The original three oligomers (333-3G, 3M3-3G, and 3P3-3G) are also included in 

the data in Figure 4-9 for comparison.  
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Figure 4-9: Extracted ion count for hydrophobicity comparison of 3G oligoTEAs. 

a. 3-series oligomers that begin with 1,3-propanedithiol, b. M-series oligomers that 

begin with the meta-benzendimethanethiol, and c. P-series oligoTEAs that begin with 

para-benzenedimethanethiol in the triguanidine (3G) scaffolds. 

Generally speaking, the inclusion of more the aromatic dithiols over the 1,3-

propanedithiol increased the hydrophobicity of the oligomer, as would be expected. The 

333-3G was the most hydrophilic; with a small difference between the 3M3 and 3P3, 

where the 3P3 is more hydrophilic. As in other studies, this trends well with the 

biological activity of these oligomers as the more hydrophobic 3M3 was modestly more 
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active. Interestingly, there is some sequence dependence in the observed hydrophobicity 

of the 3-series, where both the 3MM and 3PM are more hydrophilic than the 3MP and 

3PP oligoTEAs. These data indicate that in the terminal position, the Para creates a more 

hydrophobic oligomer than the Meta; though, this trend is not observed in the M- or P-

series oligoTEAs, which sequences start with one of the aromatic substituents. One of 

the last differences observed in these data is that the 3G oligoTEAs that contained three 

of the Meta/Para substituents (PMP and MPP) carried the most hydrophobicity. 

However, true to the design of the library, there are some isoamphipathic oligomers 

with similar retention times and hydrophobicity, specifically: the 3MM, 3PM, M3M, 

MP3, M3P, P3M, PM3, and P3P. The 3G oligoTEA library was then tested against 

MRSA and P. aeruginosa  to reveal that there was little difference between all members 

of the library (Figure 4-10) and all MICs were within a single dilution of each other. 

Even with some increased hydrophobicity measured by LCMS, the MIC of the MPP 

and PMP landed in the middle of the oligoTEA library, showing no differences. 
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Figure 4-10: 3G oligoTEA library bacterial testing (MIC). 

The 3G oligomer library was tested against: a. PA 14 in cationic adjusted tryptic soy 

broth (n=2 biological replicates). P3M, P3M, and PMP were not available for testing. 

b. MRSA 33591 in non-cationic adjusted tryptic soy broth (n=4 biological replicates, 

except P3M, P3M, and PMP where n=2). 
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Discussion 

Overall, the polyamine Meta/Para and the 3M3/3P3 did show measurable 

differences in antibacterial activity, while all other oligomers with additional (+2) meta- 

and para-substitutions did not. Moreover, the increased incorporation of these 

conformational substituents did not demonstrate any cooperativity, as originally 

hypothesized. However, there are many possible explanations for how the 3M3 and Para 

from the previous section can out-perform their constitutional counterparts while the 

highly substituted (+2 aromatic dithiols) 3G library did not. First, we observed that the 

Meta and Para have nearly a 10-fold difference in activity, whereas the tri-guanidine 

3M3 and 3P3 had a less dramatic 3-5-fold difference. Overall, this initially indicates 

that the tri-guanidine system is less sensitive to the conformational difference between 

the meta- and para-substitutions. The guanidines present more sites for hydrogen 

bonding during membrane disruption, which could be altering the mechanism of 

membrane disruption, such that the process is no longer sensitive to the conformation 

of the oligoTEAs. This is discussed further in Chapter 6, where future effort toward 

understanding the molecular mechanism of membrane disruption (e.g. barrel-stave, 

toroidal, and carpet models) is recommended. In another perspective, these data could 

be indicating that the increase in hydrophobicity that is incurred by the addition of more 

meta- and para-substitution in the backbone could reduce the nuanced differences in 

conformation. It is also worthwhile to consider that the both the Meta/Para and the 

3M3/3P3 are mostly symmetric, while the (+2) meta- and para-substituted oligomers 

are not. This could indicate that symmetry is a prerequisite for observing these 
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specialized effects of conformation on antibacterial activity. Specifically, oligomers that 

present the arrangement of a flexible “lipid-like” backbone surrounding a more 

“structured” benzene center could be explored further. 

 

Conclusions 

In the quest to develop new antibiotics in the face of antimicrobial resistance, 

we hope this work underlines multimeric lipid aggregation as a new biophysical 

parameter for further design and optimization of membrane-targeting antimicrobials. 

Advances in chemistry continue to enable the development of sequence-defined 

polymers and oligomers designed to ask specific fundamental questions about the 

impact of sequence, structure, conformation, and composition. While not directly 

observed in this work, a specific mode of antimicrobial action, pore formation, has been 

seen to be sensitive to differences as small as chirality in AMP mimetic structure, 

necessitating precise chemical control.444 Here, oligothioetheramides (OligoTEAs) 

provided isoamphipathic oligomers (Meta/Para), demonstrating the same 

physicochemical properties as well as the same solution phase structure and dynamics, 

but a unique differential allowing the demonstration of this new biophysical property of 

lipid membrane surface aggregation. While this work did not fully conclude the 

molecular contributions that direct differences in the antibacterial activity of the Meta 

and Para, more work was done with an advanced tri-guanidine scaffold. The effects of 

conformation on antibacterial activity are complex, but specific parameters such as 

symmetry and specific mechanistic pathway (e.g., carpet model) should be considered 
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further. Overall, attention that can be directed to understanding the mechanism by which 

the lipid aggregates form, as well as the molecular properties that drive that process.  

 

Materials and Methods 

Chemicals and Reagents 

Chemicals were purchased from Sigma Aldrich, Alfa Aesar, or Acros Organics, Ark 

Pharm, or Avanti Polar Lipids. Fluorous tag and fluorous silica were purchased from 

Boron Specialties. Strains of Bacillus subtilis were kindly donated by the Helman 

Research Group (Microbiology, Cornell University). Methicillin-resistant 

Staphylococcus auerus (MRSA; ATCC 33591), Vancomycin-resistant E. faecium 

(VRE; ATCC 700221), and Staphylococcus epidermidis (ATCC 14990) were obtained 

from ATCC. Human red blood cells were purchased from Innovative Research (Novi, 

MI). 

 

Supplementary Methods 

NMR spectra were recorded on an INOVA 600 MHz spectrometer and analyzed by 

MestReNova (version 10.0.0). 1H NMR chemical shifts are reported in units of ppm 

relative to the deuterated solvent.  LCMS experiments were carried out on an Agilent 

1100 LCMS system with a Poreshell 120 EC-C18 (3.0x100 mm, 2.7 µm) column 

monitoring at 210 nm in positive mode for detection. Solvents for LCMS were water 

with 0.1% acetic acid (solvent A) and acetonitrile with 0.1% acetic acid (solvent B). A 

flow rate of 0.6 mL/min was used with a gradient starting at 5% solvent B, followed by 
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a linear gradient of 5% to 100% solvent B over 10 min, 100% solvent B for 2 min, 

before returning to 5% solvent B until equilibrated (3 min). HPLC purification was 

performed on an 1100 Series Agilent HPLC system using a reverse phase Agilent 

Eclipse XDB-C18 column (9.4x250 mm, 5 μm) at 40 °C and collected using an 

automated fraction collector. Solvents for HPLC were water with 0.1% trifluoroacetic 

acid (solvent A) and acetonitrile with 0.1% trifluoroacetic acid (solvent B). Compounds 

were eluted with either a 3.17 %B/min gradient or a 1.25 %B/min gradient at 4mL/min. 

Pure and chemically confirmed oligoTEAs were quantified by being lyophilized into a 

tared microcentrifuge tube. Single stock solutions were prepared at either 1 or 5 mM in 

ultrapure water and used for all experiments. (1x) PBS was pH 6.8 unless otherwise 

stated. Most all tabulated data was processed with GraphPad Prism 7.01. Statistical 

analysis was performed on specific data sets as described in the main text. Means are 

defined as �̄� =
1

𝑛
∑ 𝑥𝑖𝑖 ; standard deviation defined as 𝜎 = √

∑  (𝑥𝑖−𝑥̄)
2

𝑖

𝑛
; and pooled 

variance was defined as 𝑠2 = 
∑ (𝑛𝑖−1)𝜎𝑖

2
𝑖

∑ (𝑛𝑖−1)𝑖
. Where used, confidence intervals are provided 

as a measure of uncertainty. 

 

General method for oligothioetheramide assembly 

Oligomers were prepared as described starting with a C8F17 fluorous tag.146,147,217 The 

oligomer was iteratively assembled by reacting fluorous-bound allyl groups with dithiol 

monomers via thiolene to produce a mono-substituted thiol to be reacted in a thiol-

Michael addition with an allyl acrylamide monomer. After thiol-Michael addition, the 

fluorous olefin was regenerated with each cycle. Fluorous solid-phase extraction (FSPE) 
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after each reaction purified and removed excess reagent. The fluorous product was 

retained selectively and purified on fluorous silica (~40 mg/mg fluorous tag) during a 

fluorophobic wash of 20-30% Water in MeOH (0.4 mL/mg fluorous tag) and eluted 

with MeOH (0.2 mL/mg fluorous tag). Oligomers were dried by nitrogen or by vacuum 

centrifuge (both RT). OligoTEAs were cleaved with 100% TFA, HPLC purified, 

verified by LCMS and/or 1H NMR where appropriate. 

 

General method for fluorous allyl amine synthesis: 

2-[2-(1H,1H,2H,2H-Perfluoro-9-methyldecyl)isopropoxycarbonyloxyimino]-

2phenylacetonitrile (fluorous tag) was dissolved in THF (15 mg/mL). Two equivalents 

of allyl amine and two equivalents of triethylamine were added and stirred at RT for at 

least 3 hours. The THF was completely removed and the reaction mixture was fluorous 

purified to yield fluorous allyl amine as a light yellow solid. 

 

General method for thiolene reaction: 

Two equivalents of 1,3-propanedithiol or meta- or para-benzyl dimethanethiol and 2,2-

dimethyoxy-2-phenylacetophenone (DMPA 10 mol% of dithiol) were added to a 

solution of fluorous olefin in methanol or 1:1 acetone:methanol and irradiated at 20 

mW/cm2 for 270 s. The fluorous thiol product was purified by FSPE. 

 

General method for thiol-Michael addition: 

Two equivalents of the Boc-amine ethylene N-allyl-N-acrylamide was activated by 

dimethylphenyl phosphine (DMPP, 5 mol% of monomer) and added to the fluorous 
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thiol (50-300 mM in methanol or 1:1 methanol:acetone). The reaction completion was 

tracked by thiol detection via an assay with 2,2’ dithiodipyridine (DTDP) as 

described.217 

 

Minimum Inhibitory Concentration (MIC) Assay 

Approximately five colonies were selected and grown overnight in broth media (B. 

subtilis, LB; S. epidermidis, MRSA, VRE, Tryptic Soy Broth). A subculture was then 

grown to mid-exponential phase (37°C) and OD 600 was measured and diluted to 0.001 

with designated media (approximately 5 x 105 CFU/mL). OligoTEA or antibiotic and 

bacterial suspension were combined (5:95 v/v%) in a 96-well plate and incubated 

(37°C) with agitation to the final concentration reported by serial dilution. After 14 hr, 

the OD 600 was measured. Data were normalized to the media blank (0) and solvent 

control (1). The MIC was recorded as the lowest (minimum) concentration required to 

kill all visible bacteria cells (See Figure 4-7). 
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Figure 4-11: Example of MIC Assay to demonstrate MIC definition 
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The minimum inhibitory concentration is defined as the concentration at which all 

bacteria cells (>90%) are killed; as indicated by the arrows for the Meta and Para. 

This has also been termed a MIC90. 

 

Pulse-field gradient nuclear magnetic spectroscopy (PFG NMR) 

Measurements were performed with a Varian Unity INOVA 600MHz spectrometer with 

a Varian 600 triple resonance XYZ PFG (HCN) inverted probe. The 90° pulse angle 

was optimized. Diffusion measurements were accomplished using the double-

stimulated echo convection compensated sequence381 using 3 mm tubes and 20 LPM of 

gas flow to diminish convection.355 Measurements were completed with an acquisition 

time of 1.7 seconds, 8 steady state pulses, diffusion gradient length of 2.0 milliseconds 

(ms), 0.0 ms of off-center delay (del2), 0.00 unbalancing factor, alternating gradient 

pulse sign, and diffusion delay of 120 ms. Scout measurements helped determine the 

gradient stabilization delay (1.0-2.5 ms) to minimize eddy currents. A standard (99.9% 

D2O) was run to calibrate the probe (gcal) by the observed diffusion coefficient of HDO 

for each temperature as described by a Speedy-Angell power law fits382 of Longsworth’s 

data.383 

 

Use of VT-PFG NMR, DEER EPR, and Stokes-Einstein-Sutherland Equation. 

This method to measure the size and aspect ratios of flexible macromolecules has 

previously been discussed extensively217 and makes use of work from Stokes-Einstein-

Sutherland (SES), Chen and Chen,390 and G. de la Torre,368 and F. Perrin365–367 with a 

review by A. Macchioni.362 
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𝐷𝑡 =  (
𝑘𝐵

𝑐(𝑟𝐻)𝑓𝑆(𝑝)𝜋𝑟𝐻
)
𝑇

𝜂
  

𝑠𝑙𝑜𝑝𝑒 ≡  (
𝑘𝐵

𝑐(𝑟𝐻)𝑓𝑆(𝑝)𝜋𝑟𝐻
)    

 
→   

𝑘𝐵
(𝑠𝑙𝑜𝑝𝑒)(𝜋)

  =   𝑐(𝑟𝐻)𝑓𝑆(𝑝)𝑟𝐻  

 

The SES equation above relates the Boltzmann temperature and the translational 

molecular diffusion where kB is the Boltzmann constant, T is the temperature in Kelvin, 

rH is the prospective hydrodynamic radius, η is the dynamic viscosity, c is a size-

dependent modification to transition between the slip/no-slip boundary conditions,390 p 

is the geometrically defined aspect ratio, and fs is the shape-modified friction factor.365–

367 By measuring the diffusion by variable temperature PFG-NMR, the two remaining 

unknowns in this equation of hydrodynamic radius and shape are constrained. This is 

especially sensitive with the slope of the normalized temperature (T/η) is used. Then, 

the end-to-end distance can serve as a prospective diameter and allow the equation to 

be solvable, revealing the hydrodynamic radius and aspect ratio given a geometric 

shape, either an ellipsoid365–367 or rod.368 For this analysis, a prolate ellipsoid was 

assumed and the end-to-end distance was assumed to describe the longer dimension of 

the ellipsoid. The final equation was solved using fsolve in MATLAB R2017a with 

MaxIter = 800, MaxFunEvals = 200, a tolerance of 10-25, and a multiplier on the residual 

of 1015 as it solved for meters. 

 

Spin labelling of polyamine AOT scaffold 

With the use of several primary amine groups in this scaffold, an amine protecting 

strategy orthogonal to base (synthesis of monomer), nucleophile (phosphine of thiol-
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Michael), UV of thiolene, and acid (TFA, fluorous tag deprotection) had to be utilized 

to enable spin labeling. The phthalimide-protected amine N-allyl-N-acrylamide was 

thus developed (Figure 4-8). Generally, monomers are produced by alkylation (allyl 

group) and then acylation (acrylamide) or vice versa starting with either functional 

amine or alkyl halide. However, insufficient yield was obtained from the alkylation and 

then acylation of a phthalimide protected ethylene diamine. Also, the phthalimide was 

unstable in the presence of NaH, needed to for the acylation-then-alkylation route. 

Deprotection of the N-Boc ethylene N-allyl-N-acrylamide with TFA and re-protection 

with phthalic anhydride was not feasible due to immediate polymerization. 

 

Figure 4-12: Scheme for N-phthalimide protected ethylene N-allyl-N-acrylamide 

 

Thus, the following scheme was developed (Figure 4-8): 1) alkylation of N-Boc 

ethylene bromide with 50 eqv of allyl amine 5eqv of K2CO3 purified by filtration, 2) 

deprotection with 200 mM 1:1 TFA:DCM stirred at RT for 1 hour, 3) treatment with 

1eqv phthalic anhydride 200 mM in acetic acid at 100C for 1 hour, dried, precipitated 

in water and dried, and 4) acylation as previously described146 and flash purified, eluting 

at 60% ethyl acetate in hexanes. In Step 3, the selectivity of the phthalic anhydride to 

protect primary amines over secondary amines was critical, but was reported in 

literature before.450,451  
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With the N-phthalimide ethylene N-allyl-N-acrylamide, assembly of the 

antibacterial oligoTEA was completed as previously described.278 The standard TFA 

deprotection then yields two primary amines for conjugation with a Proxyl-NHS 

(Toronto Research Chemicals, North York, Canada) with conditions previously 

reported.217 Full deprotection of the oligomer (4 phthalimide groups) was modest with 

hydrazine, even with heat. Thus, a previously reported route of reduction with sodium 

borohydride and hydrolysis with acid433 was optimized  to utilize a stronger acid and 

less heat (Figure S4, shown again below). The oligomer was purified by HPLC and 

verified by LCMS (See Appendix C, Supplementary Spectra). The paramagnetic label 

prevents against full 1H NMR of the compound. 

 

Figure 4-13: Proxyl spin-labeling scheme orthogonal to N-phthalimide protection 

 

Double electron-electron resonance (DEER) EPR 

DEER ESR measurements were completed at the National Biomedical Center for 

Advanced ESR Technology (ACERT) Center at Cornell University. Di-spin labeled 

oligoTEAs were reduced using 1N aqueous ammonia for 1-2 hours at 50-500 µM at 

room temperature and dialyzed against ultrapure water using a 100-500 MWCO Micro-
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Float-A-Lyzer (Spectrum Labs) and monitored by a calibrated Accumet (Cat 13-620-

165) conductivity meter.  All samples were prepared at 50 μM and vitrified to 70K 

rapidly from room temperature. A working frequency of 17.3 GHz with a 30G magnetic 

component in a rotating reference frame was sufficient for distances of 10 Å or longer. 

Samples were measured by 4-pulse sequence double electron-electron resonance 

(DEER) for 1μs. Time domain data was processed in MATLAB to determine sensitivity 

to baseline fitting. Then, distance distributions were calculated by Tikhonov 

regularization based on the L-curve method (α ~ 2-7) using MATLAB scripts from the 

ACERT website (acert.cornell.edu). 

 

General method for X-ray scattering 

All samples were centrifuged at 14,000 RPM for 10 minutes. SAXS data were collected 

at Cornell High Energy Synchrotron Source (CHESS) beamline G1 at ~12.68 keV (0.98 

Å) at 5.5×109 photons per second. The X-ray beam was collimated to 100 μm2 diameter 

and centered on a sample cell with 1.5 mm path length and 5 μm thick glass walls 

(Nippon Electric Glass America, Schaumburg, IL). The sample cell and full 1.5m X-ray 

flight path, including beamstop, were kept in vacuo (1×10-3 torr) to eliminate air scatter. 

Sample plugs of 30 μl were delivered to the capillary. To reduce radiation damage, 

sample plugs were oscillated in the X-ray beam using a peristaltic pump (Ismatec, Cole-

Parmer GmbH, Germany). Images were collected on a dual Pilatus 100K-S detector 

system (Dectris, Baden, Switzerland) for small- and wide-angle scattering observation 

with 20-80 sequential 1 s exposures being used to assess possible radiation damage. 

Sample and buffer solutions were normalized to equivalent exposure before subtraction 
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using beamstop photodiode counts. Sample-to-detector distance was calibrated using 

silver behenate powder (The Gem Dugout, State College, PA). Images were averaged 

to profiles and buffer subtracted using the BioXTAS RAW software (1.4.0), which 

includes a statistical check for radiation damage during reduction. Slight buffer 

mismatch was observed, evident most in the WAXS region. The offset sample signals 

were seen to decay fully in the WAXS region at approximately q=0.6-0.7 and data were 

thus scaled appropriately at q=0.7 (scale factors were ~3% from original). The useful q-

space range (4πSinθ/λ with 2θ being the scattering angle) was generally from qmin= 

0.01 Å-1 to qmax= 0.7 Å-1. 

 

Propidium iodide (PI) membrane permeabilization assay  

A single colony was cultured overnight and then subcultured and incubated 3 h until the 

OD600 measured between 0.5 and 0.6. Bacteria were harvested, washed, and 

resuspended in a solution of 5 mM HEPES buffer, 5 mM glucose, and 10 μM propidium 

iodide at pH 7.2. A total of 150 μL of bacteria solution was added to each well of a black 

96 well plate. Fluorescence measurements were taken at 535 nm excitation/617 nm 

emission on a TECAN Infinite M1000 PRO Microplate reader (Männdorf, Switzerland) 

for 2 min. Oligomer stock solutions in water were added to give a final concentration of 

15 μM, and fluorescence measurements were taken for an additional 20 min. 

 

DiSC35 membrane depolarization assay 

A single colony was cultured overnight and then subcultured. The bacteria were 

harvested and washed twice with HEPES buffer. 0.5 M EDTA solution (pH 7.4) was 
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added for a final concentration of 0.2 mM EDTA, and 3,3’-dipropylthiadiacarbocyanine 

(diSC35) was added for a concentration of 0.4 µM. The solution was incubated 30 

minutes, before adding 100 mM KCl and incubating 1 minute. This bacterial solution 

was added to oligomer stocks in a black 96 well plate and the fluorescence intensity 

(610 nm excitation, 660 nm emission) was recorded for 60 minutes. The data were 

analyzed by subtracting the baseline (water) from the sample intensity at 60 minutes. 

 

Small unilamellar vesicles (SUVs) preparation. 

1-2-dioleoyl-sn-glycerol (18:1 DG), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (16:0-18:1 PC, POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoglycerol (16:0-18:1 PG, POPG), 1',3'-bis[1,2-dipalmitoyl-sn-glycero-3-

phospho]-sn-glycerol (16:0 cardiolipin, TPCL), 1',3'-bis[1,2-dioleoyl-sn-glycero-3-

phospho]-sn-glycerol (18:1 cardiolipin, TOCL) were purchased from Avanti Polar 

Lipids, Inc. Cholesterol (≥99%) was purchased from Sigma Aldrich. SUVs were 

prepared similar to the Avanti Polar Lipids protocol. Lipids were combined from 

chloroform stock solutions and dried using dry nitrogen at room temperature and dried 

for at least 6 hours at ≤10 mtorr. The dried lipids were suspended in 1x phosphate 

buffered saline (PBS) by vigorous vortexing for 5 minutes. Light sonication was needed 

for any lipid mixture with TPCL. The suspension was gently mixed overnight to age. 

The suspension was then sonicated for 10-30 minutes in a water bath (RT) using a 

QSonica Q125 probe-tip sonicator (20kHz) at 50% power, pulsing for 7 seconds with a 

2 second rest. The resulting translucent suspension was then centrifuged at 17k RCF for 

7 minutes to remove any metal particles. The solution was then filtered through a 0.2 
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μm PES filter. Dynamic light scattering (DLS) was then completed on a Malvern 

Zetasizer XS determining the hydrodynamic size to be 20-80 nm (Figure S8a). Particle 

concentrations such that the attenuator was automatically set at 7 or 8, preset parameters 

of a liposome (RI 1.34) dispersed in PBS (0.9103 cP at 25C) were used. Zeta potential 

measurement was completed at the same particle concentration (Figure S7b). With the 

exception of TPCL lipid mixes (1 week), SUVs were stored at 4C and seen to be stable 

for approximately 3-4 weeks. 

 

Literature compilation of data on lipid composition of Staphylococcus aureus. 

Several articles were gathered on Staphylococcus aureus to understand the lipid 

composition in growth conditions similar to MIC assay (exponential growth). This 

includes understanding the amount of neutral lipids present in the membrane, effects of 

growth phase, and antibiotic resistance mechanism based on the lipid composition. 

Ultimately, the main goal is to determine a lipid composition to use in membrane 

mimetic studies. While bacterial membranes are anionic, a simple, fully-charged lipid 

bilayer would likely be mechanically frustrated from electrostatic repulsion and does 

not serve as a good mimetic.  

 

Three reports quantified the neutral lipid (NL) component of S. aureus to be 19±7% of 

the membrane. Five other reports mentioned/showed qualitative support of the neutral 

lipid fraction but did not quantify it. Phosphatidylglycerol (PG) is a major headgroup 

component in the S. aureus membrane with eleven reports quantifying it at an average 

of 57±5% Cardiolipin (CL) was also quantified in similar reporting to be 16±4% of the 
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membrane. Lastly, lysylphosphatidylglycerol (lysyl-PG or PG) was reported at 16±3% 

of the S. aureus membrane. LPG has an attached lysine via the carboxylic acid, meaning 

there are two free amines on the structure. The predicted pKa (Marvin Sketch 16.5.23) 

of these amines is 7.4 (amino group) and 10.21 (functional group), meaning at 

physiological pH, it has a net +0.5 charge. On a surface, there are additional effects on 

these pKa numbers and molecular association. LPG has been shown to impart resistance 

to cationic antimicrobials, including nisin and human defensins in S. aureus.452 

However, LPG is expensive (~$200/mg) and its use was prohibitive for study in the 

scope of this work, which seeks only to understand the interaction of antibacterial 

oligoTEAs and an S. aureus mimetic membrane. LPG within the native S. aureus 

membrane should attenuate the activity of any cationic membrane disrupting agent, but 

likely does not broadly change the mechanics of interaction. 

 

Two lipid compositions were thus utilized:  

1) 70% PG and 30% CL or 7:3 PG:CL 

Reflects the often larger amount of PG to CL in the S. aureus while still 

being significantly different than 100% PG 

2) 20% neutral lipid (e.g., diacylglycerol), 55% PG, and 25% CL or 4:5:11 

NL:CL:PG 

 

List of publications that detail the lipid composition in S. aureus: 

Publication:      Lipid compositions known in MRSA: 

P Beining et al (1975)453    
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J Cheng et al (2011)454   1:1 (TO)CL:POPG and 1:1 POPC:POPG 

      are acceptable models (Gram postitive) 

      1:1 POPE:POPG is not though 

N Mishra and A Bayer (2013)455  Carotenoid (neutral) present, unquantified 

LPG: 13.9%; PG: 79.6% CL: 6.5% 

Measured across 9 strains. 

C Haest et al (1972)456   Neutral lipids mentioned, not quantified 

Carotenoids/VitK not mentioned 

      LPG: 38% PG: 57% CL: 5% 

Y Kanemasa et al (1972)457   CL increases and PG decreases as the  

S. aureus transitions from exponential to 

stationary phase. 

Neutral lipids (TLC ~50%) -- Mid-log, 

CL: 11% PG 72% LPG 11% Other 6% 

E Garcia-Fernandez et al (2017)458 Emphasizes importance of carotenoids in 

beta-lactam (methicillin) resistance in S. 

aureus 

      No quantification of lipid compositions. 

M Tsai et al (2011)459 Phospholipids only: PG: 43%  CL: 46%  

LPG: 11% 

N Mishra et al (2011)460 Carotenoids are in higher proportion in 

MRSA compared to regular S. aureus. 
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Decreases membrane fluidity (more stiff, 

like CL), thought to be mechanism for 

resistance for AMPs 

M Hayami et al (1979)461   Neutral lipids mentioned 5-10% of total 

      Phospholipids reported: 

CL: 20%  PG: 43%  LPG: 32%  Other 5% 

D White and F Frerman (1967)462  Neutral lipids (VitK, Glycolipid) shown 

D White and F Frerman (1968)463  Neutral lipids are 5-10% of lipids 

      Experimentally observed 12.5% 

      LPG: 9%  PG: 60%  CL: 19% 

The amount of neutral lipids depends on 

the growth media (especially if serum is 

present) 

S Short and D White (1970)464  During exp phase PE: 2% 

and stationary phase PE: 14% 
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Fluorescein labeling of the Meta and Para 

 

Figure 4-14: Scheme to fluorescein label the Meta and Para 

Before the termination of oligomer assembly, fluorescein acrylamide was conjugated to 

the terminal thiol of 1,3-propanedithiol by thiol-Michael addition conditions catalyzed 

by 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) instead of DMPP, as DMPP did not lead 

to efficient reaction conversion conditions detailed below.  

 

Fluorescein acrylamide was prepared from the treatment of fluorescein amine (227 mg, 

0.606mmol, Acros Organics) with 2eqv of N-methylmorpholine (pKa 7.4, to minimize 

di-addition product) in 100mM THF, with 1.1eqv of acryloyl chloride added dropwise 

while stirring at 0C for 6 hours. The crude mixture was extracted into ethyl acetate and 

washed with 1M HCl twice and brine. Flash chromatography 0-20% MeOH in DCM 

eluted the product at 5% MeOH (Yield: 40 mol%). Once the fluorescein acrylamide was 

conjugated to the fluorous terminal, FSPE was performed, followed by 100% TFA 

cleavage, HPLC, and verification by LCMS. 
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Fluorescence microscopy and FRAP 

To form planar supported lipid bilayers, polydimethylsiloxane (PDMS) wells of ~1cm 

diameter were attached to piranha-washed glass slides (70% sulfuric acid, 30% 

hydrogen peroxide). PDMS consisted of 10:1 elastomer:cross-linker mixture of Sylgard 

184 (Robert McKeown Company). Wells were coated with 100 µL of poly-L-lysine 

(0.1%wt/vol in water, Sigma P8920) for 30 minutes (RT), then washed with PBS pH 

6.8. SUVs were labeled with 0.05-0.1 mol% Octadecyl Rhodamine B or Texas RedTM 

DHPE (Molecular Probes). The labelling amount was kept low to prevent surface 

quenching. G25 spin column (GE Healthcare) removed excess fluorophore. Labeled 

vesicles were added to well and incubated for 10 minutes to rupture and form a bilayer. 

The well was gently rinsed with PBS to wash away excess vesicles. Scratches were 

made on the bilayer to aid in determining the focus. Imaging was performed with a Zeiss 

Axio Observer.Z1 microscope with α Plan-Apochromat 20× objective. Fluorescence 

recovery after photobleaching (FRAP) measured lipid diffusion after photobleaching465 

after oligomer exposure (1hr) and after washing (5-10 mL PBS). A ~20 μm diameter 

spot in bilayer was photobleached by 150 mW 561 nm optically pumped semiconductor 

laser (Coherent, Inc.) for 100 ms. The recovery of was recorded and fit in comparison 

to the background following the method reported by Soumpasis.466 The diffusion 

coefficient was calculated using the equation, D = w2/4t1/2, where the full width half-

maximum w of the Gaussian profile is used for calculation. 
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Particle analysis 

Thresholding was performed to select the brightest pixel populations using the 

“Triangle” method.467 While ImageJ was set to analyze particles from 0.0-10 μm, the 

smallest aggregates of ~0.1 μm were at the resolution and threshold limit, limiting the 

accuracy of their quantification in number and size by generally undercounting. 

Aggregates 0.2 μm and greater were reliably counted. The upper limit of particle 

analysis was 10 μm, with most oligomer induced aggregates ranging from 0.2-7.5 μm 

for the Meta and 0.2- 5 μm for the Para. For equilibrium and kinetic counts, the total 

count of particles was subtracted from the number initial defects (e.g. spots) present on 

the membrane to determine the number of aggregates that formed during oligomer 

exposure. 

 

Calculation to estimate the aggregate area percentage of the FRAP laser spot.  

At maximum concentration, approximately 1500 aggregates were counted in the full 

viewing area of 450 x 335 μm, meaning the aggregate density is on average 1e-2 

aggregates per μm2. Thus, in the ~315μm2 FRAP spot (Appendix C Figure C-12), ~3 

aggregates will be present with variation. In this case, five aggregates were photo-

bleached. Assuming each aggregate averages approximately 2 μm2 in area, the average 

area of aggregates in the FRAP laser spot would be a total of 6 μm2, which is 

approximately 2% of the FRAP spot area. For the maximal aggregate count observed in 

this study of ~3000 aggregates (at 10 µM), that would double this estimation such that 

the aggregates would be approximately 4% of the FRAP laser spot size.  
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Surface plasmon resonance (SPR) 

SPR was completed using a Biacore 3000 with an L1 Chip at 25C modified slightly 

from manufacturer protocol. Before use, desorb, sanitize, and an overnight wash with 

ultrapure water were completed. 1x pH 6.8 PBS was used throughout all runs and 

solutions. The chip was conditioned with 7 µL 40 mM octyl-β-glucopyranoside (Alfa 

Aesar) at 10 µL/min at the start and end of each run. Additional manufacturer 

recommended washes were used. SUV capture was done for 10 minutes (5 µL/min) to 

ensure surface coverage. The following control runs were performed: i) 1 minute pulses 

of 10 mM NaOH showed little response to indicate minimal formation of multilayers, 

ii) injections of the oligomer alone showed no response, and iii) injections of 0.1 mg/mL 

BSA showed little to no response. At an equilibrated flow of 30 µL/min, samples were 

injected (kinject) for 5 minutes and dissociated for 6 minutes with PBS.  

 

 

𝑑𝑂𝐿

𝑑𝑡
= 𝑘1[𝐴𝑂𝑇][𝐶𝐿𝑖𝑝𝑖𝑑,𝑇𝑜𝑡𝑎𝑙 − 𝑂𝐿 − 𝑂𝐿

∗ − 𝐿𝑜𝑠𝑠(𝑂𝐿) − 𝐿𝑜𝑠𝑠(𝑂𝐿∗)] − 𝑘2𝑂𝐿 −

 𝑘3𝑂𝐿 − 𝑘4𝑂𝐿  (1) 

𝑑𝑂𝐿∗

𝑑𝑡
= 𝑘3𝑂𝐿 − 𝑘5𝑂𝐿

∗  (2) 

𝑑𝐿𝑜𝑠𝑠(𝑂𝐿)

𝑑𝑡
= 𝑘4𝑂𝐿  (3) 

𝑑𝐿𝑜𝑠𝑠(𝑂𝐿∗)

𝑑𝑡
= 𝑘5𝑂𝐿

∗  (4) 
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𝑑𝑆𝑖𝑔𝑛𝑎𝑙𝑆𝑃𝑅

𝑑𝑡
= 

𝑑𝑂𝐿

𝑑𝑡
+ 

𝑑𝑂𝐿∗

𝑑𝑡
  (5) 

Equation 4-1: Ordinary differential equations from kinetic framework 

Excerpt of two-state model with loss on each step translated to mass action kinetics 

rates (Equations 4-1). SPR observes effective refractive index changes near the gold 

sensor surface, encoding both mass and structural changes. Thus, the SPR cannot 

observe material lost from the surface seen in Equation 3 and 4 and Equation 5 sums 

up the combined observations. 

 

Use of MATLAB to model and fit SPR data 

Fitting of the kinetic rates to the SPR sensorgram data was completed in MATLAB 

R2017a (9.2.0.538062) using lsqcurvefit. The function was two separate nested ODEs, 

one each for the association and dissociation phases where ColigoTEA was the designated 

concentration and 0uM, respectively. The ODEs were numerically solved by ode15s 

with RelTol and AbsTol as 1e-8. Convergence of lsqcurvefit was seen typically in less 

than 1k function iterations to a resnorm less than 1e6 to capture the behavior of the 

curve. Kinetic rate parameters k1,k2,k3,k4, and k5 were not bounded, while CLipid,total was 

kept constant (3000 ± <0.01%). CLipid,total should be dependent on the physical number 

of binding spots of the lipid surface, only changing based on SUV lipid composition, 

not the oligomer concentration (only the S. aureus lipid composition was fit). CLipid,total 

must be greater than the highest RU value in the experimental data. For example, 

CLipid,total must be at least ~1650 RU worth of lipid in order to fit the 10μM Para from 

Appendix C Figure C-20. CLipid,total scales the curve response, with little change to the 

curve shape.  Since the kinetic rates significantly affect curve shape, CLipid,total was held 

constant to allow comparison of kinetic rates.  
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Supplementary MATLAB Code 

The code is broken into a script that calls a custom function. Within the function are the 

ODEs for association and dissociation ([Oligomer] = 0) are called by the script to be 

numerically integrated in a sequential manner. 

 

Script: 

close all 

clear all 

  

global M1 M2 M3 M4 MSPR xswitch 

  

% point where buffer flows in 

xswitch = 296; 

  

filename = 'Para_2p5uM_SAureus.txt'; 

fileopen=fopen(filename,'r'); 

filein = fscanf(fileopen,'%f',[2 Inf]); 

data = filein'; 

fclose('all'); 

t = data(:,1); 

y = data(:,2); 

  

%initial values of k 

%k0=[2e3; 0.01; 0.01; 0.01; 0.005; 1.5e+4]; Working with Melittin 

%   k1    k2     k3     k4      k5     k6      LipTot 

k0=[2.3e4; 0.078; 0.0041;  0.0;  0.0045;  0.00042;  3e3]; 

  

% %bounds for parameters 

%       k1     k2   k3    k4     k5    k6      LipTot 

lb = [1e2;  1e-4;  1e-8;  0;     0;    0;       2.95e3]; %lower boundary 

for parameters 

ub = [1e5;    1;   1;     1e-12;  0.1;   0.01;  3.05e3]; %upper boundary 

for parameters 

  

%Plot curve with initial values 

timestmp = datestr(now); 

timestmpfix = regexprep(timestmp,'[:]',''); 

figure(1), clf 

set(gcf,'units','points','position',[100,100,800,600]) 

f1 = 

plot(t,y,'o',t,Funct2StateWithLossOn1And2(k0,t),t,M1,t,M2,t,M3,t,M4); 

xlabel('Time, s') 

ylabel('RU') 

hold off 

set([f1(2)],'LineWidth',2) 

set([f1(3)],'LineWidth',2) 

set([f1(4)],'LineWidth',2) 

set([f1(5)],'LineWidth',2) 
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set([f1(6)],'LineWidth',2) 

legend('Exp Data','Fit','Component 1, M1','Component 2, 

M2','Loss1','Loss2','location','best') 

str = {['k(1) ', num2str(k0(1))];... 

         [' k(2) ',num2str(k0(2))];... 

         [' k(3) ',num2str(k0(3))];... 

         [' k(4) ',num2str(k0(4))];... 

         [' k(5) ',num2str(k0(5))];... 

         [' k(6) ',num2str(k0(6))];... 

         [' k(7) ',num2str(k0(7))];... 

         mfilename}; 

dim = [0.2 0.06 0.3 0.45]; 

annotation('textbox',dim,'String',str,'FitBoxToText','on') 

%ylim([0 2000]) 

saveas(figure(1),[filename(1:end-4),' ',timestmpfix],'png') 

  

%options for running algorithms 

options = optimoptions('lsqcurvefit','Algorithm','trust-region-

reflective'); 

options.OptimalityTolerance = 1.0000e-09; 

options.FiniteDifferenceStepSize = 1; % default is eps 

options.FiniteDifferenceType = 'central'; 

options.Diagnostics = 'on'; 

options.Display = 'iter'; 

options.FunctionTolerance = 1.0000e-016; 

options.FunValCheck = 'on'; 

options.MaxFunEvals = 5000; 

options.MaxIter = 1000; 

options.StepTolerance = 1.0000e-012; 

  

% % fit the data  

[k,resnorm,output,exitflag] = 

lsqcurvefit(@Funct2StateWithLossOn1And2,k0,t,y,lb,ub,options); 

figure(2), clf 

set(gcf,'units','points','position',[100,100,800,600]) 

f2 = 

plot(t,y,'o',t,Funct2StateWithLossOn1And2(k,t),t,M1,t,M2,t,M3,t,M4); 

xlabel('Time, s') 

ylabel('RU') 

hold off 

set([f2(2)],'LineWidth',2) 

set([f2(3)],'LineWidth',2) 

set([f2(4)],'LineWidth',2) 

set([f2(5)],'LineWidth',2) 

set([f2(6)],'LineWidth',2) 

legend('Exp Data','Fit','Component 1, M1','Component 2, 

M2','Loss1','Loss2','location','best') 

loc = [.65 .1 .9 .4]; 

str = {['k(1) ', num2str(k(1))];... 

         [' k(2) ',num2str(k(2))];... 

         [' k(3) ',num2str(k(3))];... 

         [' k(4) ',num2str(k(4))];... 

         [' k(5) ',num2str(k(5))];... 

         [' k(6) ',num2str(k(6))];... 

         [' k(7) ',num2str(k(7))];... 

         [' Residual ',num2str(resnorm)];... 

         mfilename}; 
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annotation('textbox',loc,'String',str,'FitBoxToText','on') 

saveas(figure(2),[filename(1:end-4),'_Output',timestmpfix],'png') 

  

newdata(:,1) = t; 

newdata(:,2) = Funct2StateWithLossOn1And2(k,t); 

newdata(:,3) = M1; 

newdata(:,4) = M2; 

newdata(:,5) = M3; 

newdata(:,6) = M4; 

endfilename = [filename(1:end-4),timestmpfix,'Output.txt']; 

endfile = fopen(endfilename,'w'); 

dlmwrite(endfilename,newdata,'delimiter','\t') 

fclose('all'); 

 

Function: 

function R = Funct2StateWithLossOn1And2(k,t) 

  

global M1 M2 M3 M4 MSPR xswitch 

  

Cp=2.5*10^-6;    %effective molar concentration of peptide in solution 

ode_options = odeset('RelTol', 1e-8, 'AbsTol', 1e-08); %, 

'Stats','on'); 

y0 = [0;0;0;0;0]; %initial conditions; set by number of ODEs used 

(including dSPR/dt) 

[~,Fit1]=ode15s(@DiffEq1,t(1:xswitch),y0,ode_options);  

  

yswitch = 

[Fit1(end,1),Fit1(end,2),Fit1(end,3),Fit1(end,4),Fit1(end,5)]; %Cp 

should now be zero 

[~,Fit2]=ode15s(@DiffEq2,t(xswitch+1:end),yswitch,ode_options);  

  

Fit = cat(1,Fit1,Fit2); 

  

R = Fit(:,5); % pulling just observable signal 

  

M1 = Fit(:,1); 

M2 = Fit(:,2); 

M3 = Fit(:,3); 

M4 = Fit(:,4); 

MSPR = Fit(:,5); 

  

function dy = DiffEq1(t,y) 

%answer matrix 

dydt=zeros(4,1);  

%Unknown Constants 

%k(1)    forward rate constant of step1 (1/Ms) State 1, Reversible 

%k(2)    reverse rate constant of step2 (1/s) 

%k(3)    forward rate constant of step1 (1/Ms) State 2, Irreversible 

%k(4)    reverse rate constant of step2 (1/s) 

%k(5)    lipid extraction term, coming from Reversible binding 

%k(6)    lipid extraction term, coming from Irreversible binding 

%k(7)    maximum amount of peptide that can be bound (M) 

%Model equations 
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dydt(1) = k(1)*Cp*(k(7)-y(1)-y(2)-y(3)-y(4)) - k(2)*y(1) + k(4)*y(2) - 

k(3)*y(1) - k(5)*y(1); % dR1/dt 

dydt(2) = k(3)*y(1) - k(4)*y(2) - k(6)*y(2); % dR2/dt  

dydt(3) = k(5)*y(1); % dR3/dt 

dydt(4) = k(6)*y(2); 

dydt(5) = dydt(1) + dydt(2); %total observed R, dR/dt 

dy=dydt; 

end 

  

function dy = DiffEq2(t,y) 

%answer matrix 

dydt=zeros(4,1);  

dydt(1) = k(1)*0*(k(7)-y(1)-y(2)-y(3)-y(4)) - k(2)*y(1) + k(4)*y(2) - 

k(3)*y(1) - k(5)*y(1); % dR1/dt 

dydt(2) = k(3)*y(1) - k(4)*y(2) - k(6)*y(2); % dR2/dt  

dydt(3) = k(5)*y(1); % dR3/dt 

dydt(4) = k(6)*y(2); 

dydt(5) = dydt(1) + dydt(2); %total observed R, dR/dt 

dy=dydt; 

end 

end  
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Chapter 5 :  Biophysical Characterization of 

Antibacterial Oligothioetheramides 

Acknowledgements 
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Abstract 

Biophysical analysis into the mechanism of action of membrane-disrupting antibiotics 

such as antimicrobial peptides (AMPs) and AMP mimetics is necessary to improve our 

understanding of this promising but relatively-untapped class of antibiotics. In this 

chapter, we utilized oligoTEAs to explored two libraries designed 1) the nature of the 

cationic charge chosen (guanidine versus amine) and 2) to examine the effect of local 

backbone hydrophobicity via sequence control. The first oligoTEA library evaluated the 

impact of cationic nature. Specifically, oligoTEAs were synthesized at a consistent 

number of total cationic charge and length, varying between guanidines and amines 

groups.  Relative to amines, guanidine groups demonstrated improved antibacterial 

activity. With regard to the first library, we examined constitutional isomers of the 

polyamine antibacterial scaffold previously discussed. All oligoTEAs in the first library 

had the same molecular mass and amine-based pendant groups, but the backbone 

sequence was varied to create different local hydrophobicity within each molecule. 

Despite local differences, the total (global) hydrophobicity of each molecule remained 

the same, highlighting oligoTEA design to decouple molecular properties from each 

other. Biological and biophysical data showed that local hydrophobicity differences in 

the backbone affected antibacterial activity and lipid bilayer interaction.  Both libraries 

are biophysically studied with surface plasmon resonance in complement to other 

techniques. Both studies continued to highlight the importance of the oligoTEA-lipid 

aggregate at the lipid surface, described first in Chapter 4. This is directly observed with 

the guanidine containing compounds, which increase the extend of lipid aggregation 

and its morphology to a stable tubular structure. 
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Figure 5-1: Graphical abstracts for the two bodies of work discussed and analyzed. 

(left) The first work discussed the biophysical investigation of and testing of an 

antibacterial guanidine and amine containing oligoTEA library. (right) The second 

work discussed the sensitivity of antibacterial activity to constitutional isomers of 

oligoTEAs. 

 

Introduction 

The motivation of this work extends from Chapter 4. Briefly, there is a continued 

unmet need to develop new antibiotic strategies in the face of antibiotic resistance. We 

have specifically worked with oligothioetheramides (oligoTEAs) as synthetic mimetics 

to antimicrobial peptides (AMPs), which are a promising but underdeveloped class of 

antibacterials. Although AMPs display broad sequence diversity, they are generally 

amphipathic and composed of hydrophobic and cationic residues.398 Abiotic molecular 

design provides proteolytic stability and enables incorporation cationic charge and 

hydrophobic groups, known influencers of antibacterial action. Beyond the synthetic 

design, we have also engaged in biophysical testing of these materials at the interface 

of bacterial mimetic membranes, since their antibacterial mechanism involves 

membrane disruption. We continued to investigate these materials as started in Chapter 
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4 with surface plasmon resonance (SPR) fluorescence microscopy, and modeling with 

two specific libraries of oligoTEAs, adding breadth and testing the ability of our 

biophysical methods to describe and rationalize observed biological trends. 

 

Library 1: Antibacterial action affected by cationic group  

In this work, we investigated the effect of cationic group (guanidine versus 

amine) on the antibacterial action of several oligoTEAs. Recent studies involving 

antibacterial oligoTEAs have evaluated the impact of backbone composition, length, 

sequence and conformation on potency.37,278,280 However, direct studies on the nature of 

the cationic pendant group on the oligoTEA scaffold have not been done. Overall, our 

aggregated studies indicate that oligoTEAs with guanidine pendant groups are more 

active than those with amine pendant groups. Herein, we confirm these relative 

differences in activity and specifically explore differences in the mechanism of action 

by membrane permeabilization, fluorescence microscopy, and SPR. We have focused 

our efforts on interactions of oligoTEAs with the membrane of methicillin-resistant 

Staphylococcus aureus (MRSA). Our results are consistent with some literature studies 

that highlight improved activity of guanidine groups over amines.468–470 Moreover, 

results from microscopy and SPR additionally suggest that guanidine-containing 

compounds form larger, meta-stable, tubular lipid aggregates on the bacterial membrane 

surface that correlate with activity. 
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Results 

Synthesis and characterization of cationic oligoTEAs 

A library of 3-mer and 4-mer oligoTEAs was synthesized according to our 

previously reported method for fluorous-supported assembly of sequence-defined 

oligoTEAs.37,278,280 The oligoTEA sequences prepared in this work along with their 

notation are described in Figure 5-2. The first five compounds listed were prepared to 

examine the effect of cationic group type on antibacterial activity. While several reports 

in literature confirm the enhanced antibacterial activity of compounds containing 

guanidines over amines,468–470 a few studies conclude the opposite.183 To explore this 

effect in-depth, we systematically increased the guanidine content in our oligoTEA 

scaffold by decreasing the ratio of amine to guanidine pendant groups from 4:0 to 1:3 

(Figure 5-2).  The terminal amine group on the oligomer scaffold after cleavage of the 

fluorous tag guarantees that there will always be an amine group present on the scaffold. 

The last four compounds in Figure 5-2 (PDT-4Am, PDT-4G, BDT-4Am and BDT-4G) 

were created to examine cationic 4-mer oligoTEAs with differing backbones, i.e. 

propane versus butane, in addition to pendant group type. This set of oligoTEAs include 

PDT-4G, a promising compound that has previously been shown to be viable in vivo. 

Oligomers in this set contain amine to guanidine ratios of 5:0 versus 1:4. Following 

HPLC purification, all nine oligoTEAs in Figure 5-2 were characterized and confirmed 

via 1H NMR and LCMS (Appendix D Supplementary Spectra). 
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Figure 5-2: OligoTEA library to investigate antibacterial activity of cationic group 

(Top) Scheme breaking down each moiety of the oligoTEA (Bottom) Table of the 

oligoTEAs synthesized in this work. 

The guanidine-containing oligoTEAs in this library are more hydrophobic than 

their amine variants as determined by LCMS retention time, similar to previous 

observations.280 Systematically increasing the guanidine content (4:0, 3:1, 2:2, 1:3) led 

to a concomitant increase in retention time (Figure 5-3A). A similar effect is seen with 

the 4-mer amine versus guanidine oligoTEAs irrespective of their backbone (Figure 5-

3B). We attribute this effect to the enhanced bidentate hydrogen bonding between the 

guanidinium group and residual silanols or hydrogen bonded water network on the C18 

column.471,472 This causes the guanidinium groups to have stronger interactions with the 
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stationary phase and appear more hydrophobic relative to the amine-containing 

compounds.  

 

Figure 5-3: Retention time of cationic oligoTEAs 

Results were obtained by the extracted ion chromatogram of the product mass. (A) 3-

mer oligoTEAs. (B) 4-mer oligoTEAs. 

 

Effect of increasing guanidine to amine ratio 

In a recent publication, we observed that a guanidine-containing oligoTEA, 

BDT-4G was more active against bacteria than its amine counterpart, BDT-4Am.280 To 

further elucidate this effect, we first assessed the antibacterial activity of 3-mer 

oligoTEAs containing varied ratios of amine to guanidine pendant groups (Figure 5-9), 

compounds 1-5) via the MIC assay. The results in Figure 5-4A confirm that antibacterial 

activity increases with increasing guanidine content relative to amines. PDT-3G is 64-

fold more active than PDT-3Am against MRSA (Figure 5-4A). Compounds containing 

both amine and guanidine headgroups, PDT-2GAm, PDT-Am2G, and PDT-G2Am, had 

comparable activities falling between that of PDT-3Am and PDT-3G. The 4-mer 

compounds (Figure 5-4, Compounds 6-9) with different backbones showed a similar 

trend; the guanidine-functionalized compounds (PDT-4G and BDT-4G) outperformed 
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the amine-functionalized compounds (PDT-4Am and BDT-4Am) by greater than 20-

fold (Figure 5-4B). 

Cationic antimicrobial agents are known to bind and compromise the bacterial 

membrane, leading to rapid fluid exchange and cell death.183,398,473–475 This membrane 

permeabilization can be measured indirectly by assessing the uptake of a membrane-

impermeable agent, such as propidium iodide (PI).476 In addition to reducing MIC, the 

use of guanidine groups increased the membrane permeabilization (Figures 5-11C and 

5-4D). Additionally, backbone hydrophobicity improved both the membrane 

permeabilization (Figure 5-4D) and activity (Figure 5-4B). One caveat to the PI data is 

that its inverse correlation with the MIC data is only maintained within groups of 

oligomers with the same number of repeat units and backbone type. For example, PDT-

4Am is less active than PDT-3G (higher MIC) but displays higher membrane 

permeabilization. These results highlight the use of the PI membrane permeabilization 

assay to rationalize the interactions with the bacterial membrane, but not necessarily 

predict antibacterial potency. 



 

190 

 

 

Figure 5-4: Biological characterization of cationic oligoTEAs 

(A) Minimum inhibitory concentration assay of 3-mer compounds. (B) Minimum 

inhibitory concentration assay of 4-mer compounds. (C) and (D) Propidium iodide (PI) 

assay as a measure of extent of membrane permeabilization with 25 µM oligoTEA.  

 

Biophysical characterization via fluorescence microscopy 

To further elucidate the mechanisms of action of these antibacterial oligomers, 

we employed fluorescence microscopy and SPR. These methods utilize bacterial 
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mimetic membranes assembled from synthetic lipids to model binding and disruption 

of the bacterial membrane. The lipid head group composition of the bacterial membrane 

is known to vary with growth phase. Mid-exponential phase represents the most 

aggressive growth phase during bacterial infection and was thus considered in the 

selection of the membrane mimetic lipids. Previously, we have reported literature 

consensus across twelve sources on the membrane lipid headgroup composition of 

MRSA to be 4:5:11 neutral lipid: cardiolipin: phosphatidylglycerol (PG) (Chapter 4, 

Materials and Methods).281 Lipid tails were chosen to ensure lipid bilayer fluidity at 

room temperature, specifically neutral DG, TPCL, and POPG. SUVs were prepared 

with this lipid composition and used to create supported lipid bilayers (SLBs) for 

biophysical characterization. Fluorescence microscopy was made possible by 

incorporation of an octadecyl rhodamine (R18) fluorophore and slides pre-coated in 

poly-L-lysine (PLL). 
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Figure 5-5: Fluorescence microscopy and SPR of cationic oligoTEAs 

(A) Fluorescence microscopy images showing the supported lipid bilayer before and 

after exposure to 5 µM PDT-4Am or PDT-4G. Lipid bilayer is visualized via 

incorporation of R18 into the SUV before bilayer formation. Microscopy slides were 

precoated with poly-L-lysine (PLL) to enable bilayer formation. (B) SPR sensorgrams 

of selected oligomers demonstrating the benefit of guanidine groups over amines on any 
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scaffold. OligoTEAs (5 µM) were injected onto the bacterial mimetic membrane at t = 0 

and washed with 1X PBS (pH 6.8) at t = 300 seconds. 

 

Time-lapse imaging with fluorescence microscopy was completed with PDT-

4G and PDT-4Am on the SLBs to observe differences in their mode of membrane 

disruption (see Supplementary Videos online, doi: 10.1021/acs.analchem.8b05721). 

Both oligoTEAs showed quick formation of single-micron aggregates at the membrane 

surface. Additionally, they both formed tubular, meta-stable aggregates that can either 

retract into a surface aggregate or detach completely from the membrane surface. 

Notably, the stability of the tubular aggregate was enhanced for PDT-4G relative to 

PDT-4Am (Figure 5-5A). This enhanced stability could be attributed to the additional, 

bidentate hydrogen bonding in guanidine groups compared to amines. The tubular 

aggregates formed during exposure to PDT-4Am rapidly retract or break away from the 

membrane surface, although it is unclear if this leads to significantly more lipid removal 

from membrane surface, since there can also be pore formation. 

 

Biophysical characterization via surface plasmon resonance 

SPR was completed to further discern the oligomer binding evolution and 

disruption of a MRSA mimetic membrane. SPR is a label-free technique that detects 

changes in refractive index near a biosensor surface due to changes in mass or structure. 

SUVs composed of the MRSA bacterial mimetic lipids were deposited onto the surface 

of a Biacore L1 Chip and allowed to equilibrate. The sensorgrams of each of the 6 

oligoTEAs show a quick rise in response level that plateaus after 200 seconds 

(Appendix D). Upon washing with PBS after 300 seconds, the signal drops quickly and 
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fades toward an asymptote above the baseline. Within the same scaffold (i.e. same 

length and same backbone), guanidine-based oligoTEAs generally show higher signal 

responses relative to their amine variants, especially in the dissociation (PBS wash) 

phase. 

To further understand the phenomena observed by SPR, we then sought to fit 

the data using a kinetic model, which can deconvolute the binding curve. Generally, 

multiple binding states between the oligomer and lipid evolve throughout time and can 

be represented by differential equations. In this way, several models have been proposed 

in literature for the binding evolution of AMPs at lipid membrane surfaces, as observed 

by SPR. While not fully unanimous with each other, these models often propose 

reversible binding of oligomer and lipid together (state #1), which can then reversibly 

evolve onward to a tighter binding complex (state #2), where loss or lipid expansion can 

occur.426,441,442 However, in previous work performed in Chapter 4, we determined two 

distinct differences between the generalized form of literature models and the model 

that fits our data. Our model is also in a two-state form (Figure 5-6A). However, the 

aggregates observed by fluorescence microscopy were irreversibly formed (OL*, state 

#2), which is different than proposed in literature. Second, we have allowed loss from 

the first state (OL), which has been observed previously using similar compounds 

(Chapter 4)281 and by other groups in the form of pore formation or lipid bilayer 

expansion.426,427 Otherwise, the model is consistent with literature observations. The 

reversible binding state (OL) is observed by the rapid initial increase at the beginning 

of oligomer injection and decrease at the beginning of the PBS wash, respectively. Also, 
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the irreversible binding state (OL*) is observed by the SPR signal that remains above 

baseline in the dissociation phase after PBS washing. 

 

 

Figure 5-6: SPR characterization of cationic oligoTEAs 

(A) Two-state model with loss on both steps developed previously (Chapter 4).281 OL* 

represents the oligoTEA-lipid aggregate and OL represents any binding state including 

all types of potentially loose or tight binding not observed by fluorescence microscopy. 

Loss can occur from OL or OL*. (B) Model fit to PDT-4G and (C) PDT-4Am 5 µM SPR 

data along with the predicted kinetic evolution of states. (D) Population of oligoTEA-

induced aggregates (OL*) formed during the kinetic run. 
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The two-state model was fit over a concentration range of 1-2 5µM for each 

oligoTEA in good agreement with the data. Figures 5-6B and 5-6C show the fits for 

PDT-4G and PDT-4Am, and others are shown in Appendix D. Analysis of the 

population of states ((OL), (OL*), Loss(OL), Loss(OL*)) data across concentrations 

revealed strong correlations between the extent of aggregate formation (OL*) and nature 

of the cationic group. Searching for a parameter that correlates with the biological 

activity is done over the range of concentrations and examining which parameter 

correlates best with the MIC. Across concentrations, the kinetic rate of Loss(OL*),  

demonstrates differences between the 3mer and 4mer length oligomers, but only a low 

concentration. Physically, this finding could mean the 4mer-length oligoTEAs are much 

slower at allowing surface aggregates to detach from the surface because of their added 

length and binding interaction (Appendix D). However, this finding can only serve as 

preliminary and the base for a hypothesis as it was not the focus of the study. More data 

would be needed to support this finding. 

Considering the populations from the fit (OL, OL*, Loss(OL), and Loss(OL*)), 

we see that within the same scaffold type, guanidine groups generally result in a higher 

population of bound aggregates (OL*), consistent with the PI data (Figure 5-13D). This 

strongly implicates this aggregate state as a critical determinant for membrane 

permeabilization and antimicrobial activity. The population of the (OL) state is higher 

for the guanidine 4-mers over the amine 4-mers (Appendix D). In contrast, this 

correlation does not hold for the pre-aggregate binding (OL) for the 3-mer compounds 

as the 3-mer amine has a higher population of bound (OL) states than the 3-mer 
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guanidine. Losses from the (OL) and (OL*) states are nearly identical between 

guanidine and amine containing compounds across all concentrations (Appendix D) 

indicating that these states are not the critical drivers or directors of oligoTEA 

antimicrobial activity, different than the findings from the first library. Thus, from all 

populations and parameters determined, the lipid-oligomer aggregate population (OL*) 

appears most directly related with activity as it shows a consistent benefit for the use of 

guanidine groups over amines. 

 

Discussion 

In this work, we have evaluated the benefit of guanidine groups over amines on 

oligoTEA scaffolds for antimicrobial activity. Biological characterization in vitro as 

well as biophysical characterization with fluorescence microscopy and SPR 

demonstrate key differences between oligoTEAs made with guanidines versus amines. 

We conclude that these oligomers operate by binding bacterial membranes, where they 

facilitate the development of lipid aggregates and disrupt membrane integrity. We were 

further able to investigate the difference between guanidine and amine-containing 

oligoTEAs through SPR data fit to a recently-developed two-state model with an 

irreversible aggregation step. Within each set of oligoTEAs made with identical 

backbone and length, guanidine-containing compounds demonstrated increased ability 

to cause lipid aggregate formation (OL*) over their amine variants. This is consistent 

with biological activity against MRSA. The populations of Loss(OL) and  Loss(OL*) 

did not correlate across all concentrations with the biological activity, although (OL) 

showed partial correlation with biological activity within 4-mers containing the same 
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backbone. Our kinetic data and conclusions were directly supported and corroborated 

by fluorescence microscopy observations of stabilized tubular aggregates that appear 

during membrane disruption by PDT-4G over PDT-4Am. Overall, this body of work 

highlights the potential importance of oligoTEA-induced lipid aggregation during 

membrane disruption and warrants further investigation with other membrane-

disrupting compounds. 

 

Library 2: Antibacterial action affected by local backbone 

hydrophobicity 

In this work, we investigated the effect of backbone hydrophobic sequence, i.e. 

the local hydrophobic contribution, on antibacterial activity while holding the overall 

hydrophobicity constant. OligoTEA assembly is the only approach to date that offers a 

simple synthetic method to vary the backbone hydrophobic sequence while keeping 

other aspects of the macromolecule fixed. We exploit this design for the assembly of 

four constitutional isomers all with the same global hydrophobicity. An antibacterial 

oligoTEA with amine pendant groups that was previously determined to have desirable 

antibacterial activity and low cytotoxicity278 served as the basis for three new synthetic 

isomeric variants. Evaluation of the antibacterial activity of these macromolecules 

showed backbone sequence-dependence. Biophysical studies on supported lipid 

bilayers (SLBs) and membrane penetration studies were performed and used to 

rationalize the observed differences in biological activity. Since the publication of this 

work, modeling of the biophysical characterization of surface plasmon resonance (SPR) 

has been completed using the model discussed in Chapter 4. 
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Results 

Our overall synthetic design is used the incorporation of backbone dithiol groups 

to vary the local hydrophobicity while keeping the overall carbon count constant. To do 

this, three constitutional isomers of “AOT-33333” were synthesized by lead author Dr. 

E.A. Hoff (Figure 5-2) according to the previously reported method for the assembly of 

sequence-defined oligoTEAs.146,147 The oligomers created here are named with a five-

digit code, where each number refers to the number of carbons in each backbone 

monomer (Figure 5-2). Thus, the AOT-33333 bears five propane dithiol groups (3) in 

its backbone. The isomers all bearing the same pendant primary amine group and linear 

architecture differ only in the relative location of the ethane dithiol (2), propane dithiol 

(3) and pentane dithiol (5) backbone groups.  

 

 
Figure 5-7: Scheme to produce antibacterial oligoTEA constitutional isomers 
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Following synthesis and purification, all four oligoTEAs were characterized and 

confirmed via 1H NMR and liquid chromatography mass spectrometry (LCMS) (See 

online version at doi:10.1002/mabi.201800241). The mass spectrometry data by Dr. 

E.A. Hoff confirmed that all four compounds have the same mass and are thus isomers. 

The liquid chromatograms of all four oligoTEA sequences were also identical as shown 

in Figure 5-3A, indicating their global (overall) hydrophobicity, as represented by their 

retention time, is similar and thus differences in their functional behavior can be 

attributed to local sequence differences. The four oligoTEAs synthesized by Dr. E.A. 

Hoff were tested for antibacterial activity by co-author C.M. Artim on methicillin-

resistant Staphylococcus aureus (MRSA, ATCC33591) as aforementioned with the 

minimum inhibitory concentration (MIC) shown in Figure 5-8.477,478,479  The main 

takeaway was that the symmetric AOT-32523 showed ~ 4-5-fold higher antibacterial 

activity than its other isomers at a MIC of 1.7 µM against MRSA (n=5).  

 

 
Figure 5-8: Biological characterization (MIC and toxicity) of oligoTEA isomers 

Minimum inhibitory concentration (MIC) of AOT isomers against (A) MRSA 

(ATCC33591) 
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Cationic antibacterial oligoTEA compounds, including AOT-33333 from 

previous studies,278 have been shown to lyse bacteria via membrane binding and 

destabilization. To determine if the members of the new isomer library also worked via 

the same mechanism, C.M. Artim performed a propidium iodide (PI) assay on MRSA 

to analyze the structural integrity of the membrane upon exposure to the four oligoTEA 

isomers, as previously described in Chapter 4. The data from the PI assay on MRSA in 

Figure 5-9 shows different permeabilities among oligoTEA isomers again indicating 

that local backbone sequence does matter and can influence biophysical interactions 

between the oligoTEAs and a biological membrane. AOT-53223 and AOT-32523 

enable rapid and greater PI uptake into MRSA cells relative to AOT-32252 and AOT-

33333. This result is interesting and contrasts the MIC data that shows AOT-53223 

having the least antibacterial potency relative to other members of the isomeric library. 

 
Figure 5-9: Propidium iodide assay with isomeric oligoTEA on MRSA 
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followed by washing with buffer alone for another 400 seconds (dissociation phase) 

(Figure 5-10A-D). SPR sensorgrams report back the extent of oligoTEA association 

with the SLB on the SPR chip. The sensorgrams in Figures 5-10A-D indicate that the 

isomeric oligoTEAs have similar extents of association with the SLB at high 

concentrations. However, at low concentrations (< 3 µM), AOT-53223, AOT-32523, 

and AOT-32252 show slightly faster and a greater extent of association with the SLB 

relative to AOT-33333.  To better visualize these subtle differences, we selected the 3 

µM sensorgrams (Figure 5-11A) for comparison and ascribed a value to the binding 

response at saturation (i.e. response unit (RU) at 300 s). The 3 µM data was selected 

because it represents a concentration above the MIC of AOT-32523 (i.e. antibacterial 

activity is observed at this concentration) and below the MIC of AOT-53223, AOT-

32252, and AOT-33333 (i.e. no antibacterial activity is observed at this concentration, 

see Figure 5-8). 
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Figure 5-10: SPR of isomeric oligoTEAs of lipid bilayer interaction (L1 Chip) 

Association of oligoTEAs at 1, 2, 3, 5, 7.5 and 10 M (bottom to top) with a MRSA 

mimetic SLB: (A) AOT-53223 (B) AOT-32523, (C) AOT-32253 and (D) AOT-33333. 

 

The RU value at 300 seconds represents a wide range of interactions taking place 

at saturated surface coverage, including binding, surface induced oligomer association, 

surface aggregation and membrane insertion. In Figure 5-7B the SPR response (i.e. RU 

at 300s) for all isomeric oligoTEAs is plotted alongside their equilibrium PI 

permeability data. The latter is obtained from the fluorescence value at equilibrium (@ 

~22 mins in Figure 5-10). The SPR data is in general agreement with the PI data. The 

association of AOT-53223 and AOT-32523 are similar and slightly higher than AOT-

32253. AOT-33333 shows the least association with the SLB (Figure 5-11b). These 

results indicate that these two AOTs (AOT-53223 and AOT-32523) have a stronger 

preference for the S. aureus mimetic membrane. This data alone correctly predicts that 
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0 100 200 300 400 500 600 700
0

500

1000

1500

Time, seconds

R
U

AOT-53223

0 100 200 300 400 500 600 700
0

500

1000

1500

Time, seconds

R
U

AOT-32253

0 100 200 300 400 500 600 700
0

500

1000

1500

Time, seconds

R
U

AOT-32523

1 mM

10 mM

0 100 200 300 400 500 600 700
0

500

1000

1500

Time, seconds
R

U

1 mM

10 mM

AOT-33333



 

204 

 

53223 and AOT-32523 should have similar affinities for the membrane and perhaps 

similar anti-MRSA activity. Contrary to this reasoning, AOT-32523 is 3-fold more 

active than AOT-53223 against MRSA. Both SPR and PI parameters individually and 

together correctly confirm that AOT-32523 should outperform AOT-33333, yet they 

both fall short at describing the overall trend seen in the MIC data.  

 

 
Figure 5-11: Comparison of SPR sensorgrams at 3µM 

(A) SPR association sensorgrams of AOT-53223, AOT-32523, AOT-32253, and AOT-

33333. (B) A comparison of the saturation response values from SPR data (RU @ 300s) 

with extent of membrane permeability (measured via PI fluorescence assay). 
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suggested in Chapter 4, parameters of kinetic rates (e.g., k3, k4, etc) and/or populations 

(e.g., OL, OL*, etc) that correlate with biological activity should demonstrate a benefit 

for AOT-32523 over the other oligomers (Figure 5-12A). Moreover, the biological 

(MIC) data demonstrated that AOT-32523 is an effective antibacterial at lower 

concentrations (~2 µM), whereas the other oligomers have higher MICs (≥6 µM).  

 

 
Figure 5-12: (A) Two-state with two loss SPR model (B) Loss(OL*) model results 

demonstrating a benefit for AOT-32523 at low concentrations (2-3 µM) that disappears 

at higher concentrations. See Chapter 4 “Kinetic mechanism proposed from microscopy 

observations” and onward for more details 
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After model fitting was completed across all concentrations and oligomers, the 

populations and parameters were analyzed to match these criteria to show benefit for 

AOT-32523 either outright or in a concentration dependent matter (Appendix D Figures 

D-{5-6}). Overall, the parameters and populations showed a clear distinction of the 

AOT-33333 from the other oligomers in the data set, which is also clear in the original 

data (Appendix D Figure D-7). Aside from that difference, the antibacterial oligoTEA 

isomers are very similar and all kinetic rate parameters appear to overlap. However, the 

population of loss from the aggregate Loss(OL*) demonstrated favor for the AOT-

32523 at low concentrations (2-3 µM) over the other oligomers that then disappears at 

higher concentration. Oddly, this favor also disappears at lower concentration as well 

(~2 µM). At these low concentrations, this error could be explained by a low response 

in the original curve at these concentrations or by the subsequence decrease in OL* that 

has made fitting Loss(OL*) difficult before. Nonetheless, this weak concentration 

dependence is similar the antibacterial action of these oligomers where only the AOT-

32523 is active at low concentrations (MIC ~1.7 uM) and the other oligomers become 

antibacterial at higher concentrations. Thus, the Loss(OL*) could appear to correlate 

with biological activity. Practically speaking, this indicates that the ability of this 

oligomer to remove the aggregate, separates it from the other oligomers.  

 

Discussion 

We have shown in this study that the backbone sequence of constitutionally 

isomeric oligoTEAs affects their interaction with the bacterial membrane and thus their 

antibacterial activity. Four isomeric oligoTEAs were synthesized with varying alkyl 
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backbone composition and sequence. Rearrangement of their backbone sequence didn’t 

appear to affect their global hydrophobicity as measured via their retention time on a 

HPLC. However, their sequence was shown to play a significant role in their 

interactions with the cell membrane, indicating that local effects (i.e. local 

hydrophobicity and spacing between charged groups) are important. In the published 

article, no definitive conclusions were made about the reasons behind the higher potency 

demonstrated by AOT-32523. 

However, additional analysis with modeling with surface plasmon resonance is 

able to provide a rationalization of the unique ability of AOT-32523, with its increased 

in aggregates evolved from the surface (Loss(OL*)). However, within the model 

findings, the concentration dependence of Loss(OL*) as it is favored over another 

oligomers is not dramatic and should be investigated further, perhaps with a lipid 

extraction experiment. If the difference is large enough, fluorescence microscopy could 

potentially corroborate this finding as well. On its own, the model finding is a good 

suggestion to create a hypothesis. Comparatively, all other parameters demonstrate 

highly similar absolute values and concentration dependence (Appendix D, Figures 5-

{5-6}), which indicates along with other measures (MIC, PI Assay, MTT toxicity) the 

fine difference that the oligomers are demonstrating. Thus, it is likely that these 

oligomers represent the “lower limit” of what biophysical characterization can 

delineate.  
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Conclusions 

Both pieces of work in this Chapter continue to highlight the importance of 

biophysical characterization to rationalize biological activity. With both cases, the lipid 

aggregate was implicated with activity as one of the only parameters that correlated with 

antibacterial activity (MIC). Specifically, with the library of constitutional isomers, the 

amount of lipid removed from the aggregate itself, Loss(OL*) correlated with activity. 

With the library comparing guanidine and amine containing oligoTEAs, the amount of 

lipid aggregation, OL* was correlated with antibacterial activity. These results highlight 

the fact that different systems that could be undergoing distinctly different mechanisms. 

At the very least, they do implicate the nature of the aggregate and its pathological 

effects on the bacteria as potential drivers of antibacterial action. Both studies uniquely 

demonstrate the utility of oligoTEAs to create, decouple, and precisely control 

molecular properties and positioning via sequence control of these molecules. 

Moreover, the methods of utilizing biophysical characterization of fluorescence 

microscopy and surface plasmon resonance in tandem appear able to answer complex 

questions, such as in the case of the constitutional isomers where there was no clear 

distinction between the oligomers via PI assay. This Chapter adds breadth to the ability 

of the biophysical methods developed through this work as a whole, with two special 

and specific test libraries of known biological characterization. 
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Materials and Methods 

General chemicals were purchased from Sigma Aldrich. Precursors for the 

monomer synthesis were purchased from Aldrich and Alfa Aesar. Fluorous BOC-ON 

(C8F17 BOC-ON) and fluorous silica were purchased from Boron Specialties. 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (16:0-18:1, POPG), 1’,3’-bis[1,2-

dipalmitoyl-sn-glycero-3-phospho]-sn-glycerol (16:0 cardiolipin, TPCL) and 1,2-

dioleoyl-sn-glycerol (18:1 DG) were purchased from Avanti Polar Lipids and 

cholesterol (≥99%) was purchased from Sigma-Aldrich. CellTiter 96® AQueous Non-

Radioactive Cell-Proliferation Assay (MTS) solution was purchased from Promega.  

LCMS experiments were carried out on a Poroshell 120 EC-C18 column, 3x100 

mm, 2.7 µm from Agilent Technology monitoring at 210 and 254 nm with positive 

mode for mass detection.  Solvents for LCMS were water with 0.1% acetic acid (solvent 

A) and acetonitrile with 0.1% acetic acid (solvent B). Compounds were eluted at a flow 

rate of 0.6 mL/min with a linear gradient of 5% to 100% solvent B over 12 min, constant 

at 100% solvent B for 2 min before equilibrating the column back to 5% solvent B over 

1 min. HPLC purification was performed on a 1100 Series Agilent HPLC system 

equipped with a UV diode array detector and a 1100 Infinity analytical scale fraction 

collector using a reverse phase C18 column (9.4 x 250mm, 5 µm). Surface plasmon 

resonance (SPR) was completed using a Biacore 3000 with an L1 Chip at 25°C. 
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General procedure for oligoTEA synthesis 

OligoTEAs were synthesized using alternating thiol-ene and thiol-Michael addition 

reactions, followed by cleavage of the fluorous tag. Completed oligoTEAs were purified 

using reverse-phase HPLC and verified using LCMS and 1H NMR. Fluorous solid-

phase extraction (FSPE) as previously described18 was used after each thiol-ene and 

thiol-Michael addition reaction to remove excess non-fluorous reagents.  

Thiol-ene reaction 

Five equivalents of dithiol and 5 mol% (of the dithiol) of 2,2-dimethoxy-2-

phenylacetophenone (DMPA) were added to a solution of corresponding fluorous-olefin 

(100 mM in MeOH).  The solution was irradiated for 270 s with UV light at 20 mW/cm2. 

The product (fluorous-thiol) was purified using FSPE. 

Thiol-Michael addition reaction 

Two equivalents of corresponding N-allyl-acrylamide monomer and 

dimethylphenylphosphine (5 mol% of monomer) were added to the eluted fluorous-thiol 

in methanol eluted from the FSPE purification of the previous thiol-ene reaction. The 

mixture was dried under reduced pressure, during which time the reaction went to 

completion. Excess non-fluorous reagent was removed using FSPE. 

Fluorous tag cleavage reaction 

Completed oligoTEAs were dissolved at 5 mM in trifluoroacetic acid (TFA) and stirred 

for 1 hour at room temperature. TFA was removed under nitrogen, and the oligoTEAs 

were purified using reverse-phase HPLC. 
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Guanidine monomer synthesis 

 

Figure 5-13: Scheme for N-(ethylene-(bis-Boc-guanidine))-N-allyl-N-acrylamide 

 

Reaction 1: 2-(2-aminoethyl)-1,3-di-Boc-guanidine synthesis: 1 equivalent 1,3-Di-boc-

2-methylisothiourea at a concentration of 250 mM in dichloromethane (DCM) was 

reacted with 2.5 eq ethylenediamine for 70 min at room temperature. The reaction 

mixture was washed 3x with water and 1x with brine. It was used immediately in the 

acylation reaction. 

 

Reaction 2: Acylation reaction: Additional DCM was added to the resulting solution of 

Reaction 1 for a final concentration of 150 mM. 3 eq triethylamine were added and the 

mixture was stirred on ice for 10-15 min.  1.5 eq acryloyl chloride was dissolved in 25% 

the total volume of DCM to be used and added dropwise to the reaction mixture over 

20 min.  The reaction was stirred 1 hr on ice and 1 hr at room temperature, then quenched 

with water and extracted three times with DCM.  All organic layers were combined, 

washed with brine, and dried with anhydrous sodium sulfate before solvent removal 

under reduced pressure.  

 

Reaction 3: Alkylation reaction: 1 eq acylation product was dissolved in dry 

dimethylformamide (DMF) for a final reaction concentration of 200 mM.  4 eq. sodium 

hydride was added and the mixture was stirred at room temperature for 10 minutes.  2.5 

eq allyl bromide was dissolved in 25% the final volume DMF and added dropwise over 
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15 minutes.  The mixture was stirred 1 hour at room temperature before the reaction 

was quenched with water. The product was extracted three times with diethyl ether and 

washed with brine. Solvent was removed under reduced pressure to yield a yellow oil 

which was purified using silica-column flash chromatography on a gradient of 0-100% 

ethyl acetate in hexanes. The desired guanidine monomer product eluted at 24% hexanes 

in ethyl acetate. Product was verified by 1H NMR and LCMS. 

 

Boc-protected amine monomer synthesis 

 

Figure 5-14: Scheme to synthesize N-(ethylene-N-Boc)-N-allyl-N-acrylamide 

 

Reaction 1: 1 equivalent Boc-bromoethylamine was dissolved in twice its volume of 

dichloromethane and added dropwise to a mixture of 6 eq potassium carbonate dissolved 

in 50 eq allylamine. After 3 hours, the mixture was filtered through Celite to remove the 

potassium carbonate, and allylamine was removed under reduced pressure.   

 

Reaction 2: The product of reaction 1 was dissolved in dichloromethane for a final 

reaction concentration of 200 µM, and stirred for 15 min at 0 °C. Acryloyl chloride, 

diluted in five times its volume of dichloromethane, was added dropwise over 30 min. 

The mixture was stirred for one hour at 0 °C and one hour at room temperature before 

being quenched with water. Product was extracted with dichloromethane and dried with 
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anhydrous sodium sulfate. Solvent was removed under reduced pressure to yield a 

yellow oil. This was further purified using silica column flash chromatography on a 

gradient of 15-75% ethyl acetate in hexanes. The desired product, the amine monomer, 

eluted at 55% ethyl acetate in hexanes and was verified using 1H NMR and LCMS. 

 

Minimum inhibitory concentration (MIC) assay 

5-6 colonies of methicillin-resistant Staphylococcus aureus (MRSA), ATCC33591 or 

CA-MRSA (ATCC BAA-1556) was selected and incubated in tryptic soy broth at 37°C 

overnight. Bacteria were sub-cultured and grown to mid-exponential phase (2.5-3-hour 

incubation).  The subculture was diluted to an OD600 of 0.001 in cation-adjusted tryptic 

soy broth (12.5 mg/L Mg2+ and 25 mg/L Ca2+).22 1.5-2 mM AOT stocks in water were 

serially diluted into the bacterial suspensions in a clear 96-well plate. The well plate was 

incubated overnight at 37oC and the absorbance was measured at 600 nM using a 

TECAN Infinite® M1000 PRO Microplate Reader (Männdorf, Switzerland). The MIC 

was calculated as the first point at which the absorbance was below 10% of the 

maximum. 

 

MTS cell proliferation assay 

15,000 of human embryonic kidney (HEK293) cells were plated in a clear, 96-well plate 

and incubated at 37 °C overnight. Cells were then washed with 1xPBS (pH 7.4) and 

incubated with 100 µL regular culture media containing 1 to 50 µM of samples at 37°C 

for 1 hour. Each well was again washed with 1xPBS. 90 µL of clear media (i.e., without 
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phenol red) and 10 µL of MTS solution were added, and the plate was incubated for 1 

hour. Absorbance measurements were taken at 490 nm on a TECAN Infinite M1000 

PRO Microplate reader and normalized to untreated cells (100%) or clear media (0%). 

All experiments were performed in duplicates. 

 

Propidium iodide assay 

5-6 colonies of MRSA was selected and incubated at 37 ºC in tryptic soy overnight, then 

sub-cultured and incubated until mid-exponential phase.  Bacteria were harvested, 

washed, and resuspended in a solution of 5 mM HEPES, 5 mM glucose, and 10 μM 

propidium iodide (pH 7.4).  150 μL bacteria solution was added to each well of a black 

96-well plate.  Fluorescence measurements were taken at 535 nm excitation, 617 nm 

emission on a TECAN Infinite M1000 PRO Microplate reader (Männdorf) (TECAN) 

for 2 minutes with shaking.  AOT stock solutions (1.5-2 mM in water) were added to 

make a final concentration of 15 μM, and fluorescence measurements were taken for an 

additional 20 minutes with shaking. 

 

Surface plasmon resonance  

Small unilamellar vesicles (SUVs) were prepared similarly to Avanti Polar Lipids 

protocols. Lipids were combined at the desired ratios from chloroform stock solutions 

and dried using dry nitrogen at room temperature, then placed in a lyophilizer for at 

least 6 hours. The dried lipids were suspended in 1xPBS (pH 6.8) by vigorous vortexing 

for 5 minutes and then gently mixed overnight to age. The suspension was then 
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sonicated in an ice bath using a probe-tip Branson Sonifier 450 equipped with a micro-

tip at 35% power and 35% duty for 30-60 minutes. The nearly-translucent solution was 

centrifuged at 17k RCF for 10 minutes to remove undispersed lipid and titanium from 

the probe-tip. The solution was then filtered through a sterile 0.2 µm PES filter and the 

hydrodynamic size was verified to be 20-50 nm by dynamic light scattering. SUVs were 

stored at 4°C and verified to be stable before use.  

 

SPR was completed using a Biacore 3000 with an L1 Chip at 25°C as described.23 

Before use, the system was prepared by desorption, sanitizing, and an overnight wash 

with ultrapure water. Conditioning of the L1 chip was completed at the beginning and 

end of each run with 7 µL of 40 mM octyl α-D-glucopyranoside (10 µL/min). 1xPBS 

(pH 6.8) was used throughout the run and in all solutions. SUV capture was performed 

at 5 µL/min for 10 minutes to ensure surface saturation. Control runs of 60-second 

pulses of 10 mM NaOH and 0.1 mg/mL BSA showed little change in the baseline. 

Approximate resonance unit (RU) increases for POPG, 7:3 POPG:TPCL, 4:5:11 

DAG:TPCL:POPG, and 9:1 POPC:Cholesterol SUV capture were 3-5k. At an 

equilibrated flow of 30 µL/min, samples were injected (kinject) for 5 minutes and 

dissociated for 6 minutes with buffer. 
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𝑑𝑂𝐿

𝑑𝑡
= 𝑘1[𝐴𝑂𝑇][𝐶𝐿𝑖𝑝𝑖𝑑,𝑇𝑜𝑡𝑎𝑙 − 𝑂𝐿 − 𝑂𝐿

∗ − 𝐿𝑜𝑠𝑠(𝑂𝐿) − 𝐿𝑜𝑠𝑠(𝑂𝐿∗)] − 𝑘2𝑂𝐿 −

 𝑘3𝑂𝐿 − 𝑘4𝑂𝐿  (1) 

𝑑𝑂𝐿∗

𝑑𝑡
= 𝑘3𝑂𝐿 − 𝑘5𝑂𝐿

∗  (2) 

𝑑𝐿𝑜𝑠𝑠(𝑂𝐿)

𝑑𝑡
= 𝑘4𝑂𝐿  (3) 

𝑑𝐿𝑜𝑠𝑠(𝑂𝐿∗)

𝑑𝑡
= 𝑘5𝑂𝐿

∗  (4) 

𝑑𝑆𝑖𝑔𝑛𝑎𝑙𝑆𝑃𝑅

𝑑𝑡
= 

𝑑𝑂𝐿

𝑑𝑡
+ 

𝑑𝑂𝐿∗

𝑑𝑡
  (5) 

Equation 5-1: Ordinary differential equations from kinetic framework 

Excerpt of two-state model with loss on each step translated to mass action kinetics 

rates (Equations 5-1). SPR observes effective refractive index changes near the gold 

sensor surface, encoding both mass and structural changes. Thus, the SPR cannot 

observe material lost from the surface seen in Equation 3 and 4 and Equation 5 sums 

up the combined observations. 

 

Use of MATLAB to model and fit SPR data 

Fitting of the kinetic rates to the SPR sensorgram data was completed using lsqcurvefit. 

The function incorporated two separate nested ODEs for the association and 

dissociation phases, where ColigoTEA was the designated concentration and 0uM, 

respectively. The ODEs were numerically solved by ode15s with RelTol and AbsTol as 

1e-8. Convergence of lsqcurvefit was seen typically in less than 1k function iterations 

to a resnorm less than 5e5 to capture the behavior of the curve. Kinetic rate parameters 

k1,k2,k3,k4, and k5 were not bounded, while CLipid,total was kept constant (3000 ± 
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<0.01%). CLipid,total should be dependent on the physical number of binding spots of the 

lipid surface, only changing based on SUV lipid composition, not the oligomer 

concentration (only the MRSA lipid composition was fit). CLipid,total must be greater than 

the highest RU value in the experimental data. For example, CLipid,total must be at least 

~2100 RU worth of lipid in order to fit the BDT-4G from Figure S19. CLipid,total scales 

the curve response, with little change to the curve shape.  Since the kinetic rates 

significantly affect curve shape, CLipid,total was held constant to allow comparison. 

 

Fluorescence Microscopy 

To form planar supported lipid bilayers, polydimethylsiloxane (PDMS) wells of ~1 cm 

diameter were attached to piranha-washed glass slides (70% sulfuric acid, 30% 

hydrogen peroxide). PDMS consisted of 10:1 elastomer:cross-linker mixture of Sylgard 

184 (Robert McKeown Company). Wells were coated with 100 µL of poly-L-lysine 

(0.1%wt/vol in water, Sigma P8920) for 30 minutes at room temperature, then washed 

with 1X PBS pH 6.8. SUVs were labeled with 0.05-0.1 mol% Octadecyl Rhodamine B 

or Texas RedTM DHPE (Molecular Probes). The labeling amount was kept low to 

prevent surface quenching. G25 spin column (GE Healthcare) removed excess 

fluorophore. Labeled vesicles were added to the well and incubated for 10 minutes to 

rupture and form a bilayer. The well was gently rinsed with PBS to wash away excess 

vesicles. Scratches were made on the bilayer to aid in determining the focus. Imaging 

was performed with a Zeiss Axio Observer.Z1 microscope with α Plan-Apochromat 20X 

objective. Time-lapse imaging was completed before and after oligomer exposure 

(10min). 
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Chapter 6 :  Future Directions and Outlook 

Introduction 

The field of sequence-defined materials has always been strong, because of the 

demonstrations by nature and sequence-structure-function relationships we continue to 

uncover through scientific study. Thus, the applications of sequence-defined materials 

are hard to summarize as it depends on the size produced. The larger and longer the 

material, the more structural interactions it would be able to participate in. For example, 

peptides with tertiary structures are larger than those that only have secondary structure; 

yet, tertiary structure allows the formation of catalytic sites and molecular recognition. 

Specific to this work, oligothioetheramides has significant potential over other 

sequence-defined scaffolds due to their ability to control the oligomer backbone. Thus, 

oligoTEAs can create specific, regioselective structures and interactions.  

Beyond the scope of this work, there are several future directions that could be 

explored and they will be discussed in this last chapter. First and foremost, work should 

be done to harness the oligoTEA backbone for the development of an oligomer with a 

“structured” or ordered conformation. Much work was performed toward this effort and 

recommendations for future directions can be given. Second, there were several new 

developments in this work that detail the importance of biophysical characterization to 

understand the potential of membrane-targeting antibiotics. There are a large number of 

recommendations and possible future directions that will be discussed. 
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The development of a structured oligoTEA 

While it is not a requirement of function, structure within macromolecular 

scaffolds does the ability for some functions to be designed, including those of 

molecular recognition, drug discovery, and catalysis. Moreover, oligoTEAs have an 

excellent opportunity to develop a variety of structure-forming backbones through the 

development and inclusion of custom dithiols. Researchers working with peptoids were 

able to develop an alpha-helix mimetic within a few years, demonstrating their utility to 

form specific structured molecules. While one may never know, this demonstration 

established their ability and inspired the formation of other structured materials (e.g., 

zinc clamp,102 helicies,178 nanosheets180).  

De novo development of structured oligoTEA requires an understanding of the 

contributions of monomer hydrogen bonding, hydrophobicity, and electrostatic 

interaction within the scaffold. Previous sequence-structure relationships can best be 

seen in the fields of foldamers94–96 and single-chain folding480–483, which have pioneered 

relationships between chemical functionality, thermodynamics, self-assembly, and 

molecular ordering. Larger hydrophobic groups to restrict conformational freedom; 

however, this strategy can limit water solubility.101,175,181 Hydrogen bonding is well-

known to induce modes of structural formation as an attractive force (e.g. alpha helices 

and beta sheets within peptides).2,483 Lastly, macrocyclization restricts molecular 

conformational and lowers the entropic cost of interaction or binding.36,416 Overall, these 

examples demonstrate how a balance of intramolecular forces can control entropic chain 

collapse.  
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To achieve this goal, various molecular forces could be utilized including 

hydrogen bonding, electrostatics, and sterically restrictive groups. As one of the 

strongest forces, electrostatic interactions are long range interactions, but can be 

screened by ions and water and highly ionic structures can have unpredictable 

bioavailability.484 Moreover, in Chapter 3, we a highly sulfonated oligoTEA in mild 

buffer conditions was unable to demonstrated single-chain collapse and showed no 

preference of any ordered conformation. Thus, other strong molecular forces could build 

structured oligoTEAs.  

 

N-allyl-N-acrylamides with structure-forming motifs 

Through the course of this work, there were several N-allyl-N-acrylamides that 

were synthesized that could be useful in the future. And generally speaking, 

incorporation of structure forming moieties into N-allyl-N-acrylamides is 

straightforward. Their structures and synthetic schemes are shown in Appendix E 

(Figure E-1). Of note, the methyl-propanoic acid N-allyl-N-acrylamide demonstrated 

conformational preferences of the rotamer that centers around the tertiary amide of the 

N-allyl-N-acrylamide scaffold as seen in both the singlet and non-rotamer splitting in 

both the 1H and 13C NMR (Appendix E, Figure E-2) that would routinely be seen 

otherwise (see Figure A-2 “HSQC” for example). This has also been seen in literature 

for peptoids, which also features a tertiary amide that can be conformationally restrained 

sterically.485 However, these efforts utilizing N-allyl-N-acrylamide pendant group of the 

oligoTEA scaffold is not as preferred as using the backbone. 
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Developments toward hydrogen bonding dithiol monomers 

Our specific goal was to create synthetic schemes toward the development of a 

structured oligoTEA that do not sacrifice the diversity of sequence and chemistries 

available to use. We are also keeping in mind that the reduction of macromolecular 

conformation is not an explicit requirement of biological function. Thus, the ability to 

define sequence is more important, as demonstrated by several examples of precisely 

defined flexible macromolecules in Nature.12,17,486,487  

Hydrogen bonding is the molecular force of choice for many evolutionarily 

optimized structures including peptides and nucleic acids.1 Hydrogen bonding is a 

relatively short-range interaction and is specific, limited by the participating atoms. 

Peptides make use of the hydrogen bonding of their secondary amides in an elegant 

way, where the amino acid backbone is a main mode of structural development 

described in Chapter 1 (see Figure 1-1). Pendant groups affect the formation of 

structures including α-helices and β-sheets, but remain relatively independent and 

available for specific functionality.2  

 

 

Figure 6-1: Comparison of a peptide α-helix to the oligoTEA scaffold. 

The arrows represent hydrogen bonding that can take place between hydrogen bond 

donors and acceptors. In the oligoTEA scaffold the carbonyl can act as an acceptor, 

while the dithiol backbone could act as a donor and/or acceptor. 
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Thus, much work was performed to attempt to develop hydrogen bonding along 

the backbone to attempt to direct the oligoTEA conformation and structure to cause 

intramolecular association (Figure 6-1). The goal of this design was to allow 

independent pendant group functionality, similar to peptides. Thus, the synthesis of 

several dithiol comonomers were attempted with varying amounts of hydrogen bond 

donor and acceptors. Several attempts were made across a variety of chemistries that 

will be briefly discussed with recommendations for future directions.  

The first target compound was 2,3-dimercaptosuccinamide, which could be 

prepared from the amidation of 2,3-dimercaptosuccinic acid, which has been 

successfully incorporated into oligoTEAs before, or the thiolation of 

acetylenedicarboxamide. Both schemes were challenging and unsuccessful as described 

in Figure 6-2. Acetylenedicarboxamide presented challenging solubility, and was only 

soluble in solvents with high hydrogen bonding character as well as high polarity, likely 

because of the primary amide itself (e.g., DMF). It was not soluble in any typical organic 

solvents (ethyl acetate, DCM, etc), making normal phase silica purification likely not 

possible. TLC also confirmed that high-polarity solvent conditions (20% MeOH in 

DCM + 1% NH4OH) would not elute any of the the primary amide containing reaction 

mixture. If this avenue was pursued, reverse phase purification would need to be 

explored.  

Thus, methylamide versions were pursued, and were soluble with TLC 

confirming their potential for normal phase purification. However, upon the attempted 

coupling of methylamine to the 2,3-dimercaptosuccinic acid, polymerization occurred 

upon addition of the coupling reagent before the methylamine was introduced, possibly 
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from cross-reaction with the thiol. Therefore, it is recommended to pursue thiol 

protection of the 2,3-dimercaptosuccinic acid before coupling to enable the synthesis of 

this dithiol monomer. There is also the consideration that this dithiol monomer would 

contain chiral centers that were not specified, resulting a racemic mixture unless purified 

as well. 

 

 

Figure 6-2: Synthetic attempts toward an amide containing dithiol 

 

Another approach was to synthesize urea containing dithiol monomers. One of 

the first attempts was for the creation of a dimercaptocyclohexyl urea (DMCU). The 

DMCU monomer seemed promising because the use of a chiral monomer and that urea 

containing monomers have tamed flexible scaffolds before.168,170 However, the scheme 

to produce it was challenging. At first, the scheme to product the DMCU was proposed 

with selective Boc-protection of the amine, activation of the alcohol to form a protected 
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thiol, acidic Boc-deprotection, and then coupling of the amines to form the urea (Figure 

6-3a). However, selective Boc-protection was not possible. Moreover, selective Boc-

protection was unadvised upon further literature search, revealing the facile formation 

of the oxazolidinone upon treatment with Boc-anhydride.488 Another protocol from 

literature was located performing similar chemistry with saccharide substrates, resulting 

in the second scheme (Figure 6-3b).488 However, yield for the first full step of the 

reaction was poor (5-10%) as it was not possible to purify by column chromatography 

and HPLC was necessary. Crystallization or titration was also attempted. Nevertheless, 

enough urea dioxazolidinone product was isolated to determine feasibility of step 2 in 

the thiolation, revealing that the reaction did not proceed by LCMS. The starting 

material remained regardless of duration and heat (ranging from RT to 120C). 
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Figure 6-3: Schemes toward the production of dimercaptocyclohexyl urea 

 

Thus, the scheme was abandoned and another comparable scheme was created 

and investigated, where aminothiols were thiol protected and then the amines were 

coupled into a urea (Figure 6-4). A model urea dithiol was produced to demonstrate the 

synthesis all the way to the synthesis and verification with oligoTEA synthesis (see 

Appendix E Figure E-3). The oligomer was not explored for its conformational 

preferences; nor were longer oligoTEAs prepared. 
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Figure 6-4: General scheme to create urea dithiols from amino thiols with example 

 

From here, chiral precursors were sought out with limited findings; however, 

cysteine derivatives were available and the following scheme was constructed to 

provide a simple starting cysteine-derived urea dithiol (Figure 6-5a). L-Cysteine was 

selectively protected by the 2,4,6-trimethoxy benzyl alcohol (Tmob) group and then 

urea formation was attempted. However, for the case of the H-Cys(Tmob)-OH, urea 

formation was not readily observed and the major side product was the amide coupling 

product (Figure 6-5b) verified by LCMS and 13C NMR (the 1H is ambiguous). 

Intramolecular coupling could be interesting to pursue in order to create cyclic 2,5-

piperazinedione dithiol derivatives shown; however, none of this product was observed. 

2,5-piperazinedione would only provide 2 secondary amides per dithiol (2 H-bond 

donors and acceptors), whereas the intended product will have much more hydrogen 

bonding nature. 
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Figure 6-5: Unsuccessful attempt to produce the Tmob-protected bis-cysteine urea 

 

Thus, another scheme to produce cysteine-derived urea dithiol monomers was 

developed by incorporating a tBu protecting group on the carboxylic acid (Figure 6-6). 

The best way to incorporate this was by perform the tBu protection of Boc-Cys(Trt)-

OH  via tert-butyl-2,2,2-trichloroacetamide. The Tmob group unfortunately cannot be 

used because after tBu protection, selective Boc deprotection is carried out with 1M 

HCl in dioxane/ethyl acetate, which the Tmob could not survive. Thus, the trityl group 

had to be utilized.  
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Figure 6-6: Successful scheme to produce bis-cysteine urea (BCU) 

 

The synthesis was completed, but ultimately purification was challenging. The 

final compound developed after TFA cleavage gave inconsistent results between the 

TLC and the actual silica column purification. After attempted column chromatography, 

there were some impurities remaining from the mono- and di-protected carboxylic acid 

product and the isolated fractions showed low yield (~25%). Removal of the t-butyl 

protecting groups is necessary at this stage before oligoTEA assembly because these 

conditions will be more stringent conditions than those for oligoTEA cleavage (100% 

for 1hr or 50% TFA for 3 hours). However, even after increasing the stringency of the 

reaction (overnight, addition of heat), the TFA treatment of the t-butyl and trityl 

protected product still contained a distribution of di-, mono-, and un-protected 

carboxylic acid. 

Unfortunately, at the time of this writing, these issues were not resolved, but 

future work is recommended. Complete deprotection of the bis-cysteine urea (BCU) 

could likely be achieved by breaking the deprotection into two stages. First, a reductive 

deprotection (e.g. NH3, possibly NaBH4) can release of the t-butyl protecting group on 

the carboxylic acid under specific conditions. Then, acidic treatment of the product can 
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remove the trityl groups. If this strategy is not successful, another protecting group for 

the carboxylic acid could be considered, though the t-butyl ester is one of the most acid-

liable protecting groups. 

In addition to those recommendations for the synthesis of a bis-cysteine urea, 

there is also interest in still forming cyclic urea dithiols. Another precursor was located 

that would similarly follow the synthesis of the previously discussed DMCU to produce 

a hydroxylated dimercaptocyclopentyl urea dithiol. The scheme starts with a 

deoxyribose mimetic that is commercially available (~$6.5/g) because it has been used 

to prepare adenosine mimetics and Ticagrelor, an antithrombotic agent from 

AstraZeneca. The aminoalcohol structure contains multiple chiral centers and an 

acetonide (protected 1,2 diol). The Boc protection and mesylation are reported in 

literature.489 The deprotection of the acetonide into the chiral alcohols by dilute acid is 

observed as well in multiple sources. With the amino alcohol being an additional carbon 

apart (e.g. 1,3-aminoalcohol), it is likely that an N-S acyl shift is not as possible as 

before with the 1,2-aminoalcohol. Thus, there are no obvious potential issues with the 

synthesis and it could be attempted (Figure 6-7). 

 

Figure 6-7: Proposed scheme to produce dimercaptocyclopentyl urea 
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Developments toward sterically restrictive dithiol monomers 

Aforementioned, larger molecular groups are often used to restrict 

conformational freedom. However, frequently this involves the use of hydrophobic 

groups, which can limit water solubility.101,175,181 Indeed, the first peptoid helices 

utilized naphthyl and ethylene phenyl groups to effectively block out conformational 

freedom.178 Therefore, coupled with other hydrophilic groups, it could be possible to 

develop a structured, water-soluble oligoTEA. As such, some monomers were 

attempted; specifically a dibenzyl dithiol (Figure 6-8). Overall, this monomer was 

approached from 1,2-diphenylethyne and also 1,2-dibromo-1,2-diphenylethane 

precursors, both of which were not successful (see Figure 6-8 for details). 

 

 

Figure 6-8: Schemes of attempts to produce dibenzyl dithiol  

 

However, it seems likely that hydrogen bonding has a higher chance of success, 

as an attractive force that brings energetic stabilization to a preferred conformation, 

rather than sterically restrictive groups. Blocking conformations would be very 

challenging in the oligoTEA scaffold due the extensive number of methylenes in the 
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backbone repeat unit already (5 with the N-allyl-N-acrylamide + any dithiol). Moreover, 

the N-allyl-N-acrylamide itself generally exists as a rotamer due around its tertiary 

amide. These elements must be tamed by any prospective dithiol. If using a sterically 

restrictive group on a dithiol, excluding available conformations of the N-allyl-N-

acrylamide would require very large groups (e.g., anthracene or larger) to physically 

extend into the space the N-allyl-N-acrylamide occupies. 

 

Future directions for biophysical characterization 

There are several future directions for the biophysical characterization that was 

performed in this work. Specifically, work can be done to i) perform as systematic study 

to observe the effect of molecular properties such as hydrophobicity and size of the lipid 

aggregate phenomena observed, ii) expand this characterization to bacterial derived 

membranes, iii) understand more about the multimeric lipid aggregate, specifically if it 

is bactericidal or the result of bactericidal action, iv) connect the current observation to 

smaller length scales (i.e. molecular and nanoscale) of biophysical observation, v) 

quantify the error on parameters of the model fit of the surface plasmon resonance (SPR) 

data, and vi) examine single oligoTEA association to membranes. Overall, a better 

understanding of the phenomena observed in this work can be pursued to improve our 

ability to recommend design parameters for the next generation of membrane-targeting 

antimicrobials. 
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Seek molecular properties that affect lipid aggregate 

Upon exposure of a membrane-targeting oligoTEA to a bacterial mimetic 

membrane, we observed the formation of lipid aggregates that contain both the 

oligoTEA and lipids (Chapter 4 and 5). This aggregate formation was also understood 

through surface plasmon resonance (SPR) and modeling of the results. Moreover, the 

aggregate was correlated to the biological activity alone over other parameters in three 

separate studies. Both the biological activity of the Meta and Para oligoTEAs (Chapter 

4) and guanidine-containing compounds including PDT-4G (Chapter 5) correlated with 

the aggregate population (OL*), which represents the amount of aggregates formed 

likely by mass. For the antibacterial constitutional isomers (e.g. AOT 32523) in Chapter 

5, their biological activity was loosely correlated with the amount loss from the 

aggregate, Loss(OL*), also likely by mass. 

Throughout this study, only twelve oligoTEAs were analyzed by SPR, with only 

four analyzed by fluorescence microscopy. Thus, a systematic study can be completed 

with several oligomers of different sizes and hydrophobicities. The effect of both 

properties are understood biologically,278 but their effect on the lipid aggregate is not 

understood and could be studied. As understood, it is likely that increased molecular 

hydrophobicity will increase the ability of the oligomer to embed into the membrane, 

which could drive aggregate formation. However, it is unclear what changes in the 

morphology would be observed and what changes in the amount of lipid extracted from 

the surface would be. Changes in oligomer size are curious to contemplate as well. 

Oligomer size could easily affect lipid aggregate morphology and alter kinetic rates. For 

example, multivalent binding would likely increase irreversibility in binding. 
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Utilize real bacterial membranes 

In this work, bacterial mimetic membranes were utilized as stand-ins for real 

bacterial membranes. Therefore, characterization of membrane disruption and potential 

aggregate formation could be done utilizing either cryogenic scanning or transmission 

electron microscopy. Or, methods could be developed to be able to extract bacterial 

membranes and create acceptable supported lipid bilayers, to enable fluorescence 

microscopy. For these future experiments, it is likely that the differences observed in 

aggregate formation would become more nuanced and difficult to observed, especially 

between the Meta and the Para (Chapter 4). Therefore, oligoTEAs with greater 

differences in activity and design could be used including the PDT-4G and PDT-4Am 

(Chapter 5) 

 

Furthering our understanding about the lipid aggregate 

Overall though, these data demonstrate a correlation and do not directly inform 

us about the bactericidal action that results in inhibition of bacterial growth and/or 

bacterial death. Therefore, steps can be taken to understand if the aggregate is a result 

of bactericidal action or if the aggregate itself is directly bactericidal. It seems likely 

that the membrane disruption and rearrangement to cause the aggregate to form would 

be bactericidal. We know that 1-2% of the bacterial membrane evolved into solution 

after treatment with the Meta and the Para (Figure 4-5c). It is unclear the critical amount 

of membrane that would be required to disrupt to cause bactericidal action, but it could 
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be possible for this to be insufficient. After all, bacteria can become resistant to 

treatment the membrane-disruption of these antimicrobials.454 

Therefore, one could answer these questions by examining the antimicrobial 

activity of the oligoTEA-lipid aggregate itself. It does not seem likely that the aggregate 

is antibacterial, but it must be examined. To do this, the oligoTEA-lipid aggregate must 

be prepared. Thus, the required ratio of the oligoTEA to the lipid must be characterized, 

analogous to the peptide-to-lipid ratio for other antimicrobial peptides (AMPs).400 It 

might be possible to calculate this by an experiment similar to a cloud point test, which 

assesses the solubility of a compound. However, in this case, varying concentration of 

oligoTEA would be added to SUVs to determine at which concentration the SUVs are 

completely solubilized. This would then give a molar oligoTEA to lipid ratio. 

Otherwise, literature methods could be utilized.400 Second, with the known ratio of the 

oligoTEA-lipid complex, one could prepare the mixture and preform an minimum 

inhibitory concentration (MIC) assay with it.  

The bacterial activity of the lipid-oligoTEA complex will indicate if the 

oligoTEA-lipid aggregate itself is antibacterial or not. It is likely that it will not be 

antibacterial. But, if it is, one must then characterize the actual aggregate from the 

membrane surface to understand its chemical composition and bacterial action further. 

 

Connecting our observations of the aggregate to smaller length scales 

If the aggregate itself is not directly antibacterial, then the aggregate must be a 

result of bactericidal action that is occurring at smaller length scales than observed in 

these studies. One can seek to expand our characterization ability toward these scales, 
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approaching and connecting to other established models.  Specifically, fluorescence 

microscopy is unable to observe nanoscale phenomena that occurs to result in the 

aggregate. Others have utilized cryogenic electron microscopy to start to observe this 

scale, indicating the importance of lipid aggregate formation as well.490 Additionally, 

surface plasmon resonance encodes all mass and structural changes that occur to the 

membrane during oligomer exposure. Similar to other models, our two-state model with 

loss is unable to further deconvolute the nano- and molecular-scale phenomena 

occurring, likely within the “OL” state. 

Overall, there is a long history of understanding membrane disruption from the 

molecular level that could be connected to the current work.404,491 There are several 

known molecular mechanism of action including “barrel-stave” model, “toroidal” 

model, and the “carpet” model. The barrel-stave model involves oligomer monomers 

binding individually to the membrane and then aggregating at the membrane surface. 

During this surface aggregation, the hydrophobic regions of the oligomers clump 

together and penetrate the membrane, often to form pores of the oligomer itself.492,493 

The “toroidal” model creates a pore by rearrangement of the lipid membrane to create a 

pore as well, but the pore channel contains both lipids and oligomers, rather than a 

simple expansion of the membrane. Several AMPs are known to follow this mechanism 

including magainin 2,494,495 protegrin-1,496,497 melittin,498,499 and MSI-78.500 Last, in the 

“carpet” model, oligomers bind and solubilize parts of the membrane into solution. 

Known examples of this mechanism include dermaseptin,501 cecropin,502 caerin 1.1,503 

and ovispirin.504 
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Across all of these mechanisms, there are a variety of methods to characterize 

and distinguish between which molecular actions are occurring.  Excluding circular 

dichroism as oligoTEAs have no secondary structure,498 simple characterizations from 

literature include dynamic scanning calorimetry,500 characterization of partition 

coefficient with a fluorescently labeled oligomer,490,501 and the calcein leakage 

assay.494,499 Other more complex characterizations are valuable for the amount of 

information they reveal and include solid-state NMR,496,500,504 computational 

modeling497,502,503 neutron or x-ray scattering,495,498 and voltage sensing across black 

lipid membranes (similar to other collaborative work with the Alabi lab505).492,493 With 

any of these additional characterization, one could begin to discern the molecular 

sequence of events, capturing time evolution if possible.  

These characterizations would enable an unprecedented multi-scale, 

comprehensive understanding of membrane disruption and bridge gaps across multiple 

characterizations. Distinctions in the molecular phenomena should inform nanoscale 

phenomena, which in turn will connect to the macroscale changes observed here in this 

work with the lipid aggregate via fluorescence microscopy and SPR.  

 

Quantification of error on model fit parameters 

Future work could be dedicated toward improving and understanding the fit of 

the two-state model with loss developed in Chapter 4. Specifically, there is not an 

obvious way to report an error tolerance on the parameters that are calculated. It is clear 

that this error tolerance should reflect the “goodness of fit.” However, the goodness of 

fit as reported represents the entirety of the fit, which is also problematic. This is due in 
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part because the data resolution (data points per second) is set and captures quick 

occurring events at the same resolution as slower events. Therefore, when MATLAB 

fits the data, it has a tendency to improve the fit around the slow “plateau-like” regions 

of the SPR data curve, giving less importance to quick events (e.g., initial binding). 

To improve on this mathematical issue, there might be ways to independently fit 

parts of the SPR data curve for specific parameters. For example, K1 could be 

determined by the first 20-50 data points. The rate of loss from OL* (k5) could be fit 

from the slope of the last 100 data points. Other parameters are much more challenging, 

including the rate of desorption of the oligomer (k2), which changes the curvature during 

the initial period of each the association and dissociation phases. This complex behavior 

in the resulting curve can be hard to manage in an independent fitting procedure, but 

could possibly be deconvoluted if other aforementioned independent fits are applied. 

Overall, it is important to find a way to better fit these data, such that an error 

tolerance can be establish and significance and be discerned in the data. An excellent 

example of this appears in the data in Chapter 5 of the constitutional antibacterial 

oligoTEA isomers that were explored (e.g., AOT 32523). The loss from the aggregate 

population, Loss(OL*), correlated with the biological activity, but it is hard to tell if the 

result is statistically significant. 

 

Examine single oligoTEA association to the membrane surface 

One curious suggestion can be made through a potential collaboration with the 

Abbott lab, which recently joined the department. The Abbott group has expertise in 

examining single molecule interactions with specific surfaces utilizing a custom atomic 
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force microscopy (AFM) method.161 While they have previously used β-peptides for 

their studies (from Prof Sam Gellman), oligoTEAs could also be analyzed. In these 

experiments, a molecule is typically attached to a surface at such a low density that an 

AFM tip would only interact with a single molecule at a time. Then, the AFM tip probes 

the pull-off force from the surface, allowing the analysis of the attraction of the AFM 

tip to the molecule. When combined examined across a variety of conditions (solvent, 

pH, ionic strength, etc.), the interaction with the molecule can be broken into the its 

specific forces of interaction (e.g., hydrophobicity, charge, etc.). This method could 

extend several oligoTEAs in this study to examine and complement the interface of the 

oligomers with lipid membrane surfaces. 

Similar to the above recommendation, oligoTEAs with greater differences in 

activity and design could be used including the PDT-4G and PDT-4Am (Chapter 5) to 

start and assess if there are significant differences in their actions at membrane 

interfaces. This is specifically recommended because SPR clearly shows that the initial 

binding of many oligoTEAs studied in this work is nearly identical. This is due in part 

because they all function by electrostatically associating with the lipid membrane. If 

this AFM characterization is sufficiently sensitive, it should be able to visualize the 

increases in hydrogen bonding with the PDT-4G over the PDT-4Am. It is unclear if this 

method will allow the evolution of membrane disruption. As understood, the process by 

which membrane disruption occurs is somewhat stochastic,400,405 meaning any specific 

pathways and mechanisms observed in these single- or potentially multi-molecule 

studies would be very significant to the field.  
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Appendix A :  Additional Supplementary Material 

for Chapter 2 

Part of this appendix are taken from a manuscript in preparation by J.S. Brown, A.W. 

Ruttinger, A.J. Vaidya, P Clancy, and C.A. Alabi, “Mechanistic Insight into the Thiol-

Michael Addition Utilized in Oligothioetheramide Assembly,” where J.S. Brown and 

A.W. Ruttinger contributed equally the work. 
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Figure A-1: Characterization of HPLC fractions from oligoTEA assembly 

(top) Assembly of an example oligoTEA was performed, specifically of dithiothreitol 

(DTT) and protected sulfonate N-allyl-N-acrylamide. (middle) After cleavage, HPLC 

fractionated the desired product and impurities. LCMS and NMR analysis was mostly 

inconclusive, because of their limited quantity. However, the Markovnikov product of 

the thiol-ene was identified. (bottom) 1H NMR in D2O confirmation of the Markovnikov 

product, with its characteristic -CH3 methyl peak at 1.25 ppm. 
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Figure A-2: HSQC and HMBC confirmation of the Markovnikov product. 
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Figure A-3: Reaction conversion of the N-phthalimide monomer with fluorous thiol 

Reaction conditions: 2 equivalents of N-phthalimide protected N-allyl-N-acrylamide 

monomer with fluorous propane thiol and 5 mol% of dimethylphenylphosphine 

(DMPP), 100mM in MeOH at 40°C. One additional equivalent of N-phthalimide 

protected N-allyl-N-acrylamide monomer with 5 mol% DMPP was added at the 19 hour 

mark when the reaction was observed to be ~50% complete. 

 

Table A-1: Statistical analysis of kinetic reaction rate data from Figure 2-7 

Species  Temp, C Significance P-value Type df 

Methyl Ethyl 25 * 0.0238 Two-tailed, Welch's 2.247 

  40 ** 0.0012 Two-tailed, Welch's 3.139 

 Butyl 25 *** 0.0002 Two-tailed, Welch's 2.795 

  40 **** <0.0001 Two-tailed, Welch's 3.975 

 Hexyl 25 **** <0.0001 Two-tailed, Welch's 3.998 

  40 *** 0.0006 Two-tailed, Welch's 3.221 

       

Ethyl Butyl 25 ns 0.2369 Two-tailed, Welch's 2.051 

  40 * 0.0107 Two-tailed, Welch's 2.996 

 Hexyl 25 ns 0.6461 Two-tailed, Welch's 2.237 

  40 ns 0.1351 Two-tailed, Welch's 3.992 

       

Methyl EtPhenyl 25 ns 0.0994 Two-tailed, Welch's 2.578 

  40 ns 0.0631 Two-tailed, Welch's 3.125 

       

Benzyl EtPhenyl 25 ** 0.0034 Two-tailed, Welch's 2.09 

  40 * .0277 Two-tailed, Welch's 2.427 
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Figure A-4: Reaction of methyl N-allyl-N-acrylamide and DMPP tracked by NMR 

Reaction conditions: 20mM methyl monomer, 0.05 eqv of dimethylphenylphosphine 

(DMPP) in 10% MeOH in dMeOD. Spectra are stacked starting from the bottom spectra 

at t=0 and the top spectra at approximately 30 minutes. Arrows show the behavior of 

the specific peaks observed. The DMPP is consumed from solution and reacts onto the 

acrylamide, forming a stable zwitterion catalyst complex that is prepared for the start 

of the thiol-Michael addition. 
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Figure A-5: Kinetic analysis of NMR experiment from Figure A-4 

NMR spectra were integrated to provide the normalized product formation in the 

reaction of DMPP with methyl N-allyl-N-acrylamide. Kinetic analysis was performed 

in GraphPad Prism assuming a bimolecular mechanism. At full reaction concentration 

(50mM prior to thiol addition), the reaction is complete and the initiator (phosphine + 

N-allyl-N-acrylamide) is prepared for the start of the thiol-Michael addition 
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Appendix B :  Additional Supplementary Material 

for Chapter 3 

Materials in this appendix have been adapted from the Supplementary Information 

provided adapted with permission from Brown, J. S.; Acevedo, Y. M.; He, G. D.; Freed, 

J. H.; Clancy, P.; Alabi, C. A. Macromolecules 2017, 50 (21), 8731–8738. Copyright 

2017 American Chemical Society.   
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Figure B-1. All diffusion data (PFG-NMR and MD) 

All diffusion data from both PFG NMR and single-chain MD simulations in water. 

Similar range of diffusion and trends were observed, providing validation for the MD 

simulations with respect to the oligomer dynamics. At most a factor of 3 difference was 

observed between the PFG NMR and MD, which is reasonable for a macroscopic 

property.  
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Figure B-2: All end-to-end distance measurements by MD 
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All end-to-end distance measurements produced by single-chain molecular dynamics 

(MD) simulations at 300K in explicit water solvent versus the oligoTEA molecular 

weight. Error bars represent standard deviation of the end-to-end distance over the MD 

time evolution. 
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Figure B-3: End-to-end distance vs theoretical length and extent of collapse 

A. Comparison of the fully-extended theoretical length of 100uM (DTT-Sulf)1-6 

oligoTEAs in 20% ethylene glycol in water vitrified to 70K from room temperature 

revealing the extent of molecular collapse experienced in solution. All oligomers appear 

to experience some level of collapse likely due to entropy, hydrophobic collapse, and/or 

screening of intramolecular electrostatic repulsion. B. Calculation of the fraction of 

(DTT-Sulf)1-6 oligoTEA collapse. 
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Figure B-4: All end-to-end distance reconstructions of 4 and 10mers. 

All end-to-end distance reconstructions of DEER distributions of (BDT-Sulf)2,5 in blue, 

(DTT-G)2,5 in red, (DTT-MeS)2,5 in green, and (DTT-Sulf)2,5 in black measured by 

DEER and DQC EPR. Samples were measured at 100 uM in 20% ethylene glycol in 

water and vitrified to 70K from room temperature. Detail is described in Supplementary 

Methods. 
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Figure B-5: Standard deviation on end-to-end distances (MD) 

The standard deviation on the mean end-to-end distance calculated by single-chain MD 

simulations (300K, explicit water solvent), which qualitatively assesses the size of the 

conformational space. B. The full-width at half maximum (FWHM) of the EPR distance 

distributions. In almost all cases, the DTT-MeS has a smaller distribution width (SD or 

FWHM) than other hydroxylated oligomers, with the exception of (DTT-G)2. 
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Figure B-6: Hydrodynamic radii and aspect ratio results from SES model 

This SES model utilizes the rod model assuming the end-to-end distance data describes 

the long dimension (length) of the rod. A. Hydrodynamic radii results derived from the 

DEER data (solid lines) and MD (dashed lines). B. The aspect ratio calculated 

simultaneously in the SES solution. The PEG3 is also reported from an additional 

control experiment. In both graphs, the error bars represent the distribution propagated 

through the SES model (SD from MD, FWHM from DEER). 
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Figure B-7: Aspect ratio versus difference in experiment size measurements  

The correlation between the difference of the end-to-end distance from DEER or MD 

input into the SES model (solved in MATLAB) and the calculated hydrodynamic radius 

versus the aspect ratio. An exponential fit is shown for illustration. This correlation 

demystifies the SES method by showing that the end-to-end distance as it differs from 

the hydrodynamic radius produces the aspect ratio. Thus, the accuracy of the end-to-

end distance measurement is very important to measure an accurate aspect ratio. 
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Figure B-8: PFG-NMR of dispin-labeled (DTT-Sulf)1-3 vs regular scaffold 

Variable temperature diffusion measurement of 1-3 mM regular and dispin labeled 

(DTT-Sulf) oligomers in D2O. 
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Figure B-9: PFG-NMR difference between dispin and regular oligomers. 

This data demonstrates a significant increase at low oligomer lengths, where the spin 

label contributes significantly to the oligomer diffusion. 

 

Supplementary Spectra (EPR, CD, NMR, LCMS) 

Note: All figure caption and descriptions are below the figure itself. 
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Example time domain data collected from DEER of 100 uM dispin labeled oligoTEAs 

in 20% ethylene glycol vitrified to 70K from room temperature. 
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Oligomers were synthesized with L(-)-DTT as described, purified by HPLC, and 

measured with circular dichroism (CD), showing chirality of monomer units is 

maintained during synthesis. A. Circular dichroism data of L(-)-DTT as a control and 

B. 2-12mer sulfonated hydroxylated oligoTEAs at room temperature in water. The 

oligoTEA CD can be normalized by the concentration of the repeat unit of thiolene and 

Michael addition cycle. The L(-)-DTT has clear signals on its own at 200 and 220 nm, 

which are slightly modified when incorporated in to the oligomer, which shows signals 

at 200 and 232 nm. There is not any evolution of the CD signal as a function of synthetic 

length, indicating no clear secondary structure is developed.  

 

1H NMR of the protected sulfonate N-allyl acrylamide monomer (PSM) in d-chloroform. 
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19F NMR of the PSM in d-chloroform. 

 

1H NMR of “fluorous allyl amine” or 5,6,6,7,7,8,8,9,9,9-decafluoro-2-methyl-5-

(perfluorobutyl)nonan-2-yl allylcarbamate in d-chloroform. 
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19F NMR of “fluorous allyl amine” or 5,6,6,7,7,8,8,9,9,9-decafluoro-2-methyl-5-

(perfluorobutyl)nonan-2-yl allylcarbamate in d-chloroform. 

 

1H NMR of “fluorous DTT” the fluorous purified product of the thiolene reaction of 

fluorous allyl amine and DTT in d-chloroform. Note the disappearance of the allyl 

peaks. 
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1H NMR of “fluorous DTT-PSM” the FSPE purified product of fluorous DTT and the 

protected sulfonate allyl acrylamide monomer thiol-Michael in d-chloroform. Note the 

allyl peaks. 

 

19F NMR of “fluorous DTT-PSM” in d-chloroform. Note the PSM trifluoro peaks. 
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1H NMR of “fluorous DTT-PSM-DTT” the fluorous purified product of the thiolene of 

the fluorous DTT-PSM and DTT in d-chloroform. Note the disappearance of the allyl 

peaks. 

 

1H NMR of “fluorous (DTT-PSM)2” the fluorous purified product of the thiol-Michael 

of the fluorous DTT-PSM-DTT and the PSM in d-chloroform. Note the allyl peaks. 
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19F NMR of “fluorous (DTT-PSM)2” the fluorous purified product of the thiol-Michael 

of the fluorous DTT-PSM-DTT and the PSM in d-chloroform. 

 

1H NMR of “fluorous (DTT-PSM)2-DTT” the fluorous purified product of the thiolene 

of the fluorous (DTT-PSM)2 and DTT in d-chloroform. Note the disappearance of the 

allyl peaks. 
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1H NMR of “fluorous (DTT-PSM)3” the fluorous purified product of the thiol-Michael 

of the fluorous (DTT-PSM)2-DTT and the PSM in d-chloroform. Note the allyl peaks. 

 

19F NMR of “fluorous (DTT-PSM)3” the fluorous purified product of the thiol-Michael 

of the fluorous (DTT-PSM)2-DTT and the PSM in d-chloroform. 
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1H NMR of “fluorous (DTT-PSM)3-DTT” the fluorous purified product of the thiolene 

of the fluorous (DTT-PSM)3 and DTT in d-chloroform. Note the disappearance of the 

allyl peaks. 

 

1H NMR of “fluorous (DTT-PSM)4” the fluorous purified product of the thiol-Michael 

of the fluorous (DTT-PSM)3-DTT and the PSM in d-chloroform. Note the allyl peaks. 
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19F NMR of “fluorous (DTT-PSM)4” the fluorous purified product of the thiol-Michael 

of the fluorous (DTT-PSM)3-DTT and the PSM in d-chloroform. 

 

1H NMR of “fluorous (DTT-PSM)4-DTT” the fluorous purified product of the thiolene 

of the fluorous (DTT-PSM)4 and DTT in d-chloroform. Note the disappearance of the 

allyl peaks. 
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1H NMR of “fluorous (DTT-PSM)5” the fluorous purified product of the thiol-Michael 

of the fluorous (DTT-PSM)4-DTT and the PSM in d-chloroform. Note the allyl peaks. 

 

19F NMR of “fluorous (DTT-PSM)5” the fluorous purified product of the thiol-Michael 

of the fluorous (DTT-PSM)4-DTT and the PSM in d-chloroform. 
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1H NMR of “fluorous (DTT-PSM)5-DTT” the fluorous purified product of the thiolene 

of the fluorous (DTT-PSM)5 and DTT in d-chloroform. Note the disappearance of the 

allyl peaks. 

 

1H NMR of “fluorous (DTT-PSM)6” the fluorous purified product of the thiol-Michael 

of the fluorous (DTT-PSM)5-DTT and PSM in d-chloroform. The appearance of small 

allyl peaks and acrylamide peaks indicates a small amount of PSM remains. 
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19F NMR of “fluorous (DTT-PSM)6” the fluorous purified product of the thiol-Michael 

of the fluorous (DTT-PSM)6-DTT and the PSM in d-chloroform. 

 

1H NMR of the “2mer,” the NH2-(DTT-PSM)1 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-DTT-PSM after HPLC purification. 
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1H NMR of a “3mer” in deuterated water with solvent suppression on the HDO peak, 

where the fluorous-DTT-PSM was reacted with 2-mercaptoethanol (BME), fluorous 

and HPLC purified. This was prepared to understand other oligomer assignments. 

 

1H NMR of the “4mer,” the NH2-(DTT-PSM)2 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(DTT-PSM)2 after HPLC purification. 
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1H NMR of the “6mer,” the NH2-(DTT-PSM)3 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(DTT-PSM)3 after HPLC purification. 

 

1H NMR of the “8mer,” the NH2-(DTT-PSM)4 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(DTT-PSM)4 after HPLC purification. 
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1H NMR of the “10mer,” the NH2-(DTT-PSM)5 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(DTT-PSM)5 after HPLC purification. 

 

1H NMR of the “12mer,” the NH2-(DTT-PSM)6 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(DTT-PSM)6 after HPLC purification. 
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1H NMR of the “4mer” of the NH2-(DTT-G)2 product in deuterated water obtained from 

the TFA-cleavage of the fluorous-(DTT-G)2 after HPLC purification. 

 

1H NMR of the “4mer” of the NH2-(BDT-Sulf)2 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(BDT-Sulf)2 after HPLC purification. 
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1H NMR of the “4mer” of the NH2-(DTT-MeS)2 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(DTT-MeS)2 after HPLC purification. 

 

1H NMR of the “10mer” of the NH2-(DTT-G)5 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(DTT-G)5 after HPLC purification. 
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1H NMR of the “10mer” of the NH2-(BDT-Sulf)5 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(BDT-Sulf)5 after HPLC purification. 

 

1H NMR of the “10mer” of the NH2-(DTT-MeS)5 product in deuterated water obtained 

from the TFA-cleavage of the fluorous-(DTT-MeS)5 after HPLC purification. 
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Negative mode LCMS of the (DTT-Sulf)1 with the TIC (top) and the corresponding 

mass spectra (bottom). Parent mass: 444.14; [M-H]-1 Expected: 443.13 Obs. 443.1; 

[2M-H]-1 Expected: 887.27 Obs. 887.2. 
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Negative mode LCMS of the (DTT-Sulf)2 with the TIC (top) and the corresponding mass 

spectra (bottom). Parent mass: 831.23; [M-H]-1 Expected: 830.22 Obs. 830.2; [M-2H]-

2 Expected: 414.61 Obs. 414.6. 
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Negative mode LCMS of the (DTT-Sulf)3 with the TIC (top) and the corresponding mass 

spectra (bottom). Parent mass: 1218.31; [M-H]-1 Expected: 1217.30 Obs. 1217.15; [M-

2H]-2 Expected: 608.15 Obs. 608.15; [M-3H]-3 Expected: 405.10 Obs. 405.25. 
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Negative mode LCMS of the (DTT-Sulf)4 with the TIC (top) and the corresponding mass 

spectra (bottom). Parent mass: 1605.40; [M-H]-1 Expected: 1604.39 Obs. 1604.3; [M-

2H]-2 Expected: 801.69 Obs. 801.7; [M-3H]-3 Expected: 534.13 Obs. 534.3. 
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Negative mode LCMS of the (DTT-Sulf)5 with the TIC (top) and the corresponding mass 

spectra (bottom). Parent mass: 1992.48; [M-H]-1 Expected: 1991.47 Obs. 1991.4 

(inset); [M-2H]-2 Expected: 995.23 Obs. 995.3; [M-3H]-3 Expected: 663.15 Obs. 

663.75; [M-4H]-4 Expected: 497.11 Obs. 497.45. 
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Negative mode LCMS of the (DTT-Sulf)6 with the TIC (top) and the corresponding mass 

spectra (bottom). Parent mass: 2379.56; [M-2H]-2 Expected: 1188.77 Obs. 1188.8; [M-

3H]-3 Expected: 792.18 Obs. 792.7; [M-4H]-4 Expected: 474.90 Obs. 475.3. 
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Positive mode LCMS of the NH2-(DTT-G)2 with the TIC (top) and the corresponding 

mass spectra (bottom). Parent mass: 757.35; [M+H]+1 Expected: 758.35 Obs. 758.3; 

[M+2H]+2 Expected: 379.68 Obs. 379.7. 
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Negative mode LCMS of the NH2-(BDT-Sulf)2 with the TIC (top) and the corresponding 

mass spectra (bottom). Parent mass: 767.25; [M-H]-1 Expected: 766.24 Obs. 762.2; 

[M-2H]-2 Expected: 382.62 Obs. 382.7. 
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Positive mode LCMS of the NH2-(DTT-MeS)2 with the TIC (top) and the corresponding 

mass spectra (bottom). Parent mass: 827.27; [M+H]+1 Expected: 828.28 Obs. 828.2; 

[M+2H]+2 Expected: 414.64 Obs. 414.7. 
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Positive mode LCMS of NH2-(DTT-G)5 with the TIC (top) and the corresponding mass 

spectra (bottom). Parent mass: 1807.78; [M+H]+1 Expected: 1808.79 Obs. 1808.65; 

[M+2H]+2 Expected: 904.90 Obs. 905.0; [M+3H]+3 Expected: 603.60 Obs. 603.8; 

[M+4H]+4 Expected: 452.95 Obs. 453.1; [M+5H]+5 Expected: 362.56 Obs. 362.8. 
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Negative mode mass spectra from the LCMS of the (BDT-Sulf)5. The parent mass 

(M+H)+1 is observed as well as the 2nd, 3rd, and 4th expected masses in table shown. 
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Positive mode LCMS TIC (top) and mass spectra (bottom) of the purified (DTT-MeS)5. 

Parent mass: 1982.6; [M+1]+1 Expected: 1983.6 Obs. 1983.3; [M+2H]+2 Expected 

992.3 Obs. 992.3. 
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1H NMR of the crude mixture of the amine-capped 2mer NH2-(DTT-PSM)1-NH2 after 

TFA cleavage in deuterated water prepared for ESR di-spin labeling with a TEMPO 

NHS. 

 
1H NMR of the amine-capped 4mer NH2-(DTT-PSM)2-NH2 after TFA cleavage and 

HPLC in deuterated water prepared for ESR di-spin labeling. Solvent suppression was 

used on the HDO peak. 
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1H NMR of the amine-capped 6mer NH2-(DTT-PSM)3-NH2 after HPLC in deuterated 

water for ESR di-spin labeling. Solvent suppression was used on the HDO peak. 

 
19F NMR of the amine-capped 6mer to quantify residual TFA after HPLC where the 

trifluoro groups for TFA and a trifluoroethanol standard appear at -75.75 and -

76.96ppm, respectively. This spectra is shown as an example of the other oligomers 

where the TFA quantification ensured the correction to the amount of base used in the 

NHS spin labeling. 
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1H NMR of the amine-capped 8mer NH2-(DTT-PSM)4-NH2 after HPLC in deuterated 

water for ESR di-spin labeling. Solvent suppression was used on the HDO peak. 

 
1H NMR of the amine-capped 10mer NH2-(DTT-PSM)5-NH2 after HPLC in deuterated 

water for ESR di-spin labeling. Solvent suppression was used on the HDO peak. 
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1H NMR of the amine-capped 12mer NH2-(DTT-PSM)6-NH2 after HPLC in deuterated 

water for ESR di-spin labeling. Solvent suppression was used on the HDO peak. 

 
1H NMR of the amine-capped 4mer NH2-(DTT-G)2-NH2 after HPLC in deuterated water 

for ESR di-spin labeling. 
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Positive mode LCMS of the amine capped NH2-(DTT-G)2-NH2 with the TIC (top) and 

the mass spectra (bottom). Parent mass: 834.38 as [M]; [M+H]+1 Expected: 835.38 

Obs. 835.35; [M+2H]+2 Expected: 418.20 Obs. 418.2; [M+3H]+3 Expected: 279.13 

Obs. 279.2. 

 
1H NMR of the amine-capped 4mer NH2-(BDT-Sulf)2-NH2 after HPLC in deuterated 

water for ESR di-spin labeling. 
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Positive mode LCMS of the amine capped NH2-(BDT-Sulf)2-NH2 with the TIC (top) and 

the mass spectra (bottom). Parent mass: 844.28 as [M]; [M+H]+1 Expected: 843.29 

Obs. 845.3 

 
1H NMR of the amine-capped 4mer NH2-(DTT-MeS)2-NH2 after HPLC in deuterated 

water for ESR di-spin labeling. The X’s mark propylamine contaminant from co-solvent 

evaporation. 
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Positive mode LCMS of the amine capped NH2-(DTT-MeS)2-NH2 with the TIC (top) and 

the mass spectra (bottom). Parent mass: 904.30 as [M]; [M+H]+1 Expected: 905.31 

Obs. 905.2; [M+2H]+2 Expected: 453.16 Obs. 453.2. The 414.7m/z is unknown. 

 
1H NMR of the amine-capped 10mer NH2-(DTT-G)5-NH2 after HPLC in deuterated 

water for ESR di-spin labeling. 
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Positive mode LCMS of the amine capped NH2-(DTT-G)5-NH2 with the TIC (top) and 

the mass spectra (bottom). Masses were expected as indicated in the inset table and 

observed as seen. 

 
1H NMR of the amine-capped 10mer NH2-(BDT-Sulf)5-NH2 after HPLC in deuterated 

water for ESR di-spin labeling. 
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Negative mode LCMS of the amine capped NH2-(BDT-Sulf)5-NH2 with the TIC (top) 

and the mass spectra (bottom). Masses were expected as indicated in the inset table and 

observed as seen. 
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Positive mode LCMS of the amine capped NH2-(DTT-MeS)5-NH2 with the TIC (top) and 

the mass spectra (bottom). Parent mass: 2059.61; [M+H]+1 Expected 2060.62 Obs. 

2060.3; [M+2H]+2 Expected 1030.81 Obs. 1030.75. 
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Positive mode LCMS of the dispin labeled (Proxyl) 2mer with the TIC (top) and the 

mass spectra (bottom) showing a distribution of the nitroxide oxidation states. Parent 

mass: 853.35 as [M]••; [M+H]+1•• Expected: 854.36 Obs. 854.3; [M+H]+1• Expected: 

855.37 Obs. 855.3; [M+H]+1 Expected: 856.37 Obs. 856.3; [M+NH4]+1• Expected: 

872.40 Obs. 872.3; [M+NH4]+1 Expected: 873.40 Obs. 873.3. 
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Negative mode LCMS of the dispin labeled (Proxyl) 4mer with the TIC (top) and the 

mass spectra (bottom) showing a distribution of the nitroxide oxidation states. Parent 

mass: 1240.43 as [M]••; [M-H] -1• Expected: 1240.43 Obs. 1240.35; [M-H] -1 Expected: 

1241.44 Obs. 1241.35; [M-2H+NH4]-1• Expected: 1257.46 Obs. 1257.4; [M-2H+NH4]-

1 Expected: 1258.47 Obs. 1258.4; [M-2H] -2• Expected: 619.71 Obs. 619.75; [M-2H] -2 

Expected: 620.22 Obs. 620.15. 



 

283 

 

 

0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0

0

5 0

1 0 0

m /z

A
b

u
n

d
a

n
c

e

5 4 2 .3

8 1 2 .7

8 1 3 .3

8 1 3 .6 5

8 2 1 .3

8 2 1 .7

8 2 2 .3

1 6 2 6 .4
1 6 2 7 .4 5

1 6 2 8 .4 5

1 6 4 4 .5

1 6 4 5 .4 5

1 6 6 0 .4 5

1 6 6 1 .4

1 6 6 2 .4

Species Expected Obs Species Expected Obs

[M-3H]-3 542.17 542.3 [M-H]-1• 1627.51 1627.45

[M-2H]-2•• 812.75 812.7 [M-H]-1 1628.52 1628.45

[M-2H]-2• 813.25 813.3 [M-2H+NH4]-1• 1644.54 1644.5

[M-2H]-2 813.76 813.65 [M-2H+NH4]-1 1645.55 1645.45

[M-3H+NH4]-2•• 821.26 821.7 [M-3H+2NH4]-1•• 1660.56 1660.45

[M-3H+NH4]-2• 821.77 821.3 [M-3H+2NH4]-1• 1661.57 1661.4

[M-3H+NH4]-2 822.27 822.3 [M-3H+2NH4]-1 1662.58 1662.4

[M-H]-1•• 1626.50 1626.4

 
Negative mode LCMS of the dispin labeled (TEMPO) 6mer with the TIC (top) and the 

mass spectra (bottom) showing a distribution of the nitroxide oxidation states. Parent 

mass: 1627.51 as [M]•• where observed species are indicated in the inset table. 
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[M-3H]-3 671.20 671.25 [M-2H+NH4]-2•• 2030.62 2031.0
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[M-3H+NH4]-2•• 1014.81 1014.95 [M-2H+NH4]-2 2032.64 2033.0

[M-3H+NH4]-2• 1015.31 1015.5 [M-3H+2NH4]-1•• 2047.65 2048.0

[M-3H+NH4]-2 1015.82 1015.9 [M-3H+2NH4]-1• 2048.66 2048.95

[M-4H+2NH4]-2• 1023.83 1023.9 [M-3H+2NH4]-1 2049.67 2049.95

[M-1H]-1• 2014.60 2015.05

 
Negative mode LCMS of the dispin labeled (Proxyl) 8mer with the TIC (top) and the 

mass spectra (bottom) showing a distribution of the nitroxide oxidation states. Parent 

mass: 2014.60 as [M]•• where observed species are indicated in the inset table. 
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[M-5H]-5 479.7313 479.95 [M-5H+2NH4]-3• 811.2416 811.1

[M-4H]-4 599.9161 600.15 [M-2H]-2 1200.84 1201.1

[M-5H+NH4]-4 604.1737 604.05 [M-3H+NH4]-2 1209.355 1209.5

[M-3H]-3 800.2241 800.35 [M-4H+2NH4]-2• 1217.366 1217.45

[M-4H+NH4]-3 805.9008 805.75

 
Negative mode LCMS of the dispin labeled (Proxyl) 10mer with the TIC (top) and the 

mass spectra (bottom) showing a distribution of the nitroxide oxidation states. Parent 

mass: 2401.68 as [M]•• where observed species are indicated in the inset table. 
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[M-6H]-6 464.12 464.5 [M-3H]-3 929.25 929.85

[M-5H]-5 557.15 557.45 [M-4H+NH4]-3 934.93 935.3

[M-6H+NH4]-5 560.56 560.8 [M-5H+2NH4]-3 940.61 940.65

[M-4H]-4 696.69 697.15 [M-3H+NH4]-2• 1402.40 1402.5

[M-5H+NH4]-4 700.95 701.2 [M-3H+NH4]-2 1402.90 1403.0

[M-6H+2NH4]-4 705.20 705.2 [M-4H+2NH4]-2 1411.42 1411.4

 
Negative mode LCMS of the dispin labeled (Proxyl) 12mer with the TIC (top) and the 

mass spectra (bottom) showing a distribution of the nitroxide oxidation states. Parent 

mass: 2788.77 as [M]•• where observed species are indicated in the inset table. 
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M •• +H 1167.56 M • +H 1168.57 M +H 1169.57

M •• +2H 584.28 M • +2H 584.79 M +2H 585.29

M •• +3H 389.86 M • +3H 390.19 M +3H 390.53

 
Positive mode LCMS of the dispin labeled (Proxyl) (DTT-G)2 where the parent and half-

mass are observed as indicated in the table showing a distribution of the nitroxide 

oxidation states. 

 

 

0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0

0

5 0

1 0 0

m /z

A
b

u
n

d
a

n
c

e

5 8 8 .2 5

1 1 7 7 .4

Species Expected Species Expected Species Expected

M •• -H 1175.44 M • -H 1176.45 M -H 1177.46

M •• -2H 587.22 M • -2H 587.72 M -2H 588.23

 
Negative mode LCMS of the dispin labeled (Proxyl) (BDT-Sulf)2 where the parent and 

half-mass are observed as indicated in the table showing a distribution of the nitroxide 

oxidation states. 
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M•+H 1238.5 M•+2H 620.3

M+H 1239.5 M+2H 621.3

M••+Na 1259.5

M•+Na 1260.5

M+Na 1261.5

 
Positive mode mass spectra from the LCMS of the collected peak from HPLC of the 

dispin labeled (DTT-MeS)2-NH2. The parent and half masses are observed showing a 

distribution of the nitroxide oxidation states. 
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M •• +5H 444.40 M • +5H 444.61 M  +5H 444.81

M •• +6H 370.50 M • +6H 370.67 M  +6H 370.84

1 1 1 0 .7 7

 
Positive mode mass spectra from the LCMS of the collected peak from HPLC of the 

dispin labeled (DTT-G)5-NH2. The parent mass is not observed, but the half, third, 

fourth, and fifth masses are observed showing a distribution of the nitroxide oxidation 

states. 
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Negative mode mass spectra from the LCMS of the dispin labeled (BDT-Sulf)5-NH2. The 

parent mass (M+H)+1 is observed as well as the 2nd and 3rd masses showing a 

distribution of the nitroxide oxidation states. 
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Positive mode LCMS TIC (top) and mass spectra (bottom) of the purified dispin labeled 

(DTT-MeS)5-NH2. The full (expected 2392.8 m/z), half mass (expected 1196.9 m/z), and 

third mass (expected 798.3 m/z) are observed. The Proxyl-(DTT-MeS)5-Proxyl does not 

ionize that well, which makes sense with no simple means of ionization (amine, etc). 
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Appendix C :  Additional Supplementary Material 

for Chapter 4 

Materials in this appendix have been adapted from the Supplementary Information 

provided adapted with permission from Brown, J. S.; Mohamed, Z. J.; Artim, C. M.; 

Thornlow D. N.; Hassler J. F.; Rigoglioso V. P.; Daniel S. D.; and Alabi C. A. 

Communications Biology 2018, 1 (220) under a Creative Commons Attribution 4.0 

International License (http://creativecommons.org/licenses/by/4.0/) with modifications. 

 

Hemolysis Assay 

200 μL of red blood cells (Innovative Research Novi, MI) were washed twice with 500 

μL PBS by centrifugation (5 min at 500g) and resuspended in PBS at 4 v/v%. OligoTEA 

solutions or controls were mixed 1:1 with the RBC solution in a v-bottom 96-well plate 

(100 μL total). The resulting mixture was incubated at 37°C for 1 h and then centrifuged 

(Beckman Coulter, 5 min at 1000g) at 4 °C. A total of 75 μL of supernatant was 

transferred to a new plate. Hemolysis was measured via absorbance of released 

hemoglobin at 540 nm on a TECAN Infinite M1000 PRO Microplate reader (Männdorf, 

Switzerland) and normalized to 0.1% Triton-X (100%) or PBS buffer (0%). All 

experiments were performed in duplicate. 

 

http://creativecommons.org/licenses/by/4.0/
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Figure C-1: Hemolysis (Red blood cell) assay of Meta and Para 

Hemolysis was done at 75 µM with the method above. Melittin included as a positive 

control of a pore-forming membrane-disrupting agent. Error bar represents the 

standard deviation (n=2 biological replicates).  
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Figure C-2: X-ray scattering and radius of gyration (Rg) determination 

(a) PBS subtracted x-ray scattering curves were reduced as described above. Signal 

from the oligomers decays broadly into the wide-angle regime reflecting their small 

size. (b) The radius of gyration was determined by extrapolating to infinite dilution (y-

intercept) from the radii at individual concentrations determined by fitting within the 

Guinier regime (Table C-1). 
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Table C-1: Outputs from Guinier Fits from BioXTAS RAW (v1.4.0) 

 

Concentration, 

mg/mL 

Rg 

(Å) 

Error 

(Å) r2 

qRg 

 (low q) 

qRg 

 (hi q) qmin qmax 

Para 10 8.568 0.082 0.951 0.454 1.183 0.053 0.138 

 5 8.663 0.146 0.843 0.273 1.096 0.032 0.126 

 2.5 8.588 0.341 0.523 0.280 1.001 0.033 0.117 

 1.25   < 0.3 Not used for Rg analysis due to noise 

         

Meta 10 8.489 0.077 0.952 0.352 1.078 0.041 0.127 

 5 8.413 0.121 0.851 0.139 1.087 0.017 0.129 

 2.5 8.567 0.196 0.708 0.170 1.102 0.020 0.129 

 1.25   < 0.3 Not used for Rg analysis due to noise 

 

 

0 1 2 3

0 .0 0

0 .0 2

0 .0 4

0 .0 6

0 .0 8

P (r)

R a d iu s , n m

P
(r

)

M e ta

P a ra

0 .0 0 .2 0 .4 0 .6 0 .8

0 .0 0 0 1

0 .0 0 1

0 .0 1

X -R a y  S c a tte r in g  C u rv e  w ith  P (r )  F it

q

I(
q

) 
(l

o
g

 s
c

a
le

)

M e ta , E xp

M e ta , F it

P a ra , E xp

P a ra , F it

 

Figure C-3: Pair-wise distributions reconstructed from SAXS/WAXS profiles 

(left) Pair-wise distribution generated by GNOM506 within BioXTAS RAW.435 Dmax was 

calculated to be 2.8nm and 3.0nm for the Meta and Para, respectively, based on 

DATGNOM. (right) Raw scattering data and the fit solution used in the reconstructed 

pair-wise distribution. 
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Figure C-4: Hemolysis of Meta and Para with B. subtilis 
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Figure C-5: Dynamic light scattering and zeta potential of all SUVs 

(a) Volume distribution of all SUVs revealing compositions are comprised of mostly 20-

80 nm particles. (b) Zeta potential measurements of all SUVs revealing their strong 

anionic surface charge, with the exception of the mammalian mimetic composition 8:2 

POPC:Cholesterol. Even with the addition of neutral lipids, the S. aureus mimetic SUVs 

maintained a strong negative charge. TP and TO refer to the cardiolipin tail lengths 

explored. TPCL was used because it provided a better quality membrane after 

inspection by fluorescence microscopy. 
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Figure C-6: Fluorescence recovery after photobleaching of all mimetic membranes 

FRAP of all membrane mimetics show similar membrane fluidity and diffusion between 

1-1.5 μm2/s and mobile fractions at room temperature (22°C). The diffusivity of these 

membranes is modestly faster than bacterially isolated membranes from outer 

membrane vesicles (OMVs), which demonstrate a diffusivity of approximately ~0.5 

μm2/s.429 

 

 

Figure C-7: Diagram of fluorescence microscopy set-up 

The lipid bilayer is visualized by a lipophilic dye R18 at 0.05-0.1 mol% (rhoadmine with 

C18 alkyl tail). A poly-L-lysine (Sigma P8920, 150-300k MW) was necessary to enable 

the formation of lipid bilayers on glass microscope slides due to the SUVs’ net negative 

charge. 
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Figure C-8: MIC of fluorescein oligomers. 

The fluorescein labeling of the Meta and Para decreases their potency against MRSA 

33591 by about 10-fold, but should hopefully serve to similarly localize and/or function 

with the unlabeled oligomers. 
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Figure C-9: Confirmation of lipid extraction by Triton-X detergent 

There was little remaining signal, but these images were captured by maximizing the 

fluorescence excitation and using a long exposure time. The scratch was created while 

the bilayer was present (before removal) to find the focal plane. Microscopy slide was 

then treated with 5mM Triton-X to remove the R18-labeled lipid bilayer. (top) The 

bilayer removal was verified visually (bottom) and also by the lack of a photo-bleached 

spot by the FRAP laser (100ms exposure, which was located in the black crosshairs). 
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Figure C-10: ImageJ thresholding of aggregates after 5uM Meta exposure 

(top) The original microscopy image with aggregates (white dots) that form after 

treatment of the S. aureus mimetic membrane with 5μM Meta for 10 minutes. The 

scratch in the lower left corner was created to aid focus on the lipid bilayer. (bottom) 

ImageJ composite image of thresholding, highlighting green where aggregates are 

located. Some minor undercounting of small particles is observed. Particle thresholds 

were then processed with ImageJ using Particle Analysis to report the number and size 

of the aggregates. 
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Figure C-11: ImageJ thresholding of aggregates after 5uM Para exposure 

(top) The original microscopy image with aggregates (white dots) that form after 

treatment of the S. aureus mimetic membrane with 5μM Para for 10 minutes. The 

scratch in the lower left corner was created to aid focus on the lipid bilayer. (bottom) 

ImageJ composite image of thresholding, highlighting green where aggregates are 

located. Some minor undercounting of small particles is observed. Particle thresholds 

were then processed with ImageJ using Particle Analysis to report the number and size 

of the aggregates. 
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Figure C-12: Size of FRAP photobleached spot 

(top) An S. aureus mimetic membrane on a PLL substrate was treated with 5μM Para 

for 1 hour and washed with PBS. (t=0) (middle) A ~20 μm diameter spot in bilayer was 

photo-bleached by 150 mW 561 nm optically pumped semiconductor laser (Coherent, 

Inc.) for 100 ms (bottom) The recovered FRAP spot 30 minutes later showing that the 

aggregates are immobilized and they do not recover their spot fluorescence with a small 

immobile fraction.  
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Figure C-13: FRAP revealing reversible binding 

SLBs were treated and equilibrated with (a) 2.5 and (b) 5 μM oligomer to show 

reversible binding of a molecular, non-aggregate state. 
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Figure C-14: Mobile fraction of FRAP measurements in main text. 

A small immobile fraction is present as shown by the FRAP as described in Figure 4g. 
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Figure C-15: Full sensorgram example of SPR run 

5uM Meta on a S. aureus captured mimetic membrane. 
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Figure C-16: SPR sensorgram of Meta and Para on S. aureus lipid mimetic 

Per literature search and discussion above, the S. aureus lipid mimetic composition was 

4:5:11 neutral lipids (18:1 DG): TPCL: POPG. 

 



 

300 

 

0 2 0 0 4 0 0 6 0 0

0

8 0 0

1 6 0 0

M e ta  2 p 5 ; 2 S ta te  F it 1

T im e , s e c o n d s

R
U

D a ta

F it

O L

O L *

0 2 0 0 4 0 0 6 0 0

0

8 0 0

1 6 0 0

M e ta  2 p 5 ; 2 S ta te  F it 2

T im e , s e c o n d s

R
U

D a ta

F it

O L

O L *

0 2 0 0 4 0 0 6 0 0

0

8 0 0

1 6 0 0

M e ta  2 p 5 ; 2 S ta te  F it 3

T im e , s e c o n d s

R
U

D a ta

F it

O L

O L *

Lipid + AOT

k1

k2

OL OL*
k3

k4

 

Figure C-17: Failure of the two-state model without loss to fit SPR data 

The attempts to fit the data of the 2.5μM Meta with the 2-State model shown were 

unsuccessful. Fits shown demonstrate that the model could fit the association or the 

dissociation phase, but not both simultaneously.  
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Figure C-18: Failure of the two-state model with loss to fit SPR data. 

Several attempts to make the 2 State Model with Loss on 2 fit, as it is the prevailing 

model within literature. However, one can observe how this model can fit multiple 

sensorgrams seen in other literature. For this observed data, the model could not 

converge, likely because of either a) the lack of an upward slope in the association 

phase or b) the substantially elevated baseline in the dissociation phase. 
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Figure C-19: Data shows evidence for loss on intermediate step 

In assuming irreversible aggregation (OL*) to be responsible for the elevated baseline 

during dissociation, the data remaining from that assumption shows a curve that would 

be challenging for fitting with the two state model with loss on the second step. In 

particulate, the curvature of downward slope (see arrow), would be difficult to fit. 
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Figure C-20: All model fits of SPR data on S. aureus mimetic membranes 
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Figure C-21: Model behavior demonstrated by varying all parameters 

Provided to aid the reader is how the model behaves based on its parameter set. (5uM 

Meta SPR Data, S. aureus mimetic memrbane) 
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Figure C-22: K1 versus oligomer concentration showing a concentration threshold 

The equilibrium constant K1 does show the desired concentration trend for a parameter 

that trends close to the biological threshold (i.e. MIC). Specifically, the Meta K1 does 

not continue increasing as the oligomer concentration decreases. Physically, it is hard 

to interpret K1 because it is not simply “binding,”  as it does encompass several 

physical states as understood in literature (e.g. binding, tighter binding, insertion, 

molecular aggregation)401. Therefore, this data shows there is perhaps a limit to the 

cooperativity of this process (i.e. the equilibrium decreases as the concentration 

increases). 
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Figure C-23: Rate constants not showing a strong concentration threshold 

These rate constants show behavior where the parameter mostly trends with 

concentration and do not show the expected behavior of a differential at low 

concentration and similarities at high concentration. Parameters k5 and k6 are 

interesting because they indicate that the losses incurred by the membrane are functions 

of concentration. These losses may be representations of complex states that are not 

properly described by a single parameter, which could be cooperative or competing 

(aggregates, micelle formation, etc). 
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Figure C-24: Populations from the Meta and Para model fits versus concentration 

(Top) The population of OL* represents the aggregate, and it shows a differential in 

behavior between the Meta and Para as a function of concentration made more clear 

when looking at the difference between the two oligomers. (Bottom) These populations 

show behavior where the parameter mostly trends with concentration and do not show 

the expected behavior of a differential at low concentration and similarities at high 

concentration. Loss(OL*) does show some indication of trending with OL*, but only 

around 1μM. 

Table C-2: All parameters from model fits from all data with RMSD error 

 

Concentration, 

μM 

k1 

(104) 

k2 

(10-2) 

k3 

(10-3) 

k4 

(10-3) 

k5 

(10-4) 
CLipid,Total 

RMSD 

of Fit 

Meta              1 1.00 5.06 2.56 10.3 6.43 3000 9.10 

2.5 1.10 5.28 4.32 6.97 5.25 3000 22.7 

5 0.97 6.84 4.43 4.77 4.58 3000 24.9 

7.5 1.00 9.80 4.19 3.82 4.74 3000 17.3 

10 1.10 13.0 4.21 3.52 5.01 3000 18.2 

Para              1 2.65 7.07 4.09 8.31 7.75 3000 11.4 

2.5 2.28 8.00 4.18 4.42 4.44 3000 15.9 

5 1.70 10.0 4.29 3.60 4.82 3000 22.4 

7.5 1.77 14.0 3.84 2.73 4.99 3000 25.2 

10 1.55 15.0 3.74 2.27 5.20 3000 28.6 
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More details, discussion, methodology, and source code is available in Chapter 4, 

Materials and Methods, Use of MATLAB to model and fit SPR data. Parameters from 

MATLAB fitting shown in table format where RMSD of Fit is defined as 𝑅𝑀𝑆𝐷 =

 √
∑ (𝐸𝑥𝑝𝑖−𝐹𝑖𝑡𝑖)

2𝑛
𝑖

𝑛
, where i is the index point in time, n is the total number of time points, 

Exp is the experimental data point, and Fit is the fitted model data point at that time 

index. 

 

Supplementary Spectra (NMR, LCMS) 

 

1H NMR of the Meta in (D2O, 600 MHz) 
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LCMS of the Meta. (Top) Total ion count abundance versus time over a 10 minute 

gradient. (Bottom) Mass spectra confirming the presence of the Meta in the TIC peak. 
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1H NMR of the Para (D2O, 600 MHz). 
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LCMS of the Para. (Top) Total ion count abundance versus time over a 10 minute 

gradient. (Bottom) Mass spectra confirming the presence of the Meta in the TIC peak. 
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1H NMR of the (N-phthalimide)ethylene N-allyl-N-acrylamide (CDCl3, 600 MHz) 
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DART HR-MS of the (N-phthalimide)ethylene N-allyl-N-acrylamide 
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LCMS of the dispin-labeled Meta. (Top, Left) Total ion count abundance versus time 

over a 10 minute gradient. (Top, Right) Expected masses to be observed demonstrating 

that the spin-label is mostly oxidized (will be reduced before measurement). Masses that 

were observed experimentally in the mass spectra are highlighted in gray. (Bottom) 

Mass spectra confirming the presence of the Meta in the TIC peak. (Insert) Closer 

examination of the mass spectra shows the parent masses. 
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LCMS of the dispin-labeled Para. (Top, Left) Total ion count abundance versus time 

(10 min gradient). (Top, Right) Expected masses; experimentally observed are 

highlighted in gray. (Bottom) Mass spectra confirming the presence of the Meta in the 

TIC peak,  demonstrating that the spin-label is partially oxidized (will be reduced before 

measurement).  (Insert) Closer examination of the mass spectra shows the parent 

masses. 

 



 

315 

 

 

1H NMR of the fluorescein-labeled Meta (D2O at 600 MHz). 
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LCMS of the fluorescein-labeled Meta. (Top, Left) Total ion count abundance versus 

time over a 10 minute gradient. (Top, Right) Expected masses to be observed (Bottom) 

Mass spectra confirming the presence of the Meta in the TIC peak. (Insert) Closer 

examination of the mass spectra shows the parent masses. 

 

1H NMR of the fluorescein-labeled Para (D2O at 600 MHz). 
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LCMS of the fluorescein-labeled Para. (Top, Left) Total ion count abundance versus 

time over a 10 minute gradient. (Top, Right) Expected masses to be observed (Bottom) 

Mass spectra confirming the presence of the Meta in the TIC peak. (Insert) Closer 

examination of the mass spectra shows the parent masses. 
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Appendix D : Additional Supplementary Material 

for Chapter 5 

Materials in this appendix were work adapted with permission from C. M. Artim, J. S. 

Brown, and C. A. Alabi, Analytical Chemistry 2019, 91, 3118-3124 Copyright © 2018 

American Chemical Society and also with permission from E. A. Hoff, C. M. Artim, J. 

S. Brown, C. A. Alabi, Macromolecular Bioscience 2018, 1800241 Copyright © 2018 

John Wiley and Sons (License #4507220586910). Outside of those two works, 

additional analysis has been performed and added to enrich the biophysical 

understanding of the first article from E.A. Hoff et al (2018), specifically with modeling 

of the biophysical characterization. 
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Figure D-1: Model fits to AOT 32253 SPR Data 
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Figure D-2: Model fits to AOT 32523 SPR data 
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Figure D-3: Model fits to AOT 33333 SPR Data 
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Figure D-4: Model fits to AOT 53223 SPR Data 
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Figure D-5: All parameters of the two-state with two loss model fit to SPR data to 

antibacterial constitutional oligoTEA isomers. 
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Figure D-6: All populations of the two-state with two loss model fit to SPR data to 

antibacterial constitutional oligoTEA isomers. 
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Figure D-7: SPR Comparison of antibacterial oligoTEA constitutional isomers 
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Figure D-8: All SPR data for cationic oligoTEAs at all concentrations 
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Figure D-9: Model fits of SPR of PDT-3G 
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Figure D-10: Model fits of SPR of PDT-3Am 
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Figure D-11: Model fits of SPR of PDT-4G 
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Figure D-12: Model fits of SPR of PDT-4Am 
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Figure D-13: Model fits of SPR of BDT-4G 
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Figure D-14: Model fits of SPR of BDT-4Am 
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Table D-1: All parameters from model fits of SPR data of cationic oligoTEAs 

Note: K1 (equilibrium constant) = k1/k2 

 

Conc, 

uM PDT3G PDT3Am PDT4G PDT4Am BDT4G BDT4Am 

K1 1 71550 1737699 1844168 671792 460794 2000540 

 2.5 261146 107363 2983064 242892 1296666 261159 

 5 63942 49461 112503 79981 146159 108327 

 10 30004 27562 58920 42318 100048 55907 

 25 16001 13076 31376 20837 56918 28333 

k3 1 0.00789 0.00464 0.00726 0.00609 0.00662 0.00665 

 2.5 0.00607 0.00378 0.00737 0.00475 0.00671 0.00570 

 5 0.00518 0.00371 0.00523 0.00486 0.00577 0.00564 

 10 0.00483 0.00339 0.00489 0.00477 0.00454 0.00574 

 25 0.00490 0.00331 0.00374 0.00415 0.00344 0.00460 

k4 1 0.0823 0.0303 0.0214 0.0300 0.0311 0.0299 

 2.5 0.0285 0.0205 0.0210 0.0172 0.0169 0.0201 

 5 0.0207 0.0147 0.0100 0.0122 0.0074 0.0105 

 10 0.0133 0.0113 0.0066 0.0090 0.0043 0.0078 

 25 0.0085 0.0081 0.0033 0.0056 0.0020 0.0044 

k5 1 0.001069 0.000596 0.000196 0.000250 0.000101 0.000336 

 2.5 0.000770 0.000767 0.000443 0.000235 0.000275 0.000235 

 5 0.000784 0.000875 0.000400 0.000396 0.000381 0.000321 

 10 0.000726 0.000706 0.000533 0.000484 0.000413 0.000465 

 25 0.000388 0.000557 0.000499 0.000426 0.000427 0.000420 
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Figure D-15: All kinetic parameters from model fit of SPR data of cationic oligoTEAs 

Note: K1 is the equilibrium constant (k1/k2) 
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Figure D-16: All populations from model fits of SPR data of cationic oligoTEAs 
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Supplementary Spectra (NMR, LCMS) 

 

1H NMR of PDT-3G, taken in methanol D4. Acetonitrile used for quantification 
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1H NMR of PDT-2GAm, taken in methanol D4. Acetonitrile used for quantification 

 

1H NMR of PDT-Am2G, taken in methanol D4. Acetonitrile used for quantification 
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1H NMR of PDT-G2Am, taken in methanol D4. Acetonitrile used for quantification 

 

1H NMR of PDT-3Am, taken in methanol D4. Acetonitrile used for quantification 
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1H NMR of PDT-4G, taken in D2O. 1,4-dioxane used for quantification 

 

1H NMR of PDT-4Am, taken in D2O. 1,4-dioxane used for quantification 



 

339 

 

 

1H NMR of BDT-4G, taken in D2O. 1,4-dioxane used for quantification 

 

1H NMR of BDT-4Am, taken in D2O. 1,4-dioxane used for quantification 
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LCMS of PDT-3G 
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LCMS of PDT-2GAm 

 

LCMS of PDT-Am2G 

 

LCMS of PDT-G2Am 
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LCMS of PDT-3Am 

 

LCMS of PDT-4G 
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LCMS of PDT-4Am 

 

LCMS of BDT-4G 
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LCMS of BDT-4Am 

 

1H NMR of (A) AOT 53223 (B) AOT 32523 (C) AOT 32253 (D) AOT 33333 
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Appendix E :  Additional Supplementary Material 

for Chapter 6 

Text 

 

Figure E-1: Potential structure forming N-allyl-N-acrylamides that were synthetized 
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Figure E-2: 1H and 13C NMR of MePropanoic acid N-allyl-N-acrylamide 
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Figure E-3: 1H NMR (top) and LCMS (bottom) of model urea dithiol in an oligoTEA 
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