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 ABSTRACT 

 

Synthetic polypeptides constitute a class of polyamides that may impart the 

biocompatibility, (bio)degradability and conformational properties of proteins, while also 

allowing for expanded composition and structure to tune structure-property-performance 

parameters.  This dissertation is focused on the development of peptide-based materials 

for biological, energy and electronic applications, exploiting their inherent degradability 

and conformations to direct the properties of the polymer networks.  For the biological 

application, PEGylated β-sheet-forming polypeptides were synthesized for use as 

extracellular matrices in three-dimensional cell cultures.  For the energy and electronic 

applications, simple natural amino acid synthons were transformed into functional 

polypeptides for use as active materials in secondary and redox flow batteries.  These 

projects aim to expand scientific perceptions of peptide-based materials beyond the scope 

of traditional biological applications and to raise public awareness of mindful 

development of future energy storage systems to incorporate sustainability features in 

material designs. 
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CHAPTER I  

INTRODUCTION 

 

Peptides are chains of α-amino acids linked together via peptide linkages.  With 

highly ordered structures, they possess the ability to self-assemble into a wide range of 

nanoarchitectures, in addition to their inherent biological origins, bioactivity, 

biocompatibility and (bio)degradability, making them promising candidates not only for 

biological and biomedical purposes,1,2 but also for electrical and electronic applications 

(Figure 1).3–5  With the chemical structures similar to natural proteins, peptide-based 

materials usually exhibit low or even no cytotoxicity.  They have been demonstrated to be 

biodegraded by certain types of enzymes (e.g., trypsin, chymotrypsin, etc.) in both in vitro 

and in vivo experiments,6–10 in addition to acidic and basic degradations made possible by 

the amide linkages.  These hydrolytic processes found the basis for the design and the 

development of new naturally derived (bio)degradable materials.  In addition, side chain 

modifications make it possible to incorporate unnatural residues and moieties with 

 

 

Figure 1.  Properties and applications of peptide-based materials. 
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functionalities beyond the twenty proteinaceous amino acids, playing an important role in 

tuning conformational and functional properties of peptides.  Together with the peptide 

backbones, they contribute to the overall control of peptide three-dimensional (3D) 

structures.  This can also be made possible via chain length extension, side chain 

modification and amino acid chirality, providing scientists with immense opportunities to 

tune structure-property-performance parameters and develop designer peptides and smart 

peptide-based materials that suit specific applications. 

 

Polypeptides:  Synthesis and Characterization 

Polypeptides from N-Carboxyanhydride (NCA) polymerizations 

Conventionally, synthetic peptides are prepared using the Merrifield synthesis, 

also known as the solid phase peptide synthesis (SPPS).  Even though this method is 

advantageous in controlling peptide sequences, it is limited to the low-yield production of 

short peptides, yet requires time-consuming processes and wasteful purifications (Figure 

2A).11,12  On the contrary, the ring-opening polymerization (ROP) of N-carboxyanhydride 

(NCA) monomers, though lacking the ability to control peptide sequence, offers a more 

practical approach for large-scale preparation of peptides with high molar mass while 

allowing for the facile installation of functional groups beyond the scope of the twenty 

natural proteinogenic amino acids (Figure 2B). 

The first synthesis of NCA monomers was reported by Leuchs and co-workers in 

1906 via phosgenation of α-amino acids.13  It was not until the late 1990s when Deming 

et al. reported the first controlled polymerization of NCA using organometallic catalysts.  
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Since then, the field of NCA ROP witnessed the advancement of numerous living 

polymerization methodologies, ranging from the traditional nucleophilic initiation (i.e., 

amine and alcohol)14–16 to, among others, the use of N2 flow17 and fluorinated alcohol18 as 

means of polymerization acceleration.  These techniques, altogether, enabled researchers 

to prepare peptide-based materials with well-defined architectures, chain lengths and 

dispersity.  The polypeptides synthesized in this dissertation were prepared via amine 

initiation with added N2 flow for accelerated ROP.  

 

 

Figure 2.  Different methods of peptide synthesis:  (A) Solid phase peptide synthesis and 

(B) ring-opening polymerization of N-carboxyanhydrides. 

 

With regards to amine initiation, there are two widely accepted mechanisms of 

NCA ROP, i.e., normal amine mechanism (NAM) and activated monomer mechanism 

(AMM) (Figure 3).  In the NAM, the initiator acts as a nucleophile (e.g., primary amine), 

attacking the carbonyl group of the NCA monomers at 5-C to open its ring structure 

(Figure 3A).  The subsequent release of CO2 produces a primary amine at the ω-end, 

which continue to nucleophilically attack another NCA monomer to propagate the chain 
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growth.  In contrast, the AMM involves the use of an initiator with basic character, which 

deprotonates the nitrogen (3-N) of the NCA monomer, resulting in the formation of the 

corresponding amine anion (Figure 3B).  This anion then acts as a nucleophile to attack 

the carbonyl group of another NCA monomer at 5-C, followed by the release of CO2 to 

yield a dimer with both a reactive N-acylated NCA at the α-end and a primary amine at 

the ω-end, which further propagates in a polycondensation manner.  The α-NCA end can 

react with either another amine anion via AMM or ω-amine via NAM, while the ω-amine  

 

 

Figure 3.  Pathways for ring-opening polymerization of NCAs:  (A) Normal amine 

mechanism (NAM), (B) activated monomer mechanism (AMM), (C) normal amine 

mechanism with added N2 flow. 
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end only proceeds via NAM.  As a result, polymerizations following the AMM pathway 

usually produce polypeptides with broad molar mass distributions. 

Since amines possess both nucleophilic and basic characters, the NAM and AMM 

always coexist, complicating the polymerization process.19  In addition, NCA ROP via 

amine initiation is usually slow, taking up to several days.19  The competition between 

NAM and AMM pathways in addition to prolonged reaction time usually leads to 

polypeptides with high molar mass distribution and ill-defined structures due to side 

reactions such as chain termination and monomer degradation.  Significant advances were 

made over the past two decades in the field of synthetic polypeptides to eliminate side 

reactions, notably the AMM, and to accelerate the polymerization rates of amine-initiated 

NCA ROP.  In 2013, our group reported a facile method to prepare well-defined 

polypeptides by applying continuous N2 flow during polymerization (Figure 3C).17  The 

removal of CO2 from the reaction mixture not only significantly accelerated the 

polymerization rate by driving the equilibrium forward from the carbamic acid 

intermediate to generate ω-primary amines, but also suppressed the AMM, as evidenced 

by successful chain extensions.17 

 

Peptide Secondary Structures 

Unlike non-peptidic materials, the backbone of peptides or polypeptides, together 

with the side chains of the amino acid residues, can construct well-defined secondary 

structures.  Peptide secondary structures are local organizations of the amino acids that 

constitute the primary sequence of the macromolecules.  Depending on intra- and/or 
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intermolecular hydrogen bonds between the amino acids, a peptide chain can be a random 

coil, α-helix or β-sheet (Figure 4A). 

In an α-helix, the main chain is tightly coiled into a rod-like structure with an inner 

radius of 2.3 Å while the side chains extend outward in a helical array.11,12,20  This structure 

is derived from a hydrogen bonding network between the oxygen of the carbonyl group 

of each peptide bond in the strand and the amino hydrogen of the peptide bond of the 

fourth following peptide bond in the sequence.  As a result, longer sequences will make 

the α-helical structures more stable.  On average, each helical turn constitutes 3.6 amino 

acids (1.5 Å each).11,12,20  An α-helix can be right-handed (αR, clockwise) or left-handed 

(αL, counter-clockwise).21  Peptides formed predominantly from α-helix-forming L-amino 

acids assemble into a right-handed conformation while those from α-helix-forming D-

amino acids into the left-handed structure.22  Coexistence of L- and D-residues in a peptide 

chain can reduce the helical content from either α-helix handedness and can lead to the 

loss of helicity to form a random coil structure.22 

A β-sheet is a collection of peptide chains (β-strands) fully extended with the side 

chains of adjacent amino acids pointing in opposite directions.  The distance between two 

adjacent amino acids in a strand is 3.5 Å and that between two adjacent strands is 4.7 

Å.11,12,20  The hydrogen bonding network in β-sheets is created between the carbonyl 

oxygens of one strand and the amino hydrogen of the adjacent strand, with each pair of β-

strands being either parallel or antiparallel depending on the strand directions.11,12,20  In 

addition, hydrophobic interactions between the β-sheets play an important role in the 

formation, stabilization and assembly of peptide fibrils.23  Unlike in an α-helix, the 
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stereochemistry of β-sheet-forming amino acids does not have an impact on the structure 

of the β-sheets formed, but rather on the handedness of the assembled fibrils.24 

 

 

Figure 4.  (A) Secondary structures of peptides and their characteristic (B) circular 

dichroism ellipticity and (C) infrared spectroscopy wavelengths.  *(+) indicates positive 

ellipticity and (-) indicates negative ellipticity at designated wavelengths. 

 

 Peptide secondary structures can be determined spectroscopically by circular 

dichroism (CD) and infrared (IR) techniques.  All peptide secondary structures exhibit CD 

bands with distinctive shapes and magnitudes in the far-ultra-violet region (190-250 nm).  

Specifically, a right-handed α-helix possesses two minima at 208 and 222 nm, whereas a 

single negative minimum at 196 or 217 nm is indicative of a random coil or β-sheet 

structure, respectively (Figure 4B).25,26  A left-handed α-helix possesses two maxima at 

the same wavelength as the right-handed counterpart.  Compared to the CD technique that 
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relies on samples in solutions, IR spectroscopy can be used to probe the conformations of 

peptides in the solid state, as coatings/films on surfaces or in bulk.  Generally, peptides 

exhibit two amide stretching bands, amide I and amide II (Figure 4A).  The amide I band 

can be found at 1656, 1630 or 1650 cm-1 for random coil, α-helix or β-sheet, respectively, 

while amide band II at 1535, 1530, or 1646 cm-1.27,28 

 

Peptide-based Hydrogels 

Peptide-based hydrogels are soft materials with 3D networks formed via physical 

or chemical cross-linking of the peptide chains.29  They inherit the innate biocompatibility 

and (bio)degradability of peptides with enhanced mechanical stability, injectability and 

elasticity, making them suitable for a wide range of biological applications such as cell 

therapeutics,30 biosensors,31 drug release,32 tissue engineering33 and wound healing.34,35 

Driven by hydrophobic forces, coulombic interactions, hydrogen bonding and π-π 

stacking, among others, some polypeptides can spontaneously undergo supramolecular 

assembly into nanofibrils and/or nanoribbons via aggregations of polymer secondary 

structures.29,36  Others need to be triggered by stimuli (i.e., heat, metal-ligand chelation, 

enzyme, pH, etc.) to induce the formation of nanostructures or change in conformation 

that allows for gel formation.37 

Among peptide-based materials that can undergo hydrolation (i.e., dipeptides, 

amphiphilic block copolymers, etc.), peptide amphiphiles (PAs), a member of the 

amphiphile family (molecules consisting of both hydrophilic and hydrophobic sections),  

have emerged as an attractive class of materials suitable for applications across various 
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fields of science and technology and advanced the field of peptide-based hydrogels beyond 

the scope of biological applications.36  They can self-assemble into a variety of aggregates 

such as fibers, nanospheres, vesicles and nanosheets, to name a few.36,38–40  Some PAs are 

composed of solely amino acids arranging into hydrophobic and hydrophilic ends (i.e., 

amphiphilic peptides).36  Others are peptide chains conjugated with adjacent segments, 

peptidic or non-peptidic, with reversed solvent effect (i.e., lipidated peptides, 

supramolecular PAs and poly(ethylene glycol) (PEG)-functionalized peptides).36 

In PA systems, peptide secondary structures are the major driving force for 

gelation.  As a result, the gelation behaviors can be readily controlled by tuning structure-

property-performance parameters.  Common methods include changing peptide sequence 

and stereochemistry, varying block lengths, and installing moieties that allow for 

hydrogen bonding or host-guess/supramoleceular interactions.36,41  Most importantly, a 

delicate solvophilic-solvophobic balance should be achieved and maintained in order for 

the PAs to undergo and sustain hydrogelation.42  Due to the phase separation derived from 

supramolecular assembly, excessive interactions between either domains would break this 

balance, leading to either material liquefaction (longer hydrophilic segment) or 

precipitation (longer hydrophobic segment). 

Attachment of PEGs to hydrophobic peptides has been demonstrated as a 

particularly useful method to provide aqueous solubility and stability to peptide 

amphiphiles for use as hydrogelators.  This can be done using a variety of techniques, 

including carbodiimide coupling,43 azide-alkyne "click" chemistry,44 thiol-ene "click" 

chemistry45 and Michael addition,46 to name a few.  In this regards, hydrogels derived 
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from NCA ROP are considered a more practical synthetic approach for the preparation of 

PEGylated polypeptides, using amine- or diamine-functionalized PEGs as initiators.47–49  

Some examples of this type of peptide amphiphiles include PEG-block-peptide diblock 

copolymers and peptide-block-PEG-block-peptide triblock copolymers.8,36,41,50  These 

macromolecules have been reported to undergo nano- and/or microphase separation of the 

block components when triggered with heat, which allows for sol-gel transition via 

physical association of the hydrophobic peptide domains.8,36,41,50 

Depending on the secondary structures of the peptide segments, the PEGylated 

polypeptides can undergo different nanostructure transformations during thermal gelation.  

When α-helical structures dominate the hydrophobic domains, micellar structures were 

often observed (Figure 5A).37  With an increase in temperature, the dehydration of PEG 

domains enhanced the hydrophobic interactions, leading to the percolation of micelles into 

gel networks.  Amphiphiles with dominating β-sheet-forming polypeptide segments tend  

 

 

Figure 5.  Schematic illustrations of peptide amphiphile gelation via (A) micellar 

percolation of PEG-block-α-helical polypeptides and (B) fibrillar entanglement of PEG-

block-β-sheet-forming polypeptides. 
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to supramolecularly assemble into nanofibril or nanoribbon structures in aqueous solution 

(Figure 5B).  An increase in temperature pushes the hydrophilic-hydrophobic balance 

toward the hydrophobic direction, stabilizing the hydrophobic domains by reducing the 

packing distance due to PEG dehydration, thus enhancing the physical crosslinking via 

stronger hydrophobic interactions. 

 

Polymer-based Batteries 

History of Batteries 

The existence of batteries dates back 2000 years, during the domination of the 

Parthian Empire in the Fertile Crescent area in the Middle East between 190 BC and 224 

AD, in the form of a clay pot containing an iron rod sur-rounded by a cylindrical tube 

made of wrapped copper sheets.51,52  Even though batteries are a simple concept, achieving 

batteries with large voltage windows, high capacity and long cycling stability remains a 

scientific challenge.  The creation of the battery as we know it today is the result of 

hundreds of years of evolution, involving one invention after another and multinational 

interdisciplinary scientific collaboration to balance performance, weight, cost, among 

other factors. 

Batteries are composed of two electrodes of different chemical potentials 

connected by an ionically conductive material called an electrolyte.  When the electrodes 

are connected to an external device to form a closed circuit, electrons travel from the 

electrode with a more negative potential (anode) to that with the more positive potential 

(cathode).  In the 19th and early 20th centuries, zinc-manganese oxide arose as a good 
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electrode material candidate for non-rechargeable primary batteries, and lead-acid and 

nickel oxide-cadmium for rechargeable secondary ones.  In the late 20th century, nickel-

metal hydrides and lithium ions emerged as the main modern portable sources of energy 

in high-end applications.53,54  In parallel with the development of secondary batteries, 

redox flow batteries also attracted significant scientific attention and are considered a 

promising candidate for grid-scale electrochemical energy storage.  Figure 6 provides 

illustrative designs of a typical secondary battery (Figure 6A) and flow battery (Figure 

6B). 

 

Organic Radical Batteries 

Proposed by Michael Stanley Wittingham, Akira Yoshino and John B. 

Goodenough in 1976, lithium-ion batteries (LIBs) are considered the most established 

secondary technology for energy storage among current electrochemical energy storage 

systems in general and among current secondary battery systems in particular.  In a 

conventional secondary battery, the active materials are loaded into solid composite 

anodes and cathodes, which are separated by a liquid electrolyte-loaded membrane 

(Figure 6A).  Despite recent technology advances to make lighter, safer and more 

affordable LIBs, drawbacks are still present in current battery manufacturing, including 

the declining reserve, unethical sourcing, toxicity and limited recycling of raw 

materials,55,56  attracting significant research towards more sustainable alternatives.  All 

of these drawbacks can be tackled by using organic materials.  One alternative battery 

system receiving increased attention in recent years is organic radical batteries (ORBs),  
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Figure 6.  Illustrative designs of a (A) secondary battery and (B) flow battery. 

 

which promise increased environmental friendliness, independence from limited inorganic 

resources, and fast charging rates.57–63  One of the most studied types of organic sources 

used in ORBs are redox polymer backbones carrying pendant redox active groups with 

two common electrochemically active pendant groups 2,2,6,6-tetramethyl-4-piperidine-1-

oxyl (TEMPO) and viologen.64–67 

Currently, the field of ORBs mainly focuses on increasing the theoretical capacity 

and voltage difference between the cathode and anode polymers, without addressing the 

increasing need for material sustainability.68–73  To the best of our knowledge, none of the 

redox-active polymers reported for battery applications employed degradable polymer 

backbones, which will be important for improved closed-loop materials utilization.67  

Specifically, most non-conjugated redox-active polymers bear aliphatic backbones that 
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are challenging to degrade, as seen in Figure 7.74  The first example of redox-active 

polymers with degradable backbones for energy storage is that of TEMPO-containing 

deoxyribonucleic acid-lipid complexes as cathode materials, where the TEMPO moieties 

were incorporated onto DNA backbones via electrostatic interactions between positively 

charged lipids and anionic phosphate linkages.75  Additionally, TEMPO were also 

reported to be conjugated onto polypeptides via esterification and amidation of 

 

 

Figure 7.  Commonly used (A) backbones for polymers with (B) common redox-active 

pendant groups. 
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poly-L-glutamic acid with 4-hydroxy-TEMPO and 4-amino-TEMPO, respectively.  

However, the electrochemical properties of these TEMPO-decorated polypeptides were 

not considered.76 

Furthermore, there has been a limited number of studies in which a fully organic 

battery has been presented.69,70,73,77,78  Typically, studies by Sano et al. have demonstrated 

a fully organic battery with viologen- and TEMPO-containing polymethacrylates as anode 

and cathode, respectively.73  In addition, Suga et al. reported the use of a poly(TEMPO-

substituted norbornene) cathode with a poly(galvinoxylstyrene) anode.70  Additionally, 

Wild et al. demonstrated two chemistries, poly(2‐vinylthianthrene) and poly(2‐

methacrylamide‐11,11,12,12‐tetracyano‐9,10‐anthraquinonedimethane), as cathode and 

anode materials, respectively, for a fully organic battery.77  These prior works highlight 

that, although fully organic batteries have been demonstrated, none has investigated 

backbone degradability or demonstrated active material recyclability. 

 

Redox Flow Batteries 

Secondary batteries, metal-based or polymer-based, even though representing the 

biggest and most developed group of electrochemical energy storage, are still faced with 

high-cost production, active material degradation and short lifetime, thus preferred for 

small-scale electronics.79  In parallel with the development of secondary batteries, the past 

few decades also witnessed the fast growing evolution of redox flow batteries, one of the 

most promising candidates for grid-scale electricity energy storage for their design 

flexibility, low cost of production and enhanced safety feature.80,81  In these systems, the 
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redox-active compounds are fluidized in external reservoirs and pumped into an 

electrochemical cell, where they undergo redox reactions and exchange electrons with 

current collectors (Figure 6B).  As a result, the capacity of RFBs is controlled by the 

concentration of redox-active materials, not their molar mass and mass loading as in the 

case of secondary batteries.  This feature provides RFBs with flexible scalability for 

different energy storage applications.  In addition, similar to secondary batteries, RFBs 

are also rendered as rechargeable fuel cells due to the reversibility of the electrochemical 

reactions of the redox-active materials. 

Several challenges have recently emerged, including the high cost, solubility and 

toxicity of metal-based materials, membrane crossover during cell operation, and lack of 

advancement of inexpensive, stable and highly conductive membranes that are suitable 

for RFB commercialization.80,82,83  This has led to a surge in the search for alternative RFB 

chemistries, especially the utilization of small-molecule organic redox-active materials in 

both aqueous (aqueous organic RFBs, AORFBs) and organic electrolytes (non-aqueous 

organic RFBs, NAORFBs).84–86  This advancement, even though reducing the dependence 

of RFBs on the use of scarce metal resources and demonstrated to exhibit good 

electrochemical and chemical stability, was still faced with limited solubility of redox 

species in electrolyte solutions (millimolar scale) and membrane crossover of the active 

materials.82,87,88  Recently, redox-active polymers normally used in ORBs were 

demonstrated to be usable in RFBs.79,81,89–94  These macromolecules, however, still require 

further development to incorporate backbone degradability to provide future RFBs with 

sustainability features. 
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Characteristics of Batteries 

In a battery, two important parameters are the theoretical voltage and theoretical 

capacity.  The theoretical voltage or cell voltage (U  [V]) of a battery is the difference in 

(standard) potentials of the electrodes: 

 Cathode potential Anode potentialU = −  Equation 1. 

The theoretical capacity ( theoC  [A⋅h]) is defined as the maximum electric charge that can 

be stored in a battery when all active materials contribute fully.  A different unit of capacity 

is Coulomb (1 C = 1 A⋅s, 1 A⋅h = 3600 A⋅s).  To compare different electrode materials, 

the specific capacity ( specC  [A⋅h·g-1]) of an electrode in a secondary battery is usually 

provided per mass of active material, using the following equation: 
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where n  is the number of transferred electrons per redox reaction, F  is the Faraday 

constant and wM  is the molar mass of the structural unit.  The specific capacity of a full 

secondary battery cell can be calculated as follows: 

 
1 1 1

cell cathode anodespec spec specC C C
= +  Equation 3. 

In a redox flow battery, the cell voltage is also calculated using Equation 3.  The 

volumetric capacity of each of the anolyte and catholyte in a RFB can be calculated as 

follows: 
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where n  is the number of transferred electrons per redox reaction, F  is the Faraday 

constant, and m , wM  and M  are the mass loading, molar mass and molar concentration 

of the structural unit, respectively.  The volumetric capacity of the RFB is the same as that 

of the electrolyte with limiting concentration.  In addition, for both systems, the coulombic 

eficiency (
c

  [%]), the ratio of the obtained discharging and charging capacity, is 

calculated as follows: 
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c

ch e

C

C
 =  Equation 5. 

 

Scope of the Dissertation 

This dissertation is focused on the development of peptide-based materials for 

biological, energy and electronic applications, exploiting their inherent degradability and 

conformations to direct the properties of the polymer networks (Figure 8).  For the 

biological application, PEGylated β-sheet-forming polypeptides were prepared for use as 

hydrogel scaffolds in 3D cell cultures (Chapter II).  For the energy and electronic 

applications, simple natural amino acids were transformed into functional polypeptides 

that can be used as active materials in secondary and redox flow batteries (Chapters III 

and IV, respectively). 
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Figure 8.  Summary of Ph.D. dissertation. 

 

 Three-dimensional cell cultures play an important role for a wide range of 

biological applications, such as tissue engineering and spinal cord injury treatment.  In 

Chapter II, a library of thermoresponsive diblock poly(ethylene glycol)45-block-poly(DL-

allylglycine)n (PEG45-b-PDLAGn) was prepared for use as extracellular matrices for cell 

cultures (Figure 8).  The PEG block is essential in providing aqueous solubility while the 

β-sheet-forming hydrophobic PDLAG segment offers physical crosslinking via π-π 

stacking of the allyl groups on the peptide side chains to construct supramolecularly-

assembled networks for gelation.  The length of the PDLAG segment was varied to 

establish different hydrophilic-hydrophobic ratios to examine the gelation, cell 

encapsulation and cell viability properties of the resulting PEGylated polypeptides.  Their 

gelation kinetics were studied in detail, utilizing a combination of rheology, Live/Dead® 

assay and fluorescence confocal microscopy.  Rheological measurements of the polymers 

in cell media under physiological conditions were conducted to determine gelation times 

and mechanical strengths of the hydrogels formed.  As a demonstration of cell 

encapsulation capability, mouse fibroblast cells were cultivated in polypeptide hydrogels 
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without mineralization or pH adjustment.  The effect of the polypeptide hydrogels on cell 

viability was assessed using the Live/Dead® assay followed by fluorescence confocal 

microscopy to monitor cell proliferation. 

 Over the past few decades, lithium-ion batteries have revolutionized technologies 

that substantially impact the global health, wealth and well-being of society, enabling the 

proliferation of portable devices and electric vehicles.  However, this rapid technology 

growth has exceeded the ability to address issues associated with the ethical and 

environmental challenges of mining lithium, cobalt and other mineral ore resources, their 

safe usage, and their non-hazardous disposal, requiring alternative innovative approaches 

to harness the potential of organic-based electroactive materials.  In Chapter III, an all-

polypeptide-based secondary battery is demonstrated, in which redox-active viologens 

and nitroxide radicals are incorporated as redox-active groups along polypeptide 

backbones to function as anode and cathode materials, respectively (Figure 8).  These 

polypeptides perform as stable active materials during battery operation, and subsequently 

degrade on-demand in acidic conditions to generate amino acids, other building blocks 

and degradation products.  In addition, the high solubility of the viologen- and nitroxide 

radical-containing polypeptides in organic solvents made them promising candidates for 

NAORFBs.  In Chapter IV, an NAORFB was assembled with viologen polypeptide 

anolyte and biTEMPO polypeptide catholyte reservoirs separated by an anion exchange 

membrane (Figure 8).  Together with the secondary battery counterpart, this all-

polypeptide-based redox flow battery aims to address the need for alternative chemistries 

for green and sustainable batteries in the future circular economy. 
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CHAPTER II  

POLYPEPTIDE HYDROGEL SCAFFOLDS FOR CELL THERAPEUTICS 

 

Introduction 

 Extracellular matrix (ECM) is a complex fibrous network that provides bioactivity 

and mechanical support for cells in three-dimensional (3D) environments.95,96  However, 

current understanding about cell-matrix interactions relies on traditional two-dimensional 

(2D) cultures, where cells are grown as monolayers on flat stiff substrates (e.g., glass or 

plastic), where cells are cultivated in unnatural environments with homogeneous 

concentration of nutrients and growth factors.  Such surfaces do not accurately resemble 

the physiological condition and architecture of native ECMs, affecting cellular processes 

and yielding flat and elongated morphologies.97–99  Among the techniques developed for 

3D cell cultures (e.g., hanging drop, microfluidic, etc.),100 hydrogel scaffolds constructed 

from supramolecular assembly of synthetic peptides have attracted significant scientific 

attentions due to their innate biocompatibility, feasible tunability of structure-property-

performance parameters, and structural and mechanical similarity to native ECMs.101–108  

They provided the embedded cells with 3D spatial support for cell proliferation, porosity 

for cell migration, and facile transportation of nutrients and growth factors.101–103,109–114  

Inspired by the design of peptide amphiphiles previously reported as hydrogelators for 3D 

cell cultures, we introduce herein the use of thermoresponsive β-sheet-forming PEGylated 

alkenyl-functionalized polypeptides, poly(ethylene glycol)45-block-poly(DL-allylglycine)n 

(PEG45-b-PDLAGn, Figure 9), to fabricate ECM mimics. 
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Figure 9.  (A) Synthesis of PEGylated polypeptides.  (B) Illustration of β-sheet 

formation of PEG45-b-PDLAGn. 

 

Experimental Section 

Materials 

N,N-Dimethylformamide (DMF) and tetrahydrofuran (THF) were collected via the 

solvent purification system.  Ethyl acetate, hexanes, dichloromethane (DCM), α-pinene 

and triphosgene were purchased from Sigma-Aldrich (USA).  DL-Allylglycine (DLAG) 

was purchased from Carbosynth, Ltd (UK).  α-Methoxy-ω-amino polyethylene glycol 

(mPEG45-NH2, Mn = 2000 g·mol-1) was purchased from Rapp Polymere (Germany).  All 

chemicals were used as received, except for mPEG45-NH2 which was dried in vacuo for 

48 h before using.  Ultrapure water (water) was collected from a Milli-Q® integral water 

purification system (18 M·cm).  Mouse fibroblast (NIH/3T3) cells were purchased from 

ATCC (USA).  All reagents for cell cultures were purchased from Thermo Fisher 

Scientific (USA) unless otherwise described. 
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Synthesis of PEGylated Alkenyl-functionalized Polypeptides 

1.  Synthesis of DL-Allylglycine N-Carboxyanhydride (DLAG NCA, 1) 

 Into a 250-mL three-necked round bottom flask equipped with a glass Pasteur 

pipette as an N2 inlet and a condenser connected to a base trap were charged DLAG (5.2 

g, 44 mmol), anhydrous THF (150 mL) and α-pinene (17 mL).  The suspension was heated 

at 50 °C with N2 bubbling, followed by the dropwise addition of a triphosgene solution in 

THF (20 mL, 1.3 mmol·mL-1).  CAUTION:  Phosgene and its derivatives are extremely 

hazardous.  All manipulations must be performed using a reaction apparatus that 

provides for quenching phosgene released from the reaction set-up and is placed in 

a well-ventilated chemical fume hood with proper personal protective equipment and 

necessary precautions to avoid exposure.  The reaction was stirred for 3 h during which 

the suspension slowly became homogeneous.  After cooling in an ice bath, the crude 

mixture was gravity-filtered into a 250-mL round bottom flask.  The filtrate was then 

concentrated in vacuo using a double liquid N2 trap system with one trap being loaded 

with pellet sodium hydroxide.  The concentrated oil was precipitated into 1 L of hexanes.  

The white floating solid was collected via vacuum filtration and recrystallized thrice from 

ethyl acetate/hexanes to afford white needle-like crystals (2.15 g, 15.2 mmol, 35%).  1H 

NMR (400 MHz, CDCl3) δ 6.52 (br, 1H), 5.75 (m, 1H), 5.28 (m, 2H), 4.40 (m, 1H), 2.72-

2.53 (m, 2H).  13C NMR (101 MHz, CDCl3) δ 168.9, 152.5, 130.0, 121.61, 57.3, 36.0.  

FTIR:  3345, 3095, 3017, 2934, 1842, 1827, 1748, 1290, 926 cm-1. MS (m/z):  [M-H]- 

calcd. 140.0348, found 140.0345. 
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2.  Synthesis of Poly(ethylene glycol)45-block-poly(DL-allylglycine)n (PEG45-b-

PDLAGn) 

 Two PEGylated polypeptides with different hydrophobic block lengths—P-20 (n 

= 20) and P-30 (n = 30) were synthesized.  Shown below is the representative procedure 

for the synthesis of P-30.  Inside an argon-filled glovebox, a flame-dried 250-mL Schlenk 

flask was charged with DLAG NCA (2.72 g, 19.3 mmol), mPEG45-NH2 (1.25 g, 616 μmol) 

and DMF (150 mL).  The flask was then sealed, moved to a fume hood and connected to 

a Schlenk line through a N2 flowmeter with a drierite column as an N2 outlet.  The reaction 

was vigorously stirred under 100 mL·min-1 N2 flow at r.t. for 48 h and monitored using 

FTIR.  When the reaction was complete, the mixture was concentrated in vacuo, 

precipitated into 500 mL ethyl ether (× 3), dialyzed against nanopure H2O for 3 d and 

lyophilized to obtain the polymer as a white powder (1.69 g, 56%).  1H NMR (400 MHz, 

TFA-d) δ 5.62 (br, 22H), 5.13 (br, 44H), 4.64 (br, 22H), 3.83 (br, 183), 3.63 (s, 3H), 2.53 

(br, 44H).  FTIR:  3426-3149, 3079, 2871, 1697, 1627, 1515, 1103, 701 cm-1.  The 

polypeptides exhibited similar thermal characteristics with onset degradation at ca. 370 

°C, a Tc value of ca. -40 °C, a Tm value of ca. 10 °C and a Tg value of ca. -60 °C. 

 

Chemical Characterization 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were 

recorded for powder samples on an IR Prestige 21 system (Shimadzu Corp., Japan) and 

analyzed using IRsolution v. 1.40 software.  1H and 13C nuclear magnetic resonance 

(NMR) spectra were recorded on a Bruker 400 spectrometer.  Chemical shifts were 



 

25 

 

referenced to the solvent resonance signals.  High resolution electrospray ionization mass 

spectrometry (ESI-HRMS) experiments were performed using a Thermo Scientific Q 

Exactive Focus (Thermo Scientific, USA) in both positive and negative mode.  The sample 

was injected into a 10 µL loop and methanol was used as a mobile phase at a flow rate of 

100 µL·min-1.  The Q Exactive Focus HESI source was operated in full MS in positive 

mode.  The mass resolution was tuned to 70000 FWHM at m/z 200.  The spray voltage 

was set to 3.75 kV for positive mode and 3.3 kV for negative mode, and the sheath gas 

and auxiliary gas flow rates were set to 7 and 0 arbitrary units, respectively.  The transfer 

capillary temperature was held at 250 °C and the S-Lens RF level was set at 50 V.  

Exactive Series 2.8 SP1/Xcalibur v. 4.0 software was used for data acquisition and 

processing. 

 

Cell Cultures 

 All cell cultures were maintained in the cell culture incubator (37 °C, 5% v/v CO2).  

Fibroblast cells were maintained in Dulbecco’s modified Eagle Medium (DMEM/F-12) 

supplemented with 10% fetal bovine serum and 1% PSA to obtain final concentrations of 

100 U·ml-1 penicillin, 100 mg·mL-1 streptomycin and 0.25 mg·mL-1 amphotericin B (cell 

medium). 

 

Hydrogel Preparation 

For rheological measurements 

 The polypeptides were dried in vacuo for 2 h prior to hydrogel preparation.  Cell 

medium was then added into glass vials containing glass vials containing pre-weighed 
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PEG45-b-PDLAGn to obtain the final concentrations of 1, 2, 4 and 8 % w/v.  The vials 

were then placed in an ice bath and the mixtures homogenized by ultrasonication for 2 

min in a cold room (4 °C), using a Model 150 V/T ultrasonic homogenizer from Biologics, 

Inc. (USA, power output:  20 W, output frequency:  20 kHz, tip diameter:  3.81 mm). 

 

For 3D cell cultures 

 The polypeptides were dried under vacuum for 2 h prior to hydrogel preparation.  

Glass vials containing pre-weighed PEG45-b-PDLAG20 and PEG45-b-PDLAG30 were 

sterilized under UV irradiation in the biosafety cabinet for 1 h.  Cell medium was then 

added into the vials to obtain a concentration of 6% w/v.  The vials were then placed in an 

ice bath and the mixture homogenized by ultrasonication as described above.  The tip was 

sterilized with EtOH/H2O (70% v/v) prior to ultrasonication. 

 

Rheological Measurements 

 Rheological measurements of homogenized polypeptide mixtures in cell media 

were determined on a TA Instruments DHR-2 rheometer using a 40-mm diameter parallel 

plate geometry and 500 μm gap size.  All rheological tests were performed at 37 °C to 

mimic cell physiological temperature unless otherwise noted.  Hydrogel mixtures (800 

μL) were transferred onto the measuring system immediately after ultrasonication.  The 

reported values are the average of three replicates. 
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a) Strain sweep measurements:  After soaking for 1 h, the storage modulus (G’) and loss 

modulus (G”) were then measured with increasing strains ( γ ) from 0.01 to 100% at ω = 

10 rad⋅s-1. 

b) Frequency sweep measurements:  After soaking for 1 h, the storage modulus (G’) and 

loss modulus (G”) were measured with increasing angular frequencies (ω) from 0.1 to 100 

rad⋅s-1 at γ  = 0.2%. 

c) Time sweep measurements:  After the mixtures were exposed to γ  = 500% and ω = 10 

rad⋅s-1 for 1 min, the storage modulus (G’) and loss modulus (G”) were measured with γ  

= 0.2% and ω = 10 rad⋅s-1 for 1 h. 

d) Shear-thinning measurements:  After the mixtures were exposed to γ  = 500% and ω = 

10 rad⋅s-1 for 1 min, the viscosity was measured with increasing shear rates from 0.1 to 

100 s-1.  The measurements took place at 15 °C and 25 °C. 

e) Self-healing study:  After the mixtures were allowed to undergo hydrogelation for 15 

min with γ = 0.2% and ω = 10 rad⋅s-1, the storage modulus (G’) and loss modulus (G”) 

were measured with two alternating cycles of 15 min of γ  = 0.2% and ω = 10 rad⋅s-1, and 

2 min of γ  = 500% and ω =10 rad⋅s-1. 

 

Thermal Analysis 

 Thermogravimetric analysis (TGA) was performed under N2 atmosphere using a 

Mettler-Toledo model TGA 2 (Mettler-Toledo, Inc., Columbus, OH) with a heating rate 

of 10 °C·min-1.  Glass transition temperatures (Tg) were measured by differential scanning 
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calorimetry (DSC) on a Mettler-Toledo DSC 3®.  The samples were ramped from -80 °C 

to 150 °C with a heating rate of 5 °C·min-1.  All thermal measurements were analyzed 

using Mettler-Toledo STARe v. 7.01 software.  The Tg was taken as the inflection point 

of the second heating cycle.   

 

Hydrogel 3D Cell Culture 

 Homogenized polypeptide solutions in cell medium were stored at 4 °C 

immediately after ultrasonication until mixed with cells.  Cells were trypsinized and 

centrifuged at 100 × g for 5 min and resuspended in cell medium.  A mixture of cells at 

1.0 × 106 cells·mL-1 was mixed with the cold homogenized polypeptide solution to obtain 

the final polypeptide concentration of 4% w/v.  Cells were gently mixed with the polymer 

solution and small droplets (ca. 10 µL) of the cell mixture with the polymer were plated 

on 35-mm glass bottom dishes from MatTek (USA).  The hydrogel droplets were allowed 

to form in the cell culture incubator for 1 h, followed by the addition of cell medium.  Cell 

viability was measured after 1 h, 5 d and 1 week.  The cell medium was changed every  

2 d. 

 

Cell Viability Determination 

 Live/Dead® cell viability assays for mammalian cells were purchased from 

Thermo Fisher (USA) and used as described on the manufacturer protocol.  The 

Live/Dead® reagent was prepared by mixing 1 µL of Calcein AM and 4 µL of ethidium 

homodimer-1 (EthD-1) into 1 mL of Dulbecco’s phosphate buffered saline (DPBS).  
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Calcein AM (ex/em:  495 nm/515 nm) induces green fluorescence in live cells, while 

EthD-1 (ex/em:  495 nm/635 nm) is excluded by the membrane of live cells and only emits 

red fluorescence in dead cells.  Cell medium was aspirated and the hydrogel droplets were 

incubated with the Live/Dead® reagents at r.t. for 30 min prior to confocal imaging.  Cell 

fluorescence was imaged using a laser scanning confocal microscope (Olympus FV 1000) 

with 10× objective or 20× objective combined with 2× zoom (40× magnification 

equivalent).  Mosaic images were acquired with the Multi Area Time Lapse function of 

Olympus FV 1000.  The image size per pixel was 2.48 µm/pixel for the images acquired 

with 10x objective at 512 x by 512 pixels. 

 ImageJ software was used to count cells numbers in green channel and red channel 

separately.  After converting each image to 8-bit, the cell numbers in each channel were 

counted with the Particle Analysis Plugins with Max Entropy or Otsu threshold.  Cell 

viability was calculated from the number of green cells over the total number of green and 

red cells.  The calculated viability of cells in P-20-4% and P-30-4% hydrogels were 

97±2% and 96±3%, respectively.  The average size of cells was calculated from the overall 

fluorescence area divided by the number of cells in green channel.  Because of the high 

viability (> 95%) and significantly larger area of green fluorescence compared to red 

fluorescence in cells, it is reasonable to estimate the average cell size from the green 

fluorescence images.   
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Results and Discussion 

Synthesis of PEGylated Alkenyl-functionalized Polypeptides 

The PEGylated polypeptides were prepared via ring-opening polymerization of 

DLAG NCA by amine-functionalized PEG.  As previously reported, the alkenyl-

functionalized amino acid, DLAG, was cyclized via in situ phosgenation to produce the 

corresponding NCA monomer.5,50,115  Subsequent ring-opening polymerization of DLAG 

NCAs with PEGylated amines afforded PEG45-b-PDLAGn with varying polypeptide block 

lengths (Figure 9A).5  The PEG block is essential in providing aqueous solubility while 

the β-sheet-forming hydrophobic PDLAG segment offers physical crosslinking via π-π 

stacking of the allyl groups on the polypeptide side chains to construct supramolecularly-

assembled networks for gelation (Figure 9B).  Two polymers, P-20 and P-30, with 

varying PDLAG segment lengths (n = 20 and 30, respectively), were synthesized to 

establish different solvophilic-solvophobic ratios to examine the gelation behavior, cell 

encapsulation and cell viability of the resulting PEGylated polypeptides. 

The degrees of polymerization of the PEGylated polypeptides were determined by 

1H NMR spectroscopy by comparison of the intensities of methylene proton resonances 

of the PEG chain at ca. 3.5 ppm with the intensities of DLAG methine proton at ca. 5.7 

ppm, or the alkenyl protons at ca. 5.0 ppm, or the methylene protons at ca. 2.3 ppm 

(Appendix Figure 3).  Due to gelation in most organic solvents, size exclusion 

chromatography was not employed to determine the dispersity of the polymers. 

The secondary structure of the polymers both in their pristine form and as cryogels 

from 4% w/v solution in water and cell medium was studied with attenuated total 
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reflection-Fourier transform infrared (ATR-FTIR) spectra (Appendix Figure 1).  P-20 

and P-30 exhibited similar β-sheet secondary structure in all tested forms.  Representative 

FTIR spectra of P-30 cryogels suggested that the nutrients and growth factors in the cell 

medium did not affect the conformation of the polypeptides. 

 

Rheological Measurements 

Direct loading of cells during hydrogelation is considered one of the most effective 

ways for cell encapsulation.  In this manner, the polypeptides are required to assemble into 

crosslinked networks in a relatively short period of time (within 1 h) with reasonable 

strength (≥ 100 Pa) to ensure homogenous distribution of the embedded cells.  From each 

of the synthesized polymers, four pre-gel solutions with varying concentrations (1, 2, 4 

and 8% w/v) were prepared via homogenization in cell media at 4 °C using ultrasonication.  

By using vial tilting method, hydrogelation did not readily occur after homogenization for 

all mixtures prepared.  To evaluate the suitability of the hydrogels for 3D cell cultures, 

their rheological viscoelasticity was measured after 1 h of incubation at physiological 

temperature (Figure 10 and Appendix Figure 4 to Appendix Figure 10).  Due to the 

hygroscopic nature of PEGylated polymers, the polypeptides were extensively dried in 

vacuo and immediately used for the preparation of pre-gel solutions to prevent potential 

impact of excessive water content.  All rheology measurements were conducted at 37 °C 

unless otherwise specified. 

First, strain sweep and frequency sweep tests were conducted to determine gel 

formations, and to measure linear-viscoelastic (LVE) regions and mechanical strengths of 
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the prepared hydrogel mixtures (Figure 10 and Appendix Figure 4 to Appendix Figure 

10).  Immediately after homogenization at 4 °C, the pre-gel solutions were allowed to 

undergo hydrogelation on the rheology stage for 1 h prior to strain sweep and frequency 

sweep measurements.  Water was added around the outer edge of the Peltier plate and the 

solvent trap was placed over the geometry to prevent hydrogel dehydration during 

incubation and data acquisition. 

 

 

Figure 10.  (A) Strain sweep (T = 37 °C, ω = 10 rad⋅s-1) and (B) frequency sweep tests 

(T = 37 °C, γ  = 0.2%) of P-30-4% hydrogels. 

 

Hydrogels typically have storage moduli (G’) that exceed loss moduli (G”).  With 

the strain sweep measurements collected at an angular frequency of 10 rad⋅s-1, P-20 

formed weak gels at 4 and 8% w/v (21 and 30 Pa, respectively) while remaining as liquids 

at lower concentrations (< 10 Pa) (Appendix Figure 4 to Appendix Figure 7).  P-30, on 

the contrary, afforded self-supporting hydrogels at 4 and 8% w/v (> 100 Pa) (Figure 10 

and Appendix Figure 10) while remaining in liquid phase at lower densities (Appendix 

Figure 8 and Appendix Figure 9).  These observations were confirmed by the frequency 
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sweep tests (Appendix Figure 4 to Appendix Figure 9), conducted using 0.2 % strain.  

The mechanical strengths, reported as the first G’ values of strain sweep measurements, 

of the P-20 and P-30 hydrogels prepared are summarized in Figure 11. 

 

 

Figure 11.  Mechanical strengths of P-20 and P-30 hydrogels studied. 

 

Even though high polymer contents in hydrogels provide stronger 3D spatial 

support for the cells, the resulting dense matrices could inhibit cell proliferation and limit 

transportation of nutrients and growth factors, thus result in cell apoptosis.  As a result, 

hydrogels containing 8% w/v of P-30 were considered too dense for 3D cell cultures.  

Since low concentrations of P-20 (1, 2 and 4% w/v) and P-30 hydrogels (1 and 2% w/v) 

did not afford self-supporting strengths within 1 h, they were deemed inadequate for use 

as ECMs.  To this end, hydrogels containing 4% w/v of P-30 (P-30-4%) were selected for 

further rheology studies and to construct hydrogel 3D cell cultures.  

 Oscillatory time sweep of the P-30-4% hydrogel was measured to further study its 

gel formation kinetics (Figure 12A).  The P-30-4% pre-gel solution was pipetted on the 

rheology stage immediately after homogenization at 4 °C, and the storage and loss moduli 
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were recorded over 1 h at 37 °C with γ  = 0.2% and ω = 10 rad⋅s-1.  The G’ values were 

higher than G” at all times, once again confirming gel-like rheological behaviors of the 

P-30-4% hydrogel (Figure 12A).  The hydrogel reached a self-supporting strength of ca. 

100 Pa within 10 min of incubation and reached a stiffness of ca. 180 Pa after 60 min. 

 

 

Figure 12.  (A) Time sweep (T = 37 °C, γ  = 0.2%, ω = 10 rad⋅s-1), (B) shear-thinning 

and (C) self-healing (T = 37 °C, γ  = 0.2%, ω = 10 rad⋅s-1) measurements P-30-4% 

hydrogels. 

 

The injectability and self-healing property of the P-30-4% hydrogels were then 

studied to assess their suitability for cell delivery.  First, the injectability of the P-30-4%  
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pre-gel solutions was evaluated with shear thinning and at 15 and 25 °C.  Their viscosity 

of the pre-gel solutions was measured with increasing shear rate, immediately after 

homogenization, reaching ca. 3 and 5 Pa⋅s at 5 s-1 at 15 and 25 °C, respectively (Figure 

12B).  Such shear thinning indicates that the hydrogels are injectable at both temperatures 

investigated as confirmed practically by plating the pre-gel solutions as small droplets via 

10 μL pipet tips.  Next, to assess the ability of the hydrogels to reassemble after exposure 

to disruption, time sweep measurements were conducted with repeated intervals of 

gelation-disruption.  The hydrogels were allowed to form with γ = 0.2% and ω = 10  

rad⋅s-1, followed by 2 cycles of high strain (500%) for 15 min and low strain (0.2%) for 2 

min.  Figure 12C suggested that the hydrogels were liquefied (G” > G’) when exposed to 

high strain and managed to recover to their original gel strengths at the end of each cycle.  

 

3D Cell Cultures 

The 3D cell culture matrices were prepared by directly adding mixtures of mouse 

fibroblast (NIH/3T3) cells into the polypeptide pre-gel solutions (1/1 v/v).  In addition to 

P-30-4%, hydrogels containing 4% w/v P-20 (P-20-4%) were also fabricated as a control 

to compare weak and strong scaffolds and their effects on cell viability and proliferation.  

Small droplets of the cell-polypeptide mixtures were then plated on glass bottom dishes 

(Figure 13), allowed to undergo hydrogelation in a 5% CO2 incubator at 37 °C, and 

periodically maintained by refreshing cell culture medium.  The cells were expected to 

distribute homogeneously and grow in 3D within the hydrogel architecture. 
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Figure 13.  Preparation of hydrogel 3D cell cultures. 

 

 To examine cell viability, the P-20-4% and P-30-4% hydrogel droplets were 

stained with Live/Dead® reagents, calcein AM and ehidium homodimer (EthD-1) after 1 

h, 5 d and 7 d of cultivation, and observed with fluorescence confocal microscopy.  Calcein 

AM is a membrane-permeable non-fluorescence acetomethoxy derivative of calcein—a 

green fluorescence dye.  Its selective permeability in live cells allows it to penetrate the 

cells’ membranes into cytoplasm where it is hydrolyzed by esterase into calceins that bind 

to intracellular calcium and give out strong green fluorescence.  Dead cells lacking active 

esterase cannot hydrolyze calcein AM and or be detected by green fluorescence.  EthD-1 

is a membrane-impermeable fluorescence dye.  After cells die, their plasma membranes 

are disrupted, allowing EthD-1 to enter their intracellular fluid and emit strong red 

fluorescence upon binding to nucleic acids.  As a result, green fluorescence is detected 

only from viable cells and red fluorescence only from dead cells. 

 Fluorescence images provided evidence for the viable environments of the P-20-

4% and P-30-4% hydrogels (Figure 14).  Due to the fragility of the P-20-4% matrices, 
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most plated hydrogel droplets were disintegrated into small patches during media changes.  

As a result, it was impossible to image the individual droplets at early time points.  The 

cultures were allowed to incubate for 7 d with media refreshment every 2 d.  Fluorescence 

images of the P-20-4% hydrogels after 7 d showed a layer of cells with high viability 

(Figure 14A), extending from the remaining hydrogel patches to the surrounding glass 

substrate.  The P-30-4% droplets were, on the contrary, able to form self-supporting 

hydrogels after 1 h and maintain their initial shapes over subsequent media changes.  

Fluorescence images of the P-30-4% hydrogels after 1 h showed that the live cells resided 

around the edge of the droplets with more dead cells concentrated towards the center 

(Figure 14B).  It is hypothesized that the abrupt change in the environment stiffness lead 

to more cell apoptosis at the center of the droplets, compared to at the edge, where the 

cells were exposed to lower gel density.  Over the following 5 d, the cells adapted to the 

matrix environment, proliferated and occupied the entirety of the droplets with very 

minimal cell death.  At day 7, the cells continued to grow outward and escaped to the 

outside environment.  Similar to P-20-4%, fluorescence images of the P-30-4% cultures 

also showed an extended layer of cells, with the gel areas significantly spread out 

compared to the droplets at 1 h and 5 d.  This suggested that as the cells overgrew to the 

outer environments, they broke the gels, carried the small patches onto the surrounding 

glass substrate and continued to proliferate.  Cell couting of the two hydrogel cell 

culturesafter 7 d confirmed that the two PEGylated polypeptides investigated indeed 



 

38 

 

supported cell viability with ca. 100% live cell ratio in all areas counted (Appendix 

Figure 16A). 

 

 

Figure 14.  Fluorescence images (10×) of (A) the P-20-4% hydrogel after 7 d, and (B) 

the P-30-4% hydrogel after 1 d, 5 d and 7 d (Scale bars = 1 mm).  (C) Fluorescence 

images (10×) of marked locations on i. P-20-4% and ii. P-30-4% hydrogels (Scale bars 

= 100 μm). 
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Even though the hydrogels formed from two polymers with different lengths of the 

hydrophobic segment exhibited different physical properties, the cells afforded similar 

morphological structures in both of the gels after 1 week of incubation.  In both networks, 

the cells afforded spherical shapes when surrounded by hydrogel and formed elongated 

shape after escaping from the hydrogel and proliferating on a hard glass surface, with the 

average cell areas decreasing with increased number of live cells (Appendix Figure 16B).  

Such plasticity showed consistent results with the literature where cells cultured on stiff 

surfaces tended to have flattened shapes.116–118 

 

Conclusion 

 In conclusion, we reported in this study the use of amphiphilic PEGylated alkenyl-

functionalized polypeptides, PEG45-b-PDLAGn, as hydrogelators for encapsulation of 

fibroblast cells.  Rheological measurements suggested that the optimal polypeptide for 

hydrogelation was PEG45-b-PDLAG30, which formed stable hydrogels at 4% w/v (P-30-

4%) within 1 h of incubation at physiological temperature without the need for 

mineralization or pH adjustment.  Advantageously, P-30-4% did not form hydrogels at 

lower temperatures (15 and 25 °C), allowing for the delivery of the pre-gel materials via 

pipetting or injection.  Mouse fibroblast cells were encapsulated during hydrogelation 

simply by adding the polypeptide pre-gel solution in cell medium to cell suspension.  

Fluorescence images showed that the cells cultured in P-30-4% hydrogels had high 

viability with no significant apoptosis observed after 7 d.  Images with higher 

magnification revealed that the embedded cells adapted to the environment with different 
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phenotypes (spherical vs. elongated) depending on their corresponding location on the gels 

(gel areas vs. glass substrates, respectively). 
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CHAPTER III  

POLYPEPTIDE ORGANIC RADICAL BATTERIES 

 

Introduction 

Organic radical batteries (ORBs) promise increased environmental friendliness, 

independence from limited inorganic resources and fast charging rates as compared to 

their lithium-ion battery counterparts.55,56,64,67,74,119–121  However, a key global challenge, 

even with the beneficial aspects of organic polymer materials, is the conscientious design 

of functional plastics with an end-of-life consideration.122  Indeed, the most-studied active 

materials in ORBs are polymers that carry redox-active pendant groups, such as 2,2,6,6-

tetramethyl-4-piperidine-1-oxyl (TEMPO) and 4,4’-bipyridine derivatives 

(viologen),65,66,72,73,122,123 along non-degradable, aliphatic backbones.70,73  Although few 

studies have investigated redox-active degradable polymers and others have explored fully 

polymeric batteries (Table 1),67,74,75,124–127 none have combined these two concepts to 

create fully polymeric batteries that degrade on-demand, which is a first step in the future 

design of sustainable, recyclable batteries.67,74,75,124,125,127  Therefore, we hypothesized that 

redox-active pendant groups along a polypeptide backbone might provide a suitable 

materials platform for degradable organic radical batteries.76 

Here, we report an on-demand degradable, polypeptide-based battery (Figure 15).  

Anodic and cathodic polypeptides containing redox-active pendant groups were designed 

and synthesized, their redox activities were determined, and their behaviors in all-

polypeptide batteries were established.  Initially, each polypeptide was assembled into a  
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Table 1.  Performance of polymer-based batteries. 

 

 

lithium metal half-cell battery to elucidate their respective fundamental energy storage 

characteristics.  Then, we constructed a fully polypeptide-based battery.  As a 

demonstration of recyclability, hydrolytic degradation was conducted under acidic 

conditions with determination of the degradation products.  In addition, effects of the 

intact redox-active polypeptides and their degradation products on viabilities of three 

different cell types were quantified.  By merging degradable polypeptide backbones with 

the energy storage properties of the redox-active moieties, this bioinspired polypeptide-

based battery begins to address the challenges of conventional lithium-ion batteries (e.g., 

use of scarce resources, safety concerns, high carbon emissions, and high-cost recycling). 
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Figure 15.  Schematic design of polypeptide-based organic radical battery during 

charging (left) and discharging (right) processes. 

 

Experimental Section 

Materials 

1.  For Chemical Processes 

Acetonitrile (ACN), 3,3-dithiodipropionic acid, 4,4’-dipyridine, meta-

chloroperoxybenzoic acid (m-CPBA, ≤ 77%),  dichloromethane (DCM), N,N’-

dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), 2,2-dimethoxy-2-

phenylacetophenone (DMPA)  N,N-dimethylformamide (DMF), dimethylsulfoxide 

(DMSO), 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-OH-TEMPO, TEMPOL), 

diphosgene, hexanes, n-hexylamine, hydrocinnamic acid, iodomethane, iron (II) sulfate 

heptahydrate (FeSO4·7H2O), L-glutamic acid, methanol, propargyl alcohol, sodium iodide 

(NaI), triethylamine (TEA), trifluoroethanol (TFE), trimethylsilyl chloride (TMSCl) and 

triphosgene were purchased from Sigma-Aldrich (USA).  DL-Dithiothreitol (DTT) was 

purchased from Tokyo Chemical Industry.  6-Chloro-1-hexanol and acetic anhydride were 

purchased from Alfa-Aesar (USA).  All reagents were used as received, except for 
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propargyl alcohol, which was distilled under an atmosphere of N2 prior to use.  Ultrapure 

water (water) was collected from a Milli-Q® integral water purification system (18 

M·cm). 

 

2.  For Electrochemical Processes 

Lithium triflate (LiCF3SO3), methanol, N-methyl-2-pyrrolidinone (NMP), 

propylene carbonate (PC) and poly(acrylic acid) (PAA, Mv ~ 4,000,000 g∙mol-1) were 

purchased from Sigma-Aldrich (USA).  DCM and chloroform were purchased from VWR 

(USA).  Super P® Carbon Black (CB) was purchased from TIMCAL Graphite & Carbon.  

Vapor‐grown carbon fiber (VGCF) was purchased from Showa Denko K.K. (Japan).  

Polyvinylidene fluoride (PVDF, MW = 600,000 g∙mol-1) was purchased from MTI Corp. 

(USA).  ITO-coated glass substrates (ITO-coated glasses) were purchased from Delta 

Technologies (USA), and cleaned by subsequent sonication in soap water, water, acetone 

and isopropyl alcohol, followed by drying with N2 and ozone plasma treatment for 10 min.  

Lithium metal was purchased from Alfa-Aesar (USA). 

 

Synthesis of Viologen Polypeptides 

1.  Synthesis of 1-Methyl-4,4’-bipyridylium Iodide (MBPI, 2) 

 A solution of 4,4’-bipyridine (9.2 g, 59 mmol) and methyl iodide (4.5 mL, 72 

mmol) in dichloromethane was stirred while being heated at reflux for 2 h.  After the 

mixture was allowed to cool to r.t., the precipitate was collected via filtration, washed 

twice with diethyl ether and recrystallized from methanol/diethyl ether at -20 °C to provide 
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2 as a yellow solid (16.7 g, 56.0 mmol, 95%).  1H NMR (400 MHz, DMSO-d6, ppm) δ 

9.14 (d, 2H, J = 8 Hz), 8.87 (d, 2H, J = 4 Hz), 8.62 (d, 2H, J = 4 Hz), 8.05 (d, 2H, J = 8 

Hz), 4.39 (s, 3H).  13C NMR (101 MHz, DMSO-d6, ppm) δ 151.81, 150.98, 146.12, 

140.80, 124.91, 121.82, 47.56.  FTIR: 3150-2850, 3022, 1649, 1599, 1547, 1495, 1416, 

1333, 1283, 1221, 1192, 995, 810, 712 cm-1.  MS (m/z) [M]+ calcd. 171.0917, found 

171.0913. 

 

2.  Synthesis of (6-Chlorohexyl)-L-Glutamate (CHLG, 3) 

 6-Chloro-1-hexanol (15 mL, 0.11 mol) and tetrahydrofuran (15 mL) were added 

to a 250-mL round bottom flask charged with L-glutamic acid (10.1 g, 68.6 mmol).  The 

mixture was cooled in an ice bath, followed by dropwise addition of sulfuric acid (4 mL).  

After warming to r.t., the reaction was allowed to continue for 24 h.  Afterwards, ice-cold 

saturated aqueous sodium bicarbonate solution was slowly added to the reaction mixture.  

The product started to precipitate when the pH reached ca. 7 (monitored with pH paper).  

The crude product was collected via filtration, dissolved in water/isopropanol (100 mL, 

2/8 v/v) at 50 ºC and recrystallized at 4 ºC to afford 3 as a white solid (15.2 g, 51.0 mmol, 

83%).  1H NMR (400 MHz, DMSO-d6/TFA-d, 2/1 v/v, ppm) δ 3.85 (t, 2H, J = 6.5 Hz),  

3.78 (m, 1H), 3.42 (t, 2H, J = 6.5 Hz), 2.43-2.20 (m, 2H), 1.90 (m, 2H), 1.54 (quint, 2H , 

J12 = 6.7 Hz, J23 = 7.0 Hz), 1.41 (quint, 2H , J12 = 6.7 Hz, J23 = 7.0 Hz), 1.23-1.15 (m, 4H).  

13C NMR (101 MHz, DMSO-d6/TFA-d, 2/1 v/v, ppm) δ 172.06, 170.86, 64.35, 51.52, 

45.42, 32.25, 29.49, 28.25, 26.23, 24.96.  FTIR: 3250-2400, 3179, 3000-2500, 1742, 1726, 
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1612, 1584, 1557, 1501, 1416, 1356, 1319, 1265, 1182, 1148, 1090, 1049, 974, 929, 881, 

829, 802, 758, 714, 648 cm-1.  MS (m/z) [M+H]+ calcd. 266.1159, found 266.1163. 

 

3.  Synthesis of (6-Chlorohexyl)-L-Glutamate N-Carboxyanhydride (CHLG NCA, 4) 

 Inside an argon-filled glovebox, a 50-mL Schlenk flask was charged with 3 (4.9 g, 

18 mmol) and anhydrous tetrahydrofuran (100 mL).  The flask was then sealed, moved to 

a fume hood and placed under N2 atmosphere, followed by dropwise addition of 

diphosgene (1.2 mL, 9.9 mmol).  To protect the Schlenk lines from contamination during 

phosgenation reaction, a column charged with pellet sodium hydroxide was utilized to 

connect the Schlenk line and flask.  CAUTION:  Phosgene and its derivatives are 

extremely hazardous.  All manipulations must be performed using a reaction 

apparatus that provides for quenching phosgene released from the reaction set-up 

and is placed in a well-ventilated chemical fume hood with proper personal 

protective equipment and necessary precautions to avoid exposure.  After 24 h of 

reaction at r.t., the solvent was removed in vacuo using a double liquid nitrogen trap 

system where one trap was loaded with pellet sodium hydroxide.  The concentrated oil 

was dissolved into ethyl acetate (50 mL) and washed with ice-cold aqueous media (water, 

saturated sodium bicarbonate × 2, brine and water, 50 mL each).  The organic layer was 

dried over MgSO4, concentrated and precipitated against hexanes (× 3) to afford 4 as a 

yellow oil.  The actual mass of 4 was calculated by subtracting the mass of residual ethyl 

acetate from that of the collected oil, resulting in a yield of 3.6 g (12 mmol, 66%).  The 

mole ratio between 4 and ethyl acetate was calculated from 1H NMR.  1H NMR (400 MHz, 
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CDCl3, ppm) δ 6.48 (s, 1H), 4.41 (t, 1H, J = 4.8 Hz), 4.11 (t, 2H, J = 5.3 Hz), 3.54 (t, 2H, 

J = 5.3 Hz), 2.55 (t, 2H, J = 5.3 Hz), 2.27-2.10 (m, 2H), 1.78 (quint, 2H , J12 = 5.4 Hz, J23 

= 5.6 Hz), 1.66 (quint, 2H , J12 = 5.4 Hz, J23 = 5.6 Hz), 1.47  (quint, 2H , J12 = 5.6 Hz, J23 

= 6.8 Hz).  13C NMR (101 MHz, CDCl3, ppm) δ 172.93, 169.69, 152.02, 65.47, 57.26, 

45.18, 32.58, 30.05, 28.55, 27.14, 26.61, 25.43.  FTIR: 3500-3100, 2940, 2862, 1857, 

1782, 1728, 1371, 1242, 1175, 1105, 1045, 916, 758, 631 cm-1.  MS (m/z) [M-H]- calcd. 

290.0801, found 290.0801. 

 

4.  Synthesis of Poly((6-Chlorohexyl)-L-Glutamate)50 (PCHLG50, 5) 

 Inside an argon-filled glovebox, a flame-dried 25-mL Schlenk flask was charged 

with the monomer 4 (1.7 g, 6.0 mmol), DMF (18 mL) and a solution of hexylamine (330 

μL, 0.36 mmol·mL-1 in DMF, 0.12 mmol, monomer:initiator = 50:1).  The reaction flask 

was then sealed, moved to a fume hood and connected to a Schlenk line through a N2 

flowmeter with a drierite column as an N2 outlet.  The reaction was stirred for 12 h under 

100 mL·min-1 N2 flow at r.t. and monitored using FTIR.  When the reaction was complete, 

the mixture was concentrated in vacuo, dissolved into DCM (10 mL) and precipitated into 

ice-cold methanol thrice to afford 5 as a waxy white solid (1.4 g, 91%).  1H NMR (400 

MHz, TFA-d, ppm) δ 4.72 (m), 4.16 (m), 3.48 (m), 2.57 (m), 2.24 (m), 2.08 (m), 1.72 (m), 

1.51-1.23 (m), 0.82 (b).  13C NMR (101 MHz, TFA-d, ppm) δ 178.47, 175.60, 68.95, 

55.59, 46.37, 33.97, 32.20, 29.72, 29.08, 29.05, 28.01, 26.65.  FTIR: 3286, 3000-2800, 

1730, 1652, 1547, 1451, 1313, 1248, 1171, 1119, 1080, 978, 799, 729, 647 cm-1.  The 
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polymer exhibited an onset degradation temperature at ca. 310 °C and a Tg value of ca. 7 

°C. 

 

5.  Synthesis of Poly((6-Iodo)-L-Glutamate)50 (PIHLG50, 6) 

 Poly((6-chlorohexyl)-L-glutamate)50 (5, 0.83 g, 3.4 mmol) and NaI (5.1 g, 34 

mmol) were added into a 250-mL round bottom flask charged with acetone (50 mL).  The 

reaction was stirred for 3 d while being heated at reflux and monitored by 1H NMR 

spectroscopy.  Upon completion, the solvent was evaporated, followed by the addition of 

chloroform (50 mL).  The chloroform solution was then stored at 4 °C for 12 h to 

precipitate residual NaI, which was then removed via gravity filtration.  The filtrate was 

washed with ice-cold water (50 mL × 3), dried over MgSO4 and evaporated in vacuo to 

obtain 6 as a yellow wax (0.86 g, 76%).  1H NMR (400 MHz, CDCl3/TFA-d, 2/1 v/v, ppm) 

δ 4.64 (m), 4.14 (m), 3.20 (m), 2.54 (m), 2.16-2.01 (m), 1.83 (b), 1.67 (b), 1.45-1.37 (m), 

0.88 (b).  13C NMR (101 MHz, CD3Cl3/TFA-d, 2/1 v/v, ppm) δ 177.92, 175.09, 68.64, 

55.23, 35.04, 32.04, 31.82, 29.79, 28.98, 26.42. 8.01.  FTIR: 3283, 3000-2800, 1728, 

1651, 1547, 1451, 1395, 1328, 1249, 1207, 1169, 1120, 1080, 1029, 968, 797, 723 cm-1.  

The polymer exhibited an onset degradation temperature at ca. 273 °C and a Tg value of 

ca. 6 °C. 

 

6.  Synthesis of Viologen Polypeptide (7) 

 Inside an argon-filled glovebox, 6 (0.52 g, 1.5 mmol) and 1 (3.1 g, 16 mmol) were 

added into a 100-mL Schlenk flask charged with DMF (50 mL).  The reaction was stirred 
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for 2 d at 70 °C under N2 atmosphere.  Upon completion, the reaction mixture was dialyzed 

against water for 3 d and lyophilized to obtain 7 as a reddish brown solid (0.87 g, 89%).  

1H NMR (400 MHz, D2O, ppm) δ 9.22 (m), 9.08 (m), 8.60 (m), 8.57 (m), 4.50 (b), 4.12 

(b), 2.94-1.24 (m).  13C NMR was attempted but also provided unassignable spectra with 

high signal-to-noise ratio.  FTIR: 3287, 3000-2800, 1728, 1651, 1547, 1450, 1395, 1327, 

1250, 1173, 1117, 1080, 980, 831, 799, 719, 646 cm-1.  The polymer exhibited an onset 

degradation temperature at ca. 240 °C and a Tg value of ca. 142 °C. 

 

Synthesis of BiTEMPO Polypeptide 

1.  Synthesis of 1-Methoxy-2,2,6,6-tetramethylpiperidin-4-ol (MTEMPOL, 8) 

 4-hydroxy-1-oxyl-2,2,6,6-tetramethylpiperidine (9.2 g, 53 mmol), ferrous sulfate 

heptahydrate (17.8 g, 64.0 mmol) and DMSO (200 mL) were added to a 250-mL two-neck 

round-bottom flask, which was equipped with a thermometer and placed in a water bath, 

to maintain the reaction temperature at r.t.  A solution of 30% aqueous hydrogen peroxide 

(8.3 mL, 81 mmol) was then added dropwise over 1.5 h using a syringe pump, followed 

by an additional 1.5 h of reaction.  Upon completion, the reaction was cooled using an ice 

bath, followed by the slow addition of water (150 mL) then an aqueous sodium hydroxide 

solution (70 mL, 2.7 mmol/mL).  The mixture was stirred for 1 h and extracted DCM (200 

mL × 3).  The organic layers were combined, dried over MgSO4 and concentrated to obtain 

a yellow liquid.  Purification by flash column chromatography eluting with hexanes/ethyl 

acetate (9/1 v/v gradually increasing to 8/2 v/v) yielded 8 as a white solid (8.4 g, 45 mmol, 

84%).  1H NMR (400 MHz, DMSO-d6, ppm) δ 4.42 (d, 1H, J = 4 Hz), 3.72 (m, 1H), 3.53 



 

50 

 

(s, 3H), 1.66 (d, 2H, J = 4, 12 Hz), 1.27 (t, 2H, J = 12 Hz), 1.12 (s, 6H), 1.05 (s, 6H).  13C 

NMR (101 MHz, DMSO-d6, ppm) δ 64.90, 60.74, 59.46, 48.07, 32.92, 20.65.  FTIR: 

3500-3100, 3050-2800, 1450, 1371, 1358, 1335, 1302, 1254, 1215, 1175, 1043, 1026, 

951, 895, 721, 611 cm-1.  MS (m/z) [M+H]+ calcd. 188.1645, found 188.1644. 

 

2.  Synthesis of DiMTEMPO Disulfide (9) 

 A 500-mL round-bottom was charged with 8 (5.2 g, 30 mmol), 3,3'-

dithiodipropionic acid (2.6 g, 12 mmol), DCC (5.7 g, 28 mmol) and DCM (200 mL).  After 

stirring at 40 ºC under reflux for 1 h, DMAP (0.30 g, 2.5 mmol) was added.  The mixture 

was stirred for another 48 h, gravity-filtered, concentrated and purified by flash column 

chromatography eluting with hexanes/ethyl acetate (9/1 v/v gradually increasing to 8/2 

v/v) to afford 9 as a colorless viscous oil (4.3 g, 7.9 mmol, 64%).  1H NMR (400 MHz, 

DMSO-d6, ppm) δ 4.95 (m, 1H), 3.55 (s, 1H), 2.89 (t, 2H, J = 4 Hz), 2.66 (t, 2H, J = 4 

Hz), 1.82 (d, 2H, J = 4, 12 Hz), 1.45 (d, 2H, J = 12 Hz), 1.16 (s, 6H), 1.11 (s, 6H).  13C 

NMR (101 MHz, DMSO-d6, ppm) δ 170.64, 66.27, 66.05, 59.45, 43.57, 33.61, 32.92, 

20.44.  FTIR: 3050-2850, 1734, 1721, 1348, 1238, 1211, 1186, 1165, 1142, 1032, 997, 

951, 930, 893, 827, 750, 716, 679 cm-1.  MS (m/z) [M+H]+ calcd. 549.3027, found 

549.3022. 

 

3.  Synthesis of Thio-MTEMPO (10) 

 A 5-mL round bottom flask equipped was charged with 9 (3.9 g, 7.1 mmol), DTT 

(2.2 g, 14 mmol) and DCM (1 mL).  The reaction mixture was bubbled with N2 for 1 h, 
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followed by the addition of TEA (4 mL, 29 mmol).  After stirring for 24 h, the crude 

product was washed with 1 M HCl (100 mL × 2) and brine (100 mL).  The organic layer 

was dried over MgSO4, filtered, concentrated and purified by flash column 

chromatography eluting with DCM to afford 10 as a colorless liquid (3.5 g, 13 mmol, 

90%).  1H NMR (400 MHz, DMSO-d6, ppm) δ 4.95 (m, 1H), 3.55 (s, 1H), 2.64 (m, 2H), 

2.57 (m, 2H), 2.44 (t, 1H, J = 8 Hz) 1.82 (dd, 2H, J = 4, 12 Hz), 1.45 (t, 2H, J = 12 Hz), 

1.16 (s, 6H), 1.11 (s, 6H).  13C NMR (101 MHz, DMSO-d6, ppm) δ 170.79, 66.09, 65.04, 

59.46, 43.60, 38.07, 32.62, 20.45, 19.25.  FTIR: 3050-2750, 1730, 1470, 1429, 1360, 

1306, 1242, 1175, 1038, 1001, 955, 883, 837, 719 cm-1.  MS (m/z) [M+H]+ calcd. 

276.1628, found 276.1625. 

 

4.  Synthesis of γ-Propargyl-L-Glutamate Hydrochloride (PLG HCl, 11) 

 In a 1-L round bottom flask, L-glutamic acid (10.8 g, 73.4 mmol) was suspended 

in distilled propargyl alcohol (400 mL, 7 mol) under N2 for 1 h at r.t., followed by the 

dropwise addition of TMSCl (30 mL, 0.2 mol) over 1 h.  The suspension was stirred until 

it became homogeneous (ca. 36 h).  The resulting solution was then precipitated into 

diethyl ether (1.5 L) and the crude product was collected via vacuum filtration.  The 

obtained solid was dissolved in MeOH (200 mL), filtered and precipitated into diethyl 

ether (1.5 L).  The precipitate was collected via vacuum filtration, washed with diethyl 

ether and dried in vacuo to afford 11 as a while solid (13.3 g, 60.0 mmol, 82%).  1H NMR 

(400 MHz, CD3OD, ppm) δ 2.14-2.31 (m, 2H), 2.58-2.72 (m, 2H), 2.94 (t, 1H, J = 2.5 

Hz), 4.06 (t, 1H, J = 6.7 Hz), 4.74 (d, 2H, J = 2.5 Hz).  13C NMR (101 MHz, CD3OD, 
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ppm) δ 26.51, 30.34, 53.13, 54.84, 76.42, 78.57, 171.35, 172.78.  FTIR: 3350-2350, 3294, 

3152, 3050-2500, 1748, 1722, 1611, 1489, 1454, 1421, 1362, 1325, 1264, 1223, 1173, 

1144, 1121, 1084, 1043, 1003, 957, 837, 791, 685, 662 cm-1.  MS (m/z) [M+H]+ calcd. 

186.0766, found 186.0752. 

 

5.  Synthesis of γ-Propargyl-L-Glutamate N-Carboxyanhydride (PLG NCA, 12) 

 Into a 250-mL three-necked round bottom flask equipped with a glass Pasteur 

pipette as an N2 inlet and a condenser connected to a base trap were charged 11 (4.0 g, 18 

mmol) and anhydrous THF (150 mL).  The suspension was heated at reflux with N2 

bubbling, followed by the dropwise addition of a triphosgene solution in THF (10 mL, 6.0 

mmol/mL).  CAUTION:  Phosgene and its derivatives are extremely hazardous.  All 

manipulations must be performed using a reaction apparatus that provides for 

quenching phosgene released from the reaction set-up and is placed in a well-

ventilated chemical fume hood with proper personal protective equipment and 

necessary precautions to avoid exposure.   The reaction was stirred for 6 h during which 

the suspension slowly became homogeneous.  After cooling in an ice bath, the crude 

solution was gravity-filtered.  The filtrate was then washed with ice-cold aqueous media 

(water, saturated aqueous sodium bicarbonate, brine and water).  The organic layer was 

dried over MgSO4, filtered, concentrated and purified by precipitation against hexanes (× 

3) to obtain a yellow viscous oil.  The actual mass of 12 was calculated by subtracting the 

mass of residual ethyl acetate from that of the collected oil, resulting in a yield of 1.7 g 

(8.0 mmol, 45%).  The mole ratio between 12 and ethyl acetate was calculated from 1H 
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NMR.  1H NMR (400 MHz, CDCl3, ppm) δ 2.11-2.34 (m, 2H), 2.52 (t, 1H, J = 2.5 Hz), 

2.61 (t, 2H, J = 7.1 Hz), 4.43 (dt, 1H, J = 5.8, 1.0 Hz), 4.71 (d, 2H, J = 2.5 Hz), 6.61 (br, 

1H).  13C NMR (101 MHz, CDCl3, ppm) δ 26.7, 29.4, 52.6, 56.8, 75.5, 77.2, 152.3, 169.5, 

171.8.  FTIR: 3500-3100, 3050-2850, 2129, 1856, 1776, 1730, 1439, 1371, 1306, 1275, 

1244, 1163, 1103, 1016, 991, 920, 795, 756 cm-1.  MS (m/z) [M-H]- calcd. 210.0408, 

found 212.0401. 

 

6.  Synthesis of Poly(γ-Propargyl-L-Glutamate)50 (PPLG50, 13) 

 Inside an argon-filled glovebox, a flame-dried 25-mL Schlenk flask was charged 

with the monomer 12 (0.69 g, 3.3 mmol), DMF (7 mL) and a solution of hexylamine (180 

μL, 0.36 mmol·mL-1 in DMF, 0.065 mmol, monomer:initiator = 50:1).  The reaction flask 

was then sealed, moved to a fume hood and connected to a Schlenk line through a N2 

flowmeter with a drierite column as an N2 outlet.  The reaction was stirred for 12 h under 

100 mL·min-1 N2 flow and monitored using FTIR.  When the reaction was complete, the 

mixture was concentrated in vacuo, dissolved into DCM (10 mL) and precipitated into 

ice-cold diethyl ether thrice to afford 13 as a white solid (0.50 g, 3.0 mmol, 92%).  1H 

NMR (400 MHz, CDCl3/TFA-d, 2/1 v/v, ppm) δ 4.49 (s), 4.42 (b), 3.07 (b), 2.31 (s), 2.28 

(b), 1.98 (b), 1.82 (b), 1.31 (b), 1.08 (b), 0.67 (b).  13C NMR (101 MHz, CDCl3/TFA-d, 

2/1 v/v, ppm) δ 176.69, 175.28, 78.17, 77.90, 55.67, 55.42, 31.97, 28.89.  FTIR: 3500-

3150, 3100-2850, 2127, 1736, 1649, 1545, 1447, 1389, 1315, 1246, 1159, 1119, 1082, 

1024, 991, 934, 795, 644 cm-1.  The polymer exhibited an onset degradation temperature 

at ca. 253 °C and a Tg value of 7 °C. 
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7.  Synthesis of Poly(γ-Propargyl-L-Glutamate)50-graft-MTEMPO (PPLG50-g-

MTEMPO, 14) 

 A 40-mL glass vial was charged with 13 (92.0 mg, 0.550 mmol), 9 (0.61 g, 2.2 

mmol) and DMPA (0.15 g, 0.58 mmol) and DMF (10 mL).  The vial was then sealed with 

a septum and the solution was bubbled with N2 for 30 min, followed by irradiation for 2 h 

using a UV reaction chamber (equipped with Philips UV bulbs, 9W, 350–400 nm).  Upon 

completion, the mixture was precipitated into ice-cold methanol (50 mL × 3) and 

acetonitrile (50 mL × 3) to afford 14 as a white solid (0.33 g, 84%).  Overlapping 1H NMR 

signals made distinct peak assignments difficult (see Appendix Figure 45).  13C NMR 

was attempted but also provided unassignable spectra with high signal-to-noise ratio.  

FTIR: 3292, 3050-2800, 1730, 1651, 1547, 1454, 1360, 1315, 1240, 1165, 1082, 1037, 

999, 953, 893, 833, 719 cm-1.  The polymer exhibited an onset degradation temperature at 

ca. 288 °C and a Tg value of ca. 27 °C. 

 

8.  Synthesis of BiTEMPO Polypeptide (15) 

 A solution of m-CPBA (0.53 g, 3.1 mmol) in DCM (10 mL) was added slowly into 

an ice-cold 250-mL round-bottom flask containing 14 (0.14 g, 0.19 mmol) and DCM (30 

mL).  The reaction was stirred for 4 h at r.t. and washed with ice-cold aqueous media 

(saturated aqueous sodium bicarbonate × 2, brine and water, 50 mL each).  The organic 

layer was dried over MgSO4, filtered, concentrated and precipitated (× 3) into ice-cold 

hexanes to afford 15 as a light orange solid (0.13 g, 87%).  Overlapping 1H NMR signals 
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made distinct peak assignments difficult (see Appendix Figure 46).  13C NMR was 

attempted but also provided unassignable spectra with high signal-to-noise ratio.  The 

oxidation efficiency was determined with UV-Vis, electron paramagnetic resonance and 

X-ray photoelectron spectroscopies.  FTIR: 3292, 3050-2800, 1732, 1651, 1547, 1464, 

1364, 1314, 1238, 1174, 1123, 1049, 1007, 860, 735, 681 cm-1.  The polymer exhibited an 

onset degradation temperature at ca. 240 °C and a Tg value of ca. 115 °C. 

 

Synthesis of Viologen Analog 

1.  Synthesis of 6-Chlorohexyl Hydrocinnamate (CHHC, 16) 

 Hydrocinnamic acid (10.0 g, 66.6 mmol), 6-chlorohexanol (15 mL, 0.11 mol) and 

THF (15 mL) were added to a 500-mL round bottom flask in an ice bath, followed by the 

slow addition of sulfuric acid (4 mL).  The reaction mixture was allowed to warm to r.t. 

and stirred for 24 h.  Afterwards, ice-cold saturated aqueous sodium bicarbonate was 

slowly added to the reaction mixture to neutralize the solution (monitored by pH paper).  

The crude product was then extracted with DCM (100 mL × 3).  The combined organic 

layers were dried over MgSO4, concentrated and purified by flash column chromatography 

eluting with hexanes/ethyl acetate (8/2 v/v gradually increasing to 7/3 v/v) to obtain 16 as 

a colorless oil (14.6 g, 54.3 mmol, 82%).  1H NMR (400 MHz, DMSO-d6, ppm) δ 7.29-

7.16 (m, 5H), 3.98 (t, 2H, J = 6.6 Hz), 3.61 (t, 2H, J = 6.6 Hz), 2.84 (t, 2H, J = 7.5 Hz), 

2.61 (t, 2H, J = 7.5 Hz), 1.68 (quint, 2H, J = 6.6, 7.5 Hz), 1.52 (quint, 2H, J = 6.6, 7.5 Hz), 

1.40-1.21 (m, 4H).  13C NMR (101 MHz, DMSO-d6, ppm) δ 172.21, 140.47, 128.28, 

126.04, 64.68, 45.30, 35.04, 31.89, 31.30, 27.96, 25.88, 24.60.  FTIR: 3050-2800, 1730, 
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1604, 1497, 1454, 1358, 1292, 1240, 1159, 1078, 1047, 978, 904, 735, 698, 648 cm-1.  MS 

(m/z) [M+H]+ calcd. 269.1308, found 269.1306. 

 

2.  Synthesis of 6-Iodohexyl Hydrocinnamate (IHHC, 17) 

 A 250-mL round bottom flask was charged with 16 (5.4 g, 20 mmol), NaI (5.6 g, 

37 mmol) and acetone (50 mL).  The mixture was stirred for 3 d while being heated at 

reflux.  The solvent was then removed in vacuo, followed by the addition of DCM (50 

mL), and removal of insoluble salts via gravity filtration.  The filtrate was washed with 

ice-cold water (50 mL × 3), dried over MgSO4 and purified by flash column 

chromatography eluting with hexanes/ethyl acetate (8/2 v/v gradually increasing to 7/3 

v/v) to obtain 17 as a dark orange oil (6.7 g, 19 mmol, 93%).  1H NMR (400 MHz, DMSO-

d6, ppm) δ 7.29-7.16 (m, 5H), 3.98 (t, 2H, J = 6.6 Hz), 3.26 (t, 2H, J = 6.6 Hz), 2.85 (t, 

2H, J = 7.5 Hz), 2.62 (t, 2H, J = 7.5 Hz), 1.73 (quint, 2H , J = 6.6, 7.5 Hz), 1.51 (quint, 

2H , J = 6.6, 7.5 Hz), 1.36-1.20 (m, 4H).  13C NMR (101 MHz, DMSO-d6, ppm) δ 172.20, 

140.46, 128.27, 126.04, 63.67, 35.04, 32.73, 30.29, 29.44, 27.91, 24.23, 8.91.  FTIR:  

3100-2800, 1730, 1602, 1497, 1454, 1425, 1389, 1358, 1290, 1240, 1207, 1159, 1076, 

1030, 949, 905, 748, 698 cm-1.  MS (m/z) [M+Na]+ calcd. 383.0484 found 383.0473. 

 

3.  Synthesis of 1-(6-((3-Phenylpropanoyl)oxy)hexyl)-[4,4'-bipyridin]-1-ium Iodide 

(PBPI, 18) 

 A 250-mL round bottom flask was charged with 17 (1.2 g, 3.3 mmol), 4,4’-

bipyridine (1.1 g, 7.7 mmol) and acetonitrile (50 mL).  The reaction was stirred at 70 °C 
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for 24 h and monitored by 1H NMR.  Upon completion, the mixture was concentrated and 

precipitated into diethyl ether.  The crude product was collected via vacuum filtration, 

dissolved in acetonitrile and precipitated again into diethyl ether (× 2) to obtain 18 as a 

yellow solid (1.5 g, 2.9 mmol, 86%).  1H NMR (400 MHz, DMSO-d6, ppm) δ 9.24 (d, 2H, 

J = 8.0 Hz), 8.87 (dd, 2H, J = 2.8, 6.2 Hz), 8.64 (d, 2H, J = 8.0 Hz), 8.05 (dd, 2H, J = 2.8, 

6.2 Hz), 7.29-7.16 (m, 5H), 4.63 (t, 2H, J = 7.5 Hz), 3.99 (t, 2H, J = 6.5 Hz), 3.32 (s, 3H), 

2.83 (t, 2H, J = 7.5 Hz), 2.61 (t, 2H, J = 7.5 Hz), 1.94 (b, 2H), 1.53 (b, 2H), 1.30 (b, 4H).  

13C NMR (101 MHz, DMSO-d6, ppm) δ 172.20, 152.25, 150.98, 145.27, 140.84, 140.44, 

128.29, 126.06, 125.38, 121.90, 63.62, 60.30, 35.01, 30.51, 30.27, 27.83, 25.00, 24.74.  

FTIR: 3150-2750, 1728, 1638, 1600, 1547, 1524, 1495, 1466, 1416, 1362, 1340, 1296, 

1269, 1221, 1179, 1150, 1076, 970, 914, 862, 814, 766, 731 cm-1.  MS (m/z) [M]+ calcd. 

389.2229, found 389.2231. 

 

4.  Synthesis of Viologen Analog (19) 

 A 50-mL round bottom flask was charged with 18 (1.1 g, 2.1 mmol) and 

acetonitrile (20 mL), followed by the addition of iodomethane (0.5 mL, 8 mmol).  The 

reaction mixture was stirred at 80 °C for 24 h.  After being cooled to r.t., the precipitate 

was collected via centrifugation and washed with diethyl ether to obtain 19 as an orange 

solid (1.1 g, 1.7 mmol, 81%).  1H NMR (400 MHz, DMSO-d6, ppm) δ 9.40 (d, 2H, J = 6.8 

Hz), 9.30 (d, 2H, J = 6.8 Hz), 8.81 (d, 2H, J = 6.8 Hz), 8.78 (d, 2H, J = 6.8 Hz), 7.29-7.16 

(m, 5H), 4.68 (t, 2H, J = 6.6 Hz), 4.44 (s, 3H), 3.99 (t, 2H, J = 6.6 Hz), 2.84 (t, 2H, J = 7.5 

Hz), 2.61 (t, 2H, J = 7.5 Hz), 1.96 (b, 2H), 1.54 (b, 2H), 1.36-1.20 (b, 4H).  13C NMR (101 
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MHz, DMSO-d6, ppm) δ 172.20, 148.48, 148.10, 146.59, 145.73, 140.46, 128.29, 126.54, 

126.07, 63.62, 60.78, 48.07, 35.02, 30.55, 30.26, 27.83, 24.99, 24.72.  FTIR: 3130-2800, 

1726, 1636, 1557, 1504, 1450, 1352, 1271, 1227, 1182, 1144, 1076, 1049, 980, 843, 816, 

756, 731, 706 cm-1.  MS (m/z) [M]2+ calcd. 202.1226 (without iodide), found 202.25. 

 

Synthesis of BiTEMPO Analog 

1.  Synthesis of Propargyl Hydrocinnamate (PHC, 20) 

 Hydrocinnamic acid (10.0 g, 66.6 mmol) and propargyl alcohol (40 mL, 0.7 mol) 

were added to a 250-mL round bottom flask.  The mixture was cooled to ice-cold 

temperature, followed by the slow addition of TMSCl (13 mL, 0.10 mol).  The reaction 

was allowed to warm to r.t. and stirred for 24 h.  Afterwards, ice-cold saturated aqueous 

sodium bicarbonate was slowly added to the reaction mixture to neutralize the solution 

(monitored by pH paper).  The crude product was then extracted with DCM (100 mL × 

3).  The combined organic layers were dried over MgSO4, concentrated and purified by 

flash column chromatography eluting with hexanes/ethyl acetate (8/2 v/v gradually 

increasing to 7/3 v/v) to obtain 20 as a colorless oil (10.8 g, 57.4 mmol, 86%).  1H NMR 

(400 MHz, CD2Cl2, ppm) δ 7.31-7.18 (m, 5H), 4.67 (d, 2H, J = 2.5 Hz), 2.95 (t, 2H, J = 

7.6 Hz), 2.67 (t, 2H, J = 8 Hz), 2.52 (t, 2H, J = 2.5 Hz).  13C NMR (101 MHz, CD2Cl2, 

ppm) δ 171.82, 140.45, 128.44, 128.27, 126.25, 77.41, 74.48, 51.80, 35.46, 30.68.  FTIR: 

3296, 3100-2800, 2116, 1738, 1605, 1497, 1454, 1375, 1240, 1146, 1078, 1045, 1024, 

988, 941, 893, 737, 698, 638 cm-1.  MS (m/z) [M+H]+ calcd. 189.0916, found 189.0928. 
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2.  Synthesis of Hydrocinnamate-bis(propionic acid) (HC-bisPA, 21) 

 A 40-mL glass vial was charged with 20 (3.9 g, 21 mmol), 3-mercaptopropionic 

acid (8 mL, 0.09 mol) and DMPA (1.1 g, 4.3 mmol).  The vial was sealed with a septum, 

and the solution was bubbled with N2 for 30 min then irradiated for 2 h using a UV reaction 

chamber (equipped with Philips UV bulbs, 9W, 350–400 nm), resulting in a yellow 

solution upon completion.  DCM (50 mL) was then added into the crude product.  The 

solution was then washed with water (50 mL × 3).  The organic layer was dried over 

MgSO4 and purified by flash column chromatography eluting with DCM/MeOH (0 vol% 

MeOH gradually increasing to 5 vol% MeOH) to obtain 21 as a colorless liquid (4.7 g, 12 

mmol, 56%).  1H NMR (400 MHz, CD2Cl2, ppm) δ 7.30-7.18 (m, 5H), 4.33-4.19 (m, 2H), 

3.04 (quint, 1H, J = 6.6 Hz), 2.94 (t, 2H, J = 7.6 Hz), 2.87-2.64 (m, 12H).  13C NMR (101 

MHz, CD2Cl2, ppm) δ 178.24, 173.11, 141.11, 129.00, 128.82, 126.78, 65.91, 45.61, 

36.18, 35.39, 35.33, 35.21, 31.33, 28.14, 26.81.  FTIR: 3500-2250, 3150-2500, 1736, 

1703, 1603, 1497, 1454, 1416, 1404, 1341, 1244, 1192, 1146, 1078, 930, 735, 698, 648 

cm-1.  MS (m/z) [M-H]- calcd. 399.0942, found 399.0942. 

 

3.  Synthesis of Hydrocinnamate-bis(MTEMPO) (HC-bis(MTEMPO), 22) 

 A 100-mL round bottom flask was charged with 21 (1.5 g, 3.7 mmol), 7 (1.5 g, 8.7 

mmol), DCC (1.7 g, 8.7 mmol), DMAP (0.1 g, 0.8 mmol) and DCM (50 mL).  The reaction 

mixture was stirred for 24 h at r.t.  Afterwards, the precipitate was gravity-filtered and the 

filtrate was purified by flash column chromatography eluting with hexanes/ethyl acetate 

(8/2 v/v gradually increasing to 7/3 v/v) to obtain 22 as a colorless liquid (2.2 g, 3.0 mmol, 
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71%).  1H NMR (400 MHz, CD2Cl2, ppm) δ 7.31-7.18 (m, 5H), 5.0 (d, 2H, J = 2.5 Hz), 

4.33-4.18 (dd, 1H, J = 53, 5.2 Hz), 4.30-4.21 (dd, 1H, J = 31, 5.2 Hz),  3.59 (s, 6H), 3.01 

(quintet, 1H, J = 6.5, 6.5  Hz), 2.95 (t, 2H, J = 7.6 Hz), 2.85-2.74 (m, 6H), 2.66 (t, 2H, J 

= 7.6 Hz), 2.56 (m, 4H), 1.83 (dd, 4H, J = 12, 4.0 Hz), 1.52 (t, J = 12 Hz, 4H), 1.20 (s, 

12H), 1.16 (s, 12H).  13C NMR (101 MHz, CD2Cl2, ppm) δ 172.89, 171.66, 171.57, 

141.15, 129.01, 128.83, 126.78, 67.58, 65.87, 60.41, 45.45, 44.49, 36.21, 35.30, 33.37, 

31.37, 28.62, 27.18, 23.22, 21.00.  FTIR: 3050-2800, 1730, 1454, 1420, 1375, 1360, 1294, 

1240, 1173, 1080, 1038, 999, 953, 893, 831, 737, 698 cm-1.  MS (m/z) [M+Na]+ calcd. 

761.3840, found 761.3826. 

 

4.  Synthesis of BiTEMPO Analog (23) 

 A solution of m-CPBA (0.53 g, 8.7 mmol) in DCM (10 mL) was slowly added into 

an ice-cold 250-mL round-bottom flask containing 22 (0.53 g, 0.72 mmol) and DCM (50 

mL).  The reaction was stirred for 4 h at r.t. and washed with ice-cold aqueous media 

(saturated aqueous sodium bicarbonate × 2, brine and water, 50 mL each).  The organic 

layer was dried over MgSO4, filtered, concentrated and purified by flash column 

chromatography eluting with DCM/MeOH (0 vol% MeOH gradually increasing to 5 vol% 

MeOH) to obtain 23 as an orange solid (0.3 g, 0.4 mmol, 53%).  1H NMR (400 MHz, 

TFA-d, ppm) δ 7.22-7.19 (m, 5H), 5.98 (m, 1H), 5.31 (m, 1H), 4.85 (b, 1H), 4.63 (m, 1H), 

4.21-3.97 (m, 2H), 3.76-3.47 (m, 5H), 3.12-2.76 (m, 12H), 2.32 (m, 2H), 2.07 (m, 2H), 

1.78-1.50 (m, 24H).  FTIR: 3050-2800, 1732, 1497, 1464, 1420, 1364, 1315, 1238, 1177, 
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1125, 1051, 984, 862, 752, 700, 696 cm-1.  MS (m/z) [M+H]+ calcd. 773.3353, found 

773.3375. 

 

Chemical Characterization 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were 

recorded for powder samples on an IR Prestige 21 system (Shimadzu Corp., Japan) and 

analyzed using IRsolution v. 1.40 software.  Circular dichroism (CD) spectra were 

recorded on a Chirascan CD spectrometer from Applied Photophysics, Ltd. (Leatherhead, 

UK) equipped with a 150-Watt xenon arc lamp.  The polymer solutions for CD 

measurements were 0.1 mg·mL-1 ACN.  CD spectra were acquired between 180 and 280 

nm, using a wavelength step of 1.0 nm, in a quartz cell with a path length of 1.0 cm, and 

analyzed using Pro-Data v. 5 software.  Electron paramagnetic resonance (EPR) spectra 

were recorded on an X-Band Bruker EMS spectrometer with an Oxford ESR900 liquid 

helium cryostat.  X-ray photoelectron spectroscopy (XPS) measurements of the 

polypeptide/analog thin films were recorded on an Omicron XPS system with Argus 

detector using Omicron’s 400 dual Mg/Al X-ray source.  The thin films were prepared by 

drop-casting 300 μL of each polymer/analog solution (4 mg·mL-1 in CHCl3) on ITO-

coated glass.  After drop-casting, the thin films were dried at ambient conditions for 24 h, 

followed by drying under vacuum at r.t. for 24 h before XPS measurements.  1H and 13C 

nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 400 spectrometer.  

Chemical shifts were referenced to the solvent resonance signals.  High resolution 

electrospray ionization mass spectrometry (ESI-HRMS) experiments were performed 
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using a Thermo Scientific Q Exactive Focus (Thermo Scientific, USA) in both positive 

and negative mode.  The sample was injected into a 10 µL loop and methanol was used as 

a mobile phase at a flow rate of 100 µL·min-1.  The Q Exactive Focus HESI source was 

operated in full MS in positive mode.  The mass resolution was tuned to 70000 FWHM at 

m/z 200.  The spray voltage was set to 3.75 kV for positive mode and 3.3 kV for negative 

mode, and the sheath gas and auxiliary gas flow rates were set to 7 and 0 arbitrary units, 

respectively.  The transfer capillary temperature was held at 250 °C and the S-Lens RF 

level was set at 50 V.  Exactive Series 2.8 SP1/Xcalibur v. 4.0 software was used for data 

acquisition and processing. 

 

Thermal Analysis 

Thermogravimetric analysis (TGA) was performed under nitrogen atmosphere 

using a Mettler-Toledo model TGA 2 (Mettler-Toledo, Inc., Columbus, OH) with a 

heating rate of 10 °C·min−1.  Measurements were analyzed using Mettler-Toledo STARe 

v. 7.01 software.  Glass transition temperatures (Tg) were measured by modulated 

differential scanning calorimetry (MDSC) on a Q200 DSC (TA Instruments) with a heat-

cool-heat cycle.  The samples were ramped from -20 °C to 200 °C at a rate of 5 °C·min−1 

with amplitude of 1.272 °C for a period of 60 s with nitrogen purge at 50 mL·min‒1.  The 

Tg was taken as the inflection point of the second heating cycle. 

 

Electrochemical Characterization 

All electrochemical measurements were performed in an argon-filled glovebox 

with a Solartron Electrochemical Interface 1287 potentiostat/galvanostat (Ametek, Inc., 
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USA) unless otherwise noted.  All calculations for polymers were done based on the molar 

mass of the repeat units. 

 

1.  Fabrication and Electrochemical Characterization of Polypeptide Thin Films in 

Three Electrode Beaker Cells 

Polypeptide thin films were prepared by drop-casting 300 μL of the polypeptide 

solution onto clean ITO-coated glass.  The polypeptide solution was composed of 4 mg of 

polypeptide in 1 mL of MeOH/H2O (1/1 v/v) for viologen polypeptide or CHCl3 for 

biTEMPO polypeptide.  After drop- casting, the thin films were dried at ambient 

conditions for 24 h, followed by drying under vacuum at r.t. for 24 h before 

electrochemical testing.  Composite electrodes for both polymers were fabricated by 

preparing a solution of CB (60 wt%), biTEMPO polypeptide or viologen polypeptide (30 

wt%) and PVDF binder polymer (10 wt%) in NMP (1 mL for 13.3 mg slurry).  300 μL of 

the slurry was then drop-cast onto a clean ITO-coated glass substrate.  After drop-casting 

the slurry onto the substrates, the electrodes were dried at 40°C under ambient pressure 

for two days before drying under vacuum at r.t. for 24 h. 

 The polypeptide thin films on ITO-coated glass were utilized in a three-electrode 

beaker cell as the working electrode with lithium metal counter and reference electrodes, 

and 20 mL of 0.5 M LiCF3SO3 in PC for the electrolyte.  The thin films were conditioned 

using three cyclic voltammetry (CV) cycles at 10 mV·s-1 followed by CV at different scan 

rates (10, 25, 50 and 100 mV·s-1). 
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2.  Electrochemical Characterization of Analog Solutions in Three-electrode Beaker 

Cells 

Solution state CV was conducted for the viologen and biTEMPO analogs.  The 

analogs were dissolved at 1 mM in 20 mL of 0.5 M LiCF3SO3 in PC electrolyte.  In the 

three-electrode beaker cell for solution state CV, a glassy carbon working electrode was 

used with lithium metal counter and reference electrodes (Appendix Figure 55A).  After 

three conditioning cyclic voltammetry (CV) cycles at 10 mV·s-1, CV was performed at 

different scan rates (10, 25, 50 and 100 mV·s-1).  All electrochemical measurements were 

performed in an argon filled glovebox with a Solartron Electrochemical Interface 1287 

potentiostat/galvanostat unless otherwise noted. 

 

3.  Theoretical Capacity Calculation 

The theoretical capacities of the polypeptides were calculated using  Equation 2 

with 
wM  as the molar mass of the polymer repeat unit of each of the redox-active 

polypeptides, using the discharged states for both pendant groups (TEMPO and 

viologen2+).  For the viologen polypeptide, the iodide ions were considered in the molar 

mass of the repeat unit.  The theoretical capacities were 81.4 mA·h·g-1 for the viologen 

polypeptide and 69.4 mA·h·g-1 for the biTEMPO polypeptide.  The theoretical capacity 

of the full cell composed of a biTEMPO polypeptide-based cathode and a viologen 

polypeptide-based anode was calculated using Equation 3. 
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4.  Fabrication and Electrochemical Characterization of Polypeptide Composite 

Electrodes in Three-electrode Beaker Cells 

 Composite electrodes for both polypeptides were fabricated by preparing a slurry 

of viologen polypeptide or biTEMPO polypeptide (30 wt%), CB (60 wt%) and PVDF 

binder polymer (10 wt%) in NMP (1 mL for 13.3 mg slurry).  300 μL of the slurry was 

then drop-casted onto a clean ITO-coated glass.  After drop-casting, the electrodes were 

dried at 40 °C for 2 d before drying under vacuum at r.t. for 24 h.  The composite electrodes 

were utilized in a half sandwich cell as working electrodes with a lithium metal reference 

electrode and filter paper pre-soaked with 0.5 M LiCF3SO3 in PC as the separator 

(Appendix Figure 55C).  The fabricated electrodes were also utilized in a three-electrode 

beaker cell as working electrodes with lithium metal reference and counter electrodes and 

20 mL of 0.5 M LiCF3SO3 in PC as electrolyte (Appendix Figure 55B). 

CV (at 10 mV·s-1) and galvanostatic charge-discharge (5 cycles each at 1, 2, 5, 10 

and 20 C followed by 25 cycles at 1 C) were performed.  1 C is defined as the current 

required to discharge the active material in 1 h.  The current ( I ) for each C-rate was 

calculated using the theoretical capacity and coated mass ( X ) of the polypeptide (as 

shown below for a biTEMPO composite electrode at 1 C). 

 
71.3 mA h 1

 (mA) (  g polypeptide)
g polypeptid  e 1 h

I X
   

=    
  

1 h Equation 6. 
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5.  Fabrication and Electrochemical Characterization of Fully Polypeptide Sandwich 

Cells 

Fully polypeptide electrochemical sandwich cells were assembled with viologen 

polypeptide composite anodes, biTEMPO polypeptide composite cathodes and 

electrolyte-soaked filter paper separators (Appendix Figure 55D).  The electrolyte was 

0.5 M LiCF3SO3 in PC.  Before assembling the sandwich cell, the viologen polypeptide 

electrodes were conditioned with three cyclic voltammetry (CV) cycles at 10 mV·s-1 in a 

three-electrode beaker cell containing 0.5 M LiCF3SO3 in propylene carbonate (PC) 

electrolyte with lithium metal counter and reference electrodes.  CV of the full sandwich 

cell was conducted at 10 mV·s-1 before galvanostatic charge-discharge at 1 C for 250 

cycles.  Electrochemical characterization of the polypeptides as composite electrodes in 

three-electrode and full beaker cell configurations was also conducted (Appendix Figure 

55D).  The current ( I ) for each C-rate was calculated using the theoretical capacity and 

coated mass of the biTEMPO polypeptide using Equation 6. 

 

Degradation Study 

Viologen polypeptide and biTEMPO polypeptide were exposed to 0.01 M, 1 M 

and 6 M HCl at 2.5 mg⋅mL-1
 over 24 h at r.t., 50, 80 and 110 °C.  Poly(γ-benzyl-L-

glutamate)50, small-molecule analogs of the polypeptides and 4-OH-TEMPO were 

hydrolyzed at 2.5 mg⋅mL-1
 with 1 M HCl over 24 h at 110 °C to guide the breakdown of 

the polypeptide backbones and sidechains. 
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Analysis of the degradation products was performed using ESI-HRMS and liquid 

chromatography (LC) coupled with ESI-HRMS (LC-ESI-HRMS).  A Thermo Scientific 

Ultimate 3000 Series LC (Thermo Scientific, Waltham, MA) coupled with a Qexactive 

Focus mass spectrometer (Thermo Scientific, Waltham, MA) was used for analysis.  A 

Scherazo SM-C18 (150 × 2 mm, 3 μm particle size) column (Imtakt, Japan) was used for 

chromatographic separation.  The mobile phase consisted of 20 mM NH4HCO2 in H2O 

(eluent A) and 100 mM NH4HCO2 in H2O/ACN (1/1 v/v, eluent B).  Flow rate was set at 

0.3 mL⋅min-1 and 10 μL of each sample was injected.  The column compartment was held 

at 30 °C.  Chromatographic gradient elution was set by first equilibrating the column for 

3 min at 5% B. Eluent B was then gradually increased from 5% to 100% for 18 min and 

held at 100% for 3 min.  The eluent was then set to the initial mobile phase condition (5% 

B) in 0.1 min and kept constant for 3 minutes.  The conditions for the mass spectrometry 

were similar as described above, except that the capillary temperature was set to 350 °C 

and that the sheath gas and auxiliary gas flow rates were set to 35 and 8 arbitrary units, 

respectively. 

 

Cell Viability Study 

Preosteoblast cells (MC3T3 cells) were purchased from ATCC (Manassas, VA) 

and cultured in Alpha Minimum Essential Medium with ribonucleosides but without 

ascorbic acid supplemented with 10% fetal bovine serum and 1% Penicillin-Streptomycin 

(Millipore Sigma, St. Louis, MO) with the final concentrations of 100 U⋅mL-1 penicillin, 

100 µg⋅mL-1 streptomycin.  Bovine coronary venular endothelial cells (CVECs) were 
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kindly gifted by Professors Cynthia J. Meininger and Andreea Trache at Texas A&M 

Health Science Center.  CVECs were cultured in Dulbecco's Modified Eagle Medium: 

Nutrient Mixture F-12 (DMEM/F-12) supplemented with 10% Fetal Bovine Serum and 

1% antibiotic (final concentration as 100 U⋅mL-1 penicillin, 100 U⋅mL-1 streptomycin, 

0.25 mg⋅mL-1 amphotericin B (Lonza, Walkersville, MD) and 20 units⋅mL-1 heparin 

(Midwest Vet Supply, Lakeville, MN).  Mouse fibroblast cells (NIH/3T3) were purchased 

from ATCC (Manassas, VA) and cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum and 1% Penicillin-Streptomycin 

(Millipore Sigma, St. Louis, MO) with final concentrations of 100 U⋅mL-1 penicillin, 100 

µg⋅mL-1 streptomycin.  Reagents were purchased from Thermo Fisher Scientific 

(Waltham, MA) unless otherwise described.   

 CellTiter 96 AQ One Solution Cell Proliferation Assay was purchased from 

Promega and used without modification, as described previously.  Cells were grown to 

confluency.  Viologen polypeptide, biTEMPO polypeptide, viologen analog and 

biTEMPO analog were dissolved in sterile DMSO at 10 mg⋅mL-1 whereas their degraded 

products were dissolved in sterile PBS buffer pH 7.6 at similar concentrations.  All testing 

substances were filtered via sterile syringe filter and added to the cells at concentrations 

indicated in Figure 22 and Appendix Figure 73 to Appendix Figure 76 (0.05 μg⋅mL-1 

to 100 μg⋅mL-1).  Control cells were incubated with fresh culture medium.  The plates 

were then incubated at 37 °C for 72 h.  Subsequently, a 20-μL aliquot of MTS reagent was 

added to each well and incubated for another 2 h.  The absorbance was recorded at 490 
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nm.  Cell viability below 50% was considered indicative of cytotoxicity.  Data are 

expressed as mean ± s.d. of three determinations. 

 

Results and Discussion 

Syntheses of Redox-active Polypeptides 

From L-glutamic acid as a common starting amino acid, two divergent five-step 

synthetic pathways were utilized to prepare distinct anodic and cathodic L-glutamate-

based polypeptides–viologen polypeptide and biTEMPO polypeptide, respectively 

(Figure 2).  Both pathways began with esterification reactions to install chloro or alkynyl 

groups at the γ-position128 (which were later utilized for incorporation of the final redox-

active moieties), followed by cyclization to establish monomer structures and then 

polymerization to produce poly(L-glutamate)s (Figure 16).  The viologen polypeptide 

synthesis involved activation of the chloro side chain functionality to allow for efficient 

installation of the dicationic oxidized form of the viologens.  Separately, the biTEMPO 

polypeptide synthesis involved the opposite sequence of installation of TEMPO 

precursors onto the alkynyl side chain, followed by activation to the nitroxide radical state 

(Figure 16).  Specifically, the chloro- and alkynyl-containing polypeptides were 

synthesized, as described in Figure 17, via ring opening polymerization (ROP) of γ-(6-

chlorohexyl)-L-glutamate N-carboxyanhydrides (CHLG NCAs, 4) and γ-propargyl-L-

glutamate N-carboxyanhydrides (PLG NCAs, 12), prepared from chloro- and propargyl-

decorated L-glutamic acids, respectively, as the first two steps of the five-step sequence.  

The ROP reactions were monitored using attenuated total reflectance-Fourier transform 
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infrared (ATR-FTIR) spectroscopy by the decrease in intensity of the NCA anhydride 

absorption at ca. 1780 cm-1.  Upon completion, poly(γ-(6-chlorohexyl)-L-glutamate) 

(PCHLG, 5) and poly(γ-propargyl-L-glutamate) (PPLG, 13) were obtained with degrees 

of polymerization (DP) of ca. 50, as confirmed by 1H NMR spectroscopy (Appendix 

Figure 36 and Appendix Figure 44), and narrow dispersities (Đ = 1.09 and 1.13, 

respectively, Appendix Figure 19). 

 

 

Figure 16.  Synthesis strategy for redox-active polypeptides 

 

The viologen polypeptide was obtained via SN2 substitution of halide-containing 

side chains by the viologen precursor, 1-methyl-4,4’-bipyridylium iodide (MBPI, 2), 

prepared via methylation of 4,4’-bipyridine (Figure 17).  Installation of 1 was initially 

attempted directly from the chloro-containing polypeptide (PCHLG50, 5), but negligible 

conversion was observed.  The utilization of an additional activation step to replace the 

chlorine atoms with iodine via Finkelstein reaction and obtain the iodo-containing 

polypeptide (PIHLG50, 6), prior to the installation step, succeeded in yielding the viologen 

polypeptide 7 with quantitative conversion as determined by 1H NMR spectroscopy 

(Appendix Figure 36 to Appendix Figure 38). 
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Figure 17.  Detailed synthetic schemes for redox-active polypeptides. 

 

For the biTEMPO polypeptide synthesis, terminal alkynes were incorporated as 

the side chain functionality to allow for thiol-yne “click” chemistry with thiol-decorated 

TEMPO precursors, followed by deprotection for activation.  Methyl-protected 

methoxyamine derivatives were installed as TEMPO precursors to prevent reduction of 

the TEMPO-based nitroxide radicals to hydroxylamine in the presence of thiols.  The 

esterification of the methylated 4-hydroxy-TEMPO 8 with 3,3’-dithiodipropionic acid and 

reduction of the disulfide bond with 1,4-dithiothreitol afforded the thiol-decorated methyl-

protected TEMPO 10.  This thiol was then “clicked” onto PPLG50 13 under UV irradiation 
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in the presence of 2,2-dimethoxy-2-phenylacetophenone (DMPA), followed by oxidative 

cleavage with meta-chloroperoxybenzoic acid (m-CPBA) to afford the biTEMPO 

polypeptide 15.  The efficiency of this final activation step was evaluated using X-ray 

photoelectron spectroscopy (Appendix Figure 29 to Appendix Figure 32), indicating 

that the thioethers (162-164 eV) of 14 were quantitatively oxidized to sulfones (167-169 

eV) in 15 and that ca. 30% of the nitroxide radicals (401 eV) were oxidized to 

oxoammonium (405 eV).  The latter finding was confirmed with UV-vis spectroscopy 

(Appendix Figure 21) and electron paramagnetic resonance (EPR) spectroscopy 

(Appendix Figure 22). 

ATR-FTIR (Appendix Figure 23 to Appendix Figure 28) and circular dichroism 

(CD) spectroscopy (Appendix Figure 20) were employed to confirm the secondary 

structures of the polypeptides over multiple steps of post-polymerization modification.  

Both the viologen and biTEMPO polypeptides exhibited α-helical conformations, as 

evidenced by the absorbances in the FTIR spectra at 1650 cm-1 (amide I region) and 1547 

cm-1 (amide II region) and by the two bands at 208 and 222 nm in the CD spectra.  This is 

expected, as polypeptides can have secondary structures including helices, sheets, coils, 

etc.129–131 

In addition to the redox-active polypeptides, small-molecule analogs of the peptide 

repeat units (Figure 18) were synthesized to guide structural determination, verify redox 

potentials and identify degradation products.  Synthetic details of these molecules can be 

found in Appendix Figure 17 and Appendix Figure 18. 
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Figure 18.  Molecular structures of viologen and polypeptide analogs. 

 

Electrochemical Characterization 

Cyclic voltammetry (CV) of viologen and biTEMPO polypeptide thin films (1 μm 

thick, 0.5-0.6 mg·cm-2) assessed the basic electrochemical response of the polypeptides 

(Figure 19).  The viologen polypeptide exhibited two quasi-reversible redox peaks at 2.09 

V and 2.54 V vs. Li/Li+ (Figure 19A).  The lower potential (2.09 V) is assigned to the 

reversible reaction between viologen+● (Viol+●) and viologen0 (Viol0), and the higher 

potential (2.54 V) is associated with the reversible reaction between viologen2+ (Viol2+) 

 

 

Figure 19.  Cyclic voltammograms of (A) the viologen polypeptide and (B) the 

biTEMPO polypeptide thin films on ITO-coated glass in a three-electrode beaker cell 

configuration.  The supporting electrolyte was 0.5 M LiCF3SO3 in propylene carbonate.  

Lithium metal was used as counter and reference electrodes. 
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and Viol+●.70,73,123  The biTEMPO polypeptide exhibited one quasi-reversible redox peak 

at 3.69 V vs. Li/Li+, which is associated with the reversible reaction between the nitroxide 

radical (N-O●) and oxoammonium cation (+N=O) (Figure 19B).68  The peak current and 

peak separation for both the viologen and biTEMPO polypeptide thin films scaled with 

scan rate1/2, indicative of a diffusion-limited reaction (Appendix Figure 57 and Appendix 

Figure 58).68,132  Solution state cyclic voltammetry of the viologen and biTEMPO analogs 

(Appendix Figure 56) exhibited a similar response. 

We next fabricated polypeptide composite electrodes (with carbon black 

(CB)/polyvinylidene fluoride (PVDF), 7 μm thick, 0.4-0.5 mg polypeptide·cm-2) for 

evaluation in lithium metal half cells.  The theoretical capacities for the viologen and 

biTEMPO polypeptides are 85.7 and 71.3 mA·h·g-1, respectively (Equation 1).  The 

viologen polypeptide composite electrode (Figure 20A) exhibited two quasi-reversible 

redox couples at 2.08 V and 2.56 V vs. Li/Li+ and a discharge capacity of 46.9 mA·h·g-1 

(per g of polypeptide) at 1 C (where 1 C is defined as the current required to reach full 

charge in 1 h), which decreased to 29.2 mA·h·g-1 after 30 cycles (62% capacity retention).   

The biTEMPO polypeptide composite electrode exhibited one quasi-reversible redox peak 

at 3.68 V vs. Li/Li+ and a discharge capacity of 23.9 mA·h·g-1 at 1 C, which faded to 12.7 

mA·h·g-1 after 30 cycles (53 % capacity retention) (Figure 20B).  The main mechanism 

of capacity fade is dissolution of the polypeptides into the electrolyte, as verified by 

solution-state CV of the electrolyte after galvanostatic cycling (Appendix Figure 60).133 
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Figure 20.  Electrochemical characterization of (A) viologen polypeptide composite half 

cell, (B) biTEMPO polypeptide composite half cell and (C) viologen/biTEMPO 

polypeptide full cell, including their i. cyclic voltammograms, ii. charge-discharge 

curves and iii. cycling response.  (A) and (B) utilized a polypeptide composite electrode | 

0.5 M LiCF3SO3 in PC + filter paper | lithium metal configuration while (C) utilized a 

viologen polypeptide composite electrode | 0.5 M LiCF3SO3 in PC + filter paper | 

biTEMPO polypeptide composite electrode configuration.  The composite electrodes 

were composed of 30 wt% active polypeptide with 60 wt% CB and 10 wt% PVDF on 

ITO-coated glass. In Aiii. and Biii., the C rates were varied, while in Ciii. the C-rate was 

constant at 1 C. 
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Finally, full polypeptide-based cells with viologen polypeptide composite anodes 

and biTEMPO polypeptide composite cathodes were prepared using filter paper soaked  

with electrolyte as the separator in a sandwich cell configuration.  The theoretical capacity 

for the full polypeptide-based cell was calculated to be 38.9 mA·h·g-1 (per g of biTEMPO 

polypeptide) according to Equation 2.  Cyclic voltammetry resulted in two pairs of peaks 

centered around E1/2 = 1.3 and 1.6 V, consistent with the difference in redox potentials of 

the polypeptide composite anode and cathode.  Cycling stability of the polypeptide-based 

battery was determined over 250 cycles of galvanostatic charging at 1 C.  In the charge-

discharge curves, two plateaus occurred at 1.1 V and 1.7 V (Appendix Figure 62).  The 

charge capacity of the full cell at 1 C faded from an initial value of 33.0 mA·h·g-1 (85% 

of the theoretical capacity) to 3.4 mA·h·g-1 after 250 cycles (Figure 20C).  The Coulombic 

efficiency was less than 100% for all cycles due to the dissolution of viologen and 

biTEMPO polypeptides into the electrolyte.134  There was no visible delamination or 

morphological change in either composite electrode after 50 cycles (Appendix Figure 

59). 

 

Degradation of Viologen and BiTEMPO Polypeptides 

The viologen and biTEMPO polypeptides are designed to contain amide linkages 

in the backbone and ester linkages in the side chains, which are prone to degradation in 

enzymatic, basic and acidic conditions.  Hydrolysis of the redox-active polypeptides was 

evaluated under acidic conditions (0.01 M, 1 M and 6 M HCl) at r.t., 50 °C, 80 °C and 110 

°C (Table 2).  No degradation was observed with 0.01 M HCl at any temperature 
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examined, nor with 1 M and 6 M HCl at r.t. and 50 °C.  Partial degradation of the side 

chains was observed with 1 M and 6 M HCl at 80 °C.  Complete degradation of the 

backbone and side chains for both polypeptides was observed with 1 M and 6 M HCl at 

110 °C (Figure 21).  Degradation of poly(γ-benzyl-L-glutamate)50 (PBLG50) - a model 

polypeptide - and the small-molecule viologen and biTEMPO analogs was also 

investigated in 1 M HCl at 110 °C to guide the identification of the degradation products 

generated from the backbones and side chains of the redox-active polypeptides, 

respectively.  High resolution electrospray ionization mass spectrometry (ESI-HRMS, 

Appendix Figure 63 to Appendix Figure 66) was utilized to identify the degradation 

species (DS), which were then verified by 1H NMR spectroscopy (Appendix Figure 71 

and Appendix Figure 72). 

 

 

Table 2.  Degradation conditions used for the viologen and biTEMPO polypeptides. 

 

The viologen polypeptide backbone degraded into L-glutamic acid (DS-1) and n-

hexylamine (DS-2) in their protonated forms, while the side chains were cleaved to yield 

DS-3 and chlorinated derivative DS-4 (Figure 21 and Appendix Figure 63).  In a similar 

manner, the biTEMPO polypeptide backbone also generated DS-1 and DS-2, while the 

side chains were cleaved into DS-5 and DS-6 - the two degradation products of 4-hydroxy-
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TEMPO (Figure 21 and Appendix Figure 65), in addition to DS-7 - the linker between 

glutamate units and TEMPO moieties (Appendix Figure 66).  1H NMR spectra suggested 

that L-glutamic acid was regenerated in near quantitative amounts for both the viologen 

and biTEMPO polypeptides (Appendix Figure 71 and Appendix Figure 72). 

Liquid chromatography (LC) was employed successfully to separate degradation 

products of the redox-active polypeptides, their small-molecule analogs and the model 

polypeptide backbone PBLG50 (Appendix Figure 67 to Appendix Figure 70).  The order 

of elution for the degraded viologen polypeptide in positive-ion mode from first to last 

was DS-1, DS-3, DS-2, and then DS-4.  Similarly, the order of elution for the degraded 

biTEMPO polypeptide was DS-1, DS-5, DS-2, and DS-6.  The linker DS-7 was detected 

separately in the negative-ion mode (Appendix Figure 70).  Together, these results 

demonstrate the on-demand degradation of the polypeptides and identification and 

separation of the degradation products. 

 

 

Figure 21.  Liquid chromatography coupled with ESI-HRMS (LC-ESI-HRMS) was 

used to separate and identify the degradation products of the viologen and biTEMPO 

polypeptides (data from positive-ion mode shown). 
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Cell Viability Study 

Cell viability testing with preosteoblast cells (MC3T3 cells), mouse fibroblast cells 

(NIH/3T3) and bovine coronary venular endothelial cells (CVECs) was conducted to 

evaluate the toxicity of the polypeptides, their repeat unit analogs and degradation 

products.  In general, the viologen polypeptide was toxic towards MC3T3 and fibroblast 

cells due to its polycationic nature, whereas the biTEMPO polypeptide was deemed non-

toxic towards all cell lines examined.  The viologen polypeptide degradation products 

revealed lower toxicity effects towards all three cell lines tested compared to the original 

polypeptide, while the degradation products of the biTEMPO polypeptides exhibited no 

toxicity.  A summary of the effect of the polypeptides, small-molecule analogs and their 

degradation products on cell viability can be found in Figure 22 and Appendix Figure 

73 to Appendix Figure 76. 

The viologen polypeptide exhibited no cytotoxicity towards CVECs (IC50 > 100 

μg⋅mL-1), but showed cytotoxicity towards MC3T3 cells and fibroblasts at 1.52 and 2.68 

μg⋅mL-1, respectively (Figure 22 and Appendix Figure 73).  In contrast, the viologen 

analog revealed no loss in cell viability towards MC3T3 cells and CVECs, showing IC50 

values higher than 100 μg⋅mL-1 for both cell lines, but revealed some adverse effect on 

fibroblasts at 34.9 μg⋅mL-1 (Figure 22 and Appendix Figure 75).  This difference is 

hypothesized to originate from the polycationic nature of the viologen polypeptide that 

promoted cell membrane disruption and cell death.  The higher IC50 values against CVECs 

may be complicated by the addition of heparin to the cell media, which is polyanionic and 

may complex to differing extents with the cationic viologen-based polypeptides, analogs 



 

80 

 

and degradation products.  The biTEMPO polypeptide exhibited little to no cytotoxicity 

towards all three cell lines (IC50 = 88.9, 63.2 and > 100 μg⋅mL-1 towards MC3T3 cells, 

fibroblasts and CVECs, respectively) (Figure 22 and Appendix Figure 73).  While the 

small-molecule biTEMPO analog exhibited limited cytotoxicity towards MC3T3 and 

fibroblast cells (IC50 = 55.9, 47.3 μg⋅mL-1, respectively), it expressed a greater effect 

towards CVECs, having an IC50 value ca. three times lower (IC50 = 17.3 μg⋅mL-1) (Figure 

22 and Appendix Figure 75). 

 

 

Figure 22.  Cell viability study of viologen polypeptide, biTEMPO polypeptide, 

viologen analog, biTEMPO analog and their degradation products. 

 

 The degradation products for both polypeptides exhibited lower toxic effects 

compared to their original, undegraded forms and similar effects to the degradation 
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products of their corresponding small-molecule analogs (Figure 22, Appendix Figure 74 

and Appendix Figure 76).  The viologen polypeptide degradation products expressed 

lower cytotoxicity at higher IC50 towards MC3T3 cells and fibroblasts (IC50 = 31.3 and 

17.9 μg⋅mL-1, respectively), when compared to the original polycationic viologen 

polypeptide (IC50 = 1.52 and 2.52 μg⋅mL-1, respectively).  Meanwhile, again, the toxicity 

for the degradation products being at much lower concentration towards CVECs (IC50 = 

33.6 μg⋅mL-1, compared to higher than 100 μg⋅mL-1 of the original viologen polypeptide) 

may be complicated by increased positive charge density of the degradation compounds 

in addition to the effect of heparin in the cell media.  The degradation products of 

biTEMPO polypeptide and biTEMPO analog showed no toxicity towards all three cell 

lines (IC50 > 100 μg⋅mL-1) (Appendix Figure 74 and Appendix Figure 76).  

 

Conclusion 

In summary, we designed an all-polypeptide organic radical battery comprised of 

redox-active amino-acid macromolecules that degrade on-demand.  This concept 

represents an early step toward addressing sustainable, recyclable batteries for a circular 

economy and minimizing global dependence on strategic metals.  Viologen and biTEMPO 

polypeptide anodes and cathodes, respectively, were synthesized via ROP of highly 

reactive cyclic NCAs, followed by sequential post-polymerization modifications to 

incorporate the redox-active groups.  The polypeptide battery reached a maximum charge 

capacity of 33.0 mA⋅h⋅g-1 (out of the theoretical 38.9 mA⋅h⋅g-1) at 1 C.  The active 

components degraded on demand in the presence of acid to regenerate the starting amino 
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acids and other building blocks.  Looking to the future, the main challenges here are to 

prevent dissolution of the active material and to boost the overall cell capacity.  Future 

studies will focus on preventing dissolution of both polypeptides by crosslinking135 or 

post-processing modification136 or by taking advantage of the polypeptide’s solubility in 

flow battery cells.  
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CHAPTER IV  

POLYPEPTIDE REDOX FLOW BATTERIES 

 

Introduction 

Redox flow batteries (RFBs) are considered to be the future of large-scale energy 

storage for their safety features, high energy density and long cycle life.80,81  However, 

current RFB technologies rely heavily on the use of vanadium and other mineral resources, 

which are facing a surge in price due to supply scarcity.  Organic redox-active materials 

in general and small-molecule redox species in particular are constructed from renewable 

and zero-emission sources and have been emerging as greener alternatives to tackle the 

issues of inorganic counterparts.  Unlike vanadium-based RFBs which depend on aqueous 

electrolytes, small-molecule organic molecules can be used in either aqueous or non-

aqueous systems.84–86  The operation of aqueous organic RFBs (AORFBs) take advantage 

of the use of water, the ideal green chemistry solvent, but is often faced with the adverse 

effect caused by excessive protons and hydroxides in acidic an alkaline condition, 

respectively.  The non-aqueous organic RFBs (NAORFBs), even though eliminating the 

dependence on pH, remain in need of new material designs that address the low solubility 

of active materials during charge transfer processes. 

In either system, crossover of the redox active centers remains a major challenge 

that inhibits the widespread application of redox flow batteries.84–86  Recently, significant 

efforts were made to tackle this issue, ranging from the use of ion-exchange membranes 

and porous membranes to the oligomerization/polymerization of redox-active 
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moieties.79,81,89–94  Some examples include the use of viologen- and TEMPO-containing 

polymethacrylates by Janoschka et al. for aqueous RFBs and polystyrenes carrying similar 

redox-active centers by Montoto et al. for non-aqueous RFBs.123,137  One disadvantage, 

however, of these systems is the use non-degradable polymer backbones.  In Chapter II, 

we reported the use of viologen- and TEMPO-containing polypeptides as redox-active 

materials for secondary batteries.  This system, though demonstrating the first report of 

batteries with naturally-derived, degradable materials, was still faced with fast capacity 

fading due to the dissolution of active materials into electrolytes during cell cycling.  In 

this project, we exploited this high solubility of the redox-active polypeptides, viologen 

and biTEMPO polypeptides, in organic solvents for non-aqueous organic RFBs (Figure 

23A), while imparting the degradability of the polymer backbones, as a promising 

candidate for large-scale storage with enhanced sustainability feature.  Small-molecule 

analogs of the polypeptides (Figure 23B) were also employed as active materials as a 

control. 

 

Experimental Section 

Materials 

1.  For Chemical Processes 

3,3-Dithiodipropionic acid, 4,4’-dipyridine, meta-chloroperoxybenzoic acid (m-

CPBA, ≤ 77%), dichloromethane (DCM), N,N’-dicyclohexylcarbodiimide (DCC), 4-

dimethylaminopyridine (DMAP), 2,2-dimethoxy-2-phenylacetophenone (DMPA),  
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Figure 23:  (A) Illustrative design of peptide-based redox flow battery during charging 

and discharging.  (B) Molecular structures of the redox-active polypeptides and their 

small-molecule analogs. 

 

N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO), 4-hydroxy-2,2,6,6-

tetramethylpiperidine-1-oxyl (4-OH-TEMPO, TEMPOL), diphosgene, hexanes, n-

hexylamine, hydrocinnamic acid, iodomethane, iron (II) sulfate heptahydrate 

(FeSO4•7H2O), L-glutamic acid, methanol, propargyl alcohol, sodium iodide (NaI), 

triethylamine (TEA), trifluoroethanol (TFE), trimethylsilyl chloride (TMSCl) and 

triphosgene were purchased from Sigma-Aldrich.  DL-Dithiothreitol (DTT) was purchased 
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from Tokyo Chemical Industry (Japan).  6-Chloro-1-hexanol and acetic anhydride were 

purchased from Alfa-Aesar (USA).  All reagents were used as received, except for 

propargyl alcohol, which was distilled under an atmosphere of N2 prior to use.  Ultrapure 

water (water) was collected from a Milli-Q® integral water purification system (18 

M·cm).  Lithium bis(trifluoromethane)sulfonamide (LiTFSI) was purchased from Alfa 

Aesar (USA).   

 

2.  For Electrochemical Processes 

Tetraethylamonium bis(trifluoromethane)sulfonamide (TEATFSI, 99%) was 

purchased from IoLiTec (Germany).  Acetonitrile (ACN, 99.98%) was purchased from 

BASF (USA).  The flow cell membranes Daramic 175 and FAPQ-375-PP were purchased 

from Daramic LLC (USA) and Fumatech BWT GmbH (Germany).  The Daramic 175 

membrane was used as received.  The FAPQ 375 PP membrane was immersed in 0.5 M 

TEATFSI/ACN for a minimum of three days to ensure full ion exchange and swelling 

prior to use according to previous reports.138  The glassy carbon macroelectrode, 11 μm 

diameter carbon fiber microelectrode and gold coil were purchased from CH Instruments, 

Inc (USA).  Ferrocene (98%) was purchased from Sigma-Aldrich (USA).  The fritted 

Ag/Ag+ electrode was filled with 0.1 M AgBF4 (99%, Alfa Aesar, USA) solution, 0.5 M 

TEATFSI and propylene carbonate (99.98%, BASF, USA). 

An H-type small-volume flow cell with interdigitated flow fields was custom-built 

with the backing plates machined from polypropylene and flow fields machined in-house 

from 3.18 mm thick impregnated graphite (product G347B, MWI, Inc., USA).139  The 
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electrodes were cut to 1.7 cm × 1.5 cm dimensions from 190 ± 30 μm thick carbon paper 

(SGL 29 AA, SGL group, Wiesbaden, Germany) and used as received.  Two pieces of 

carbon paper were layered on each side of the flow cell and compressed by ca. 20% during 

cell assembly.  The two sides of the cell were separated with an FAPQ 375 PP membrane 

and sealed using a polytetrafluoroethylene gasket tape (Goretex Tape, Gallagher Fluid 

Seals, Inc., USA) with a geometric area of 2.55 cm2.  All flow cell assemblies were done 

on the laboratory bench prior to immediate transfer into an argon-filled glovebox 

(Innovative Technology, Inc., USA, O2 < 10 ppm, H2O < 0.1 ppm). 

The electrolytes were stored in perfluoroalkoxy alkane (PFA) jars (10 mL, 

Savillex, USA).  Peristaltic pumps (Masterflex, Germany, L/S series) recirculated the 

electrolytes at a constant volumetric flow rate of 10 mL·min–1 via Norprene tubing (1.6 

mm I.D., Masterflex, Germany) inside the pump head and PFA tubing (1.6 mm I.D., 

Swagelok, USA) from the reservoirs to the flow cell.  The two types of tubing were 

connected using stainless steel compression fittings (Swagelok, USA). 

 

Syntheses of Redox-active Polypeptides and their Small-molecule Analogs 

The viologen-iodide and biTEMPO polypeptides and their small-molecule analogs 

were synthesized as reported in Chapter III.  To enhance the solubility of the viologen 

species in ACN, iodide anions of the viologen-iodide polypeptide and analog were 

exchanged for TFSI prior to testing.  The anion exchange was done upon mixing a solution 

of each viologen species with an equal volume of LiTFSI (6 eq), both in H2O.  The 

precipitate was collected via centrifugation, dissolved into ACN and precipitated into 0.5 
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M LiTFSI in H2O (× 3), followed by precipitation into H2O (× 3).  The viologen-TFSI 

polypeptide was obtained as a brown solid and the viologen-TFSI analog as a brown 

viscous oil. 

 

Chemical Characterization 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were 

recorded for powder samples on an IR Prestige 21 system (Shimadzu Corp., Japan) and 

analyzed using IRsolution v. 1.40 software.  

 

Electrochemical Characterization 

All electrochemical measurements were performed in an argon-filled glovebox 

with a VSP-300 potentiostat (Bio-Logic, France) unless otherwise noted.  All calculations 

for polymers were done based on the molecular weight of the repeat units. 

 

1.  Cyclic Voltammetry 

All cyclic voltammetry (CV) measurements were performed in an argon-filled 

glovebox at ambient glovebox temperature.  CV measurements were performed in 0.5 M 

TEATFSI/ACN with either a 3 mm diameter glassy carbon macroelectrode or an 11 μm 

diameter carbon fiber microelectrode.  Before each measurement, both working electrodes 

were polished on a MicroCloth pad containing an aqueous slurry of 0.05 μm alumina 

powder (Buehler Ltd., USA), rinsed with deionized water, and wiped with lens paper.  For 

all experiments, a gold coil and a fritted Ag/Ag+ electrode were used as the counter 
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electrode and the pseudo reference electrode, respectively.  To reference the measured 

redox potentials to the ferrocene/ferrocenium (Fc/Fc+) redox couple, before each 

measurement, an additional CV was taken in the electrolyte containing 5 mM ferrocene.  

The viologen-TFSI polypeptide exhibited two redox processes at E1/2 = -0.74 V (Viol2+/ 

Viol+●) and -1.22 (Viol+●/Viol0) vs. Fc/Fc+, while the biTEMPO polypeptide exhibited one 

redox process at E1/2 = 0.33 V (N-O●/+N=O) vs. Fc/Fc+.  Similarly, the viologen-TFSI 

analog exhibited two redox processes at E1/2 = -0.82 V (Viol2+/ Viol+●) and -1.22 V 

(Viol+●/Viol0) vs. Fc/Fc+, while the biTEMPO analog exhibited one redox process at E1/2 

= 0.35 V (N-O●/+N=O) vs. Fc/Fc+.  For the scope of this project, only the first redox 

process of the viologen moieties (Viol2+/ Viol+●) was assessed for both systems, resulting 

in an open circuit voltage of 1.07 and 1.17 V for the polypeptide cell and viologen cell, 

respectively. 

 

2.  Crossover Tests 

The crossover test of the redox-active polypeptides and their analogs was 

performed in the flow cell using two types of membranes, Daramic 175 and FAPQ 375 

PP.  One side of the flow cell was filled with the electrolyte solution (3.5 mL, 0.5 M 

TEATFSI/ACN) containing the tested species (20 mM) and the other with the electrolyte 

solution (3.5 mL, 0.5 M TEATFSI/ACN).  Aliquots of the latter were taken after 6, 12, 

24, 48, 72 and 96 h for microelectrode CV.  As a result, FAPQ 375 PP was selected for 

flow cell cycling studies. 
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3.  Flow Cell Cycling 

The anolyte used in the flow cell studies consisted of 0.5 M viologen 

polypeptide/analog and the catholyte 0.25 mM BiTEMPO polypeptide/analog in 0.5 M 

TEATFSI in ACN.  The theoretical capacity of these electrolytes was calculated using 

Equation 6 to be 1.34 A·h·L–1 (10.1 mA·h), assuming one electron transfer event and 7.5 

mL of electrolyte per side (15 mL total).  All cycling experiments were performed by 

applying a constant current density, which was determined from the geometric electrode 

area (2.55 cm2).  For the rate study, the current density was varied from 5 to 25 mA·cm–2, 

in increments of 5 mA·cm–2, for 5 cycles at each current density, with a potential window 

between 0.60-1.60 V.  The cell was then returned to its initial current density of 10 mA 

cm–2 for 5 additional cycles.  For the stability study, the flow cells underwent constant 

current cycling for 500 cycles (109 h and 94 h for the polypeptide and analog cells, 

respectively) at a current density of 10 mA·cm–2, with a potential window between 0.60-

1.60 V. 

 

Results and Discussion 

Syntheses of Redox-active Polypeptides and their Small-molecule Analogs 

The viologen and biTEMPO polypeptides were prepared similarly as reported in 

Chapter III, both starting with L-glutamic acid as a common starting amino acid.  The two 

divergent five-step synthetic pathways began with esterification of L-glutamic acid to 

install a chloro or alkynyl group through an alkyl spacer selectively at the γ-position, 

followed by reaction with phosgene to produce the N-carboxyanhydride (NCA) 
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monomers, which were then subjected to ROP to afford the corresponding chloro- or 

alkynyl-functionalized poly(L-glutamate)s.  They then diverged with different strategies 

of sequential post-polymerization modifications to incorporate a single pendant viologen 

and dual TEMPO moieties.  On one hand, the chloro-containing polypeptide underwent 

activation, replacing chlorine atoms with iodine atoms via Finkelstein reaction to obtain 

the iodo-containing polypeptide followed by installation of the redox-active moieties.  On 

the other hand, the alkynyl-containing polypeptide was installed with inactive precursors 

followed by a subsequent activation step to generate the redox-active TEMPO moieties.  

Synthesis details of the viologen and biTEMPO polypeptides can be found in Figure 17.  

To enhance the solubility of the former polymer in organic solvent, its iodide counterions 

were exchanged for TFSI to afford viologen-TFSI polypeptide.  Detailed synthetic 

procedures, characterization and the yield for each synthetic step can be found in Chapter 

III and the Appendix B. 

The viologen and biTEMPO analogs were synthesized in a similar manner, as 

compared to their polypeptide counterparts.  The two four-step synthetic pathways began 

with esterification of hydrocinnamic acid, a compound widely used in the food and beauty 

industries, to incorportate the chloro- and alkynyl-functionalities.  Similar to the syntheses 

of the redox-active polypeptides, the synthesis pathways of the two analogs also diverged 

with different strategies of sequential modifications to incorporate a single pendant 

viologen and dual TEMPO moieties.  While the chloro-containing hydrocinnamate 

underwent activation, replacing chlorine atoms with iodine atoms via Finkelstein reaction 

to obtain the iodo-containing hydrocinnmate followed by installation of the redox-active 
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moieties, the alkynyl-containing hydrocinnmate was installed with inactive precursors 

followed by a subsequent activation step to generate the redox-active TEMPO moieties.  

Synthesis details of the viologen-iodide and biTEMPO analogs can be found in Appendix 

Figure 17 and Appendix Figure 18.  The iodide counterions of the former species were 

also exchanged for TFSI to afford the viologen-TFSI analog.  Detailed synthetic 

procedures, characterization and the yield for each synthetic step can be found in Chapter 

III and Appendix B. 

 

Crossover Tests 

To determine the proper separator for the flow cell assembly, two different types 

of membranes, FAPQ 375 PP - an anion-exchange membrane (AEM) - and Daramic 175 

- a porous membrane - were subject to crossover testing.  The H-shaped flow cell was 

filled with each redox-active species in electrolyte solution in one side, connected via a 

membrane to the other side containing the electrolyte solution of equal volume.  Aliquots 

of the latter solution were taken after 6, 12, 24, 48, 72 and 96 h for microelectrode CV.  

As expected, significant crossover was observed for both the redox-active polypeptides 

and their small-molecule analogs using the Daramic 175 membrane due to its large pore 

size.138,140  Compared to the porous membrane, the FAPQ 375 PP membrane allowed for 

considerably lower crossover of the small molecules over multiple days while no 

membrane permeation was observed for the polypeptides.  As a result, this AEM was 

chosen for flow cell cycling studies. 
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Figure 24.  Crossover study of (A) the redox-active polypeptides and (B) their small-

molecule analogs using Daramic 175 and FAPQ 375 PP membranes.  Solid lines = 

viologen species, dashed lines = biTEMPO species. 

 

Flow Cell Cycling 

Although the redox-active species exhibit a solubility in excess of 1 M, for the 

scope of this project as proof of concept of peptide-based NARFBs, two flow cells with 

50 mM effect concentration of active centers in 0.5 M TEATFSI in ACN were assembled, 

one with the viologen-TFSI and biTEMPO polypeptides as negolytes and posolytes, 

respectively, and the other with their small-molecule analogs.  The two flow cells were 

cycled within the potential windows between 0.6 to 1.6 V.  Each reservoir contained 7.5 

mL of the redox-active species solution, giving the theoretical capacity of the flow cells 

to be 1.34 A·h·L-1. 

The variable rate experiment was first performed to determine the trade-off 

between applied current density, overpotential and accessed capacity, in addition to 

identifying an appropriate current density.  The two flow cells were cycled at current 

densities of 5, 10, 15 and 20 mA·cm-2 for five cycles each, followed by five more cycles 

at 5 mA·cm-2.  The charge and discharge capacities with the Coulombic efficiencies at 
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each current density are shown in Figure 25.  As expected, the accessed capacities 

decreased as current densities increase, which is due to the larger cell polarization present 

at high current densities.  At 5 mA·cm-2, the polypeptide flow cell presented a capacity 

utilization of 59% (out of the theoretical 1.34 A·h·L-1), which decreased to 38% at 10 

mA·cm-2, 13% at 10 mA·cm-2 and completely faded at 20 mA·cm-2.  The analog flow cell 

presented a lower capacity utilization of 47% at 5 mA·cm-2, then faded to 34% at 10 

mA·cm-2, 20% at 15 mA·cm-2 and ca. 0% at 20 mA·cm-2.  As evidenced by the first and 

last sets of 10 mA·cm-2, the capacity of both the flow cells assembled faded by less than 

5%, demonstrating that high current densities did not have significantly adverse impacts 

on cell performance. 

 

 

Figure 25.  Rate study of the (A) polypeptide and (B) small-molecule analog 

NAORFBs. 

 

Constant current cycling was then performed to evaluate the long-term stability of 

the polypeptide and analog flow cells at 10 mA·cm-2 (Figure 26).  This current density 
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was chosen to balance experimental runtime and the impact of charge/discharge 

overpotential on accessed capacity.  In this cycling experiment, the polypeptide flow cell  

started with a capacity utilization of 0.39 A·h·L-1 (29% of the theoretical capacity) and 

reached its maximum of 0.53 A·h·L-1 (39% of the theoretical capacity) at cycle 12 (Figure 

26A).  From this point on, the capacity faded to 93% and 60% of the original value after 

250 and 500 cycles, respectively. The entire experiment ran for 109 h, with the capacity  

 

 

Figure 26.  Constant current cycling of the (A) polypeptide and (B) small-molecule 

analog NAORFBs. 

 

fading 0.06% per h.  In a similar manner, the analog flow cell started with a capacity 

utilization of 0.44 A·h·L-1 (33% of the theoretical capacity) and reached its maximum of 
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0.50 A·h·L-1 (37% of the theoretical capacity) at cycle 3 (Figure 26B).  From this point 

on, the capacity then faded to 60% and 36% of the original value at 250 and 500 cycles, 

respectively, with a total runtime of 94 h.  Compared to the polypeptide counterpart, the 

capacity of the analog flow cell faded with much faster rate (0.59% per h).  The 

performance decay of the two systems was possibly due to a combination of cell 

polarization and active material crossover and degradation.  Attenuated total reflection 

Fourier-transform infrared spectra of the polypeptide electrolyte solutions before and after 

cycling demonstrated that the polypeptide backbones remained in their α-helical form 

(Appendix Figure 79 and Appendix Figure 80), suggesting that the capacity fading was 

indeed due to the degradation of the redox-active centers. 

 

Conclusion 

In summary, we designed and tested an all-polypeptide NAORFB with the active 

materials that had been shown to degrade on demand.  This concept represents an early 

step toward developing large-scale energy storage with enhanced sustainability of active 

materials and alleviating global dependence on strategic metals.  The viologen-TFSI and 

biTEMPO polypeptide electrolytes were synthesized via ROP of highly reactive cyclic 

NCAs, followed by sequential post-polymerization modifications to incorporate the 

redox-active groups.  The small-molecule analogs of the polypeptides were also prepared 

and tested in an NAORFB for comparison purposes.  At 10 mA·cm-2, the polypeptide flow 

cell started with a capacity of 0.39 A·h·L-1 (29% of the theoretical capacity), its maximum 

of 0.53 A·h·L-1 (38% of the theoretical capacity) at cycle 12 and faded to 60% of the 
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original value after 500 cycles (109 h).  In a similar manner, the analog cell started with a 

capacity of 0.46 A·h·L-1 (34% of the theoretical capacity) then faded to 45% of the original 

value after 500 cycles (94 h).  In overall, the analog cell faded at faster rate compared to 

the polypeptide cell due to higher rate of crossover.  Potential capacity fading mechanism 

can be a combination of cell polarization and active material crossover and degradation, 

and will be the scope a future study. 
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CHAPTER V  

CONCLUSIONS 

 

Synthetic polypeptides constitute an interesting class of polyamides.  Their beauty 

lays not only in their on-demand degradation to generate the starting building blocks for 

recycling and upcycling purposes, but also in their potential tunability of structure-

property-performance parameters.  Exploiting the inherent degradability and 

conformations of peptides to direct the properties of the polymer networks, this 

dissertation is focused on the development of advanced functional polypeptides for use as 

extracellular matrices for cell therapeutics and as electroactive materials for battery 

applications. 

Supramolecularly-assembled hydrogels constructed from synthetic peptides have 

emerged as an attractive option for three-dimensional (3D) cell cultures due their intrinsic 

biocompatibility and feasible tunability of structure-property-performance parameters.  

An alkenyl-functionalized amino acid, DL-allylglycine (DLAG), was cyclized via in situ 

phosgenation to produce N-carboxyanhydride (NCA) monomers.  Subsequent ring-

opening polymerization (ROP) with PEGylated amines yielded poly(ethylene glycol)45-

block-poly(DLAG)n (PEG45-b-PDLAGn) with varying lengths of the PDLAG segments 

(P-20 with n = 20 and P-30 with n = 30) to establish different hydrophilic-hydrophobic 

ratios.  Rheology measurements of the polypeptides in cell media suggested that the 

hydrogels formed from 4% w/v of P-30 (P-30-4%) were deemed suitable for 3D cell 

cultures for achieving self-supporting strengths within 1 h.  Cell cultures using P-30-4% 
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hydrogels demonstrated that this system indeed provided livable environments for cell 

growth.  Follow-up studies will focus on the incorporation of fluorescence dyes onto the 

PEGylated polypeptides to track gel locations during cell cultures and the application of 

these supramolecularly-assembled hydrogels for the treatment of spinal cord injuries. 

Peptide-based materials have been studied extensively for biomedical applications, 

yet there are limited precedents of their applicability in energy storage.  The intrinsic 

degradability of peptides, in addition to the ability of their backbones to self-assemble into 

various 3D structures, makes them a promising candidate for battery applications to embed 

sustainability features into current energy storage systems that are in need of safer and 

more environmentally friendly active materials while enabling structure-property 

tunability for performance improvement.  Over the past few decades, rechargeable 

lithium-ion batteries and metal-based redox flow batteries have revolutionized our modern 

life, addressing the increasing energy need at various scales and impacting the wealth and 

well-being of society.  This rapid development has, however, outgrown the ability to tackle 

issues associated with the ethical mining, safe usage and non-hazardous disposal of 

precious strategic elements such as lithium, cobalt, vanadium and other mineral ore 

resources.  Inspired by the properties of peptide-based materials, an all-polypeptide-based 

rechargeable secondary battery is demonstrated, in which redox-active viologens and 

nitroxide radicals are incorporated as redox-active groups along peptide backbones to 

function as anode and cathode materials, respectively.  The polypeptide battery reached a 

maximum charge capacity of 33.0 mA⋅h⋅g-1 (84% of the theoretical capacity) at 1 C.  The 

anodic and cathodic active materials, viologen and biTEMPO polypeptides, respectively, 
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were synthesized via ROP of highly reactive cyclic NCAs, followed by sequential post-

polymerization modifications to incorporate the redox-active groups.  They were also 

demonstrated to degrade on demand in the presence of acid to regenerate the starting 

amino acids and other building blocks.  This peptide-based rechargeable battery, though 

demonstrating that it is possible to fabricate batteries from with naturally-derived, 

degradable materials, was still faced with fast capacity fading due to the dissolution of 

active materials into electrolytes during cell cycling (8% capacity retention after 250 

cycles).  Thus, the high solubility of the redox-active polypeptides in organic solvents was 

exploited for use in non-aqueous organic redox flow batteries.  The polypeptide flow cell 

started with a discharge capacity of 0.39 A·h·L-1 (29% of the theoretical capacity) at 10 

mA·cm-2, reached a maximum discharge capacity of 0.53 A·h·L-1·(39% of the theoretical 

capacity) after 12 cycles and were able to maintain 60% of the initial value even after 500 

cycles.  These peptide-based batteries still have a long way to go before 

commercialization, but represent the first step in addressing the need for alternative 

chemistries for green and sustainable batteries in the future circular economy.  Follow-up 

studies will focus on (1) preventing dissolution of both polypeptides in secondary batteries 

(by crosslinking or post-processing), (2) recycling the redox-active polypeptides from the 

constructed batteries to demonstrate material circularity, (3) alternative synthetic 

strategies to reduce the cost of production and (4) studying the effect of conformations 

(random coil vs. α-helix vs. β-sheet) on the kinetics of electron transfer of redox-active 

polypeptides in both secondary and flow configurations. 
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APPENDIX A 

SUPPLEMENTARY DATA FOR CHAPTER II 

 

Attenuated Total Reflectance-Fourier Transform Infrared 

 

Appendix Figure 1.  ATR-FTIR spectra of the synthesized species. 

  



 

124 

 

Nuclear Magnetic Resonance Spectroscopy 

 

Appendix Figure 2.  1H NMR and 13C NMR spectra of DLAG NCA. 
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Appendix Figure 3.  1H NMR spectra of PEG45-b-PDLAG20 (P-20)  
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Rheology 

 

Appendix Figure 4.  (A) Strain sweep (T = 37 °C, ω = 10 rad⋅s-1) and (B) frequency 

sweep tests (T = 37 °C, γ = 0.2%) of P-20-1% hydrogels. 

 

 

Appendix Figure 5.  (A) Strain sweep (T = 37 °C, ω = 10 rad⋅s-1) and (B) frequency 

sweep tests (T = 37 °C, γ = 0.2%) of P-20-2% hydrogels. 
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Appendix Figure 6.  (A) Strain sweep (T = 37 °C, ω = 10 rad⋅s-1) and (B) frequency 

sweep tests (T = 37 °C, γ = 0.2%) of P-20-4% hydrogels. 

 

 

Appendix Figure 7.  (A) Strain sweep (T = 37 °C, ω = 10 rad⋅s-1) and (B) frequency 

sweep tests (T = 37 °C, γ = 0.2%) of P-20-8% hydrogels. 
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Appendix Figure 8.  (A) Strain sweep (T = 37 °C, ω = 10 rad⋅s-1) and (B) frequency 

sweep tests (T = 37 °C, γ = 0.2%) of P-30-1% hydrogels. 

 

 

Appendix Figure 9.  (A) Strain sweep (T = 37 °C, ω = 10 rad⋅s-1) and (B) frequency 

sweep tests (T = 37 °C, γ = 0.2%) of P-30-2% hydrogels. 
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Appendix Figure 10.  (A) Strain sweep (T = 37 °C, ω = 10 rad⋅s-1) and (B) frequency 

sweep tests (T = 37 °C, γ = 0.2%) of P-30-8% hydrogels. 
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Fluorescence Confocal Microscopy 

 

Appendix Figure 11.  Images (10×) of P-20-4% hydrogel cell culture after 7 d of 

incubation, including a green fluorescence (top-left), brightfield (bottom-left), red 

fluorescence (top-right) and merged fluorescence image (bottom-right).  Scale bars = 1 

mm. 
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Appendix Figure 12.  Images (10×) of P-30-4% hydrogel cell culture after 1 h of 

incubation, including a green fluorescence (top-left), brightfield (bottom-left), red 

fluorescence (top-right) and merged fluorescence image (bottom-right).  Scale bars = 1 

mm. 
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Appendix Figure 13.  Images (10×) of P-30-4% hydrogel cell culture after 5 d of 

incubation, including a green fluorescence (top-left), brightfield (bottom-left), red 

fluorescence (top-right) and merged fluorescence image (bottom-right).  Scale bars = 1 

mm. 

  



 

133 

 

 

Appendix Figure 14.  Images (10×) of P-30-4% hydrogel cell culture after 7 d of 

incubation, including a green fluorescence (top-left), brightfield (bottom-left), red 

fluorescence (top-right) and merged fluorescence image (bottom-right).  Scale bars = 1 

mm. 
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Appendix Figure 15.  High magnification images (40×) of P-20-4% (top) and P-30-4% 

(bottom) hydrogel cell cultures after 7 d in gel-dense areas (A and C) and at gel-glass 

interfaces (B and D).  Scale bars = 100 μm.  Each figure includes a green fluorescence 

(top-left), brightfield (bottom-left), red fluorescence (top-right) and merged fluorescence 

image (bottom-right). 
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Appendix Figure 16.  Cell quantification of P-20-4% and P-30-4% hydrogel cell 

cultures after 7 d. 
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APPENDIX B 

SUPPLEMENTARY DATA FOR CHAPTER III 

 

Syntheses of Small-molecule Analogs 

 

Appendix Figure 17.  Synthesis of viologen analog. 

 

 

Appendix Figure 18.  Synthesis of biTEMPO analog. 
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Size Exclusion Chromatography 

 

Appendix Figure 19.  (A) SEC traces of PCHLG50 (4) and PPLG50 (12), and (B) their 

tabulated dispersity and molar mass values. 

 

Circular Dichroism 

 

Appendix Figure 20.  Normalized CD spectra of viologen polypeptide (6) and 

biTEMPO polypeptide (14) in ACN (0.1 mg⋅mL-1). 
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Ultraviolet-visible Spectroscopy 

 

Appendix Figure 21.  (A) UV-vis spectra of biTEMPO polypeptide (1 mM of repeating 

unit) and 4-OH-TEMPO (1 mM) in CHCl3.  (B) UV-vis calibration curve of  

4-OH-TEMPO in CHCl3. 
 

Electron Paramagnetic Resonance Spectroscopy 

 

Appendix Figure 22.  EPR spectra of biTEMPO polypeptide (1 mM of repeating unit) 

and 4-OH-TEMPO (1 mM) in CHCl3. 
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Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy 

 

Appendix Figure 23.  ATR-FTIR spectra of the synthesized species. 
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Appendix Figure 24.  ATR-FTIR spectra of the synthesized species (cont’d). 
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Appendix Figure 25.  ATR-FTIR spectra of the synthesized species (cont’d). 
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Appendix Figure 26.  ATR-FTIR spectra of the synthesized species (cont’d). 
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Appendix Figure 27.  ATR-FTIR spectra of the synthesized species (cont’d). 
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Appendix Figure 28.  ATR-FTIR spectra of the synthesized species (cont’d). 
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X-ray Photoelectron Spectroscopy 

 

Appendix Figure 29.  XPS spectra of PPLG50-g-MTEMPO (13). 
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Appendix Figure 30.  XPS spectra of biTEMPO polypeptide (14). 
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Appendix Figure 31.  XPS spectra of HC-bis(MTEMPO) (21). 
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Appendix Figure 32.  XPS spectra of biTEMPO analog (22). 
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Nuclear Magnetic Resonance Spectroscopy 

 

Appendix Figure 33.  1H NMR and 13C NMR spectra of MBPI (2). 
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Appendix Figure 34.  1H NMR and 13C NMR spectra of CHLG (3). 
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Appendix Figure 35.  1H NMR and 13C NMR spectra of CHLG NCA (4). 
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Appendix Figure 36.  1H NMR and 13C NMR spectra of PCHLG50 (5). 
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Appendix Figure 37.  1H NMR and 13C NMR spectra of PIHLG50 (6). 
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Appendix Figure 38.  1H NMR and 13C NMR spectra of viologen polypeptide (7). 
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Appendix Figure 39.  1H NMR and 13C NMR spectra of MTEMPOL (8). 
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Appendix Figure 40.  1H NMR and 13C NMR spectra of diMTEMPO disulfide (9). 

  

PP
101 MHz – CD2Cl2

1

2
4

5

6

8

7

3

1

5

3

4
2eq

2ax

7

8

C
D

2
C

l 2

400 MHz – CD2Cl2

a

b
c

d

f

e

d

a

ceq

cax

b

b

f
e

C
H

2
C

l 2

200 0

010



 

157 

 

 

Appendix Figure 41.  1H NMR and 13C NMR spectra of Thio-MTEMPO (10). 
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Appendix Figure 42.  1H NMR and 13C NMR spectra of PLG HCl (11). 
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Appendix Figure 43.  1H NMR and 13C NMR spectra of PLG NCA (12). 
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Appendix Figure 44.  1H NMR and 13C NMR spectra of PPLG50 (13). 
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Appendix Figure 45.  1H NMR spectrum of PPLG50-g-MTEMPO (14). 
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Appendix Figure 46.  1H NMR spectrum of biTEMPO polypeptide (15). 
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Appendix Figure 47.  1H NMR and 13C NMR spectra of CHHC (16). 
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Appendix Figure 48.  1H NMR and 13C NMR spectra of IHHC (17). 
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Appendix Figure 49.  1H NMR and 13C NMR spectra of PBPI (18). 
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Appendix Figure 50.  1H NMR and 13C NMR spectra of viologen analog (19). 
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Appendix Figure 51.  1H NMR and 13C NMR spectra of PHC (20). 
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Appendix Figure 52.  1H NMR and 13C NMR spectra of HC-bisPA (21). 
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Appendix Figure 53.  1H NMR and 13C NMR spectra of HC-bis(MTEMPO) (22). 
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Appendix Figure 54.  1H NMR and 13C NMR spectra of biTEMPO analog (23). 

  



 

171 

 

Electrochemical Characterization 

 

Appendix Figure 55.  Electrochemical characterization set-ups discussed in the 

manuscript.  (A) The three-electrode solution beaker cell: glassy carbon working 

electrode and lithium metal counter/reference electrodes.  (B)The three-electrode beaker 

cell:  polypeptide composite working electrode and lithium metal counter/reference 

electrodes.  (C) The half sandwich cell: viologen or biTEMPO polypeptide composite 

working electrode and lithium metal reference electrode with a filter paper separator.  

(D) The full sandwich cell: viologen polypeptide composite working electrode and 

biTEMPO polypeptide composite reference electrode with a filter paper separator. 
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Appendix Figure 56.  Solution state cyclic voltammetry of (A) viologen analog and (B) 

biTEMPO analog at 1 mM in 0.5 M LiCF3SO3 in PC electrolyte.  A glassy carbon 

electrode was utilized as the working electrode in a three-electrode beaker cell with 

lithium metal reference and counter electrodes. 

 

Appendix Table 1.  Comparison of the oxidation/reduction peak potential (Eo/ER), the 

peak separation (ΔEp), half-wave potential (E1/2), oxidation/reduction peak width 

(Wo/WR), and oxidation/reduction peak area (Ao/AR) for the biTEMPO analog, 

biTEMPO polypeptide thin film and biTEMPO polypeptide composite electrode. 
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Appendix Table 2.  Comparison of the oxidation/reduction peak potential (Eo/ER), the 

peak separation (ΔEp), half-wave potential (E1/2), oxidation/reduction peak width 

(Wo/WR), and oxidation/reduction peak area (Ao/AR) for both peaks of the viologen 

analog, viologen polypeptide thin film and viologen polypeptide composite electrode. 
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Appendix Figure 57.  Peak current vs. square-root of scan rate from the cyclic 

voltammograms for (A) polypeptide thin film electrodes and (B) polypeptide composite 

electrodes of i. Viol+•/Viol2+ and ii. Viol0/Viol+• for the viologen polypeptide and iii. for 

the biTEMPO polypeptide.  The viologen polypeptide composite electrode did not 

exhibit a lower redox peak at scan rates greater than 10 mV·s-1. 
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Appendix Figure 58.  Peak separation vs. square-root of scan rate from the cyclic 

voltammograms for (A) polypeptide thin film electrodes and (B) polypeptide composite 

electrodes of i. the viologen polypeptide and ii. the biTEMPO polypeptide.  The 

viologen polypeptide composite electrode did not exhibit a lower redox peak at scan 

rates greater than 10 mV·s-1. 
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Appendix Figure 59.  Scanning electron micrographs of (A) the viologen polypeptide 

composite electrode and (B) the biTEMPO polypeptide composite electrode i. before 

and ii. after 50 charge-discharge cycles in the full sandwich cell configuration (viologen 

polypeptide composite electrode | 0.5 M LiCF3SO3 in PC + filter paper | biTEMPO 

polypeptide composite electrode). 
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Appendix Figure 60.  Solution state CV of the electrolyte (1) after soaking the electrode 

in the electrolyte solution, and after electrochemical testing of (2) PVDF/CB composite 

electrodes  The tests were carried out for the electrolyte tested with (A) the viologen 

polypeptide composite electrodes and (B) the biTEMPO polypeptide composite 

electrodes.  

 

 

 Appendix Figure 61.  Solution state CV of the electrolyte after testing the full cells 

(with both composite electrodes).  The CV was conducted in a three-electrode beaker 

cell with a glassy carbon working electrode and lithium metal counter and reference 

electrodes. The electrolyte was 0.5 M LiCF3SO3 in PC unless otherwise stated.  For the 

full sandwich cell, the separator was soaked in 15 mL of electrolyte after 

electrochemical testing and the resulting solution was used for solution state CV testing. 
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Appendix Figure 62.  Differential capacity curves from galvanostatic cycling curves 

filter paper sandwich cell at 1C.  An adjacent-averaging filter with a 5-point window was 

applied in OriginPro 2020 to remove noise in the data. 
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Degradation Study 

 

Appendix Figure 63.  High resolution mass spectrometry (HRMS, positive ESI) of the 

degradation products of (from top to bottom) viologen polypeptide, viologen analog and 

PBLG50. 
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Appendix Figure 64.  HRMS (negative ESI) of the degradation products of (from top to 

bottom) viologen polypeptide, viologen analog and PBLG50. 
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Appendix Figure 65.  HRMS (positive ESI) of the degradation products of (from top to 

bottom) biTEMPO polypeptide, biTEMPO analog, 4-OH-TEMPO and PBLG50. 

  



 

182 

 

 

Appendix Figure 66.  HRMS (negative ESI) of the degradation products of (from top to 

bottom) biTEMPO polypeptide, biTEMPO analog, 4-OH-TEMPO and PBLG50. 
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Appendix Figure 67.  Separation of the degradation products of (from top to bottom) 

viologen polypeptide, viologen analog and PBLG50 using liquid chromatography-mass 

spectrometry (LC-HRMS, positive ESI). 
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Appendix Figure 68.  Separation of the degradation products of (from top to bottom) 

viologen polypeptide, viologen analog and PBLG50 using LC-HRMS (negative ESI).  

FeCl4
- contaminants eluted at 1.31 min in all samples.  I- and I3

- residues eluted at 1.62 

min for viologen polypeptide and viologen analog. 
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Appendix Figure 69.  Separation of the degradation products of (from top to bottom) 

biTEMPO polypeptide, biTEMPO analog, 4-OH-TEMPO and PBLG50 using LC-HRMS 

(positive ESI). 
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Appendix Figure 70.  Separation of the degradation products of (from top to bottom) 

biTEMPO polypeptide, biTEMPO analog, 4-OH-TEMPO and PBLG50 using LC-HRMS 

(negative ESI).  FeCl4
- contaminants eluted at 1.31 min in all samples. 
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Appendix Figure 71.  1H NMR spectra of L-glutamic acid, viologen analog and 

viologen polypeptide after acid degradation with 1 M HCl at 110 °C. 
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Appendix Figure 72.  1H NMR spectra of L-glutamic acid, biTEMPO analog and 

biTEMPO polypeptide after acid degradation with 1 M HCl at 110 °C. 
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Cell Viability Study 

 

Appendix Figure 73.  Cytotoxicity effects of viologen and biTEMPO polypeptides on 

MC3T3 cells, fibroblast cells and coronary venular endothelial cells (CVECs). 



 

190 

 

 

Appendix Figure 74.  Cytotoxicity effects of the degradation products of viologen and 

biTEMPO polypeptides on MC3T3 cells, fibroblast cells and CVECs. 
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Appendix Figure 75.  Cytotoxicity effects of viologen and biTEMPO analogs on 

MC3T3 cells, fibroblast cells and coronary venular endothelial cells (CVECs). 
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Appendix Figure 76.  Cytotoxicity effects of the degradation products of viologen and 

biTEMPO analogs on MC3T3 cells, fibroblast cells and CVECs. 
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APPENDIX C 

SUPPLEMENTARY DATA FOR CHAPTER IV 

 

 

Appendix Figure 77.  Crossover study of (A) viologen-TFSI and (B) biTEMPO 

polypeptides using Daramic 175 and FAPQ 375 PP membranes. 
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Appendix Figure 78.  Crossover study of (A) viologen-TFSI and (B) biTEMPO analogs 

using Daramic 175 and FAPQ 375 PP membranes. 
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Appendix Figure 79.  ATR-FTIR spectra of (A) 0.5 M TEATFSI/ACN, (B) 50 mM 

viologen-TFSI polypeptide/ACN, and 50 mM viologen-TFSI polypeptide in 0.5 M 

TEATFSI/ACN (C) before cycling, (D) after rate study and (E) after 500 cycles at  

10 mA·cm-2.  The y-axis of the spectra is transmittance (%). 
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Appendix Figure 80.  ATR-FTIR spectra of (A) 0.5 M TEATFSI/ACN, (B) 50 mM 

biTEMPO polypeptide/ACN, and 50 mM biTEMPO polypeptide in 0.5 M 

TEATFSI/ACN (C) before cycling, (D) after rate study and (E) after 500 cycles  

at 10 mA·cm-2.  The y-axis of the spectra is transmittance (%). 
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