
UCLA
UCLA Electronic Theses and Dissertations

Title
Poly(dehydroalanine) Based Polypeptides for Stimuli Responsive Biomaterials

Permalink
https://escholarship.org/uc/item/47c8z606

ISBN
9798293869978

Author
Morrison, Casey

Publication Date
2025-09-22
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/47c8z606
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

 

 Poly(dehydroalanine) Based Polypeptides for Stimuli Responsive Biomaterials 

 

 

 

 

 

A dissertation submitted in partial satisfaction of the 

Requirements for the degree Doctor of Philosophy 

In Chemistry 

 

by 

 

Casey Austin Morrison 

 

 

 

2025 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by  

Casey Austin Morrison 

2025



ii 
 

ABSTRACT OF THE DISSERTATION 

 

Poly(dehydroalanine) Based Polypeptides for Stimuli Responsive Biomaterials 

 

by 

 

Casey Austin Morrison 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2025 

Professor Timothy J Deming, Chair 

 

 Functionalized polypeptides provide access to unique biomaterials that can be 

varied by the identity of the amino acid side chain; however, access to highly 

functionalized polypeptides is limited by the routes for sidechain modification. Modification 

of the polypeptide side chain requires careful post polymerization modification to ensure 

quantitative functionalization or the synthesis and stringent purification of functionalized 

monomers. The Deming group recently developed methods for the synthesis of high 

molecular weight poly(dehydroalanine) (ADH), which possesses reactive electrophilic 

groups that allows its efficient modification to functionalized polypeptides after reactions 

with thiol and amine nucleophiles. In this dissertation, I will detail the synthesis and 

characterization of various biomaterials derived from functionalized ADH  polypeptides.  

 Chapter 2 describes the synthesis and characterization of amino acid-

functionalized poly(S-alkyl-rac-cysteines) polypeptides. These polypeptides possessed 
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the ability to form coacervates with a variety of anions and ssRNA under physiological 

conditions. Furthermore, these coacervates could be tuned to respond to environmental 

stimuli, such as temperature, pH, and redox conditions to trigger coacervation formation 

and dissolution.  

 Chapter 3 describes the synthesis and characterization of amphiphilic poly(L-

methionine sulfoxide)x-b-poly(dehydroalanine)y, diblock copoly-peptides, MO
xADH

y, and 

their self-assembly into submicrometer-diameter unilamellar vesicles in aqueous media. 

The formation of vesicles was observed over an unprecedented range of copolypeptide 

compositions due to the unique properties and chain conformations of the ADH 

hydrophobic segments. These copolypeptides incorporate two distinct thiol reactive 

components where each segment can respond differently to a single thiol stimulus, 

allowing for in situ inversion of the vesicle assemblies and vesicle disruption via 

glutathione under intra-cellular mimetic conditions. 

 Chapter 4 details the assembly and characterization of MO
xADH

y copolypeptides to 

form membranes that provide plasticity and selective permeability in aqueous mixtures, 

which allows predictable control of vesicle shape by variation of dialysis conditions. These 

findings expand upon vesicle shape transformation methods for biodegradable and thiol 

responsive polypeptide vesicles, which are amenable to development for applications in 

therapeutic delivery.  

 Chapter 5 describes the synthesis and characterization of racemic mucin 

analogues bearing native glycans from the functionalization of ADH with un-protected thiol 

modified monosaccharides. Functionalization of  ADH resulted in the formation of 
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glycosylated poly(rac-cysteine) polypeptides, with no unnatural sidechain modification 

and high saccharide conjugation.  
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Chapter 1: Synthesis and Applications of Polypeptide 

Based Biomaterials 
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1.1 Introduction to Polypeptides and Proteins 

 Polypeptides and proteins cover a wide range of structures and serve a diverse 

field of functions within biological systems. Cell signaling, biomolecule transport and 

recognition, structural support and catalyzing reactions are among their possible 

functions.1 At their simplest level, proteins are synthesized from amino acids linked 

together through peptide bonds.2 Additionally, proteins have the extraordinary ability to 

form unique tertiary and quaternary structures defined from their sequence.2 The 

synthesis of proteins begins with the transcription or synthesis of their primary sequence 

or a chain of amino acids.2 Through hydrogen bonding interactions, these polypeptides 

form their secondary structure motifs, mainly α-helices and β-sheets.2 Non-covalent 

interactions between side chains, such as hydrophobic interactions, electrostatic 

interactions, or hydrogen bonding, organize these α-helices and β-sheets into the 

protein’s tertiary structure.2 Multiple tertiary structures can then come together through 

similar interactions to form quaternary structures. The tertiary and quaternary structures 

of proteins have evolved to serve the highly specialized roles proteins provide among cell 

interactions.3 

 Due to the various chemical functionalities and near limitless sequence 

possibilities of the 20 canonical amino acids, multiple synthetic approaches have been 

developed to produce polypeptides and proteins. Synthetic approaches mostly rely on 

four techniques: recombinant protein expression, solid phase peptide synthesis (SPPS), 

solution phase peptide synthesis, and ring opening polymerization of α-amino acid N-

carboxyanhydrides (NCA). Recombinant expression is typically used for larger proteins, 

while the synthesis of specific shorter peptide sequences utilizes solution phase peptide 
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synthesis or SPPS.4,5 The polymerization of NCAs differs by having the capability of 

synthesizing low or high molecular weight polypeptides, creating defined sequences 

based on monomer addition.6 However, NCA polymerization comes at the cost of losing 

precise sequence control.6 

1.2 Current Approaches for Protein and Polypeptide Synthesis 

1.2.1 Recombinant Protein Expression 

 Since its development in 1976, recombinant protein expression has been exploited 

to produce naturally occurring proteins for almost 50 years.4 Recombinant protein 

expression is most effective for producing large proteins in mass quantities.4 Target 

proteins are produced by identifying and cloning specific DNA sequences, transforming 

the plasmid into prokaryotic or eukaryotic cells, and isolating the target protein (Figure 

1.1).7 Once the DNA sequences are transformed into the cells, mass quantities of the 

protein can be expressed. Typically, the proteins can be expressed with affinity tags, such 

as the common hexahistidine tag, for facile purification.8 Several therapeutic proteins 

have been produced from recombinant protein expression, including insulin and human 

growth hormone.9,10 Mass production of these hormones has drastically improved the 

quality of life for individuals suffering from diabetes and growth hormone deficiency.  

Figure 1.1. Schematic representation of the recombinant protein expression process. 

Image generated with Biorender. 

 



4 
 

 However, there are some drawbacks to recombinant protein expression. While 

prokaryotic cells provide cheap and efficient means for mass protein production, these 

cells lack the many of the enzymes found in eukaryotic cells.11 This can lead to non-

functioning proteins as post translational modification and proper protein folding will not 

occur.11 Furthermore, the introduction of non-canonical amino acids into proteins 

produced through recombinant expression is not straight forward.12 Attempts to 

incorporate non-canonical amino acids can lead to cell apoptosis, misfolded proteins, 

and low production quantities.12 While some techniques exist to simplify the introduction 

of non-canonical amino acids into proteins, such as the methods developed by the 

Tirrell and Schultz laboratories, these protocols require additional substrates, enzymes, 

or tRNAs to be added to the cell cultures.13,14 

1.2.2 Stepwise Peptide Synthesis  

 Prior to 1963, stepwise peptide synthesis was solely performed via solution-phase 

chemistry. Solution-phase peptide synthesis brought forward the production of short 

peptide sequences that were difficult to express in bacteria, such as the incorporation of 

unnatural amino acids, D-amino acids, and peptide backbone modification.15 However, 

solution-phase peptide synthesis consisted of laborious and repetitive steps. Amino acids 

required an N-terminus protecting group which would need to be removed after C-

terminus activation and coupling with an unprotected amine or amino acid.15 The 

intermediates would also need to be isolated and purified after each coupling reaction.5 

Furthermore, solubility issues arose as peptide lengths increased, leading to poor yields 

and reactivity.5 Luckily, these issues were soon to be remedied upon the publication of 

Robert Merrifield’s seminal report on solid-phase peptide synthesis in 1963.16 
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 Merrifield’s contribution to peptide synthesis allowed for efficient peptide synthesis 

and simplified purification. The improvements SPPS brought forth relied on the use of 

resins as an insoluble solid phase support.16 SPPS begins with cross-linked polystyrene 

resin beads that are swelled in an organic solvent such as dimethylformamide or 

dichloromethane.17 This process allows for peptide synthesis to take place inside of the  

swollen pores of the beads.17 The first amino acid is then attached to the resin via a 

covalent bond at the C-terminus.17 Each subsequent amino acid is then coupled one at a 

time until the desired sequence is synthesized.17 Since the resin is insoluble in the 

solvents used throughout the coupling process, it can easily be washed after each 

coupling, deprotection, and neutralization.17 The final peptide is obtained by cleavage 

from the resin (Figure 1.2).17  

Figure 1.2. Schematic of solid-phase peptide synthesis process. Image generated in 

Biorender. 
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 Since its development, SPPS has become the primary method for synthesizing 

polypeptides up to 50 residues long. The use of different amino acid protecting groups, 

solvents, and coupling agents have also been optimized over the years, providing many 

methods for orthogonal protection and deprotection strategies.18,19 However, a few major 

drawbacks of SPPS are the production of undesirable side products, incomplete coupling, 

and reduced yield when synthesizing long polypeptide sequences (>50 residues).17 

Improvements to the synthesis of longer, high molecular weight polypeptides have been 

introduced though native chemical ligation (NCL) and copper catalyzed azide-alkyne 

cycloaddition (CuAAC).20,21  

 Native chemical ligation was first reported in 1992 by Stephen Kent and Martina 

Schnölze.20 NCL utilizes a trans-thioesterification reaction between a thioester on the C-

terminus of one peptide and the thiol sidechain of a cysteine residue on the N-terminus 

of another peptide.22 The thiol group performs a nucleophilic attack on the thioester, 

forming a new thioester linkage between the two peptides.22 The new thioester undergoes 

an S-N acyl shift to create a new amide bond.22 NCL improves upon the solubility and 

coupling efficiency issues introduced by SPPS by allowing the coupling of unprotected 

peptides in aqueous media under physiological conditions.22,23 As NCL techniques have 

improved, its use in combination with SPPS has allowed for peptides with over 350 

residues to be synthesized.22  

 Copper catalyzed azide-alkyne cycloaddition is another technique that utilizes 

biorthogonal chemistry under physiological conditions to create a triazole linkage between 

two peptide sequences.24 CuAAC utilizes a regioselective Cu(I) catalytic reaction 

between a terminal azide and alkyne group.25 CuAAC is effective for the ligation of peptide 
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segments as this reaction is efficient, selective, insensitive to the changes in pH and 

temperature, and can be done under aqueous conditions with deprotected peptides.21 For 

peptide conjugation, an azide and alkyne group are covalently bonded to the C and N-

terminus of two separate peptides. Conjugation of the azide and alkyne group typically 

occurs through amine or carboxylate coupling reactions with either terminus. The two 

individual sequences are mixed with Cu+ salts under aqueous conditions where triazole 

formation occurs to produce the ligated peptide sequence.24  

1.2.3 Ring Opening Polymerization of N-Carboxyanhydrides  

 While recombinant protein expression and SPPS are effective tools for 

synthesizing sequence specific proteins and peptides, neither are as efficient as ring 

opening polymerization (ROP) of NCAs for preparing high molecular weight polypeptides 

that do not require sequence specificity.6,26,27 Although sequence specificity is required 

for proper protein folding and the generation of tertiary structures, secondary structure 

motifs, such as α-helices and β-sheets, as well as disordered segments, can be formed 

from repeats of the same amino acid.6,28,29 In this case, the specific amino acid dictates 

which secondary structure will from. For example, poly(L-methionine) and poly(L-leucine) 

assemble into α-helices, poly(L-cysteine) and poly(L-serine) form β-sheets, and poly(L-

glutamate) and poly(L-lysine) have disordered confirmations when charged in aqueous 

environments.30–34 These structural motifs can be harnessed to prepare multi-block 

copolypeptides of different secondary structures to create supramolecular assemblies 

such as hydrogels, vesicles and micelles.33,35,36  
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1.2.4 Preparation of polypeptides from NCAs 

 NCAs are commonly prepared through the cyclization of amino acids using 

phosgene or triphosgene to form the cyclic anhydrides (Figure 1.3).37 The resulting 

monomers can then be purified through a combination of extraction, recrystallization, and 

anhydrous column chromatography to remove unwanted impurities, such as HCl, 

unreacted amino acids, residual triphosgene, and unwanted side products.32,38 Similarly 

to SPPS, amino acids with reactive side-chains, i.e. amines, thiols, carboxylates, or 

alcohols, must also be protected prior to cyclization to prevent the formation of side 

products. However, recent developments in NCA synthesis by Lu and coworkers have 

provided pathways to synthesize NCAs with unprotected carboxylate and thiol side-

chains through the addition of propylene oxide or epichlorohydrin during NCA synthesis.38 

Since a wide variety of canonical or unnatural amino acids can be converted into NCAs, 

this provides a near limitless variety of polypeptides that can be synthesized.39–42 For acid 

sensitive NCAs, acid scavengers such as α-pinene or triethylamine with trimethylsilyl 

chloride are commonly employed to neutralize the HCl produced during the 

cyclization.32,43 Recently, the introduction of propylene oxide or epichlorohydrin has been 

used as an efficient means for the removal HCl.  This method also eliminates the need 

for NCAs to be cyclized under anhydrous conditions.38  

Figure 1.3. NCA preparation and polypeptide synthesis via ring-opening polymerization  

 The polymerization of NCAs requires an initiator to begin the propagation reaction. 

Initiation begins through the nucleophilic ring-opening or base activation of NCAs.44–47 
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Typically, amines are used as the initiating species for NCA polymerization, but this can 

lead to poor control over the preparation of block copolypeptides and hybrid block 

copolymers.6,45 This difficulty is caused by amines functioning as either a nucleophile or 

a base during polymerization (Figure 1.4).44,45  

 When functioning as a nucleophile, the amine will react with a NCA to open the 

ring, form an amide bond, release CO2, and generate a new N-terminal amine to continue 

the chain propagation.6 When functioning as a base, the amine will deprotonate a NCA 

and activate the monomer for chain growth.45 Since the polymerization mechanism can 

oscillate between the two propagation mechanisms, these subsequent polypeptides can 

have compositions and structures that differ from those predicted by the monomer feed 

ratio.  

 The initiation and propagation conditions for NCAs have been empirically 

optimized to reduce side reactions and generate polypeptides with low dispersity. These 

optimizations include using low temperatures, reduced pressure, and careful solvent 

selection.48–50 Another optimization method has been to utilize alternative initiators for 

improved polymerization control. Alternative initiator species used for the living ROP of 

NCAs include rare earth metal complexes, silazane derivatives, and amine 

hydrochlorides.51–54 These strategies have led to alternative methods of generating well- 

defined polypeptides with low dispersity. 
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Figure 1.4. Amine-initiated polymerization of NCAs 

1.2.5 Transition Metal Initiator Mediated Polymerization of NCAs 

 Many of the initiation and propagation issues observed with amine initiators were 

remedied by the development of transition metal initiators for ring opening polymerization 

of NCAs. Transition metal initiators drastically improved control over the addition of NCA 

monomers to active chain ends during propagation reactions. This led to decreased side 

products and improved yields as well as improved access to high molecular weight 

polypeptides with narrow dispersity.26 

 The first transition metal initiator studied in detail was bpyNi(COD), a zero valent 

Ni-based complex, where bpy = 2,2’-bipyridine and COD = 1,5-cyclooctadiene.26 This 

initiator was capable of synthesizing high molecular weight block copolypeptides in high 

yields with low dispersity.26 After the successful demonstration of living polymerization of 

NCAs using bpyNi(COD), further studies were performed using nickel amido-amidate 

metallacycle initiators.51 These initiators were found to be the true active species in NCA 

polymerizations that were initiated using bpyNi(COD).52 The amido-amidate functionality 
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also allowed for the conjugation of a variety of C-terminal end group functionalities, such 

as azides or other biomolecules like cholesterol.27,52–54 Furthermore, direct preparation of 

these active divalent Ni complexes gave much higher initiation efficiency compared to 

zerovalent Ni precursors.27,52 

 Further research by the Deming group focused on a zerovalent cobalt initiator, 

Co(PMe3)4, where PMe3 = trimethylphosphine.55 Similarly to bpyNi(COD), Co(PMe3)4 

could be used to synthesize high molecular weight polypeptides with narrow dispersity 

and in high yields.55 Co(PMe3)4 also initiated NCA polymerizations at a faster rate than 

bpyNi(COD) and had similar broad NCA compatibility as Ni initiators.27 Following their 

discovery, the mechanism of initiation and propagation of the cobalt and nickel initiators 

were studied (Figure 1.5).  

Figure 1.5. NCA polymerization mechanism using zerovalent Ni and Co initiators. 

 First, oxidative addition occurs at the O-C5 anhydride bond, resulting in the loss of 

CO2 at the C5 position and creating a five-membered ring.55 Another NCA monomer then 

reacts with the complex to form a 6 membered ring after the loss of CO2. This reaction is 
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followed by a proton transfer from the amide proton to the metal bound carbon, leading 

to a rearrangement into a five-membered amido-amidate metallacycle.55 This complex 

has now become an active propagating species, where the C-terminal amide is the 

chainend group. Further NCA addition will lengthen the polypeptide chain by following the 

same CO2 loss and proton transfer processes.55 It was found that zerovalent Ni and Co 

initiators follow the same polymerization mechanism.27,55  

1.2.6 Transition Metal Initiator Mediated Polymerization of N-substituted amino 

acid N-carboxyanhydrides  

 Recently, there has been increased interest in the development of N-substituted 

glycine N-carboxyanhydrides (NNCAs) for polypeptoid synthesis. Polypeptoids, or 

poly(N-alkyl glycine)s, such as poly(sarcosine) and poly(proline) are of interest for 

biomedical applications due to their similarities to polyethylene glycol and temperature 

induced phase separation properties, respectively. NNCAs had been previously 

polymerized from living poly(-benzyl-L-glutamate) chains that possessed nickel amido-

amidate propagating species, however, in 2021, the Kramer group began investigating 

transition metal-mediated polymerization of L-proline (Pro) and sarcosine (Sar) NNCAs 

using divalent Ni-based initiators.26,27,56 As described earlier, these Ni complexes already 

have the amido-amidate propagating species formed before NNCA addition.27,53,54 

Addition of Pro NNCA to the Ni complex polymerized poly(Pro) in high yields with a narrow 

dispersity.54  

 These results confirmed that the nickel amido-amidate propagating species can 

initiate the living polymerization of Pro NNCA and other N-substituted NCAs, which 

provides a means for controlled preparation of polypeptoids. Although the mechanism of 
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initiation and propagation of NNCAs is still under investigation, transition metal amido-

amidate metallacycles have now been proven to provide controlled polymerization of 

polypeptide and polypeptoid containing multiblock polymers.54 

1.3  Addition of Non-canonical Amino Acids into Polypeptide-based Materials 

 The wide variety of amino acid side chain functionality enables the synthesis of 

diverse biomaterials. Although the 20 naturally occurring amino acids offer a range of side 

chain functional groups, their functionality is limited to hydrophobicity, ionic charge, 

hydrogen bonding, and consist of only four reactive functional groups. The incorporation 

of non-canonical amino acids into synthetic polypeptides enables more opportunities for 

further control over polypeptide functionalities. Non-canonical amino acid incorporation 

allows for the design of new biomaterials with specific properties, structures, and stimulus 

responsive behaviors. These types of biomaterials consist of hydrogels, vesicles, 

micelles, or coacervates and can be designed to respond to physiologically relevant 

stimuli, such as redox switches, pH triggers, counterion concentration, or 

temperature.33,35,36,57,58  

 Incorporating non-canonical amino acids into polypeptides synthesized via ROP 

relies on two methods, the synthesis and polymerization of functional monomers or post-

polymerization modification (PPM) of polypeptides with reactive side-chains. The 

polymerization of functional monomers guarantees full incorporation of the target 

functional monomer at the desired composition and segment location within the 

polypeptide sequence. This method is particularly effective for synthesizing statistical and 

block copolypeptides that utilize multiple different functional monomers as all the 

functional monomers can be incorporated directly. However, two major potential 
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limitations of using functional NCA monomers are their synthesis and polymerization. The 

design of new monomers is often limited by their successful synthesis and rigorous 

purification.40,59 Often, these monomers must be recrystallized or undergo anhydrous 

chromatography more thoroughly than canonical amino acid monomers.32 Even after the 

successful preparation and purification of the new monomers, their polymerization may 

not proceed well due to poor solubility of the monomer or active polypeptide chain, slow 

polymerization kinetics, or side-reactions leading to high dispersity.  

 Post polymerization modification provides an alternative route to non-canonical 

side-chain functionality by modifying polypeptides prepared from NCA monomers with 

reactive side-chains. Although PPM can suffer from incomplete functionalization or cause 

polypeptide chain degradation, optimization of the coupling reactions can lead to near-

quantitative modification without degrading the polypeptide. Click chemistry, Michael 

addition, and alkylation have all proved useful for PPMs such as the azide-alkyne 

cycloaddition, thiol-ene addition, amine or thiol addition, and pegylation.41,42,60,61 These 

methods all provide high efficiency functionalization under mild conditions. In particular, 

work by Deming and coworkers has resulted in many methods for functional biomaterial 

production via modification of thioethers and α, β unsaturated sidechain groups.58,60 

 Thioether groups are naturally found in L-methionine and provide a facile method 

for polypeptide modification. Thioethers can undergo modification via oxidation or 

alkylation reactions to add new functional groups, introduce ionic charge, increase 

solubility, or trigger conformational changes.58,61 In either homopolymers or copolymers, 

poly(L-methionine) can be modified to introduce any of these functionalities. Poly(L-

methionine) is most often alkylated using alkyl halides, alkyl triflates, and epoxides to 
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introduce new functional groups.61 Alkylation of the poly(L-methionine) results in the 

formation of cationic sulfonium salts and conversion of the α-helix favoring, hydrophobic 

thioether side-chains to charged sulfonium ion containing side-chains  that results in 

improved water solubility and a disordered secondary structre.58,61,62 Regardless of the 

functional group attached, this transformation induces a change within the secondary 

structure of poly(L-methionine) from an α-helix to a disordered confirmation.62 The methyl 

group of the sulfonium can be selectively removed by dealkylation to remove the ionic 

charge and potentially alter the secondary structure.63 Common functional groups 

attached via alkylation of poly(L-methionine) include sugars, ethylene glycol units, 

alkynes, or azides.58,61 

 Thioethers can also be reversibly oxidized to increase polypeptide water solubility 

and induce the same α-helix to a disordered confirmation change.64 Oxidation of 

hydrophobic, α-helical poly(L-methionine) produces a water soluble, disordered poly(L-

methionine sulfoxide). Further oxidation converts the sulfoxide into a sulfone, producing 

a water-insoluble, and α-helical poly(L-methionine sulfone).64,65  

 Research into poly(L-methionine) modifications has provided efficient and effective 

methods for synthetic polypeptide PPM. Many of these modifications have been useful 

for biomaterial development such as enzyme responsive vesicles, stem cell compatible 

non-fouling hydrogels, cell recognition via sugar conjugation, and synthetic coacervate 

mimetics.35,62,65,66  

 Additionally, Deming and coworkers have recently focused on the development of 

poly(dehydroalanine) based biomaterials. Poly(dehydroalanine) possesses α, β 

unsaturated alkene sidechains that allow for facile incorporation of nucleophiles via 
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Michael addition.60,67 Poly(dehydroalanine) side-chains can be modified with amines or 

thiols to introduce desired chemical moieties allowing for a diverse array of new 

biomaterials to be fabricated, such as dual responsive copolypeptide vesicles and 

synthetic coacervates.57,60,68 

1.4 Stimuli-Responsive Behavior of Polypeptides and Polypeptide-based 

Biomaterials 

 To mimic the signaling, structural support, and enzymatic catalysis functions that 

proteins provide in cells, chemists have prepared synthetic polypeptides that can respond 

to environmental stimuli.. By utilizing the functionality of amino acid side-chains and chain 

confirmations, responsive biomaterials can be created. Due to the variety of functional 

groups available, polypeptides can be specifically synthesized to respond to changes in 

temperature, redox reactions, pH, enzymes, and counterions. The ability to respond to 

these stimuli enable polypeptides to function as “smart” materials and allow them to 

undergo rapid changes in structure, solubility, and charge under physiologically relevant 

conditions.  

1.4.1 Temperature Responsive Polypeptides 

 Temperature responsive behavior or thermo-responsiveness is a common goal for 

stimulus-responsive polypeptides. Due to the difference between ambient and 

physiological temperature, many chemists have utilized this aspect to generate 

biomaterials that respond to increases in temperature.69,70 Polypeptide solutions can be 

designed to be liquid at ambient temperature and gel at physiological temperature or be 

miscible with aqueous media at ambient temperature, but phase separate at elevated 

temperatures.66,71 These materials, gels or coacervates, rely on the use of lower critical 
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solution temperature (LCST) phenomena to transition from soluble to insoluble polymers 

as temperature increases. An example of a well-studied thermo-responsive hydrogel is 

the polypeptide poly(-[2-(2-methoxyethoxy)ethyl]-rac-glutamate-b-( -[2-(2-

methoxyethoxy)ethyl]-L-glutamate)-co-L-leucine), (rac-EP2)180(EP2/L)30 designed by the 

Deming group. Once solubilized in aqueous media, rac-EP2
180(EP2/L)30 rapidly transitions 

between flowing as a liquid at ambient temperatures and forming a rigid hydrogel at 40 

°C.71 The rac-EP2 segment of rac-EP2
180(EP2/L)30 imparts water solubility to the copolymer 

and the resulting hydrogel, while the EP2/L segment drives the solution to gel transition at 

physiological temperatures.72 Although the EP2/L block, is water soluble at ambient 

temperatures, it becomes hydrophobic at elevated temperatures due to LCST induced 

phase separation.72 Unlike rac-EP2
 which is water soluble at ambient and elevated 

temperatures due to its disordered and racemic confirmation, enantiomerically pure EP2 

becomes hydrophobic at temperatures above 37 °C.72 This leads to aggregation of the 

EP2/L segments and hydrogel formation.72  

 Further work by the Deming group has helped to elucidate the relationship 

between ethylene glycol side-chains and their influence on LCST and thermo-responsive 

properties. In one study, poly(L-methionine) was alkylated with various oligoethylene 

glycol (OEG) groups and then demethylated to afford a series of poly(S-alkyl-L-

homocysteine) polypeptides.73 The OEG pendant groups possessed differing terminal 

groups and ethylene glycol repeat units, both of which were found to have predictable 

and scalable effects on LCST properties.73 This discovery provided a modular approach 

towards controlling the transition temperature of thermo-responsive polypeptides.  
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1.4.2 Redox Responsive Polypeptides 

Within the 20 naturally occurring amino acids, cysteine and methionine both 

contain sulfur in the sidechain. Cysteine and methionine are both highly sensitive to redox 

conditions.74 Polypeptides containing cysteine or methionine residues can be formulated 

to respond to reducing or oxidizing reagents, such as the reducing intracellular space or 

the oxidative environments of cancerous cells.58,75,76 Under oxidative conditions, cysteine 

residues and poly(L-cysteine) from disulfide bridges, while the thioethers in methionine 

residues and poly(L-methionine) are converted to sulfoxides.74 The disulfide bridges 

formed during the oxidization of poly(L-cysteine) to poly(L-cystine) provide reversible 

chemical cross-links. These cross-links have been utilized for facile formation of 

nanostructures that can be disassembled in reducing environments. Previous work has 

utilized copolymers containing poly(L-cystine) for gene and drug encapsulation and in 

vivo delivery.77 Poly(L-cysteine) has also been utilized for oxidation induced self-assembly 

into nanoparticles and gels.78,79  

Oxidation of poly(L-methionine) has also been utilized for the design of redox 

responsive biomaterials. Upon oxidation, hydrophobic poly(L-methionine) is converted to 

water-soluble poly(L-methionine sulfoxide).80 This change in solubility provides a valuable 

stimulus response to redox conditions. Previous work by the Deming group has produced 

poly(L-methionine sulfoxide) based vesicles that could be reduced by methionine 

reductase, triggering vesicle rupture and cargo release.35 Furthermore, recent work by 

the Deming group has produced synthetic coacervates based on amino acid 

functionalized alkyl poly(L-homocysteine) and alkyl rac-poly(L-cysteine) polypeptides that 

could undergo reversible coacervate formation when oxidized and reduced.57,66  
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1.4.3 pH Responsive Polypeptides 

 pH responsive behavior is invaluable for the design of biomaterials to respond to 

differences between the physiological pH and the pH of endosomes, lysosomes, 

carcinogenic tissues, and the intra/extracellular space.81,82 Polypeptides can be designed 

to respond to changes in pH to trigger assembly and disassembly of various biomaterials 

such as polyion complexes (PIC), hydrogels, and coacervates.66,83,84 pH sensitive 

residues, such as poly(L-histidine) or poly(L-lysine) have previously been used for gene 

transfection and drug delivery.83,85 Due to its pKa being near physiological pH, poly(L-

histidine) has been thoroughly studied for its pH responsive properties.83,86 The Langer 

group has reported nanoparticles based on poly(L-histidine)–b-polyethylene glycol (PEG) 

copolymers for gene delivery.85 In this work, the copolymers assembled into nanoparticles 

when complexed with DNA. These assemblies possessed a hydrophobic core due to the 

stoichiometric charge balance between the positively charged histidine residues and the 

negatively charged phosphate backbone of DNA.85 Surrounding this core was a hydrated 

shell of water-soluble PEG chains. Once internalized, the nanoparticles are brought into 

endosomes where the acidic environment further protonates the poly(L-histidine) 

residues and triggers endosomal escape through the proton sponge effect.83,87 The highly 

protonated poly(L-histidine) and genetic material are released into the intracellular 

space.87 Similar strategies have also been utilized to design pH responsive nanoparticles 

for drug release and other forms of PIC mediated transfection via membrane 

penetration.88 

 Recent work on the development of synthetic coacervates has also utilized pH 

responsive behaviors to transition between miscible and bulk phases. These synthetic 
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coacervates relied on the pH sensitivity of primary amine groups within the polypeptide 

sidechains.57,66 Since the pKa of an N-terminal amino acid primary amine is close to 

physiological pH, the solubility of the polymers was greatly affected by the solution pH.89 

Under physiological conditions with chloride or phosphate counterions, these 

polypeptides were miscible with the aqueous solvent, but at slightly elevated pH, liquid-

liquid phase separation would occur, leading to coacervate formation.57,66 Lowering the 

pH would resolubilize the turbid solutions as the charged amines would increase the water 

solubility of the polypeptide.57,66  

1.5 Conclusions Future Perspectives  

 The stimuli-responsive properties, facile polymerization, and vast range of 

functionality make polypeptides an invaluable material for biomedical applications. The 

chemical and structural diversity among amino acids provides polypeptides with near 

limitless functions along with superior biocompatibility. Furthermore, polypeptide chains 

can be readily degraded via enzymes. Advances in polypeptide chemistry have 

introduced non-canonical amino acids with a diverse range of functional groups into 

synthetic polypeptides, leading to novel and unique biomaterials with potential for 

therapeutic delivery. As research continues, the improved understanding of polypeptide 

self-assembly and composition will undoubtedly lead to the design of more stimuli-

responsive materials. 

 As the field of polypeptide biomaterials expands, improvements in reducing the 

cost of synthesizing polypeptides and increasing production scale will be necessary. 

Currently, most synthetic polypeptides are produced on the gram scale and require 

extensive monomer purification and specific storage conditions. These barriers have 
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been reduced as new synthetic procedures for monomers are developed, but the cost 

and availability will need to be further reduced before synthetic polypeptides have 

widespread therapeutic applications. 
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Chapter 2: Switchable Coacervate Formation via 

Amino Acid Functionalization of Poly(dehydroalanine) 
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Adapted from: Morrison, C. A.; Chan, E. P.; Lee, T.; Deming, T. J. Biomacromolecules 

2024 25 (4), 2554-2562. 

2.1 Abstract 

 Our group recently developed a family of side-chain amino acid-functionalized 

poly(S-alkyl-L-homocysteines), Xaa-CH (Xaa = generic amino acid), which possess the 

ability to form environmentally responsive coacervates in water. In an effort to further 

study how the molecular structure affects polypeptide coacervate formation, we prepared 

side-chain amino acid-functionalized poly(S-alkyl-rac-cysteines), Xaa-rac-C, via post-

polymerization modification of poly(dehydroalanine), ADH. The use of the ADH platform 

allowed straightforward synthesis of a diverse range of side-chain amino acid-

functionalized polypeptides via direct reaction of unprotected L-amino acid 2-

mercaptoethylamides with ADH. Despite their differences in the main-chain structure, we 

found that Xaa-rac-C can form coacervates with properties similar to those seen 

with Xaa-CH. These results suggest that the incorporation of side-chain amino acids onto 

polypeptides may be a way to generally favor coacervation. The incorporation of L-

methionine in Met-rac-C allowed the preparation of coacervates with improved stability 

against high ionic strength media. Further, the presence of additional thioether groups 

in Met-rac-C resulted in an increased solubility change upon oxidation allowing facile 

reversible redox switching of coacervate formation in aqueous media. 

2.2 Introduction  

 Biomimetic coacervates are of interest as model systems to enable a better 

understanding of natural condensates as well as for the delivery of therapeutics and for 
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the development of environmental stimuli-responsive biomaterials.1−4 For these uses, it 

is desirable that coacervate formation and properties can be adjusted at the molecular 

level, and that coacervation can also be readily switched on or off under physiologically 

relevant conditions.5-9 Many coacervate systems are either based on complex 

biopolymers (e.g., proteins or statistical copolymers) where structure–property 

relationships are not well understood leading to challenges in predictable tuning of 

properties or based on simple polymers (e.g., poly(L-lysine)) that lack the ability to 

respond to physiologically relevant stimuli.10-15 Our group recently developed a class of 

α-helical, side-chain amino acid-functionalized poly(S-alkyl-L-homocysteines), Xaa-CH, 

that possess the ability to form environmentally responsive coacervates in water 

(Scheme 2.1).16  

 Since they are compositionally uniform, Xaa-CH homopolypeptides allow for a 

more detailed molecular understanding of structure–property relationships when polymer 

Scheme 2.1. Comparison of α-Helical polymers of amino acid-functionalized 

homocysteines (Hcy), Xaa-CH, to disordered polymers of amino acid-functionalized 

cysteines (Cys), Xaa-rac-C Xaa = generic amino acid 

javascript:void(0);
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side-chain groups are altered, as compared to side-chain variation in statistical 

copolymers or protein sequences.16 We had previously found that hydrophobicity of side-

chain amino acid groups could be varied to control coacervate versus precipitate 

formation and to adjust how temperature, pH, and counterion valency affect coacervate 

formation.16 Further, oxidation of thioether linkages in Leu-CH was found to result in the 

formation of disordered conformations and increased polypeptide hydrophilicity, which 

acted as a mild, biomimetic switch to turn off coacervate formation via active control.16  

 Here, we sought to test if the incorporation of side-chain amino acid groups onto a 

different polypeptide backbone could also enable coacervate formation. These 

experiments were expected to aid understanding of how polypeptide chain conformation 

and flexibility influence coacervate formation and properties. Poly(dehydroalanine), ADH, 

was chosen as it can be prepared with controlled length, and it is readily post-

polymerization functionalized under mild conditions in high yield by reaction with thiol 

nucleophiles.17 The products of such functionalization are poly(S-alkyl-rac-cysteines), 

which are expected to adopt disordered conformations in solution due to backbone 

heterochirality.17 Reactions of ADH with unprotected L-amino acid 2-mercaptoethylamides 

were thus envisioned to give side-chain amino acid-functionalized poly(S-alkyl-rac-

cysteines), Xaa-rac-C, which would possess side chains structurally similar to those 

in Xaa-CH but with backbones that would be expected to adopt disordered instead of α-

helical conformations (Scheme 2.1). In addition to the goal of creating new coacervate-

forming polypeptides with tunable properties, we also sought to develop Xaa-rac-

C polypeptide synthetic methodology since it has the potential for more straightforward 
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preparation of a diverse range of polypeptides with highly functional side-chain groups as 

compared to our method for the synthesis of Xaa-CH.16-17  

2.3 Results and Discussion 

 To obtain samples for comparison to previously reported Xaa-CH, a series of amino 

acid-functionalized poly(S-alkyl-rac-cysteines), Xaa-rac-Cn, were prepared (Scheme 

2.2). These samples all contain nonpolar amino acids and terminal primary α-amine 

groups in the side chains, which allow the formation of cationic polypeptides similar 

to Xaa-CH. A modular approach was used to prepare samples of Xaa-rac-C65 by using 

readily prepared L-amino acid 2-mercaptoethylamides 1a–1e, (Table 2.1), where the 

amino acids L-alanine (Ala), L-valine (Val), L-leucine (Leu), methionine (Met), and L-

proline (Pro) were selected to provide a range of hydrophobicity.  

Scheme 2.2. Synthesis of L-Amino Acid 2-Mercaptoethylamides 1a–1e and 

Corresponding Polypeptides Xaa-rac-Cn. 

 

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00048/suppl_file/bm4c00048_si_001.pdf
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 Table 2.1. Isolated yields of L-amino acid 2-mercaptoethylamides (1a-1e) and isolated 

yields and molecular weight properties of poly(S-(tert-butoxycarbonylmethyl)-L-

cysteine)65 (CBCM
65) and Xaa-rac-C65 polypeptides. All polypeptides had average degrees 

of polymerization ranging from 62 to 68 by 1H NMR end-group analysis. a = Yields are 

total isolated yield from starting amino acid (3 steps). b = Mn and Mw for Xaa-rac-C65 

polypeptides were calculated relative to PMMA standards in NaTFA/TFE; Mn and Mw for 

CBCM
65 was calculated relative to polyethylene glycol (PEG) standards in KTFA/HFIP. C =                

Đ = Mw/Mn. N/A = not applicable. 

 

 Using our recently developed methodology for preparation and modification 

of ADH, the free thiol groups in 1a–1e were individually reacted with a 

common ADH
65 precursor to give each Xaa-rac-C65 sample (overall isolated yields for 

complete polypeptide modification ca. 70–93%, Scheme 2.2 and Table 2.1).17 The chain 

length used was selected to enable comparison to previously published Xaa-CH samples 

of similar length.16 Xaa-rac-C65 was purified by dialysis against aqueous HCl (3 mM) 

followed by deionized water to give polypeptides as white powders after lyophilization. All 
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of the isolated protonated polypeptides Xaa-rac-C65 as Cl– salts were soluble in 

deionized water at 20 °C. 

  ADH residues were fully converted into the corresponding functionalized residues 

for each Xaa-rac-C65 as determined by 1H and 13C NMR analyses, and we also found no 

evidence for chain degradation during modification similar to other previously reported 

reactions on ADH (Figure 2.1).17 Circular dichroism analysis of Leu-rac-C65 in water gave 

no signal as expected for a racemic polypeptide (Figure 2.2).17 This result suggests that 

there is no chiral ordering of the homochiral side-chain groups, which also supports the 

adoption of disordered conformations. GPC analysis of Xaa-rac-C65 samples was 

accomplished using trifluoroethanol (TFE) containing sodium trifluoroacetate mobile 

phase. 
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Figure 2.1. 1H NMR spectra of pegylated polypeptide intermediates in the synthesis of 

Leu-rac-C50 showing negligible polypeptide chain cleavage during modifications. 1H NMR 

spectra and structures of A) PEG22-b-CBCM
50, B) PEG22-b-ADH

50, and C) PEG22-b-(Leu-

rac-C)50, where PEG = polyethylene glycol. Solvents are noted in upper right of each 

spectrum. S = solvent resonances. Degree of polymerization of the polypeptide segments 

was designated as an average value of 50. 

 Under these conditions, all Xaa-rac-C65 samples gave monomodal distributions 

with some apparent high molecular weight tailing likely due to polypeptide aggregation 

(Figure 2.3). Chain lengths were also determined using end-group analysis (Table 2.1). 

Attempts to perform GPC in other solvents (DMF, hexafluoroisopropanol) or at higher 

concentrations in TFE showed increased levels of polypeptide aggregation. Molecular 

weights and dispersity values were found to be similar for all Xaa-rac-C65 samples 

analyzed in trifluoroethanol (Table 2.1), consistent with the expected structures.  
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Figure 2.2. Circular dichroism spectrum of Leu-rac-C65 (0.5 mg/mL) in DI water adjusted 

to pH 7.0 with 0.1 M NaOH.  

 Overall, Xaa-rac-C65 were successfully prepared in good yields and high purity. A 

potential advantage of this process for preparation of Xaa-rac-C versus that for Xaa-CH is 

the ability to directly conjugate a more diverse range of amino acids (e.g., Met) to the 

polypeptide backbone. In addition, the enhanced reactivity of ADH with thiols versus 

amines eliminates the need to protect amine groups during conjugation. 
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 Figure 2.3. GPC analysis of polypeptides. A) CBCM
65 (20 mg/mL) in HFIP with 0.5% 

(w/v) KTFA at 40 °C. B) Ala-rac-C65 (0.5 mg/mL) in TFE with 20 mM NaTFA. C) Val-rac-

C65 (0.5 mg/mL) in TFE with 20 mM NaTFA. D) Leu-rac-C65 (1.0 mg/mL) in TFE with 20 

mM NaTFA. E) Met-rac-C65 (0.5 mg/mL) in TFE with 20 mM NaTFA. F) Pro-rac-C65 (0.5 

mg/mL) in TFE with 20 mM NaTFA. All GPC analyses in TFE were at 25 °C. 

 To compare the solution properties of Xaa-rac-C65 with those of Xaa-CH, we 

examined the degree of Xaa-rac-C65 protonation in 20 mM aqueous NaCl as a function 

of pH. Similar to results obtained with Xaa-CH, ζ-potentials for solutions of Xaa-rac-

C65 measured at different pH revealed transitions from positive to moderately negative 

values between pH 7 and 10, which indicate a change in the α-amine groups from 

protonated to nonprotonated states over this pH range (Figure 2.4).16, 24 This transition 

correlates with the expected pKa range of α-amino amide groups (ca. 8) and was 

corroborated by analysis of other control samples that included Leu-CH
60 and poly(l-
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lysine·HCl)60, K60, where the latter undergoes a charged to noncharged transition at a 

much higher pH (pKa ca. 10) (Figure 2.4).24-26  

Figure 2.4. ζ-Potential measurements of polypeptide samples as a function of solution 

pH. Measurements of Xaa-rac-C65 and reference polypeptides were performed at 5.0 

mg/mL in 20 mM NaCl at 20 °C. Met-rac-C65 = orange; Leu-rac-C65 = blue; Pro-rac-

C65 = magenta; Val-rac-C65 = red; poly(L-lysine·HCl)60 (K60) = black; Leu-CH
60 = green. 

Error bars represent standard deviations of triplicate measurements. 

 It is noteworthy that the Met-rac-C65 sample was found to be partially protonated 

at lower pH compared to the other Xaa-rac-C65 samples, where the observed broader 

transition may reflect a wider range of pKa values for this polypeptide. Overall, it was 

found that Xaa-rac-C65 can undergo protonation and deprotonation in water within a 

physiologically relevant range that is advantageous for adjustment of physical properties.  

 We evaluated physical properties by studying the phase behavior of Xaa-rac-

C65 as functions of varying pH, temperature, and counterions in water. Initially, dilute 
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aqueous solutions of Xaa-rac-C65 (3.0 mg/mL) were prepared in 150 mM phosphate 

buffer saline (PBS) buffer at pH values ranging from 6.8 to 8.0, which were chosen to 

include varying degrees of polypeptide protonation. These solutions were heated at a 

controlled rate up to 90 °C, and optical transmittance at 500 nm was measured as a 

function of temperature. The samples Ala-rac-C65 and Pro-rac-C65 were the least 

hydrophobic and were found to both remain soluble up to 90 °C (Table 2.2). The Leu-

rac-C65 and Met-rac-C65 samples are more hydrophobic and were found to phase 

separate by variation of both pH and temperature (Figures 2.5 and Table 2.2). 

  Reversible cloud points were observed for the Leu and Met samples upon 

increase in temperature, indicative of lower critical solution temperature (LCST) induced 

phase separation, with cloud point temperatures (Tcp) that decreased with increasing 

hydrophobicity of side-chain amino acids in the approximate order Val < Leu ∼ Met (Table 

2.2).27-28 Cloud point temperatures for these samples also decreased as pH was 

increased, which is consistent with the properties previously observed with Xaa-

CH.16 These results confirm that Leu-rac-C65, and Met-rac-C65 in 150 mM PBS buffer are 

able to phase separate by variation of temperature, ionic strength, and solution pH within 

a physiologically relevant range. It was also possible to tune Tcp in a predictable manner 

by variation of polypeptide side-chain amino acid hydrophobicity. 
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Table 2.2. Coacervate transition temperatures for aqueous solutions of Xaa-rac-

C65 containing different counterionsa 

  Tcp (°C) for Xaa-rac-C65 

counterion ion valency at pH 7.0 Ala Val Leu Met Pro 

chloride –1.0 sol sol sol sol sol 

phosphate –1.4 sol 71 45 41 sol 

pyrophosphate –2.7 × × – – × 

tripolyphosphate –4.0 ppt – – – ppt 

aCloud point temperatures (Tcp) were measured for 3.0 mg/mL solutions of Xaa-rac-C65 in 

the presence of different counterions (12 mM) in 150 mM NaCl at pH 7.0. sol = polypeptide 

was soluble up to 90 °C; – = polypeptide formed a coacervate at 20 °C; × = not performed; 

ppt = polypeptide formed a solid precipitate, not a coacervate, at 20 °C. 

 Since we observed that the substitution of phosphate for chloride decreased the 

solubility of Xaa-rac-C65 in water, the effects of counterion valency on aqueous phase 

Figure 2.5. Temperature-dependent coacervate formation in solutions of (A) Leu-rac-

C65 and (B) Met-rac-C65 as a function of pH. Panels show optical transmittance at 500 

nm for 3.0 mg/mL solutions of polypeptides in 150 mM PBS buffer measured over a range 

of temperatures at different pH. 

 

 

https://pubs.acs.org/doi/10.1021/acs.biomac.4c00048#t1fn1
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separation were further investigated. Aqueous samples of Xaa-rac-C65 (3.0 mg/mL) were 

prepared in 150 mM NaCl at pH 7.0 and then mixed with sodium salts of anionic 

counterions with different valencies (12 mM final concentration, Table 2.2). Similar to 

results observed with Xaa-CH, as anion valency was increased, all samples became less 

soluble in water.16 This result is explained by increased stability of ion complexes between 

the cationic polypeptides and anions with higher valency. Even the more hydrophilic Ala-

rac-C65 and Pro-rac-C65 samples were found to undergo phase separation in the 

presence of tripolyphosphate anions at 20 °C.  

 As they both contain the same side-chain amino acid functionality, comparison of 

the Leu-rac-C65 and Leu-CH
60 samples can provide some insight into how the different 

polypeptide backbones affect phase separation properties. In the presence of counterions 

of different valencies, Leu-rac-C65 possesses a lower Tcp compared Leu-CH
60 under 

otherwise identical conditions (e.g., Tcp =< 20 °C versus 57 °C with pyrophosphate, 

respectively).16 This trend suggests that disordered rac-C chains provide a more 

hydrophobic local environment compared to the α-helical CH chains, which may also be 

partially explained by the presence of polar hydroxyl groups in the side-chains of Xaa-

CH
60 polypeptides. 
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 To investigate the nature of phase separation described above for Xaa-rac-

C65 samples, the suspensions formed in the presence of tripolyphosphate anions at pH 

7.0 were allowed to settle onto glass slides and were examined using optical microscopy. 

Images of the complexes formed with least hydrophobic Ala-rac-C65 and Pro-rac-

C65 samples showed irregular edges and clusters consistent with the formation of solid 

precipitates (Figure 2.6).  

Figure 2.6. Optical micrographs of Xaa-rac-C65 polypeptides mixed with sodium 

tripolyphosphate (TPP). Solutions of Xaa-rac-C65 at 3.0 mg/mL in 150 mM NaCl at 20 °C 

and pH 7.0 were mixed with TPP (12 mM final concentration) and the resulting turbid 

suspensions were allowed to settle onto glass slides before imaging. A) Ala-rac-C65 + 

TPP; B) Val-rac-C65 + TPP; C) Pro-rac-C65 + TPP. Scale bars = 20 μm. D) Image of Met- 

rac-C65 + TPP coacervate (3.0 mg/mL in 150 mM NaCl at 20 °C and pH 7.0) after 

centrifugation. Condensed coacervate bulk phase can be seen at the bottom of the tube. 

 However, images of tripolyphosphate complexes with Val-rac-C65, Leu-rac-C65, 

and Met-rac-C65 all showed smooth outlines and coalescing droplets consistent with the 

formation of liquid coacervate phases (Figure 2.7a,b and Figure 2.6b).5, 6  
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Figure 2.7. Optical micrographs of Leu-rac-C65 and Met-rac-C65 mixed with sodium 

tripolyphosphate (TPP) or polyadenylic acid (polyA). Solutions of either Leu-rac-

C65 or Met-rac-C65 at 3.0 mg/mL in 150 mM NaCl at 20 °C and pH 7.0 were mixed with 

TPP (12 mM final concentration) or at 5.0 mg/mL in 150 mM NaCl at 20 °C and pH 7.0 

with polyA (0.015 mM final concentration). The resulting turbid suspensions were allowed 

to settle onto glass slides before imaging. (A) Leu-rac-C65 + TPP; (B) Met-rac-C65 + TPP; 

(C) Leu-rac-C65 + polyA; (D) Met-rac-C65 + polyA. Scale bars = 20 μm. 

 For additional confirmation of coacervate formation, centrifugation of Met-rac-

C65 with tripolyphosphate suspension resulted in the formation of two separate liquid 

layers (Figure 2.8). A thin film of the coacervate of Met-rac-C65 with tripolyphosphate was 

also spread as a thin film on a glass slide. A defect made in the film was observed to heal 
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by the flow of coacervate within ca. 30 min, which confirmed that the sample possessed 

viscous liquid properties (Figure 2.8).  

 In addition to coacervation with tripolyphosphate, Leu-rac-C65 and Met-rac-

C65 were also able to form complex coacervates with a model RNA sequence, 

polyadenylic acid, at 20 °C (Figure 2.7 c,d). These results are comparable to those found 

with Xaa-CH samples and suggest that the combination of hydrophobic and charged 

Figure 2.8. Viscous liquid properties observed over time in optical micrographs of a 

coacervate film prepared by mixing Met-rac-C65 at 3.0 mg/mL with TPP in 150 mM NaCl 

at 20 °C and pH 7.0. (A) The coacervate was collected by centrifugation and then spread 

as a film on a glass slide. PBS buffer (150 mM, pH 7.0) was placed on top of the film to 

prevent evaporation, and a defect was made by scraping the film with a needle (red box 

area). (B) Image of the film 5 min after defect was made. (C) Image of the film after 10 

min; note decrease in defect size due to flow of coacervate. (D) Image of the film after 20 

min. (E) Image of the film after 25 min. (F) Image of the film after 30 min; note defect has 

completely healed. Scale bars = 20 μm. 
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amino acid groups in side chains is a robust means to obtain coacervate-forming 

polypeptides. 

 Coacervate formation with Leu-rac-C65 and Met-rac-C65 was found to be 

reversible with no irreversible formation of polypeptide aggregates. Multiple heating and 

cooling cycles were applied to samples of Leu-rac-C65 and Met-rac-C65 in PBS buffer at 

pH 7.2 and monitored by optical transmittance, where coacervation and complete 

dissolution were observed with each thermal cycle (Figure 2.9a,b). Finally, to assess salt 

stability, complexes of Leu-rac-C65 and Met-rac-C65 with tripolyphosphate were 

prepared in aqueous solutions containing 0.1 to 2 M NaCl. The fraction of each 

polypeptide that partitioned into the coacervate phase decreased with increasing ionic 

strength, and phase separation did not occur at higher salt concentrations (Figure 

2.9c,d). The Leu-rac-C65 and Met-rac-C65 coacervates were found to be significantly 

more stable at higher ionic strength (stable to 1 and 2 M NaCl, respectively) compared to 

the previously reported Leu-CH
60 sample (stable to 250 mM NaCl) under otherwise 

identical conditions.16 The increased stability of the Xaa-rac-C65 samples is likely due to 

their increased hydrophobicity compared to Xaa-CH samples, as noted above. The 
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increased salt stability of Met-rac-C65 coacervates may be beneficial for downstream 

applications.  

  

Figure 2.9. Reversibility of temperature-dependent coacervate formation for (A) Leu-rac-

C65 and (B) Met-rac-C65 in PBS buffer as determined by optical transmittance at 500 nm. 

Samples were prepared at 3.0 mg/mL in 150 mM PBS buffer at pH 7.2 and subjected to 

repeated thermal cycling between 25 and 40 °C. Samples were heated and cooled at the 

rate of 3 °C/min. Coacervate formation of (C) Leu-rac-C65 and (D) Met-rac-C65 both 

mixed with TPP as a function of sodium chloride concentration. Fraction in Coacervate = 

(mass of polypeptide in coacervate phase)/(total mass of polypeptide). Samples were 

prepared by mixing each polypeptide (3.0 mg/mL) in media with TPP (12 mM) and 

different concentrations of NaCl at 20 °C and pH 7.0. Error bars represent standard 

deviations of triplicate measurements. 
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 We had previously shown that the thioether linkages in Leu-CH
60 could be oxidized 

under mild conditions, which resulted in the disruption of its α-helical conformation as well 

as dissolution of its coacervate with tripolyphosphate due to increased hydrophilicity of 

the resulting sulfoxide groups.16 Since thioether oxidation provides a mild means to 

actively control coacervation under physiologically relevant conditions, we sought to 

evaluate its effect on coacervates of Leu-rac-C65 and Met-rac-C65. Samples of Leu-rac-

C65 and Met-rac-C65 were oxidized to give the corresponding sulfoxide derivatives Leu-

rac-CO
65 and MetO-rac-CO

65 using tert-butyl hydroperoxide in water (Scheme 2.3).24 The 

increased hydrophilicity of Leu-rac-CO
65 and MetO-rac-CO

65 relative to the unoxidized 

precursors had a striking effect on their ability to form coacervates. Mixtures of aqueous 

solutions of Leu-rac-CO
65 and MetO-rac-CO

65 with tripolyphosphate anions at pH 7.0 and 

20 °C did not form coacervates and appeared to remain as transparent solutions.  

 However, heating of the Leu-rac-CO
65 sample containing tripolyphosphate was 

able to induce coacervate formation at ca. 33 °C. Alternatively, raising the pH of this 

mixture to 8.5 at 20 °C also resulted in coacervate formation (Figure 2.10). Mixture of an 

aqueous solution of Leu-rac-CO
65 with polyadenylic acid at pH 7.0 and 20 °C also 

resulted in coacervate formation (Figure 2.11). These results show that Leu-rac-CO
65 is 

more hydrophilic than its unoxidized precursor Leu-rac-C65 but can still form coacervates 

under certain conditions.  

https://pubs.acs.org/doi/10.1021/acs.biomac.4c00048#sch3
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 On the contrary, the sample of MetO-rac-CO
65 containing tripolyphosphate at pH 

7.0 did not phase separate even up to 90 °C. The mixture of an aqueous solution of MetO-

rac-CO
65 with polyadenylic acid at pH 7.0 and 20 °C also resulted in no visible phase 

separation. To study these samples in more detail, the mixtures of MetO-rac-CO
65 with 

tripolyphosphate and polyadenylic acid were analyzed using dynamic light scattering, 

which revealed the presence of coacervate nanodroplets (Figure 2.12). Solutions of the 

individual components showed negligible aggregation on their own, which supports the 

formation of polyion complexes in the mixtures (Figure 2.13). 

Scheme 2.3. Synthesis of sulfoxide derivative MetO-rac-CO
65 from Met-rac-C65

 and Leu-

rac-CO
65 from Leu- rac-C65. TBHP = tert-butyl hydroperoxide. CSA = camphorsulfonic 

acid. 



55 
 
 

Figure 2.10. A) Temperature dependent coacervate formation in a 3.0 mg/mL solution of 

Leu-rac-CO
65 at pH 7.0. Plot shows optical transmittance at 500 nm for a 3.0 mg/mL 

solution of Leu-rac-CO
65 in 150 mM PBS buffer measured over a range of temperature at 

pH 7.0. B) Optical micrograph of Leu-rac-CO
65 mixed with sodium tripolyphosphate 

(TPP). A solution of Leu-rac-CO
65 at 3.0 mg/mL in 150 mM NaCl at 20 °C and pH 8.5 was 

mixed with TPP (12 mM final concentration) and the resulting turbid suspension was 

allowed to settle onto a glass slide before imaging. Scale bar = 20 µm. 

Figure 2.11. Optical micrograph of Leu-rac-CO
65 mixed with polyadenylic acid. A solution 

of Leu-rac-CO
65 at 5.0 mg/mL in 150 mM NaCl at 20 °C and pH 7.0 was mixed with 

polyadenylic acid (0.015 mM final concentration) and the resulting turbid suspension was 

allowed to settle onto a glass slide before imaging. Scale bar = 20 µm. 
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  Measurement of ζ-potential on the nanodroplets formed with MetO-rac-

CO
65 containing tripolyphosphate at pH 7.0 gave a value of −4.4 ± 0.8 mV, which may 

explain the colloidal stability of the droplets being due to incorporation of excess 

Figure 2.12. Size distributions from dynamic light scattering analysis of TPP, polyA, and 

MetO-rac-CO
65 solutions. (A) Number and (B) intensity size distributions of a solution of 

12 mM TPP in 150 mM NaCl at pH 7.0. (C) Number and (D) intensity size distributions of 

a solution of 5.0 mg/mL polyA in 150 mM NaCl at pH 7.0. (E) Number and (F) intensity 

size distributions of a solution of 3.0 mg/mL MetO-rac-CO
65 in 150 mM NaCl at pH 7.0. 

d.nm = average hydrodynamic diameter in nanometers.  
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tripolyphosphate anions. Greater hydrophilicity of MetO-rac-CO
65 compared to Leu-rac-

CO
65 may also explain the decreased ability of MetO-rac-CO

65 to form macroscopic 

coacervates. We hypothesize that the oxidation of two thioether groups per residue 

in Met-rac-C65 allows for a greater range of polarity switching compared to Leu-rac-

C65 that has only a single thioether group per residue. The extra thioether groups in Met-

rac-C65 allow for switching between highly hydrophobic and highly hydrophilic states via 

oxidation.  

Figure 2.13. Size distributions from dynamic light scattering analysis of polypeptide 

suspensions over time. Intensity size distributions of suspensions of (A) 3.0 mg/mL MetO-

rac-CO
65 prepared in 150 mM NaCl at pH 7.0 with 12 mM tripolyphosphate, and (B) 5.0 

mg/mL MetO-rac-CO
65 prepared in 150 mM NaCl at pH 7.0 with 0.015 mM polyadenylic 

acid. Number size distributions of suspensions of (C) 3.0 mg/mL MetO-rac-CO
65 prepared 

in 150 mM NaCl at pH 7.0 with 12 mM tripolyphosphate, and (D) 5.0 mg/mL MetO-rac-

CO
65 prepared in 150 mM NaCl at pH 7.0 with 0.015 mM polyadenylic acid. d.nm = 

average hydrodynamic diameter in nanometers.  
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 To further examine the redox-mediated coacervate switching properties of Met-

rac-C65, we sought to demonstrate in situ oxidation and reduction of a coacervate of Met-

rac-C65 and tripolyphosphate. Slightly more than 1 eq of NaIO4 oxidant was added to a 

coacervate suspension of Met-rac-C65 with tripolyphosphate in NaCl (150 mM) at 0 °C 

and pH 7.0 (Figure 2.14). Within 5 min, the coacervate droplets had completely dissolved  

as Met-rac-C65 was oxidized to MetO-rac-CO
65. After 2 h, excess NaIO4 was removed by 

brief dialysis against water containing tripolyphosphate and NaCl. The sample was then 

adjusted to pH 5 to 6 by addition of NaOH and excess thioglycolic acid, which resulted in 

complete reduction back to Met-rac-C65 and consequent reformation of the coacervate 

suspension after pH was increased to 7.0 (Figure 2.14). 1H NMR spectroscopy of aliquots 

of oxidized and reduced samples gave spectra identical to those of purified MetO-rac-

CO
65 and Met-rac-C65 (see Spectral Data Section), indicating that both reactions went to 

completion. 

 While we had reported similar coacervate switching of Leu-C60
H and 

tripolyphosphate, it was difficult to achieve a complete reduction in that system due to 

phase separation during the reaction.16 The wider pKa range of Met-rac-C65 and greater 

aqueous solubility of MetO-rac-CO
65 compared to the Leu-CH

60 system appear to provide 

an advantage in  facilitating the redox reactions under mild conditions. These properties 

result in robust actively controlled polypeptide coacervation with Met-rac-C65 that utilizes 

nondestructive, physiologically compatible oxidation and reduction conditions. For 

example, the intracellular oxidation of methionine residues in proteins is well-known, and 

intracellular thiols and ubiquitous reductase enzymes can readily reduce methionine 

sulfoxide residues in proteins.29-32 
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2.4 Conclusions 

 Building off of prior results on Xaa-CH polypeptides that form coacervates in 

water, we prepared a new class of side-chain amino acid-functionalized Xaa-rac-C via 

post-polymerization modification of ADH.16,17 The ADH platform allowed straightforward 

incorporation of a wider range of side-chain amino acid functional groups in Xaa-rac-

C compared to the Xaa-CH platform and also allowed use of fewer protecting groups. We 

Figure 2.14. Reversible oxidation and reduction of a Met-rac-C65 and TPP coacervate. 

Coacervate suspension (left) was formed by mixing Met-rac-C65 at 5.0 mg/mL with TPP 

(13 mM) in 150 mM NaCl at 20 °C and pH 7.0. The coacervate was cooled to 0 °C and 

then oxidized by addition of 1.1 equivalents of NaIO4 to give a transparent mixture of 

MetO-rac-CO
65 and TPP after 2 hours (middle). Excess NaIO4 was then removed from the 

sample by dialysis against TPP (13 mM) in 150 mM NaCl at 20 °C and pH 7.0. Adjustment 

of this MetO-rac-CO
65 sample pH to 8.5 with 0.1M NaOH followed by addition of excess 

thioglycolic acid over 5 days, giving a pH of 5 to 6, resulted in complete reduction to Met-

rac-C65. Reformation of the coacervate suspension (right) occurred when pH was 

increased to 7.0 using 12M NaOH after reduction was complete.  
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found that Xaa-rac-C can also form coacervates with properties similar to those seen 

with Xaa-CH, where side-chain amino acid hydrophobicity can be used to alter 

coacervation properties, specifically the ability to respond to physiologically relevant 

environmental changes in pH, temperature, and counterions. These results suggest that 

incorporation of side-chain amino acids onto polypeptides may be a general way to obtain 

coacervation. Coacervates formed using Met-rac-C were found to possess improved 

stability against high ionic strength media. Further, the presence of an additional thioether 

group in each Met-rac-C side chain resulted in an increased solubility change upon 

oxidation allowing facile reversible redox switching of coacervate formation in aqueous 

media. These Xaa-rac-C polypeptides may be amenable for use as mimics of 

coacervate-forming proteins and in applications such as therapeutic delivery and protein 

separation. 

2.5 Materials and Instrumentation 

The following chemicals were used as received from vendors: L-cysteine hydrochloride 

monohydrate (Fisher), HOBT hydrate (Oakwood), tert-butyl bromoacetate (Fisher), 

triphosgene (Oakwood), iodomethane (Oakwood), HATU (Oakwood), N-BOC-L-amino 

acids (Oakwood), diisopropylethylamine (DIPEA) (Fisher), dichloromethane (DCM) 

(Fisher), ethyl acetate (Fisher), trifluoroacetic acid (TFA) (Fisher), 2,2′-bipyridine (bpy) 

(Sigma), and Ni(COD)2 (Strem). Tetrahydrofuran (THF) and hexanes were each 

degassed with dinitrogen and passed through an alumina column before use. All other 

reagents and solvents were used as received. In-house deionized water (DI H2O) was 

used for all aqueous chemistry and dialysis unless otherwise specified. bpyNiCOD, poly(l-

lysine·HCl)60 (K60), (poly(S-(3-(2-L-leucine amido)ethoxy)-2-hydroxypropyl)-L-
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homocysteine hydrochloride)60 (Leu-CH
60), and α-methoxy-ω-isocyanoethyl-

poly(ethylene glycol), mPEG-NCO (Mn = 1 kDa) were prepared according to literature 

procedures.16,18-20 NCA purifications and polymerizations were performed in an N2-filled 

glovebox. Reactions at elevated temperatures were controlled using a Corning PC 420D 

thermostat-controlled hot plate equipped with a thermocouple probe. Room-temperature 

reactions were performed at ca. 20 °C ambient temperature. Small molecule chemistry 

was performed in heat-dried glassware under ambient atmosphere, unless otherwise 

specified. Unless otherwise specified, all post-polymerization modification chemistry was 

performed in glass vials under an ambient atmosphere. Thin-layer chromatography was 

performed with EMD gel 60 F254 plates (0.25 mm thickness), and spots were visualized 

using KMnO4 stain. Silicycle Siliaflash G60 silica (60–200 μm) was used for all column 

chromatography. Silica used for chromatographic purification of NCA monomers was 

dried under vacuum at 250 °C for 48 h and then stored in a dinitrogen-filled glovebox. 

Compositions of mobile phases used for chromatography are given in volume 

percentages. Dialysis was performed with regenerated cellulose tubing obtained from 

Spectrum laboratories with 1000 Da molecular weight cutoff (MWCO). NMR spectra of 

solution samples were recorded on Bruker AV400 and Bruker AV300 instruments with 

chemical shifts reported relative to deuterated solvent resonances. For 

the CBCM precursor, gel permeation chromatography was performed at 40 °C with 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP) containing 0.5% (w/w) potassium 

trifluoroacetate (KTFA) eluent at a 1.0 mL/min flow rate using an LC-20AD Prominence 

HPLC Pump (Shimadzu) equipped with 100 and 1000 Å PSS-PFG 7 μm columns (PSS 

Agilent). Samples were prepared at 20 mg/mL and were detected using an RID-20A 
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Refractive Index detector (Shimadzu). A calibration curve was prepared using 

monodisperse polyethylene glycol standards ranging from 1 to 40 kDa that were 

purchased from Scientific Polymer Products, Inc. For Xaa-rac-C samples, gel permeation 

chromatography was performed at 25 °C with trifluoroethanol (TFE) containing 20 mM 

sodium trifluoroacetate (NaTFA) eluent at a 0.5 mL/min flow rate using a JASCO PU-4180 

LC pump system equipped with two 300 mm PFG analytical linear S 5 μm columns (PSS 

Agilent). Samples were prepared at 0.5 or 1.0 mg/mL and were detected using a JASCO 

UV-4075 detector. A calibration curve was prepared using monodisperse poly(methyl 

methacrylate) (PMMA) standards ranging from 1 to 60 kDa that were purchased from 

PSS Agilent. Samples for circular dichroism (CD) spectroscopy were prepared using DI 

H2O. CD spectra were collected using solutions of polypeptide (0.5 mg/mL) on a 

Chirascan VX spectrophotometer using a 0.1 cm path length quartz cuvette. Cloud point 

temperature measurements were recorded at a wavelength of 500 nm on an HP 8453 

spectrophotometer equipped with an Agilent 8909A temperature control. ζ-potential data 

were collected using a Malvern Zetasizer NanoZS. Brightfield images were taken using a 

Zeiss Axio Observer Z1 optical microscope. FTIR spectroscopy was performed on a 

PerkinElmer Spectrum RX spectrometer. 

S-(tert-butylcarboxymethyl)-L-cysteine L-cysteine hydrochloride monohydrate (3.0 g, 

28 mmol, 1.0 eq) and NaOH (1.35 g, 57 mmol, 2.0 eq) were dissolved in DI H2O (15 mL) 

with stirring. The reaction mixture was cooled to 0 °C in an ice-water bath before the 

dropwise addition of tert-butyl bromoacetate (2.8 mL, 31 mmol, 1.1 eq) over 30 min. The 

ice bath was then removed and 10 mL of THF was added. The reaction mixture was 

stirred at room temperature overnight resulting in formation of a white solid precipitate. 
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The while solid was collected via filtration and washed with a 3:7 mixture of 95% EtOH 

and diethyl ether. The solids were placed in a 50 mL centrifuge tube and washed 3 times 

with a 95:5 mixture of diethyl ether and methanol to remove residual impurities. The sticky 

white solid was then dried under vacuum to give the product. (4.1 g, 61%).  Spectra data 

were in agreement with previously reported values.19  

S-(tert-butylcarboxymethyl)-L-cysteine N-carboxyanhydride (tBuCM-Cys NCA)5,6 S-

(tert-butylcarboxymethyl)-L-cysteine (2.0 g, 8.5 mmol, 1.0 eq) was suspended in 

analytical grade THF (40 mL) in a heavy walled glass container. Epichlorohydrin (6.7 mL, 

85 mmol 10 eq) was then added. In a well-ventilated fume hood, triphosgene (1.3 g, 4.6 

mmol, 0.55 eq) was added, and the vessel was sealed and allowed to react for 2 h at 

room temperature. WARNING: Triphosgene is an extremely dangerous chemical and 

proper precautions must be taken to avoid exposure. The resulting turbid mixture was 

then cooled to 4 oC and 10 mL of cold DI H2O was added. The reaction mixture was stirred 

for 1 minute before extraction with ethyl acetate, which was then washed with brine and 

dried with anhydrous sodium sulfate. The resulting solution was transferred to an oven 

dried Schlenk flask and the solvent was removed under vacuum. The crude product was 

transferred to a N2 filled glove box, resuspended in minimal THF, and layered under 5x 

hexanes (v/v) to give white or slightly off-white crystals. (1.1 g, 50%).  Spectral data were 

in agreement with previously reported values.19  

Procedure for synthesis of poly(S-(tert-butylcarboxymethyl)-L-cysteine) (CBCM
65) 

Samples of CBCM
65 were prepared at ca. 500 mg scale in a N2 filled glove box. bpyNiCOD 

initiator solution (3.1 mL, 20 mg/mL in THF) was quickly added to a solution of tBuCM-

Cys NCA (10 mL, 50 mg/mL in THF). After ca. 90 min, complete consumption of NCA was 
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confirmed by FTIR spectroscopy. In order to determine polypeptide chain lengths a small 

aliquot of the reaction mixture (ca. 200 μL) was removed for end-group analysis where 

active chain-ends were reacted with mPEG-NCO (vide infra). The remaining polypeptide 

solution was then end capped with excess acetic anhydride, precipitated by addition to 

DI H2O (50 mL), and isolated by centrifugation. The solid was then washed two additional 

times with DI H2O and dried under reduced pressure to yield CBCM
65 as a lightly purple 

colored powder. (460 mg, 92%) Spectral data were in agreement with previously reported 

values.19  

General procedure for determination of polypeptide chain length using end-group 

analysis after reaction with mPEG-NCO19 The procedure for synthesis of CBCM
65 was 

followed. Once the polymerization reaction was determined to be complete by FTIR, a 

solution of mPEG-NCO (Mn = 1000 Da, 50 mg/mL in THF, 4 eq per bpyNiCOD) was added 

in a N2 filled glove box to a ca. 200 μL aliquot of active polymerization reaction mixture. 

The sample was let stand overnight, and then removed from the glove box and the 

polypeptide was precipitated by addition to DI H2O. The sample was centrifuged at 3000 

rpm and the supernatant was discarded. The pellet was washed 3 times with DI H2O and 

centrifuged to remove unconjugated mPEG-NCO, and the resulting pellet was then 

lyophilized to yield the PEG-polypeptide conjugate as a white solid (typical yields = 90 to 

95%). To determine the molecular weight (Mn) of the polypeptide, a 1H NMR spectrum 

was obtained in deuterated trifluoroacetic acid (TFA-d). The ratio of the integral of the 

methylene unit closest to the polypeptide backbone to the integral of the PEG methylene 

resonance was used to calculate polypeptide length. 
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General procedure for synthesis of poly(S-carboxymethyl-L-cysteine), sodium salt 

(CCM
65)5 A sample of CBCM

65 (450 mg) was dissolved in TFA (20 mg/mL) and allowed to 

stand for 5 h. The reaction mixture was diluted to 10 mg/mL by slowly adding 50 mM 

NaHCO3 and then transferred to a 1000 Da MWCO dialysis bag and dialyzed against 

aqueous 50 mM NaHCO3 (24 h, 3 dialyzate changes) followed by DI H2O (24 h, 4 

dialyzate changes). The retentate was then lyophilized to give the product as a white fluffy 

solid. (340 mg, 89%). Spectral data were in agreement with previously reported values.19  

General procedure for synthesis of poly(dehydroalanine) (ADH
65) A sample of CCM

65 

(340 mg) was dissolved in 150 mM sodium phosphate buffer (pH 8) at a concentration of 

20 mg/mL. Iodomethane (25 eq per S-(carboxymethyl)-L-cysteine residue) was added, 

and the reaction flask was sealed and placed in a heating block at 37 °C, covered in foil 

and allowed to react for 3 days. The resulting suspension was mixed with a solution of 

BHT in dinitrogen sparged DMSO (0.2 mg/mL) to give a final 0.01 mol% ratio of BHT to 

dehydroalanine residues and then transferred to a 2000 Da MWCO dialysis bag and 

dialyzed against dinitrogen sparged DI H2O (48 h, 4 dialyzate changes, dialysis jar 

covered in foil). The retentate was then lyophilized to give the product as a white solid 

(130 mg, 100%). Spectral data were in agreement with previously reported values.19  

General Procedure for Synthesis of L-Amino Acid 2-Mercaptoethylamides21,22 

N-Boc protected amino acids (2.0 g, 1.0 eq) were dissolved in DCM (30 mL) followed by 

the sequential addition of solid HOBT (1.1 eq) and HATU (1.0 eq). The resulting solutions 

were stirred at room temperature for 20 min and then cooled to 0 °C. To the reaction 

mixtures, a suspension of cystamine dihydrochloride (0.50 eq) in DCM (50 mL) followed 
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by DIPEA (3.0 eq) was added dropwise. The reactions were allowed to warm to room 

temperature and were stirred overnight. The resulting solutions were washed with 

saturated NaHCO3, 10% citric acid (aq), saturated NaHCO3, and then brine. The solutions 

were then dried with anhydrous sodium sulfate and concentrated under vacuum. The 

crude products were purified via flash column chromatography with hexanes/ethyl acetate 

(1:1) for Ala, Val, Leu, and Met or with DCM/MeOH (95:5) for Pro. Sample fractions were 

combined and concentrated under reduced pressure to give white solids. These samples 

were then dissolved into MeOH (50 mL) and placed in an ice bath and cooled to 0 °C. 

Under constant stirring, NaBH4 (4.0 eq) was added to each sample. The reactions were 

allowed to continue for 30 min in the ice bath and then for 30 additional min at room 

temperature. The reactions were then concentrated under reduced pressure and diluted 

with ethyl acetate. The solutions were adjusted to pH 3 by the addition of 1 M HCl and 

left to stir for 15 min. The organic phases were washed 2× with brine, dried with sodium 

sulfate, and concentrated under reduced pressure to yield white solids. Finally, the Boc 

groups were removed by dissolving the solids into ethyl acetate followed by the addition 

of 12 M HCl until the concentration of HCl in ethyl acetate was 3 M. The products were 

left to stir at room temperature for 2 h and then concentrated under reduced pressure. 

The products were used without further purification. 

General Procedure for Modification of ADH
65 with L-Amino Acid 2-

Mercaptoethylamides 

A sample of ADH
65 was dissolved in DMSO at 20 mg/mL. The desired L-amino acid 2-

mercaptoethylamide (5 eq per dehydroalanine residue) was dissolved in minimal DI H2O 

(∼300 mg/mL), and the pH was adjusted to pH 7.0 with 5 M NaOH. The L-amino acid 2-
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mercaptoethylamide solution was then added to the ADH
65 solution followed by the 

addition of 2 M NaOH (1.5 eq per dehydroalanine residue). DMSO was then added to 

give a final ADH
65 concentration of 10 mg/mL. The reaction mixture was allowed to stir at 

room temperature for 18 h. The resulting solution was transferred to a 1000 Da MWCO 

dialysis bag and dialyzed against pH 4 DI H2O for 1 day with 2 dialyzate changes and 

then pH 7 DI H2O for 1 day with 2 dialyzate changes. The solution was lyophilized to give 

the product as a white fluffy solid. 

General Procedure for Oxidation of Thioether Groups in Xaa-rac-C65 Polypeptides 

This procedure was adapted from a literature method.23 Into a scintillation vial 

containing Xaa-rac-C65 (25 mg) was added 70 wt % aqueous tert-butyl hydroperoxide 

(TBHP) (16 eq per thioether group), a catalytic amount of camphorsulfonic acid (CSA) 

solution in DI water (0.2 eq per thioether group, 20 mg/mL), and additional DI water to 

bring the final concentration of Xaa-rac-C65 to 20 mg/mL. The reaction mixture was stirred 

vigorously for 24 h at room temperature, and the solution was then transferred to a 2000 

Da MWCO dialysis bag and dialyzed against DI H2O (3.5 L) containing sodium thiosulfate 

(1.2 g, 2.2 mM) to neutralize residual peroxide (48 h, 4 dialyzate changes), followed by 3 

mM HCl (24 h, 3 dialyzate changes) and H2O (8 h, 3 dialyzate changes). The retentate 

was lyophilized to provide the sulfoxide product, Xaa-rac-CO
65. 

In Situ Oxidation and Reduction of Met-rac-C65
16 

A sample of Met-rac-C65 was dissolved in DI H2O (10 mg/mL) and was mixed with an 

equal volume of aqueous 26 mM TPP and 300 mM NaCl at pH 7.0. The resulting turbid 

coacervate suspension was then treated with 0.5 M sodium periodate solution (1.05 eq 
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per thioether group over 2 additions) while stirring at 0 °C. Complete dissolution of the 

coacervate was observed after 5 min. After 2 h, the solution was dialyzed against aqueous 

150 mM NaCl and 13 mM TPP (24 h, 1 dialyzate change) to remove residual sodium 

periodate. The sample (ca. 5 mg/mL) was then transferred to a glass vial, and thioglycolic 

acid (150 eq per sulfoxide group) and 100 μL of 0.1 M NaOH were added. After 24 h, 

additional thioglycolic acid (150 eq per sulfoxide group) and 100 μL of 0.1 M NaOH were 

added. The reaction mixture (pH ca. 5–6) was allowed to stir at room temperature. After 

4 days, the pH was increased to 7.0 by the addition of 12 M NaOH whereupon coacervate 

formation occurred. Spectral data for the in situ oxidized and reduced products matched 

those for MetO-rac-CO
65 and Met-rac-C65, respectively. 

 

L-Alanine 2-mercaptoethylamide hydrochloride, 1a Prepared from N-Boc-L-alanine 

using general procedure for the synthesis of L-amino acid 2-mercaptoethylamides. Yield 

given in Table 2.1. 1H NMR (400 MHz, D2O, 25 °C) δ 4.11 (s, 1H), 3.7-3.4 (m, 2H), 3.0-

2.6 (d, 2H), 1.6-1.5 (d, 3H) 

 

L-Valine 2-mercaptoethylamide hydrochloride, 1b Prepared from N-Boc-L-valine 

using general procedure for the synthesis of L-amino acid 2-mercaptoethylamides. Yield 

given in Table 2.1. 1H NMR (400 MHz, D2O, 25 °C) δ 3.8 (s, 1H), 3.78 (m, 1H), 3.55 (m, 

1H), 3.0-2.7 (m, 1H), 2.2 (m, 1H), 1.05 (d, 6H) 
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L-Leucine 2-mercaptoethylamide hydrochloride, 1c Prepared from N-Boc-L-leucine 

using general procedure for the synthesis of L-amino acid 2-mercaptoethylamides. Yield 

given in Table 2.1. 1H NMR (400 MHz, D2O, 25 °C) δ 4.05 (s, 1H), 3.78-3.35 (m, 2H), 3.0 

-2.65 (m, 2H), 1.7 (m, 2H), 1.68 (m, 1H), 0.95 (s, 6H) 

 

L-Methionine 2-mercaptoethylamide hydrochloride, 1d Prepared from N-Boc-L-

methionine using general procedure for the synthesis of L-amino acid 2-

mercaptoethylamides. Yield given in Table 2.1. 1H NMR (400 MHz, D2O, 25 °C) δ 4.2 (s, 

1H), 3.8-3.3 (m, 2H), 2.9 (m, 1H), 2.75 (m, 1H), 2.7 (m, 1H), 2.22 (q, 2H) 2.18 (s, 3H) 

 

L-Proline 2-mercaptoethylamide hydrochloride, 1e Prepared from N-Boc-L-proline 

using general procedure for the synthesis of L-amino acid 2-mercaptoethylamides. Yield 

given in Table 2.1. 1H NMR (400 MHz, D2O, 25 °C) δ 4.25 (s, 1H), 3.55–3.45 (m, 2H), 3.3 

(s, 2H) 2.8–2.5 (m, 2H), 2.35 (s, 1H), 1.90 (s, 1H), 1.85 (s, 2H) 

General procedure for modification of ADH
65 with L-amino acid 2-

mercaptoethylamides A sample of ADH
65 was dissolved in DMSO at 20 mg/mL. The 

desired L-amino acid 2-mercaptoethylamide (5 eq per dehydroalanine residue) was 
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dissolved in minimal DI H2O (~300 mg/mL) and the pH was adjusted to pH 7.0 with 5 M 

NaOH. The L-amino acid 2-mercaptoethylamide solution was then added to the ADH
65 

solution followed by addition of 2 M NaOH (1.5 eq per dehydroalanine residue). DMSO 

was then added to give a final ADH
65 concentration of 10 mg/mL. The reaction was let stir 

at room temperature for 18 hours. The resulting solution was transferred to a 1000 Da 

dialysis bag and dialyzed against pH 4 DI H2O for 1 day with 2 dialyzate changes and 

then pH 7 DI H2O for 1 day with 2 dialyzate changes. The solution was lyophilized to give 

the product as a white fluffy solid.  

 

Ala-rac-C65 Prepared from 1a and ADH
65 using the General procedure for modification of 

ADH
65 with L-amino acid 2-mercaptoethylamides. Yield given in Table 2.1. 1H NMR (400 

MHz, D2O, 25 °C): δ 4.7-4.3 (br s, 1H), 4.0 (br s, 1H), 3.45 (br s, 2H), 3.0 (br d, 2H), 2.7 

(br s, 2H), 1.55-1.15 (br d, 3H) 
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Val-rac-C65 Prepared from 1b and ADH
65 using the General procedure for modification of 

ADH
65 with L-amino acid 2-mercaptoethylamides. Yield given in Table 2.1. 1H NMR (400 

MHz, D2O, 25 °C): δ 4.45 (br s, 1H), 3.5 (br s, 1H), 3.4-3.2 (br d, 2H), 2.85 (br d, 2H), 2.55 

(br s, 2H), 2.0 (br s, 1H), 0.85 (s, 6H) 

 

Leu-rac-C65 Prepared from 1c and ADH
65 using the General procedure for modification of 

ADH
65 with L-amino acid 2-mercaptoethylamides. Yield given in Table 2.1. 1H NMR (400 

MHz, D2O, 25 °C): δ 4.55 (br s, 1H), 3.95 (br s, 1H), 3.45 (br d, 2H), 2.95 (br d, 2H), 2.7 

(br s, 2H), 1.65 (br s, 3H), 0.90 (s, 6H) 
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Met-rac-C65 Prepared from 1d and ADH
65 using the General procedure for modification of 

ADH
65 with L-amino acid 2-mercaptoethylamides. Yield given in Table 2.1. 1H NMR (400 

MHz, D2O, 25 °C): δ 4.65 (br s, 1H), 3.90 (br s, 1H), 3.5 (br d, 2H), 3.1 (br d, 2H), 2.78 (br 

s, 2H), 2.62 (br s, 2H), 2.1 (br s, 5H) 

 

Pro-rac-C65 Prepared from 1e and ADH
65 using the General procedure for modification of 

ADH
65 with L-amino acid 2-mercaptoethylamides. Yield given in Table 2.1. 1H NMR (400 

MHz, D2O, 25 °C): δ 4.5 (br s, 1H), 4.35 (s, 1H), 3.5 (br, 2H), 3.25-2.65 (br m, 4H), 2.65 

– 2.4 (br d, 3H), 2.2 – 2.0 (br d, 2H), 1.75 (br s, 1H) 

Oxidation of thioether groups in Xaa-rac-C65 polypeptides This procedure was 

adapted from a literature method.23 Into a scintillation vial containing Xaa-rac-C65 (25 mg) 

was added 70 wt % aqueous tert-butyl hydroperoxide (TBHP) (16 eq per thioether group), 

a catalytic amount of camphorsulfonic acid (CSA) solution in DI water (0.2 eq per thioether 
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group, 20 mg/mL), and additional DI water to bring the final concentration of Xaa-rac-C65 

to 20 mg/mL. The reaction was stirred vigorously for 24 hours at room temperature and 

the solution was then transferred to a 2000 Da MWCO dialysis bag and dialyzed against 

DI H2O (3.5 L) containing sodium thiosulfate (1.2 g, 2.2 mM) to neutralize residual 

peroxide (48h, 4 dialyzate changes), followed by 3mM HCl (24h, 3 dialyzate changes) 

and H2O (8h, 3 dialyzate changes). The retentate was lyophilized to provide the sulfoxide 

product, Xaa-rac-CO
65.        

Leu-rac-CO
65

  (24 mg, 91.6%). 1H NMR (400 MHz, D2O, 25 °C): δ 4.6-4.2 (br s, 1H), 3.8 

(br s, 1H), 3.7-2.7 (br m, 6H),1.55 (br s, 3H), 0.88 (s, 6H) 

MetO-rac-CO
65

 (25 mg, 91.5%). 1H NMR (400 MHz, D2O, 25 °C): δ 4.55 (br s, 1H), 3.78 

(br s, 1H), 3.7-3.4 (br d, 2H), 3.1-2.95 (br d, 2H), 3.1 (br d, 2H), 2.9 (br s, 2H), 2.7 (br s, 

3H), 2.1 (br s, 2H) 

Analysis of chain length after modification of CBCM
50 to ADH

50 to Leu-rac-C50 The 

procedure for synthesis of CBCM was adapted to prepare PEG22-b-CBCM
50. After a small 

aliquot of the reaction mixture (ca. 200 μL) was removed for end-group analysis, a 

solution of mPEG22-NCO (Mn = 1000 Da, 50 mg/mL in THF, 4 eq per bpyNiCOD) was 

added to the remaining polymerization reaction mixture in a N2 filled glovebox.  The 

general procedure for synthesis of poly(S-carboxymethyl-L-cysteine), sodium salt and the 

general procedure for synthesis of poly(dehydroalanine) were used to convert the product 

to PEG22-b-ADH
50. The procedure for modification of ADH with L-amino acid 2-

mercaptoethylamides was then followed using L-leucine 2-mercaptoethylamideto give 

PEG22-b-(Leu-rac-C)50. To compare average degrees of polymerization (DP) of the 
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polypeptide segments, 1H NMR spectra were obtained for PEG22-b-CBCM
50 in d-TFA, 

PEG22-b-ADH
50 in d6-DMSO, and PEG22-b-(Leu-rac-C)50 in D2O. The ratio of the integral 

of the CH2 group closest to the polypeptide backbone to the integral of the PEG CH2 was 

used to calculate polypeptide length for Peg22-b-CBCM
50, the ratio of the integral of the 

alkene CH2 to the integral of the PEG CH2 was used to calculate the length for PEG22-b-

ADH
50, and the ratio of the integral of the polypeptide backbone alpha-CH to the integral 

of the PEG CH2 was used to calculate the length for PEG22-b-(Leu-rac-C)50 (see Figure 

2.1). Negligible changes in DP were observed after each modification step. 

General Procedure for Preparation of Polypeptide Coacervates16 

Stock solutions of Xaa-rac-C65, MetO-rac-CO
65, and Leu-rac-CO

65 (all with chloride 

counterions) were prepared at 6.0 mg/mL in DI H2O. Separate stock solutions of MetO-

rac-CO
65 and Leu-rac-CO

65 were prepared at 10 mg/mL in DI H2O containing NaCl (300 

mM) for mixing with polyadenylic acid (polyA). Stock solutions (24 mM) of sodium salts of 

different counterions (phosphate, pyrophosphate, or tripolyphosphate) were prepared in 

DI H2O containing NaCl (300 mM). A stock solution of 2× PBS buffer (300 mM) was also 

prepared, as well as a solution of 10 mg/mL polyA in DI H2O. A single stock solution 

(sodium salts, 2× PBS, or polyA) was then mixed with a polypeptide stock solution in a 

1:1 (v/v) ratio to test for coacervate formation. 

Brightfield Microscopy16 

Microscope slides were prepared by affixing a 1.5 mm Fisherbrand coverslip to a 

Fisherbrand Superfrost slide using a double-stick tape at all four sides with a small 

channel left open to allow the sample to be drawn under the coverslip by capillary action. 
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Each freshly prepared polypeptide coacervate sample was allowed to stand for 20 min to 

allow liquid coacervate droplets to condense or for precipitate to settle onto the slide 

surface. Samples were then imaged using a Zeiss Axio Observer Z1 optical Microscope. 

Microscope slides for imaging bulk coacervates isolated via centrifugation were prepared 

by spreading the sample on a Fisherbrand Superfrost slide and pipetting 50 μL of 150 

mM PBS buffer on top to prevent evaporation. 

Circular Dichroism Spectroscopy16 

A sample of Leu-rac-C65 was analyzed at a concentration of 0.5 mg/mL in DI H2O 

adjusted to pH 7.0 with 0.1 M NaOH. The data were reported in units of molar ellipticity 

[θ] (deg·cm2·dmol–1), which was calculated using [θ] = (θ × 100 × MW)/(c × l), where θ is 

the measured ellipticity (millidegrees), MW is the average residue molecular mass 

(g/mol), c is the polypeptide concentration (mg/mL), and l is the cuvette path length (cm). 

ζ-Potential Measurements16 

Samples of Xaa-rac-C65, Leu-CH
60, and K60 were each dissolved at 5 mg/mL in filtered 

(0.45 μm) DI H2O containing 20 mM NaCl. A coacervate suspension of MetO-rac-

CO
65 was prepared at 5 mg/mL in filtered (0.45 μm) DI H2O containing 150 mM NaCl and 

12 mM TPP at pH 7.0. For polypeptides, samples were adjusted to pH 2.0 using filtered 

(0.45 μm) aqueous 1.0 M HCl. The samples were titrated to pH 12 with filtered (0.45 μm) 

aqueous 1.0 M NaOH. Aliquots (1 mL) were removed from the solutions over a range of 

pH values, and ζ-potential measurements of samples were acquired using a Zetasizer 

NanoZS instrument (Malvern Instruments Ltd., UK). The electrophoretic mobility was 

calculated in monomodal mode where only the fast field reversal (FFR) technique was 
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applied to avoid degradation of the cuvette electrodes. Malvern Zetasizer Software was 

used to calculate electrophoretic mobility using the Henry equation. For the coacervate 

suspension of MetO-rac-CO
65 prepared with 150 mM NaCl and 12 mM TPP at pH 7.0, the 

ζ-potential was found to be −4.4 ± 0.8 mV. 

Cloud Point Temperature Measurements16 

Samples of Xaa-rac-C65 or Leu-rac-CO
65 were prepared at 3.0 mg/mL in DI H2O 

containing a sodium salt of different counterions (12 mM) and NaCl (150 mM) or 1× PBS 

buffer (150 mM). Individual stock solutions of polypeptides (6.0 mg/mL) in DI H2O and 

stock solutions of sodium salts (120 mM), NaCl (2 M), and 10× PBS (1500 mM) at pH 5.0, 

7.0, and 9.0 were used in sample preparation. Samples were prepared by mixing a 

polypeptide sample solution, a pH 7.0 stock solution of a sodium salt (phosphate, 

pyrophosphate, or tripolyphosphate), and NaCl solution in a 1:0.2:0.15 (v/v/v) ratio and 

then diluting with DI H2O to achieve a final polypeptide concentration of 3.0 mg/mL. The 

samples in PBS buffer were prepared by mixing a polypeptide sample solution and 2× pH 

7.0 PBS buffer in a 1:1 (v/v) ratio to obtain a final polypeptide concentration of 3.0 mg/mL. 

The final pH of these samples was adjusted as desired by the addition of small volumes 

of the same polypeptide sample prepared using either pH 5.0 or 9.0 stock solutions. 

Transmittance of each sample at 500 nm was measured on a HP 8453 spectrophotometer 

equipped with an Agilent 8909A temperature controller. In initial runs, temperature was 

increased at a rate of 10 °C/min from 20 to 80 °C, followed by additional experiments 

within a selected temperature range at a heating rate of 2 °C/min. Absorbance data were 

converted to transmission and then normalized to span 0–100%. Cloud point 

temperatures (Tcp) were determined as the temperature at 50% transmission. 
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Reversibility of Thermal Coacervation16 

Studies of the reversibility of thermal coacervation were performed using samples Leu-

rac-C65 and Met-rac-C65 at concentrations of 3.0 mg/mL in 1× PBS (150 mM) prepared 

as described above. The transmittance of each sample at 500 nm was measured on an 

HP 8453 spectrophotometer equipped with an Agilent 8909A temperature controller as 

described above. For each sample, the temperature was cycled at a rate of 3 °C/min from 

20 to 50 °C, and this cycle was repeated 5 times ending at 20 °C. 

Coacervate Formation as a Function of NaCl Concentration16 

A stock solution of Leu-rac-C65 or Met-rac-C65 at 6.0 mg/mL in DI H2O was prepared and 

mixed in a 1:1 (v/v) ratio with separate stock solutions of TPP containing different 

concentrations of NaCl to give a series of samples with 3.0 mg/mL polypeptide and 12 

mM TPP, with NaCl concentrations of 0, 0.05, 0.15, 0.25, 0.50, 1.0, and 2.0 M. Samples 

that formed coacervates were allowed to stand in 1.5 mL Eppendorf tubes for 24 h, 

followed by removal of the water-rich supernatant, which was then transferred into 2000 

Da MWCO dialysis tubing. The samples were dialyzed against 1 M NaCl and 3 mM HCl 

(1×), 3 mM HCl (2×), and DI H2O (3×), with a minimum of 4 h between dialysate changes, 

before being lyophilized and weighed. This procedure converted all counterions to 

chloride for accurate quantification of the polypeptide. The fraction of Leu-rac-C65 or Met-

rac-C65 in the coacervate phase for each sample was calculated by subtracting the mass 

of polypeptide recovered in the supernatant from the total mass of polypeptide initially 

added to the sample, which is divided by the total mass of polypeptide initially added to 

the sample. Mass fraction measurements were performed in triplicate. 
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2.6 Spectral Data 
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Chapter 3: Triggered Inversion of Dual Responsive 

Diblock Copolypeptide Vesicles 
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Adapted from Morrison, C. A.; Chan, E. P.; Deming, T. J. J. Am. Chem. Soc. 2025, 147 

(9), 7617–7623.  

3.1 Abstract 

 We report the synthesis of amphiphilic poly(L-methionine sulfoxide)x-b-

poly(dehydroalanine)y, diblock copolypeptides, MO
xADH

y, and their self-assembly into 

submicrometer-diameter unilamellar vesicles in aqueous media. The formation of vesicles 

was observed over an unprecedented range of copolypeptide compositions due to the 

unique properties and chain conformations of ADH hydrophobic segments. These 

copolypeptides incorporate two distinct thiol reactive components where each segment 

can respond differently to a single thiol stimulus. The incubation of MO
35ADH

30 vesicles 

with glutathione under intra-cellular mimetic conditions resulted in vesicle disruption and 

release of cargo. Further, incubation of MO
35ADH

30 vesicles with thiolglycolic acid resulted 

in a reversal of amphipilicity and successful in situ inversion of the vesicle assemblies. 

This conversion of biomimetic polymer vesicles into stable inverted vesicles using a 

biologically relevant stimulus at physiological pH and temperature is unprecedented. 

These results provide insights toward the development of advanced functional synthetic 

assemblies with potential uses in biology and medicine.  

3.2 Introduction 

 There is considerable interest in polymer assemblies that can undergo changes in 

structure and properties in response to biologically relevant stimuli.1−3 Appropriate stimuli 

can include redox reagents, enzymes, and sugars as well as molecules such as NO, CO2, 

and H2S.1−3 Such responsive assemblies have primarily been developed for use as 
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therapeutic delivery vehicles that can release their cargo in the presence of an 

appropriate stimulus.4−6 Consequently, many of these assemblies have been designed to 

simply degrade or disassemble upon reaction with the stimulus. However, block 

copolymer assemblies have also been developed that are able to undergo changes in 

shape and morphology upon exposure to stimuli.7−9 In addition, “invertible” assemblies 

have been developed where both block copolymer segments respond to stimuli, resulting 

in a reversal of amphiphilicity and consequent inversion of micellar or vesicular 

structures.10−17 Invertible assemblies are intriguing since they can release cargos but can 

also allow for the encapsulation of surrounding media during inversion. While a variety of 

shape-changing transformations have been reported for assemblies under conditions that 

are not compatible with living systems, there are noteworthy exceptions.  

 Vesicle−micelle transformations have been achieved using redox and hydrolysis 

reactions as well as enzymes, and micelle−micelle inversions have been accomplished 

using light and/or heat.1,2,11,13,15 However, to our knowledge, block copolymer vesicle-to-

vesicle inversion has not been achieved under biologically relevant conditions, which 

would be valuable for the development of advanced functional synthetic assemblies as 

well as for potential uses in biology and medicine. Addressing this need, we describe the 

development of amphiphilic diblock copolypeptide vesicles in which each polypeptide 

segment responds differently to a single biomimetic stimulus, resulting in vesicle inversion 

under biologically relevant conditions. Pioneering examples of block copolymer vesicle 

inversion were reported by Eisenberg and Lecommandoux.12,14 Both approaches utilized 

a combination of acidic and basic segments in block copolymers, where at low pH acidic 

segments are neutral and basic segments are charged and at high pH acidic segments 
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are charged and basic segments are neutral. Reversal of amphiphilicity upon switching 

the pH between 4 and 10 or 1 and 14 resulted in an inversion of vesicle assemblies. At 

pH 7, both acidic and basic segments in these systems were charged, and vesicles did 

not form. While these studies were the first to demonstrate the inversion of polymeric 

vesicles, their potential applications were limited by the extremes in pH required for 

vesicle interconversion and stability.  

 Consequently, we sought to develop self-assembled block copolymer vesicles that 

would be stable and capable of triggered inversion under biologically relevant conditions 

(e.g., pH 7.4, 150 mM NaCl, 37 °C). These conditions preclude the use of a large variation 

of temperature or solution pH to trigger inversion but do allow the use of reactive 

molecules that are found in biological systems.1−3 We focused our vesicle design on block 

copolypeptides since both their chain conformations and sidechain functionality can be 

predictably manipulated.18,19 If used for therapeutic applications, the peptide backbone 

also allows for enzymatic degradation in vivo.20,21 Ordered chain conformations in 

polypeptides can guide structure formation during assembly, a feature which cannot be 

readily replicated in most other synthetic polymers.18,19 Many studies, by our laboratory 

and others, have led to a detailed understanding of how polypeptide chain conformations 

and block compositions influence structure formation and properties in aqueous-based 

assemblies.18,19 This work has resulted in robust designs for the creation of block 

copolypeptide micelles, vesicles, and fibril-based hydrogels utilizing readily obtained α-

helical, β-sheet, and disordered chain conformations.22−29 Block copolypeptide 

assemblies have also been developed that can respond to various biologically relevant 

stimuli.  
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 In particular, there has been considerable interest in redox-responsive 

copolypeptide assemblies that can release cargo intracellularly by the reduction of one 

segment using thiols or enzymes present within cell cytosol.1−3,26 However, to obtain 

invertible assemblies, both segments in block copolypeptides need to be stimuli 

responsive to achieve switching of the water solubility in both domains. To accomplish 

this, we envisioned the incorporation of two distinct thiol reactive polypeptide segments 

in block copolymers, where each segment would respond differently to a single stimulus. 

Upon reaction with thiols, each segment would undergo a change in water solubility while 

simultaneously also undergoing a conformational change. These combined changes, in 

conjunction with the optimization of copolymer compositions, were envisioned to yield 

invertible vesicles under biologically relevant conditions.  

 Our design of thiol reactive amphiphilic block copolypeptides incorporated water-

soluble, conformationally disordered poly(L-methionine sulfoxide), MO, segments 

connected to water-insoluble, extended conformation poly(dehydroalanine), ADH, 

segments, i.e., MO
xADH

y (Figure 3.1).  

 

Figure 3.1. Proposed reversal of block copolypeptide amphiphilicity by reaction of 

MO
xADH

y with thiols (endgroups not shown). Blue = hydrophilic; red = hydrophobic 
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Due to their amphiphilicity, MO
xADH

y were expected to self-assemble in aqueous media. 

We have previously reported that MO is highly biocompatible and can be used as a 

hydrophilic segment for the preparation of vesicle and hydrogel block copolypeptide 

assemblies.20,21 We have also shown that MO segments can react with thiols or enzymes 

under conditions that mimic a cytosolic environment to form hydrophobic, α-helical poly(L-

methionine), M, segments and that this reaction can lead to vesicle disruption.26  

 Additionally, our group recently reported the preparation of hydrophobic ADH and 

showed that the dehydroalanine residues can react readily with thiols to give disordered 

poly(S-alkyl-rac-cysteine)s, CrR.30 If a hydrophilic thiol is used, the resulting CrR can be 

water-soluble.30 Individually, both of these polypeptide modifications are known to go to 

completion in aqueous media at pH 7.4.26,30 The combination of MO and ADH segments 

in, MO
xADH

y block copolypeptides was expected to result in both segments being able to 

react with thiols under biologically relevant conditions.  

 Further, the complete reaction of, MO
xADH

y with a hydrophilic thiol should result in 

a reversal of amphiphilicity, where hydrophilic MO is converted to hydrophobic M while 

hydrophobic ADH is converted to hydrophilic CrR (Figure 3.1). While the design rules for 

aqueous self-assembly of amphiphilic block copolypeptides containing α-helical or βsheet 

hydrophobic segments are well understood, the self-assembly of ADH containing block 

copolymers has not been previously studied.18,19 Here, an important goal was to 

determine how the unique chain conformation of ADH influences structure formation in, 

MO
xADH

y assemblies.30 We then planned to use this knowledge to design copolypeptide 

compositions that can form vesicles in water.  
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 An additional challenge of this project was the synthesis of MO
xADH

y, which 

requires the use of two different post-polymerization modification reactions that can 

interfere with each other. Here, we describe the successful preparation of MO
xADH

y block 

copolypeptides, their self-assembly into vesicles in aqueous media, and how the vesicle 

assemblies respond to the addition of thiols under biologically relevant conditions. This 

work breaks new ground in the development of biologically relevant stimuli-responsive 

copolymer assemblies by utilizing a combination of naturally occurring thiol-reactive 

amino acid functionalities. The results also provide insights into understanding and 

controlling stimulus-responsive switching of assemblies as mimics of protein assemblies. 

3.3 Results and Discussion 

 Our initial strategy to prepare, MO
xADH

y copolypeptides relied on the stepwise 

addition of monomers L-methionine N-carboxyanhydride (Met NCA) and S-(tert-

butylcarboxymethyl)-L-cysteine (tBuCM-Cys) NCA to Co(PMe3)4 initiator, which gave 

poly(L-methionine)-b-poly(S-(tert-butylcarboxymethyl)-L-cysteine), MxCBCM
y, diblock 

copolypeptide precursors of desired compositions and chain lengths.31 (Figure 3.2) tert-

Butyl protecting groups were subsequently removed from this precursor, and then all 

thioether groups were oxidized to give samples of poly(L-methionine sulfoxide)-b-poly(S-

(carboxymethyl)-L-cysteine sulfoxide), MO
xCCMO

y. 

Figure 3.2. Attempted synthesis of MO
xADH

y diblock copolypeptides via sequential 

addition of NCAs using Co(PMe3)4 initiator, followed by oxidation and elimination. 
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  These copolymers were then subjected to a variety of conditions to convert S-

(carboxymethyl)-L-cysteine sulfoxide residues to dehydroalanine residues via thermal or 

base-catalyzed elimination in order to obtain, MO
xADH

y copolypeptides (Figure 3.2). While 

there is precedent for the conversion of isolated alkyl cysteine sulfoxide residues into 

dehydroalanine residues using sulfenic acid trapping reagents, we were unable to obtain 

the desired, MO
xADH

y copolypeptides via this route.30  

 As an alternative, we have shown that the alkylation of thioether groups in poly(S-

(carboxymethyl)-L-cysteine), CCM, is highly efficient in promoting the elimination and 

formation of ADH.30 However, alkylation of a MxCCM
y precursor would also alkylate the M 

segment and consequently prohibit its subsequent oxidation to MO.33 While nucleophilic 

dealkylation of methionine sulfonium salts is possible, the reagents, usually thiols, would 

also react with ADH residues.30,34 To circumvent these interfering reactions, we developed 

a new synthetic route to, MO
xADH

y copolypeptides that separates the oxidation and 

alkylation reactions so that they occur only within the desired segments (Figure 3.3).  

 

Figure 3.3. Synthesis of amphiphilic MO
xADH

y. Blue = hydrophilic; red = hydrophobic. 
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 First, Met NCA was added to the Co(PMe3)4 initiator to give M chains of desired 

length, which were then converted to MO via oxidation. The MO chains, each containing a 

primary amine group on the N-terminus, were then used as macroinitiators for 

polymerization of tBuCM-Cys NCA in DMSO. The amino termini of the resulting block 

copolymers were end-capped using acetic anhydride, followed by removal of tert-butyl 

protecting groups and then neutralization to give MxCCM
y copolypeptides.30 The thioether 

groups in MxCCM
y were then alkylated using methyl iodide, which resulted in facile 

elimination of the thioether byproduct to give MO
xADH

y copolypeptides in high purity and 

overall good yields (Table 3.1).30  

Table 3.1. Isolated yields of purified block copolypeptide intermediates and final 

products. 

Sample % Yield MO
xCBCM

y % Yield MO
xCCM

y % Yield MO
xADH

y 

MO
35ADH

30 86 68 74 

MO
60ADH

30 71 74 52 

MO
60ADH

40 92 73 78 

MO
60ADH

60 70 78 85 

MO
60ADH

100 78 75 84 

 Compositions and chain lengths of MO
xADH

y copolypeptides were determined 

using 1H NMR and GPC analysis (Table 3.2, Table 3.3 and Figure 3.4). Since 

amphiphilic MO
xADH

y samples were not fully soluble in common GPC solvents, these 

copolypeptides were converted to poly(S-methyl-L-methionine sulfonium chloride)-b-

poly(dehydroalanine), MM
xADH

y, derivatives for GPC analysis in HFIP. All MM
xADH

y 
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samples, as well as MM precursors, gave monomodal peaks and reasonable dispersity 

values (Table 3.2, Table 3.3 and Figure 3.4).  

Table 3.2. Properties of MO
xADH

y block copolypeptides 

Sample Compositiona Đ 
b Diameter (nm)c PDId 

MO
35ADH

30 MO
35ADH

30 1.15 251 .354 

MO
60ADH

30 MO
60ADH

32 1.41 305 .142 

MO
60ADH

40 MO
60ADH

42 1.25 644 .358 

MO
60ADH

60 MO
60ADH

63 1.33 567 .302 

MO
60ADH

100 MO
60ADH

99 1.32 275 .221 

aCopolypeptide compositions determined by 1H NMR. bDispersity (Đ = Mw/Mn) of 

copolypeptides. cAverage hydrodynamic diameter of copolypeptide assemblies 

determined by DLS measurements on 1% (w/v). dPolydispersity (PDI) of copolypeptide 

assemblies determined by DLS 
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Table 3.3. Molecular weight and dispersity data from GPC analysis of polypeptide 

derivatives. 

Sample Mn
a Mw

a Đb 

MM
35 870 1070 1.23 

MM
35ADH

30 1840 2210 1.19 

MM
60 3030 4490 1.48 

MM
60ADH

30 3860 5430 1.41 

MM
60ADH

40 4440 5530 1.25 

MM
60ADH

60 4690 6220 1.32 

MM
60ADH

100 5390 6930 1.32 

 

MM
x and MM

xADH
y were prepared from the corresponding MO

x and MO
xADH

y samples. 

MM
x and MM

xADH
y derivatives were found to have improved solubility in HFIP 

compared to the corresponding MO
x and MO

xADH
y samples, which allowed for GPC 

analysis. a Mn and Mw values were calculated relative to polyethylene glycol 

standards. b Dispersity (Đ) = Mw/Mn. 
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 Absolute chain lengths from end-group analysis by 1H NMR were used for sample 

labeling, since molecular weights from GPC were relative to PEG standards. In order to 

evaluate how segment length affects aqueous self-assembled structures, MO
xADH

y 

samples were prepared with a range of compositions. Initially, a series of samples were 

prepared with a constant MO
x segment where x = 60 and ADH

y segments where y = 30, 

40, 60, and 100 (Table 3.2). MO
60 was chosen since we had previously determined that 

Figure 3.4. GPC chromatograms of polypeptide derivatives. (A) MM
35, (B) MM

35ADH
30, (C) 

MM
60, (D) MM

60ADH
30, (E) MM

60ADH
40, (F) MM

60ADH
60. (G) MM

60ADH
100. All samples were 

dissolved at 15 mg/mL in HFIP for analysis. 
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this length was optimal for vesicle formation in amphiphilic copolypeptides containing α-

helical hydrophobic segments, e.g., MO
60(L/F)20, L/F = poly(L-leucine-stat-L-

phenylalanine).26  

 The ADH
y segment lengths were chosen to be greater than 20 residues due to the 

lower hydrophobicity of dehydroalanine compared to that of amino acids such as leucine 

and phenylalanine. A broad range of ADH
y lengths was studied since it was uncertain how 

the unique chain conformation of ADH would influence self-assembly.30 Assemblies of 

MO
60ADH

y in water were prepared by nanoprecipitation, where copolypeptides were first 

dispersed in DMSO using mild bath sonication, followed by dropwise addition of an equal 

volume of deionized (DI) water. With vortexing, an additional volume of DI water was 

added, followed by exhaustive dialysis against DI water to give 1.0% (w/v) MO
60ADH

y 

suspensions.  

Figure 3.5. DIC images of vesicular assemblies in 1 wt% suspensions of different 

MO
xADH

y copolypeptides in DI water. (A) MO
60ADH

30, (B) MO
60ADH

40, (C) MO
60ADH

60, (D) 

MO
60ADH

100. Scale bars = 10 µm 
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 Examination of the suspensions using differential interference contrast (DIC) 

optical microscopy revealed the presence of round assemblies with submicrometer 

diameters for all MO
60ADH

y compositions (Figure 3.5). To determine whether the 

assemblies were vesicles or solid particles, the MO
60ADH

60 assemblies were further 

examined using laser scanning confocal microscopy (LSCM). Hydrophilic and 

hydrophobic fluorescent probes were used to distinguish between assembled 

copolypeptide and encapsulated aqueous media. Specifically, a suspension of MO
60ADH

60 

was prepared using water containing hydrophilic Texas Red-labeled dextran (TR dextran, 

MW = 3000 Da), where all nonencapsulated TR dextran was subsequently removed from 

the suspension via dialysis.  

Figure 3.6. LSCM and DIC images of a 1 wt% MO
60ADH

60
 suspension in DI water. 

Vesicles were prepared in the presence of Texas Red dextran, and hydrophobic 

domains were labeled by incorporation of DiOC18 probe. (A) DiOC18 channel. (B) 

Texas Red channel. (C) Overlay of A and B. (D) DIC Image. z direction slice = 0.10 

µm. Scale bars = 800 nm. 
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 The copolypeptide assemblies were then labeled by the addition of a small volume 

of the hydrophobic DiOC18 probe in DMSO.25 After incubation for 3 h, the suspension was 

dialyzed to remove DMSO and excess DiOC18. Imaging of these dual labeled 

suspensions revealed that the MO
60ADH

60 assemblies are unilamellar water-filled vesicles 

as evidenced by the observation of DiOC18-labeled polypeptide membranes that 

encapsulate TR dextran solution (Figure 3.6). The vesicular assemblies of MO
60ADH

60 

were found to be stable in size in 1× PBS buffer at 4 °C for 30 days via dynamic light 

scattering (DLS) analysis (Figure 3.7).  

 The formation of unilamellar MO
60ADH

60 vesicle assemblies was consistent with the 

properties of other block copolypeptide vesicles, which are also all unilamellar.24-26 This 

result may be due to the general stiffness of polypeptide membranes due to H-bonding 

interactions, as compared to more flexible copolymers.18,19 What was unusual with the 

MO
60ADH

y suspensions was that all of the compositions prepared (y = 30 to 100) were 

found to form vesicle assemblies of similar size (Figure 3.6). In prior studies on the self-

assembly of amphiphilic block copolypeptides containing α-helical hydrophobic 

segments, only a narrow range of hydrophobic segment lengths (ca. 20 to 30 residues) 

were found to form vesicles.24−26 In these studies, shorter hydrophobic segments (ca. 10 

residues) were found to give spherical micelles, and longer segments (>40 residues) gave 

sheets or disordered aggregates.24,25 In addition, amphiphilic block copolypeptides 
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containing disordered racemic hydrophobic segments formed only spherical or irregular 

micelles regardless of composition.22,23   

 The hydrophobic ADH segments in MO
60ADH

y appear to possess a degree of rigidity 

that favors low curvature membrane formation, but also more flexibility compared to α-

helical polypeptide segments since they do not assemble into flat sheets at greater 

lengths.30 Overall, MO
xADH

y assemblies appear to be more tolerant of compositional 

adjustment compared to other vesicle-forming block copolypeptides. We sought to take 

advantage of this characteristic in the design of MO
xADH

y vesicles capable of stimulus-

driven inversion. For successful vesicle inversion, it is desirable that both copolymer 

segments are similar in length so that a similar vesicle favoring hydrophilic/hydrophobic 

balance is obtained in either state. Also, since inversion of MO
xADH

y would give MxCrR
y 

(Figure 3.2), the resulting α-helical hydrophobic M segments would need to be 

reasonably short (ca. < 40 residues) to favor vesicle formation.24,25  

Figure 3.7. Stability of MO
60ADH

60 vesicle assemblies in 1x PBS at 4 ºC for 30 days as 

quantified by DLS analysis. (A) Intensity and (B) number size distributions. 
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 Consequently, we chose a composition of MO
35ADH

30 for the development of thiol-

responsive invertible vesicles. MO
35ADH

30 was synthesized, and a 1.0% (w/v) suspension 

in DI water was prepared, as described above (Table 3.1, Table 3.2 and Figure 3.4). 

Similar to the MO
60ADH

y samples, MO
35ADH

30 was found to assemble into round assemblies 

with submicrometer diameters as determined using DIC microscopy and DLS analysis 

(Figure 3.8).  

 Dual labeling of an aqueous MO
35ADH

30 suspension using TR dextran and DiOC18 

as described above allowed for more detailed characterization of the assemblies. Imaging 

of the dual-labeled suspension confirmed that MO
35ADH

30 also forms unilamellar water-

filled vesicles as evidenced by the observation of single DiOC18-labeled polypeptide 

membranes surrounding encapsulated TR dextran solution (Figure 3.9 and Figure 3.10).  

Figure 3.8. DIC optical microscopy and DLS data for a 1 wt% MO
35ADH

30 suspension 

in DI water. (A) DIC image, scale bar = 800 nm. (B) Intensity and (C) number size 

distributions from DLS analysis. 
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MO
35ADH

30vesicles were found to be stable over time (vide infra) and were thus considered 

suitable for studies on amphiphilic inversion using thiol stimuli. We first attempted to invert 

MO
35ADH

30 vesicles under conditions mimicking the reducing environment of the cell 

cytosol. Thiol-containing glutathione (GSH) is present intracellularly at concentrations 

ranging from 0.1 to 15 mM and has been often used as a trigger to release cargos from 

therapeutic carriers within cells.4−6,35 A 1.0% (w/v) suspension of MO
35ADH

30 vesicles with 

encapsulated TR dextran cargo was incubated with 10 mM GSH in aqueous 150 mM 

NaCl at pH 7.4 and 37 °C. We expected that GSH would react with both segments in the 

copolypeptides to reverse amphiphilicity by conversion of MO
35ADH

30 to 

Figure 3.9. LSCM images of a MO
35ADH

30 vesicle in water. Vesicles were prepared in the 

presence of TR dextran, and hydrophobic domains were labeled by incorporation of 

DiOC18 probe. (A) DiOC18 channel. (B) TR dextran channel. (C) Overlay of A and B. (D) 

Schematic showing amphiphilic nature of MO
35ADH

30 chains (endgroups not shown), and 

their proposed assembly into unilamellar vesicles in water. z direction slice = 0.10 µm. 

Scale bars = 800 nm. Blue = hydrophilic; red = hydrophobic 
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poly(Lmethionine)35-b-poly(S-(glutathione)-rac-cysteine, Na+ salt)30, M35CrGT
30 (Figure 

3.11). Aliquots of the reaction mixture were taken at different time points and dialyzed to 

remove nonencapsulated TR dextran, and the fluorescence intensity of remaining 

encapsulated TR dextran was recorded. After 13 days, all encapsulated TR dextran was 

released from MO
35ADH

30 vesicles in the presence of GSH (Figure 3.12).  

Figure 3.10. Low magnification LSCM and DIC images of a 1 wt% MO
35ADH

30 

suspension in DI water. Vesicles were prepared in the presence of Texas Red dextran, 

and hydrophobic domains were labeled by incorporation of DiOC18 probe. (A) DiOC18 

channel. (B) Texas Red channel. (C) Overlay of A and B. (D) DIC Image. Scale bars = 5 

µm. 
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Figure 3.12. Release of TR dextran cargo from MO
35ADH

30 vesicles in the presence of 

glutathione (GSH) under intracellular mimetic conditions. Images of 1.0 % (w/v) 

suspensions of MO
35ADH

30 vesicles containing encapsulated TR dextran initially and after 

13 days (A) with and (B) without addition of glutathione.  All images of vials were taken 

after removal of non-encapsulated TR dextran by dialysis. (C) Graph showing retention 

of TR dextran in vesicles quantified by measuring fluorescence intensity of dialyzed 

vesicle suspensions over time A.U.  = arbitrary units).  (D)  Schematic showing release of 

TR dextran cargo upon disruption of MO
35ADH

30 vesicles after reaction with glutathione. 

 Figure 3.11. Reaction of MO
35ADH

30 with glutathione 
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 In a control study without GSH, greater than 60% of TR dextran remained 

encapsulated in the vesicles over the same time period (Figure 3.12). These results show 

that MO
35ADH

30 vesicles possess the ability to release aqueous cargo in response to GSH, 

which may be useful for therapeutic delivery applications. 1H NMR analysis of 

copolypeptide isolated from the GSH reaction after 13 days also showed complete 

modification of ADH residues with glutathione and 90% reduction of MO residues to M 

residues, confirming the effective reversal of block copolypeptide amphiphilicity.  

 However, an examination of the M35CrGT
30 suspension after reaction with GSH 

using DIC microscopy revealed only the presence of irregular aggregates (Figure 3.13). 

No inverted vesicles were formed, possibly due to the limited solubility of CrGT chains in 

water. To improve the likelihood of vesicle inversion, we studied the reaction of MO
35ADH

30 

with a more hydrophilic thiol, thioglycolic acid (TGA), which is known to give water-soluble 

poly(S-carboxymethyl-rac-cysteine), CrMC, upon reaction with ADH chains.30 A 1.0% (w/v) 

suspension of MO
35ADH

30 vesicles with encapsulated TR dextran cargo was incubated with 

excess TGA in DI water at pH 8.0 and 20 °C.  

Figure 3.13. Representative DIC microscopy image of M35CrGT
30 precipitate formed after 

reaction of MO
35ADH

30 with glutathione. Scale bar = 5 µm. 
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 We expected that TGA would reverse amphiphilicity by conversion of MO
35ADH

30 to 

poly(L-methionine)35-b-poly(S-(carboxymethyl)-rac-cysteine, Na+ salt)30 and M35CrMC
30 

(Figure 3.14). After 48 h, copolypeptide isolated from an aliquot of the suspension was 

found to have been completely converted from MO
35ADH

30 to M35CrMC
30 by 1H NMR.  After 

dialysis of this suspension, it was analyzed using DIC microscopy and DLS, which 

showed the presence of round assemblies with submicrometer diameters (Figure 3.15). 

Further analysis of the suspension after DiOC18 labeling using LSCM confirmed the 

formation of inverted unilamellar vesicles containing encapsulated TR dextran (Figure 

3.16 and Figure 3.17).  

Figure 3.14. Reversal of amphiphilicity by conversion of MO
35ADH

30 into M35CrCM
30 

(endgroups not shown). Blue = hydrophilic; red = hydrophobic. 

Figure 3.15. DIC microscopy and DLS data for M35CrCM
30 vesicles formed in situ after 

the reaction of Texas Red dextran containing MO
35ADH

30 vesicles with thioglycolic acid. 

(A) DIC image, scale bar = 700 nm. (B) Intensity and (C) number size distributions 

from DLS analysis. Diameter = 364 nm; PDI = 0.366. 

 



113 
 

  

A B C 

Figure 3.16. LSCM images of a M35CrCM
30 vesicle in water. Vesicles formed in situ after 

the reaction of TR dextran containing MO
35ADH

30 vesicles with thioglycolic acid. 

Hydrophobic domains were labeled by incorporation of DiOC18 probe before imaging. (A) 

DiOC18 channel. (B) TR dextran channel. (C) Overlay of A and B. z direction slice = 0.10 

µm. Scale bars = 700 nm. 

Figure 3.17. Low magnification LSCM and DIC images of M35CrCM
30 vesicles formed 

in situ after the reaction of Texas Red dextran containing MO
35ADH

30 vesicles with 

thioglycolic acid. Hydrophobic domains were labeled by incorporation of DiOC18 probe 

before imaging. (A) DiOC18 channel. (B) Texas Red channel. (C) Overlay of A and B. 

(D) DIC Image. Scale bars = 5 µm. 

 



114 
 

 The amount of encapsulated TR dextran was quantified using fluorescence 

measurements and was found to be ca. 13% of the amount originally present in the 

MO
35ADH

30 vesicles. Remarkably, the inverted M35CrMC
30 vesicles were able to form in situ 

during the course of amphiphile reversal, as TGA reacted with both copolypeptide side 

chains. It appears that some TR dextran aqueous cargo was also retained or 

encapsulated during vesicle inversion. To independently verify that M35CrMC
30 forms stable 

vesicles, we prepared and isolated a sample of M35CrMC
30 and used the nanoprecipitation 

protocol described above to prepare a 1.0% (w/v) M35CrMC
30 suspension in DI water, 

which was found to give vesicles similar to those formed in situ (Figure 3.18). 

 

Figure 3.18. LSCM and DIC images of a 1 wt% M35CrCM
30 suspension in DI water 

prepared from purified copolypeptide by nanoprecipitation. Vesicles were prepared in the 

presence of Texas Red dextran, and hydrophobic domains were labeled by incorporation 

of DiOC18 probe. (A) DiOC18 channel. (B) Texas Red channel. (C) Overlay of A and B. 

(D) DIC Image. z direction slice = 0.10 µm. Scale bars = 350 nm. 
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3.4 Conclusions 

 A route was developed for the preparation of amphiphilic MO
xADH

y diblock 

copolypeptides, which were found to self-assemble into submicrometer-diameter 

unilamellar vesicles in aqueous media. The formation of vesicles was observed over an 

unprecedented range of copolypeptide compositions due to the unique properties of ADH 

hydrophobic segments, which possess chain conformations that differ greatly from those 

of αhelical or racemic polypeptides.30 This expanded compositional freedom is 

advantageous for the design of nanoscale copolypeptide vesicles with adjustable 

properties. MO
xADH

y vesicles were used to study the reversal of copolypeptide 

amphiphilicity in response to the addition of thiol stimuli. MO
35ADH

30 vesicles were 

incubated with GSH under conditions mimicking an intracellular environment, where both 

segments of the vesicles were able to fully react with GSH, resulting in vesicle disruption 

and the complete release of aqueous cargo.  

 Further, successful triggered inversion of block copolypeptide vesicles in aqueous 

media under biologically relevant conditions was achieved using MO
35ADH

30 vesicles and 

TGA as a hydrophilic thiol trigger. In these reactions, the different functional groups in 

each copolypeptide segment were able to react efficiently with a single thiol trigger to 

reverse the copolypeptide amphiphilicity. This ability to convert stable biomimetic vesicles 

to stable inverted biomimetic vesicles using a mild biologically relevant stimulus is 

unprecedented. Since MO has been found to be biocompatible and degradable in vivo, 

these materials have potential for applications in the controlled release of hydrophilic 

therapeutics and triggered encapsulation of biological media. 20,21,25,26  
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3.5 Materials and Instrumentation 

Methods and Materials were as described in Chapter 2 with the following additions: L-

methionine NCA, poly(L-methionine) (M), poly(L-methionine sulfoxide) (MO), poly(S-

methyl-L-methionine sulfonium chloride) (MM) were prepared according to literature 

procedures.29,36,38 

S-(tert-Butyl carboxymethyl)-L-cysteine. This compound was prepared according to 

the protocol described in Chapter 2.37  

S-(tert-Butyl carboxymethyl)-L-cysteine N-carboxyanhydride (tBuCM-Cys NCA).4 

This monomer was prepared according to the protocol described in Chapter 2.37  

General procedure for determination of M chain lengths using end-group analysis 

after reaction with mPEG-NCO.36 This procedure was performed following the protocol 

described in Chapter 2. 

General procedure for polymerization of tBuCM-Cys NCA using a N-terminal amine 

containing MO macroinitiator to give poly(L-methionine sulfoxide)-b-poly(S-(tert-

butylcarboxymethyl)-L-cysteine), MO
xCBCM

y.  Under nitrogen at room temperature, MO 

was dissolved in DMSO at 25 mg/mL in a scintillation vial. Under constant stirring, the 

desired equivalents of solid tBuCM-Cys NCA were added to the reaction vessel, which 

was then sealed. Completion of polymerization was determined by FTIR (ca. 24-48 h). 

Acetic anhydride (1 eq per polypeptide chain) was then added to acetylate polypeptide 

N-terminal amine groups, and the reaction was allowed to proceed for 1 hr at room 

temperature. The resulting solution was transferred to 2 kDa dialysis tubing and dialyzed 

against DI H2O (48 h, 4 dialyzate changes). The sample was then freeze dried to yield 
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the product as a white fluffy solid. No detectable reaction was found to occur between 

acetic anhydride and methionine sulfoxide side chain residues (i.e. Pummerer 

rearrangement), as determined by 1H NMR. 

General procedure for the preparation of poly(L-methionine sulfoxide)-b-poly(S-

(carboxymethyl)-L-cysteine, Na+ salt), MO
xCCM

y.
30 Adapted from the protocol described 

in Chapter 2, MO
xCBCM

y was dissolved at 25 mg/mL in TFA and let stand for 5 hours. The 

sample was then diluted to 10 mg/mL with 50 mM sodium bicarbonate in DI H2O and 

transferred to 2 kDa dialysis tubing. The sample was dialyzed against 50 mM sodium 

bicarbonate (24 hr, 2 dialyzate changes) and DI H2O (24 hr, 2 dialyzate changes), and 

then freeze dried to yield the product as a white fluffy solid.   

General procedure for the preparation of poly(L-methionine sulfoxide)-b-

poly(dehydroalanine), MO
xADH

y.
30 Adapted from the protocol described in Chapter 2, 

MO
xCCM

y was dissolved at 20 mg/mL in pH 8 phosphate buffer and then methyl iodide (25 

eq per CCM residue) was added. The reaction was wrapped in foil and stirred for 3 days 

at 37 °C. The reaction was then transferred to 2 kDa dialysis tubing and dialyzed against 

DI H2O (48 hr, 4 dialyzate changes), and then freeze dried to yield the product as a white 

fluffy powder.   

General Procedure for the Preparation of MM
xADH

y from MO
xADH

y for GPC Analysis. 

MO
xADH

y was suspended in DI H2O at 10 mg/mL. Under constant stirring, a thioglycolic 

acid solution (thioglycolic acid: 1.92 mL, 150 eq per repeat unit, DI H2O: 5 mL), pH 

adjusted to 8 with 12M NaOH, was added. The vial was sealed and allowed to stir for 48h 

at room temperature. The sample was then transferred to 2 kDa dialysis tubing and 
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dialyzed against 50 mM sodium bicarbonate in DI H2O (48h, 4 dialyzate changes) and 

then DI H2O (24h, 2 dialyzate changes). The contents of the dialysis bag were then added 

to a 20 mL scintillation vial, the pH was adjusted to pH 8 with saturated sodium 

bicarbonate, and iodomethane (20 eq per each residue) was added, and the reaction 

vessel was sealed and heated at 37 °C for 3 days. The sample was then transferred to 2 

kDa dialysis tubing and dialyzed against 150 mM NaCl (48h, 4 dialyzate changes), DI 

H2O (48h, 4 dialyzate changes) and then freeze dried to yield the product as a white fluffy 

powder.   

Example procedure for attempted formation of MO
xADH

y from MxCBCM
y via oxidation 

and elimination. L-Methionine NCA and tbuCM-Cys NCA were sequentially polymerized 

using (PMe3)4Co initiator according to published procedures to produce poly(L-

methionine)-b-poly(S-(tert-butylcarboxymethyl)-L-cysteine) (MxCBCM
y).5 MxCBCM

y was 

dissolved at 25 mg/mL in TFA and let stand for 5 hours. The sample was then diluted to 

10 mg/mL with 50 mM sodium bicarbonate in DI H2O and transferred to 2 kDa dialysis 

tubing. The sample was dialyzed against 50 mM sodium bicarbonate (24 hr, 2 dialyzate 

changes) and DI H2O (24 hr, 2 dialyzate changes), and then freeze dried to yield poly(L-

methionine)-b-poly(S-(carboxymethyl)-L-cysteine, Na+ salt) (MxCCM
y) as a white fluffy 

solid. MxCCM
y was then oxidized according to published protocols to yield poly(L-

methionine sulfoxide)-b-(S-(carboxymethyl)-L-cysteine sulfoxide, Na+ salt) (MO
xCCMO

y).3 

MO
xCCMO

y was then dissolved in 9:1 DMSO/ water and the pH was adjusted to 8 with 1M 

NaOH. Trimethylphosphite (1 eq per CCMO residue) was then added as a sulfenic acid 

trapping reagent, and the reaction vessel was sealed and heated to 150 ºC for 4 days.32 

No elimination of CCMO to give ADH
 residues was found to occur.  



119 
 

Preparation of MO
xADH

y Vesicles in Water. Solid MO
xADH

y powder was dispersed in 

DMSO to give a 4 % (w/v) suspension, which was then placed in a bath sonicator for 10 

minutes until the copolypeptide was evenly dispersed and no large particulates could be 

observed. An equal volume of DI H2O was added dropwise, followed by vortexing the 

sample for 1 minute and then placing the sample in a bath sonicator for 5 minutes. Under 

constant vortexing, an additional equal volume of DI H2O was slowly added to give a final 

sample concentration of 1% (w/v). The sample was then transferred to 2 kDa dialysis 

tubing and dialyzed against DI H2O (24h, 4 dialyzate changes). The resulting suspension 

was used directly for subsequent studies.  

Encapsulation of Texas Red Dextran Within MO
xADH

y Assemblies in Water.25 A 1% 

(w/v) suspension of MO
xADH

y vesicles was prepared as described above except that a 

solution of Texas Red labeled dextran in DI H2O (Molecular Probes, MW = 3000, 0.125 

mg/mL) was used for dilution in place of pure DI H2O. After dialysis of the vesicle 

suspension against DI H2O using 2 kDa dialysis bags to remove DMSO, the suspensions 

were transferred to larger pore size 15 kDa dialysis bags and dialyzed against DI H2O for 

18 hours in order to remove all non-encapsulated Texas Red dextran. The resulting 

suspension was used directly for subsequent studies.  

In situ Preparation of Inverted poly(L-methionine)35-b-poly(S-(carboxymethyl)-rac-

cysteine, Na+ salt)30, M35CrCM
30 Vesicles.37 Adapted from published protocols, a 

thioglycolic acid solution (thioglycolic acid: 1.92 mL, 150 eq per each residue and 2 mL 

DI H2O), pH adjusted to 8 using 12M NaOH, was added to 2 mL of a 1% (w/v) suspension 

of MO
35ADH

30 vesicles loaded with Texas Red dextran. The suspension was stirred and 

allowed to react for 48 hours. Spectral data (1H NMR) of an aliquot of polypeptide isolated 
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from the reaction showed complete conversion of MO
35ADH

30 to M35CrCM
30. An aliquot of 

the suspension was imaged to reveal vesicles with encapsulated Texas Red dextran. The 

amount of encapsulated Texas Red dextran was quantified using fluorescence 

measurements and was found to be ca. 13% of the amount originally present in the 

MO
35ADH

30 vesicles (fluorescence intensity of MO
35ADH

30 vesicles = 6.33x107 A.U.; 

fluorescence intensity of M35CrCM
30 vesicles = 8.3x106 A.U.).   

  

Bulk Preparation of Inverted Amphiphilic M35CrCM
30. Solid MO

35ADH
30 (20 mg) was 

suspended in DI H2O at 10 mg/mL in a scintillation vial. Under constant stirring, a 

thioglycolic acid solution (thioglycolic acid: 1.92 mL, 150 eq per each residue and 5 mL 

DI H2O), pH adjusted to 8 using 12M NaOH, was added. The vial was sealed and allowed 

to stir for 48h at room temperature. The suspension was then transferred to 2 kDa MWCO 

dialysis tubing and dialyzed against 50 mM sodium bicarbonate (24h, 2 dialyzate 

changes) followed by DI H2O (24h, 2 dialyzate changes). The resulting suspension was 

then freeze dried to give M35CrCM
30 as a white fluffy powder (22 mg, 76% yield).  

1H NMR (400 MHz, dTFA, 25 °C ): δ 5.26 – 5.11 (d, 55H), δ 3.93 – 3.77 (d, 58H), δ 3.49 

– 3.26 (d, 45H), δ 2.95 (s, 75H), δ 2.43 (s, 175H).   
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In situ Glutathione Triggered MO
35ADH

30 Vesicle Disruption Under Intracellular 

Mimetic Conditions. Glutathione was dissolved in 1.50 M NaCl at 30 mg/mL and the pH 

was adjusted to 7.4 with 4M NaOH. 100 µL of the glutathione solution was added to 1 mL 

of a 1 wt% (w/v) suspension of MO
35ADH

30 vesicles that were loaded with Texas Red 

dextran (prepared as above). The suspension was stirred at 37 °C for 13 days. The 

amount of Texas Red dextran remaining in vesicles over time was quantified by 

fluorescence measurements. After 13 days, and dialysis of the suspension against DI 

H2O (48 h, 4 dialyzate changes), no Texas Red fluorescence was detected indicating 

complete release. 1H NMR analysis of polypeptide isolated after 13 days showed 

complete functionalization of ADH
 residues with glutathione, and 90% reduction of MO 

residues to M residues (see Spectral Data). An identical experiment, except without 

glutathione, was also conducted as a control experiment to monitor passive Texas Red 

dextran leakage from the vesicles.  

   

Bulk Reaction of MO
35ADH

30 with Glutathione to Give poly(L-methionine)35-b-poly(S-

(glutathione)-rac-cysteine, Na+ salt)30, M35CrGT
30. Glutathione was dissolved in 1.50 M 

NaCl at 30 mg/mL and the pH was adjusted to 8 with 4M NaOH. 100 µL of glutathione 

solution (see above) was added to a 1 mL solution of 10 mg/mL MO
35ADH

30. The 
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suspension was stirred at 37 °C for 13 days. The resulting suspension was then 

transferred to 2 kDa dialysis tubing and dialyzed against 3 mM HCl (24h, 2 dialyzate 

changes), 50mM NaHCO3
 (24h, 2 dialyzate changes), and DI H2O (48 h, 4 dialyzate 

changes). The suspension was then freeze dried to give M35CrGT
30 as a white fluffy powder 

(14.7 mg, 67.1% yield)   

1H NMR (400 MHz, D2O + Na2CO3, 25 °C): δ 4.70 (s, 30H), δ 3.76 (m, 120H), δ 2.95 (m, 

60H), δ 2.54 (m, 60H), δ 2.18 (m, 60H). Solubility in D2O was improved by addition of 

Na2CO3. Since resonances for MO residues were absent in the product, the missing 

integrations observed for L-methionine peaks residues were likely due to aggregation and 

poor solubility of hydrophobic M segments in D2O.   

Quantification of Texas Red Dextran Release from Vesicles. To quantify the release 

of Texas Red dextran from vesicles, aliquots were removed from vesicle suspensions at 

different time points (0, 3, 7, and 13 days), and then transferred to 15 kDa dialysis tubing 

and dialyzed against DI H2O (48 h, 4 dialyzate changes) to remove any released Texas 

Red dextran. Fluorescence measurements of dialyzed samples were performed in 

triplicate.  

Preparation of DiOC18 Labeled Vesicles for Laser Scanning Confocal Microscopy 

(LSCM). A suspension of M35CrCM
30, MO

60ADH
60 or MO

35ADH
30 vesicles loaded with Texas 

Red dextran (1 mL) was mixed with a solution of hydrophobic DiOC18 fluorescent probe 

(Molecular Probes, 30 µL of a 1 mg/mL solution in DMSO). The suspension was allowed 

to stand for 3 h to allow vesicles to absorb the probe and was then transferred to 15 kDa 
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dialysis tubing and dialyzed against DI H2O (2 dialysate changes, 24 hr). The dialyzed 

suspension was used for subsequent LSCM images.  

Stability of MO
60ADH

60 Assemblies under Physiological Mimetic Conditions. A 

suspension of MO
60ADH

60 vesicles was prepared as described above. The suspension was 

diluted with 2x PBS buffer to give a vesicle suspension at 0.5% (w/v) in 1x PBS. The 

hydrodynamic diameter of the vesicle assemblies was measured 4 times over the course 

of 30 days using DLS. A minimal change in vesicle diameter was observed during this 

time span. 

Dynamic Light Scattering (DLS). Hydrodynamic diameters of vesicles were determined 

using dynamic light scattering. Measurements were performed on 1 mL of a 1 wt% 

aqueous copolypeptide suspension using a Zetasizer Nano ZSP (Malvern Instruments) 

at ambient temperature. Photons were collected at a 173° scattering angle, and the 

scattering intensity data were processed using instrumental software to determine 

hydrodynamic diameters of assemblies. Measurements were performed in triplicate.  

Differential Interference Contrast (DIC) Microscopy. Suspensions of copolypeptide 

vesicles (1 % w/v) were visualized on glass slides with a spacer between the slide and 

the coverslip (SecureSeal imaging spacer from Grace Bio-Labs), allowing the self-

assembled structures to be minimally disturbed during focusing. Images were collected 

on an Olympus IX83 inverted microscope equipped with a 100× oil objective, a 2× 

multiplier lens, and Zero Drift Correction autofocus system.  

Laser Scanning Confocal Microscopy (LSCM). Laser scanning confocal microscopy 

of 1 % (w/v) vesicle suspensions (prepared as described above) were performed on a 
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Zeiss LSM 880 Confocal Microscope with Aryscan equipped with 488 nm and 538 nm Ar 

laser lines (30 mW) for probe excitation. Imaging of an xy plane with an optical z slice of 

0.10 µm was used to verify that the assemblies were water filled, unilamellar vesicles.  

Characterization Data  

   

MO
35CBCM

30 (68 mg, 86% yield). Prepared using 35 mg of MO
35 and 30 eq of tBuCM-Cys 

NCA using the General Procedure provided above. 1H NMR (400 MHz, dTFA, 25 °C): δ 

4.91-4.83 (br m, 72H), δ 3.44 – 3.17 (br m, 250H), δ 2.95 (s, 95H), δ 2.59-2.44 (d, 70H), 

δ 1.60 (s, 314H).  

   

MO
60CBCM

30 (37 mg, 71% yield). Prepared using 30 mg of MO
60 and 30 eq of tBuCM-Cys 

NCA using the General Procedure provided above. 1H NMR (400 MHz, dTFA, 25 °C): δ 

5.01 (br m, 89H), δ 3.53 – 3.23 (br m, 295H), δ 2.97 (s, 180H), δ 2.68-2.47 (d, 124H), δ 

1.65 (s, 285H).  
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MO
60CBCM

40 (54 mg, 92% yield). Prepared using 30 mg of MO
60 and 40 eq of tBuCM-Cys 

NCA using the General Procedure provided above. 1H NMR (400 MHz, dTFA, 25 °C): δ 

4.98 (br m, 102H), δ 3.53 – 3.23 (br m, 299H), δ 2.97 (s, 180H), δ 2.68-2.47 (d, 122H), δ 

1.65 (s, 386H).  

   

MO
60CBCM

60 (35 mg, 70% yield). Prepared using 20 mg of MO
60 and 60 eq of tBuCM-Cys 

NCA using the General Procedure provided above. 1H NMR (400 MHz, dTFA, 25 °C): δ 

4.98 (br m, 110H), δ 3.53 – 3.23 (br m, 360H), δ 2.97 (s, 145H), δ 2.68-2.47 (d, 120H), δ 

1.65 (s, 568H).  
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MO
60CBCM

100 (75 mg, 78% yield). Prepared using 30 mg of MO
60 and 100 eq of tBuCM-

Cys NCA using the General Procedure provided above. 1H NMR (400 MHz, dTFA, 25 

°C): δ 4.98 (br m, 175H), δ 3.63 – 3.30 (br m, 605H), δ 2.97 (s, 176H), δ 2.68-2.47 (d, 

120H), δ 1.65 (s, 893H).  

   

MO
35CCM

30 (42 mg, 68% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, D2O, 25 °C): δ 4.51 (br s, 30H), δ 4.41 (br s, 35H), δ 3.19 (s, 60H), δ 

2.91 (br m, 130H), δ 2.63 (s, 105H), δ 2.16 (br d, 70H).  
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MO
60CCM

30 (25 mg, 74% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, D2O, 25 °C): δ 4.51 (br s, 30H), δ 4.41 (br s, 60H), δ 3.19 (s, 60H), δ 

2.91 (br m, 180H), δ 2.63 (s, 180H), δ 2.16 (br d, 120H).   

   

MO
60CCM

40 (36 mg, 73% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, D2O, 25 °C): δ 4.51 (br s, 40H), δ 4.41 (br s, 60H), δ 3.19 (s, 80H), δ 

2.91 (br m, 200H), δ 2.63 (s, 180H), δ 2.16 (br d, 120H).  

   

MO
60CCM

60 (25 mg, 78% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, D2O, 25 °C): δ 4.51 (br s, 60H), δ 4.41 (br s, 60H), δ 3.19 (s, 120H), 

δ 2.91 (br m, 240H), δ 2.63 (s, 180H), δ 2.16 (br d, 120H).  
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MO
60CCM

100 (50 mg, 75% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, D2O, 25 °C): δ 4.51 (br s, 100H), δ 4.41 (br s, 60H), δ 3.19 (s, 200H), 

δ 2.91 (br m, 300H), δ 2.63 (s, 200H), δ 2.16 (br d, 120H).  

   

MO
35ADH

30 (21 mg, 74% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, d6-DMSO, 25 °C): δ 9.5 (br s, 3H), δ 8.32 (s, 13H), δ 5.80 (d, 60H), δ 

4.33 (s, 35H), δ 2.72 (s, 70H), δ 2.51 (s, 105H), δ 2.51 (d, 70H). Since resonances for S-

(carboxymethyl)-L-cysteine residues were absent in the product, the low integrations 

observed for alkene peaks of dehydroalanine residues were likely due to aggregation of 

hydrophobic ADH segments in D2O/DMSO.30  
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MO
60ADH

30 (10 mg, 52% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, d6-DMSO, 25 °C): δ 8.32 (s, 60H), δ 4.33 (s, 60H), δ 2.72 (s, 120H), 

δ 2.51 (s, 180H), δ 2.51 (d, 120H). Since resonances for S-(carboxymethyl)-L-cysteine 

residues were absent in the product, the low integrations observed for alkene peaks of 

dehydroalanine residues were likely due to aggregation of hydrophobic ADH segments in 

D2O/DMSO.30  

   

MO
60ADH

40 (20 mg, 78% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, d6-DMSO, 25 °C): δ 8.32 (s, 60H), δ 4.33 (s, 60H), δ 2.72 (s, 120H), 

δ 2.51 (s, 180H), δ 2.51 (d, 120H). Since resonances for S-(carboxymethyl)-L-cysteine 

residues were absent in the product, the low integrations observed for alkene peaks of 

dehydroalanine residues were likely due to aggregation of hydrophobic ADH segments in 

D2O/DMSO.30  
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MO
60ADH

60 (14 mg, 85% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, d6-DMSO, 25 °C): δ 9.5 (br s, 25H), δ 8.32 (s, 60H), δ 5.80 (d, 42H), 

δ 4.33 (s, 60H), δ 2.72 (s, 120H), δ 2.51 (s, 180H), δ 2.51 (d, 120H). Since resonances 

for S-(carboxymethyl)-L-cysteine residues were absent in the product, the low 

integrations observed for alkene peaks of dehydroalanine residues were likely due to 

aggregation of hydrophobic ADH segments in D2O/DMSO.30  

   

MO
60ADH

100 (25 mg, 84% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, d6-DMSO, 25 °C): δ 9.5 (br s, 53H), δ 8.32 (s, 35H), δ 5.80 (d, 120H), 

δ 4.33 (s, 35H), δ 2.72 (s, 70H), δ 2.51 (s, 105H), δ 2.51 (d, 70H). Since resonances for 

S-(carboxymethyl)-L-cysteine residues were absent in the product, the low integrations 

observed for alkene peaks of dehydroalanine residues were likely due to aggregation of 

hydrophobic ADH segments in D2O/DMSO.30  
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MM
60ADH

30 (7 mg, 58% yield). Prepared using the General Procedure provided above. 1H 

NMR (400 MHz, D2O, 25 °C): δ 3.77 (s, 120H), δ 3.32 (s, 360H), δ 2.69 (d, 120H). Since 

resonances for S-(carboxymethyl)-L-cysteine residues were absent in the product, the 

low integrations observed for alkene peaks of dehydroalanine residues were likely due to 

aggregation of hydrophobic ADH segments in D2O/DMSO.30  

   

MM
60ADH

40 (10 mg, 81% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, D2O, 25 °C): δ 4.55 (s, 60H), δ 3.46 (m, 120H), δ 2.99 (s, 360H), δ 

2.34 (d, 120H). Since resonances for S-(carboxymethyl)-L-cysteine residues were absent 

in the product, the low integrations observed for alkene peaks of dehydroalanine residues 

were likely due to aggregation of hydrophobic ADH segments in D2O/DMSO.30  
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MM
60ADH

60 (8 mg, 65% yield). Prepared using the General Procedure provided above. 1H 

NMR (400 MHz, D2O, 25 °C): δ 5.26 (s, 60H), δ 4.33 (s, 60H), δ 4.23 (s, 120H), δ 3.82 

(s, 360H), δ 3.17 (d, 120H). Since resonances for S-(carboxymethyl)-L-cysteine residues 

were absent in the product, the low integrations observed for alkene peaks of 

dehydroalanine residues were likely due to aggregation of hydrophobic ADH segments in 

D2O/DMSO.30  

   

MM
60ADH

100 (11 mg, 89.4% yield). Prepared using the General Procedure provided above. 

1H NMR (400 MHz, D2O, 25 °C): δ 5.80 (d, 29H), δ 4.33 (s, 60H), δ 2.72 (s, 120H), δ 2.51 

(s, 180H), δ 2.51 (d, 120H). Since resonances for S-(carboxymethyl)-L-cysteine residues 

were absent in the product, the low integrations observed for alkene peaks of 

dehydroalanine residues were likely due to aggregation of hydrophobic ADH segments in 

D2O/DMSO.30 
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3.6 Spectral Data
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Adapted from: Morrison, C. A. and Deming, T. J. Shape Transformation of Poly(L-

methionine sulfoxide)-b-poly(dehydroalanine) Vesicles. ACS Macro Lett. In press.  

4.1 Abstract 

The controlled transformation of polymeric vesicles into stable non-spherical 

morphologies is of interest as a means to mimic cells, create nano-reactors and improve 

their potential for therapeutic delivery applications. We have found that the 

poly(dehydroalanine) segments in poly(L-methionine sulfoxide)x-b-

poly(dehydroalanine)y, MO
xADH

y copolypeptides form membranes that provide plasticity 

and selective permeability in DMSO/water mixtures, which allows predictable control of 

vesicle shape by variation of dialysis conditions. The findings of this study expand vesicle 

shape transformation methods to biodegradable block copolypeptide vesicles, which are 

amenable to development for applications in therapeutic delivery.  

4.2 Introduction 

Controlled shape transformation of lipid membranes are well documented, and 

significant advances in the ability to mimic these biologically relevant transformations in 

synthetic polymer membranes have been made in recent years.1-5 Using a variety of 

external stimuli, including osmotic stress, change in pH, chemical crosslinking, and light, 

a wide range of polymer vesicle deformations have been achieved.3-5 The preparation of 

polymeric vesicles with stable non-spherical morphologies has been explored as a means 

to improve their properties in biological applications such as therapeutic delivery, as well 

as develop artificial cells and nano-reactors.6-8 A current limitation in this field is that most 

polymers used for these studies are abiotic, and many are non-degradable.3-5 For 

biological uses, it would be beneficial for such vesicles to utilize natural components. 
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Here, we report the controlled shape transformation of amino acid based poly(L-

methionine sulfoxide)x-b-poly(dehydroalanine)y, MO
xADH

y, vesicles. The previously 

reported degradability and biomimetic stimuli-responsive properties of these vesicles are 

expected to provide advantages in advancing shape controlled vesicles for biological 

uses.9-13 

 A widely used method to deform spherical polymer vesicles is the use of a solvent 

switch (e.g. less polar to more polar), which is often followed by aqueous dialysis.4 A 

difference in composition of solvents inside and outside the vesicle membrane leads to 

an osmotic pressure. As long as the vesicle membrane has plasticity and remains 

permeable, the spherical vesicles can deflate by transport of organic solvent through the 

membrane and out of the vesicle interior.3-5 Addition of an osmolyte, e.g. a salt or 

monosaccharide, to the solvent outside of the membrane has a similar effect (Figure 

4.1).14,15 Once the hydrophobic membrane becomes impermeable, e.g. due to dilution of 

organic solvent in aqueous dialyzate, deflation ceases and the resulting vesicle 

morphology becomes stable.  

Figure 4.1: Overview of assembly of amphiphilic block copolymers into vesicles in water 

and their shape transformation using osmotic pressure.  

 Deflation of spherical vesicles can proceed via two different paths. The oblate 

pathway leads to flattening into discs that can curve into stomatocytes. Alternatively, the 
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prolate pathway leads to elongation into tubular vesicles, i.e. tubules (Figure 4.1).3-5 The 

path taken depends on inherent properties of the vesicle membrane (e.g. inherent 

curvature due to block copolymer composition).3-5  

4.3 Results and Discussion 

Block copolypeptide vesicles and hydrogels can be degraded by enzymes in vitro 

or in vivo, and also can be engineered to react with biologically relevant molecules.9-13,16 

We recently reported a series of MO
xADH

y (x = 30 or 60; y = 30 to 100) amphiphilic block 

copolypeptides, where hydrophilic MO segments are degradable with stealth properties 

and both segments were found to react with thiols under physiological conditions leading 

to inversion of amphiphilicity (Figure 4.2).13  

Figure 4.2. Structure of MO
xADH

y copolypeptides, their self-assembly into spherical 

vesicles, and their reactivity with thiols.13  

All MO
xADH

y compositions studied were found to assemble into sub-micron 

spherical vesicles in aqueous media after nanoprecipitation using DMSO and water 

(Figure 4.2).13 Here, we prepared a sample with a shorter hydrophobic ADH segment, 
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MO
60ADH

20 (Figure 4.3), which behaved quite differently in aqueous media. Spherical 

vesicles of MO
60ADH

20 were occasionally observed after nanoprecipitation, yet in most 

preparations we instead observed formation of tubules (Figure 4.4). 

These tubules were quite uniform, on average 4.4 µm long and 1.5 µm wide (Table 

4.1), and were confirmed to be unilamellar tubules by nanoprecipitation in water 

containing hydrophilic Texas Red labeled dextran (TR dextran, MW = 3000 Da), followed 

by labeling of hydrophobic domains by addition of DiOC18 probe in DMSO.13 After dialysis 

to remove DMSO, unencapsulated TR dextran and excess DiOC18, imaging of the dual 

labeled tubules revealed DiOC18 labeled polypeptide membranes that encapsulate TR 

dextran solution (Figure 4.4). 

Figure 4.3. GPC Traces for MM
60 (Đ = 1.43, Mn = 2690 Da, Mw = 3860 Da) and MM

60ADH
20 

(Đ = 1.45, Mn = 3520 Da, Mw = 5120 Da). 

 To determine if formation of tubule shaped vesicles with MO
60ADH

20 was due to 

copolypeptide composition or the nanoprecipitation process (a solvent switch), we 

examined vesicle formation in greater detail. Our default methodology for 

nanoprecipitation of MO
xADH

y samples was dispersion of solid copolypeptide in a small 
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volume of DMSO, followed by addition of an equal volume of deionized (DI) water and 

dispersion using an ultrasonic bath. An equal volume of DI water was then added to this 

mixture while vortexting, giving a 1 wt% suspension of copolypeptide in a 1:3 

DMSO:water mixture. This suspension (2 mL) was then dialyzed against DI water (3 L) 

with 4 dialyzate changes over 24 hours to give the final vesicle suspension.  

Figure 4.4. DIC and LSCM images of a 1 wt% aqueous suspension of MO
60ADH

20 

prepared via dialysis against DI water. (A) DIC image of unlabeled tubules. Labeled 

tubules for LSCM imaging were prepared in a solution of Texas Red dextran, and 

hydrophobic domains were labeled by incorporation of DiOC18 probe. (B) Texas Red 

channel. (C) DiOC18 channel. (D) Overlay of B and C. (E) Brightfield image. z direction 

slice = 0.10 µm. Scale bars = 5 µm.  

 Since hydrophobic ADH has good solubility in DMSO, we expected that DMSO was 

able to plasticize and permeabilize the vesicle membranes at the beginning of the dialysis 

process.12 In the presence of excess aqueous dialysate, DMSO should be driven out of 

the membranes by osmotic pressure, leading to vesicle deflation (Figure 4.1).3-5 As the 

DMSO inside the membranes was depleted, the membranes would eventually lose 

permeability, resulting in stable tubules, instead of stomatocytes, but it likely relates to 
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packing of polypeptide segments in the membranes where ADH segments may adopt 

extended conformations.3-5,12 

Table 4.1 Dimensions of tubules for different preparations obtained using the 

measurement tool in ImageJ.. Each value is the average of 5 tubule measurements. 

Standard deviations are given in parentheses. 

Under the conditions described above, tubule formation was only observed with 

the MO
60ADH

20 composition, which had the smallest fraction of hydrophobic ADH in our full 

series of samples.13 Compared to compositions containing longer ADH segments, the 

MO
60ADH

20 sample was expected to give vesicles with the thinnest hydrophobic 

membranes, which should allow the fastest transport of DMSO through the membranes. 

Consequently, we expected that membranes containing longer ADH segments would have 

slower DMSO transport under these conditions resulting in reduced vesicle deflation 

before loss of membrane permeability and retention of spherical shape, as we had 

observed.13  

To test these hypotheses, we first attempted to enhance the deflation of MO
60ADH

20 

vesicles by dialysis against water containing, an osmolyte, 150 mM D-glucose. This 

osmolyte, which is not expected to be able to cross membranes itself, should create 

additional osmotic pressure during dialysis to drive water out of the vesicles (Figure 

4.5a).14,15 When MO
60ADH

20 vesicles were prepared as above, except for the addition of 

150 mM D-glucose to the dialysate, uniform tubules were consistently formed and no 
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spherical vesicles were observed. We also noted that MO
60ADH

20 tubules formed under 

these conditions were found to be on average marginally longer (4.8 µm) and narrower 

(1.4 µm) compared to those obtained in the absence of 150 mM D-glucose (Table 4.1), 

consistent with greater vesicle deflation under increased osmotic pressure.  

Figure 4.5: Control of MO
60ADH

y vesicle shape by variation of dialysis conditions. A) 

Dialysis of MO
60ADH

20 against 150 mM D-glucose yields tubules. B) Dialysis of a 

suspension of MO
60ADH

20 tubules against 1:1 DMSO:water yields spheres. C) Dialysis of 

MO
60ADH

60 against DI water yields spherical vesicles, while dialysis of MO
60ADH

60 against 

150 mM D-glucose yields tubules.  Samples were concentrated by mild centrifugation 

before imaging. Scale bars = 10 µm.  

To confirm that osmotic pressure was responsible for formation of MO
60ADH

20 

tubules, we performed an additional study where the osmotic flow of DMSO out of vesicle 

membranes was reversed by addition of DMSO to the dialysate. MO
60ADH

20 tubules were 
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prepared by dialysis against 150 mM D-glucose as described above, and then were 

dialyzed again against 1:1 DMSO:water, followed by dialysis against DI water. Imaging 

of the sample revealed that only spherical vesicles were present (Figure 4.5b). By 

introducing membrane permeability by addition of DMSO and creating osmotic pressure 

to drive DMSO into the tubules, the membranes were able to inflate into spheres (average 

diameter = ca. 1.9 µm), which were then quenched in the presence of excess DI water. 

The formation of spherical MO
60ADH

20 vesicles from tubules confirmed that tubule 

formation is driven solely by deflation during vesicle formation and not by the specific 

MO
60ADH

20 copolymer composition.  

This result raised the possibility of whether or not other MO
60ADH

y compositions 

could also form tubules under appropriate conditions. To test this hypothesis, we varied 

the dialysis conditions for preparation of MO
60ADH

60 assemblies. Consistent with prior 

observations, use of our default dialysis conditions described above gave only spherical 

vesicles (average diameter = ca. 0.57 µm, Figure 4.5c).13 However, similar to MO
60ADH

20, 

nanoprecipitation of MO
60ADH

60 followed by dialysis against water containing 150 mM D-

glucose yielded only elongated tubules that were on average marginally longer and 

narrower than MO
60ADH

20 tubules (5.4 µm long; 1.0 µm wide) (Figure 4.5c, see Table 4.1). 

Although the thicker membranes of MO
60ADH

60 are expected to have slower transport of 

DMSO and water relative to MO
60ADH

20, the increased osmotic pressure due to addition 

of osmolyte was found to overcome this and allow vesicle deflation before loss of 

membrane permeability. Thus, by controlled variation of dialysis conditions, a range of 

MO
60ADH

y copolypeptide compositions can be assembled into either spheres or tubules, 

both of which are stable in aqueous media. It is worth noting that the significantly greater 
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size of MO
60ADH

60 tubules compared to spherical vesicles suggests that vesicle fusion may 

occur during the formation of tubules. 

4.5 Conclusions 

Overall, the ADH segments in MO
60ADH

y copolypeptides were found to form 

membranes capable of plasticity and selective permeability in DMSO/water mixtures, 

which allows predictable control of vesicle shape by variation of dialysis conditions. On 

the contrary, other previously reported block copolypeptide vesicles mainly utilize rigid, 

α-helical hydrophobic segments that restrict membrane permeability and consequently 

hinder the ability to change their shape.17,18 The findings of this study expand vesicle 

shape transformation methods to biodegradable polypeptide vesicles, which are 

amenable to development for applications in therapeutic delivery. In particular, MO
xADH

y 

vesicles have been previously shown to react with thiols under biologically relevant 

conditions, which may be useful for release of entrapped cargoes in an intracellular 

environment.13 

4.5 Materials and Instrumentation  

Methods and Materials were as described in Chapter 3 with the following additions. 

S-(tert-Butyl carboxymethyl)-L-cysteine.13 This compound was prepared according to 

the protocol described in Chapter 2.  

S-(tert-Butyl carboxymethyl)-L-cysteine N-carboxyanhydride (tBuCM-Cys NCA).13 

This monomer was prepared according to the protocol described in Chapter 2.  

General procedure for determination of M chain lengths using end-group analysis 

after reaction with mPEG-NCO.12 This procedure was performed following the protocol 

described in Chapter 2. 
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Procedure for polymerization of tBuCM-Cys NCA via the N-terminal amine of a MO 

macroinitiator to give poly(L-methionine sulfoxide)-b-poly(S-(tert-

butylcarboxymethyl)-L-cysteine), MO
60CBCM

20.13
  This procedure was performed 

following the protocol described in Chapter 3 

 

MO
60CBCM

20 (30 mg, 81% yield). Prepared using 25 mg of MO
60 and 20 eq of tBuCM-Cys 

NCA using the procedure provided above. 1H NMR (400 MHz, d-TFA, 25 ºC): δ 4.99 (br 

m, 73H), δ 3.53 – 3.23 (br m, 212H), δ 2.95 (s, 150H), δ 2.59-2.44 (d, 120H), δ 1.60 (s, 

151H).  

Procedure for the preparation of poly(L-methionine sulfoxide)-b-poly(S-

(carboxymethyl)-L-cysteine, Na+ salt), MO
60CCM

20.13 This procedure was performed 

following the protocol described in Chapter 3 
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MO
60CCM

20 (20 mg, 72% yield). Prepared using the procedure provided above. 1H NMR 

(400 MHz, D2O, 25 ºC): δ 4.51 (br s, 20H), δ 4.41 (br s, 60H), δ 3.19 (s, 40H), δ 2.91 (br 

m, 160H), δ 2.63 (s, 180H), δ 2.16 (br d, 120H).  

Procedure for the preparation of poly(L-methionine sulfoxide)-b-

poly(dehydroalanine), MO
60ADH

20.
13 This procedure was performed following the 

protocol described in Chapter 3 

 

MO
60ADH

20 (12 mg, 74% yield). Prepared using the procedure provided above. 1H NMR 

(400 MHz, d6-DMSO, 25 ºC): δ 9.5 (br s, 20H), δ 8.32 (s, 60H), δ 5.80 (d, 40H), δ 4.33 (s, 

60H), δ 2.72 (s, 120H), δ 2.51 (s, 180H), δ 2.51 (d, 12H). Since resonances for S-

(carboxymethyl)-L-cysteine residues were absent in the product, the low integrations 

observed for alkene peaks of dehydroalanine residues were likely due to aggregation of 

hydrophobic ADH segments in D2O/DMSO.12 

Procedure for the preparation of MM
60ADH

20 from MO
60ADH

20 for GPC analysis. This 

procedure was performed following the protocol described in Chapter 3.
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MM
60ADH

20 (10 mg, 81% yield). Prepared using the procedure provided above. 1H NMR 

(400 MHz, D2O, 25 ºC): δ 4.55 (s, 60H), δ 3.47 (s, 120H), δ 2.99 (s, 360H), δ 2.37 (d, 

120H). Since resonances for S-(carboxymethyl)-L-cysteine residues were absent in the 

product, the low integrations observed for alkene peaks of dehydroalanine residues were 

likely due to aggregation of hydrophobic ADH segments in D2O/DMSO.5  

Preparation of MO
60ADH

20 tubules via dialysis in water. 20 mg of solid MO
60ADH

20 

powder was dispersed in DMSO to give a 4 % (w/v) suspension, which was then placed 

in a bath sonicator for 10 minutes until the copolypeptide was evenly dispersed and no 

large particulates could be observed. An equal volume of DI H2O was added dropwise, 

followed by vortexing the sample for 1 minute and then placing the sample in a bath 

sonicator for 5 minutes. Under constant vortexing, an additional equal volume of DI H2O 

was slowly added to give a final sample concentration of 1% (w/v). The sample was then 

transferred to 2 kDa MWCO dialysis tubing and dialyzed against DI H2O (3 L, 1,500x 

volume compared to initial sample volume, 24h, 4 dialyzate changes). The resulting 

suspension was used directly for subsequent analysis.  

Preparation of MO
60ADH

20 spherical vesicles via dialysis in 1:1 DMSO:water. 

MO
60ADH

20 tubules were first prepared as described above via dialysis in 150 mM glucose. 

The sample was then dialyzed against 1:1 v/v DMSO:water (3 L, 1,500x volume 

compared to sample volume, 48h) followed by DI H2O (3 L, 1,500x volume compared to 

initial sample volume, 24h, 2 dialyzate changes). The resulting suspension was used 

directly for subsequent analysis. 
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Preparation of MO
60ADH

20 tubules via dialysis in 150 mM glucose. MO
60ADH

20 tubules 

were prepared as described above via dialysis in water with the following changes. The 

sample was dialyzed against 150 mM glucose (3L, 1,500x volume compared to initial 

sample volume, 48h, 4 dialyzate changes). The resulting suspension was used directly 

for subsequent analysis. 

Preparation of MO
60ADH

60 tubules via dialysis in 150 mM glucose. MO
60ADH

60 tubules 

were prepared the same as MO
60ADH

20 vesicles via dialysis in water with the following 

changes. The sample was dialyzed against 150 mM glucose (3 L, 1,500x volume 

compared to initial sample volume, 48h, 4 dialyzate changes). The resulting suspension 

was used directly for subsequent analysis. 

Encapsulation of Texas Red dextran within MO
60ADH

20 assemblies in water.2 A 1% 

(w/v) suspension of MO
60ADH

20 tubules was prepared as described above via dialysis 

against water except that a solution of Texas Red labeled dextran in DI H2O (Molecular 

Probes, MW = 3000, 0.125 mg/mL) was used for both dilution steps in place of pure DI 

H2O. After dialysis of the tubule suspension against DI H2O using 2 kDa MWCO dialysis 

tubing to remove DMSO, the suspensions were transferred to larger pore size 15 kDa 

MWCO dialysis tubing and dialyzed against DI H2O for 18 hours in order to remove all 

non-encapsulated Texas Red dextran. The resulting suspension was used directly for 

subsequent analysis.  

Preparation of DiOC18 labeled tubules for laser scanning confocal microscopy 

(LSCM). A suspension of MO
60ADH

20 tubules loaded with Texas Red dextran (1 mL) was 

mixed with a solution of hydrophobic DiOC18 fluorescent probe (Molecular Probes, 30 µL 
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of a 1 mg/mL solution in DMSO). The suspension was allowed to stand for 3 h to allow 

vesicles to absorb the probe and was then transferred to 15 kDa dialysis tubing and 

dialyzed against DI H2O (2 dialysate changes, 24 h). The dialyzed suspension was used 

for subsequent LSCM images.  

Differential Interference Contrast (DIC) microscopy. This procedure was performed 

following the protocol described in Chapter 3 

Laser scanning confocal microscopy (LSCM). This procedure was performed 

following the protocol described in Chapter 3 

4.6 Spectral Data 
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Chapter 5: Facile Preparation of Mucin Mimetic 

Glycosylated Poly(rac-cysteines) from 

Poly(dehydroalanine) 
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5.1 Abstract 

 Mucins have a diverse impact in maintaining health and in the progression of 

diseases. Currently, mucin and mucin mimetic therapeutics and their applications are 

limited by the synthetic challenges in replicating the structures and sugar presentation 

found in native mucins, and by their degradation via endogenous proteases. In this study, 

we report the synthesis of racemic mucin analogues bearing native glycans via the 

functionalization of poly(dehydroalanine) with un-protected thiol modified 

monosaccharides. Functionalization of poly(dehydroalanine) resulted in the formation of 

glycosylated poly(rac-cysteine)s containing mucin mimetic structures due to correct sugar 

attachment, high efficiency conjugation and long chain lengths (i.e. > 100 residues). 

Although these polypeptides utilize S-linked glycosylation and have a racemic backbone, 

they maintain many of the properties found in optically pure, synthetic O-glycosylated 

polypeptides. Here, we describe a facile method for the straightforward synthesis of S-

linked, racemic glycopolypeptides for  development of synthetic mucin mimetics.  

5.2 Introduction 

 There is a need for reproducible preparation of sufficient quantities of mucin 

mimetics for use in diagnostics, therapeutics and other biomedical applications. Mucins 

are heavily glycosylated proteins that are a major component in the formation of mucus. 

Mucins have become increasingly recognized for their applications in drug delivery, 

anticancer vaccines, as hydrogels that mimic mucus, in biosensor development for cancer 

diagnoses, and as natural lubricants.1–6 Glycosylated residues in mucins or mucin 

mimetic polypeptides typically contain only O-glycosylated L-serine or L-threonine amino 
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acids.7–10 These O-linked glycosylated residues replicate the natural occurring 

glycosylation patterns found in glycoproteins and mucins, but there has also been recent 

interest in the use of S-glycosylation as well as D-amino acids in mucin mimetics.10,11 

These changes in glycosidic linkage and amino acid chirality have meaningful impacts on 

the synthetic mucins. Substitution of O-glycosylation with S-glycosylation helps prevent 

enzymatic deglycosylation, and racemic or D-amino acid polypeptides resist enzymatic 

degradation from endogenous proteases and have low immunogenicity due to their non-

native chirality.10,12,13,14,15 Furthermore, mucin mimetics containing S-glycosylation and/or 

D-amino acids have been shown to possess binding affinity similar to that of native mucins 

with the added benefit of enhanced lifetime in biological fluids.10,12,16,17  

 A formidable obstacle in the fabrication of mucin mimetics has been replication of 

the structure found in native mucins.9 For example, many synthetic mucin mimetics have 

a nondegradable polymer backbone, while native mucins have a degradable polypeptide 

backbone.1,9,18 However, there has been much recent progress in the synthesis of mucin 

mimetics using glycosylated polypeptides with native O-Ser and  O-Thr, as well as non-

native S-Cys linkages.7,10 These glycosylated polypeptides have been found to possess 

extended chain conformations that can mimic natural mucins and maintain good affinity 

to biological targets.7 Their degradability in the presence of endogenous enzymes can 

also be altered by the use of S-glycosylation and/or D-amino acids.10 The Deming and 

Kramer laboratories have previously reported the synthesis of serine, threonine, and 

cysteine based glycopolypeptides through the polymerization of glycosylated N-

carboxyanhydrides (NCAs).7–10 However, this method involves tedious multistep 

syntheses of glycosylated amino acid precursors, and challenging purification of 
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glycosylated NCA monomers.7–10 Incorporation of large or complex saccharides in these 

NCAs can further result in costly and time consuming steps that require a high level of 

synthetic expertise.1,9 Without proper purification, impurities in the NCAs can limit the 

maximum polypeptide molecular weight that can be obtained.19 Furthermore, due to the 

extensive synthesis and purification steps, most of these polypeptides have been limited 

to those containing mono or disaccharides and their overall low yields can limit large-

scale production.1,7,9 Once prepared and well purified, glycosylated NCAs have been 

shown to polymerize well, but the resulting polypeptides still must be deprotected.1,9 It is 

also inherently challenging to control the sequential distribution of different residues in 

statistical copolymers containing glycosylated residues due steric crowding of the 

protected saccharides or unequal comonomer reactivities, leading to blocky or tapered 

sequences.9,10,20 

 Post-polymerization modification (PPM) offers an alternative route for preparation 

of glycopolypeptides via conjugation of saccharides to reactive precursor polypeptides 

(Scheme 5.1). This strategy generally requires fewer steps, easier purification, and allows 

more facile preparation of high molecular weight polymers. Previously, glycopeptides 

have been prepared via PPM by reaction with unmodified saccharides as well as 

saccharides modified to contain reactive functional groups such as azides, alkynes, thiols, 

epoxides, alkyl halides or isothiocyanates.9,21–24 PPM methods also offer the advantage 

of creating statistical copolymers by the addition of more than one reactive species to the 

polymer.25,26 However, inefficient sugar conjugation due to steric crowding on the 

polypeptide backbone or low solubility of the precursor polymer can prevent PPM 
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methods from achieving complete glycosylation, leading to the need for high efficiency 

conjugation reactions.9  

 Here, we describe a new approach for preparation of mucin mimetics via PPM. We 

have found that non-protected thiosugars can be directly conjugated to readily prepared 

poly(dehydroalanine), ADH, precursors in aqueous media to give fully glycosylated 

polypeptides. The sugars are connected through mucin mimetic, stable S-Cys linkages. 

This approach to mucin mimetic polypeptides offers potential advantages for more 

efficient and larger scale preparation of mucin mimetic polymers.  

 

Scheme 5.1 Comparison of glycosylated NCA approach (adapted from Kohout et al., 

2023) and post polymerization modification of ADH to produce S-glycosylated 

polypeptides.10 

 ADH
 is a readily prepared polypeptide that contains reactive electrophilic 

sidechains.27 ADH is synthesized in 3 steps in high yield (polymerization, deprotection, 
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and alkylation; overall yield: 82%) from S-(tert-butyl-carboxymethyl)-L-cysteine N-

carboxyanhydride (tBuCM-Cys NCA) monomer, which itself is readily prepared and 

purified (Scheme 5.2).27 Living polymerization of the tBuCM-Cys NCA allows for control 

of ADH chain length (20 to >180 residues) as well as its incorporation into statistical and 

block copolymers.27,28 Relevant to this study, we previously reported the reaction of the 

block copolymer poly(L-glutamate Na+ salt)88-block-poly(dehydroalanine)85, (E88ADH
85) 

with β-D-glucopyranoside sodium salt (βGlcSH) where >99% of dehydroalanine residues 

were glycosylated and the product was obtained in 95% isolated yield.27  

 Although the addition of βGlcSH to ADH residues likely resulted in racemic 

glucosylated cysteine residues in the chains, recent studies have shown that 

incorporation of glycosylated D-amino acids into mucin mimetics doesn’t necessarily 

reduce their affinity for biological targets.10,12,15–17,27,29 Further, the incorporation of D-

residues can provide enhanced stability against enzymatic degradation, which may be 

valuable for certain applications.10,15–17 Here, we report the first synthesis of high 

molecular weight mucin mimetic polypeptides derived from ADH.   

5.3 Results and Discussion 

 As a proof of concept that ADH
 can be a useful precursor for the synthesis of mucin 

mimetic polypeptides, we sought to prepare fully glycosylated polypeptides with degrees 

of polymerization (DP) > 100.7,10 We prepared the precursor poly(S-(tert-

butylcarboxymethyl)-L-cysteine)150 (CBCM
150) and converted this to ADH

150  using 

established methods (Table 5.1), and then sought to separately glycosylate ADH
150 with 

βGlcSH and 2-acetamido-2-deoxy-1-thio-α-D-galactopyranose (GalNAcSH) as model 
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saccharides (Scheme 5.2). βGlcSH was chosen since it’s readily available, and 

GalNAcSH was chosen due to its ubiquitous presence as the glycan attached to the 

protein backbone in native mucins.30 Using previously optimized methods, the sugars 

were reacted with ADH
150 (5 eq sugar per ADH residue) in aqueous DMSO (Scheme 5.2), 

and the products, poly(S-(β-D-glucopyranosyl)-rac-cysteine)150, βGlc-rac-C150, and 

poly(S-(2-acetamido-2-deoxy-1-thio-α-D-galactopyranosyl)-rac-cysteine)150, GalNAc-

rac-C150, were isolated by dialysis and lyophilization (Table 5.2).27,29  

Scheme 5.2. Synthesis of βGlc-rac-C150 and GalNAc-rac-C150 via post polymerization 

modification of ADH
150 with βGlcSH and GalNAcSH. 

 Both βGlc-rac-C150 and GalNAc-rac-C150 were to found to be >99% glycosylated 

by 1H NMR, similar to other functional polypeptides prepared by reaction of ADH with 

thiols.27,29 From prior studies, we know that neither conversion of CBCM to ADH nor the 

subsequent modification of ADH with thiols results in chain cleavage.27,29 Hence the 

functionalized glycopolypeptides were expected to possess the same degree of 

polymerization and dispersity as the CBCM
150 precursor (Figure 5.1).  
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Table 5.1. Characterization data for CBCM
150. a = Yield of isolated, purified polypeptide. b 

= DP (number average degree of polymerization) and Mn (number average molar mass, 

g/mol) determined from end group analysis using 1H NMR. c = Mn, Mw (weight average 

molar mass, g/mol) and Đ (dispersity = Mw/Mn) of CBCM
150 were determined by GPC 

relative to polyethylene glycol (PEG) standards in hexafluoroisopropanol (HFIP) 

containing 0.5 wt% potassium trifluoroacetate salts (KTFA). 

Table 5.2. a = Overall yields of isolated, purified polypeptides from reaction of different 

thiols (5 eq per dehydroalanine residue) with ADH
150. b = Mn (g/mol) calculated using DP 

determined for CBCM precursor by end-group analysis. For all samples, the degree of 

polypeptide functionalization was found to be >99% by 1H NMR.      

 The extended conformation of mucins, often described as being similar to a poly(L-

proline) II (PPII) helix, is thought to be important for their physical properties and biological 

activity.7,8,10,11 The formation of an extended chain conformation is hypothesized to be 

due to steric interactions between the sugars since they are close to the polypeptide 

backbone, as well as potentially due to H-bonding interactions between the GalNAc 

amides and the polypeptide backbone. 7,8,10,11   
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Figure 5.1. GPC chromatogram of polypeptide precursor CBCM
150. Sample was dissolved 

at 15 mg/mL in HFIP for analysis.  

 It has been shown that the optically pure mucin mimetic poly(O-(2-acetamido-2-

deoxy-1-thio-α-D-galactopyranosyl)-L-serine)300 (αGalNAcSer300), prepared from a 

glycosylated NCA precursor, adopts an extended PPII conformation.7 This finding was 

supported by physical characterization of αGalNAcSer300 using Fourier transform 

infrared spectroscopy (FTIR), circular dichroism (CD) spectroscopy, and atomic force 

microscopy (AFM).7,10 Here, we used these same methods in order to see if βGlc-rac-

C150 and GalNAc-rac-C150 prepared using our methodology possess similar extended 

conformations. Although the polypeptide backbone in our samples likely contains both D- 

and L- residues, we wanted to determine if steric interactions between sugars might be 

sufficient to drive the chains into extended conformations. 

 We initially evaluated our samples using FTIR (Figure 5.2) to evaluate their 

conformations. While most poly(S-alkyl-L-cysteines) or other thioether containing racemic 

polymers, such as poly(rac-allylglycine), typically form insoluble β-sheet structures, our 

βGlc-rac-C150 and GalNAc-rac-C150 polypeptides were water soluble, similar to other 
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poly(S-alkyl-rac-cys) polymers derived from ADH
.
31 However, βGlc-rac-C150 and 

GalNAc-rac-C150 were found to have amide II bands that border on the range typically 

observed for β-sheet conformations.27,31 Amide II bands in a similar range (1536 cm-1) 

were also observed for samples of poly(S-(2-acetamido-2-deoxy-1-thio-α-D-

galactopyranosyl)-L-cysteine) reported earlier, which were described as possessing 

“soluble -sheets”.10 Hence, from solid-state FTIR analysis, βGlc-rac-C150 and GalNAc-

rac-C150 appear to possess similar conformations to a previously reported optically pure 

analog. 

Figure 5.2. Solid state FTIR of A) βGlc-rac-C150 and B) GalNAc-rac-C150. 

 Next, we used circular dichroism spectroscopy to further explore the conformation 

of our samples. Due to the racemic polypeptide backbones, we had low expectations of 

detecting any form of secondary structure.27 Our previously reported, non-glycosylated 

poly(S-alkyl-rac-cys) samples lacked any CD signal even when conjugated with thiols 

containing optically active groups.27,29 Here, we observed CD spectra that differed from 

our previous poly(S-alkyl-rac-cys) polypeptides for both samples in DI H2O at pH 7 and 

concentrations of 0.1 mg/mL at 25 °C (Figure 5.2).7,8,10,11,25 The spectra of both samples 

differed greatly from the CD spectra observed for α-helical or β-sheet 
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conformations.7,8,10,11,25 The spectra of βGlc-rac-C150 and GalNAc-rac-C150 were similar 

to the CD spectrum of previously reported poly(S-(2-acetamido-2-deoxy-1-thio-α-D-

galactopyranosyl)-L-cysteine).7,8,10,11,25 In this sample, the CD spectrum is dominated by 

a large positive band at ca. 190 nm, and lacks the small positive band at ca. 219 nm that 

has been correlated in glycosylated poly(serine)s with the adoption of a polyproline II 

conformation.7,10,32 From these data, it appears that βGlc-rac-C150 and GalNAc-rac-

C150 possess conformations that are similar to optically pure poly(S-(2-acetamido-2-

deoxy-1-thio-α-D-galactopyranosyl)-L-cysteine). 

As a control, we also performed CD spectroscopy on poly(S-(2-hydroxyethyl)-rac-

cysteine)150 (rac-CHE
150), which is not expected to adopt an extended chain conformation. 

As opposed to βGlc-rac-C150 and GalNAc-rac-C150, the CD spectrum of the rac-CHE
150 

control  gave only a flat, featureless spectrum consistent with a conformationally 

disordered, racemic polypeptide (Figure 5.3). The large positive bands present in the CD 

spectra for βGlc-rac-C150 and GalNAc-rac-C150 appear to indicate some form of ordered 

conformation. We next acquired CD spectra of GlcSH, GalNAcSH, and GalNAcOH to 

determine if the bands seen in CD of the polymers are just due to signal from sugar 

molecules. GlcSH and GalNAcSH gave no CD signals, while GalNAcOH showed a 

positive band below 205 nm similar to our samples (Figure 5.4). The intensity differences 

between the monosaccharides, βGlc-rac-C150, and GalNAc-rac-C150 may be due to the 

asymmetric additions of sugars across ADH
150 or the chiral orientation of the sugars along 

the polypeptide backbone causing the formation of ordered, extended conformations 

.7,8,10 
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Figure 5.3: Overlay CD spectra of (A) Glc-rac-C150 and GalNAc-rac-C150 and (B) Glc-

rac-C150 and rac-CHE
150 obtained in DI H2O at pH 7 and concentrations of 0.1 mg/mL at 

25 °C.  

Figure 5.4. Overlay CD spectra of (A) Glc-rac-C150 and GlcSH and (B) GalNAc-rac-

C150, GalNAcSH and GalNAcOH obtained in DI H2O at pH 7 and concentrations of 0.1 

mg/mL at 25 °C.  

 To confirm if  the CD spectra of our glycopolypeptides indicate some form of 

extended conformations in these samples, we examined individual chains of Glc-rac-

C150 using atomic force microscopy (AFM).7 We performed AFM imaging similarly to a 

previously described protocol for imaging single glycopolypeptide chains.7 We deposited 
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a 10 nM concentration solution of Glc-rac-C150 onto freshly cleaved mica, blotted off 

excess solution, dried the sample, and imaged under air.7 Glc-rac-C150 was found to 

possess an extended rod-like chain conformation similar to those seen in optically pure 

glycopolypeptides and mucins extracted from natural sources (Figure 5.5).7,33 Following 

the same preparation protocol, we collected AFM images of non-ionic rac-CHE
150 as a 

control, which was found to deposit as coil-like blobs. Based on these observations, the 

steric interactions imposed by adjacent saccharides at every residue in the polypeptide 

backbone appear to direct the polypeptide into adopting an extended rod-like 

conformation.7 

Figure 5.5: AFM images of A) rac-CHE
150 and B) Glc-rac-C150. Scale bars = 25 nm. 

Height bars: 0 to 41 nm for rac-CHE
150, 0 to 1.6 nm for Glc-rac-C150. Dimensions of Glc-

rac-C150: height = ~1.5 nm, width = ~8 nm, and length = ~70 nm. 

5.4 Conclusions 

 A new method for synthesis of S-glycosylated poly(rac-cysteine) polypeptides has 

been described. The water soluble samples βGlc-rac-C150 and GalNAc-rac-C150 were 

found to possess structural and conformation properties similar to other previously 

described optically pure mucin mimetic polypeptides.7,10,34 Other thiosugars are 
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commercially available or have been prepared, and may be amenable for preparation of 

a variety of S-glycosylated poly(rac-cysteine) polypeptides using our methodology.35,36 

The formation of both D- and L- residues in this methodology may provide resistance to 

enzymatic degradation that is potentially useful for biomedical applications.10,12,16,17 The 

combination of the straightforward post polymerization modification and high yields of 

saccharide conjugation makes this methodology attractive for preparation of glycoprotein 

mimics. 

5.5 Materials and Instrumentation 

Methods and Materials were as described in Chapter 2 with the following additions: 1-

thio-β-D-glucopyranoside sodium salt (βGlcSH, Combi-Blocks) was used as received. 

poly(S-(tert-butylcarboxymethyl)-L-cysteine)150, CBCM
150, poly(S-carboxymethyl-L-

cysteine)150, sodium salt, CCM
150, and poly(dehydroalanine), ADH

150, were all prepared 

according to the protocols described in Chapter 2. Poly(S-(2-hydroxyethyl)-rac-

cysteine)150, rac-CHE
150, was prepared from ADH

150 according to published procedures 

and spectral data were in agreement with literature.27 

S-(tert-Butyl carboxymethyl)-L-cysteine.28 This compound was prepared according to 

the protocol described in Chapter 2.  

S-(tert-Butyl carboxymethyl)-L-cysteine N-carboxyanhydride (tBuCM-Cys NCA).28 

This monomer was prepared according to the protocol described in Chapter 2.  
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2-Acetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-β-D-galactopyranose 

This procedure was adapted from a published protocol.10 D-Galactosamine HCl (3.0 g, 

14.0 mmol) was suspended in Ac2O (16 mL) and pyridine (30 mL). DMAP (0.20 g) was 

added and the reaction was allowed to stir at ambient temperature overnight. The reaction 

was poured into two 50 mL falcon tubes each containing 30 mL of 4 °C. DI H2O and the 

precipitates that formed were collected via centrifugation.  The combined precipitates 

were washed 3 additional times with 50 mL DI H2O and then dried overnight at room 

temperature. The product was isolated as a white powder (4.50 g, 83%). Spectral data 

were in agreement with the literature.35 

2-Acetamido-2-deoxy-1-thio-α-D-galactopyranose, GalNAcSH  This compound was 

prepared from 2-acetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-β-D-galactopyranose using a 

published protocol. Spectral data were in agreement with the literature.35 

General procedure for determination of M chain lengths using end-group analysis 

after reaction with mPEG-NCO. This procedure was performed following the protocol 

described in Chapter 2. 

Functionalization of ADH
150 with 1-thio-β-D-glucopyranoside sodium salt. ADH

150 

powder (20 mg) was dissolved in 4 mL of DMSO. To the solution was added 150 mg of 

1-thio-β-D-glucopyranoside sodium salt (5 eq per ADH sidechain) dissolved in 3 mL of pH 

8 sodium phosphate buffer. The turbid suspension was stirred for 24 hours at room 

temperature where it became clear overnight. The solution was then transferred to a 2 

kDa MWCO dialysis bag and dialyzed against 50 mM NaHCO3 (24 h, 2 dialyzate 
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changes) and then DI H2O (24 h, 2 dialyzate changes). The solution was then freeze dried 

to yield Glc-rac-C150 as a fluffy white powder (51 mg, 62%). 

1H NMR (400 MHz, D2O, 25 °C) δ 4.63 (bm, 450 H), 3.96 (t, 148 H), 3.77 (bs, 166 H), 

3.63 - 2.95 (bm, 827 H). 

Functionalization of ADH
150 with 2-acetamido-2-deoxy-1-thio-α-D-galactopyranose. 

ADH
150 powder (15 mg) was dissolved in 3 mL of DMSO. To the solution was added 230 

mg of 2-acetamido-2-deoxy-1-thio-α-D-galactopyranose (5 eq per ADH sidechain) 

dissolved in 4.6 mL of pH 8 sodium phosphate buffer. The turbid suspension was stirred 

for 24 hours at room temperature where it became clear overnight. The solution was then 

transferred to a 2 kDa MWCO dialysis bag and dialyzed against 50 mM NaHCO3 (24 h, 2 

dialyzate changes) and then DI H2O (24 h, 2 dialyzate changes). The solution was then 

freeze dried to yield GalNAc-rac-C150 as a fluffy white powder (41 mg, 67%).  

1H NMR (400 MHz, D2O, 25 °C) δ 5.89 (s, 104 H), 4.68 (102 H), 4.48 (bs, 262 H), 4.14 

(bs, 250 H), 3.92 (bs, 481 H), 3.49 (bs, 237 H), 2.28 (s, 450 H) 

Circular Dichroism Spectroscopy Polypeptide samples were analyzed at a 

concentration of 0.1 mg/mL in DI H2O adjusted to pH 7.0 with 0.1 M NaOH. The data were 

reported in units of molar ellipticity [θ] (deg·cm2·dmol–1), which was calculated using [θ] = 

(θ × 100 × MW)/(c × l), where θ is the measured ellipticity (millidegrees), MW is the 

average residue molecular mass (g/mol), c is the polypeptide concentration (mg/mL), 

and l is the cuvette path length (cm). 

Atomic Force Microscopy Solutions of polypeptides in Milli-Q water (10 µL) at 100-200 

nM concentration were deposited on freshly cleaved bare mica for 1 minute, rinsed with 
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Milli-Q water, then gently dried under a stream of N2 perpendicular to the mica surface 

before imaging. 

5.6 Spectral Data 
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