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Abstract 

Recombinant technology has given us the powerful ability to imagine and create 

novel biological entities, from potent therapeutics to functionally active materials. By 

harnessing nature’s building blocks and reconfiguring these components, recombinant 

engineering unlocks the potential to tailor drug specificity and pharmacokinetics, 

rationally design biomaterials, understand and define protein structure, and probe 

cellular function with molecular precision. These technological feats are made possible 

with a few simple biological ingredients: nucleotides, sugars, and amino acids. These 

components, exquisitely crafted by evolution, are individually combined in useful ratios 

and precise sequences in living systems to synthesize DNA, RNA, polysaccharides, and 

proteins. These macromolecules collectively support organismal structure and function 

and give rise to the incredible diversity in Charles Darwin’s “great tree” of life. 

However, the seemingly infinite potential for new materials built from these 

components is, in fact, limited. The chemical identity of these building blocks – with a 

particular focus herein on the twenty naturally-occurring amino acids – limits the scope 

and functionality of the recombinant materials we can produce. In order to functionalize 

these products, to fundamentally change their chemical identity while preserving their 

biological functionality, we require the finesse of bioorthogonal chemistries and 

modification techniques. 
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Bioorthogonal reactions modify biological materials within living systems 

without perturbing function, much as two orthogonal lines intersect only at a single 

point. That point of intersection can be precisely defined through recombinant 

technology and gives us access to new classes of biomaterials. The term 

“bioorthogonal”, coined by Carolyn Bertozzi, importantly defines these unique 

chemistries, which inertly co-exist with biology until the exact moment when the desired 

reactions are initiated, to enhance – and even transform – biological systems. 

Bioorthogonal modification of proteins will, by definition, require expansion of 

the biochemical toolbox; there are a variety of techniques used to achieve this goal. In 

these studies, we explore the use of genetic code expansion for incorporation of 

unnatural amino acids. This technology permits co-translational incorporation of amino 

acids with unique and non-canonical R-groups directly into the polypeptide backbone of 

a protein or biopolymer. These residues introduce unique chemical reactivity for further 

functionalization with desired moieties or chemical transformation.  

We have used this technology to develop novel therapeutic and material 

platforms comprised of a unique biopolymer, elastin-like polypeptide (ELP). This 

thermally responsive biopolymer is easily recombinantly synthesized, though more 

biochemically complex ELPs require successful bioorthogonal modification. We 

designed the unnatural amino acid-containing ELPs necessary to enable our strategies 

for developing three distinct biomaterial platforms: 1) photoreactive ELPs which can 
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generate stable hydrogel particles spanning four orders of magnitude in size; 2) a 

universal strategy for drug-loaded, targeted ELP nanoparticles by incorporation of a 

unique site for drug attachment; 3) a sustained-release therapeutic for treatment of brain 

tumors combining proteins of distinct cellular origin. 

We have combined existing tools, technologies, and materials to generate these 

novel platforms with utility in biomaterials, drug delivery, and cancer therapeutics. The 

optimizations performed in developing each of these systems will inform future studies 

with similar goals; similarly, the reactions and strategies employed will contribute to 

furthering our understanding of the full potential of these important bioorthogonal 

chemistries. 
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1. Introduction  

This thesis work has broadly focused on the development of novel biomaterials 

through bioorthogonal manipulation of elastin-like polypeptide (ELP) biopolymers. We 

first optimized the incorporation of unnatural amino acids (UAAs) into ELPs to 

maximize potential for functionalization of this biopolymer (Chapter 2). These studies 

directly enabled our subsequent work employing these unique residues first for photo-

mediated crosslinking of these biopolymers to synthesize hydrogel particles spanning 

four orders of magnitude in size (Chapter 3). We then employed an UAA as a site of 

attachment to develop a novel strategy for conjugating a small molecule 

chemotherapeutic to a targeted ELP nanoparticle (Chapter 4). We then investigated 

these residues for macromolecular attachment of proteins to ELPs to generate a novel 

drug for brain tumors. This project evolved from its origins in bioorthogonal attachment 

to an entirely recombinant strategy which has enabled its successful study in vivo 

(Chapter 5). We describe here the foundational research and concepts upon which we 

built the experimental work in the chapters that follow. 

1.1 Biopolymers 

Biopolymers are covalently-linked, repeating chains of chemically similar 

biological monomers produced by living systems and include nucleic acids, 

polysaccharides, and polypeptides.1 Recombinant biopolymers are comprised of these 

same building blocks, but have been reconfigured by molecular engineers to exhibit and 



 

2 

embody specifically desired properties. While nucleic acids, sugars, and esters have 

been explored to generate unique biomaterials, we focus here specifically on those 

recombinant biopolymers comprised of amino acids, or polypeptides. These engineered 

biopolymers are not only composed of the same building blocks, but frequently derive 

their component sequence motifs from structurally unique proteins, such as silk, 

collagen, resilin, and elastin.2 The recombinant biopolymers can recapitulate specific 

properties of these, such as the extensibility of elastin or robustness of silk, and provide 

insight into the biophysical properties of the parent protein. Polypeptides such as 

elastin-like polypeptides (ELPs) can be engineered into different formulations such as 

nanoparticles or injectable gels on the basis of their sequence and preparation. The 

advantages of biopolymers over their synthetic counterparts, ranging from 

biocompatibility to precise sequence control, as well as inherent limitations as 

biologically-derived materials, are covered in greater detail below. 

1.1.1 Biopolymer-based formulations and materials 

1.1.1.1 Supramolecular particles and hydrogels 

One of the most functionally useful preparations of biopolymers is as a particle; 

particles ranging from the nano- to microscale have utility in a variety of applications 

from therapeutics and tissue engineering to cosmetics and photonics.3-7 Particles can 

uniquely be manipulated both in solution as a bulk material and individually during 

synthesis, providing a high degree of control and tunability. 
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The size of these biopolymer particles dictates much about their functional utility 

and intrinsic properties. Nanoparticles composed of biopolymers can be easily prepared 

using block copolymers, which can be tuned to self-assemble in response to an external 

trigger.8 Nano-scale biopolymer micelles provide many of the advantages of traditional 

nanoparticles: ease of preparation and administration,9 high surface area-to-volume ratio 

for surface functionalization,10 and ideal size for penetrating tissues,11 making them 

useful delivery vehicles in vivo. Supramolecular aggregates and assemblies of 

biopolymers which extend beyond the nanoscale can be used in transporting larger 

cargoes, cell capture and release, as actuators, and in personal care and food-grade 

products.12 These soft matter materials become even better suited for these applications 

when stabilized as crosslinked hydrogel particles. 

Hydrogels are networks of polymers stabilized by covalent crosslinking which 

rapidly undergo changes in network solubility and hydration state in response to 

external stimuli, such as local changes in pH and temperature. When hydrogels are 

confined to a particle geometry, these large-scale volumetric changes can then be 

directly employed for cargo capture and release, coatings, biosensing, and optics.13-19 

Biopolymer-based hydrogel particles provide an additional level of tunability with the 

potential for genetically encoding bioactive domains. 
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1.1.1.2 Injectable therapeutics: drug delivery vehicles and sustained-release 

formulations 

Beyond having noteworthy biophysical properties, biopolymer-based materials 

are exceptionally useful for injectable delivery of therapeutics as monomers, particles, 

and as in situ degradable gels loaded with small molecule drugs and biologics. The goal 

of drug delivery is to improve both the site-specific penetrance and systemic retention of 

a drug, as many potent small molecule drugs and biologics are cleared rapidly from the 

system by glomerular filtration or are neutralized by anti-drug antibodies.20-21 Cargo can 

benefit from ligation to a polymer carrier through reduction of renal clearance, 

improved solubility and reduced aggregation, and introduction of “stealth” properties 

to minimize immune-mediated clearance.21 When loaded into polymeric particles, 

hydrophobic drugs safely sequestered in the core can be both passively and actively 

targeted to tumors and tissues. Nanoparticles in particular take advantage of the 

enhanced permeability and retention (EPR) effect, whereby particles on this size scale 

preferentially hone to and accumulate in tumors owing to the leaky vasculature and lack 

of proper lymphatic drainage.22 As injectable gels, thermally responsive biopolymers can 

support sustained-release of cargo to enhance its pharmacokinetic profile and maximize 

the therapeutic effect. These viscous, insoluble coacervates or drug “depots” provide 

controlled, tunable release via interstitial flow-driven dilution of the depot perimeter 

and diffusion of depot components into surrounding tissue and circulation. The 
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biopolymers that comprise these formulations have many advantages over their 

synthetic counterparts. 

1.1.2 Advantages of biopolymer-based systems 

Biopolymers are emerging as the material of choice for injectable therapeutics in 

large part due to their superior biocompatibility as compared to synthetic polymers. 

Biologically-inspired biopolymers such as ELP, which is derived from human 

tropoelastin, are non-toxic, non-immunogenic, biodegradable, and bio-inert.23 These 

biopolymers have significant proportions of oxygen and nitrogen in their backbone, 

along with carbon and hydrogen, and are therefore readily broken down into biological 

building blocks.24 This ensures a seamless integration with and minimal perturbation to 

biological systems in a variety of applications. 

The bio-inspired sequences comprising biopolymers largely prevent their 

immune recognition, as compared to the increasingly apparent immunogenicity of 

synthetic polymers.25-27 An immune response against a drug carrier will immediately 

opsonize the carrier and neutralize the cytotoxic cargo.28-30 Conjugating cargo to a 

biopolymer carrier therefore provides two layers of protection against immune-

mediated clearance: prevention of non-specific adsorption of immune-activating 

proteins as well as minimal immunogenicity of the carrier itself. 

As many biopolymers are bioinspired, these materials often recapitulate many of 

the unique properties of their parent material such as self-assembly into fibrils, 
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responsivity to changes in temperature, pH, or osmolarity, as well as many useful bulk 

properties such as high tensile strength, elasticity, and resiliency.1 The various highly 

advantageous properties evolved by biological systems to maintain structure, define 

shape, provide natural defenses, and support movement can be easily controlled by 

simple genetic manipulation of these biopolymers. 

Biopolymers encoded at the gene level allow for extensive customizability via 

introduction of bioactive domains and biological motifs. Biopolymers can support an 

incredible diversity of functionalities through introduction of targeting ligands for active 

delivery, protease recognition sites for programmable degradation, functional enzymes 

for controlled metabolic processing, and any number of cytotoxic protein payloads. 

While synthetic polymer networks require chemical conjugation or immobilization of 

these motifs and moieties, biopolymers can be seamlessly fused with these groups 

allowing for precise stoichiometric control of their occurrence and population 

bioactivity. 

One of the greatest advantages of using genetically encoded biopolymers is their 

perfect monodispersity – every chain expressed has identical chemical identity and 

chain length. This is of critical importance for therapeutic applications, which demand 

homogeneity to control and predict therapeutic response. 
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1.1.3 Limitations of biopolymer-based systems 

While biopolymers have many advantages over their synthetic counterparts, the 

latter does possess the advantage of being more easily chemically manipulated and 

functionalized with a variety of moieties. The limited chemical diversity available with 

the twenty naturally-occurring amino acid side chains in turn has traditionally limited 

the potential for functionalization of biopolymers. The wide diversity of the proteome is 

largely supported through post-translational modifications and a few key residues 

provide bona fide chemical handles for functionalization: lysine, cysteine, and, to a lesser 

extent, tyrosine, tryptophan, and histidine.31-33 However, these residues are equally as 

important for protein function as they are reactive; lysine is often required for bioactivity 

and cysteine for stability and folding.34-36 Recent advancements in bioorthogonal 

chemistries have expanded the functionalities available for biopolymers and heightened 

their chemical tunability to the level of synthetic polymers. 

1.2 Elastin-like polypeptides 

Elastin-like polypeptides (ELPs) are thermally responsive peptide polymers used 

extensively in biomedical research. Their biological origin and stimuli-responsive 

properties have positioned ELPs as a valuable bridge between the fields of polymer 

chemistry and medicine. Advances in genetic engineering of repetitive peptide polymers 

allow the de novo design of self-assembled structures, including nanoparticles and bio-

active hydrogels. The ability to design ELPs as soluble unimers, viscous coacervates, or 
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to self-assemble into higher order structures showcases their structural versatility. Their 

biocompatibility, extensive genetic tunability, and unique biophysical properties have 

led to the establishment of ELPs as a cutting-edge tool across a spectrum of materials 

science and biomedical applications, ranging from polymer physics to tissue engineering 

and drug delivery. 

1.2.1 Origin and sequence 

Elastin is an essential component of the vertebrate extracellular matrix.37 Elastin 

proteins provide the repetitive stretch and elastic recoil necessary for the operation of 

extensible tissues such as blood vessels, skin, vocal folds, bladder, and elastic 

ligaments.38-39 In arteries, for example, elastin couples with collagen, wherein collagen 

prevents rupture at high extension while elastin minimizes the energy demands on the 

heart by providing consistent recoil and high resilience.37, 40-41 Considered one of the most 

elastic biomaterials known, elastin can deform at least 60% in the elastic region, has a 

Young’s modulus of ~1MPa, and a resilience of ~90%.42-44 The extensibility of elastin has 

been reported to range between 100-200%.44 Elastin is not only highly elastic, but also a 

highly durable material with a half-life on the order of the lifetime of the parent 

organism.42-45 The durability of elastin is evidenced by the billions of stretch/relaxation 

cycles experienced by elastic fibers in the aortic arch without showing fatigue.46 The 

force for elastic recoil arises from the decrease in entropy upon stretching rather than by 

direct strain of the material.47 In addition to its unique mechanical properties, elastin has 
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been shown to self-assemble and coacervate in response to a variety of stimuli, notably 

local fluctuations in temperature.48-49 For example, α-elastin has been shown to self-

assemble into 5-nm-wide fibers upon sustained heating.50 

The precursor protein to these insoluble elastin networks is the soluble protein 

tropoelastin. Early analysis of the amino acid sequence (involving the tryptic digest of 

solubilized elastin from porcine aortas) revealed the presence of disordered 

hydrophobic domains and structured hydrophilic domains.51-53 The tropoelastin amino 

acid sequence alternates between repetitive hydrophobic domains rich in proline, 

glycine, alanine, and valine residues and ordered hydrophilic domains which contain 

lysine residues for covalent crosslinking. 54 The final macromolecular elastin complex is 

biologically synthesized through enzyme-mediated, irreversible crosslinking of 

aggregated tropoelastin proteins into insoluble, mature elastin fibers.55 The conserved 

sequence features of tropoelastin provided the basis of elastin-derived biopolymers. 

Motivated by the repetitive nature of elastin, Urry pioneered the development of 

biopolymers inspired by elastin by chemically synthesizing polypeptides. His initial 

efforts centered around the synthesis and study of polymers containing the pentamer 

“VPGVG” and studying the resulting unique reversible phase behavior in aqueous 

solvents.51, 56 These elastin-like polypeptides (ELPs) constitute the most reductionist 

approach to the design of biomaterials inspired by elastin. His group further generalized 

this approach to polymers composed of the recurrent pentapeptide motif found in 
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tropoelastin, VPGXG, where X is any amino acid except proline. This pentameric motif 

is repeated ‘n’ times in an ELP chain to give rise to a unique, intrinsically disordered, 

thermally responsive biopolymer with the simple sequence (VPGXG)n.57 The ability to 

translate environmental changes into pronounced changes in the physical properties of a 

material constitutes the basis for the “smart” behavior of elastin biopolymers. 

1.2.1.1 Genetic engineering of repetitive ELPs 

The greatest challenge in the recombinant synthesis of ELPs and other highly 

repetitive polypeptides is that they are also highly repetitive at the gene level. Standard 

gene assembly methods involving polymerase chain reaction (PCR) and hybridization of 

overlapping sequences cannot be used for assembly of highly repetitive genes; therefore, 

ELPs require specialized genetic assembly methods to produce polymers of various 

lengths. There is a suite of gene oligomerization methods for rapidly producing and 

building ELP genes: concatemerization,58 overlap extension rolling circle amplification 

(OERCA),59 and two seamless cloning strategies: recursive directional ligation (RDL),60 

and plasmid reconstruction by recursive directional ligation (PRe-RDL).61 The latter is 

the main technique used for construction of genes in this thesis.  

PRe-RDL involves ligating two halves of a parent plasmid, each containing an 

oligomer to build the final ELP gene product with a specified oligomer order.61 This 

technique relies on Type IIs restriction enzymes which cleave at a defined number of 

nucleotides away from their recognition sequence. This effectively eliminates any 
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restriction on the biopolymer sequence, as the recognition sites are designed to be 

outside of the coding region of the gene itself. Two separate plasmids are used as 

substrates for the reaction – both are digested with one common enzyme and a second 

unique enzyme. While the unique enzymes have distinct recognition sequences, the 

overlaps generated after digestion are complementary. Ligation of the two halves 

seamlessly joins the two starting gene sections in a defined orientation in the final 

complete vector, which can be readily digested for another round of PRe-RDL cloning. 

The plasmid backbone, including the antibiotic resistance marker, is only reconstructed 

upon successful ligation, thereby nearly guaranteeing any vector products contain both 

desired genes (Figure 1). 

 

Figure 1: Plasmid reconstruction by recursive directional ligation (PRe-RDL). 

PRe-RDL is highly successful in constructing genes up to approximately 2400 

base pairs in length; longer inserts compromise ligation efficiency. This method enables 
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the rapid synthesis of ELP monomers, construction of block copolymers, as well as 

introduction of N-terminal leader and C-terminal trailer sequences. 

1.2.2 Lower critical solution temperature  

ELPs belong to a broad class of stimuli-responsive polymers which possess a 

lower critical solution temperature transition (LCST). These polymers exhibit a unique 

inverse transition temperature – at temperatures below a characteristic transition 

temperature, a polymer mixture contains a single, continuous phase but upon heating 

will phase separate into two distinct phases. This behavior can be directly attributed to 

the significant proportion of hydrophobic amino acids comprising the ELP pentameric 

motif; these residues readily undergo hydrophobic collapse and aggregate upon heating. 

The phase transition behavior of ELPs can be described with a representative 

phase diagram.62 The region below the binodal line indicates the temperatures and 

concentrations for which polymer chains in an aqueous mixture are well-solvated and 

soluble. A metastable phase lies between the spinodal and binodal boundaries, in which 

two separated phases are each stable against small fluctuations in composition or 

temperature and will not fully phase separate unless initiated by a large nucleation 

event. Above the spinodal boundary, the solution will spontaneously phase separate 

into two distinct phases: a polymer-rich and polymer-poor phase. The critical point 

(LCST), or inverse transition temperature (Tt) is the point of intersection of the spinodal 

and binodal curves, which indicates the lowest possible temperature that will elicit a 
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phase change. In contrast to this behavior, polymers that display upper critical solution 

transition (UCST) phase behavior have a phase diagram that is a mirror image of LCST 

phase behavior (Figure 2).63 

 

Figure 2: Theoretical phase diagram of LCST and UCST polymers. Shaded 

region between the spinodal and binodal boundaries denotes the metastable phase. 

The precise tunability of this LCST behavior at the sequence level has led to the 

widespread use of ELPs as a biomaterial and as a biomolecular tool.  Urry and 

coworkers first demonstrated that the phase transition temperature (Tt) of ELPs could be 

controlled by the hydrophobicity of the guest residue ‘X’ in the VPGXG pentapeptide 

motif.57 Meyer and Chilkoti subsequently elucidated two additional variables that 

significantly impact the Tt: the chain length of an ELP and its solution concentration.64 

The reliance of Tt on guest residue enables the synthesis of self-assembling ELP 

diblock copolymers. Amphiphilic ELPs can be designed with two distinct blocks 

containing guest residues that differ significantly in their hydrophobicity, (i.e. 
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(VPGVG)n(VPGSG)n).65 Below a critical micellization temperature (CMT), both blocks are 

soluble, and the polymer chains exist as well-solvated unimers in solution. Upon heating 

past the Tt of the hydrophobic block, this block will selectively desolvate, collapsing into 

the core of a self-assembled nanoscale micelle, while the hydrophilic block remains 

solvated on the corona. Upon heating further, the hydrophilic block will transition, and 

the micelles will aggregate into micron-scale, insoluble coacervates. 

Importantly, this phase transition behavior is entirely reversible. ELPs form 

nearly perfect elastomeric materials that do not dissipate energy during stretching, thus 

displaying very little thermal hysteresis. ELPs rapidly resolubilize upon cooling, often at 

the same temperature required for phase separation upon heating. This reversible LCST 

behavior enables a useful strategy for non-chromatographic purification of ELPs. 

1.2.2.1 ELP purification by inverse transition cycling 

Production of ELPs is cost-efficient and scalable due to a simple purification 

strategy, known as inverse transition cycling (ITC) (Figure 3). This non-chromatographic 

purification scheme exploits the inverse phase separation of solutions of ELP in response 

to increased heat and ionic strength.66-67 ELPs are expressed recombinantly in the soluble 

fraction of E. coli bacteria; shaker flask cultures can produce 50 mg L-1 to 1.5 g L-1 of pure 

ELP under optimal conditions.55 
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Figure 3: Schematic of ELP purification via inverse transition cycling (ITC) 

The first step in the purification process is to lyse the bacteria; the cell lysate is 

then centrifuged below the Tt of the polymer to remove insoluble cell fragments. This 

step may also include the addition of the polycationic polyethyleneimine (PEI) to 

precipitate nucleic acids. The supernatant is then heated (T > Tt) to trigger the ELP phase 

transition. Changing the ionic strength of a solution by adding kosmotropic salts from 

the Hofmeister series (i.e. sodium chloride, ammonium sulfate) is another strategy to 

encourage ELP transition.68 This suspension is then centrifuged leading to the formation 

of an ELP-rich pellet at the bottom of the centrifuge tube, along with entrapped, 

aggregated contaminant proteins. This centrifuge is performed at a temperature above 

the Tt and is therefore termed a “hot spin”. The pellet is then dissolved by reversing the 

phase transition by the addition of low salt buffer at a temperature below the Tt of the 

ELP. The remaining contaminant proteins which irreversibly aggregated during the hot 

spin will not resolubilize; after centrifuging this resuspension these insoluble proteins 

will pellet and can be removed by transfer of the ELP-rich supernatant to a new tube. 

This spin is performed below the Tt of the ELP and is therefore termed a “cold spin”. 
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These centrifugation steps can be repeated several times until a product is obtained with 

the desired purity level; typically, ELPs can be purified to > 95% purity after four rounds 

of purification with this method.69-70 

1.2.3 Recombinant fusions of ELPs 

Given that ELPs are genetically encoded, they can easily be fused to recombinant 

protein partners at their N- or C-termini, or both, without loss of LCST behavior. 

Furthermore, the fusion partners will then be imbued with the ability to phase transition 

while maintaining their structure and bioactivity. The transition temperature of the 

parent ELP will likely be affected by introduction of a fusion partner, the extent to which 

is determined by the relative hydrophobicity and surface charge of the appended 

protein or peptide.71-72 ELPs have previously been fused to peptides,73 fibronectin 

domains,74 nanobodies,75-76 TRAIL,77 glycoproteins,78 enzymes,79 and fluorescent 

proteins80 at their N- or C-termini, or both. Not only can the appended ELP provide a 

useful purification handle for these fusion partners, the resulting chimeric protein can 

form the basis of a powerful therapeutic or unique biomaterial. 

1.2.4 Therapeutic ELP formulations 

ELPs have been formulated into a variety of delivery systems for therapeutic 

payloads, ranging from small molecule drugs to peptides and proteins, for applications 

in tissue engineering, heart disease, cancer, and diabetes.81 These formulations all take 
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advantage of the unique phase transition behavior of ELP to modulate delivery, 

optimize pharmacokinetics, and tune drug release. 

Amphiphilic ELP diblocks which self-assemble into nanoscale micelles can act as 

drug delivery vehicles for conjugated small molecule drugs. Chemotherapeutic drugs 

are often hydrophobic (1 < log P < 5) which results in poor bioavailability and poses a 

barrier to optimal pharmacokinetics.82 These hydrophobic drugs can be used to drive 

self-assembly of ELP monoblocks into micelles simply via site-specific conjugation.83 

When sequestered in the hydrophobic core of these micelles and delivered 

intravenously, this ELP-based delivery system increases drug half-life several orders of 

magnitude and provides a means for passive targeting and accumulation in tumor tissue 

via the EPR effect, both of which significantly improve bioavailability (see Section 

1.1.1.2). Drugs such as doxorubicin, paclitaxel, and gemcitabine have been conjugated to 

ELP mono- and diblock carriers for successful treatment of tumors in vivo.84-86 

Another injectable formulation for ELP-based therapeutics is as a “depot” for 

sustained drug release. The transition temperature of an ELP or ELP fusion can be tuned 

such that a solution of this material is a soluble liquid in the syringe, but transitions to a 

viscous gel, or coacervate, upon injection in vivo, a process driven solely by body heat. 

This depot will slowly dissolve over time, releasing soluble fusion molecules at a steady 

rate. This sustained release is a product of the inverse-log relationship between Tt and 

concentration.87 As the perimeter of the depot is diluted by interstitial flow, the ELP 
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fusion concentration in this region decreases, causing the Tt to increase above body 

temperature. Unimers residing at the depot margins thereby resolubilize and diffuse 

into the surrounding tissue or into circulation.73, 88-89 These ELP depots can be used to 

prolong the release of drugs for over one week in vivo; an injectable peptide-ELP depot 

was previously developed that released soluble fusion molecules for up to ten days in 

mice with zero-order kinetics, and up to twenty days in non-human primates.88 Both 

particle- and depot-forming ELPs provide an avenue to genetically encode and 

molecularly engineer sophisticated drug delivery systems. 

1.3 Bioorthogonal functionalization of proteins and polypeptides 

We have exquisite control over the design of our ELP at the sequence level, with 

the ability to precisely specify molecular weight, tune phase transition properties, and 

include fusion partners. However, we are limited by the chemical diversity of the twenty 

naturally-occurring amino acids without additional functionalization. We rely on 

bioorthogonal chemistries to shape the biochemical landscape of proteins and 

biopolymers with precision and minimal perturbation of essential biological properties. 

1.3.1 Bioorthogonality: definition and importance 

Bioorthogonality introduces an indispensable level of control for next-generation 

protein engineering and recombinant biotechnology: the ability to manipulate biological 

systems with the precision, selectivity, and the deftness of chemistry. Bertozzi and co-

workers were the first to identify and classify bioorthogonal reactions as those “chemical 
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reactions that neither interact with nor interfere with a biological system”.90-91  For our 

purposes, we explore those reactions which involve precise manipulation of biological 

material (proteins and polypeptides), but do not take place within a living system and 

therefore have a marginally different set of constraints and requirements than the 

classically defined reactions. Regardless of context, the goal remains the same: a 

chemical reaction which selectively modifies biological material with pinpoint precision, 

and which has minimal impact on the other components in the system (Figure 4). 

 

Figure 4: Bioorthogonality provides chemical precision for biological systems. 

In order for a reaction to achieve bioorthogonality, the reaction partners and the 

reaction product must fulfill several key parameters. The reaction partners employed for 

bioorthogonal reactions must be kinetically, thermodynamically, and metabolically 

stable prior to the reaction, to ensure absolute inertness with the surrounding biological 

material.92 These innocuous reactive groups are typically small in molecular weight and 

identified by studying the reactivity space outside of those chemical reactions already 
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employed by nature (i.e. alkyne-azide cycloaddition).91 It is the defining element of a 

bioorthogonal reaction that the reaction partners are specific for each other, and only 

each other, with minimal possibility of undesirable side reactions under physiological 

conditions. The resulting covalent linkage formed after reaction must be stable, with 

either no or non-toxic byproducts (i.e. nitrogen gas, water).92 

The investment in developing these valuable reactions has been richly rewarded 

by the diversity of sophisticated new biomaterials – and even entire biological systems – 

enabled by these chemistries. Potent antibody-drug conjugates, synthetic glycoproteins, 

high-resolution tracking of zebrafish development, and single-cell imaging in live mice 

have all been made possible through the advent of bioorthogonal reactions.93 These 

reactions have ushered in a new era of biotechnology: the powerful ability to control the 

bountiful, rugged landscape of biology with the exactness and dexterity of chemistry. 

1.3.2 Methods for bioorthogonal functionalization and limitations 

There is a suite of bioorthogonal modification techniques widely employed in 

recombinant biotechnology to convert otherwise inert proteins and polypeptides into 

reactive species through the introduction of unique chemical handles. There are 

alternative functionalization strategies, such as post-translational modifications, which 

introduce unique chemical groups, but these are frequently non-reactive; our focus here 

is on those chemistries which provide a handle for covalent bond formation (i.e. 
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conjugation or crosslinking). These methods have their merit and demonstrated utility, 

but present some limitations, as well (Figure 5). 

 

Figure 5: Methods for bioorthogonal modification of proteins and 

polypeptides. 

Chemical modification of proteins without genetic code expansion largely relies 

on reaction at the N-terminus, residues with reactive side chains, or enzymatic ligation. 

Reaction at the N-terminal amine is commonly achieved by reaction with N-

hydroxysuccinimide (NHS) ester- or imidoester-functionalized probes.94 However, this 

only provides one restricted site of conjugation and there is potential for cross-reactivity 

with the nucleophilic primary amines of lysine R-groups. The -amine of these residues 

can be modified with the same electrophilic reagents, with selectivity between these two 

sites achieved by specifying the pH of the solution during labeling. However, not all 

proteins are tolerant to the elevated pH ( 10.5) required for selective labeling of lysine 
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residues.95 Furthermore, the introduction of multiple charged lysine residues can 

undesirably impact the biophysical properties, especially for polypeptides such as ELPs. 

The side groups of other reactive amino acids can also be used for 

functionalization, though all residue-specific strategies restrict the location or bioactivity 

of the parent biomolecule, or both. Modestly reactive tyrosine, tryptophan, and histidine 

residues can be labeled with specialized reagents, though the low reactivity of these side 

chains limits the utility of these methods.96 The sulfhydryl side chain of cysteine residues 

is used frequently for labeling with thiol-reactive reagents such as maleimide- and 

iodoacetamide-functionalized probes.97 Cysteine is the most robustly nucleophilic amino 

acid and is readily labeled with these chemistries. Though typically rare in protein 

sequences, these residues are critical for structure and bioactivity when present. 

Introducing engineered sites for labeling can form undesirable inter- or intrachain 

disulfide bonds. Furthermore, the bonds formed through labeling are reversible upon 

changes in oxidation state, limiting their utility in biological settings. 

Native chemical ligation (NCL) is one method for synthetic construction of 

polypeptide backbones and involves the formation of a native peptide bond between the 

N-terminal cysteine residue of a protein and a thioester-containing peptide.98 However, 

this method is location-restricted to the N-terminus and an engineered cysteine is 

required, along with solid phase synthesis of the substrate peptide. Expressed protein-

ligation is a variation on NCL in which recombinant proteins can be ligated by the same 
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chemistry, with a self-cleaving intein sequence used to generate the C-terminal thioester; 

this method is useful for building composite proteins, but only in a linear fashion.99-100 

Lastly, chemical groups, peptides, and proteins can be conjugated enzymatically 

with Sortase A, formylglycine-generating enzyme (FGE), SpyTag/SpyCatcher, and 

others.101-103 However, these enzymes require a recognition motif positioned in solvent-

accessible sites, and often specifically at the N- or C-terminus; these can be disruptive to 

protein structure and function. Furthermore, reactive amino acids positioned outside of 

the recognition sequence can encourage non-specific enzyme activity, severely limiting 

the ability to employ these techniques when selectivity is required. 

The existing methods of bioorthogonal functionalization restrict both the location 

and number of sites available for chemical modification and rely heavily on the use of 

amino acid side chains or sequence-specific motifs. An alternative approach, in which all 

naturally occurring amino acids and sequences are available for unrestricted protein 

design and synthesis, is to introduce a bioorthogonal residue into the polypeptide 

backbone through genetic code expansion. 

1.4 Genetic code expansion 

Genetic code expansion is the platform technology through which the universal 

genetic code is effectively amplified and reorganized to include additional amino acids 

beyond the twenty naturally-occurring residues, termed non-canonical, non-standard, or 

unnatural amino acids. Unnatural amino acids are versatile and powerful tools to 
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expand the chemical repertoire of biopolymers and proteins and to introduce an 

incredible diversity of chemical handles, while maintaining the bioactivity and 

biophysical properties of the parent protein. The efficiency and fidelity of this 

technology supports a wide variety of recombinant biotechnologies: probing of protein 

structure and function, identifying the role of post-translational modifications in the 

proteome, regulating and modifying protein function including immunogenicity, 

conjugating functional payloads to proteins both post-purification and in vivo, and, in 

general, producing more sophisticated, superior biomaterials (Figure 6). 

 

Figure 6: Unnatural amino acids transform biomaterials and proteins. 

There are a few methods for incorporation of unnatural amino acids into 

recombinant proteins. The approach employed in this thesis work, site-specific stop 

codon suppression, was first developed over two decades ago by Peter Schultz and co-

workers.104 His approach to circumvent the lack of unassigned codons in the universal 

genetic code was to reassign the least frequently used stop codon – the amber stop 
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codon – in the E. coli genome to be used for unnatural residue incorporation. The first 

residue incorporated with this method was o-methyltyrosine into E. coli using an 

orthogonal translation system (OTS) imported from Methanococcus jannaschii. 

Methanogens are sufficiently evolutionarily divergent from prokaryotes to be 

orthogonal, and this particular species was the first archaeon to have its genome 

sequenced, revealing its use of the amber codon to code for tyrosine.105-106 It was a logical 

progression, then, to use the M. jannaschii tyrosine machinery to develop an OTS which 

could incorporate tyrosine structural analogs at amber stop codons in E. coli. The 

technology has since exploded from its origins in prokaryotes to viruses, yeast, and 

mammalian cells, to entire organisms ranging from silk worms to zebrafish to mice.107-111 

1.4.1 Unnatural amino acid incorporation in E. coli 

There are four general requirements for recombinant unnatural amino acid 

incorporation in E. coli: 1) the unnatural residue of interest, to be added to the growth 

media; 2) the vector encoding the orthogonal translation system (OTS), including the 

aminoacyl tRNA synthetase and tRNA; 3) the vector encoding the gene of interest with 

amber codons designating the incorporation site(s); and 4) the inducing agents and 

selection antibiotics corresponding to these two vectors (Figure 7).  
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Figure 7: Recombinant unnatural amino acid incorporation in E. coli. 

The unnatural residue is added directly to the media, either as a hydrochloride 

salt or solubilized with a strong base, and many unnatural residues are commercially 

available or can be easily synthesized using inexpensive starting materials. These 

residues are typically added at a final concentration of 1 mM, though previous studies 

have increased this as much as five-fold in an effort to maximize incorporation efficiency 

and yield.111-112 Few groups have systematically tested the effect of instead lowering 

UAA concentration on yield; however, Isaacs and co-workers identified that in the 

context of their optimized OTS, 0.5 mM of several UAAs tested had comparable or 

superior protein yield as expressions with 1 mM residue.113 It is prudent, therefore, to 

identify the minimal concentration of UAA necessary for protein production during 

optimization studies. The addition of an unnatural residue which is structurally 
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analogous to Tyr or Phe increases the potential for misincorporation into critical 

endogenous proteins, and the added energetic burden of the unnatural machinery can 

be toxic to the cells. 

In addition to the unnatural residue, the two vectors to be co-transformed into 

the E. coli expression host must have compatible origins of replication, promoters, and 

selection markers to ensure co-expression of all the necessary components. The OTS 

(aminoacyl tRNA synthetase/aaRS and tRNA) is derived from an evolutionarily distant 

species (including M. jannaschii, M. barkeri, M. mazei) to ensure orthogonality prior to the 

necessary directed evolution to tailor this system for unnatural residue incorporation.105, 

114-115 The evolution of the OTS involves multiple rounds of positive and negative 

selection to stringently identify the mutant aaRS/tRNA pair which is mutually exclusive 

for only one another and the unnatural residue in the presence of endogenous E. coli 

machinery and materials. 

While the expression of the gene of interest is induced during log phase growth, 

there are different schools of thought as to the optimal time for induction of the OTS. 

Often, this decision is simply a matter of preference of the individual experimenter. 

Some groups induce the OTS immediately after inoculation of the culture, guided by the 

hypothesis that expression of the aaRS and associated charging of tRNA is a prerequisite 

for expression of the gene of interest. Conversely, other researchers surmise that it is 

more important for all induction to take place only when the bacteria have reached log 
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phase growth and induce expression of both the OTS and gene of interest 

simultaneously at that point. There have yet to be any systematic studies to determine 

which approach is optimal, and even then, with many other variables ranging from 

growth media to residue to OTS itself, the optimal time for induction may vary 

according each individual expression. 

1.4.2 Chemical diversity of unnatural amino acids 

There is incredible structural and functional diversity among the unnatural 

amino acids that have been incorporated into proteins in both prokaryotic and 

eukaryotic expression hosts. For E. coli, there are well over 100 residues with 

corresponding orthogonal translation systems (OTS), with functionalities ranging from 

sites for bioorthogonal ligation, polymerization initiation, imaging probes, and post-

translational modification mimics, among others (Figure 8).116  

 

Figure 8: Example residues illustrate the structural and functional diversity of 

unnatural amino acids. 
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Importantly, this number was reported in a review article compiled almost a 

decade ago; there are undoubtedly dozens or even hundreds of novel residues available 

currently. With over 150 research articles published involving genetic code expansion 

per year, this rapidly growing field continues to innovate with novel residues and OTS 

being regularly developed and reported. 

1.4.3 Advantages over alternative bioorthogonal modification 
techniques and potential limitations 

The potential for site-specific and highly efficient bioorthogonal ligation is one 

exciting avenue for unnatural amino acid utility, and the most pertinent to this 

dissertation. There are several advantages of using these residues over alternative 

methods, as well as a few areas for improvement as the field continues to grow. 

Genetic code expansion effectively addresses the limitations inherent to other 

bioorthogonal ligation methods, as outlined in Section 1.3.2. These residues represent 

the most ideal orthogonal handle for functionalization, as they co-translationally 

introduce a moiety with minimal or no cross-reactivity to endogenous chemistries. The 

location of UAA incorporation and therefore functionalization can be precisely 

determined, and these genetically encoded sites ensure the homogeneity of the 

recombinant protein population. This level of stringent bioorthogonality provides a 

previously unattainable level of control for functionalization of recombinant proteins. 

Furthermore, selection of the specific unnatural residue allows for control of the type 

and reversibility of the bond formed with any attached ligands. These reactive proteins 
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are immediately available for the next step of processing after purification or can even 

be purified using these reactive handles. Genetic code expansion eliminates the reliance 

on the “middleman” reactions required of many bioorthogonal reactions to convert inert 

residues into reactive sites. 

While genetic code expansion is strongly positioned at the forefront of 

bioorthogonal chemistry, there are clear areas where future development in the field can 

be focused to improve this technology even further. While there are theoretically no 

restrictions on the location of UAA insertion or the number of sites, there are practical 

limitations on placement within structured proteins and on maximum yield with multi-

site incorporations. However, the limitations on yield can be addressed by evolving 

orthogonal translation systems which can catalytically match the translational rate of 

endogenous machinery, as was accomplished by Isaacs and co-workers.117 Another 

limitation is that not all unnatural residues are tolerated for incorporation by cellular 

systems as the chemical groups themselves introduce toxicity. For these, cell-free 

systems can be used, albeit with a moderate reduction in yield. Similarly, it has 

historically been marginally more complicated to incorporate multiple different residues 

into a single protein for multi-level bioorthogonal functionalization. However, recent 

developments have made this feasible through the use of the ochre stop codon, four-

letter codons, alternative ribosomes, or co-opting other infrequently used sense codons, 

such as tryptophan, phenylalanine, methionine, isoleucine, leucine, and proline.92, 118-120 
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These methods can be used in combination along with other bioorthogonal strategies to 

produce highly sophisticated conjugates. Finally, while not necessarily limited to genetic 

code expansion, as users of this technology we are beholden to the interest of the 

developers in terms of which residues are investigated and disseminated. Fortunately, 

with the impressive diversity of residues and functionalities already described and as 

more collaborations are forged between users and developers, this potential limitation is 

minimized as the field continues to grow. 
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2. Optimizing unnatural amino acid incorporation into 
elastin-like polypeptides 

2.1 Introduction and motivation 

The incorporation of unnatural amino acids (UAAs) into recombinant proteins 

can result in low yields and undesirable truncation products. Proteins with UAAs 

incorporated have expression yields ranging from two- to six-fold lower than the 

corresponding wild type proteins, when reported, and are typically fewer than ten 

milligrams per liter of culture. We therefore anticipated the need for optimization of 

several expression parameters to produce enough protein for our biomaterial studies, 

which require nearly gram-scale quantities. Through this optimization, we have 

empirically identified four key factors influencing UAA incorporation and yield in E. 

coli: 1) expression host; 2) efficiency of translational machinery; 3) growth conditions, 

especially culture media; and 4) construct design with regards to number and placement 

of incorporation sites. 

2.1.1 Expression hosts 

A critical factor in recombinant incorporation of UAAs is in selection of the 

bacterial expression host. In the field of genetic code expansion, the development of 

specialized, genomically recoded E. coli lines has fittingly accompanied the exploding 

diversity of translational machineries being reported. There are now several choices for 
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UAA expression host, ranging from genomically recoded options to the mainstay 

protein expression bacterial lines, with distinct advantages and limitations of each. 

Our initial expressions were performed in the standard E. coli line for ELP and 

recombinant protein production, BL21(DE3). This line has the advantages of being 

highly optimized for recombinant protein expression through genomic deletions of 

injurious proteases and endonucleases, enhanced phage resistance, and remarkable 

tolerance to high density culture.121 Although not discussed in detail here as it was not a 

part of our initial optimizations, we have also determined the SHuffle T7 Express E. coli 

line, a BL21(DE3) derivative tailored for cytoplasmic disulfide bond formation, is a 

viable option for UAA incorporation (see Section 4.2.3). However, these lines have intact 

release factor 1, the direct competitor with UAA translational machinery and main cause 

of low yield in this context (Figure 9). 

 

Figure 9: BL21(DE3) incorporation of unnatural amino acids. 

There are several genomically recoded strains of E. coli that have been developed 

specifically for UAA incorporation; we have investigated two derivative strains of a line 
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with a stop codon exclusively for UAA incorporation as well as a phenylalanine 

auxotroph. First, we investigated the use of a highly specialized genomically recoded 

strain of E. coli touted as the ideal background for unnatural amino acid 

incorporation.122-123 This strain has all 321 amber stop codons in the genome recoded to 

the ochre stop codon and corresponding release factor 1 deleted, and is appropriately 

designated C321.A. These genomic modifications effectively liberate the amber stop 

codon for reassignment as an exclusively “unnatural” codon by eliminating release 

factor competition (Figure 10).  

 

Figure 10: Release factors and UAA-tRNA compete at stop codons. 

C321.A has been used to successfully express proteins with multiple instances 

of UAA incorporation in high yield and with > 95% efficiency.117 We have evaluated two 

variations of this strain which are both derivatives of the same E. coli MG1655 parent 

strain as BL21(DE3). These genomically recoded organisms were developed by large-

scale, multiplexed, hierarchical assembly of ochre-substituted genome fragments.122-124 

The first (designated here as C321.A.1) we further modified to be compatible with pET 
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vector expression through lysogenization of the T7 RNA polymerase gene into the 

genome (Figure 11). 

 

Figure 11: Genomically recoded E.coli for unnatural amino acid incorporation 

(C321.A.1). This strain has all 321 UAG stop codons recoded to UAA and 

corresponding release factor 1 deleted, allowing exclusive use of the UAG codon for 

site of unnatural residue incorporation. We have lysogenized this strain with the T7 

RNA polymerase gene to provide compatibility with pET expression. 

The second derivative of the C321.A strain (designated here as C321.A.2) has 

proteases and endonucleases genomically deleted, similar to BL21(DE3), and was 

generously provided by Farren Isaacs, Yale University (Figure 12). We chose not to 

lysogenize this strain with the T7 RNA polymerase gene in an effort to maximize strain 

fitness and diminish truncation products. The latter are hypothesized to be a 

consequence of the significant kinetic disparity between the highly processive T7 RNA 

polymerase and unnatural translational machinery, which results in ribosomal stalling 

and premature translation termination.125 Use of this strain, therefore, required the 

development of an alternative expression plasmid (see Section 2.2.1.2). 
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Figure 12: Genomically recoded E.coli for unnatural amino acid incorporation 

(C321.A.2). This strain has additional proteases and endonucleases deleted but is not 

pET-compatible; we developed a pTac expression vector for use with this cell line. 

While these genomically recoded strains have the distinct advantage of offering 

an exclusive codon for UAA incorporation, the genomic modifications increase the 

reliance on a single release factor and reported doubling times for this line are greater 

than the parent E. coli.123 However, the slightly lower growth rate is offset by the benefits 

of enhanced incorporation efficiency and minimization of truncation products. 

Lastly, although not the major focus of these optimizations, we also investigated 

an alternative approach to UAA incorporation altogether, with a phenylalanine 

auxotrophic line. AF-IQ is a BL21(DE3) derivative developed by Tirrell and co-workers 

which has the genes necessary for phenylalanine synthesis deleted, ensuring the cells’ 

reliance on exogenously supplied phenylalanine.126 These cells are also modified to 

express a mutated phenylalanine synthetase (PheRS*) with relaxed substrate specificity, 

which will accept structural analogs of this residue for co-translational insertion at 
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locations specified by phenylalanine codons. This can be exploited for proteome-wide 

replacement of phenylalanine with a structurally analogous UAA (Figure 13).  

 

Figure 13: Phenylalanine auxotroph E.coli for unnatural amino acid incorporation 

(AF-IQ). PheRS and tRNA structures adapted from PDB entries 1EIY and 4TNA. 

While this level of universal substitution may perturb the structure and function 

of many proteins, ELPs do not canonically include phenylalanine in their sequences, 

making this cell line a viable choice for UAA-ELP expression.  

2.1.2 Translational machinery 

Through the course of these studies, we have endeavored to incorporate a 

variety of structurally diverse residues and have accordingly populated our library of 

plasmids encoding the corresponding orthogonal translation systems (OTS), which 

includes the aminoacyl tRNA synthetase (aaRS) and tRNA (see Appendix A). The two 

most frequently used aaRS/tRNA orthogonal pairs are derived from those of M. 

jannaschii tyrosine (MjTyr) and M. barkeri pyrrolysine (MbPyl). We focused our 

optimization efforts on the MjTyr system encoded by the pEvol vector developed by 
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Schultz and co-workers and the evolved, high efficiency pEvol-pAcFRS.1.t1 vector 

evolved by Isaacs and co-workers (Figure 14).127  

 

Figure 14: pEvol orthogonal translation system vector map. Adapted from 

Addgene (plasmid #31186). 

Several alternatives to pEvol have been developed, including pUltra, pDule, 

pSupAR, and pTECH vectors, which all have genetic modifications that promote higher 

incorporation efficiencies, increased expression yields, and support the possibility of 

multi-UAA incorporation when used in combination.120, 128-130 To ensure compatibility 

with the co-transformed expression vector, particular attention must be paid to the copy 

number and origins of replication of these various OTS vectors. 

2.1.3 Growth conditions 

The combination of bacterial growth conditions – culture media, temperature, 

duration of growth, and timing and amount of inducing agent – intricately cooperate to 

affect recombinant protein expression, particularly with the incorporation of UAAs. We 

empirically determined that culture media was the key parameter affecting yield and 

truncation in the context of our specific expressions. The growth medias we explored 
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can be classified into one of three categories: 1) complex and undefined; 2) minimal and 

defined; and 3) complex and defined (Figure 15). Complex, undefined media that does 

not adequately control for leaky expression of toxic or demanding proteins can reduce 

yield by inducing expression before bacteria have reached peak log-phase growth.131 

While minimal, defined medias such as M9 or MOPS provide stringent control over 

protein induction, the modest nutrient level does not support high levels of protein 

expression. Conversely, while complex medias such as LB, 2xYT, and TB can support 

high density growth, these undefined mixtures of tryptone and yeast extract often 

contain trace lactose which, again, prematurely induces protein expression. Defined, yet 

complex medias such as auto-induction media with precisely specified composition 

provide sufficient nutrients to support high density growth with minimal premature 

induction. Unfortunately, for reasons yet unknown, this media did not support the 

growth of the two genomically recoded C321.A lines we investigated. Each of the 

culture medias investigated has their own merit and limitations, which must all be taken 

into consideration when optimizing UAA incorporation (see Appendix A, Table 16 for 

growth media compositions). 
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Figure 15: Culture media investigated for recombinant unnatural amino acid 

incorporation, classified by complexity and definition. MM, minimal media; AIM, 

auto-induction media; LB, Luria-Bertani broth; 2xYT, 2x yeast-tryptone broth; TB, 

terrific broth. 

2.1.4 Construct design 

While the growing conditions have substantial impact on yield, the design of the 

expressed construct itself – specifically with respect to stop codon placement – is the 

ultimate determinant of material utility. With ELPs, we advantageously have more 

freedom in terms of the frequency and positioning of stop codons than with structured 

recombinant proteins. With respect to the latter, UAAs are often incorporated within 

flexible loops or at protein termini to preserve important structural and functional 

elements or are restricted to mimicking residue-specific post-translational modifications. 

The flexibility afforded with intrinsically disordered ELPs provides an exceptional 

background for UAA incorporation; we can precisely specify the location of the 

unnatural residue with minimal expected consequences for biopolymer properties. Stop 
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codons can be positioned as guest residues or outside the context of an ELP repeat, and 

multiple stop codons can be clustered or spaced regularly throughout the chain. While 

we have empirically determined some locations are optimal to maximize yield and 

reduce truncation products, there is indisputably a vast sequence space to explore. 

2.2 Materials and methods 

2.2.1 Molecular biology and design of constructs 

2.2.1.1 Design of modified pTac expression vector compatible with recursive ligation 

cloning 

Our ELP library has been established in modified pET-24 vectors which are not 

compatible with the C321.A.2 E. coli line in the absence of T7 translational machinery. 

We therefore designed a new vector, m-pTac, for protein expression in this cell line. Use 

of m-pTac is by no means restricted to this cell line or UAA incorporation; exploring an 

alternative to the highly processive T7 polymerase is a useful strategy to mitigate the 

expression-level challenges facing many complex recombinant proteins. 

To synthesize the m-pTac vector, we replaced the T7 promoter and terminator 

sequences of m-pET-24+ with a pTac promoter and rrnB terminator, to maintain the 

restriction enzyme sites and origin of replication in the modified vector, m-pTac (Figure 

16). We are grateful for cloning design assistance by Nicholas C. Tang and vector re-

construction was performed by GenScript USA Inc. (Piscataway, NJ). 
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Figure 16: Vector maps of m-pET24 and m-pTac plasmids. 

To replace the T7 promoter, we selected the pTac promoter, a hybrid between the 

well-studied E. coli trp and lac promoters. The trp promoter is a component of the well-

studied trp operon, which is responsible for regulation of tryptophan synthesis genes 

and is an vital genomic element in E. coli.132 Similarly, the lac promoter is derived from 

the lac operon, an essential regulator for the transport and metabolism of lactose in E. 

coli.133 The pTac promoter is highly efficient, offers controlled expression with repression 

by the lac promoter and de-repression with isopropyl beta-D-thiogalactoside (IPTG), 

and is compatible with endogenous E. coli transcriptional machinery.134 We selected the 

rrnB terminator, the endogenous terminator for the E. coli ribosomal RNA gene, as this 

hairpin-dependent terminator is frequently employed as an efficient alternative to the T7 

termination sequence.125, 135  

This vector, termed “m-pTac”, is compatible with protein expression and UAA 

incorporation in the genomically recoded E. coli when co-transformed with the 

appropriate orthogonal translation system, especially pEvol, which has a compatible 
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p15A origin of replication, araBAD promoter, and chloramphenicol resistance marker. 

We designed the m-pTac vector to ensure the ease of gene transfer between the m-pET-

24+ vector and m-pTac for expression. Gene-encoding m-pET-24+ vectors are digested 

with BseRI/BamHI, the insert is extracted using agarose gel separation and purification, 

and the insert gene seamlessly ligated with similarly digested m-pTac. 

2.2.1.2 Construct design and stop codon positioning 

We explored several ELP construct architectures with respect to stop codon 

number and placement to achieve the various goals of this thesis work. For single 

insertion sites, we positioned the amber stop codon both directly at the N-terminus, as 

the first codon following the methionine start codon, and in the middle of the construct, 

to provide a metric of incorporation success by molecular weight. For multiple insertion 

sites, we investigated incorporation at both four and eight stop codons. For 

incorporating four residues, we have investigated constructs with both N-terminally 

clustered and regularly spaced residues. For inserting eight residues, we focused on stop 

codons regularly spaced throughout the chain. We have also interchangeably positioned 

the stop codon outside the context of an ELP repeat and as a guest residue with no 

discernible difference in outcome (Figure 17). 
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Figure 17: ELP architectures explored for unnatural amino acid incorporation.  

The genes for each of these constructs were synthesized using recursive 

directional ligation by plasmid reconstruction.136 In brief, we modified a pET-24+ cloning 

vector (m-pET-24+) to contain endonuclease recognition sites for AcuI, BseRI, and BglI. 

We digested m-pET-24+ with BseRI and ligated the desired ELP repeat sequences into 

the vector. The ELP sequences used in this library were previously constructed by first 

concatemerizing complementary ssDNA strands that encode for the desired ELP repeat 

motif along with “sticky end” overhangs, permitting the subsequent insertion into m-

pET-24+.59 Longer ELP sequences were constructed by digesting two populations of 

ELP-encoding m-pET-24+ with either AcuI/BglI or BseRI/BglI to create compatible 

plasmid fragments which, upon ligation, seamlessly encode the new gene product. In 

this case, the amber stop codon was introduced in the form of one of three peptides with 
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amino acid sequence 1) M*G; 2) GVPG*G; or 3) GVGVPG*GRG, where the asterisk 

indicates the location of the stop codon. We purchased ssDNA oligonucleotides 

encoding these sequences (IDT Technologies, Skokie, IL) and first annealed these 

together, digesting the m-pET-24+ plasmid with BseRI, and inserting these dsDNA 

fragments via the “sticky end” overhangs. This vector was then digested with AcuI and 

BglI to create an “A” population and the ELP-containing vector was digested with BseRI 

and BglI to create a “B” population. These two populations were then ligated to create a 

vector containing the gene encoding an amber stop codon-bearing ELP gene with the 

desired sequence architecture.  

For the constructs to be expressed in the C321.A.2 line, which is not T7 

compatible, we transferred the ELP genes of interest from the m-pET-24+ vector to the 

m-pTac plasmid by digesting both vectors with BseRI/BamHI, extracting the insert using 

agarose gel separation and purification, and ligating with similarly digested m-pTac. 

Incorporating UAAs at the amber stop codon ensures the versatility of the library 

of constructs we have developed; these genes can be used for future incorporation of 

any unnatural residue when provided with the corresponding orthogonal translation 

system. Conversely, the Phe auxotroph expression system required us to construct 

similar genes as those described above with a Phe codon (DNA sequence TTT) in the 

place of the amber stop codon. While this does not largely restrict the functionality of the 

ELP itself, this approach does preclude future use of any Phe-containing fusion partners. 



 

46 

2.2.2 Library of orthogonal translational systems 

We explored the incorporation of a diverse range of unnatural residue 

functionalities and structures, enabled by the corresponding orthogonal translation 

systems (OTS). Please see Appendix A for a comprehensive list of the vectors, parent 

synthetase/tRNA pairs, and corresponding unnatural amino acid residue(s) which we 

have investigated. We have used these OTS – all based on one of the three available 

parent MjTyr, MmPyl, and MbPyl aaRS/tRNA pairs – in order to incorporate residues 

with functionality ranging from bioorthogonal reactivity including SPAAC reaction 

partners, photocrosslinking, polymerization initiation, and vibrational reporters. 

Prior to expression with BL21(DE3) or C321.A cell lines, we co-transformed the 

OTS vectors and the plasmid containing the gene of interest into the bacterial host of 

choice. To do this, we simultaneously mixed 100 ng of each plasmid DNA with 

competent cells. The cells were incubated on ice for 10 min, followed by a 30 s heat 

shock at 42C, and a short recovery on ice for an additional 2 min. We then incubated 

the cells in complete SOC media (ThermoFisher Scientific, Pittsburgh, PA) for 1 h at 37C 

prior to plating on dual-selection agar plates. For the genomically recoded AF-IQ line, 

we transformed with only the expression plasmid containing a gene of interest 

harboring phenylalanine codons as the sites of insertion. 
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2.2.3 Preparation of bacterial expression hosts 

As described in Section 2.1.1.1, we have investigated five different expression 

hosts for unnatural amino acid incorporation, some of which required additional 

modification prior to expression. For example, we made the T7-compatible C321.A.1 

line via DE3 lysogenization, as the C321.A.exp line originally purchased from 

Addgene (Watertown, MA) had only endogenous E. coli expression machinery. To do 

this, we used the commercially available DE3 Lysogenization Kit (MilliporeSigma, 

Burlington, MA). This kit contains a DE3 prophage strain carrying the T7 phage RNA 

polymerase gene, which will be site-specifically inserted in the genome at the attB 

sequence in the bacterial chromosome.137 We inoculated cultures of C321.A.exp in LB 

media supplemented with 0.2% maltose, 10 mM MgSO4, 25 g L-1  D-biotin, and 25 g 

mL-1 zeocin (InvivoGen, San Diego, CA) and incubated with shaking at 30C until an 

OD600 of 0.5 was reached. At that point, we mixed 108 PFU (plaque-forming units) DE3, 

108 PFU helper phage, and 108 PFU selection phage with 5 L of the C321.A.exp 

culture. We incubated this mixture for 20 min at 37C and then plated by spreading onto 

zeocin-supplemented LB plates. We incubated these plates inverted at 37C for 18 h and 

selected lysogens (colonies) from these plates to inoculate overnight cultures for long-

term storage as 50% glycerol stocks at -80C.  

We confirmed successful lysogenization of the resulting C321.A.1 colonies by 

Western blot. The C321.A strain is resistant to T7 phage infection; therefore, we needed 
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an alternative strategy to the T7 Tester Phage provided with the kit for validating 

lysogens. For the Western blot, we grew 5 mL LB cultures of C321.A.1 as well as 

control BL21(DE3) and EB5 E. coli, to an OD600 of 0.8. At that point we induced with 1 

mM isopropyl -D-1 thiogalactopyranoside (IPTG), while maintaining one culture of 

C321.A.1 as an uninduced control. We grew these cultures for an additional 16 h, at 

which point we lysed by sonication for 1 min. We ran 10 L of cell lysate for each sample 

on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred to a polyvinylidene difluoride (PVDF) membrane using the Trans-Blot Turbo 

Transfer System (BioRad, Hercules, CA). We then blotted for T7 RNA polymerase 

expression by incubating the membrane with a polyclonal anti-T7 RNA polymerase 

antibody (MilliporeSigma, Burlington, MA) at a 1:10,000 dilution. We developed the 

resulting blot on CL-Xposure film (ThermoFisher, Pittsburgh, PA) to qualitatively 

confirm IPTG-inducible expression of T7 RNA polymerase (Figure 18). 

 

Figure 18: Western blot confirming T7 lysogenization of C321.A.1 E. coli. 

To use the genomically recoded lines (C321.A.1, C321.A.2, AF-IQ) for protein 

expression, we had to prepare chemically competent stocks for co-transformation of the 
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necessary vectors. To do this, we grew a 2 mL culture of LB media supplemented with 

the appropriate selection markers (25 g mL-1 zeocin for the C321.A lines, 25 g mL-1 

chloramphenicol for AF-IQ) for 12 h at 37C. We inoculated a fresh 10 mL LB culture at a 

dilution ratio of 1:100 with the overnight culture and grew until the OD600 reached 0.4. At 

this point, we collected the cells by centrifuging at 3,500xg at 4C for 10 min. We 

resuspended the pellet in 10 mL sterile, cold 0.1 M CaCl2 and incubated on ice for 20 

min. We centrifuged again as before and resuspended the pellet in 1 mL sterile, cold 0.1 

M CaCl2, 10% glycerol. Following an additional 20 min incubation on ice, we aliquoted 

the competent cells into 50 L stocks to be stored at -80C for a maximum of six months. 

2.2.4 Protein expression and purification 

Recombinant protein expression for these studies followed a similar protocol for 

all of the expression hosts tested, with minor variations in growth temperature and 

growth media composition. In general, we first inoculated liquid cultures (50 mL) of co-

transformed strains from frozen glycerol stocks and grew this to confluence overnight. 

We then inoculated growth cultures (1 L) at a 1:20 dilution in media supplemented with 

the appropriate dual-selection markers. We induced aaRS expression by the addition of 

arabinose (0.2%) and the unnatural residue of interest (1 mM), both added at the same 

time as the inoculation. Cells were grown at in a shaking incubator at 200 r.p.m. for 6 h, 

at which time ELP expression was induced by the addition of IPTG (1 mM), and the 



 

50 

cultures incubated at an additional 18 h, with both incubations at the cell-line dependent 

growth temperature (Table 1).  

Table 1: Growth temperatures of E. coli lines for recombinant unnatural amino 

acid incorporation 

E. coli Temperature (°C) E. coli  Temperature (°C) 

BL21(DE3) 37 C321.A.1 30 

SHuffle T7 Express 25/16 C321.A.2 34 

  AF-IQ 37 

We harvested cell pellets by centrifugation at 3,500xg and resuspended these in 

1xPBS (20 mL). Cells were then lysed by sonication for a total of 3 min (Misonix; 

Farmingdale, NY) and DNA was precipitated by addition of polyethyleneimine (10%; 

MP Biomedicals, Santa Ana, CA). Precipitated DNA and cellular debris were removed 

by centrifugation at 20,000xg at 4°C. Soluble ELPs were then purified using four rounds 

of inverse transition cycling as described previously and in Section 1.2.2.1.69 

2.2.5 Characterizing expressed products  

To characterize the recombinantly expressed proteins, we employed both 

qualitative SDS-PAGE analysis as well as mass spectroscopy. We ran purified proteins 

on 4–20% gradient Tris-HCl (Biorad, Hercules, CA) SDS-PAGE and visualized with both 

0.5 M CuCl2 staining and fluorescent imaging of fluorescently labeled proteins.  

Incorporation efficiency was quantified with deconvolution of ESI-LC/MS 

spectra performed on intact proteins. Solutions of ELP (20 µM) were prepared in 5% 

acetonitrile/0.2% formic acid/water and mass spectra acquired on an Agilent 1100 
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LC/MSD Trap SL (Agilent Technologies, Santa Clara, CA) in positive mode. Samples 

were injected into a Phenomenex Luna C18 column (50 x 1 mm, 3 µm; 0.2% formic acid 

in water as buffer A, 0.2% formic acid in acetonitrile as buffer B) and then into the mass 

spectrometer using a fully automated system. Deconvolution was performed using 

LC/MSD Trap Data Analysis software. 

2.3 Results and discussion 

2.3.1 Identifying optimal expression host and growth conditions for 
unnatural amino acid incorporation 

The task of identifying a single optimized protocol for recombinant 

incorporation of UAAs into ELPs is complicated by the variety of possible growth 

conditions and combinations thereof. As discussed, the many factors which influence 

recombinant expression in this context are inextricably linked. In our experience, the 

primary determining factor for protocol selection was construct architecture, which 

subsequently influenced choice of expression host and growth media. We have 

accordingly organized the following discussion by construct design with respect to 

number of incorporation sites. Furthermore, we have focused the discussion here on our 

expressions with the pEvol OTS and incorporation of either p-azidophenylalanine 

(pAzF, Figure 25), or p-acetylphenylalanine (pAcF, Figure 51). 

2.3.1.1 Constructs with one site of incorporation 

The highest yielding constructs we tested had a single site of UAA incorporation 

immediately following the start codon at the N-terminus. We expressed these in 
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BL21(DE3) E. coli in TB, AIM, and 2xYT medias, as well as in both of the genomically 

recoded C321.A lines. We obtained higher yields with the BL21 expressions, 

particularly in AIM (ca. 100 mg L-1 with either pAcF or pAzF). The single N-terminal 

position allows for rapid assessment of successful stop codon suppression by confirming 

expected protein molecular weight with SDS-PAGE (Figure 19). 

 

Figure 19: SDS-PAGE of ELP constructs incorporating a single unnatural 

amino acid at the N-terminus. 

Our expressions involving a single incorporation site positioned in the middle of 

the ELP sequence resulted in truncation products, a commonly encountered challenge 

with UAA incorporation. Our initial expressions with BL21(DE3) in rich media (TB, 

2xYT, or AIM) resulted in products corresponding to the ELP block upstream of the stop 

codon in ostensibly equivalent yields as the full-length construct. The same was true for 

expressions in the genomically recoded C321.A.1 line in either TB or 2xYT media, 

despite the deletion of release factor 1 in this line. We also investigated expressions with 

C321.A.1 in minimal media in an attempt to slow the global metabolic rate of all the 

processes in these cells, including transcription and translation. While these conditions 
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seemingly eliminated these truncation products, the yields from these expressions were 

unacceptably low for material characterization (ca. 2 mg L-1 with pAcF) (Figure 20).  

 

Figure 20: SDS-PAGE of ELP constructs incorporating a single unnatural 

amino acid positioned within the chain. Italicized text indicates molecular weight of 

truncation product corresponding to ELP block preceding the stop codon. 

The truncation products observed with the genomically recoded line support the 

hypothesis that this phenomenon can be attributed to ribosomal stalling, as premature 

truncation can occur even in the absence of release factor competition. If the 

unoptimized and/or insufficiently induced UAA translational machinery cannot match 

the transcription rate of the highly prolific T7 RNA polymerase (which can produce 

target gene mRNA in quantities comparable to of the total ribosomal RNA in a cell), the 

ribosomes will prematurely release the nascent peptide chain; similar truncation 

phenomenon have been observed for expression of challenging recombinant proteins in 

other contexts.131, 138 
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These expressions were informative as to both the strengths and limitations of 

genetic code expansion in our hands, providing us with a realistic threshold for success 

as we investigated more complex sequences with multiple stop codons. 

2.3.1.2 Constructs with multiple sites of incorporation 

While we successfully incorporated a single unnatural residue into ELPs at the 

N-terminus, the potential utility of these constructs is limited. We next focused on 

optimizing the incorporation of multiple residues, which greatly enriches the chemical 

identity of these functionalized ELPs. The maximum reported number of unnatural 

residues successfully incorporated into an ELP is thirty; we have investigated the 

incorporation of both four and eight residues.113 

We first designed constructs with four amber stop codons regularly spaced 

throughout an ELP chain, separated by twenty ELP repeats. Our initial expressions 

incorporating pAzF in either BL21(DE3) or C321.A.1 E. coli in rich media (TB, 2xYT), 

resulted in regular truncation products corresponding to termination after the second, 

third, and fourth stop codon, in addition to full-length protein. The accompanying 

fluorescent gel images, with reactive dyes labeling the pAzF residues, indicate the 

successful incorporation of two, three, or all four pAzF residues. We eliminated these 

truncation products by genetically introducing a His tag at the C-terminus of this chain, 

in order to purify only the full-length product with affinity chromatography. This is a 

viable approach and produced approximately 30 mg L-1 of pure material. Until this point 
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in our studies, we had been using the first generation of pEvol pAcFRS, which had 

remained largely unoptimized since its development in 2003 and was the only OTS 

available for incorporating pAcF or pAzF. With the advent of the highly optimized pEvol 

pAcFRS.t1.1 OTS and the specialized C321.A.2 line, we found expressions of the same 

constructs in 2xYT media produced approximately 55 mg L-1 of pure product, without 

any truncation products (Figure 21). 

 

Figure 21: Incorporation of four regularly-spaced unnatural residues into ELPs. 

pAzF residues are labeled and visualized with a reactive DBCO-Cy5 dye. 

When testing the same conditions with a similarly design construct with eight 

stop codons regularly spaced throughout the chain, however, we again encountered 

truncation products when incorporating pAzF (Figure 22). These can be easily 

eliminated using a C-terminal His tag to obtain only the full-length construct, though 

likely with a detriment to yield.  
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Figure 22: Incorporation of eight regularly-spaced unnatural residues into 

ELPs. pAzF residues are labeled and visualized with a reactive DBCO-Cy5 dye. 

We also investigated insertion of pAcF into constructs with four or eight 

insertion sites clustered at the N-terminus, each separated by three ELP repeats and 

followed by a 120-mer ELP chain. While both expressions were successful in producing 

full-length material, the construct with eight insertion sites also produced a low 

molecular weight truncation product, which we predict to be the leader segment 

containing eight stop codons. This block is approximately 14 kDa, and hydrophobic 

ELPs tend to migrate 20% higher on SDS-PAGE than their apparent molecular weight.139-

140 However, more stringent mass spectroscopy analysis is needed to validate this 

hypothesis. (Figure 23). 
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Figure 23: Incorporation of four and eight clustered unnatural residues into 

ELPs. pAcF residues are labeled and visualized with a reactive AlexaFluor647-

hydroxylamine dye. 

Through these expressions, we have identified the limit of efficiency for our 

system lies between four and eight residues. A systematic investigation into constructs 

with incorporation sites spanning this interval will reveal the threshold for successful 

full-length suppression. We hypothesize that the increased number of stop codons 

stresses the translational load beyond the point at which the unnatural amino acid 

machinery can compensate – particularly in the case when these residues are clustered 

together – which leads to ribosomal stalling and truncation. 

2.3.2 Comparing orthogonal translational system incorporation 
efficiency with mass spectroscopy 

To quantify the extent to which the evolved pEvol pAcFRS.1.t1 is superior to the 

original pEvol pAcFRS, we compared the incorporation efficiency of these with electron 

spray ionization liquid chromatography mass spectroscopy (ESI-LC/MS).  We confirmed 

a higher incorporation efficiency with the evolved pEvol pAcFRS.1.t1 (> 99%) as we 
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identified a significant population of protein with misincorporated residues with the 

first generation pEvol pAcFRS (Figure 24). Based on the molecular weight of this 

population, the misincorporated residues likely include a mixture of Tyr, Phe, Lys, and 

Pro, which is consistent with literature reports.113 

 

Figure 24: ESI-LC/MS analysis comparing the incorporation efficiency of pAzF 

by two generations of pEvol orthogonal translation systems. Spectra collect for 

proteins expressed with (A) pEvol pAcFRS, (B) pEvol pAcFRS.1.t1. Red bars 

correspond to expected product molecular weight (33814.9 Da), black bar represents 

population with misincorporation. 

2.4 Concluding remarks 

These optimizations directly enabled the work in the chapters that follow, which 

required ample material for functionalization and characterization. We have used these 

findings as guides for our successful incorporations of several other residues including 

4-(2-bromoisobutyramido)-phenylalanine (BiBaF), para-azidomethyl-L-phenylalanine 

(pAMF), and a tetrazine-containing residue, Tet2.0 (see Table 15, Appendix A). A useful 

alternative which we also explored for incorporating Phe-based structures, such as 

pAcF, is the use of a Phe auxotroph and permissive PheRS, developed and generously 

provided to us by Tirrell and co-workers.126 The diversity of published expression 
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conditions and configurations continues to exponentially grow, keeping pace with the 

rapidly expanding field of genetic code expansion. These optimizations have enabled us 

to identify the distilled requirements for successful UAA incorporation with our system. 

We have designed a general protocol for future recombinant UAA 

incorporations with respect to expression host, growth media, and the promoter for the 

gene of interest. With most constructs, and particularly those requiring multiple 

incorporation sites, the optimal expression host is the genomically recoded C321.A.2 E. 

coli, cultured in 2xYT media. Along with the gene of interest under the control of the 

pTac promoter and an optimized OTS, the combination of these conditions provides the 

greatest confidence in our ability to simultaneously maximize yield, incorporation 

efficiency, and minimize truncation products. If the construct of interest only requires a 

single site of incorporation and there is flexibility as to its positioning, the immediate N-

terminal position is ideal. This position provides the most rapid read-out of success by 

confirming full-length expression with SDS-PAGE and mass spectroscopy. When the 

primary concern with these constructs is in maximizing yield, we recommend testing 

incorporation with BL21(DE3) E. coli in 2xYT or TB media with the construct still under 

control of the pTac promoter. As we have determined, the driving principle for 

successful recombinant UAA incorporation is to delicately balance maximizing the 

translational load against the potential for easily overloading the system, which causes 

undesirable truncation products and low yield. 
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3. Bioorthogonal photocrosslinking strategy for 
synthesizing nano- to microscale hydrogel particles 

3.1 Introduction and motivation 

We have exquisite control over elastin-like polypeptide (ELP) self-assembly, with 

the ability to design unique multi-layered architectures and tune particle size ranging 

from the nano- to microscale. However, because of the limited chemical diversity of 

natural amino acids, we have yet to effectively stabilize and transform these assemblies 

from merely observed phenomena into functional materials. For example, while 

amphiphilic ELP polymers drive self-assembly of unimers into nanoscale micelles, these 

particles can disassemble in the complex physiological milieu of the circulation as the 

unimer-to-micelle equilibrium is in constant dynamic flux.141-142 Similarly, nanoparticles 

confirmed to be stable in buffer have been shown to disassemble in serum and multi-

component media.142 Stabilization of these polymeric nanoscale micelles by crosslinking 

has been proven to enhance their systemic exposure and reduce renal clearance.143-144 

We have developed a simple yet powerful system to easily stabilize ELP-based, 

thermoresponsive hydrogel particles, from the nano- to microscale, using a 

bioorthogonal, photoreactive unnatural amino acid. Particle size is controlled by the self-

assembly and unique phase transition behavior of ELPs in bulk and within microfluidic-

generated droplets. These particles are then stabilized through ultraviolet (UV) 

irradiation of a photocrosslinkable residue, p-azidophenylalanine (pAzF, Figure 25), 

cotranslationally incorporated into the parent ELP. 
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Figure 25: Structure of p-azidophenylalanine (pAzF), the unnatural residue 

used for photocrosslinking. 

The aryl azide group on this residue forms a reactive nitrene upon irradiation 

with UV light, which readily inserts into nearby N-H or C-H bonds to form an 

irreversible covalent linkage.145-146 Use of this residue accomplishes several key goals: 1) 

the relative location and number of crosslinking sites can be determined by site-

specifically genetically encoding the pAzF residues along the polymer chain, 2) 

crosslinking can be performed at a specific temperature with irradiation of UV light, 

allowing for stabilization of fully assembled particles, and 3) this residue will ensure 

bioorthogonality of the crosslinking strategy.  

The platform we describe in this chapter represents a fundamental advance in 

the generation of crosslinked biopolymer networks and is one of the first 

demonstrations of successful use of unnatural amino acids in generating a novel 

material. The work presented here resulted in a publication in Advanced Materials 

(license number 4517780048529) and was completed in collaboration with my colleague, 

Joseph Simon.147 I am grateful for his assistance in completing these studies and have 

noted which of the data were specifically collected and analyzed by Joseph in the 

following sections. 
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3.1.1 Hydrogel particle utility and methods of synthesis 

Hydrogel particles are versatile materials used extensively in a wide variety of 

fields, ranging from photonics, optics, cell capture, biosensing, drug delivery, and tissue 

engineering to the food industry and cosmetics.7, 13-15, 148-154 These particles, made of 

crosslinked networks of polymers, respond to local changes in temperature by reversibly 

shrinking and swelling in solution due to changes in network solubility. These large-

scale volumetric changes provide exquisite, tunable control over the sequestration and 

delivery of materials and cargo, with demonstrated utility in diverse applications. 

Both biological and synthetic polymers have been used to synthesize hydrogel 

particles, with the latter being more frequently employed owing to the higher degree of 

chemical flexibility. Synthetic starting materials range from polyesters (e.g. poly(N-

isopropylacrylamide), poly(ethylene glycol)diacrylate), to polyethers, such as 

polyethylene glycol, to co-polymers such as poly(lactic-co-glycolic) acid. These polymers 

are then formulated into stable hydrogel particles through the introduction of chemical 

crosslinking sites and using a range of fabrication strategies.155 

The favorable properties of hydrogel particles are chiefly dictated by particle 

structure, composition, and size. Particles ranging from nanometers to micrometers are 

used in different applications depending on particle geometry, refractive index, cargo 

loading capacity, release kinetics, and deformability parameters. Traditionally, these 

particles have been fabricated using a variety of advanced techniques and starting 
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materials, and only within one size regime. While particle size and geometry can be 

controlled using such techniques as layer-by-layer deposition, molecular self-assembly, 

electrohydrodynamic co-jetting, lithography, imprinting, micromolding, and droplet 

microfluidics, these approaches restrict particle size, for example, to either the nanoscale 

by self-assembly or the microscale by fluidic templating.156-163 Despite the importance of 

this parameter, an overarching challenge in synthesizing biopolymer-based hydrogel 

particles is the ability to control particle size via on-demand, orthogonal crosslinking.  

3.1.2 Crosslinking strategies for biopolymers 

Crosslinking of biopolymers has been accomplished with engineered disulfide 

bonds, enzymatic processing, radiation, or through the use of extrinsic chemical 

crosslinking agents and reaction at lysine residues. Disulfide bonds can spontaneously 

and randomly form intramolecular crosslinks between cysteine-containing polymers in 

reducing conditions.150 High-energy, ionizing radiation can be used to initiate covalent, 

intrachain dimerization of phenylalanine and tyrosine residues, provided these residues 

are included in a biopolymer sequence.164 Enzymatic strategies for crosslinking, such as 

with tissue transglutaminase, Sortase A, or the SpyTag/SpyCatcher system, require 

specific recognition and substrate motifs to be incorporated into the polymer sequence, 

as well as addition of the necessary enzyme to the system and its subsequent removal 

after crosslinking.102, 165-166 The primary amine of lysine residues can undergo 

condensation reactions with extrinsic chemical crosslinkers to form a random network.33 
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Alternatively, non-covalent crosslinking can be achieved through self-associating and 

self-assembling protein domains such as helices and leucine zipper motifs.167 

These strategies, while useful in certain contexts, present limitations for 

developing biopolymer-based hydrogel particles. Protein-protein interactions and 

disulfide bond formation are both reversible, which leads to inefficient crosslinking, 

particularly when temporal and spatial control is required.150 Extrinsic crosslinkers are 

often cytotoxic, and both this approach and that of enzymatic processing require 

extensive purification before use in vitro and in vivo.168-170 All of these strategies require 

either specific amino acids to be included in the biopolymer sequence, or in the case of 

enzymes, entire motifs or even protein domains. A bioorthogonal strategy is needed to 

crosslink and stabilize biopolymers with spatiotemporal control, in the presence of 

bioactive residues, and with limited restriction on amino acid sequence. 

3.2 Materials and methods 

3.2.1 Molecular biology and design of constructs 

We designed two ELPs containing photocrosslinkable pAzF residues to serve as 

the constituent polypeptides of our system (Figure 26). One polypeptide, termed 

photocrosslinkable ELP (PCE), is composed of eighty pentameric repeats of the VPGVG 

motif with four regularly-spaced pAzF residues, a sufficient number to form a 

crosslinked network.32 The second ELP in our system is a self-assembling 

photocrosslinkable diblock (PCD) comprised of two distinct repetitive blocks: an N-
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terminal hydrophobic PCE block and a C-terminal hydrophilic ELP block, composed of 

eighty pentameric repeats of the VPGSG motif. 

  

Figure 26: Schematic of two constructs, PCE and PCD, used in crosslinked 

particle platform. 

Genes encoding PCE and PCD were first synthesized using recursive directional 

ligation by plasmid reconstruction in a modified pET24+ vector. We made use of a 

modified pET-24+ cloning vector (m-pET-24+) with unique restriction enzyme 

recognition sites for AcuI, BseRI, and BglI. We digested m-pET-24+ with BseRI to ligate 

the base repeat of PCE into the vector: pAzF(VPGVG)20. The amber stop codon and 

insertion site for pAzF (DNA sequence “TAG”) was introduced as an oligonucleotide by 

digesting a m-pET-24+ containing the gene encoding (VPGVG)20 with BseRI. This base 

repeat was used to construct the final PCE and PCD sequences through sequential 

rounds of plasmid reconstruction, as described previously.61 The amino acid sequences 

of these constructs are shown in Appendix B, Table 17. 
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We then transferred the PCE and PCD genes from the m-pET-24+ plasmids to the 

m-pTac vector (see Section 2.2.1.2). These vectors were then co-transformed with an 

evolved pEvol tRNA/aaRS vector into the genomically recoded E. coli, both generously 

provided by Prof. Farren J. Isaacs at Yale University. 

3.2.2 Protein expression, purification, and characterization 

To express the proteins for these studies, starter cultures (50 mL) of co-

transformed strains harboring pEvol and ELP plasmids were inoculated from frozen 

glycerol stocks and grown for 18 h. The starter cultures were then inoculated at 1:20 

dilution in 2xYT media (1 L) supplemented with kanamycin (45 μg ml-1) and 

chloramphenicol (25 μg ml-1). aaRS expression was simultaneously induced by the 

addition of arabinose (0.2%) and pAzF (1 mM). Cells were grown at 34°C in a shaking 

incubator at 200 r.p.m. for 6 h, at which time ELP expression was induced by the 

addition of IPTG (1 mM), and the cultures incubated at 34°C for an additional 18 h. Cell 

pellets were harvested by centrifugation at 3500xg and resuspended in 1xPBS (20 mL). 

Cells were lysed by sonication for a total of 3 min (Misonix; Farmingdale, NY) and DNA 

was precipitated by addition of polyethyleneimine (10%; MP Biomedicals, Santa Ana, 

CA). Precipitated DNA and cellular debris were removed by centrifugation at 20,000xg 

at 4°C. Proteins were then purified using four rounds of inverse transition cycling, as 

described previously and in Section 1.2.2.1.69 Briefly, solutions of proteins were heated 

and salt (NaCl) was added to induce the phase transition of the ELP, followed by 
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centrifugation to collect all insoluble material at 20,000xg, 35°C, and the resulting pellet 

was re-suspended in cold 1xPBS. Upon cooling, the ELP resolubilizes, while 

contaminants remain insoluble and can be removed by centrifugation at 20,000xg, 4°C. 

These centrifugation steps are repeated sequentially until the desired purity is achieved. 

All protein samples containing pAzF were handled in the dark to protect this 

photosensitive residue from ambient light. 

Purified PCE and PCD were characterized for purity by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). Incorporation of pAzF was 

qualitatively confirmed by strain-promoted alkyne-azide cycloaddition (SPAAC) 

reaction with excess dibenzocyclooctyne-Cy5 (DBCO-Cy5) dye followed by separation 

on SDS-PAGE and imaging on a Typhoon 9410 Variable Mode Imager (GE Healthcare, 

Pittsburgh, PA). Incorporation efficiency of pAzF was quantified with deconvolution of 

ESI-LC/MS spectra performed on intact proteins. Solutions of PCE and PCD (20 µM) 

were prepared in 5% acetonitrile/0.2% formic acid/water and mass spectra acquired on 

an Agilent 1100 LC/MSD Trap SL (Agilent Technologies, Santa Clara, CA) in positive 

mode. Samples were injected into a Phenomenex Luna C18 column (50 x 1 mm, 3 µm; 

0.2% formic acid in water as buffer A, 0.2% formic acid in acetonitrile as buffer B) and 

then into the mass spectrometer using a fully automated system. Deconvolution was 

performed using LC/MSD Trap Data Analysis software. 
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The transition temperatures (Tt) of PCE and PCD were determined by 

temperature-controlled spectrophotometry using a Cary 300 (Agilent Technologies, 

Santa Clara, CA). Samples containing various concentrations of PCE or PCD in 1xPBS 

were heated at 1C min-1 and the optical turbidity at 650 nm was recorded every 0.1C. 

The transition temperature was determined for each sample as the maximum of the first 

derivative of the turbidity as a function of temperature. 

3.2.3 Crosslinking and particle synthesis 

We devised a simple two-step strategy to fabricate uniform thermoresponsive gel 

particles spanning multiple length scales (Figure 27).  

 

Figure 27: Strategy for crosslinked hydrogel particle synthesis with 

programmable size 
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We first tuned the temperature of solutions containing PCD, PCE, or a mixture of 

both to form particles, and then stabilized the resulting particles by crosslinking with 

broad spectrum UV light for a minimum of 10 s (250-450 nm filter set, Omnicure® Series 

1000 lamp, Ontario, Canada). 

3.2.3.1 Nanoparticle synthesis 

For nanoscale particle synthesis we use PCD, a thermally responsive amphiphile. 

Raising the temperature above its critical micellization temperature (CMT) in bulk 

solution triggers self-assembly into spherical micelles and subsequent UV-irradiation 

crosslinks the micelle cores, stabilizing these nano-gel particles (Figure 28). 

 

Figure 28: Schematic for formation of crosslinked ELP nanoparticles. 

3.2.3.2 Mesoparticle synthesis 

To create hydrogel particles that span the mesoscale, from 100 nm – 1 m, we 

combine diblock PCD and monoblock PCE in solution. By tuning the temperature above 

both the CMT of the PCD and the Tt of PCE, but below the Tt of PCD, we can generate 

mesoscopic coacervates of PCE whose size is limited by the PCD. It is a well-established 

phenomenon of polymer physics that diblock copolymers, such as PCD, behave as 
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macromolecular analogues of surfactants in solution with homopolymers, such as PCE. 

PCD limits coarsening of the PCE coacervates through solubilization of the PCE-block of 

PCD with PCE unimers.171 By modulating the ratio of PCE to PCD, we can tune particle 

size within the mesoscale regime. UV-irradiation then stabilizes these mesoscale 

assemblies into spherical particles (Figure 29). 

 

Figure 29: Schematic for formation of crosslinked ELP mesoparticles. 

3.2.3.3 Microparticle synthesis 

To synthesize microparticles, we utilized microfluidic droplet-generating chips 

to create monodisperse water-in-oil emulsion droplets containing PCE. Tuning the 

temperature either above or below the Tt of PCE and subsequent UV-irradiation 

crosslinks the PCE coacervates into microscopic particles. Gel particle size can be easily 

tuned by modulating the starting concentration of PCE and the temperature at which 

crosslinking occurs (Figure 30). 

To create water-in-oil emulsion droplets, two liquid phases – an aqueous phase 

of ELPs in 1xPBS and an organic phase comprised of TEGOSOFT® DEC/ABIL® EM 

90/mineral oil (75%/5%/20% vol/vol) – were injected into the microfluidic droplet 
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generator at constant flow rates using syringe pumps. The flow rates of the two phases 

were tuned to ensure droplet formation in the dripping regime; this was achieved using 

a constant flow rate of 250 μL hr-1 for the organic phase and 75-100 μL hr-1 for the 

aqueous phase. The production of droplets was monitored using a 5× objective on an 

inverted microscope (Leica) equipped with a digital camera (Lumenera Infinity 3-1 

CCD). 

 

Figure 30: Schematic for formation of crosslinked ELP microparticles. 

3.2.3.4 Particle extraction 

Microscale particles were extracted from droplets immediately following droplet 

synthesis using isobutanol to disrupt the water/oil phase boundary and create two 

continuous phases.172 Isobutanol was added at a ratio of 10:1 with droplets in solution 

and vortexed gently to mix. Droplet rupture was evidenced by a change in the solution 

from turbid and yellow-white to clear and colorless. This solution was then centrifuged 

for 1 min at 20,000xg and the supernatant removed. The remaining pellet contained the 
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crosslinked particles and was resuspended in 1xPBS for storage. Particle integrity, 

shape, and size were confirmed to be intact and unchanged before and after droplet 

extraction via light microscopy (Figure 31). 

 

Figure 31: Crosslinked particle extraction from microfluidic droplets. 

Isobutanol is mixed with the solution of microdroplets to create two continuous 

phases. The less dense organic phase is easily removed after centrifugation and 

aspiration. The resulting pellet of particles can then be resuspended in the aqueous 

solvent of choice. Scale bars, 50 m. 

3.2.4 Particle characterization 

3.2.4.1 Light scattering 

Temperature ramp dynamic light scattering (DLS) measurements of nano- and 

mesoparticles were performed from 15−50°C using a Wyatt DynaPro temperature-

controlled instrument (Wyatt Technology, Santa Barbara, CA), with five acquisitions 

collected every 1°C. Samples for the DLS system were prepared in 1xPBS and filtered 

through Whatman Anotop sterile syringe filters (0.2 µm; GE Healthcare Life Sciences, 
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Pittsburgh, PA), into a quartz crystal cuvette (12 μL; Wyatt Technology, Santa Barbara, 

CA). The data points presented for these characterizations represent the mean Rh or Dh of 

the sample at each temperature, with error bars illustrating the polydispersity. 

Static light scattering (SLS) measurements were performed using an ALV/CGS-3 

goniometer system (Langen, Germany). Samples for the ALV/CGS-3 goniometer system 

were prepared in 1xPBS and filtered through Whatman Anotop sterile syringe filters (0.2 

µm) into a disposable borosilicate glass tube (10 mm; Fischer Scientific, Pittsburgh, PA). 

Simultaneous SLS measurements at 37°C were obtained at angles between 30°-150° at 5° 

increments, with each angle consisting of 3 runs for 15 s. The differential refractive index 

(dn dc-1) was determined by measuring refractive index at 37°C at five different 

concentrations using an Abbemat 500 refractometer (Anton Paar, Graz, Austria). Static 

light scattering data were analyzed by partial Zimm plots using the ALVSTAT software 

to determine the radius of gyration (Rg) and molecular weight. Nagg was determined by 

dividing the particle molecular weight by molecular weight of an individual PCD chain. 

3.2.4.2 Cryogenic transmission electron microscopy 

Cryo-EM imaging was performed on a Tecnai G2 Spirit BioTWIN (FEI-Company, 

Eindhoven, the Netherlands, and Hillsboro, OR) operated at 120 kV. Samples containing 

crosslinked PCD nanoparticles were adsorbed onto holey carbon grids. Either 2.0 µm 

holes, 2.0 µm spacing, Quantifoil grids (Quantifoil Micro Tools GmbH, Großlöbichau, 

Germany) or Lacey carbon grids (Ted Pella, Redding, CA) covered with a thin 
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continuous carbon film were used. Samples were vitrified using a FEI Vitrobot Mark IV 

device and loaded onto the grid in the Vitrobot chamber at RT (22°C) with the relative 

humidity set to 100%. Samples were blotted for 2 s with a force set to 3, plunged directly 

into liquid ethane and transferred into liquid nitrogen. Grids were then transferred into 

a Gatan 626 cryo-holder (GATAN Inc. Pleasanton, CA) and inserted into the TEM. 2D 

micrographs were acquired using a FEI Eagle 4kx4K CCD camera in low-dose condition 

at varying magnifications with a dose not exceeding 15 e Å-2 s-1. The cryo-TEM data were 

collected by Cedric Bouchet-Marquis at FEI-Company (Hillsboro, OR).  

3.2.4.3 Atomic force microscopy 

Samples for atomic force microscopy (AFM) imaging were prepared by placing a 

drop (~20 μl) of sample solution (6 mg ml-1 PCD in water) onto a freshly cleaved mica 

surface. The samples were then incubated for 15 min and subsequently gently rinsed 

with Milli-Q H2O and dried with N2 gas. AFM images were acquired in Tapping Mode 

at 25°C using a Nanoscope MultiMode AFM (Bruker). Tapping Mode silicon cantilevers 

were used for all the AFM images (kF = 40 N mol-1, fres = 300 kHz). The particle sizes were 

determined using ImageJ open source software. 

3.2.4.4 Scanning electron microscopy 

Microparticles were extracted from droplets as described in Section 3.2.3.4 and 

resuspended in water for scanning electron microscopy (SEM) imaging. An aliquot of 

extracted particles (5 µL) was drop-cast onto a silicon wafer attached to an aluminum 
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stub with double-sided adhesive carbon tape and allowed to air dry for at least 4 h. The 

dried samples were sputter-coated with gold for 250 s (Denton Desk IV, Moorestown, 

NJ) and then imaged with a FEI XL30 SEM-FEG at 7 kV. Mesoparticles were crosslinked 

in bulk and diluted 1:100 in water prior to sample preparation and imaging. 

3.2.4.5 Heating and optical imaging 

Prior to particle synthesis, a sample of PCE was fluorescently labeled by 

Alexa488-NHS ester coupling to the N-terminal amine of these chains. Briefly, purified 

PCE was reacted with an excess of AlexaFluor488-NHS ester dissolved in 

dimethylsulfoxide (DMSO) for 16 h at 4C in 1xPBS. Unreacted dye was removed by 

washing with 15% acetonitrile/PBS in Amicon-0.5 Ultra Centrifugal Filters 

(MilliporeSigma, Burlington, MA). Labeling efficiency was determined by quantifying 

the absorbance at 495 nm following lyophilization and gravimetric determination of 

labeled PCE weight. A labeling efficiency of 40-50% was typically achieved with this 

approach. 

Mesoparticle or microparticle samples in emulsion droplets were prepared with 

25% molar fraction AlexaFluor488-labeled PCE, and unlabeled PCD in the case of the 

mesoparticles. Droplets were then collected on a glass microscope slide and heated 

using a precision Peltier heating and cooling stage (Linkam LTS120) equipped with a 

Linkam PE95 digital temperature control unit. The spatial distribution of fluorescent 

PCE was characterized via fluorescence microscopy using an upright Zeiss Axio Imager 
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A2 microscope with a 20× objective and the appropriate filter set (ex. 470/40, em. 525/50). 

Image acquisition and particle sizing of visible particles was done by Joseph Simon 

using MATLAB. 

3.2.4.6 In vivo pharmacokinetic analysis 

To compare the circulation half-life and pharmacokinetic profiles of crosslinked 

and non-crosslinked nano-gels, we fluorescently labeled PCD with AlexaFluor488-NHS 

ester as described in Section 3.2.4.5. We prepared crosslinked, fluorescently labeled 

particles as described in Section 3.2.3. These were administered intravenously via the tail 

vein of BALB/c mice, with a separate group of control mice receiving non-crosslinked, 

fluorescently labeled samples, with both samples pre-warmed above the critical 

micellization temperature to 37C to ensure particle assembly. At select time points (1 

min, 15 min, 45 min, 1.5 h, 4 h, 8 h, 24 h, 48 h), 10 μL of blood was sampled from a tail 

vein prick. The blood sample was diluted in 100 μL of heparinized PBS (1 KU mL-1) and 

red blood cells were removed by centrifugation at 5,000xg for 5 min. The supernatant 

was loaded onto black 96‑well microplates and the fluorescence of AlexaFluor488 was 

measured on a microplate reader (WallaC, PerkinElmer, Waltham, MA) and corrected 

for background signal from the plasma of untreated mice. The fluorescent signal was 

either normalized to the first time point or it was converted to absolute concentration 

using fluorescent standard curves created for each of the administered samples. 

Notably, the fluorescence of the Alexa488 dye sequestered in the core of the micelles, 
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was affected by crosslinking and standard curves were prepared specifically for either 

the crosslinked or non-crosslinked samples. SAAM II software was used to fit the data to 

a two-compartment model and determine the distribution half‑life (α t1/2), elimination 

half‑life (β t1/2), and area under the curve (AUC). 

3.3 Results and discussion 

3.3.1 Mass spectrometry analysis 

After expression of PCE and PCD, we confirmed > 95% purity of these samples  

and qualitatively confirmed the molecular weight using SDS-PAGE (Figure 32A). 

Hydrophobic ELPs routinely migrate 20% higher than their expected molecular weight 

on SDS-PAGE. We confirmed the incorporation and reactivity of the pAzF residues with 

fluorescent labeling and fluorescent SDS-PAGE imaging (Figure 32B). 

 

Figure 32: SDS-PAGE of PCE and PCD. (A) Confirming purity and molecular 

weight of PCE and PCD on SDS-PAGE, stained by copper chloride. (B) Fluorescent 

SDS-PAGE gel of PCE, PCD, and NCE (non-crosslinkable ELP, (VPGVG)80) labeled 

with DBCO-Cy5. PCE and PCD contain pAzF residues which react with DBCO-Cy5, 

while the negative control NCE is not fluorescently labeled via click. 
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We then quantified the incorporation efficiency of pAzF in these biopolymers 

using electron spray ionization liquid chromatography mass spectrometry (ESI-LC/MS) 

(Figure 33). We analyzed intact proteins and deconvoluted the resulting spectra to 

obtain the average theoretical mass; the major peaks were consistent with the expected 

molecular weights for these polypeptides and we did not observe any additional 

populations of significant intensity which would correspond to misincorporated 

residues. The > 99% incorporation efficiency of pAzF we achieved is consistent with 

previous reports and indicates these biopolymers are capable of robust 

photocrosslinking immediately post-purification.117 

 

Figure 33: ESI-LC/MS analysis of PCE and PCD. (A) Deconvoluted mass 

spectra of PCE indicates no natural amino acid misincorporation with observed 

molecular weight of 33813.2 ± 3.2 Da, expected 33814.9 Da. (B) Deconvoluted mass 

spectra of PCD with observed molecular weight of 65764.9 ± 4.7 Da, expected 65772.6 

Da. Intact mass spectra of (C) PCE and (D) PCD. 
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3.3.2 Nanoparticle characterization 

We first synthesized crosslinked nanoscale hydrogel particles by thermally 

triggering PCD self-assembly into micelles in bulk solution and then crosslinking with 

UV light. Amphiphilic block copolymers readily self-assemble when heated to a 

temperature, T, above the Tt of the hydrophobic block, but below the Tt of the 

hydrophilic block. Upon heating, the hydrophobic block will phase separate, collapsing 

into the core of the resulting nano-scale micelles, with the hydrophilic block forming the 

solvated corona. Given the precisely defined molecular weight of our genetically 

encoded polymers, and the physical constraints on chain packing per particle, the 

resulting hydrogel particle population is highly monodisperse.173-174 We use the terms 

“xPCD” for these micelles after they are crosslinked into nano-gels by UV irradiation 

and “nxPCD” to denote the control, non-crosslinked micelles. We characterized the 

nanoscale assemblies of PCD before and after crosslinking in bulk solution with light 

scattering and microscopy. 

3.3.2.1 Light scattering 

Thermal ramp dynamic light scattering (DLS) of xPCD in solution confirmed the 

stabilization of self-assembled nano-sized gel particles (Figure 34). Notably, these xPCD 

particles retain the reversible thermal responsiveness of their component ELP chains, as 

evidenced by xPCD shrinking upon heating as the hydrophobic core further desolvates 
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and swelling upon cooling. In contrast, the nxPCD particles assemble upon heating into 

nano-scale micelles but disassemble completely into single chains upon cooling. 

 

Figure 34: Thermal ramp dynamic light scattering of xPCD and nxPCD nano-

scale micelles. Hydrodynamic radius (Rh) of nxPCD (grey; non-crosslinked) and xPCD 

(blue; crosslinked) as a function of temperature. nxPCD self-assembles from single 

chains into monodisperse micelles above the critical micellization temperature, 

whereas xPCD does not disassemble into single chains when the temperature is 

lowered below the CMT. Inset demonstrates the significant de-swelling of xPCD 

nano-gels with increasing temperature. Black dashed line represents the best 

sigmoidal curve fit for visualization. Error bars represent the polydispersity 

percentages (n = 5). 

Given our observation that xPCD particles considerably shrink and swell upon 

heating and cooling, we were interested in determining the robustness of this 

phenomenon. We collected DLS data for repeated heating and cooling cycles and did 

not observe any hysteresis in the size of the xPCD particles. We performed five 
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successive rounds of heating/cooling on a single sample of dilute xPCD, with the first 

and last cycles shown in Figure 35. 

 

Figure 35: Hydrodynamic radius of xPCD nano-gels as a function of 

temperature for multiple heating-cooling cycles indicates no hysteresis in particle 

size. Each color represents a different heat/cool cycle and error bars represent the 

polydispersity percentage (n = 5). 

We performed static light scattering (SLS) on both xPCD and nxPCD performed 

above the CMT at 37°C to assess the radius of gyration (Rg), radius of hydration (Rh), 

form factor (), molecular weight per micelle, and the number of chains per particle 

(Nagg) (Table 2). 

 Table 2: Static light scattering characterization of xPCD and nxPCD above the 

critical micellization temperature. 

 Rg [nm] Rh [nm]  MWmicelle [g mol-1] Nagg 

nxPCD 16.4 27.4 0.60 1.1 x 107 162 

xPCD 19.2 29.1 0.66 1.3 x 107 200 

 

This analysis confirms the formation of spherical particles approximately 60 nm 

in diameter and corroborates the Rh values for both xPCD and nxPCD as measured by 
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DLS. While the size and shape of the xPCD and nxPCD particles are similar, 

interestingly, the xPCD particles have more chains packed per particle, likely due to the 

constant flux of chains between the unimer and micelle state in the non-crosslinked 

sample. These SLS data were collected and analyzed by Joseph Simon. 

3.3.2.2 Cryo-transmission electron microscopy 

We visualized the xPCD particles using cryo-transmission electron microscopy 

(cryo-TEM), with samples vitrified at 25C, below the critical micellization temperature 

(Figure 36). These images illustrate the monodispersity and stability of these nano-gels. 

These images were collected and processed by Cedric Bouchet-Marquis (FEI-Company, 

Hillsboro, OR). 

 

Figure 36: Cryo-TEM images taken above the critical micellization temperature 

of xPCD. The arrows indicate the location of monodisperse micelles, while the darker 

particles are hexagonal ice. 
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3.3.2.3 Atomic force microscopy 

We further confirmed the stability of the xPCD particles by performing tapping 

mode atomic force microscopy (AFM) below the critical micellization temperature at 

ambient temperature. These images capture the highly monodisperse xPCD particles 

and confirmed their spherical shape (Figure 37A). Particle sizing analysis of these AFM 

images revealed the nominal radius of the xPCD nano-gels to be 30.2 ± 11.7 nm, further 

confirming the size measured with light scattering. At the same temperature, nxPCD 

does not form any visible nanoscale assemblies in the absence of crosslinks to stabilize 

the chains against dissociation (Figure 37B). These images were collected and processed 

by Lei Tang. 

 

Figure 37: Tapping mode atomic force microscopy (AFM) images of xPCD 

nano-gels. 

3.3.2.4 Pharmacokinetic analysis in vivo 

These uniform, spherical xPCD nano-gels are ideally suited as drug delivery 

vehicles as they can be generated in solution after cargo loading and exist as stable 

micelles across a range of temperatures, an important consideration when preparing and 

storing samples at lower temperatures than physiological temperature. Their size and 
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solvation, both of which decrease with increasing temperature, are useful tunable 

attributes that can provide an active mechanism to release encapsulated cargo as 

compared to typical passive diffusion from most hydrogels. As such, we were interested 

in comparing the fate of the stabilized, crosslinked particles to non-crosslinked, self-

assembled particles with respect to half-life and total exposure in circulation. We 

hypothesized that the crosslinked particles would persist longer in circulation, as the 

non-crosslinked micelles will expectedly disassemble and be cleared by glomerular 

filtration.21 Stabilized drug carriers with a consistent size above the renal filtration cut-

off but below the pores of leaky tumor vasculature are best positioned to take advantage 

of the enhanced permeability and retention effect, the well-established phenomenon 

whereby nanocarriers passively and preferentially accumulate in tumors.22 

To assess the pharmacokinetics of these particles, we first fluorescently labeled 

PCD with AlexaFluor488-NHS ester and ensured particle assembly and size were 

unaffected by labeling for both the xPCD and nxPCD (Figure 38). 

 

Figure 38: Dynamic light scattering of fluorescently-labeled PCD confirms 

particle assembly is unaffected by dye labeling. 
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We measured the pharmacokinetics of fluorescently-labeled xPCD and nxPCD in 

five-week-old female BALB/c mice following intravenous injection. We heated both 

samples to 37C, above the critical micellization temperature, to ensure self-assembly 

prior to injection. Many of the non-crosslinked nanoscale micelles we have studied in 

vivo self-assemble after conjugation of hydrophobic cargo, such as small molecule 

drugs.83 Therefore, we wanted to ensure the non-crosslinked samples were introduced 

into circulation as micelles to then track their systemic fate. After injection, we sampled 

the blood concentration of our fluorescently-labeled micelles with tail vein blood draws 

at various time points and measuring fluorescence with a plate reader. The fluorescent 

signal of these samples was converted to PCD concentration using standard curves we 

prepared for both the AlexaFluor488-xPCD and AlexaFluor488-nxPCD. For this, we 

diluted known quantities of each in mouse serum and measured the absorbance at 488 

nm. The PCD concentrations were plotted as a function of time and a two-compartment 

model fit to this data to determine the distribution and elimination half-lives, as well as 

the area under the curve (AUC) (Figure 39).  
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Figure 39: Pharmacokinetic data for xPCD and nxPCD micelles in vivo. (A) 

Concentration of PCD in circulation versus time (B) Area under the curve (AUC) 

demonstrates total systemic exposure over the experimental time frame, and that of 

xPCD is significantly higher than nxPCD (p < 0.05). 

We found the initial clearance of nxPCD particles to be more rapid than xPCD, 

particularly when comparing the concentrations of both by 24 hours post-injection. By 

48 hours, the concentrations of both samples approach the limit of detection (LOD) for 

the plate reader instrument used to quantify fluorescence of these samples. Notably, the 

effective exposure of xPCD for the entire time course of the study was significantly 

higher than that of nxPCD (Figure 39B).  

We fit the data to a two-compartment model and, in addition to the area under 

the curve, determined the distribution and elimination half-lives (α t1/2, β t1/2) and y-

intercepts (α0, β0) for this data (Table 3). While the distribution and elimination half-lives 

were similar for both samples, intriguingly, the elimination y-intercept was significantly 

higher for xPCD. This parameter represents the plasma concentration of drug after 

equilibration given the rate constant governing the elimination phase (); a greater value 
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for this parameter indicates the bioavailability of xPCD is greater than that of nxPCD 

during this phase, which represents the majority of the interval for systemic exposure.  

Table 3: Pharmacokinetic data of xPCD and nxPCD. 

 
Distribution  

α t1/2 (hr) 

Elimination 

β t1/2 (hr) 
α0 (M) β0 (M) AUC (Mhr) 

xPCD 1.1  0.5 8.4  0.3 1.2  0.6 1.6  0.7 21.6  2.8 

nxPCD 0.9  0.1 8.7  0.3 0.6  0.3 0.4  0.02 10.3  0.5 

 

Taken together, these results suggest disparate biodistribution of the crosslinked 

and non-crosslinked particles, which would directly contribute to the differences in 

pharmacokinetic parameters observed. Future work will investigate the tissue-specific 

fate of these particles to identify the mechanistic underpinnings of these data. 

3.3.3 Mesoparticle characterization 

We next developed crosslinked particles with sizes spanning the mesoscopic 

range (100 nm - 1 µm), a challenging size regime for the synthesis of stable biopolymer-

based particles. We have previously established that we can produce mesoscopic 

coacervates of uniform size by emulsifying and heating mixtures of ELP diblocks and 

monoblocks to initiate phase separation of the hydrophobic homopolymer blocks.175 In 

our system, we mix the photocrosslinkable diblock, PCD, and the photocrosslinkable 

monoblock, PCE. Upon heating these mixtures to a precise temperature, we can initiate 

the assembly of PCE into spherical mesoscopic coacervates where the surfactant-like 

PCD chains prevent further coalescence of the coacervate droplets. 
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To determine the appropriate temperature, T, for mesoscale particle formation, 

we first confirmed that the phase separation of PCE in bulk solution is not impeded by 

the presence of the pAzF residues. Although the pAzF does depress the transition 

temperature compared to the same ELP sequence without these residues (NCE), the 

non-crosslinked samples of PCE solutions still exhibit the canonical reversible liquid-

liquid phase separation of ELPs (Figure 40). 

 

Figure 40: PCE exhibits LCST phase behavior in aqueous solution. Transition 

temperatures of PCE (blue) and NCE (grey) as a function of concentration. The dashed 

lines represent the best logarithmic fit for each data set. 

The light scattering analysis we performed on PCD (Section 3.3.2.1) informed us 

of the critical micellization temperature (CMT) and transition temperature (Tt) of this 

polymer. These experiments allowed us to identify a range of temperatures, T, for given 

concentrations of PCE and PCD such that CMTPCD < T < Tt-PCD and T > Tt-PCE. Heating a 

solution of PCE and PCD to any temperature within this range will form mesoscale 

particles owing to the distinct phase separation of this mixture. For example, at 100 M, 

CMTPCD is 27C, Tt-PCD is 65C, and Tt-PCE is 23C; therefore, heating to any temperature in 
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the range of 27C < T < 65C will result in mesoscale particle formation. Exposing the 

mesoscopic PCE-PCD assemblies to UV light efficiently crosslinks them into particles 

that do not re-solubilize upon cooling below Tt-PCE. 

3.3.3.1 Light scattering 

We determined that the size of the mesoscale coacervates can be easily tuned; it 

is possible to create hydrogel particles spanning the entire mesoscale regime by simply 

varying the ratio of PCE: PCD in these mixtures. Increasing the concentration of PCE 

relative to PCD, and thereby reducing the molar fraction of “surfactant” in solution, 

produces coacervate droplets with increasing size upon heating which can be 

photocrosslinked into stable meso-gels. As we observed with the crosslinked nano-gels, 

the meso-gels do not disassemble upon cooling, and shrink upon heating (Figure 41). 

 

Figure 41: Dynamic light scattering of crosslinked mesoparticles. Data points 

represent the mean Rh and the error bars represent the polydispersity percentage. 
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3.3.3.2 Fluorescence imaging 

To visualize these mesoparticles in solution, we used a microfluidic chip to 

produce water-in-oil emulsion microdroplets containing our particles. The fluorescent 

microscope we used to visualize these particles is equipped with a precision thermal 

stage, allowing us to specify the temperature of the solution containing these droplets. 

For the accompanying images, we prepared the aqueous phase of our microfluidic 

device with equimolar concentrations of fluorescently-labeled PCE and unlabeled PCD 

(Figure 42A). Heating these droplets to 30C induces the assembly of mesoscale 

coacervates approximately 500 nm in diameter that do not coarsen over time but rather 

exhibit Brownian motion due to the surfactant-like PCD chains at the interface between 

the PCE-rich and PCE-poor phases (Figure 42B, C). Exposing the mesoscopic PCE-PCD 

coacervates to UV light efficiently crosslinks them into particles that do not re-solubilize 

upon cooling (Figure 42D). These images were collected and processed by Joseph Simon. 

 

Figure 42: Visualizing mesoscale particles within microfluidic droplets. (A) 

Prior to heating, the solutions within the droplets are a homogenous mixture of 

AlexaFluor488-PCE and PCD. (B) Meso-coacervates assemble upon heating above the 

Tt of PCE and the CMT of PCD. (C) Mesoparticles are stabilized with UV 

crosslinking. (D) Crosslinked meso-gels do not disassemble upon cooling. 
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3.3.3.3 Scanning electron microscopy 

We confirmed the size, shape, and stability of the mesoparticles using scanning 

electron microscopy (SEM). We prepared mesoparticles of different sizes by varying the 

ratio of PCD: PCE in solution, heating, and crosslinking the resulting assemblies. The 

particles in solution are densely concentrated, and we empirically determined it was 

necessary to dilute the samples 1:100 or 1:1000 in water prior to SEM imaging. We 

imaged mesoparticles ranging from approximately 250 nm to 1500 nm, corroborating 

our light scattering sizing of these particles and confirming our ability to easily tune 

particle size within the mesoscale range (Figure 43). 

 

Figure 43: Scanning electron microscopy imaging of mesoparticles and size 

distribution. SEM image and corresponding histogram plot of the diameter of meso-

gels with mean diameter (A)  220 ± 52 nm (n = 397), (B) 865 ± 199 nm (n = 202), (C) 1510 

± 360 nm (n = 639). 
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3.3.4 Microparticle characterization 

To extend the size of the particles further into the microscale, we used water-in-

oil emulsion microfluidic droplets with the aqueous phase containing only PCE. 

Without PCD chains present in solution, PCE undergoes the canonical ELP liquid-liquid 

phase separation (Figure 44). The resulting coacervates are formed into microscale 

spheres with dimensions dictated by the template droplet size; theoretically, any such 

“mold” could be used to generate stable coacervates of PCE with various sizes and 

shapes. The PCE chains will re-solubilize upon cooling unless they are crosslinked with 

UV light into stabilized microparticles. 

 

Figure 44: PCE undergoes phase separation upon heating to form liquid 

coacervates within microdroplets. Time-lapse fluorescence microscopy images of 

heating-triggered phase separation of Alexa 488-labeled PCE. PCE chains are soluble 

at temperatures below the Tt, whereas at temperatures above the Tt, PCE collapses to 

form spherical PCE-rich liquid droplets. These images were collected by Joseph 

Simon. 

3.3.4.1 Fluorescence imaging 

We can tune the size of these microparticles by modulating the initial 

concentration of PCE and then crosslinking at a temperature either above or below the 

transition temperature (Tt). We used this approach to generate microparticles of two 
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uniform sizes – either 12 μm or 25 μm in diameter – though particle size can be easily 

tuned with different starting conditions. To generate 25 μm micro-gels, we crosslinked 

droplets containing soluble PCE at a concentration above chain overlap to enable 

network formation. To create the 12 μm micro-gels, we heated PCE droplets to form one 

uniform coacervate per droplet and then irradiated the droplets with UV light to 

crosslink the coacervates into particles. 

We investigated the thermal responsivity of our microparticles by monitoring 

their size as a function of temperature using temperature-controlled fluorescence 

microscopy. As we observed with the nano- and mesoparticles, after crosslinking these 

micro-gels expel water and shrink upon heating from 15°C to 30°C due to enhanced 

chain-chain interactions and desolvation (Figure 45).  

 

Figure 45: Fluorescence microscopy images of microgels within water-in-oil 

emulsion droplets. 12 µm micro-gels (left) and 25 µm micro-gels (right) with starting 

concentration of PCE shown above; upon heating the particles swell (top panels) and 

the particles shrink upon cooling (bottom panels). 
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We tracked the volumetric changes of these particles over this heating ramp 

using visible particle sizing of the fluorescent microscopy images to better quantify the 

extent of “de-swelling” with our two microparticle preparations. We normalized the 

apparent volume at each temperature to the starting volume of the particles at 15C, 

below the Tt of PCE. The de-swelling effect is more prominent for the 25 μm microgels, 

with these particles shrinking down to 40% of their original volume, likely due to a less 

densely packed network (Figure 46).  

 

Figure 46: Volumetric change of crosslinked microparticles upon heating. The 

volumes of the 12 μm particles (light blue) and 25 μm particles (dark blue) at each 

temperature are normalized to the initial volume at 15C. The dashed lines represent 

the best sigmoidal fit and the error bars represent the SEM (n = 150 droplets). 

These results demonstrate that by simply changing the conditions at which 

crosslinking is performed (i.e., upon solutions of soluble or insoluble PCE), it is possible 

to control the extent of volumetric change in response to heating and cooling. These 

images were collected and processed by Joseph Simon. 
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3.3.4.2 Scanning electron microscopy 

The microparticles were extracted from their parent droplets using isobutanol 

extraction, which disrupts the water/oil interface of the droplets to produce two 

continuous phases. The aqueous phase containing the particles can easily be separated 

from the less dense organic phase through centrifugation and aspiration of the 

supernatant. We optimized the extraction protocol to maintain the integrity of the 

particles after extraction, allowing us to capture these highly monodisperse, spherical 

particles with scanning electron microscopy (SEM) imaging (Figure 47).  

 

Figure 47: Scanning electron microscopy imaging of microparticles and size 

distribution. (A) SEM imaging and (B) sizing of particles with mean particle diameter 

12.1 µm ± 0.8 µm (n ≥ 200). (C) and (D) show additional magnifications of these 

particles. 

As evidenced by the lower magnification image (Figure 47D), our microfluidic 

chip is able to produce a high volume of these particles; our set-up produces 
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approximately 1000 droplets per second. A typical experiment with three hours of 

collection time therefore provides on the order of 107 total microparticles. After 

extraction, the density of these particles in solution can be adjusted by resuspending the 

extracted pellet in the desired volume. 

These particles are also highly stable; after extraction they can be reconstituted in 

water or phosphate-buffered saline (PBS), lyophilized and reconstituted in solution, and 

stored at temperatures ranging from -80C to 37C for at least one week without loss of 

structural integrity or change in size (Figure 48). 

 

Figure 48: Stability of microparticles in a variety of storage conditions. (A) 

Lyophilized particles reconstituted in PBS, and particles stored at (B) -80C, (C) -20C, 

(D) 4C, (E) 25C, or (F) 37C for one week in buffered solution. 

3.4 Conclusions and future directions 

3.4.1 Summary and significance 

In conclusion, we have developed simple and convenient strategies to fabricate 

thermoresponsive gel particles that are tunable from the nanoscale to microscale in size 
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using genetically encoded polypeptides. We tune particle size from the nano- to 

mesoscale by increasing the ratio of the pAzF-containing ELP monoblock (PCE) to 

diblock ELP (PCD). To extend into the microscale regime, microfluidic droplets provide 

a necessary level of control for templating PCE coacervates, with droplet dimensions 

directly dictating particle size (Figure 49).  

 

Figure 49: Crosslinked hydrogel particles span four orders of magnitude in 

size. Gel particle diameter as a function of PCD content (PCE percentage = 100 – PCD). 

Error bars represent the polydispersity percentage (n ≥ 5) or standard deviation (PCD 

= 0%, n ≥ 100). Particles on right shown to scale from 50 nm to 12 m diameters.  

These particles retain the unique phase transition behavior of the component ELP 

chains, shrinking upon heating and reversibly swelling upon cooling. The particles reach 

thermodynamic equilibrium rapidly (i.e., on the order of seconds) and robustly over 

many cycles, providing an active mechanism for actuation and a dynamic response to 

the environment. 



 

98 

3.4.2 Future perspectives 

Future work with this material system will allow further fine-tuning of gel 

network density at any given temperature. For example, changing the ELP sequence (i.e. 

guest residue, length) will modulate the functional dependence of monomer-excluded 

volume on temperature: more hydrophilic guest residues and longer ELP chains than 

those explored in our system will result in even less dense networks and more 

pronounced swelling and de-swelling behavior.62 Increasing the concentration of pAzF 

residues will also tune the swelling properties, with more photocrosslinking sites 

resulting in a more tightly enmeshed network. Changing the spacing and location of 

these residues – for example, by clustering them at one terminus or repositioning them 

within the hydrophilic block of PCD – will undoubtedly affect the porosity of the 

network and mechanical strength of the resulting particles in unique ways. Exploring 

additional block architectures such as triblocks and mixing a variety of pAzF-containing 

polymers will expectedly produce novel particle geometries, as well. These hydrogels 

can be extended beyond the microscale by eliminating the use of microfluidic droplets 

and employing instead a variety of templating agents to create macroscale hydrogels 

with the desired size and shape.  

These crosslinked particles are ideally suited to be used in future work in a wide 

variety of fields, ranging from biomedical applications as drug delivery vehicles, 

actuators, biosensors, tissue scaffolds, artificial cells, and cell encapsulators, to colloidal 
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stabilizers and emulsifiers for food and personal care products. While both synthetic and 

natural polymer-based hydrogel particles have been leveraged for these applications, 

our genetically encoded biopolymers are innately biocompatible and have the capacity 

for further functionalization with bioactive domains.163 Irrespective of the component 

material, hydrogels swell in order to reach thermodynamic equilibrium with their 

surrounding environment, resulting in a highly adaptive material that favorably 

integrates with biological systems.176 As discussed, the size of these hydrogel particles is 

a critical parameter which dictates particle utility. 

Nano-scale hydrogel particles are frequently employed as carriers for systemic 

delivery of small molecules, nucleotides, peptides, and proteins.14 Particles within this 

size regime are ideally suited for cellular uptake and tissue extravasation, with 

preferential accumulation in tumors.11 These versatile particles can be administered 

intravenously, inhaled, ingested, or implanted for local delivery.177 As we corroborated 

with our in vivo study, crosslinked particles have proven pharmacokinetic advantages 

over non-covalently assembled carriers.143 While delivery via nanoscale carriers of any 

formulation extends the half-life of loaded cargo by increasing apparent molecular 

weight and thereby reducing renal clearance, this effect is amplified when the particles 

are stabilized against disassembly.178 Our base diblock biopolymer can easily be 

modified to include residues for drug attachment in addition to targeting or adhesion 

ligands to further augment efficacy. 
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The mesoparticles we developed can be used as delivery agents, emulsifiers, and 

preservatives. Our strategy for mesoparticle synthesis – through solubilization of 

homopolymers with diblock copolymers – endows our particles with a uniquely 

hydrophilic surface. The surfactant-like amphiphile at the particle interface positions 

these particles to serve as effective colloidal suspensions for modeling and preserving 

biological systems.179 In addition, the unique size of the mesoparticles, larger than the 

pores of epithelial vessel walls but smaller than blood cells, can be leveraged to 

strategically prevent particle uptake for exclusive cargo release in circulation.10, 180-181 

Micron-scale hydrogel particles are the most versatile and widely used; the base 

biopolymers in our system can be recombinantly modified to enhance their existing 

utility further. For example, these microparticles can be tailored for drug delivery by 

derivatization with protease recognition motifs for sustained release of physically 

entrapped cargo via controlled degradation.177 Introducing a biosensor component to 

induce particle swelling and cargo release in response to external cues is another 

potential approach for delivery. For example, genetic fusion of glucose-metabolizing 

enzymes can detect blood glucose fluctuations or inclusion of charged amino acid 

groups can respond to increasing pH levels throughout the gastrointestinal tract.182-183 

Another potential application for these microparticles is as emulsifying agents in 

personal care and food-grade products to modulate texture.184-185 Our entirely 

polypeptide-based particles are highly biocompatible, enabling topical application or 



 

101 

rapid digestion into amino acids, and the component polypeptides can be modified at 

the gene level to introduce desirable cosmetic properties or impart flavor.186-188 

The genetically encoded nature of our system affords the flexibility and precision 

necessary to empower rationally-designed particles across multiple size scales. For 

example, crosslinked particles spanning the size regime enabled with our technology 

can be developed for the study and manipulation of protocells, membrane-less 

organelles, and artificial cells.189-190 Furthermore, previous work generating additional 

self-assemblies of ELPs (e.g. rod-like and cylindrical micelles), along with the wealth of 

information on the biophysical properties of ELPs will inform future studies to create 

unique particle architectures and geometries.5, 55-57, 191-194 
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4. A bioorthogonal strategy for simultaneous drug 
loading and active targeting of nanoparticles 

4.1 Introduction and motivation 

As demonstrated in the previous chapter, we have developed the tools to 

engineer precisely defined thermoresponsive hydrogel particles using elastin-like 

polypeptides (ELPs). Polypeptides such as these are exceptional nanoscale drug carriers 

for chemotherapeutics: they have minimal toxicity, can be recombinantly synthesized 

with precise control of their sequence and molecular weight, and can be designed to self-

assemble into colloidally stable nanoparticles that carry their chemotherapeutic payload 

in their core, enhancing the solubility, pharmacokinetics, and tumor accumulation of 

drugs. While passive targeting of nanoparticles promotes accumulation of these 

nanocarriers in solid tumors, active targeting provides an additional layer of tunable 

control and widens the therapeutic window by reducing off-target toxicity. 

Unfortunately, the fusion of most targeting protein domains to polypeptide carriers 

exposes the limitations of this approach, because the cysteine and lysine residues that 

are typically used to attach drugs to polypeptide carriers are also promiscuously 

distributed in solvent accessible —and hence highly reactive— locations on the protein 

surface.34-36   

To solve this problem, we have genetically encoded an unnatural amino acid that 

provides a unique, bio-orthogonal reactive moiety in its side-chain for site specific 

attachment of small molecule drugs or imaging agents into a polypeptide. We 
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demonstrated the utility of this approach by recombinant synthesis of a nanobody-

functionalized ELP nanoparticle with a p-acetylphenylalanine residues (pAcF), that 

provides a biorthogonal ketone residue to which we attached doxorubicin, the small-

molecule drug of interest. We have shown that a nanobody-decorated, doxorubicin-

loaded nanoparticle which targets the epidermal growth factor receptor (EGFR) exhibits 

significantly greater cytotoxicity compared to the non-targeted version of this 

nanoparticle in multiple cancer cell lines that overexpress EGFR. This approach provides 

a universal methodology for the site-specific attachment of extrinsic moieties to 

polypeptide drug delivery systems without cross-reactivity with a protein targeting 

domain that is fused to the carrier. The work presented in this chapter resulted in a 

publication in Nano Letters, adapted here with permission from the American Chemical 

Society (copyright 2019).76 

4.1.1 Nanoscale biopolymer drug carriers 

While small molecule drugs are highly potent cytotoxic agents, their 

poor solubility, short half-life and insufficient bioavailability often require the use of 

delivery strategies, such as polymeric nanoscale drug carriers, to improve their delivery 

to solid tumors.195-198  Recent work has demonstrated the importance of three key 

elements for effective tumor treatment by nanoparticle drug carriers: (1) long circulation 

time;10, 199 (2) active targeting;200-204 and (3) site-specific attachment of cytotoxic drugs.205-210  

Extended circulation time is advantageous for regional accumulation in tumors via the 
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enhanced permeability and retention effect, also called “passive” targeting.22, 211 Active 

targeting of nanoparticles to tumors provides the second stage of tumor specific delivery 

as it enables tumor cell-selective uptake, complementary to the regional accumulation 

provided by passive targeting, thereby widening the therapeutic window of the drug.85, 

161, 212-215 Finally, site-specific conjugation of small molecule drugs to these carriers 

ensures homogenous drug release.20, 22, 216  

Recombinant peptide polymers are attractive for the design of nanoparticle 

delivery systems because they can be produced recombinantly in high yield in E. coli as 

monodisperse macromolecules and their sequence and chain length are easily 

manipulated at the gene level.217-218 They are also non-toxic and biodegradable.23 We 

have pioneered the development of elastin-like polypeptides (ELPs) for drug delivery, 

including ELPs that self-assemble into nanoparticles.65, 84-85, 161, 212, 215, 219-222 

Genetically encoded synthesis provides exquisite control over the design and 

tunability of ELP nanoparticles for drug delivery, as it enables the size and shape of the 

nanoparticle to be controlled, as well as the site and stoichiometry of small molecule 

drug conjugation, and allows introduction of targeting protein peptide domains.65, 84-85, 213, 

215, 223-224 However, because of the limited chemical diversity available with the twenty 

naturally-occurring amino acids, we cannot simultaneously control all of these 

parameters in the same nanoparticle. This is because we typically use chemically 

reactive lysine and cysteine residues to site-specifically conjugate small molecule drugs 
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and imaging agents to ELPs; this approach works well with nanoparticles that consist 

solely of ELPs (or in some instances ELPs appended with short peptide tags that direct 

their self-assembly) as ELPs can be designed without either of these two residues while 

preserving their two major properties of interest —their thermally responsive phase 

behavior or their self-assembly into nanoparticles.31-33, 225-226 Unfortunately, the fusion of 

most targeting protein domains to an ELP or other polypeptides exposes the limitations 

of this approach, because cysteine and lysine residues are typically found in most 

targeting proteins and are often in solvent accessible —and hence highly reactive— 

locations.34-36 A bioorthogonal, site-specific attachment strategy is necessary to alleviate 

these natural residues for their essential role in bioactive domains. 

4.1.2 Active targeting of drug delivery vehicles 

Active targeting of nanoparticle carriers to tumors, in which a drug carrier 

presents a ligand that specifically recognizes and binds to a receptor over-expressed by 

tumor cells, resulting in receptor-mediated internalization of the carrier and its cargo. 

While passive targeting – local accumulation of nanocarriers due to the tissue-specific 

aberrancies of tumors – provides one layer of targeting, active targeting further reduces 

off-target effects and widens the therapeutic window.85, 161, 212-215 The method of uptake – 

receptor-mediated endocytosis – presents a unique pathway for carrier intracellular 

trafficking as compared to simple diffusion of the free drug across the cell membrane, or 

micropinocytosis of a naked drug carrier, allowing for more precisely specified timing of 
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acid-catalyzed drug release.200 There is a delicate balance for the affinity requirements of 

this targeting interaction: too weak and the carrier will non-specifically bind to healthy 

cells, but too strong and only the periphery of the solid tumor mass will receive drug.10 

Researchers have previously determined that low nanomolar affinity (< 100 nM) of 

targeting groups for their receptors is ideal and both peptides and proteins have been 

used as targeting agents, with distinct advantages for each.227-231 Active targeting is 

accomplished through the introduction of engineered peptides or affinity protein 

domains, such as antibodies and antibody fragments, fibronectin and other scaffold 

domains, affibodies, and nanobodies. 

4.1.2.1 Criteria for targeting domain selection 

We had several criteria for selection of the targeting domain, with the goal of 

developing a universal, proof-of-concept platform for active targeting and drug loading. 

The selected domains needed to be small, compact, and inert enough so as to not perturb 

the diblock self-assembly; this limited our search to cyclic peptides and small scaffold 

domains such as affibodies and nanobodies, which are both  15 kDa, and therefore less 

than approximately 20% of the total protein molecular weight. With the domain fused to 

the C-terminus of the ELP diblock, we looked for domains that do not require their N-

terminus to be free for binding, and especially those that had previously been 

successfully recombinantly fused at their N-termini. To demonstrate the generalizability 

of this platform, we looked for proteins and peptides that contain disulfide bonds. For 
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ease of purification and maximization of yield, we focused on domains and peptides 

that have been successfully expressed solubly in bacteria. Lastly, we looked for domains 

with multiple literature sources that demonstrated targeting and internalization on 

commercially available cancer cell lines for ease of characterization. Additionally, were 

interested in receptor antagonists, or those that do not engage the signaling axis upon 

receptor binding, to minimize background cytotoxicity of non-drug loaded carriers, and 

to prevent the development of extrinsic resistance to our treatment. We selected the 

EgA1 nanobody and RGD4C cyclic peptide as two candidates for our preliminary 

testing and characterization. 

4.1.2.2 EgA1 nanobody 

We chose the EgA1 nanobody —a small antibody fragment derived from 

camelid single-chain antibodies — as one of the targeting domain candidates for our 

system.232 Nanobodies are small and compact, and are therefore unlikely to perturb self-

assembly of the ELP into nanoparticles when appended on the corona, and unlike full-

length antibodies, they can be expressed recombinantly in E. coli alone or as fusions.233-236 

Importantly, they contain four lysine residues and a pair of cysteine residues, thereby 

representing a good candidate for validating the generality of our approach.232, 237  The 

EgA1 nanobody recognizes and binds to human epidermal growth factor receptor 

(EGFR) with an affinity of 276 nM.238-239 We chose EGFR as the target as it is highly 
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upregulated or aberrantly expressed in multiple cancer types including breast, ovarian, 

brain, lung, and as many as 30% of all carcinomas.240-243 

4.1.2.3 RGD4C cyclic peptide 

Peptides are compact and innocuous targeting moieties and can bind with high 

affinity after directed evolution for their intended target, particularly when cyclized 

with disulfide bonds. These cyclic peptides have higher affinities and are more stable 

than their linear counterparts.244 The second candidate we chose was the cyclic peptide 

RGD4C, which contains two disulfide bonds to stabilize the stalk of the peptide and 

promote presentation of the V3 integrin-binding amino acid sequence RGD. This 

peptide has been confirmed to recognize V3 with nanomolar affinity, 200-fold greater 

affinity than its linear counterpart.244 

4.1.3 Small molecule drug selection and conjugation to nanoscale 
carriers 

As the cytotoxic payload for our system, we chose a small molecule 

chemotherapeutic —doxorubicin (Dox). Dox stabilizes an intermediate covalent complex 

between topoisomerase II and genomic DNA, causing damaging double-stranded 

breaks and exit from the cell cycle.245 This drug is widely used for the treatment of 

hematopoietic malignancies, breast, lung, ovary, stomach, and thyroid carcinomas, and 

bone and soft tissue sarcomas.85, 213, 215, 220, 222, 246-247 However, Dox exhibits dose-limiting 

myelosuppression, mucositis, and cardiotoxicity, and a nanoparticle formulation of this 

drug can greatly improve its in vivo performance.248 
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Various strategies have been used to load small molecule drugs into 

nanoparticles. Attachment at cysteine or lysine residues is most commonly employed 

but both of these will require introduction of engineered residues or potential disruption 

to biological activity. Drug encapsulation is accomplished by modulation of the 

hydrophobicity of the component polymer domains but is not as effective as formation 

of a covalent bond between a drug and its carrier. The spatial and temporal control of 

release is limited and encapsulated drug is prone to leakage prior to uptake in a tumor 

cell.195, 210 Many researchers have taken advantage of the low pH environment of the 

endo-lysosomal compartments to enable drug release from an acid labile bond only after 

intracellular uptake.249-251 A direct conjugation to the drug carrier is superior for stability, 

pharmacokinetic profile enhancement, and overall efficacy. 

4.2 Materials and methods 

4.2.1 Molecular biology and design of constructs 

The design of the initial constructs for testing our targeting domain candidates, 

ELPBC-EgA1 and ELPBC-RGD4C, is shown in Figure 50. We designed and synthesized a 

gene that encodes a self-assembling diblock ELP fused to either of the targeting 

candidates at the C-terminus. 
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Figure 50: Design of targeted ELPBC candidates displaying the RGD4C cyclic 

peptide or the EgA1 nanobody. 

We designed and synthesized a gene that encodes a self-assembling diblock ELP 

fused to a peptide leader at the N-terminus of the hydrophobic block that incorporates 

the site of Dox attachment, p-acetylphenylalanine (pAcF, Figure 51), followed by a site 

for trypsin cleavage for analysis by mass spectrometry. As with our test constructs, we 

positioned the EgA1 nanobody at the C-terminus of the hydrophilic block (pAcF-ELPBC-

EgA1). 

 

Figure 51: Structure of p-acetylphenylalanine (pAcF), the unnatural residue 

used for Dox conjugation. 

We optimized the diblock ELP in this final construct so that it has a critical 

micellization temperature (CMT) that lies between room temperature and body 

temperature. Upon heating to a temperature above the CMT, the N-terminal 
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hydrophobic ELP block desolvates while the C-terminal hydrophilic ELP block remains 

solvated, creating an amphiphile that self-assembles into nanoscale micelles that are 

stable at physiological temperatures. The EgA1 nanobody is displayed on the corona of 

the micelle, while Dox is sequestered in the core of and is covalently attached to the 

ketone group of pAcF via a linker that creates a pH-sensitive oxime bond between the 

drug and the ELP,252-253 allowing for release of Dox in the acidic lysosomal compartments 

of cells after uptake by receptor-mediated endocytosis (Figure 52).  

 

Figure 52: Design and assembly of Dox-pAcF-ELPBC-EgA1 nanoparticles. 

Genes encoding ELPBC and pAcF-ELPBC were synthesized using recursive 

directional ligation by plasmid reconstruction.136 In brief, two populations of modified 

cloning vectors (m-pET-24+) containing two genes of interest were digested with either 

AcuI/BglI or BseRI/BglI to create compatible plasmid fragments, which upon ligation, 

seamlessly encode the new gene product. In this case, the site of incorporation for pAcF, 

the amber stop codon, was introduced in the form of a peptide leader with sequence 
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GVGVPGpAcFGVPGVGR by first annealing together complementary ssDNA strands 

that encode for this sequence along with “sticky end” overhangs, digesting the m-pET-

24+ plasmid with BseRI, and inserting this oligonucleotide. This vector was then 

digested with AcuI and BglI to create an “A” population and the ELPBC-containing 

vector was digested with BseRI and BglI to create a “B” population. These two 

populations were then ligated to create a vector containing the gene encoding pAcF-

ELPBC. The gene encoding the EgA1 nanobody was ordered as a gBlock (IDT 

Technologies, Skokie, IL) and inserted into m-pET-24+ using Gibson assembly. This gene 

was then fused to the C-terminus of either ELPBC or pAcF-ELPBC by a similar plasmid 

reconstruction strategy as above. We then transferred the genes of interest to the 

expression vector, m-pTac (see Section 2.2.1.2), by digesting the pAcF-ELPBC and pAcF-

ELPBC-EgA1-containing m-pET-24+ vectors with BseRI/BamHI, extracting the insert 

using agarose gel separation and purification, and ligating with a similarly digested m-

pTac. The amino acid sequences of the constructs are shown in Appendix C, Table 18. 

pET24+ vectors were purchased from Novagen (Madison, WI). Oligonucleotides 

and gBlocks encoding sequences of interest were purchased from Integrated DNA 

Technologies (Coralville, IA). Ligation enzymes, restriction enzymes, and calf intestinal 

alkaline phosphatase were purchased from New England Biolabs (Ipswich, MA). EB5α 

and BL21(DE3) chemically competent E. coli cells were purchased from Bioline (Taunton, 

MA). SHuffle T7 Express competent E. coli cells were purchased from New England 
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Biolabs (Ipswich, MA). Genomically recoded E. coli cells (C321.A) were generously 

provided by Prof. Farren Isaacs (Yale University). All E. coli cultures were grown in 

2xYT media comprised of sodium chloride (5 g L−1; Alfa Aesar, Ward Hill, MA), tryptone 

(16 g L−1, Becton, Dickinson and Co., Franklin Lakes, NJ), and yeast extract (10 g L−1, 

Becton, Dickinson and Co., Franklin Lakes, NJ). Kanamycin sulfate was purchased from 

EMD Millipore (Billerica, MA) and chloramphenicol was purchased from Sigma-Aldrich 

(St. Louis, MO). p-Acetylphenylalanine hydrochloride was purchased from Synchem, 

Inc. (Elk Grove Village, IL). Protein expression was induced with isopropyl β-d-1-

thiogalactopyranoside (IPTG) from Gold Biotechnology (St. Louis, MO) and L-(+)-

arabinose from Sigma-Aldrich (St. Louis, MO). 1× phosphate buffered saline (1xPBS) 

tablets (10 × 10−3 M phosphate buffer, 140 × 10−3 M NaCl, and 3 × 10−3 M KCl, pH 7.4 at 

25°C) were purchased from EMD Millipore (Billerica, MA). A molecular organic 

fluorophore (AlexaFluor488-NHS ester) was purchased from Life Technologies (Grand 

Island, NY).  

4.2.3 Selection of bacterial expression host 

We expressed these constructs in one of three E. coli expression hosts; the base 

diblock ELPBC was solubly expressed in the standard protein expression cell line, 

BL21(DE3). The introduction of the pAcF residue and EgA1 nanobody directed us to 

investigate the use of two different E. coli lines previously reported for expression of 

constructs containing these elements.113, 236 The constructs containing pAcF —pAcF-ELPBC 
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and pAcF-ELPBC-EgA1— were expressed in the genomically recoded C321.A cell line 

with yields of 30 mg L-1 and 15 mg L-1, respectively. For constructs including the EgA1 

nanobody —ELPBC-EgA1 and pAcF-ELPBC-EgA1— which introduces a disulfide bond 

into the protein, we used the SHuffle T7 Express E. coli, as this line is optimized to 

enhance disulfide bond formation and protein solubility. We explored expression of our 

final product, pAcF-ELPBC-EgA1, in both SHuffle and C321.A E. coli as each provides a 

unique advantage for expression. The engineered SHuffle strain expresses heterologous 

chaperones to enhance the production of functional, soluble disulfide-bonded protein 

under the control of a T7 promotor. Conversely, the recoded C321.A strain is ideally 

suited for unnatural amino acid incorporation with an unassigned stop codon that can 

be reassigned exclusively for an unnatural residue of interest, as well as the 

corresponding release factor deleted to eliminate any competition with a termination 

signal. 

4.2.4 Protein expression and purification 

The construct-bearing vectors described above were then co-transformed with a 

modified pEvol tRNA/aaRS vector that contained two copies of the pAcFRS.1.t1 

synthetase (generously provided by Prof. Farren Isaacs) into the C321.A E. coli for 

expression with pAcF incorporation. 

To express ELPBC, liquid BL21DE3 E. coli cultures (50 mL) of strains harboring 

ELP plasmids (m-pET24+) were inoculated from frozen glycerol stocks and grown to 



 

115 

confluence overnight. Cultures were then inoculated at 1:20 dilution in 2xYT media (1 L) 

supplemented with kanamycin (45 μg ml-1). Cells were grown at 37°C in a shaking 

incubator at 200 rpm for 6 h, at which time ELP expression was induced by the addition 

of IPTG (1 mM), and the cultures incubated at 37°C for an additional 18 h. Cell pellets 

were harvested by centrifugation at 3500xg and resuspended in 1xPBS (20 mL). Cells 

were lysed by sonication for a total of 3 min (Misonix; Farmingdale, NY) and DNA was 

precipitated by addition of polyethyleneimine (10%; MP Biomedicals, Santa Ana, CA). 

Precipitated DNA and cellular debris were removed by centrifugation at 20,000xg at 4 

°C. Proteins were then purified using four rounds of inverse transition cycling, as 

described elsewhere.69 Briefly, solutions of proteins were heated and salt (NaCl) was 

added to induce the phase transition of the ELP, centrifuged to collect all insoluble 

material at 35°C, 20,000xg (“hot spin”), and re-suspended in cold 1xPBS. Upon cooling, 

the ELP resolubilizes, while contaminants remain insoluble and can be removed by 

centrifugation at 4°C, 20,000xg (“cold spin”). 

To express pAcF-ELPBC, liquid C321.A E. coli cultures (50 mL) of strains 

harboring pEvol and ELP plasmids (m-pTac) were inoculated from frozen glycerol 

stocks and grown to confluence overnight. Cultures were then inoculated at 1:20 

dilution in 2xYT media (1 L) supplemented with kanamycin (45 μg ml-1) and 

chloramphenicol (25 μg ml-1). aaRS expression was simultaneously induced by the 

addition of arabinose (0.2%) and pAcF (1 mM). Cells were grown at 34°C in a shaking 
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incubator at 200 rpm for 6 h, at which time ELP expression was induced by the addition 

of IPTG (1 mM), and the cultures incubated at 34°C for an additional 18 h at which point 

cells were harvested and proteins purified as described above. 

To express ELPBC-EgA1 and ELPBC-RGD4C, liquid SHuffle E. coli cultures (50 mL) 

of strains harboring the ELP plasmid (m-pET24+) were inoculated from frozen glycerol 

stocks and grown to confluence overnight. Cultures were then inoculated at 1:20 

dilution in 2xYT media (1 L) supplemented with kanamycin (45 μg ml-1). Cells were 

grown at 30°C in a shaking incubator at 200 rpm for 6 h, at which time ELP expression 

was induced by the addition of IPTG (1 mm), and the cultures incubated at 16°C for an 

additional 18 h. Cells were harvested, and proteins purified as described above. 

To express pAcF-ELPBC-EgA1, both C321.A E. coli cultures harboring pEvol and 

the ELP plasmid (m-pTac) and SHuffle E. coli cultures harboring pEvol and the ELP 

plasmid (m-pET24+) were used as described above. Both expression hosts yielded 

proteins with pAcF incorporated (as determined by MALDI-TOF mass spectroscopy) 

and active EgA1 (as determined by flow cytometry), and pAcF-ELPBC-EgA1 expressed 

from the C321.A E. coli cultures were used for Dox conjugation studies. 

Protein purity was characterized by 4–20% gradient Tris-HCl (Biorad, Hercules, 

CA) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

staining with copper chloride (0.5 M; Thermo Fisher Scientific, Hampton, NH). The 

expression yield of pAcF-ELPBC was determined gravimetrically after dialysis into 
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Nanopure water and lyophilization. The expression yield of nanobody-containing 

proteins (ELPBC-EgA1, pAcF-ELPBC-EgA1) was determined by UV/Vis 

spectrophotometry (NanoDrop 1000, Thermo Fisher Scientific, Waltham, MA), using 

extinction coefficients of  = 34505 cm-1 M-1 and  = 37884.5 cm-1 M-1, respectively. 

4.2.5 Doxorubicin conjugation to pAcF 

The linkers explored for doxorubicin conjugation include 1) adipic acid 

dihydrazide, 2) O,O′-1,3-propanediylbishydroxylamine dihydrochloride (both 

purchased from Sigma-Aldrich (St. Louis, MO)) and 3) (9H-fluoren-9-yl)methyl N-(3-

aminopropoxy)carbamate, synthesized by Enamine (Kyiv, Ukraine), with linker 2 being 

selected for final conjugation studies. Doxorubicin hydrochloride was purchased from 

CarboSynth (San Diego, CA). Aniline and p-phenylenediamine catalysts were purchased 

from Sigma-Aldrich (St. Louis, MO). 

Doxorubicin was conjugated to pAcF-containing proteins via a two-step reaction: 

first, the telechelic linker was attached to the p-acetylphenylalanine (pAcF) residue via 

ketone condensation, and second, doxorubicin was attached to the linker via the same 

mechanism. After each reaction step, excess, unreacted products were removed. First, 

pAcF-ELPBC or pAcF-ELPBC-EgA1 were buffer exchanged from PBS into labeling buffer 

(50 mM sodium acetate, pH 5.0, 150 mM sodium chloride) and concentrated by 

centrifugal ultrafiltration (Amicon Ultra-15, 10 kDa cut-off, Millipore Sigma, Burlington, 

MA) to 125 μM. The linker was resuspended in labeling buffer and twenty molar 
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equivalents were added, along with aniline at a final concentration of 10 mM, which 

raised the pH of the reaction to pH 6.2. The reaction was carried out with stirring at 30C 

in a mineral oil bath for 24 h. The linker-pAcF-ELP was then dialyzed against 8 L of PBS 

to remove excess linker and buffer exchanged into labeling buffer and concentrated to 

125 μM by centrifugal ultrafiltration (Amicon Ultra-15). For the second reaction step, 

doxorubicin HCl was resuspended in water and ten molar equivalents added. Aniline 

was added to a final concentration of 10 mM. The second reaction was carried out with 

stirring in a mineral oil bath at 30C for 24 hours. Excess doxorubicin was removed first 

with a PD-10 column (GE Healthcare, Chicago, IL) and then by washing with 15% 

acetonitrile/PBS by centrifugal ultrafiltration (Amicon Ultra-15). pAcF-ELPBC-EgA1 

concentration and reaction efficiency was determined by UV/Vis spectrophotometry 

(NanoDrop) with extinction coefficients  = 37,884.5 cm-1 M-1 for pAcF-ELPBC-EgA1 and  

= 10,000 cm-1 M-1 for Doxorubicin. The following formula (Equation 1) was used to 

calculate the labeling of pAcF-ELPBC-EgA1 with an A280 correction factor of 0.767:  

Equation 1: Calculating Dox labeling efficiency 

 

The concentration of pAcF-ELPBC was determined gravimetrically by weighing 

the lyophilized protein and resuspending in a known volume of PBS. 
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4.2.6 Size exclusion chromatography and pH release 

For size exclusion chromatography analysis of the purity of Dox conjugates and 

fluorescently labeled proteins, a Shodex OHPak SB-804 column (New York, NY) was 

used with isocratic flow of 0.5 mL min−1 of PBS: acetonitrile [70:30] on a Shimadzu high 

performance liquid chromatography system  (Shimadzu Scientific Instruments, 

Columbia, MD). HPLC-grade solvents were purchased from VWR International 

(Radnor, PA). 

To assay for the release of drug, samples of Dox-pAcF-ELPBC-EgA1 (25 μM Dox 

equivalents) in PBS (pH 7.4) were buffer exchanged into either pH 4.5 (0.1 M sodium 

acetate) or pH 7.4 (PBS) buffers with centrifugal ultrafiltration (Amicon Ultra-0.5, 10 kDa 

MWCO). Samples were incubated at 37 °C for 0, 1, 3, 6, 24, or 48 h and quenched by 

dilution 1:1 [vol: vol] into PBS, pH 7.4, to stop hydrolysis prior to analysis by HPLC. 100 

μL of each sample at a 25 μM Dox equivalent concentration was analyzed using a LC10 

HPLC (Shimadzu Scientific Instruments; Columbia, MD) on a Shodex OHPak KB-804 

column (New York, NY) with isocratic flow of 0.5 mL min-1 of PBS: acetonitrile [70:30]. 

The integrated area under the curve (AUC) was quantified at an absorbance of 495 nm 

(A495) corresponding to Dox. Two peaks eluted during the assay for Dox-pAcF-ELPBC-

EgA1 at 15.5 ± 0.5 min and for free Dox at 23.5 ± 0.5 min. The % Dox released was 

determined by normalizing the AUC495 for the free Dox peak at each time point to the 

total AUC495 of the initial sample. 
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4.2.7 Mass spectrometry analysis 

pAcF-containing samples were designed such that the leader sequence contains a 

trypsin-cleavable arginine residue following the stop codon to allow for mass 

spectrometry analysis of pAcF incorporation. Lyophilized trypsin was reconstituted 

using 50 mM acetic acid to 1 mg mL-1 as per the manufacturer’s instructions. Samples of 

pAcF-ELPBC and pAcF-ELPBC-EgA1 at 100 μM were incubated with MS-grade trypsin 

protease (Pierce, Waltham, MA) at a ratio of 20:1 in 50 mM ammonium bicarbonate, pH 

8. These reactions were incubated for 16 hours at 37C and then analyzed with matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) 

using a Bruker Autoflex Speed LRF MALDI-TOF System. Digested samples were mixed 

at a ratio of 1:1 with α-cyano-4-hydroxycinnamic acid (HCCA) matrix and 2 µL 

deposited onto a ground steel target plate and dried in air at room temperature. All 

spectra were calibrated against adrenocorticotropic hormone fragment 18-39 (Sigma 

Aldrich, St. Louis, MO). 

For ESI-LC/MS, tryptic digests were similarly prepared and analyzed with an 

Agilent 1100 Series LC/MSD Trap SL (Agilent Technologies, Santa Clara, CA). Samples 

were injected into a Phenomenex Luna C18 column (50 x 1 mm, 3 µm; 0.2% formic acid 

in water as buffer A, 0.2% formic acid in acetonitrile as buffer B) and then into the mass 

spectrometer using a fully automated system. Spectra were acquired in positive mode 

followed by analysis and deconvolution using LC/MSD Trap Data Analysis software 
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(Agilent Technologies, Santa Clara, CA). Mass spectra were acquired at the Mass 

Spectrometry Shared Facility at Duke University. Incorporation and reaction step 

efficiencies were calculated by taking the ratio of intensities for the peak of a specific 

product over the total peak intensities of all relevant peaks in the sample.  

4.2.8 In vitro characterization of targeted constructs 

4.2.8.1 Fluorescent protein labeling and flow cytometry 

To fluorescently label proteins, 1 mg of AlexaFluor488-NHS ester was dissolved 

in 100 μL DMSO. The N-terminal amine of ELPBC and ELPBC-EgA1 were labeled with 

AlexaFluor488-NHS ester by incubating 100 μM protein with ten molar equivalents of 

dye, rotating for 24 h at 4C in sodium phosphate buffer, pH 7.4. Excess unreacted dye 

was removed with a hot spin followed by washing with centrifugal ultrafiltration 

(Amicon Ultra-15, 10 kDa MWCO). Briefly, a hot spin consists of heating the solution of 

labeled protein above the Tt to initiate phase separation and centrifuging at high speeds 

to pellet the ELP, with free dye in the supernatant. After removal of the supernatant, the 

pellet is resuspended in cold PBS and  the ELP resolubilizes. The purity of the labeled 

proteins was assessed by size exclusion chromatography. The following equations were 

used to calculate protein (Equation 2) and A488 concentration (Equation 3). 

Equation 2: Calculating protein concentration 
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Equation 3: Calculating fluorescent labeling efficiency 

 

The concentration of ELPBC and labeling efficiency were determined 

gravimetrically after dialysis into DI water, lyophilization, weighing, and resuspension 

in 1xPBS. The labeling efficiency of both proteins by Alexa488 was approximately 25%. 

Overnight cultures of adherent cells were prepared for flow cytometry by first 

trypsinizing cells with 0.05% trypsin/EDTA and harvesting the cells by centrifugation 

for 3 min at 1,000xg. The cell pellet was resuspended in PBS/1% BSA, the cells were 

counted with a hemocytometer after 1:1 dilution into Trypan blue solution (0.4%, 

Thermo Fisher Scientific, Waltham, MA), and the cell density adjusted to 2 × 106 cells 

mL-1. Cells were incubated with fluorescently labeled proteins by gently mixing 90 μL of 

the cell suspension with 10 μL of 100 M ELP (25 M Alexa488) followed by a 1 h 

incubation with rocking at 4C to minimize uptake by the cells. Flow experiments with 

incubation at 37C ensure micelle self-assembly showed equivalent or higher levels of 

cell binding as those performed at 4C. After incubation, cells were collected and 

washed 3x with 0.5 mL PBS/1% BSA on ice, with a final cell concentration prior to flow 

analysis of 2 × 105 cells mL-1. Live cells were analyzed for population fluorescence on a 

BD FACSCanto Analyzer (BD Biosciences, San Jose, CA) at the Duke Cancer Institute 

Flow Cytometry Shared Resource Facility to determine the geometric mean fluorescence 

intensity (gMFI) of samples. 
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4.2.8.2 Cell viability assays 

The in vitro cytotoxicity of Dox conjugates was determined by a colorimetric 

assay, as follows. First, 0.5 × 103 A431 or SKOV-3 cells were seeded per 40 µL complete 

media on BD Falcon™ 384-well cell culture plates (BD, Franklin Lakes, NJ) and allowed 

to adhere for 16–18 h. After adherence, 10 µL of serial dilutions of Dox, Dox-pAcF-ELPBC, 

or Dox-pAcF-ELPBC-EgA1 were added to the wells and incubated at 37°C for 24 h. After 

the treatment period, 10 µL of CellTiter 96 AQueous™ MTS reagent (Promega, Madison, 

WI) were added to each well. Following incubation for 3 hours, the absorbance of the 

solution was measured twice at 490 nm and 650 nm with a Victor3 microplate reader 

(PerkinElmer, Waltham, MA). The background A650 was subtracted from the A490 

readings to determine the cell viability (Equation 4) as compared to untreated controls. 

Wells containing media only with equivalent concentrations of Dox were also prepared 

to subtract background contribution from free Dox. 

Equation 4: Calculating cell viability 

 

% Viability = 
Corr. A490 - A490Media

Corr. A490Untreated - A490Media,  Untreated
 × 100% 

 

 

 

To calculate the IC50, the data was fit to a sigmoidal curve and used in the following 

equation (Equation 5), where CDox is the effective Dox concentration in the well, the 

IC50 measures the necessary dose to kill 50% of the cell population, and p represents the 

slope of the sigmoidal curve. 
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Equation 5: Calculating IC50 

 

4.2.8.3 Intracellular imaging 

For fluorescence visualization of ELPBC-EgA1 and ELPBC-RGD4C uptake, 4 × 

104 transfected fibroblast cells were seeded on Lab-Tek® II CC2™ chamber slides 

(Electron Microscopy Sciences, Hatfield, PA) and allowed to adhere for 18 h. Cell media 

was replaced with complete media containing either (1) 10 μM AlexaFluor488-ELPBC-

EgA1 or AlexaFluor488-ELPBC-RGD4C, (2) 10 μM AlexaFluor488-ELPBC, or (3) 10 μM 

AlexaFluor488-ELPBC-EgA1 with 100 μM excess unlabeled ELPBC-EgA1 (or with the 

RGD4C targeting moiety), and incubated for 24 h at 37°C. Following treatment, the 

media was removed, and cells were incubated for 10 min with 2 μM Hoechst 33342 (Life 

Technologies, Carlsbad, CA) to stain cell nuclei and 5 μg mL-1 wheat germ agglutinin 

(WGA) AlexaFluor 594 (Thermo Fisher Scientific, Waltham, MA) to stain cell 

membranes. The cells were then washed twice with Hank’s Balanced salt solution 

(HBSS, Thermo Fisher Scientific, Waltham, MA) at room temperature. The slide was 

mounted with ProLong Gold Antifade Mountant (Thermo Fisher Scientific, Waltham, 

MA) prior to visualization on a Nikon TE-2000U widefield fluorescence microscope with 

a 60× oil-immersion objective. Hoechst 33342 dye was detected with a standard UV-2E/C 

filter set, WGA was detected with a 540/25 nm excitation filter, 565 nm long pass 

dichromatic mirror, and 605-655 nm band pass emission filter set, and Alexa488 was 
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detected with a 450–490 nm excitation filter, 505 nm long pass dichromatic mirror, and 

590–650 nm emission filter set. 

For colocalization of Dox conjugates with lysosomal compartments, 2.75 × 

104 A431 cells were seeded in 110 µL of complete media into each of the four chambers 

of a µ-Dish35 mm, high, Culture-Insert 4 Well (1.5 coverslip, Ibidi, Madison, WI) and allowed 

to adhere for 18 h. Cell media was replaced with complete media containing either 25 

μM Dox-pAcF-ELPBC-EgA1 or 25 μM Dox-pAcF-ELPBC and incubated for either 4 or 24 h 

at 37°C. After treatment, the media was gently removed and replaced with complete 

media containing 1x CytoPainter LysoDeep Red Indicator Reagent (Abcam, Cambridge, 

MA) to stain lysosomal compartments and incubated for 30 min at 37°C. Following this 

incubation, the media was gently removed and replaced with complete media 

containing 2 μM Hoechst 33342 (Life Technologies, Carlsbad, CA) to stain cell nuclei for 

10 min at 37°C. Cells were then washed twice with Hank’s Balanced salt solution (HBSS, 

Thermo Fisher Scientific, Waltham, MA) at room temperature and maintained in fresh 

HBSS prior to imaging on an Andor Dragonfly Spinning Disk 500 series confocal on a 

LeicaDMi8 microscope stand (Oxford Instruments, Abingdon, UK) with a 63× water 

immersion objective and equipped with a Zyla 4.2 series camera. Hoechst 33342 dye was 

detected with a 400 nm excitation filter and 450/50 nm emission filter, Dox with a 488 nm 

excitation laser and 525/50 nm emission filter, and CytoPainter with a 637 nm excitation 

laser and 700/75 nm emission filter in CF40 imaging mode. Imaging processing and 
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colocalization analysis was performed using the Coloc2 plug-in available with FIJI 

(ImageJ, National Institutes of Health). 

To confirm specificity of EgA1 nanobody for EGF, 1.5 × 104 transfected fibroblasts 

were seeded in 110 µL of complete media into each of the four chambers of a µ-Dish35 mm, 

high, Culture-Insert 4 Well (1.5 coverslip, Ibidi, Madison, WI) and allowed to adhere for 

18 h. Cell media was replaced with complete media containing either 2 μg mL-1 pHrodo 

Green EGF (Invitrogen, Carlsbad, CA) or fresh media and incubated for 1 h at 37°C. 

pHrodo Green EGF is a weakly fluorescent, pH-sensitive dye that is brightly fluorescent 

only after endocytosis into cells via EGFR. Cells were then washed twice with Hank’s 

Balanced salt solution (HBSS, Thermo Fisher Scientific, Waltham, MA) and complete cell 

media containing 10 μM Alexa647-ELPBC-EgA1 was added to the wells and cells 

incubated for 1 h at 37°C. Following this incubation, the media was gently removed and 

replaced with complete media containing 2 μM Hoechst 33342 (Life Technologies, 

Carlsbad, CA) to stain cell nuclei for 10 min at 37°C. Cells were then washed twice with 

HBSS at room temperature and maintained in complete media prior to imaging on an 

Andor Dragonfly Spinning Disk 500 series confocal on a LeicaDMi8 microscope stand 

(Oxford Instruments, Abingdon, UK) with a 63× water immersion objective and 

equipped with a Zyla 4.2 series camera. Hoechst 33342 dye was detected with a 400 nm 

excitation filter and 450/50 nm emission filter, pHrodo Green EGF with a 488 nm 
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excitation laser and 525/50 nm emission filter, and Alexa647-ELPBC-EgA1 with a 561 nm 

excitation laser and 600/50 nm emission filter in CF40 imaging mode. 

4.3 Results and discussion 

4.3.1 Characterization of purified proteins 

We purified all constructs by inverse transition cycling (ITC),  a non-

chromatographic method for the purification of ELPs and their fusions that exploits the 

LCST phase behavior of ELPs and their fusions.69, 254  

4.3.1.1 Characterization of targeting domain candidates and selection of EgA1 

After purifying both ELPBC-EgA1 and ELPBC-RGD4C, we tested these constructs 

for their ability to form nanoparticles and for intracellular uptake on candidate cell lines. 

We first analyzed the critical micellization temperature (CMT) of both via dynamic light 

scattering (DLS) to confirm assembly at physiologically relevant temperatures.  

We observed a moderate (~ 5C) increase in the CMT of ELPBC-EgA1 as 

compared to ELPBC due to the introduction of the nanobody on the corona (Figure 53A, 

blue). This is expected as the nanobody contains charged residues that augment the 

hydrophilicity of the hydrophilic block. We further tuned the CMT of the next 

generation of ELPBC-EgA1 by increasing the length of the hydrophobic block, to ensure 

the CMT is within in a physiological range. The CMT of ELPBC-RGD4C is approximately 

33C (Figure 53A, red), but required addition of 10 mM dithiothreitol (DTT) to disrupt 

undesirable intrachain disulfide bond formation. 
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Figure 53: Characterization of ELPBC-EgA1 and ELPBC-RGD4C self-assembly 

via dynamic light scattering. (A) The CMT of ELPBC-EgA1 is 37C and the CMT of 

ELPBC-RGD4C is 33C. ELPBC-RGD4C required addition of 10 mM DTT to disrupt 

intrachain disulfide bond formation. (B) ELPBC , ELPBC-EgA1, ELPBC-RGD4C assemble 

into micelles ~ 60 nm in hydrodynamic diameter at 37C 

The CMTs of both of these constructs ensure these diblocks will self-assemble 

into nanoparticles in vitro and in vivo, a critical parameter for drug carriers. The ELPBC-

EgA1 particles have hydrodynamic diameters of approximately 60 nm (Figure 53B). As 

the ELPBC-RGD4C construct exhibited transient intramolecular disulfide bond formation, 

these particles had ostensibly larger hydrodynamic radii when measured by DLS. We 

performed DLS of ELPBC-RGD4C under reducing conditions (10 mM DTT) to confirm 

the size of these individual particles to be approximately 60 nm in hydrodynamic 

diameter in the absence of disulfide-driven particle aggregation (Figure 53B). 
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We then qualitatively assessed the uptake of these targeted constructs via 

fluorescence microscopy in receptor-overexpressing cell lines. We fluorescently labeled 

the N-termini of both constructs with Alexa488-NHS ester and purified via ITC to 

remove excess free dye. To assess the EGFR-specific uptake of ELPBC-EgA1, we 

incubated the fluorescently labeled construct with NIH3T3 mouse fibroblast cells stably 

transfected to over-express human EGFR.255 To assess the V3-specific uptake of ELPBC-

RGD4C, we incubated this construct with the V3-over-expressing MDA-MB-231 

human mammary carcinoma line.256 To confirm specificity of these constructs for their 

receptors, we also incubated these cells with 10-fold excess unlabeled construct to block 

receptor binding and prevent fluorescent particle uptake. We assayed the uptake of 

fluorescently labeled ELPBC in these cells as a negative control. After an incubation 

period of 24 h, we washed the cells to remove excess free dye and fluorescently stained 

the nuclei and cell membranes. These preliminary results confirm enhanced 

internalization of both fluorescently labeled ELPBC-EgA1 (Figure 54A) and ELPBC-

RGD4C (Figure 54D) as compared to the controls. The samples incubated with excess, 

unlabeled targeted ELPBC prevent uptake of the fluorescently labeled constructs, 

demonstrating the specificity of each construct for the corresponding receptor (Figure 

54B, E). There is expected non-specific uptake of fluorescently labeled non-targeted 

ELPBC in each cell line due to phagocytosis, though these levels are nominal (Figure 54C, 

F).  
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Figure 54: Fluorescence microscopy imaging of ELPBC-RGD4C and ELPBC-EgA1 

nanoparticle uptake. EGFR-expressing fibroblasts incubated with A) 10 M Alexa488-

ELPBC-EgA1, B) 10 M Alexa488-ELPBC-EgA1 + 100 M ELPBC-EgA1, C) 10 M 

Alexa488-ELPBC. v3-expressing MDA-MB-231 cells incubated with D) 10 M 

Alexa488-ELPBC-RGD4C, E) 10 M Alexa488-ELPBC-RGD4C + 100 M ELPBC-RGD4C, 

F) 10 M Alexa488-ELPBC. Green, Alexa488; blue, nuclei stained with Hoechst; red, cell 

membranes stained with wheat germ agglutinin. Scale bar: 25 m. 

The extent of fluorescent particle internalization for both constructs indicates 

both the nanobody and cyclic peptide are presented with the correct orientation and 

retain specificity for their targets on the surface of the ELPBC micelles. However, given 

the potential for aggregation of ELPBC-RGD4C by aberrant intramolecular disulfide 

bonds and the lower levels of intracellular uptake with the candidate cell line, we chose 

to eliminate RGD4C as a targeting candiate and focus the remainder of our studies on 

the promising EgA1. 
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4.3.1.2 Qualitative characterization of EgA1-targeted constructs and pAcF 

incorporation with gel electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of ITC-

purified pAcF-ELPBC-EgA1 from C321.A and SHuffle T7 Express E. coli showed that 

four cycles of ITC provided proteins with > 95% purity (Figure 55, lanes 1 and 2). We 

obtained similar purity levels with the control constructs expressed as well (Figure 55, 

lanes 3, 4, 5). 

 

Figure 55: SDS-PAGE of purified constructs for targeted nanoparticle study. 1) 

pAcF-ELPBC-EgA1 expressed in C321.  and 2) pAcF-ELPBC-EgA1 expressed in SHuffle 

E. coli, both 73.8 kDa; 3) ELPBC, 64.8 kDa; 4) pAcF-ELPBC, 73.9 kDa; 5) ELPBC-EgA1, 72.5 

kDa. 

We investigated the incorporation of pAcF with a labeling experiment wherein 

pAcF-ELPBC and pAcF-ELPBC-EgA1 were combined with ketone-reactive Alexa697-

hydroxylamine dye (Figure 56). Fluorescence imaging of SDS-PAGE of the reaction 

product qualitatively confirms reactivity of the pAcF-ELPBC (lane 1) and pAcF-ELPBC-

EgA1 (lane 2) with the ketone-reactive dye, and hence indicated the successful 

incorporation of pAcF in these constructs. 
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Figure 56: Confirming pAcF incorporation with fluorescent SDS-PAGE. The 

fluorescent hydroxylamine dye labels pAcF-ELPBC (lane 1) and pAcF-ELPBC-EgA1 (lane 

2), but not the negative control ELPBC without pAcF incorporated (lane 3). 

4.3.1.3 Quantifying pAcF incorporation efficiency with MALDI-TOF-MS and ESI-

LC/MS 

We also confirmed the incorporation of pAcF in pAcF-ELPBC-EgA1 expressed in 

the SHuffle and C321.A cell lines by mass spectrometry. The leader peptide containing 

the pAcF residue was cleaved by trypsin and analyzed by matrix assisted laser 

desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS). The observed 

mass of the N-terminal peptide generated by trypsin cleavage of pAcF-ELPBC-EgA1 is 

1296.73 Da for protein expressed in C321.ΔA.2 and 1296.81 Da expressed in SHuffle E. 

coli, both of which are in excellent agreement with the theoretical mass of 1296.66 Da, 

confirming the successful incorporation of pAcF (Figure 57).  
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Figure 57: Tryptic digest of pAcF-ELPBC-EgA1 followed by MALDI-TOF-MS 

mass spectrometry in both E. coli expression hosts. Both spectra contain a single peak 

(with sodium adducts) that is consistent with pAcF incorporation in pAcF-ELPBC-EgA1 

expressed in (A) C321.A (1296.73 m/z) and (B) SHuffle E. coli (1296.81 m/z). 

While we determined that either E. coli line would be a suitable expression host 

for simultaneously encoding pAcF and the structured EgA1 nanobody, we selected the 

C321.A.2 line for pAcF-ELPBC-EgA1 expression in all our subsequent experiments as 

this line provided a modestly greater yield compared to the SHuffle strain (Table 4). 

Table 4: Summary of E. coli strains, growth conditions, and yield of constructs 

for drug-loaded, targeted nanoparticle platform. 

Construct E. coli line Temperature Yield (mg L-1) 

ELPBC BL21(DE3) 37°C 160 

pAcF-ELPBC C321.ΔA.2 34°C 30 

ELPBC-EgA1 SHuffle T7 Express 30°C / 16°C 50 

pAcF-ELPBC-EgA1 
C321.ΔA.2 34°C 15 

SHuffle T7 Express 30°C / 16°C 12 

 

We further quantified the incorporation efficiency of pAcF with ESI-LC/MS and 

found > 98% incorporation in both pAcF-ELPBC and pAcF-ELPBC-EgA1 (Figure 58).  
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Figure 58: Confirming pAcF incorporation into pAcF-ELPBC and pAcF-ELPBC-

EgA1 with ESI-LC/MS. Tryptic digests of (A) pAcF-ELPBC and (B) pAcF-ELPBC-EgA1 

were analyzed to quantify extent of pAcF incorporation as well as identify any 

misincorporation products with natural residues. Expected molecular weight of pAcF-

containing peptide is 1296.66 Da. Peptides with Tyr, Trp, and Phe were detected as 

minor populations, with Tyr representing the primary residue misincorporated in 

both samples. 

While the C321.A.2 line and tRNA/synthetase pair we employed for protein 

expression have been optimized for greatest incorporation fidelity of pAcF, there is a 

minor population of natural amino acids misincorporated at the pAcF site (< 2%, Table 

5). The misincorporated residues we detected include the aromatic Tyr, Trp, and Phe, 

consistent with literature reports for this cell line.123, 257-259 

Table 5: Percent composition of pAcF-containing constructs by ESI-LC/MS 

Construct Component % Composition 

pAcF-ELPBC 

pAcF 98.72 

Tyr 1.17 

Trp 0.11 

pAcF-ELPBC-EgA1 
pAcF 98.37 

Tyr 0.81 
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Phe 0.63 

Trp 0.16 

 

4.3.2 Quantifying EgA1 binding on a panel of cancer cell lines with 
flow cytometry 

We next validated the specificity of ELPBC-EgA1 for EGFR and confirmed cellular 

to identify candidate cell lines for in vitro testing of our conjugates. We incubated 

fluorescently labeled ELPBC-EgA1 and ELPBC with a panel of eight cell lines with a range 

of EGFR expression levels and analyzed the cells for population fluorescence by flow 

cytometry. In a mouse NIH3T3 fibroblast line transfected with human EGFR (NIH3T3 

EGFR+) which abundantly overexpresses EGFR (1.5 x 106 receptors per cell255), ELPBC-

EgA1 exhibited 18-fold higher uptake as compared to the non-targeted ELPBC (Figure 

59A, D). Two cell lines with a range of reported sensitivity to Dox also exhibited 

significantly higher uptake as compared to ELPBC.260-261 These are the squamous 

carcinoma line A431 (Figure 59B, D), that showed a 13-fold higher uptake as compared 

to the non-targeted ELPBC, and the ovarian adenocarcinoma line SKOV-3 (Figure 59C, D) 

that exhibited a 5-fold higher uptake of ELPBC-EgA1 than ELPBC. 
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Figure 59: Analysis of fluorescently labeled ELPBC-EgA1 or ELPBC by flow 

cytometry in EGFR-expressing cell lines. (A) NIH3T3 murine fibroblasts transfected 

with human EGFR (NIH3T3 EGFR+); (B) A431 squamous carcinoma cells; and (C) 

SKOV-3 ovarian adenocarcinoma cells all indicate enhanced uptake of the ELPBC-

EgA1 as compared to ELPBC. (D) The geometric mean fluorescent intensities (gMFI) of 

the cell populations were used to quantify the fold uptake of ELPBC-EgA1 over ELPBC 

and shows the range of nanobody-mediated targeting of EGFR across the cell lines. 

Cell lines with a wide range of EGFR expression levels were also assayed (Figure 

60A-D,F). Flow cytometry experiments with an untransfected fibroblast cell line 

(NIH3T3 EGFR-) showed no significant difference between uptake of the targeted and 

non-targeted constructs, confirming the specificity of the EgA1 nanobody for EGFR 

(Figure 60E,F). 
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Figure 60: Flow cytometry of fluorescently labeled ELPBC-EgA1 and ELPBC in 

additional cell lines with diverse EGFR expression levels. (A) MDA-MB-468 

mammary carcinoma; (B) OVCAR-3 ovarian carcinoma; (C) HCT116 colorectal 

carcinoma; (D) H69AR small cell lung cancer; and (E) untransfected murine 

fibroblasts that do not express human EGFR. (F) Quantified fold uptake increases of 

ELPBC-EgA1 over ELPBC demonstrate the range of EGFR expression across the panel of 

cell lines tested as well as lack of non-specific ELPBC-EgA1 uptake in the 

untransfected fibroblasts. Dotted line indicates equivalent uptake as ELPBC (fold 

uptake = 1). 

Together, the flow cytometry and fluorescence imaging demonstrate that the 

EgA1 nanobody: (1) maintains specificity for EGFR when fused to ELPBC, (2) enhances 

intracellular uptake of an ELPBC fusion by cells that overexpress EGFR, and (3) can be 

used for targeting the ELPBC to a panel of EGFR-overexpressing human cancer cell lines. 

4.3.3 Confirming and quantifying extent of Doxorubicin conjugation 

We next used the bioorthogonal ketone group on the pAcF residue as the site of 

conjugation for our drug payload, Dox. To conjugate Dox to pAcF, we explored three 
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different potential linkers with the centralized goal of introducing an acid-labile bond 

between the Dox molecule and linker (structures shown in Figure 61). Linker 1 will 

result in a pH-sensitive hydrazone bond between Dox and the linker, while linkers 2 and 

3 will result in a pH-sensitive oxime bond between Dox and these two moieties. We 

were interested in evaluating the labeling efficiency of these two chemistries as oxime 

bonds are reported to be more hydrolytically stable than hydrazone bonds, but with a 

lower reaction rate for their formation.253 

 

Figure 61: Linker candidates explored for Dox conjugation reactions. 

In pilot optimization reactions, we varied length of reaction time (6, 12, 24, 48 h) 

and temperature of reaction (25, 30, and 37C) to identify starting conditions for the later 

comprehensive optimization reactions, which we performed in triplicate (Table 6). From 

these initial experiments, we determined 24 h is a suitable length of time for reaction and 

a temperature of 30C provides enough heat to be kinetically favorable for the reaction 

to proceed, while ensuring the diblock chains do not self-assemble. In addition to 

varying the linker type and chemistry, we modified the molar equivalents of linker and 
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reaction buffer pH to maximize labeling efficiency. While the reaction with pAcF-ELPBC 

proceeds at pH 4.0 with high efficiency, we found the same reaction conditions caused 

degradation of pAcF-ELPBC-EgA1. We found that the presence of a nucleophilic catalyst 

allowed the reaction to proceed nearly to completion at pH 6.2, a pH that is more 

optimal for the stability of pAcF-ELPBC-EgA1. We evaluated either an aniline262 or p-

phenylenediamine (p-PDE)263  catalyst, and found 10 mM aniline catalyst provided the 

highest reaction efficiency for both pAcF-ELPBC and pAcF-ELPBC-EgA1. 

Table 6: Reaction conditions and labeling efficiency of Dox reactions. 

Construct 
Linker type 

(Figure 61) 

Mol. equiv. 

linker 
pH Catalyst 

% Dox 

Labeling[a] 

pAcF-ELPBC 1 10 4.0 -- 12.5  0.8 

pAcF-ELPBC 2 10 4.0 -- 3.2  1.1 

pAcF-ELPBC 3 5 4.0 -- 40.1  1.7 

pAcF-ELPBC 3 10 4.0 -- 74.5  1.5 

pAcF-ELPBC 3 10 6.2 10 mM p-PDE 62.5  2.5 

pAcF-ELPBC 3 10 6.2 10 mM aniline 90.9  5.6 

pAcF-ELPBC-EgA1 3 10 4.0 -- Degradation 

pAcF-ELPBC-EgA1 3 10 5.2 10 mM aniline 51.6  4.4 

pAcF-ELPBC-EgA1 3 10 6.2 10 mM aniline 80.7   6.1 

pAcF-ELPBC-EgA1 3 10 7.2 10 mM aniline 18.5  6.6 

[a] n  3; variability reported as standard error of the mean. 

Our final optimized reaction, which resulted in > 90% labeling efficiency of pAcF-

ELPBC, involves a simple two-step reaction scheme (Figure 62). First, we activated pAcF 

in 1 with an excess of the telechelic linker 2. We removed unreacted linker by centrifugal 

ultrafiltration and then reacted the intermediate construct 3 with an excess of Dox 4 in 

the presence of aniline, and subsequently purified the final product 5. 
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Figure 62: Schematic of the two-step Dox conjugation to pAcF. First, pAcF-

ELPBC 1 is reacted with the hydroxylamine linker 2 in the presence of 10 mM aniline 

catalyst to form the intermediate 3. This product is purified and reacted with excess 

doxorubicin 4 under the same conditions to form the final conjugate 5. 

4.3.3.1 Confirming successful reaction with size exclusion chromatography 

We confirmed the successful reaction and purity of our final reaction product, 

Dox-pAcF-ELPBC-EgA1 using size exclusion chromatography (SEC) and the 

characteristic absorbance of Dox at 488 nm (Figure 63). The retention time of the peaks in 

these traces corresponds to that of pAcF-ELPBC-EgA1, while the peak has both 

absorbance at 220 nm, characteristic of peptide bonds, and 488 nm, characteristic of Dox. 

 

Figure 63: Attachment of Dox to pAcF-ELPBC-EgA1 and confirmation of purity 

of the final conjugate using size exclusion chromatography (SEC). The spectrum trace 



 

141 

at both A220 nm (green) shows the elution time of the conjugate while the trace at 

A488nm, the characteristic absorbance of Dox, confirms attachment and purity. 

We also confirmed the successful reaction and purity of our control reaction 

product, Dox-pAcF-ELPBC, with SEC (Figure 64). 

 

Figure 64: Confirmation of Dox conjugation to Dox-pAcF-ELPBC using size 

exclusion chromatography (SEC). pAcF-ELPBC elution at 15.5 min (trace 1, black) is 

detected by its absorbance at 220 nm. Free Dox is detecting by its absorbance at 488 

nm and elutes at 23.5 m. 

4.3.3.2 Quantifying labeling efficiency with mass spectrometry 

We confirmed each individual reaction step by digesting the products 1, 3, and 5 

with trypsin and analyzing the digests with MALDI-TOF-MS (Figure 65).  
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Figure 65: Schematic of tryptic digest of pAcF-ELPBC. 

The spectra of the liberated peptides showed one major peak for each product 

which increased in molecular weight by the expected amount after each reaction step 

(Figure 66).  
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Figure 66: MALDI-TOF-MS spectra of Dox reaction steps following tryptic 

digest. (A) Starting material, pAcF-ELPBC. (B) Intermediate reaction step after addition 

of linker shows a minor population of unreacted starting material. (C) Final reaction 

product Dox-pAcF-ELPBC shows minor populations of unreacted starting material and 

dimer between pAcF-containing peptides. 

We further validated linker and Dox attachment after each reaction step with 

ESI/LC-MS and analyzed the composition of the reaction products (Figure 67).  
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Figure 67: Evaluating efficiency of Dox reaction steps with ESI-LC/MS. Tryptic 

digests of (A) linker-pAcF-ELPBC and (B) Dox-linker-pAcF-ELPBC were analyzed to 

quantify reaction efficiency and identify the composition of the reaction mixture after 

each reaction step. (C) A280 UV chromatogram of starting material and samples from 

each reaction step show two peaks: the first peak (elution time 5 - 7 min) corresponds 

to the digested peptide with retention time increasing with reaction progress. The 

second peak (elution time 7 - 8 min) corresponds to the remainder of the protein 

resulting from tryptic digest. 

 

We found each reaction step had > 85% of the desired product and minor 

populations of starting material and dimer reaction products (Table 7). 
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Table 7: Percent composition of Dox reaction products. 

Construct, reaction step Component % Composition 

Linker- pAcF-ELPBC 

Reaction step 1 

Linker-pAcF-ELPBC 85.10 

pAcF-ELPBC 5.03 

ELPBC-pAcF-linker-pAcF-ELPBC dimer 9.87 

Dox-Linker- pAcF-ELPBC 

Reaction step 2 

Dox-linker-pAcF-ELPBC 93.45 

Linker-pAcF-ELPBC 1.33 

pAcF-ELPBC 0.83 

ELPBC-pAcF-linker-pAcF-ELPBC dimer 4.37 

 

4.3.3.3 pH-mediated release of Doxorubicin from ELP nanoparticles 

We validated the mechanism of Dox release —acid-catalyzed oxime hydrolysis— 

by incubating solutions of Dox-pAcF-ELPBC-EgA1 conjugates in either pH 4.0 or pH 7.4 

buffer and quantifying the amount of Dox released at various time points with SEC by 

taking the area-under-the-curve (AUC) of the free Dox peaks (Figure 68). We observed 

steady-state release of 58.2  1.4% after incubation for 48 h in pH 4.0 buffer and 

negligible release at pH 7.4, indicating these micelles will release drug only after 

receptor-mediated endocytosis into acidic lysosomal compartments. 
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Figure 68: pH-mediated release of Dox from Dox-pAcF-ELPBC-EgA1. Solutions 

of Dox-pAcF-ELPBC-EgA1 were incubated at either pH 4.0 (green) or pH 7.4 (grey) and 

the amount of Dox released assessed at various time points by size exclusion 

chromatography. 

 

4.3.4 Biophysical characterization of Doxorubicin conjugates 

4.3.4.1 Dynamic light scattering of Doxorubicin conjugates 

We used dynamic light scattering (DLS), performed in dilute solution as a 

function of temperature, to identify the critical micellization temperature (CMT) of both 

pAcF-ELPBC-EgA1 and pAcF-ELPBC. We found the CMT for both constructs to be 

approximately 32C and unchanged upon conjugation of Dox (Figure 69A). The Dox-

pAcF-ELPBC-EgA1 construct assembles into monodisperse nanoparticles with a 

hydrodynamic radius (Rh) of 44.7  4.4 nm while the Dox-pAcF-ELPBC construct forms 

smaller particles with a Rh of 23.7  0.9 nm (Figure 69B). 
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Figure 69: Characterization of Dox-pAcF-ELPBC-EgA1 self-assembly by 

dynamic light scattering. (A) The hydrodynamic radius (Rh) as a function of 

temperature for pAcF-ELPBC-EgA1 (green) and pAcF-ELPBC (grey) before and after Dox 

conjugation. (B) The polydispersity of the samples by % mass at temperatures below 

(25°C, unimers) and above (35°C, micelles) the critical micellization temperature 

(CMT). 

A dilution series of Dox-pAcF-ELPBC-EgA1 analyzed by DLS revealed the critical 

micellization concentration (CMC) to be between 1 and 5 M, consistent with findings 

for other ELPBC nanoparticles (Figure 70).224 
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Figure 70: Approximating critical micellization concentration (CMC) of Dox-

pAcF-ELPBC-EgA1 by analyzing dilution series with dynamic light scattering. Two 

samples with concentrations above the CMC (green; 25 M and 5 M) self-assemble 

into micelles above the critical micellization temperature (CMT), approximately 32°C. 
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In contrast, the samples with concentrations below the CMC (grey; 1 M and 0.5 M) 

remain as unimers throughout the temperature ramp. 

4.3.4.2 Static light scattering of Doxorubicin conjugates 

Static light scattering (SLS) performed above the CMT of both of the Dox 

conjugates, at 35°C revealed the Dox-pAcF-ELPBC-EgA1 particles to contain 

approximately 22 chains per particle while the Dox-pAcF-ELPBC particles contain 

approximately 28 chains per particle (Table 8, Figure 71). The positively charged EgA1 

nanobody (pI 9.08) likely increases Dox-pAcF-ELPBC-EgA1 particle size while reducing 

the Nagg by charge repulsion as compared to Dox-pAcF-ELPBC. The SLS data collection 

and analysis was performed by my co-worker, Michael Dzuricky. Together with the Dox 

conjugation efficiency, these data indicate each EgA1-targeted nanoparticle is loaded 

with 17-18 Dox molecules.  

Table 8: Static light scattering of Dox conjugates. 

 
Rg[a] (nm) Rh

[b] (nm) [c] 
MWmicelle 

(g mol-1) 
Nagg[d] 

Dox-pAcF-ELPBC 20.3 18.4 1.1 1.85 x 106 27.8 

Dox-pAcF-ELPBC-EgA1 37.2 41.8 0.9 1.63 x 106 21.8 

[a] Rg, radius of gyration; [b] Rh, hydrodynamic radius; [c] , form factor; [d] Nagg, 

number of chains per micelle 
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Figure 71: Static light scattering characterization of Dox conjugates. (A) Partial 

Zimm plot of Dox-pAcF-ELPBC-EgA1 (green) and Dox-pAcF-ELPBC (blue) with dashed 

lines showing best linear fit and error bars represent the standard deviation (n = 5 

measurements). (B) Dynamic light scattering analysis of hydrodynamic radius as a 

function of scattering angle of Dox-pAcF-ELPBC-EgA1 (green) and Dox-pAcF-ELPBC 

(blue). Refractive index of (C) Dox-pAcF-ELPBC-EgA1 and (D) Dox-pAcF-ELPBC as a 

function of concentration. All data was collected at 35°C. 

 

4.3.4.3 Cryo-transmission electron microscopy imaging of Doxorubicin conjugates 

We visualized both particles with cryo-TEM to further confirm their spherical 

shape and size; this imaging and analysis was performed by my co-worker, Michael 

Dzuricky (Figure 72).  
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Figure 72: Visualization of Dox-pAcF-ELPBC-EgA1 and Dox-pAcF-ELPBC 

micelles by cryogenic transmission electron microscopy (cryo-TEM). (A) Dox-pAcF-

ELPBC-EgA1 and (B) Dox-pAcF-ELPBC. Scale bars, 200 nm. 

Core-sizing analysis of these particles indicated roughly equivalent core 

diameters of 24.7  4.4 nm for the Dox-pAcF-ELPBC particles and 29.4  6.2 nm for the 

Dox-pAcF-ELPBC-EgA1 nanoparticles. This further indicates the increased size of the 

Dox-pAcF-ELPBC-EgA1 particles is due to size differences in the corona, where the EgA1 

nanobody is presented. These studies confirm that the Dox-loaded particles are 

spherical, stable above their CMT at physiological temperature (37C), and in the ideal 

sub-100 nm size range for tumor penetration, making them suitable for the delivery of 

drugs to solid tumors.11 

4.3.5 In vitro characterization of Doxorubicin conjugate cytotoxicity 

We next evaluated the cytotoxicity of the Dox-pAcF-ELPBC-EgA1 and Dox-pAcF-

ELPBC particles in two EGFR positive cell lines, A431 and SKOV-3.264-265 We chose these 

two tumor lines as they express different level of the EGFR, with A431 expressing higher 

levels of EGFR than SKOV-3. Examining the response of tumor cells that have different 
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levels of receptor expression is critical to demonstrate the clinical utility of our platform, 

as EGFR expression level varies widely between cancer types,266 within individual 

tumors,267 and at different time points of treatment.268 These two cell lines also differ in 

their relative sensitivity to Dox, with the A431 line being more sensitive than SKOV-3. 

After treatment with increasing concentrations of free drug and assessing cell viability, 

we determined the IC50 of Dox in A431 cells is 1.38 µM while that of SKOV-3 cells is 31.8 

µM (Figure 73A, B). While A431 represents the ideal tumor for targeted drug treatment 

as it is a highly receptor-positive, drug-sensitive line, SKOV-3 represents a more 

clinically relevant subset of tumor cells — those with intermediate receptor expression 

and a lower sensitivity to Dox.261 

 

Figure 73: EgA1-targeted Dox-pAcF-ELPBC-EgA1 is significantly more potent in 

cancer cells. Cytotoxicity of Dox-pAcF-ELPBC-EgA1 (green), Dox-pAcF-ELPBC (blue), 

and free Dox (grey) in (A) A431 and (B) SKOV-3 cells. (C) The IC50 values of these cell 

viability assays confirms the targeted Dox-pAcF-ELPBC-EgA1 is more cytotoxic than 

the non-targeted control, Dox-pAcF-ELPBC. p < 0.001. (D) Normalized IC50 of Dox-



 

152 

pAcF-ELPBC-EgA1 to IC50 of free Dox indicates the effect of active targeting on the 

cytotoxicity of Dox. 

We treated the two cell lines with increasing concentrations of the targeted and 

non-targeted Dox conjugates and measured cell viability after treatment. In both cell 

lines, the Dox-pAcF-ELPBC-EgA1 particles have significantly lower IC50 values than the 

non-targeted control Dox-pAcF-ELPBC particles, confirming the therapeutic utility of the 

targeting domain in an in vitro setting (Figure 73C). We further analyzed the data by 

normalizing the IC50 values of the targeted Dox-pAcF-ELPBC-EgA1 to that of free Dox, as 

it illustrates the effect of targeting on treatment efficacy (Figure 73D). Importantly, in the 

SKOV-3 line with lower Dox sensitivity, the presence of the targeting domain drives the 

IC50 to be better than that of free drug (normalized value 0.84), strongly highlighting the 

ability of this targeting domain to enhance the cytotoxicity of Dox. Because the A431 line 

is already highly sensitive to free drug, it is therefore difficult to affect the cytotoxic 

threshold, and we observe a modest increase in IC50 of the targeted therapy as compared 

to free Dox. Nevertheless, in both cell lines, the decrease in IC50 over an order of 

magnitude with the targeted as compared to non-targeted control indicates a significant 

widening of the therapeutic window. This attribute of the targeted construct, along with 

the potential benefits of delivering a drug in a nanoparticle formulation in vivo — 

improved pharmacokinetics and tumor accumulation — is likely to far outweigh the 

observed higher in vitro cytotoxicity of free drug.10 The fusions without attached Dox 
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exhibited no cytotoxicity, indicating that neither EgA1 nor the ELP contributed to 

cytotoxicity observed for the Dox-conjugated constructs (Figure 74). 

 

Figure 74: Control cell viability assays for Dox conjugates. pAcF-ELPBC (blue) 

and pAcF-ELPBC-EgA1 (green) are not cytotoxic in (A) A431 and (B) SKOV-3 cells. The 

concentrations of ELP assayed correspond to the concentrations of these constructs in 

the Dox conjugates tested. 

4.3.6 Intracellular localization of EgA1-targeted constructs  

4.3.6.1 Confirming EgA1 specificity for EGFR by EGF competition 

We confirmed the specificity of EgA1 for EGFR by pre-incubating cells with 

excess, fluorescently-labeled EGF – the ligand for EGFR – followed by Alexa647-ELPBC-

EgA1. We observed simultaneously high levels of intracellular EGF and little Alexa647-

ELPBC-EgA1, whereas uptake of Alexa647-ELPBC-EgA1 was significant in a control 

experiment in which cells were not preincubated with EGF (Figure 75). These data 

indicate the method of uptake for EgA1-targeted nanoparticles is by EGFR-mediated 

endocytosis, positioning these carriers to traffic through the endolysosomal pathway 

upon cellular entry. 
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Figure 75: Confirming EGFR specificity of EgA1 nanobody by EGF 

competitive uptake assay. NIH 3T3 murine fibroblasts transfected with human EGFR 

were (A) pre-incubated with excess fluorescently labeled pHrodo Green EGF, 

followed by AlexaFluor647-ELPBC-EgA1 or (B) treated with AlexaFluor647-ELPBC-EgA1 

alone. Hoechst stains cell nuclei in both panels. Scale bars 20 m. 

4.3.6.2 Colocalization of Doxorubicin conjugates and endolysosomes 

To investigate the subcellular trafficking of these particles after uptake, we 

imaged the Dox-loaded particles using spinning-disk confocal microscopy in the A431 

cell line. We incubated adherent A431 cells with Dox-pAcF-ELPBC-EgA1 and Dox-pAcF-

ELPBC for 4 h (Figure 76A) and 24 h (Figure 76B).  We then imaged colocalization of Dox 

with endolysosomes by staining cells with a lysosomal tracking dye — CytoPainter 

LysoDeep Red— that selectively accumulates and fluoresces in the acidic late endosomal 

and lysosomal compartments (pH 4.5-4.8). In these cells, we found significantly greater 

intracellular accumulation of Dox delivered by Dox-pAcF-ELPBC-EgA1 compared to 
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Dox-pAcF-ELPBC. We also found significant colocalization of Dox and Cytopainter at 

both 4 h and 24 h of incubation when Dox was delivered via EgA1 targeting.  

 

Figure 76: Spinning disk confocal imaging of A431 cells incubated with Dox-

pAcF-ELPBC-EgA1 or Dox-pAcF-ELPBC. Samples were incubated for (A) 4 hours or (B) 

24 hours. Hoechst (blue) staining shows nuclei, CytoPainter (green) indicates low pH 

endolysosomal compartments, and Dox (red) shows subcellular localization of Dox 

conjugates. Merged images show colocalization (yellow) between lysosomes and Dox. 

Scale bars 20 µm. 

We evaluated the degree of colocalization with Pearson’s R coefficient. This 

metric is a measure of the linear correlation between two variables —herein the 

fluorescence intensities for Dox and Cytopainter at each pixel location in the confocal 

images. R = 1.0 indicates a perfect linear relationship and hence exact colocalization of 

the drug with endolyosomes, and R = -1.0 indicates a negative linear correlation between 
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the two variables, and in this context indicates a complete lack of  colocalization of Dox 

with endolysosomes (Figure 77A).269-270 The Dox-pAcF-ELPBC-EgA1 samples increased in 

endolysosomal colocalization from R = 0.66 to R = 0.76 from 4 h to 24 h incubation. 

Conversely, the non-targeted control Dox-pAcF-ELPBC had R < 0.5 at both time points, 

indicating little colocalization and suggesting a longer time required for uptake of these 

particles, which results in the lower efficacy observed in the in vitro cytotoxicity studies. 

We also confirmed the intensity of lysosomal dye was similar between all four regions of 

interest analyzed to ensure that the observed differences in colocalization were not due 

to a different number of, or intensity of, lysosomes analyzed in the different images 

(Figure 77B).  

 

Figure 77: Quantifying colocalization of Dox conjugates and endolysosomal 

compartments. (A) Pearson’s R coefficient for colocalization of areas analyzed in 

Figure 76 show higher levels of colocalization between Dox and lysosomes for Dox-

pAcF-ELPBC-EgA1 at both 4 and 24 h times points as compared to Dox-pAcF-ELPBC. 

(B) Sum of channel intensities for Dox and lysosomes for images analyzed for 

colocalization to ensure lysosomal channel intensity is similar between images 

analyzed and does not account for the differences in colocalization observed. 
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These colocalization analyses revealed both 1) greater levels of and 2) a time-

dependent increase in endolysosomal colocalization with Dox-pAcF-ELPBC-EgA1 as 

compared to the non-targeted Dox-pAcF-ELPBC. This demonstrates that the receptor-

mediated endocytosis of the EgA1-containing construct concurrently promotes both 

more rapid entry into the cell and pH-mediated drug release. Taken together, these in 

vitro experiments validate that the active targeting of Dox-pAcF-ELPBC-EgA1 directly 

translates into the exceptional tumor cytotoxicity of this construct. 

4.4 Conclusions and future directions 

4.4.1 Summary and significance 

The platform we have developed combines a bioorthogonal reactive group with 

high-affinity targeting in a single protein-based particle and has three distinct 

advantages over existing approaches: (1) our biopolymer vehicles are monodisperse, 

non-toxic nanoparticles, synthesized with starting materials that are easily produced 

recombinantly by overexpression in E. coli and purified at high yield via its LCST phase 

behavior; (2) the location of drug-loading is precisely specified, and the orthogonal 

UAA-mediated drug conjugation chemistry permits the inclusion of the cysteine-

containing targeting domain into the construct; (3) the EgA1 nanobody delivers the 

targeted drug-loaded nanoparticles to EGFR-positive cancer cells via receptor-mediated 

endocytosis.271-272 While previous approaches to cancer nanotherapeutics have directed 

targeting of nanoparticles with scaffold proteins,230, 273 utilized UAAs for biorthogonal 
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drug attachment,274-276 and formulated biopolymer nanoparticles as small molecule drug 

carriers,277-278 ours is the first to combine these three elements into one powerful 

therapeutic platform (Figure 78). 

 

Figure 78: Universal platform for orthogonal drug loading and active targeting 

of ELP nanoparticles. 

Our platform maintains site-specificity of drug attachment against the complex 

chemical background of proteins that have a distribution of reactive amino acids. The 

use of an unnatural amino acid as the site of drug attachment allows for the 

incorporation of a nanobody as the targeting element, which requires a disulfide bond 

for its stability. The platform described herein reveals a promising strategy for 

simultaneously genetically encoding both a drug conjugation site and structured 

bioactive domain into a biopolymer-based nanoparticle, an approach previously 

inaccessible with existing techniques.  
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The work described in this chapter directly contributes to the overall goal of this 

thesis work to identify and solidify novel strategies for bioorthogonal modification of 

ELP-based platforms. The specific chemistries we optimized can be extended for use in 

other applications, and importantly, we established a precedent for integrating 

bioorthogonal chemistries into a functional therapeutic system. This study is the first 

example of using molecular engineering to deftly decouple drug reactivity from any 

polypeptide or protein of interest. 

4.4.2 Future perspectives 

As researchers across disciplines develop novel drugs, advanced targeting 

moieties, and next-generation polypeptide and protein vehicles, we will increasingly 

rely on adaptable, universal carrier platforms in order to facilitate drug delivery. We 

anticipate future work will validate the efficacy of these carriers in a range of tumor 

models in vivo to elucidate the full therapeutic potential of our multifunctional targeted, 

drug-loaded biopolymer nanoparticles. The strategy we have described herein lays the 

foundation for this exciting future work. In addition, our highly tunable system can be 

modified and expanded upon to incorporate a variety of cytotoxic drugs or active 

targeting domains. 

There are a wide variety of targeting proteins and domains available to 

substitute with the EgA1 nanobody, many of which we identified after applying our 

design criteria to the available literature. EgA1 may be easily substituted with an 
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alternative nanobody; there are dozens of these scaffold domains reported for 

applications in oncology, imaging, diagnostics, infection, and autoimmune diseases, and 

several of these currently in clinical trials.279 Other targeting and bioactive moieties that 

could feasibly be substituted into this platform include fibronectin domains,280 knottin-

derived peptides,281 cytokines,282 and antibody fragments.283 

The conjugated cargo in our system, a cytotoxic chemotherapeutic, may also be 

easily substituted for other small molecules, including drugs and imaging probes. Drugs 

with an available ketone will be most easily substituted, such as unoprostone, 

nabumetone, or aminoxy-modified auristatins. Additional payloads may be explored 

through the introduction of alternative linker chemistries. 

While the linkers we explored resulted in a pH-sensitive bond between our 

nanoparticles and cargo, introducing a non-cleavable linker can expand the utility of this 

system further. Similarly, heterobifunctional linkers with an aminoxy group for 

attachment to pAcF and a unique R-group bioorthogonal to both the ketone and natural 

residues (such as those depicted in Figure 79) can be used to attach cargo with an even 

greater degree of orthogonality. Beyond cargo loading, the reactive ketone in pAcF could 

also be used for pH-responsive core-crosslinking of targeted or otherwise cytotoxic ELP 

nanoparticles containing multiple pAcF residues. 

While the ketone in pAcF is a highly versatile reactive group, our genetically 

encoded system provides the ease of substituting the UAA residue incorporated while 
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using same amber stop codon-containing gene. There are a wide variety of additional 

reactive side groups in the diverse pool of UAAs available; a few examples of the 

chemistries and corresponding UAA structures and/or potential reaction partners are 

illustrated in Figure 79. Introduction of any of these residues would expand the chemical 

scope of this system even further.284 

 

Figure 79: Bioorthogonal chemistries and corresponding unnatural amino acid 

residues. Lines indicate reaction partners; the thickness of the lines corresponds to the 

rate of reaction. 
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5. Developing a novel immunotoxin formulation for 
treatment of brain tumors 

5.1 Introduction and motivation 

We have invested our effort thus far in the development of ELP particles for 

direct application in therapeutic systems or to provide the framework for future 

biomaterials studies. ELPs are exquisitely versatile biopolymers that can be easily 

prepared in different formulations, ranging from particles to macroscale coacervates 

with programmable release kinetics. The sequence-behavior relationship of ELPs has 

been extensively studied, empowering us to rationally engineer ELP-based platforms de 

novo for yet unexplored applications, such as glioblastoma multiforme (GBM). 

GBM is the most advanced, aggressive, and commonly diagnosed form of brain 

cancer with a poor survival prognosis of less than a year.285-286 GBM tumors are unique 

from other solid tumors in that the site of recurrence is typically within 2 cm of the 

initial lesion; metastasis outside of the brain is rare.287 This distinctively confined disease 

state, while nonetheless complex and challenging to treat, motivated the design and 

development of our intratumoral, sustained-release therapeutic platform for GBM. A 

critical barrier to progress in this field has been the inability to deliver and maintain a 

high, local concentration of powerful drugs, especially biologics.288-293 Biologics are 

orders of magnitude more potent than small molecule drugs and can be tailored for 

tumor-specific markers, sparing healthy tissue.294 ELPs provide the ideal biopolymer for 
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building this delivery platform as they can be recombinantly fused to these protein 

drugs, such as immunotoxins. 

There are two current solutions for local, extended drug administration in the 

brain. A catheter pump can be inserted into the tumor, with drug infusion taking place 

over hours to days for convection enhanced delivery.295 This method is burdensome for 

patients and can result in inconsistent administration or catheter leakage.296 An 

alternative approach is the implantable Gliadel wafer, a small disc of copolymer 

matrix which slowly dissolves and continuously releases the embedded small molecule 

drug into the resection cavity over time.297 This therapy is restricted to carmustine, a 

drug with limited effectiveness that is not curative as a single agent and has been 

associated with adverse events such as seizures, infection, and cerebral edema.298-301 

Furthermore, these wafers are comprised of a synthetic polymer, which limits the 

potential for incorporation of targeted biologic drugs such as immunotoxins. Thus, there 

is an urgent clinical demand for treatments that can maintain high local concentrations 

of powerful drugs, such as immunotoxins. 

5.1.1 Immunotoxins 

Immunotoxins are protein drugs comprised of a targeting domain linked to a 

bacterial toxin. The targeting domain, which can range from a full-length monoclonal 

antibody to an antibody fragment to a scaffold domain, directs the toxic payload for 
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endocytic uptake into cancer cells. The toxin can be derived from bacterial, insect, or 

plant toxins, which comprise the most lethal class of molecules known. (Figure 80) 

 

Figure 80: Components of an immunotoxin-ELP fusion. 

We have investigated two possible targeting ligands for our immunotoxin: a 

monoclonal antibody and an affibody domain. Both of these are specific for two 

receptors upregulated in GBM. Epidermal growth factor receptor (EGFR) is found in 

undetectable levels in healthy brain and is overexpressed in GBM.302-303 EGFR is the most 

frequently amplified gene in GBM, the extent to which defines this cancer’s subtype.304 

The second target is a constitutively active variant of EGFR, EGFRvIII, which is also 

overexpressed in GBM.305 EGFRvIII is a deletion mutant with a distinct epitope from 

EGFR expressed in approximately 70% of GBM tumors with concurrent EGFR 

amplification.306 Critical for the success of immunotoxin therapy, both of the targeting 

domains selected have been previously confirmed to be internalized following receptor 

binding.307-308 
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The toxin we have selected is derived from the bacterial P. aeruginosa exotoxin A. 

Bacterial toxins kill cells at picomolar concentrations, regardless of cell cycle status, in a 

manner orthogonal to small molecule chemotherapeutics by inhibiting protein 

translation.294 This specific toxin potently inhibits protein translation by ADP-

ribosylating and inactivating elongation factor-2; a single molecule is enough to kill an 

entire target cell.290, 309-311 One of the classic hallmarks of cancer cells is their ability to 

resist pro-apoptotic, genotoxic signals by aberrantly modulating anti-apoptotic 

pathways, which immunotoxins effectively circumvent by directly disrupting protein 

translation.312-314 The variant we employ in our system has been engineered to remove its 

natural targeting domain as well as B- and T-cell epitopes for both mice and humans.315-

316 Truncated toxins are non-toxic without the addition of an exogenous targeting 

domain, which allows us to tailor the specificity of these lethal proteins through fusion 

to a targeting ligand. 

Combining an immunotoxin with an ELP has not been previously explored and 

necessitated thorough optimization and strategy adaptation. We designed a variety of 

schemes to produce an immunotoxin-ELP fusion through both protein conjugation and 

genetic fusion and these are described in detail in Sections 5.1.3 and 5.3.1. The ultimate 

goal of this work, irrespective of synthesis strategy, is to endow an immunotoxin with 

the unique phase transition behavior of ELPs to enable sustained-release delivery. 
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5.1.2 Sustained-release formulations with ELPs 

A notable feature of ELPs is their phase behavior, which enables them to 

transition from a soluble state to an aqueous immiscible coacervate following an 

increase in temperature.317 The thermal responsiveness of an ELP is retained when fused 

to a peptide or protein, making these non-toxic peptide polymers an attractive platform 

for drug delivery applications.254, 318 By manipulating the transition temperature (Tt) at 

which they coacervate, an ELP-drug fusion can be designed such that body heat alone 

triggers the phase transition, thereby creating an injectable depot from which soluble 

fusion molecules are released into circulation at a steady rate (Figure 81A).73, 88  

 

Figure 81: Sustained-release immunotoxin platform for treatment of GBM. (A) 

Intratumoral injection of soluble ELP-immunotoxin will result in formation of a gel-

like drug depot that will slowly release drug unimers over time. (B) Principle of 

diffusion-driven ELP depot release, illustrated with the inverse-log relationship 

between ELP concentration and transition temperature, Tt. 

The sustained release is a product of the inverse-log relationship between the Tt 

and concentration.87 As the perimeter of the depot is diluted by interstitial flow, the ELP 

fusion concentration in this region decreases, causing the Tt to increase above body 
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temperature. Unimers residing at the depot margins thereby resolubilize and diffuse 

into the surrounding tissue (Figure 81B). In previous work, we created an injectable ELP 

depot that released soluble fusion molecules for up to 10 days in mice with zero-order 

kinetics, and up to 20 days in non-human primates.88 

5.1.3 Strategies for immunotoxin-ELP synthesis 

We explored three strategies for synthesis of our immunotoxin-ELP fusion drug, 

described in detail below. Our initial studies involved conjugation of a monoclonal 

antibody with an ELP-toxin fusion; as complex mammalian and cytotoxic bacterial 

proteins cannot be recombinantly expressed in the same system, we investigated both 

chemical ligation and enzymatic attachment to combine these proteins post-purification. 

The benefits of using a monoclonal antibody were ultimately outweighed by the low 

yield of these approaches, and we found success with an alternative strategy: a 

recombinant immunotoxin-ELP fusion we designed to be expressed entirely in E. coli. In 

addition to the ELP and toxin, this linear fusion protein features an affibody targeting 

element, which also provides the benefit of increased valency. Through the many stages 

of this project, we have gained valuable insights in antibody purification, conjugation 

chemistry, enzymatic processing, and protein engineering. We share these to illustrate 

the trajectory of this work, from its origins in genetic code expansion to the current 

recombinant strategy, guided by the challenges and successes we encountered. 
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5.1.3.1 Click chemistry attachment enabled by genetic code expansion  

Antibodies are tetrameric glycoproteins exquisitely evolved by mammalian 

immune systems to recognize and neutralize a diverse range of foreign invaders.283 The 

potential to recognize ligands with high affinity has spurred substantial investment in 

developing monoclonal antibodies specific for useful targets, such as cancer cell-specific 

receptors.319 When loaded with cargo, monoclonal antibodies provide the means to 

precisely target highly potent drugs to specific cells as antibody-drug conjugates 

(ADCs). A major drawback to clinical use of ADCs is their heterogeneous attachment of 

drug by the currently available attachment methods, most frequently at lysine residues. 

With an average of eighty lysine residues per antibody, there are over one million 

possible configurations of drug attachment via this method.320 A heterogeneous ADC 

population has a low therapeutic index as each conjugate can have distinct 

pharmacokinetic, efficacy, and safety profiles.321 We were therefore interested in 

generating a chemically reactive monoclonal antibody that can be site-specifically 

combined with a clickable ELP-toxin protein reaction partner. 

The monoclonal antibody (mAb) selected for our system has a high affinity on 

the order of 100 pM for both EGFR and EGFRvIII.307 After expression in mammalian 

cells, we enzymatically modified the mAb post-purification to attach a click chemistry 

handle, dibenzylcyclooctyne (DBCO). Sortase A is a bacterial enzyme which cleaves 

between a threonine and glycine residue in its recognition motif (LPETG) in one 
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substrate, forming a thioester intermediate with the threonine residue. This intermediate 

is resolved by nucleophilic attack of the -amine of an N-terminal triglycine motif (Gly3) 

in the target substrate to regenerate an amide bond.165 We chemically conjugated the 

DBCO moiety to a Gly3 peptide and genetically introduced the LPETG motif into the C-

terminus of the antibody to facilitate Sortase A attachment (Figure 82). 

 

Figure 82: Sortase A-mediated attachment of clickable DBCO handle to 

antibody. 

The click reaction partner for DBCO, an azide, was co-translationally 

incorporated as p-azidophenylalanine (pAzF) into the ELP-toxin protein, expressed as a 

fusion in bacteria. The purified and appropriately modified proteins were then 

combined using a strain-promoted alkyne-azide cycloaddition (SPAAC) reaction (Figure 

83). This bioorthogonal reaction proceeds spontaneously to relieve the high level of 

strain present in the cycloalkyne group without the need for cytotoxic copper catalysts, 

91 and results in a stable covalent bond between the two groups in the final immunotoxin 

conjugate, which we termed “AbETox”.  
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Figure 83: Spontaneous strain-promoted alkyne-azide cycloaddition (SPAAC) 

between the modified antibody-DBCO and pAzF-ELP-toxin for AbETox synthesis. 

5.1.3.2 Enzymatic protein-protein ligation with Sortase A 

Our second approach for constructing AbETox employed Sortase A as well, but 

instead explored direct protein-protein enzymatic fusion. With the Sortase A recognition 

motif installed in the C-terminus of the antibody, we genetically introduced the Gly3 

sequence into the N-terminus of the ELP-toxin fusion. We were initially uncertain of the 

success of enzymatic fusion of two large substrates and had therefore designed the 

small-molecule based strategy described in Section 5.1.3.1; however, upon evaluation we 

discovered this is also a viable approach to synthesize AbETox (Figure 84). 

 

Figure 84: Direct Sortase A-mediated ligation for AbETox synthesis. 
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5.1.3.3 Recombinant fusion 

While AbETox has the advantage of incorporating a stable and versatile mAb, 

producing this multi-component drug required expression of the mAb and toxin 

elements in separate expression hosts, followed by conjugation and multiple purification 

steps. The complexity of these schemes resulted in significant challenges in optimizing 

yield and motivated us to explore alternative strategies. 

To circumvent the need to produce multiple distinct components for AbETox, we 

designed a recombinant immunotoxin-ELP fusion to be expressed entirely in E. coli. We 

genetically fused three different proteins into one molecular agent to provide the three 

desired elements: 1) multivalent, active targeting, 2) potent cytotoxicity, and 3) 

sustained-release properties as an injectable formulation for intratumoral treatment of 

GBM. The targeting component in this construct is an affibody domain; affibody 

proteins are helical, small (~7 kDa) scaffold proteins derived from the IgG-binding (Z) 

domain of S. aureus that have been engineered to bind unique targets with high affinity, 

comparable to that of monoclonal antibodies but with the greater ease of genetic 

manipulation and production possible with a bacterial expression system.322 These 

proteins are highly stable without disulfide bonds, expressed in high yield, and 

amenable to head-to-tail genetic fusions and combination for multiplexed targeting.323 

The affibody selected for our system, ZEGFR1907, has established nanomolar affinity for 

EGFR; we discovered through this work that this affibody also recognizes EGFRvIII.231, 
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308 Given the benefit of increasing affinity —and hence potency— through multivalency, 

we have developed a library of fusions with one, two, or four affibody domains fused to 

the ELP-toxin, which we termed AffETox (Figure 85). We also explored ELPs with a 

variety of guest residues and molecular weights to provide AffETox with a range of 

phase transition behavior. 

 

Figure 85: AffETox recombinant fusion proteins with one, two, or four 

Affibody domains. 

5.2 Materials and methods 

5.2.1 Construct design and synthesis 

5.2.1.1 Monoclonal antibody 

The genes encoding the anti-EGFR/EGFRvIII antibody (mAb) were constructed 

by introducing the variable heavy and light chain sequences from a published scFv 

(D2C7)324 into the heavy and light chain genes of a humanized kappa isotype IgG1 

(provided by Joseph Bellucci, Duke University). Both genes contain an N-terminal signal 

peptide to ensure proper secretion of the translated proteins, which is cleaved after 

protein processing.325 We investigated two signal peptides – IL-2 and azurocidin – for 
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their impact on mAb yield.326 We included the SrtA recognition amino acid sequence 

(LPETG) at the C-terminus of the heavy chain, separated by a flexible linker, (Gly3S)2, 

and followed by a His tag affinity handle. The entire heavy and light chain genes were 

ordered as gBlocks (Integrated DNA Technologies, Coralville, IA) and inserted into a 

pcDNA5/FRT expression vector (Life Technologies, Carlsbad, CA) with a CMV 

promoter and woodchuck hepatitis virus post-transcriptional regulatory element 

(WHVPRE) (Appendix D, Table 19). 

5.2.1.2 Gly3-DBCO for Sortase A modification of mAb  

The Gly3-DBCO Sortase A substrate was synthesized using a DCC-promoted 

amide coupling reaction in three steps (Figure 86). First, NH2-PEG4-DBCO (Click 

Chemistry Tools, Scottsdale, AZ) was combined with five molar equivalents of Fmoc-

Gly3-OH (Bachem, Bubendorf, Switzerland) in the presence of DCC in DMF and the 

reaction stirred for 18 h at 4C. The polyethylene glycol (PEG) linker was precipitated in 

diethyl ether and the reaction centrifuged to collect the insoluble product as a pellet. 

This pellet was resuspended in 20% piperidine/DMF to deprotect the Fmoc group, with 

the same ether precipitation used to collect the final reaction product. The final product 

was analyzed with ESI-LC/MS to confirm successful deprotection. 

 

Figure 86: Synthetic route for Gly3-DBCO. 
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5.2.1.3 pAzF-ELP-toxin for click chemistry attachment 

We designed the pAzF-ELP-toxin fusion protein with the pAzF-ELP gene fused 

at its C-terminus to an engineered P. aeruginosa exotoxin A.315 We selected this 

orientation as the C-terminus of this toxin is required to be free for activity; the terminal 

RDELK sequence promotes efficient retrograde traffic to the endoplasmic reticulum to 

inhibit translation.327 The site of incorporation for the clickable unnatural amino acid, p-

azidophenylalanine, was positioned at the N-terminus to minimize steric hindrance of 

the click reaction. We selected an ELP with the sequence (VPGVG)60 – ELPD1 – for our 

initial experiments as we predicted this ELP would be sufficiently hydrophobic to drive 

depot formation at physiological temperatures.194 The ELP sequences and nomenclature 

used for our immunotoxin fusions are summarized in Table 9. 

The gene encoding the ELPD1-toxin was synthesized using recursive directional 

ligation by plasmid reconstruction.136 The gene for the toxin was purchased as a gBlock 

(IDT Technologies, Skokie, IL) and inserted into a modified cloning vector (m-pET-24+) 

using Gibson assembly. The m-pET-24+ vector containing the ELPD1 gene was then 

digested with AcuI and BglI to create an “A” population, and the toxin-containing 

vector was digested with BseRI and BglI to create a “B” population. These compatible 

plasmid fragments were then ligated to create a vector containing the fusion gene, 

ELPD1-toxin. The site of incorporation for pAzF, the amber stop codon (DNA sequence: 

TAG), was introduced in the form of a peptide leader with sequence GpAcFG. 
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Oligonucleotides encoding this sequence along with “sticky end” overhangs were 

purchased as ssDNA (IDT Technologies, Skokie, IL) and then annealed together. The 

ELPD1-toxin vector was digested with BseRI and the annealed fragment inserted via its 

complementary overhangs to make the final product encoding pAzF-ELPD1-toxin. 

5.2.1.4 Gly3-ELP-toxin for Sortase A-mediated attachment 

The Gly3-ELP-toxin gene has the Sortase A substrate sequence, Gly3, positioned 

at the N-terminus for conjugation to the mAb. The N-terminal amine of this motif is the 

nucleophile which resolves the Sortase A-catalyzed intermediate and, therefore, must be 

positioned directly at the N-terminus.101 

The ELPD1-toxin gene was synthesized as described in Section 5.2.1.1. In place of 

the pAzF leader, we ordered oligonucleotides encoding the sequence GGG along with 

“sticky” overhangs as ssDNA (IDT Technologies, Skokie, IL), annealed these, and 

inserted at the N-terminus of the ELPD1-toxin after digestion with BseRI to synthesize the 

final gene product, Gly3-ELPD1-toxin. The ELP sequences and nomenclature used for our 

immunotoxin fusions are summarized in Table 9. 

5.2.1.5 Affibody-ELP-toxin (AffETox) 

The AffETox recombinant fusion protein library was constructed by genetic 

fusion of one, two, or four Affibody genes (ZEGFR) at the N-terminus of an ELP gene, 

followed by fusion of the toxin gene at the C-terminus of the ELP. Comparing AffETox 

constructs with different ZEGFR copy numbers allowed us to study the importance of 



 

176 

avidity for optimal targeting and potency, as EGFR dimerizes and oligomerizes prior to 

internalization.328 The ELP genes selected have the same number of repeat units (60-

mers) to maintain molecular weight but differ in their guest residue composition to 

provide a range of depot-forming or non-depot-forming behavior in vivo (Table 9).   

Table 9: ELP nomenclature used for immunotoxin fusion proteins. 

Nomenclature Amino acid sequence 
Predicted Tt (C) at 100 M194; 

behavior at 37C 

ELPD1 (VPGVG)60 31.5; ideal depot 

ELPD1-80 (VPGVG)80 27.8; strong depot 

ELPD1-120 (VPGVG)120 24.1; strong depot 

ELPD2 (VPGA1V4G)60 37.8; weak depot 

ELPS (VPGAG)60 76.4; soluble/no depot 

 

A more hydrophobic valine guest residue promotes a lower Tt and will therefore 

create a more stable depot in vivo; conversely, a more hydrophilic alanine guest residue 

will result in a Tt above that of physiological temperature and this construct will remain 

soluble after injection in vivo. A ratio of these two guest residues will result in an 

intermediate behavior, with moderately stable depot formation in vivo but more rapid 

release than the more hydrophobic ELP construct containing valine alone. 

The genes for the ELP-toxin fusions were constructed as described in Section 

5.2.1.3. The genes encoding ZEGFR and (ZEGFR)2 (provided by Mandana Manzari, 

Duke University) were inserted into a modified cloning vector (m-pET-24+) using 

Gibson assembly. The m-pET-24+ vector containing the ZEGFR or (ZEGFR)2 gene was 

then digested with AcuI and BglI to create an “A” population, and the ELP-toxin-
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containing vector was digested with BseRI and BglI to create a “B” population. These 

compatible plasmid fragments were then ligated to create a vector containing the fusion 

genes, ZEGFR-ELP-toxin or (ZEGFR)2-ELP-toxin. To synthesize the (ZEGFR)4-ELP-toxin 

gene, the vector containing the (ZEGFR)2 gene was digested to create an “A” population, 

and the vector containing the (ZEGFR)2-ELP-toxin gene was digested to create a “B” 

population. These were ligated to create the final gene product, (ZEGFR)4-ELP-toxin. 

Genes encoding control constructs – ZEGFRn-ELP and ELP-toxin – were also similarly 

synthesized to assess the cytotoxic effects of either the Affibody or the toxin alone. 

5.2.2 Protein expression and purification 

5.2.2.1 HEK293 transient expression of monoclonal antibodies 

The pCDNA plasmids encoding the mAb-LPETG heavy chain and mAb light 

chain were purified from bacterial cultures using a QIAGEN Plasmid Midi or Maxi 

Purification Kit (QIAGEN, Hilden, Germany) to obtain transfection quality DNA at 

sufficiently high concentrations (1000 ng L-1).329 We transiently transfected these 

plasmids into a commercially-available expression system using human embryonic 

kidney cells (HEK293T) according to the manufacturer’s protocol (Life Technologies, 

Carlsbad, CA). Briefly, we diluted 30 g of DNA (12 g light chain, 18 g heavy chain) in 

a total volume of 1.5 mL Opti-MEM reduced serum medium. In a separate tube, we 

diluted 81 L of ExpiFectamine 293 reagent in a total volume of 1.5 mL of Opti-MEM 

reduced serum medium, and incubated for 5 min. At the end of this incubation, the two 
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dilutions were mixed and incubated for an additional 20 min at room temperature to 

allow for the formation of lipid-DNA complexes. At the end of this incubation, we 

added the 3 mL of complex to 25.5 mL Expi293 cells with cell density adjusted to 2.9  

106 cells mL-1. After incubating the cells for 20 h at 37C, 8% CO2 atmosphere, we added 

the ExpiFectamine 293 Transfection Enhancers 1 and 2 and incubated for an additional 5 

days.  

This system secretes high titers of stable, recombinant antibody into the culture 

medium that we recovered with Protein G affinity chromatography. Protein G binds 

specifically to the interface between the CH2 and CH3 domains of the Fc domain of 

antibodies; the addition of the Sortase A recognition sequence to the C-terminus of the 

heavy chain is not anticipated to affect mAb binding and recovery with this method.330-331 

After Protein G column chromatography and we concentrated solutions of mAb-LPETG 

using by centrifugal ultrafiltration (Amicon Ultra-15, 10 kDa cut-off, Millipore Sigma, 

Burlington, MA) to concentrations of  5-10 mg mL-1 (approximately 50 M) and buffer 

exchanged into 20 mM Tris, pH 6.9 for long-term storage at 4C. Typical yields from 

these expressions were 6-8 mg of pure mAb-LPETG. 

5.2.2.2 Bacterial expression of Sortase A and toxin fusion proteins 

We explored two versions of the Sortase A enzyme for our reactions, both 

expressed under the control of the T7 promoter in the soluble fraction of BL21(DE3) E. 

coli. We expressed an ELP-SrtA fusion protein (provided by Joseph Bellucci, Duke 
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University) and purified this using inverse transition cycling in 50 mM Tris, pH 7.5, 1 

mM DTT buffer. This variant has the 59 N-terminal amino acids deleted from the wild-

type sequence to enhance activity.332 We also expressed an evolved Sortase A mutant, 

mSrtA, and purified this using His-tag affinity chromatography. This high activity 

mutant (provided by Parisa Yousefpour, Duke University) has four point mutations at 

rationally selected locations which result in a more catalytically active variant.333 These 

proteins were concentrated to approximately 300 M and frozen at -20°C for long-term 

storage. These expressions yielded approximately 50 mg L-1 of pure protein. 

All toxin-containing fusion proteins (pAzF-ELP-toxin, Gly3-ELP-toxin, ZEGFRn-

ELP-toxin, ELP-toxin) were expressed under the control of the T7 promoter in E. coli 

BL21(DE3) and required solubilization and refolding from inclusion bodies. Of note, 

there was consistently a minor population of protein expressed in the soluble fraction, 

though we determined this protein was unstable and not suitable for future use. The 

pAzF-ELP-toxin construct was expressed in bacteria co-transformed with the evolved 

pEvol tRNA/aaRS vector and pAzF incorporation protocol performed as described in 

Section 3.2.2. 

To express these proteins, starter cultures (50 mL, 2xYT media) of transformed or 

co-transformed E. coli BL21DE3 strains were inoculated from frozen glycerol stocks and 

grown for 18 h. The starter cultures were then inoculated at 1:20 dilution in 2xYT media 

(1 L) supplemented with kanamycin (45 μg ml-1). The cultures were grown at 37°C in a 
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shaking incubator at 200 r.p.m. until the OD600 reached 1.0 as assessed by UV/Vis 

spectrophotometry (NanoDrop 1000, Thermo Fisher Scientific, Waltham, MA), at which 

time protein expression was induced by the addition of 1 mM isopropyl -D-1 

thiogalactopyranoside (IPTG). The cultures were then grown for an additional 3 h at 

37°C. Cell pellets were harvested by centrifugation at 3,500xg and resuspended in 20 mL 

of 50 mM Tris, pH 8.0, 750 mM sucrose buffer. Cells were lysed by sonication for a total 

of 3 min (Misonix; Farmingdale, NY) and incubated for 15 min at room temperature 

with 10 g mL-1 DNAse I and RNAse I, 10 mM MgCl2. The lysate was centrifuged at 

22,000xg for 40 min at 4°C and the supernatant discarded. The insoluble pellet was 

resuspended in sufficient 50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.5 mM 

benzamidine, 0.5% TritonX-100 buffer to homogenize the inclusion body, followed by 

centrifugation at 22,000xg for 30 min. This wash step was repeated four additional times, 

without the inclusion of TritonX-100 in the wash buffer. The increasing purity of the 

inclusion body was evident by a color change from grey to white and a decrease in size 

of the insoluble pellet after each successive wash step. After the final wash, the pellet 

was dissolved in 6 M guanidine-HCl, pH 1.5 and dialyzed against 8 L 50 mM Tris, pH 

8.0, 150 mM NaCl, 2 mM EDTA, 0.5 mM benzamidine at 4°C in 12-14 MWCO dialysis 

tubing. The dialysate was then centrifuged at 22,000xg for 30 min and the solubilized 

protein found in the resulting supernatant; the insoluble pellet after this final 
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centrifugation step was discarded. This refolding protocol was adapted from published 

procedures.334-335  

The proteins were then dialyzed into 1xPBS and kept at -80°C for long-term 

storage; we observed degradation and aggregation with proteins stored at -20°C or 4°C 

for longer than 24-48 h. We further refined the purity with size exclusion 

chromatography (SEC) on an ÄKTA automated system (GE Healthcare, Chicago, IL) 

equipped with a photodiode detector and a HiLoad Superdex 26/60 200 PG column 

operated at 4°C using 1xPBS as the mobile phase and a flow rate of 3 mL min-1. Typical 

yields of toxin-containing proteins were approximately 10 mg L-1 culture. The control 

ZEGFRn-ELP protein was expressed in the soluble fraction of E. coli and purified using 

inverse transition cycling, as described in Section 1.2.2.1; these proteins had higher 

yielding expressions of approximately 80 mg L-1 culture. The final yields of the purified 

proteins from these bacterial expressions are summarized in Table 10. 

Table 10: Expression yields of immunotoxin proteins and controls. 

Construct Yield (mg L-1) Construct Yield (mg L-1) 

pAzF-ELPD1-toxin 16.9 ZEGFR-ELPS-toxin 9.1 

Gly3-ELPD1-toxin 23.6 (ZEGFR)2-ELPS-toxin 4.1 

ZEGFR-ELPD1-toxin 6.3 (ZEGFR)4-ELPS-toxin 3.3 

(ZEGFR)2-ELPD1-toxin 3.2 (ZEGFR)2-ELPD1 83.8 

(ZEGFR)4-ELPD1-toxin 3.6 (ZEGFR)4-ELPD1 71.0 

(ZEGFR)2-ELPD1-80-toxin 17.9 ELPD1-toxin 10.5 

(ZEGFR)2-ELPD1-120-toxin 14.9 ELPS-toxin 25.9 

(ZEGFR)2-ELPD2-toxin 13.2   
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5.2.2.3 Endotoxin purification 

Endotoxins, a contaminant of proteins recombinantly expressed in Gram-

negative bacteria, are complex aggregates of lipopolysaccharides from bacterial cell 

wells.336 Endotoxins are highly immunogenic and pyrogenic even at low quantities in 

therapeutic formulations and must be removed with an additional purification step.337 

There are several established approaches for endotoxin removal including ion exchange 

and affinity chromatography, which both rely on the net negative charge of this 

contaminant (pI ~ 2.5).338 We compared two affinity-based endotoxin removal protocols 

for maximum protein yield and extent of endotoxin removal. 

First, we explored an affinity resin purification protocol with gravity flow by 

packing columns with Detoxi-Gel resin (Thermo Fisher Scientific, Pittsburgh, PA). This 

resin uses immobilized polymixin B, which binds to the lipid A domains of endotoxin.339 

We regenerated the resin using three column volumes of 1% sodium deoxycholate in 

endotoxin-free water, followed by three column volumes of endotoxin-free water and 

three column volumes of endotoxin-free 1xPBS. We then incubated our protein sample 

(5 M in 10 mM sodium phosphate, 0.1 M NaCl buffer, pH 7.0) with the resin, rotating 

in the capped column at 4C for 1 h. After this incubation, we collected the flow-through 

containing the protein. We repeated the incubation step with the same sample of protein 

for a total of four rounds, and then concentrated and buffer exchanged into endotoxin-

free 1xPBS by centrifugal ultrafiltration (Amicon Ultra-15, 10 kDa cut-off, Millipore 
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Sigma, Burlington, MA). Purification with this method reduced endotoxin levels to  

0.25 EU mL-1, an acceptable level for our in vivo studies, but concurrently resulted in loss 

of > 98% of total protein. The immunotoxin fusion constructs have an isoelectric point of 

4.8, and like endotoxin, are therefore negatively charged at neutral pH and 

indiscriminately bind to the affinity resin. 

To address this significant loss of protein, we also investigated the use of Pierce 

High Capacity Endotoxin Removal Spin columns (ThermoFisher Scientific, Pittsburgh, 

PA). This resin contains immobilized poly(-lysine) as the affinity ligand, which has a 

higher binding capacity than polymixin B and is more selective for binding to endotoxin, 

improving protein recovery. For purification with these columns, we adjusted the 

endotoxin concentration of the protein sample to be purified, rather than the protein 

concentration. The starting concentration of endotoxin in these immunotoxin fusion 

proteins ranged from 50,000 to 890,000 EU mL-1, with a corresponding protein 

concentration of approximately 50 M. We diluted the protein sample to 10,000 EU mL-1 

in endotoxin-free buffer prior to the spin column purification protocol. We first 

regenerated the column with 0.2 N NaOH/95% EtOH for 1 h at room temperature 

followed by 2 M NaCl washing. We equilibrated the spin columns with 10 mM sodium 

phosphate, 0.1 M NaCl buffer, pH 7.0, followed by incubation with the protein sample at 

4C for 1 h, rotating. We collected the sample and repeated this process for a total of 

three times and after the final round of purification, concentrated and buffer exchanged 
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the sample into endotoxin-free 1xPBS by centrifugal ultrafiltration (Amicon Ultra-15, 10 

kDa cut-off, Millipore Sigma, Burlington, MA). Purification with this method reduced 

endotoxin levels to  0.25 EU mL-1 with higher protein recovery (approximately 15% as 

compared to < 2% with the first method). 

The level of endotoxin in the protein samples was assessed with two methods: 

both a gel-clot and a chromogenic limulus amoebocyte lysate (LAL) assay. LAL reacts 

strongly to and coagulates in the presence of endotoxin and is the FDA-approved 

method for detecting and quantifying endotoxin levels.336 For the gel-clot assay, samples 

were diluted to the concentrations to be used in vivo and tested for formation of a gel 

clot after incubation at 37 C for 1 h with an endotoxin detection limit of 0.25 EU mL-1 

(ToxinSensor Gel Clot Endotoxin Assay Kit, GenScript, Piscataway, NJ). For the 

chromogenic assay, we diluted samples and analyzed with the EndoSafe cartridge 

reader with a cartridge sensitivity of 0.1 EU mL-1. 

5.2.2.4 AbETox conjugation and purification strategies 

As discussed in Section 5.1.3, we designed and evaluated two strategies for 

synthesizing AbETox. The first of these involved Sortase A modification of the mAb-

LPETG followed by a click chemistry conjugation reaction. The purified mAb-LPETG 

was modified with Sortase A to attach the “clickable” substrate we synthesized, Gly3-

DBCO, to the C-terminus of the heavy chains. To do this, the mAb-LPETG, Gly3-DBCO, 

and ELP-SrtA or His8-mSrtA were combined in molar ratios of 1: 300: 4 (i.e. 15 M mAb-
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LPETG, 4500 M Gly3-DBCO, 60 M ELP-SrtA) in Sortase A reaction buffer (0.5 M Tris, 

pH 7.5, 1.5 M NaCl, 0.1 M CaCl2). The reaction was incubated at 25C for 18 h, at which 

point the Sortase A was removed to stop the reaction, either by inverse transition cycling 

or His-tag purification. Excess unreacted components were removed by ultrafiltration 

prior to click reaction. The success of Sortase A labeling was assessed by monitoring the 

increase in absorbance at 310 nm, the characteristic absorbance of DBCO.  

After obtaining and purifying mAb-DBCO, we combined this with pAzF-ELPD1-

toxin to synthesize the final immunotoxin product. For this click reaction, we tested an 

array of reaction conditions. We varied the molar ratio of DBCO: azide, ranging from 2:1 

to 1:1 to 1:2, but kept the individual concentrations of both of these components above 

100 M to drive the reaction to completion. We also varied the incubation time, ranging 

from 24 to 72 h, with all reactions performed at 25C. To purify the final reaction 

product, we used both azide- and DBCO-conjugated magnetic beads (Jena Bioscience, 

Jena, Germany) to remove unreacted starting material. 

We also explored an alternative AbETox synthetic route. For this, we used 

Sortase A for direct protein-protein ligation of the two components, mAb-LPETG and 

Gly3-ELP-toxin. We explored a variety of reaction conditions to optimize this 

conjugation, in particular modulating the ratio of Gly3-ELP-toxin to mAb-LPETG and 

testing two Sortase A variants. A typical labeling reaction was comprised of mAb-
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LPETG, Gly3-ELP-toxin, and Sortase A in 1: 25: 3 molar ratios (i.e. 20 M mAb-LPETG, 

500 M Gly3-DBCO, 60 M ELP-SrtA). 

We devised a two-step purification scheme to address the challenges we faced 

with purifying the resulting complex reaction mixture (Figure 87). 

 

Figure 87: AbETox two-step purification scheme #1. 

 In the first step, we used Protein L chromatography to collect mAb-containing 

components, as this protein selectively binds to kappa light chains without Fc 

interference.340 This eliminated ELP-SrtA and unconsumed Gly3-ELP-toxin, with the 

potential components remaining after this purification step including unmodified mAb-

LPETG, singly labeled mAb-ELP-toxin, and the desired AbETox product, mAb-(ELP-

toxin)2. The second reaction step relied on the His6 tag we installed immediately 

following the LPETG sequence on mAb; any intact, unlabeled heavy chains will have 

this affinity tag present, which we used to “reverse” His purify and pull these 

components out of the reaction mixture. This initial purification scheme assumed we 
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would obtain successful labeling of both heavy chains in sufficient yield. 

Experimentally, we determined the proportion of singly-labeled and unlabeled mAb 

both dwarfed that of the doubly-labeled species. We accordingly modified our 

purification protocol to instead separate these two components in the second 

purification step by inverse transition cycling, rather than reverse His purification 

(Figure 88). We monitored the purity and success of the reaction by observing the 

molecular weight increase of the heavy chain with SDS-PAGE and MALDI-TOF-MS. 

 

Figure 88: AbETox two-step purification scheme #2. 

We empirically determined a certain degree of non-specific Sortase A labeling in 

negative control reactions which resulted in undesirable intra-mAb heavy chain dimers, 

and which we hypothesized were caused by the prevalent solvent-exposed lysine 

residues in the mAb HC. The resulting low Sortase A reaction efficiency made it difficult 

to recover the AbETox using inverse transition cycling. We subsequently modified this 
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purification scheme further to reposition the His tag between the Gly3 leader and ELP-

toxin, to instead His purify the final AbETox product (Figure 89). 

 

Figure 89: AbETox two-step purification scheme #3. 

5.2.3 Immunotoxin characterization 

5.2.3.1 Mass spectroscopy 

To confirm the attachment of Gly3-ELP-toxin to mAb, we performed a tryptic 

digest and analyzed this digest with matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (MALDI-TOF-MS). Lyophilized trypsin was reconstituted 

using 50 mM acetic acid to 1 mg mL-1 as per the manufacturer’s instructions. Samples of 

pAcF-ELPBC and pAcF-ELPBC-EgA1 at 100 μM were incubated with MS-grade trypsin 

protease (Pierce, Waltham, MA) at a ratio of 20:1 in 50 mM ammonium bicarbonate, pH 

8. These reactions were incubated at 37C for 16 h and then analyzed with a Bruker 

Autoflex Speed LRF MALDI-TOF System. Digested samples were mixed at a ratio of 1:1 
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with sinapinic acid (SA) matrix and 2 µL was deposited onto a ground steel target plate 

and dried in air at room temperature. All spectra were calibrated against apomyoglobin 

(Sigma Aldrich, St. Louis, MO). 

The products of Gly3-DBCO synthesis were analyzed by electron spray ionization 

liquid chromatography/mass spectroscopy analysis with an Agilent 1100 Series LC/MSD 

Trap SL (Agilent Technologies, Santa Clara, CA). Samples were injected into a 

Phenomenex Luna C18 column (50 x 1 mm, 3 µm; 0.2% formic acid in water as buffer A, 

0.2% formic acid in acetonitrile as buffer B) and then into the mass spectrometer using a 

fully automated system. Spectra were acquired in positive mode followed by analysis 

using LC/MSD Trap Data Analysis software (Agilent Technologies, Santa Clara, CA). 

Mass spectra were acquired at the Mass Spectrometry Shared Facility at Duke 

University. 

5.2.3.2 Phase transition behavior 

The transition temperatures (Tt) of the immunotoxin-ELP fusion proteins were 

determined by temperature-controlled spectrophotometry using a Cary 300 (Agilent 

Technologies, Santa Clara, CA). Samples containing various concentrations of these 

proteins in 1xPBS were heated at 1C min-1 and the optical turbidity at 350 nm was 

recorded every 0.1C. The Tt was determined for each sample as the maximum of the 

first derivative of the turbidity as a function of temperature. 
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5.2.3.3 Cell-free protein translation inhibition assay 

We confirmed the mechanism of action of the toxin using a modified cell-free 

protein translation inhibition assay.341 We selected a cell-free kit with the eukaryotic 

cellular components required for transcription and translation of a reporter gene, R. 

reniformis luciferase (T7 TnT® Quick Coupled Transcription/Translation System, 

Promega, Madison, WI). In this assay, the negative control reaction expresses luciferase 

and produces luminescence after addition of the luciferin reagent (Figure 90A). Addition 

of a translation inhibitor, such as ELP-toxin, prevents translation of luciferase and 

eliminates the luminescent signal, providing a quantifiable measure of protein 

translation or its lack thereof (Figure 90B). 

 

Figure 90: Cell-free protein translation inhibition assay. (A) A luciferase 

reporter gene under the control of a T7 promoter provides a luminescent signal after 

incubation of the necessary cell-free components. (B) Addition of a P. aeruginosa 
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exotoxin A-containing protein inhibits protein translation, preventing translation of 

luciferase and eliminating the luminescent signal. 

These reactions were prepared according to the manufacturer’s instructions, with 

the kit components (WGA extract, T7 RNA polymers, TnT reaction buffer, amino acid 

mix, RNAse inhibitor, T7 luciferase DNA at 500 ng L-1) mixed immediately before 

addition of the toxin (at 1 g mL-1) and necessary co-factor, nicotinamide adenine 

dinucleotide (NAD, 100 g mL-1) in a total reaction volume of 50 L. These reactions 

were then incubated at 30C for 90 min. At the end of the incubation period, 30 L of 

each reaction was transferred to a black-walled 96-well microplate and 50 L of luciferin 

(24 mg mL-1) added to each well simultaneously with a multichannel pipette. Following 

incubation for 5 min, the luminescent signal of the solution was measured with a 1 s 

counting time using a Victor3 microplate reader (PerkinElmer, Waltham, MA). These 

reactions were prepared and analyzed in triplicate to provide an n of 3 for each 

experimental condition. 

5.2.3.4 Cell viability assays and flow cytometry 

We assessed the potency of the AffETox proteins in a panel of relevant cell lines 

including murine 3T3 fibroblasts stably transfected to express either human EGFR, 

human EGFRvIII, or null (negative control), A431 patient-derived squamous carcinoma, 

A172 patient-derived GBM, D270MG patient-derived GBM, D270MG xenograft GBM, 

CT-2A murine GBM (chemically induced tumors), and SMA560 murine GBM 
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(spontaneously developed tumors). The transfected fibroblasts, D270MG, CT-2A, and 

SMA560 lines were generously provided by Darrell Bigner, Duke University.  

The in vitro cytotoxicity of AffETox was determined by a colorimetric assay, as 

follows. First, 2.5 × 103 cells were seeded per 90 µL complete media on BD Falcon™ 96-

well cell culture plates (BD; Franklin Lakes, NJ) and allowed to adhere for 16-18 h. After 

adherence, 10 µL of serial dilutions of AffETox and relevant controls were added to the 

wells and incubated at 37°C for 72 h. After the treatment period, 10 µL of CellTiter 96 

AQueous™ 3-(4,5,-dimethyl2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H–

tetrazolium (MTS) reagent (Promega; Madison, WI) was added to each well. Following 

incubation for 2 h, the absorbance of the solution was measured twice at 490 nm and 650 

nm with a Victor3 microplate reader (Perkin Elmer; Waltham, MA). The background 

A650 was subtracted from the A490 readings to determine the cell viability as compared 

to untreated controls according to Equation 6: 

Equation 6: Calculating cell viability 

 

% Viability = 
Corr. A490 - A490Media

Corr. A490Untreated - A490Media,  Untreated
 × 100% 

 

 

 

To calculate the IC50, the data was fit to a sigmoidal curve and fit to Equation 7, 

where Cprotein is the effective protein concentration in the well, the IC50 measures the 

necessary dose to kill 50% of the cell population, and p represents the slope of the 

sigmoidal curve. 
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Equation 7: Calculating IC50 

 

To fluorescently label proteins, 1 mg of AlexaFluor488-NHS ester was dissolved 

in 100 μL DMSO. The N-terminal amine of (ZEGFR)2-ELPD1 was labeled with 

AlexaFluor488-NHS ester by incubating these proteins (100 μM) with ten molar 

equivalents of dye, rotating at 4C for 24 h in sodium phosphate buffer, pH 7.4. Excess 

unreacted dye was removed with a hot spin followed by washing with centrifugal 

ultrafiltration (Amicon Ultra-15, 10 kDa cut-off limit). Briefly, a hot spin consists of 

heating the solution of labeled protein above the Tt to initiate phase separation and 

centrifuging at high speeds to pellet the ELP, with free dye in the supernatant. The 

supernatant is removed, and the pellet is resuspended in cold PBS, whereupon the ELP 

resolubilizes. The following equations were used to calculate protein concentration 

(Equation 8) and A488 concentration (Equation 9). The typical dye labeling efficiency 

was approximately 25%. 

Equation 8: Calculating protein concentration 

 

Equation 9: Calculating fluorescent labeling efficiency 
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Overnight cultures of adherent cells (3T3+EGFR) were prepared for flow 

cytometry by first trypsinizing cells with 0.05% trypsin/EDTA and harvesting the cells 

by centrifugation for 3 min at 1,000xg. The D270MG xenograft cells were prepared in a 

single cell suspension by first treating tumor homogenate with 100 g collagenase 

(Worthington Biochemical Corporation, Lakewood, NJ) at 37C for 15 min at which 

point the reaction was stopped by dilution 1:1 with 5% human serum albumin (Sigma 

Aldrich, St. Louis, MO) in cell culture grade 1xPBS. The dissociated cells were then 

passed through a 70 m cell strainer and centrifuged for 5 min at 300xg. The cell pellet 

was resuspended in 5 mL Red Blood Cell Lysing Buffer HybriMax (Sigma Aldrich, St. 

Louis, MO) and incubated at room temperature for 1 min. The solution was centrifuged 

for 7 min at 300xg and the supernatant decanted; this red blood cell lysis procedure was 

repeated until the cell pellet was no longer visibly red. 

The final cell pellets collected were resuspended in PBS/1% BSA, the cells were 

counted with a hemocytometer after 1:1 dilution into Trypan blue solution (0.4%, 

Thermo Fisher Scientific, Waltham, MA), and the cell density adjusted to 2 × 106 cells 

mL-1. Cells were incubated with fluorescently labeled proteins by gently mixing 90 μL of 

the cell suspension with 10 μL of 100 M (ZEGFR)2-ELPD1 (25 M Alexa488) followed by 

a 1 h incubation with rocking at 4C to minimize protein uptake by the cells. After 

incubation, cells were collected and washed three times with 0.5 mL PBS/1% BSA on ice, 

with final cell concentration adjusted to 2 × 105 cells mL-1 prior to flow analysis. Live cells 
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were analyzed for population fluorescence on a BD Accuri Analyzer (BD Biosciences, 

San Jose, CA). 

5.2.4 In vivo studies 

We tested the in vivo efficacy of AffETox constructs in immunocompetent, eight-

week-old C57BL/6 female mice (Jackson Laboratories, Bar Harbor, ME) with a syngeneic 

GBM tumor model, CT-2A-dmEGFRvIII-Luc (provided by Darell Bigner, Duke 

University). To establish orthotopic tumors, the mice were anesthetized with a 

continuous isoflurane vaporizer (2.5% isoflurane in 2 L min-1) and then secured in a 

Stoelting stereotactic frame. The anterior cranial region was shaved and after 

disinfecting the area with Betadine, a 1 cm midline incision was made in the skin over 

the skull. The bregma was located and used to determine the coordinates for injection 

(0.5 mm anterior; 2 mm lateral). A sterile pencil was used to mark the coordinates and a 

Dremel 105 engraving cutter was used to gently break through the animal’s skull. A 

mounting holder/stereotaxic injector on the frame held a Hamilton syringe containing 

the cell suspension in a PBS solution containing 3% methylcellulose (Sigma Aldrich, St. 

Louis, MO). A sterile 27G needle attached to the syringe was introduced through the 

skull and into the brain at a depth of 3.3 mm from the dura mater. We then injected 2  

105 CT-2A cells in a volume of 5 μL at a rate of 3.33 μL min-1. After injection and a 1 min 

delay, the syringe was removed, and a small amount of bone wax placed to occlude the 
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hole. The mouse was removed from the frame and the skin was closed using Vetbond 

tissue adhesive (Santa Cruz Animal Health, Dallas, TX).  

After five days, the mice were randomized into groups by tumor size. The 

tumors were visualized by luminescence and the total flux quantified using an IVIS 

Lumina Series III imager (PerkinElmer, Waltham, MA). These values were correlated to 

tumor size and the groups accordingly stratified; after five days with this model, the 

tumors reach an approximate spherical volume of 0.5 mm3. The next day, six days after 

tumor inoculation, groups were then locally treated with AffETox, controls, or vehicle 

(1xPBS) directly injected into the established tumors. The mice were oriented in the 

stereotactic frame as before and the incision site located according to the original 

coordinates. The endotoxin-purified AffETox or control solutions were then injected 

intratumorally in a volume of 10 μl at a rate of 3 μl min-1. After treatment, the mice were 

weighed and monitored daily for signs of distress until humane endpoints were reached 

or the termination of the study, on day 60. Overall survival and body weight changes 

were recorded for each of the treatment groups. Cumulative survival curves were 

compared using Kaplan–Meier analysis followed by the Mantel-Cox log rank test. 
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5.3 Results and discussion 

5.3.1 Adapting strategies for immunotoxin-ELP synthesis 

5.3.1.1 Click chemistry attachment for synthesis of antibody-ELP-toxin (AbETox) 

Our first approach for synthesizing an immunotoxin-ELP conjugate involved 

conjugation of a monoclonal antibody (mAb) to a recombinantly expressed ELP-toxin 

fusion protein. The distinct cellular origin of these two components necessitates their 

conjugation after protein expression, purification, and, in the case of the mAb, 

functionalization. We designed two synthetic routes which would allow us to site-

specifically conjugate the ELP-toxin on the C-terminus of the heavy chains of the mAb, 

maintaining specificity for EGFR and EGFRvIII. Our first strategy was to use Sortase A 

to functionalize the mAb heavy chains with a clickable DBCO handle, and then 

conjugate to pAzF-ELP-toxin via the azide-containing unnatural amino acid. 

We expressed mAb with transiently transfected HEK293 cells and purified using 

Protein G affinity chromatography in high yield (60 mg L-1). We confirmed >95% purity 

using SDS-PAGE (Figure 91). 

 

Figure 91: SDS-PAGE of purified mAb. Heavy and light chains are separated 

by addition of a reducing agent, -mercaptoethanol (reduced, R), and the full-length 

visualized in the absence of this reducing agent (non-reduced, NR). 
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To functionalize the mAb with DBCO, we needed two additional components: 

purified, active Sortase A and its substrate, Gly3-DBCO. We expressed Sortase A in E. 

coli and evaluated two variants – ELP-SrtA and His8-mSrtA – for reaction efficiency, 

with the latter variant having a higher reported reaction efficiency, but which was not 

published until a year into this work.333 We expressed these and purified using either 

inverse transition cycling or His affinity purification in high yield (50 mg L-1). We 

confirmed >95% purity of both constructs with SDS-PAGE (Figure 92). 

 

Figure 92: SDS-PAGE of purified Sortase A variants. 

To synthesize the Gly3-DBCO small molecule, we performed an amide 

condensation between a commercially available protected triglycine peptide and amine-

functionalized DBCO (dibenzylcyclooctyne). We first confirmed successful ligation of 

these two components with electron spray ionization mass spectroscopy (ESI-LC/MS) 

prior to deprotection (Figure 93A). We then performed mass spectroscopy analysis after 

protecting group removal to confirm the molecular weight of our final reaction product, 
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Gly3-DBCO (Figure 93B). Furthermore, we found no evidence of the protected starting 

material, allowing us to conclude the deprotection step was > 99% efficient. 

 

Figure 93: ESI-LC/MS analysis of Gly3-DBCO synthesis. A) Mass spectrum and 

corresponding ion chromatograms of Fmoc-Gly3-DBCO indicate successful product 

formation, with expected molecular weight 918.4 Da. B) Mass spectrum of final 

reaction product Gly3-DBCO, with expected molecular weight 695.4 Da. TIC, total ion 

chromatogram; EIC, extracted ion chromatogram. 

After securing the three necessary components – mAb, Sortase A, and Gly3-

DBCO – we proceeded with the enzymatic functionalization of mAb. We purified the 

reaction first with inverse transition cycling to remove ELP-SrtA, then with either 

magnetic beads or size exclusion chromatography to remove excess Gly3-DBCO. We 

qualitatively confirmed success of the reaction and the reactivity of the mAb-DBCO 

heavy chains with fluorescent SDS-PAGE. We reacted the modified mAb-DBCO with a 

clickable, fluorescent dye, N3-Cy5 and confirmed click reactivity of the heavy chain 
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(Figure 94). We quantified the extent of Gly3-DBCO functionalization by monitoring the 

increase in absorbance at 310 nm, normalized to the absorbance at 280 nm. This 

characterization revealed a labeling efficiency of 31.2  9.4%, which indicates 

approximately one third of total mAb is reactive and able to participate in the final click 

reaction with pAzF-ELP-toxin. As we later determined with mass spectroscopy, which 

revealed extensive DBCO degradation after even short-term storage, this percentage is 

more reflective of the instability of DBCO rather than enzymatic efficiency. 

 

Figure 94: Confirming DBCO functionalization of mAb with fluorescent SDS-

PAGE. mAb-DBCO was reacted with azide-Cy5 and visualized for fluorescence. 

Reduced sample confirms successful modification of the heavy chain. Corresponding 

stain-free gel (left) shows mAb is unaffected by DBCO labeling. 

Prior to click conjugation with pAzF-ELP-toxin, we first validated mAb-DBCO 

specificity for the mAb targets, EGFR and EGFRvIII. We incubated fluorescently labeled 

mAb-DBCO by click attachment of N3-Cy5 and incubated this fluorescently-labeled 

antibody with stably transfected murine fibroblast cells which overexpress human EGFR 

or EGFRvIII. The prominent increase in population fluorescence as compared to 

unlabeled mAb controls for both cell lines confirms the successful recognition of these 
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two receptors and, importantly, indicates the Sortase A functionalization has not 

impaired target recognition. We further confirmed specificity of mAb binding with a 

negative control, untransfected murine fibroblast line (Figure 95). 

 

Figure 95: Confirming specificity of mAb for EGFR and EGFRvIII using flow 

cytometry. mAb-DBCO was reacted with fluorescent N3-Cy5 and incubated with 

murine NIH3T3 fibroblasts that are (A) stably transfected with EGFR, (B) with 

EGFRvIII, or (C) untransfected controls. 

We expressed pAzF-ELP-toxin in BL21(DE3) E. coli under the control of the T7 

promoter with pAzF added directly to the culture media. This recombinant protein 

accumulated in inclusion bodies and required refolding for solubilization; one important 

outcome of this component of this work was unnatural amino acid incorporation in an 

insolubly expressed protein. We confirmed successful expression and assessed purity 

with SDS-PAGE. We further qualitatively assessed successful pAzF incorporation by 

fluorescently labeling the pAzF residue with a clickable, fluorescent DBCO-Cy5 dye and 

visualizing with SDS-PAGE (Figure 96). We quantified the dye labeling efficiency as an 

indirect measure of pAzF incorporation efficiency and calculated 12.0  1.3% labeling 

after DBCO-Cy5 purification. Based on our previous studies with this expression 
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system, we expect the pAzF incorporation efficiency to be  98%. We therefore attributed 

the incongruous labeling efficiency again to the instability of DBCO, which contributes 

to our challenges with click synthesis of AbETox via this moiety. 

 

Figure 96: Confirming pAzF incorporation in pAzF-ELP-toxin with fluorescent 

SDS-PAGE. pAzF-ELP-toxin was reacted with DBCO-Cy5 and visualized for 

fluorescence. There was no appreciable protein produced in the absence of pAzF 

added to the growth media. 

We proceeded with our initial attempts to perform click conjugation of mAb-

DBCO and pAzF-ELP-toxin. We assessed successful conjugation by SDS-PAGE; the 

appearance of a new band in the reduced sample lane at a higher molecular weight than 

the heavy chain would indicate successful attachment of pAzF-ELP-toxin. We first 

evaluated our click conditions with a pAzF-ELP control protein. While we did observe 

the appearance of a new band at the expected molecular weight of a heavy chain 

conjugated to this ELP, the conversion efficiency is not appreciable as judged by the 

relative size of the bands in this lane (Figure 97).  
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Figure 97: SDS-PAGE demonstrating click attachment of mAb-DBCO and 

pAzF-ELP. The appearance of the new product, HC-ELP (green), in the reduced 

sample lane with addition of pAzF-ELP, demonstrates click attachment of the heavy 

chain and ELP. R, reduced; NR, non-reduced. 

We achieved similarly low conversion with the attachment of pAzF-ELP-toxin, 

which proved too insignificant to attempt to quantify (Figure 98).  

 

Figure 98: SDS-PAGE demonstrating click attachment of mAb-DBCO and 

pAzF-ELP-toxin. The appearance of the new product, HC-ELP-toxin (green), in the 

reduced sample lane with addition of pAzF-ELP-toxin, demonstrates click attachment 

of the heavy chain and the ELP-toxin fusion. R, reduced; NR, non-reduced. 

Given the low yield of desired AbETox product, we adapted our strategies to 

eliminate our dependence on DBCO, the small molecule required for these reactions, the 

instability of which severely limited the click reaction efficiency. 
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5.3.1.2 Sortase A-mediated fusion for synthesis of antibody-ELP-toxin (AbETox) 

We adapted our Sortase A-based strategy to directly enzymatically fuse the mAb 

and ELP-toxin. Given that we had already produced and characterized the mAb with 

the Sortase A recognition motif, LPETG, in the C-terminus of the heavy chain, we merely 

needed to genetically modify the ELP-toxin gene to incorporate the Sortase A substrate, 

Gly3, at the N-terminus. This updated strategy streamlines the conjugation process, 

eliminating the additional small molecule substrate and click reaction step. 

We successfully cloned the necessary Gly3-ELP-toxin gene and expressed this 

recombinant fusion protein in BL21(DE3) E. coli as before. We confirmed successful Gly3-

ELP-toxin expression, refolding, and purification with SDS-PAGE (Figure 99).  

 

Figure 99: SDS-PAGE of purified Gly3-ELP-toxin. 

Having the three components required for our new synthetic strategy for 

AbETox in hand – mAb, Gly3-ELP-toxin, and Sortase A – we proceeded with optimizing 

the enzymatic attachment and purification. Through these experiments, we identified a 

non-specific Sortase A intra-mAb dimerization of the heavy chains, as evidenced by the 

appearance of a band at double the molecular weight of one heavy chain in a negative 
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control Sortase A reaction (Figure 100A). Given that the molecular weight of one heavy 

chain is approximately equivalent to the molecular weight of Gly3-ELP-toxin, we 

expressed Gly3-toxin and performed the same Sortase A labeling to evaluate the ratio of 

desired product to the HC-HC dimer. As we determined from the SDS-PAGE, the HC-

HC dimer is the major product being formed as judged by the relative weight of these 

bands (Figure 100B). This side-reaction persisted, albeit to a lesser extent, with the use of 

the higher efficiency Sortase A mutant we tested, H8-mSrtA. 

 

Figure 100: SDS-PAGE of Sortase A reaction products and non-specific 

activity. (A) Negative control reaction with mAb, free Gly3 peptide, and Sortase A 

illustrates formation of intramolecular HC-HC dimer. (B) Sortase A reaction with 

mAb, Gly3-toxin, and Sortase A illustrates ratio of HC-HC to HC-toxin formation. 

The non-specific Sortase A labeling reduced the overall reaction efficiency and 

made our original purification strategies – either reverse His purification of doubly-

labeled AbETox (Figure 87) or inverse transition cycling of singly-labeled AbETox 

(Figure 88) – largely ineffectual. We modified our proteins to include the His6 tag instead 

on the ELP-toxin component, rather than the heavy chain of the mAb, to enable His-tag 

purification of the AbETox conjugate after Protein L purification (Figure 89, Figure 101).  
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Figure 101: SDS-PAGE of purified AbETox. 

It is important to note, however, that given the characterization methods 

employed and molecular weight of the components involved, we are unable to ascertain 

whether our AbETox product also bears an intramolecular HC-HC dimer in addition to 

the appended Gly3-H6-ELP-toxin. We confirmed successful Gly3-H6-ELP-toxin addition 

with MALDI characterization after tryptic digest, though, we are unable to account for 

the level of HC-HC dimers using this method (Figure 102). 

 

Figure 102: MALDI-TOF/MS analysis of AbETox to confirm ELP-toxin 

attachment. MALDI spectrum of ELP-toxin (blue) and AbETox (red) tryptic digests 
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shows expected molecular increase in digest fragment after Sortase A modification 

(expected : 1298.2 Da, observed : 1287.8 Da). 

Given the uncertainty about the exact composition of AbETox, and because the 

yield of this purified material was too low for the additional in vitro and in vivo 

characterization necessary, we adapted our immunotoxin synthesis strategy further to 

eliminate the need to express and conjugate proteins of distinct cellular origin. 

5.3.1.3 Recombinant fusion of affibody-ELP-toxin (AffETox) 

Given the low yields for the purified AbETox conjugates, we turned our 

attention to developing a recombinant fusion protein that could be expressed exclusively 

in E. coli. While we already had experience with expression of the ELP and toxin 

components in E. coli, we needed to identify a targeting domain that could be expressed 

in bacteria in high yield as an N-terminal fusion protein, would be stable enough to 

withstand the refolding process, and with an affinity for EGFR comparable to that of the 

monoclonal antibody. We identified an affibody domain, ZEGFR, that fulfilled each of 

these criteria. Affibodies are highly stable, even in the absence of any disulfide bonds, 

and have one of the highest protein folding rate constants ever measured; affibodies 

spontaneously fold approximately 200,000 times faster than superfolder GFP.322 The 

ZEGFR affibody has nanomolar affinity for EGFR and superior affinity as a head-to-tail 

dimer than a monomer.308 We successfully cloned and expressed the AffETox library, as 

described in Sections 5.2.1.5 and 5.2.2.2, and assessed purity and molecular weight using 

SDS-PAGE (Figure 103). 
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Figure 103: SDS-PAGE of AffETox library and control proteins. 

5.3.2 Characterization of AffETox library 

5.3.2.1 Thermal responsivity of AffETox 

To evaluate the ability of the AffETox constructs to form a coacervate depot in 

vivo, we assessed the phase transition behavior of our AffETox library. We first 

evaluated the transition temperatures (Tt) by UV/Vis spectroscopy as a function of 

solution temperature, as the thermally-triggered coacervation results in a visual change 

in turbidity (Figure 104). The depot-forming AffETox proteins undergo a rapid soluble-

to-insoluble transition when heated above their Tt; we therefore anticipate immediate 

depot formation upon injection of these constructs into the brain. 
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Figure 104: Phase transition behavior of AffETox and control proteins as 

assessed by thermal ramp UV/Vis spectroscopy. The rapid increase in turbidity of the 

solutions of (A) ELPD1, (B) (ZEGFR)2-ELPD1, (C) ELPD1-toxin, and (D) (ZEGFR)2-ELPD1-

toxin indicate the unimer-to-aggregate transition or Tt. The solid lines correspond to 

the optical density upon heating; the dotted lines represent the optical density upon 

cooling. 

We used this data to construct semi-log plots of Tt versus concentration for each 

construct to provide a calibration of the relationship between injection concentration and 

construct solubility (Figure 105). The insoluble-to-soluble transition and therefore depot 

release will occur at the concentration at which these lines intersect with body 

temperature (dotted horizontal line), with the rate of dissolution proportional to the 

slope of these lines. This log-linear relationship therefore also provides an estimate of 

the degree of dilution needed to reverse the transition. 
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Figure 105: Relationship between Tt and concentration for AffETox library. 

Dotted line indicates body temperature, 37C. 

We identified two candidates (blue and red curves) whose Tt versus 

concentration behavior indicates they that will both form depots but demonstrate 

different rates of release. The range of possible injection concentrations with viable Tt’s 

for depot formation affords us the flexibility to further tune depot release. In contrast, 

the soluble construct (green curve) has a Tt above body temperature across the range of 

relevant concentrations and will remain soluble upon injection into the brain. 

Surprisingly, despite having a longer ELP block than the (ZEGFR)2-ELPD1-toxin 

construct, the (ZEGFR)2-ELPD1-80-toxin construct exhibits a higher Tt at each 

concentration (pink curve). This behavior is not what would be expected: canonically, 

increasing the length of an ELP lowers its Tt.194 The presence of the fusion protein 

partners (ZEGFR, toxin) demonstrably affects the phase transition behavior in unique 

ways, a phenomenon which merits future exploration. 
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5.3.2.2 Protein translation inhibition by toxin 

To validate the activity of the toxin when fused to the ELP, and confirm the 

mechanism of action through irreversible ADP-ribosylation and inactivation of 

elongation factor-2 (EF-2), which effectively blocks all protein translation, we modified a 

published cell-free translation inhibition assay.341 As described in Section 5.2.3.3, this 

assay quantifies luminescence output from a luciferase reporter as a direct measure of 

protein synthesis. The benefit of this approach is the lack of dependence on intact, live 

cells associated with standard cell viability assays, allowing us to confirm activity of the 

toxin without an exogenous targeting domain attached. This aspect was particularly 

critical during synthesis of the AbETox construct to confirm activity of the ELP-toxin 

protein prior to attachment of the monoclonal antibody (Figure 106). 

 

Figure 106: Cell-free translation inhibition of luciferase expression by 

immunotoxins and control proteins. The resulting luminescent signal from each of 

the experimental conditions was normalized to a negative control reaction with no 

inhibitory components added. 
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The negative control, without any additional components added, provided a 

baseline level of luciferase expression and therefore luminescent output with which to 

normalize our experimental conditions. Upon addition of the ELP-toxin fusion proteins 

(both ELPD1-toxin and ELPS-toxin), the luminescent signal is  1% of the positive control, 

and therefore indicates inhibition of  99% of protein translation with the toxin and is 

comparable to the activity of an scFv-toxin control (provided by Darell Bigner, Duke 

University). We found a similar level of absolute translation inhibition with both the 

AbETox (0.2  0.06%) and ZEGFR-ELPD1-toxin (0.5  0.06%) constructs, as well as a 

toxin-only control (1.0  0.2%). A reaction in which we withheld NAD+, the necessary 

cofactor for P. aeruginosa exotoxin A, had comparable levels of luminescence as the 

negative control reaction. We also tested the impact of adding ELPD1 or ELPS  on protein 

translation, a necessary control reaction given the phase transition behavior of ELP and 

the incubation temperature for the assay at 30C. As anticipated, neither of these ELPs 

negatively affected protein translation, allowing us to confirm that the potent inhibition 

of protein translation can be attributed to the active toxin. 

5.3.2.3 In vitro characterization of AffETox 

The complete inhibition of protein translation by our immunotoxin rapidly 

instigates apoptosis of target-bearing cells. We tested our immunotoxin first in stably 

transfected murine fibroblasts which overexpress either human EGFR or EGFRvIII to 

confirm specificity for these receptors and assess potency of the drug in relevant cell 
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lines. We evaluated the potency of AffETox constructs bearing one, two, or four affibody 

domains by treating adherent fibroblasts with serial dilutions of these proteins and 

quantifying the percentage of viable cells after 72 h of treatment as compared to 

untreated controls (Figure 107).  

 

Figure 107: Cytotoxicity of AffETox constructs in transfected murine fibroblasts 

expressing human EGFR or EGFRvIII. (A), (B) AffETox with depot-forming ELPs. (C), 

(D) AffETox with soluble ELPs. 

We found that both (ZEGFR)2-ELP-toxin and (ZEGFR)4-ELP-toxin were more 

potent than (ZEGFR)-ELP-toxin, regardless of the ELP sequence. This effect was true for 

both the EGFR+ and EGFRvIII+ fibroblast lines, and which revealed the previously 

unknown specificity of this affibody domain for EGFRvIII. The negative control 

proteins, (ZEGFR)N-ELP or ELP-toxin, showed no significant potency in these cell lines, 

indicating both the ZEGFR affibody and toxin are required on the same molecule for 
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cytotoxic effect. AffETox is highly potent in these cell lines, with IC50 values in the low 

picomolar range, comparable to that reported for similar P. aeruginosa-bearing 

immunotoxins.324 The ELPS-bearing AffETox constructs were slightly more potent than 

those with a depot-forming ELP, likely due to the phase transition of the latter during 

treatment and therefore slightly lower available material in the wells for cytotoxic effect 

(Figure 108).  

 

Figure 108: Summary of IC50 values for AffETox library in murine fibroblasts 

expressing EGFR or EGFRvIII. 

 

We further confirmed specificity of the affibody domain for these two receptors 

in untransfected murine fibroblasts, which exhibited no cell death after treatment, and 

bolsters our confidence in an expected lack of nonspecific toxicity in vivo (Figure 109). 
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Figure 109: Untransfected murine fibroblasts which do not express EGFR or 

EGFRvIII are not sensitive to treatment with AffETox. 

We further confirmed picomolar efficacy of our AffETox constructs in an EGFR-

overexpressing patient-derived squamous cell carcinoma line, A431.265 We observed a 

similar increase in potency with the dimeric and tetrameric AffETox constructs as 

compared with the monomeric constructs, though this effect is less pronounced than 

with the NIH3T3 lines (Figure 110). 

 

Figure 110: AffETox constructs demonstrate picomolar efficacy in A431 

squamous cell carcinoma lines. 
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We next assessed AffETox efficacy in both human and mouse GBM lines to 

identify the best cell line for our in vivo studies. We first evaluated potency in two 

patient-derived tumor lines (Figure 111). It is important to note that patient-derived 

GBM lines lose EGFR amplification and overexpression with establishment in culture 

and continued passage.342 The EGFR genomic amplification is most frequently carried in 

GBM cells as double minute extra-chromosomes, which must be maintained in high 

copy number through repeated selection during replication; these fragments are 

routinely lost under tissue culture conditions in complete media.343-344  

 

Figure 111: Efficacy of AffETox in two patient-derived GBM lines. AffETox 

exhibits nanomolar potency in (A) A172 and (B) D270MG established tumor cell lines. 
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While our AffETox constructs were modestly potent in these two lines, A172 and 

D270MG, the order of magnitude increase in IC50 can be directly attributed to the lower 

levels of surface EGFR and is constituent with previous findings.345 The levels of EGFR 

mRNA are as many as twenty times lower in established lines than the corresponding 

xenograft tumor cells, indicating that this loss of potency is not anticipated to be 

recapitulated in vivo.342 

To maximize our options for in vivo tumor models, and confirm specificity of 

AffETox for murine EGFR, we also assessed cytotoxicity in two mouse GBM lines, 

developed and generously provided by Darell Bigner in the Duke University Preston 

Robert Tisch Brain Tumor Center. SMA560-mEGFRvIII-D2C7-FFLuc-sort3 was 

established from a spontaneous brain tumor developed in VM/Dk mice.346 CT-2A-

mEGFRvIII-D2C7-FFLuc-Inf1-sort1 was established from a chemical carcinogen-induced 

brain tumor in C57BL/6 mice.347 Both of these lines express endogenous mouse WT 

EGFR and have been stably transfected to express a mouse EGFRvIII with seven point 

mutations which preserve the human EGFRvIII epitope. These lines also both express 

luciferase for imaging purposes in vivo. We found the AffETox constructs we tested were 

potent in both lines, with IC50 values in the picomolar range (Figure 112). However, the 

constructs were more potent in the CT-2A line, and we therefore selected this line for 

future in vivo studies. For example, the IC50 of (ZEGFR)2-ELPD1-toxin in CT-2A was 64.5 

pM and that of the same construct in the SMA560 was 196 pM. 
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Figure 112: Potency of AffETox in two murine GBM lines. AffETox exhibits 

picomolar efficacy in (A) SMA560 and (B) CT-2A tumor lines. 

We further confirmed the specificity and utility of AffETox using flow cytometry 

performed on both the murine NIH3T3 fibroblasts transfected with EGFR and on 

explanted D270MG xenograft cells. D270MG xenograft cells were used to establish 

subcutaneous tumors in nude BALB/C mice, which were then removed by dissection, 

homogenized, and processed into a single-cell suspension. (ZEGFR)2-ELPD1 was 

fluorescently labeled at its N-terminus and incubated with either cell line, followed by 

washing and analysis with flow cytometry for population fluorescence. (ZEGFR)2-ELPD1 

binds to both cell populations, with expectedly higher population fluorescence in the 

model transfected NIH3T3 EGFR+ line (Figure 113). This indicates the specificity of these 
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constructs will be well-maintained in the orthotopic model cell line, ensuring the success 

of any future in vivo studies with the D270MG xenograft cell line.  

 

Figure 113: Flow cytometry confirms binding of ZEGFR affibody to EGFR-

expressing fibroblasts and xenograft GBM line. 

5.3.3 In vivo efficacy of AffETox 

We evaluated the in vivo efficacy of AffETox in an orthotopic, syngeneic GBM 

model. These studies were designed with the assistance of Vidya Chandramohan and all 

animal work performed by Charlotte McDowall and Scott Parker. CT-2A tumors were 

established orthotopically in immunocompetent C57BL/6 mice at precise intracranial 

coordinates, enabled by the use of a stereotaxic frame.348 After five days of growth, the 

established, luminescent tumors were imaged and the resulting signal correlated to 

tumor volume, allowing us to randomize the mice into treatment groups. The following 

day, six days after tumor inoculation, we treated the mice intratumorally with AffETox, 

using the same coordinates as tumor implantation to ensure local delivery. We 

monitored the mice daily for any symptoms of neurological distress as well as body 
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weight changes below the acceptable threshold, until the humane endpoint or 

termination of the study sixty days after tumor inoculation (Figure 114).    

 

Figure 114: Study design for AffETox efficacy in an orthotopic, syngeneic 

mouse GBM tumor model. The mouse is positioned with a stereotaxic frame to ensure 

local delivery of the AffETox to the intracranially implanted tumors.348 

 

We first needed to identify the maximum tolerated dose (MTD) of AffETox with 

this tumor model to develop an understanding of the therapeutic window for this drug. 

We selected the initial doses by dose-matching with previous work by the Bigner group 

with immunotoxins and this tumor model.324, 349 Our treatment groups for this pilot 

study included one depot-forming and one soluble dimeric AffETox ((ZEGFR)2-ELP-

toxin), each with three increasing doses (Table 11). 
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Table 11: Treatment groups for GBM maximum tolerated dose study #1 

Treatment n Dose (M) Dose (g) 

Vehicle 5 -- -- 

(ZEGFR)2-ELPD1-toxin 5 0.5 0.3 
 

6 1.5 1 
 

6 5 3 

(ZEGFR)2-ELPS-toxin 5 0.5 0.3 
 

6 1.5 1 
 

6 5 3 

 

If there is drug-induced toxicity, this will present in the mice within 72 h after 

treatment as neurological distress (hunching, ataxia, lethargy), rapid weight loss, or 

sudden death. These symptoms will intensify over the course of the three days post-

treatment and require humane euthanasia. In this study, none of the treatment groups 

exhibited drug-related toxicity and all deaths at later time points can be attributed to 

tumor-related toxicity. While we were unable to assess the MTD from these doses, we 

did observe significant improvement to median and overall survival in several of the 

treatment groups (Figure 115). Remarkably, two of the soluble AffETox treatment 

groups had the greatest improvement to survival over the vehicle control. Given that 

several mice from each group survived until the termination of the study, these mice 

presumably had complete tumor regression. 
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Figure 115: AffETox efficacy in CT-2A orthotopic model (MTD study #1). (A) 

Cumulative survival of mice reveals four treatment groups with significantly 

improved survival as compared to vehicle control, with (**) indicating p < .01 and (*) 

indicating p < .05 (Mantel-Cox log rank test). (B) Body weight change as a percentage 

of starting body weight. Arrow indicates day of AffETox treatment. 

 

This exceptional response to soluble AffETox, with the 0.5 M dose extending the 

median survival to 44 days post-tumor inoculation, is a result that has not previously 

been achieved with a single injection of any immunotoxin formulation in this tumor 

type (Table 12). These results bolstered our confidence in the effectiveness of AffETox 

and suggested that additional fine-tuning of the depot release kinetics was needed to 
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achieve sustained-release, with the expectation of improving survival even beyond that 

observed with the soluble formulation. This hypothesis, coupled with the lack of 

identification of the MTD from these doses, provided the motivation for a follow-up in 

vivo study with dose escalation and additional depot-forming AffETox. 

Table 12: Median survival of treatment groups in AffETox MTD study #1 

Treatment Dose (M) Median survival (days) 

Vehicle -- 16 

(ZEGFR)2-ELPD1-toxin 0.5 16 
 

1.5 20 
 

5 21.5 

(ZEGFR)2-ELPS-toxin 0.5 44 
 

1.5 26 
 

5 17.5 

 

In the second animal study, we had several goals: 1) assess the replicability of the 

best-performing soluble AffETox construct; 2) identify the MTD; 3) compare our 

treatment to an existing immunotoxin currently in clinical trials, D2C7; and 4) identify 

the best-performing depot formulation. For the latter, we introduced our second depot-

forming dimeric AffETox candidate ((ZEGFR)2-ELPD2-toxin) as this construct exhibited a 

less hydrophobic profile than ELPD1 and also expectedly has a different rate of release. 

The inverse log-linear relationship between Tt and concentration, and therefore dilution 

profile, of ELPD2 has a more negative slope than ELPD1, suggesting a weaker depot and 
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more rapid release. We also increased the number of mice per group to n = 8 for all 

groups to improve confidence in our findings (Table 13). 

Table 13: Treatment groups for GBM maximum tolerated dose study #2 

Treatment Dose (M) Dose (g) 

Vehicle -- -- 

(ZEGFR)2-ELPD1-toxin 15 10 
 

45 30 

(ZEGFR)2-ELPD2-toxin 7.5 5 
 

15 10 
 

45 30 

(ZEGFR)2-ELPS-toxin 0.5 0.3 

D2C7 0.5 0.3 

 

We were able to achieve some of the goals outlined for this study, but these 

findings also revealed several areas which warrant further exploration and will require 

additional in vitro and in vivo studies. In terms of the achievements from this study, we 

were able to identify a toxicity-inducing dose at the maximum AffETox dose tested in 

this study. Both the (ZEGFR)2-ELPD1-toxin and (ZEGFR)2-ELPD2-toxin constructs at a 

dose of 45 M resulted in rapid, significant body weight loss and co-incident morbidity 

within the first 72 h following treatment (Figure 116). Whether this dose is also the MTD 

will require further investigation, but this dose importantly provides an upper-bound 

for the therapeutic window.  
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Figure 116: AffETox efficacy in CT-2A orthotopic model (MTD study #2). (A) 

Cumulative survival of mice reveals one treatment group with significantly improved 

survival as compared to vehicle control, with (**) indicating p < .01 (Mantel-Cox log 

rank test). (B) Body weight change as a percentage of starting body weight. Arrow 

indicates day of treatment. 

We were also able to evaluate all of our in vivo data, from both this study and the 

first, in the context of a clinically used immunotoxin, D2C7. This immunotoxin was 

developed and generously provided by Darell Bigner, Duke University, and is 

comprised of a single chain variable fragment (scFv) specific for EGFR/EGFRvIII linked 

to a previous generation of P. aeruginosa exotoxin A with immunogenic epitopes still 

intact. In both clinical trials and pre-clinical testing, D2C7 is administered orthotopically 

through use of an osmotic pump implanted in the brain for 24 h to seven days.324 Bigner 
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and co-workers had not previously explored the efficacy of D2C7 administered as a 

bolus injection, as we have done with AffETox. We included a D2C7 group in this study 

to provide a useful metric for evaluating the efficacy of AffETox and found a significant 

improvement to survival in this treatment group as compared to the vehicle control. 

However, in considering the results from both studies, the 0.5 M soluble AffETox 

treatment group from the first MTD study remains unsurpassed with respect to median 

survival. 

Despite these fruitful conclusions, there are some additional questions raised in 

view of the finding that none of the AffETox groups significantly increased survival in 

this study (Table 14). 

Table 14: Median survival of treatment groups in AffETox MTD study #2 

Treatment Dose (M) Median survival (days) 

Vehicle -- 17.5 

(ZEGFR)2-ELPD1-toxin 15 19 
 

45 9 

(ZEGFR)2-ELPD2-toxin 7.5 19 
 

15 19 
 

45 9 

(ZEGFR)2-ELPS-toxin 0.5 20.5 

D2C7 0.5 34 

 

In addition, there is an apparent lack of reproducibility of the 0.5 M soluble 

AffETox treatment between this and the previous MTD study. To address the latter, we 
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re-examined the preparation of the AffETox constructs for this study. In an effort to 

enhance reproducibility, we had used the same batch of soluble AffETox for both sets of 

in vivo studies, with the second taking place six months after the first. Without having 

performed long-term stability testing of AffETox and given the similar performance of 

the soluble AffETox to the vehicle control, we hypothesize the lack of efficacy seen in 

this study is due to degradation of this protein over the time period between the two 

studies. This certainly warrants further, rigorous testing to ensure we can reliably 

recapitulate the exceptional response we observed in our first study. 

Considering the results from the two depot-forming AffETox constructs 

investigated in both of these MTD studies, the best performing group was that of 

(ZEGFR)2-ELPD1-toxin, at a dose of 5 M. This treatment group significantly improved 

overall survival with a median survival of 21.5 days. Given that the most effective dose 

is an intermediate concentration of the five doses we have tested for this construct (0.5, 

1.5, 5, 15, and 45 M), we may need to reduce the dose of (ZEGFR)2-ELPD2-toxin further 

to see comparable therapeutic efficacy. 

More broadly, these findings persuade us to re-consider the essentiality of 

sustained release in this system and, at the very least, demand a more thorough 

delineation of the factors required to achieve depot release in the context of the complex 

intracranial space. The seemingly paradoxical relationship between decreasing dose and 

increasing survival with the soluble AffETox, and to a certain extent the (ZEGFR)2-
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ELPD1-toxin construct, indicates there are additional factors influencing the phase 

transition behavior and bioactivity of these constructs which we have not yet uncovered 

through our in vitro characterizations. The previously studied and modeled ELP depots 

which provided the guidance for selecting these depot formulations were administered 

in the subcutaneous space or intratumorally in other solid tumor types. The dynamics of 

depot release in the brain are likely uniquely and considerably influenced by the 

inimitable characteristics of both the cerebral cortex and this heterogenous, diffuse 

tumor type. 

5.4 Conclusions and future directions 

5.4.1 Summary and significance 

The two distinct phases of this project – first, synthesis of AbETox, and second, 

production of AffETox – each have their own scientific merit, challenges, and 

opportunities for future work. The former was inspired by the overarching theme of this 

thesis work to address the challenges of bioorthogonal conjugation of two complex 

proteins. The latter evolved out of necessity but allowed us to achieve the original goal 

of this project by assessing a sustained-release immunotoxin in vivo. Retrospectively, it is 

the entirety of this work alone which illustrates the thrill of engaging in scientific 

research – the directions in which our findings guide us often lead to the most 

unexpected yet rewarding destinations, which we could not have predicted at the 

project’s inception. It is through a comprehensive view of this project, with the many 
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trials and ultimate successes, that this work provided the most richly fulfilling graduate 

training. While the scope of technical skills and understanding required was wide-

ranging, this project provided the most invaluable insight into a critical requirement of a 

scientific investigator: learning to be adaptable yet purposeful in experimental approach, 

by rigorously evaluating results and accordingly amending strategies. 

Beyond the personal and professional significance of this work, we have 

deepened our scientific understanding of conjugation chemistry, enzymatic 

modification, protein engineering and purification, cancer biology, and the biophysical 

properties of ELP-based fusion proteins. Notably, the challenges we faced in these 

subject areas resulted in some of the most valuable conclusions. With respect to AbETox 

synthesis, this work brought to light yet unpublished issues with cycloalkyne instability 

and non-specific Sortase A activity in the modification of monoclonal antibodies, which 

both merit deeper investigation than our efforts here. The three iterations of purification 

strategies we devised for AbETox also produced several observations of note. When 

separating ELP-containing components from free ELPs, despite differences in transition 

temperatures, we found that inverse transition cycling did not provide discrete 

separation of these species due to the nature of ELP phase separation and entanglement 

of the chains. This effect carries through with chromatography-based purification as 

well; it was difficult to eliminate all traces of ELP-containing starting material from our 

AbETox conjugates with His-tag and Protein L affinity chromatography. Although not 
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discussed, we also attempted anion exchange and size exclusion chromatography to 

purify the reaction mixtures with little success. The many rounds of purification 

required directly contributed to the untenably low yield of pure AbETox conjugate.  

Despite these challenges and the ultimate change of project direction, we did 

profit from the development of AbETox in certain regards. First, we successfully 

genetically grafted the variable domains of a published scFv onto an IgG scaffold and 

confirmed the specificity of our mAb was maintained for EGFR and EGFRvIII. Second, 

being confronted with the insoluble expression of the ELP-toxin fusion required us to 

carefully optimize our refolding protocol to produce active protein. Third, because we 

could not test this ELP-toxin fusion for activity without a targeting domain, we 

investigated and optimized a published cell-free protein translation inhibition assay for 

this purpose. Consequently, we were able to more directly confirm the mechanism of 

action of the toxin than a cell viability assay can alone. These efforts also confirmed that 

the bioactivity of the toxin is maintained when fused to an ELP. These latter two 

endeavors streamlined the AffETox phase of this project and enabled us to get from gene 

synthesis to preparing for in vivo experiments in merely six months’ time. 

Our primary accomplishment in this work was in confirming the efficacy of a 

novel, highly potent immunotoxin-biopolymer fusion (AffETox) in vivo in GBM-tumor 

bearing mice. The response we observed with our soluble AffETox constructs in the first 

in vivo study are unlike those obtained in any previous study, even with continuous 
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infusion of an immunotoxin. These highly promising results bolster our expectations for 

superior responses after continued optimization. More broadly, AffETox is a first-in-

class sustained-release biologic, with a precisely specified modular design. The toxin 

payload, high-affinity targeting domain, and extensively tunable ELP components can 

be tailored to introduce the possibility of sustained-release biologic drugs for a wide 

range of other solid tumor types. 

5.4.2 Future perspectives 

Future work with this platform will necessarily focus on evaluating the factors 

controlling depot dissolution in the brain, with the ultimate goal of either affirming or 

disproving the hypothesis that sustained-release will promote superior AffETox efficacy. 

There are three critical areas of consideration for the next phase of this project: 1) how 

the intracranial milieu affects AffETox phase transition, and determining a strategy to 

recapitulate this environment with in vitro characterization; 2) the extent of extracellular 

fluid movement in the brain, and how this compares to the other locations in which we 

have previously demonstrated sustained release from ELP depots, such as the 

subcutaneous space; and 3) whether the apparent irreversibility of AffETox phase 

transition as measured in vitro translates to lower efficacy in vivo. 

Future endeavors will benefit from more accurately predicting AffETox phase 

transition in vivo using the available in vitro characterization techniques. Thus far, we 

have only measured AffETox phase transition behavior in aqueous buffer (1xPBS). 
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Previous work has demonstrated that assessing ELP phase transition in 1xPBS is not 

necessarily predictive of the behavior in a more physiologically relevant solution, such 

as mock serum. For example, the phase transition behavior of a diblock ELP measured 

in 90% fetal bovine serum wholly abolished the self-assembly observed in 1xPBS.350 We 

require a more nuanced understanding of how AffETox transitions in cerebral spinal 

fluid (CSF), the principal fluid in the extracellular space of the brain. Furthermore, we 

will need to compare predictions for AffETox phase transition in CSF to the expected 

behavior in plasma and interstitial fluid (ISF), as previously studied ELP depots have 

relied on the unique properties of these physiological fluids to establish efficacy and 

model depot performance.88, 351 

A comparison of reported electrolyte levels and rates of fluid movement between 

CSF, plasma, and ISF reveals distinct characteristics of each. While sodium ion levels are 

similar, the level of chloride ions in the CSF are incongruent from those in in plasma, 

ISF, as well as the 1xPBS solutions in which we have assessed AffETox phase transition 

(approximately 119 mM versus 100 mM, 105 mM, and 143 mM, respectively).352 This 

level of dissimilarity will expectedly influence phase transition behavior as chloride is a 

kosmotropic anion which depresses the LCST of an ELP by approximately 1C with each 

100 mM increase in concentration.68 Given that the phase transition of ELP is very sharp, 

occurring within 1C of reaching its transition temperature, even small deviations in 

chloride concentration can skew AffETox characterization. In addition, the protein 
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content of CSF is over 200 times lower than plasma and approximately 75 times lower 

than ISF.352 The concentration of albumin, immunoglobulins, and other globular proteins 

dictates the osmotic pressure and viscosity of these fluids, which impacts the movement 

of other macromolecules. While it is impossible to exactly recapitulate physiological 

conditions with cuvette-based spectrophotometry, we can better approximate these 

fluids based on the reported characteristics and evaluate the influence on phase 

transition behavior. 

Beyond composition, the flow rate of these physiological fluids differs widely. 

Given that the predicted method of depot dissolution is via diffusion-driven dilution, a 

higher rate of physiologic fluid movement will expectedly expedite this process. The 

flow rate of CSF is approximately 0.32 mL min-1 while cardiac output is on the order of 

liters per minute and interstitial fluid movement is approximately 55 mL min-1.353-354 

These values are generalized averages as there are several parameters influencing fluid 

flow and particle diffusion in the circulation and subcutaneous space, including location 

of sampling, vessel diameter, particle size, organism size, and many others.355-356 

Nonetheless, the major discrepancies between fluid flow must be taken into account 

when predicting AffETox dissolution in the context of established ELP depots. The 

reduced fluid movement in the brain may singularly account for the ineffectiveness of 

depot-forming AffETox through lack of flow-promoted dissolution. 
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Another important factor to consider in future work is the apparent 

irreversibility of phase transition with AffETox (see Figure 104). Upon heating, these 

proteins undergo the characteristic, rapid liquid-liquid phase separation of ELPs. 

However, neither ELPD-toxin nor (ZEGFR)2-ELPD-toxin resolubilize upon cooling, with 

the latter exhibiting an unusual kinetically arrested response, particularly at lower 

concentrations. This response is only observed with constructs containing toxin; the 

control proteins, ELPD and (ZEGFR)2-ELPD, do resolubilize upon cooling after heating 

past 37C. This may indicate a certain level of toxin-driven aggregation upon injection in 

vivo, the extent of which will impact the bioavailable drug and may be responsible for 

the lower efficacy of the depot-forming constructs we observed. The soluble AffETox 

construct may have exhibited superior efficacy due to the solvation of the ELP chains 

which prevents aggregation, a concept which has been previously employed in 

combining polyethylene glycol and aggregation-prone biologics.357-358 In addition, the 

liquid-liquid phase separation itself may drive protein aggregation due to the high 

concentration of densely-packed AffETox in the protein-rich phase.359-360 

The level of AffETox efficacy in vivo is undoubtedly collectively governed by 

these various factors, which merits deeper investigation than afforded here. Building a 

comprehensive view of the precise influence of each of these parameters on the 

biophysical behavior of AffETox will expectedly clarify our previous findings and 

provide an informed foundation for future work. 
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6. Conclusions 

6.1 Summary of technologies developed 

This thesis work has produced three distinct elastin-like polypeptide platforms, 

all with an overarching focus on refining and defining the de novo material properties, 

and a footing in both genetic code expansion and complex recombinant protein design. 

We invested our initial efforts in optimizing genetic code expansion systems for 

unnatural amino acid incorporation into elastin-like polypeptides (ELPs). These efforts, 

described in Chapter 2, allowed us to maximize outputs both in terms of yield and 

incorporation efficiency, and enable the platform development in subsequent chapters. 

The first platform, described in Chapter 3, defines an orthogonal strategy for 

crosslinking and stabilizing ELP assemblies and architectures. This we accomplished 

through the introduction of a unique photocrosslinkable unnatural residue, p-

azidophenylalanine. This residue provides never-before-achieved temporal and spatial 

control over crosslinking ELP assemblies, allowing us to immobilize desired 

architectures precisely as we designed them. We used two simple ELP chains as the 

starting materials and required only heat and ultraviolet (UV) light to stabilize 

crosslinked hydrogel particles ranging from 100 nm to 25 m in length, spanning four 

orders of magnitude in size. These studies establish the framework for synthesizing 

stable, monodisperse ELP particles of precise size with potential utility as therapeutic 

drug carriers, actuators, biosensors, and in consumer care products.  
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The second platform developed introduces a new strategy for simultaneous drug 

loading and active targeting of ELP-based nanoparticles via bioorthogonal chemistry. As 

described in Chapter 4, we utilized the unnatural amino acid p-acetylphenylalanine to 

introduce an orthogonal ketone residue, allowing us to conjugate a small molecule drug 

with new chemistries while affording all twenty natural residues their role as essential 

components of a targeting ligand sequence. We demonstrated the utility of this system 

in a panel of relevant cancer cell lines, and demonstrated with flow cytometry, 

cytotoxicity assays, and imaging studies that the targeted, drug-loaded system is 

superior to non-targeted controls. Our targeted system consistently outperforms the 

controls in terms of potency and specificity, with the latter representing the current gold 

standard for drug-loaded biopolymer nanoparticles synthesized using existing methods. 

These studies provide the proof-of-principle studies necessary for future evaluation of 

this drug delivery system in vivo, while our modular system encourages the exploration 

of alternative targeting domains and payloads. 

The third platform describes another novel therapeutic ELP formulation and 

follows a unique trajectory from genetic code expansion to glioblastoma multiforme. As 

described in Chapter 5, we have devised a new strategy to deliver a biologic drug in a 

tissue and tumor model previously unexplored using ELP-based therapeutics: brain 

tumors. What started as a deep-dive into the conjugation of two complex proteins via 

unnatural amino acid-mediated click chemistry evolved into a study in recombinant 
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protein engineering to make a potent immunotoxin equipped to target glioblastoma-

specific markers. We tested these constructs –termed AffETox – in a panel of relevant 

cell lines to confirm specificity and potency, which provided the impetus to test efficacy 

in vivo in an orthotopic, syngeneic GBM mouse tumor model. From those studies, we 

identified potent candidates which resulted in significant improvements to survival. 

This platform has substantial potential for continued pre-clinical and clinical success, 

with room for future studies to further fine-tune the pharmacokinetic properties of 

AffETox to improve efficacy even further. 

With this work, we have combined and reimagined the utility of existing 

technologies to push the boundaries of biotechnology with three primary areas of focus 

within each platform (Figure 117). 

 

Figure 117: Bioorthogonality unlocks new potential for ELPs. 

Our orthogonally crosslinked ELP particle platform represents a fundamental 

advance in the generation of novel biomaterials, especially in the form of crosslinked, 
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soft matter colloids. Our second area of expansion resulted in a novel formulation 

strategy for targeted drug delivery vehicles, pushing the boundaries of nanoparticle 

functionalization. Finally, our third venture into biologic development for treatment of 

brain tumors has expanded the scope of ELP-based therapeutics to a target organ 

previously unexplored with this class of therapeutics, the brain. The trajectory of 

scientific research begins with systematic exploration of hypotheses to answer 

fundamental questions; this process inevitably reveals new unknowns, which richly 

furnish the avenues of future discovery. 

6.2 Combining platforms in future work 

The proposed future directions of each of the individual platforms have been 

discussed in the corresponding sections (see Sections 3.4, 4.4, and 5.4). Taking a more 

comprehensive view of this work, we can envision the ways in which combining our 

technologies would produce radically innovative and useful materials. 

First, we can combine our crosslinking technology with our drug-loaded, 

targeted nanoparticle platform to generate powerful drug delivery vehicles. Recent 

work has demonstrated the importance of combining three key factors for effective 

tumor treatment via nanoparticle drug carriers, which we have yet to explore in one 

particle: 1) active targeting, 2) attachment of cytotoxic drugs, and 3) stabilization via 

crosslinking.200-210, 361-362 As discussed, active targeting of nanoparticles to tumors in vivo 

reduces off-target effects and widens the therapeutic window, while conjugation of 
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small molecule drugs to these carriers increases effective drug half-life via the enhanced 

permeability and retention (EPR) effect.22, 85, 161, 212, 216 However, while our amphiphilic 

ELP polymers drive spontaneous self-assembly of unimers into stable nano-scale 

micelles upon heating in solution, these micelles can disassemble in the complex 

physiological milieu of the circulation, as the unimer-to-micelle equilibrium is in 

constant dynamic flux.141-142 Crosslinked nanoparticles confirmed to be stable in buffer 

have been shown to disassemble in serum and multi-component media.142 Stabilization 

of these polymeric nanoscale micelles by crosslinking has been proven to enhance their 

systemic exposure and reduce renal clearance.143-144  

To generate crosslinked, drug-loaded, targeted nanoparticles we can incorporate 

both crosslinking and Dox-attachment sites using the two unnatural residues p-

azidophenylalanine (pAzF) and p-acetylphenylalanine (pAcF), respectively, into the 

amphiphilic ELP diblocks described in Chapters 3 and 4. Given that both pAzF and pAcF 

are encoded by the same amber stop codon, the constructs containing these residues will 

be expressed, purified, and processed separately. The drug-loaded, targeted diblock can 

then be simply mixed in solution with the photocrosslinkable diblock, heated to 

promote self-assembly into micelles, and crosslinked. The genetic tunability of ELPs at 

the sequence level provides the means to ensure these diblocks have the same critical 

micellization temperature to ensure adequate mixing prior to crosslinking. These 

particles can then be assessed in tumor-bearing mice in vivo to prove the hypothesis that 
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all three elements – crosslinking, covalent drug loading, and active targeting – produce 

the most efficacious drug delivery vehicle. 

Considering our two drug delivery platforms, with a new strategy for drug 

loading as well as a sustained-release biologic, we can identify the pronounced 

opportunity for combining these technologies. The standard of care for glioblastoma 

multiforme (GBM) is currently surgical resection followed by treatment with 

temozolomide (TMZ), a small molecule alkylating agent, concomitant with 

radiotherapy.363 This drug is typically administered intravenously, and while it does not 

have difficulty crossing the blood-brain barrier, systemic side effects can result in dose-

limiting toxicity.364 Accordingly, intracranial administration of TMZ via convection-

enhanced delivery had fewer side effects than repeated intravenous dosing.365 

Conjugating TMZ to our sustained-release immunotoxin via pAcF would allow for dual-

pronged treatment of GBM with a single injection. While TMZ is not amenable to 

conjugation to pAcF on its own, several groups have investigated conjugates of this drug 

which would provide chemical handles for attachment.366-367 The benefit of combining 

TMZ with our sustained-release immunotoxin ensures the diffusion limits encountered 

by the more potent biologic can be compensated for by this small molecule drug. This 

strategy could then be adapted for a variety of drugs and targeted biologics to design a 

highly tailored GBM treatment platform. 



 

241 

A common thread unifies this work and the proposed future directions: while 

recombinant engineering, a powerful mainstay of biotechnology and medicine alike, 

enables the precise de novo design of proteins, genetic code expansion provides the tools 

necessary to drive these purely biological species into the realm of bioorthogonality. 

Here, we can customize these products to our exact specifications. As new biologically-

inspired materials are adapted for recombinant synthesis, and novel unnatural residues 

are explored, the future is bright for innovative protein engineering with applications in 

medicine to materials science and beyond. 
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Appendix A 

Table 15: Library of orthogonal translation systems explored. 

Vector 
Parent 

aaRS/tRNA 
Unnatural amino acid(s) Vector source 

pEvol MjTyr 

pAcF (also pAzF) 

 

Eric Brustad, 

University of 

North Carolina 

at Chapel Hill 

pAcFRS.1.t1 MjTyr 

pAcF (also pAzF) 

 

Farren Isaacs, 

Yale University 

pDule1 MjTyr 

BiBaF 

 

Ryan Mehl, 

Oregon State 

University 

pDule 2 MjTyr 

pCNF (also pAMF)  

 
 

Tet-v2.0 
N

N

N
N

H2N COOH

CH3

 

Ryan Mehl, 

Oregon State 

University 
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pUltra 

MmPylWT 

 

MmPyl 

Pyl and analogues  

 
 

BCN 

 

Eric Brustad, 

University of 

North Carolina 

at Chapel Hill 

pBK MbPyl 

BCN 

 

Eric Brustad, 

University of 

North Carolina 

at Chapel Hill 

pQE 
E. coli 

PheRS** 

Phe analogues (pAcF) 

 

David Tirrell, 

California 

Institute of 

Technology 

Residues in bold text have been successfully recombinantly incorporated with our system. 

 

Abbreviations: 

MjTyr; M. janaschii tyrosine aminoacyl synthetase and tRNA 

pAcF,  p-acetylphenylalanine 

pAzF, p-azidophenylalanine 

BiBaF, 4-(2-bromoisobutyramido)-phenylalanine 

pCNF, p-cyanophenylalanine 

pAMF, p-azidomethylphenylalanine 

Tet-v2.0, tetrazine-containing residue128 

MmPyl, M. marzei WT pyrrolysine aminoacyl synthetase 

MbPyl, M. barkeri pyrrolysine amino acyl synthetase  

Pyl, pyrrolysine 

BCN, bicyclononyne-containing residue 

 



 

244 

Table 16: Growth media composition for recombinant unnatural amino acid 

incorporation. 

Media Component Amount per L 

Minimal media (M9)  

M9 Salts (6X, see below) 

MgSO4 (100 mM), CaCl2 (10 mM) 

Vitamins (100X, see below) 

Trace metals (500X, see below) 

Thiamine (5 mg mL-1) 

FeCl3 (1 mM) 

ZnSO4 

Glycerol (40% v/v) 

NH4Cl (0.2 g mL-1) 

167 mL 

10 mL 

10 mL 

2 mL 

1 mL 

1 mL 

250 L 

10 mL 

5 mL 

M9 Salts (6X) 

500 mL total volume 

NaH2PO4 

KH2PO4 

NaCl 

18 g 

9 g 

1.5 g 

Vitamin stock for M9 (500X) 

500 mL total volume 

Biotin 

Choline Chloride salt 

Folic Acid 

Niacinamide 

Calcium D-pantothenate 

Pyridoxal 

Riboflavin 

50 mg 

50 mg 

50 mg 

50 mg 

50 mg 

50 mg 

5 mg 

Trace metal stock for M9 

(500X) 

100 mL total volume 

Na2EDTA 

ZnCl2 

H3BO3 

MnCl2-4·H2O 

FeCl3-6·H2O 

CoCl2-6·H2O 

CuSO4-5·H2O 

(NH4)6Mo7O2-4·H2O 

2.5 g 

0.52 g 

0.57 g 

0.25 g 

0.24 g 

0.15 g 

0.125 g 

0.055 g 

Auto-induction media (AIM) 

Aspartate (5% w/v) 

Glycerol (10% v/v) 

18 amino acid mix (5 g L-1 each AA) 

25X M salts (1.25 M NaCl, 1.25 M 

KH2PO4, 2.5 M NH4Cl, 0.25 M Na2SO4) 

Glucose (40% w/v) 

50 mL 

50 mL 

40 mL 

40 mL 

 

12.5 mL 
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Leucine (4 mg mL-1) 

Arabinose (20% w/v) 

Lactose (10% w/v) 

MgSO4 (1 M) 

D-biotin (0.8 mg mL-1) 

Trace metals (5000X, see below) 

10 mL 

10 mL 

2 mL 

2 mL 

0.5 L 

200 L 

Trace metal stock for AIM 

(5000X) 

30 mL total volume 

CaCl2 (4 µM) 

MnCl2 (2 µM) 

ZnSO4 (2 µM) 

CoCl2 (0.4 µM) 

CuCl2 (0.4 µM) 

NiCl2 (0.4 µM) 

Na2SeO3 (0.4 µM) 

Na2MoO4 (0.4 µM) 

H3BO3 (0.4 µM) 

FeCl3 (10 µM) 

500 L 

500 L 

500 L 

500 L 

500 L 

500 L 

500 L 

500 L 

500 L 

25 mL 

Luria-Bertani broth (LB) 

Tryptone 

Yeast extract 

Sodium chloride 

10 g 

5 g 

10 g 

2xYT 

Tryptone 

Yeast extract 

Sodium chloride 

16 g 

10 g 

5 g 
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Appendix B 

Table 17: Amino acid sequences and molecular weights of constructs used in 

crosslinked hydrogel platform 

Construct Sequence MW (Da) 

PCE 

pAzF 

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

pAzFGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGpAzFGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGpAzFGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGpAzFG 

33814.9 

PCD 

PCE block 

pAzF 

Hydrophilic block 

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

pAzFGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGpAzFGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGpAzFGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGpAzFGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

65772.6 
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GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG 

 

NCE GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPG 

32833.9 
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Appendix C 

Table 18: Amino acid sequences and molecular weights of constructs used in 

targeted, drug-loaded nanoparticle platform 

Construct Sequence MW (Da) 

ELPBC GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGSGVPGSGV

PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG

SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS

GVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG

VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV

PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG

SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS

GVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG

VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV

PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGY 

64791.60 

 

pAcF-ELPBC 

pAcF leader 

GVGVPGpAcFGVPGVGRGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

66088.33 
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GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG

VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV

PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG

SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS

GVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG

VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV

PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG

SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS

GVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG

VPGSGVPGSGVPGY 

ELPBC-EgA1 

Hinge 

EgA1 

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGSGVPGSGV

PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG

SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS

GVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG

VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV

PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG

SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS

GVPGEPKTPKPQPAAAQVQLQESGGGLVQPGGSLR

LSCAASGRTFSSYAMGWFRQAPGKQREFVAAIRWS

GGYTYYTDSVKGRFTISRDNAKTTVYLQMNSLKPED

TAVYYCAATYLSSDYSRYALPQRPLDYDYWGQGTQ

72582.54 
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VTVSSLE 

pAcF-ELPBC-EgA1 

pAcF leader 

Hinge 

EgA1 

GVGVPGpAcFGVPGVGRGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG

VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV

PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG

SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS

GVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG

VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV

PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP

GSGVPGSGVPGSGVPGSGVPGEPKTPKPQPAAAQVQ

LQESGGGLVQPGGSLRLSCAASGRTFSSYAMGWFRQ

APGKQREFVAAIRWSGGYTYYTDSVKGRFTISRDNA

KTTVYLQMNSLKPEDTAVYYCAATYLSSDYSRYALP

QRPLDYDYWGQGTQVTVSSLE 

73879.02 
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Appendix D 

Table 19: Amino acid sequences of constructs used in sustained-release 

immunotoxin platform. 

Construct Sequence MW(Da) 

mAb heavy chain 

VH 

CH 

SrtA motif 

His tag 

(Signal peptide)EVHLQQSGPELEKPGASVKISCKASG 

YSFTGYNMNWVKQSNGKCLEWIGNIDPYYGDTDYD

QKFKGKATLTADKSSNTVYMQLQSLTSEDSAVYYCA

RGAHRDYYAMDYWGQGTSVTVSSASTKGPSVFPLAP

SSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGV

HTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHK

PSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFL

FPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYV

DGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWL

NGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTL

PPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSC

SVMHEALHNHYTQKSLSLSPGKGGGSGGGSLPETGG

RAGGGSHHHHHHSSG 

52069.3 

mAb light chain 

VL 

CL 

(Signal peptide)DIQMTQSPASLSASVGETVTITCRTSE 

NIYIYLAWYQQKQGKSPQLLVYNAKTLAEGVPSRFSG

SGSGTQFSLKINGLQPEDFGGYYCQQHYGTPYTFGCG

TKLEKKKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNN

FYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYS

LSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNR

GEC 

23622.4 

 Signal peptides  

 IL-2: MYRMQLLSCIALSLALVTNS -- 

 Azurocidin: MTRLTVLALLAGLLASSRA -- 
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pAzF-ELPD1-toxin 

pAzF 

ELPD1 

Linker 

Toxin 

pAzFGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGGGSGGGSGGGSKAS

GGRHRQPRGWEQLGGSPTGAEFLGDGGDVSFSTRGT

QNWTVERLLQAHAQLEERGYVFVGYHGTFLEAAQSI

VFGGVAARSQDLAAIWAGFYIAGDPALAYGYAQDQ

EPDAAGRIRNGALLRVYVPASSLPGFYRTSLTLAAPEA

AGEVERLIGHPLPLALDAITGPEEEGGRLETILGWPLA

ERTVVIPSAIPTDPRNVGGDLDPSSIPDKEQAISALPDY

ASQPGKPPREDLK 

50475.8 

 

Gly3-ELP D1-toxin 

Gly3 SrtA motif 

ELPD1 

Linker 

Toxin 

GGGGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGGGSGGGSGGGSKAS

GGRHRQPRGWEQLGGSPTGAEFLGDGGDVSFSTRGT

QNWTVERLLQAHAQLEERGYVFVGYHGTFLEAAQSI

VFGGVAARSQDLAAIWAGFYIAGDPALAYGYAQDQ

EPDAAGRIRNGALLRVYVPASSLPGFYRTSLTLAAPEA

AGEVERLIGHPLPLALDAITGPEEEGGRLETILGWPLA

ERTVVIPSAIPTDPRNVGGDLDPSSIPDKEQAISALPDY

ASQPGKPPREDLK 

50458.8 
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ELP-SrtA 

ELP 

SrtA 

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

SSGLVPRGSHMQAKPQIPKDKSKVAGYIEIPDADIKEP

VYPGPATPEQLNRGVSFAEENESLDDQNISIAGHTFID

RPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRD

VKPTDVGVLDEQKGKDKQLTLITCDDYNEKTGVWE

KRKIFVATEVK 

115159.6 
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H8-mSrtA 

His tag 

mSrtA 

GHHHHHHHHGSGGGSGQAKPQIPKDKSKVAGYIEI

PDADIKEPVYPGPATREQLNRGVSFAEENESLDDQNI

SIAGHTFIGRPNYQFTNLKAAKKGSMVYFKVGNETR

KYKMTSIRNVKPTAVGVLDEQKGKDKQLTLITCDDL

NRETGVWETRKIFVATEVKG 

18305.6 

ZEGFR-ELPD1-

toxin 

ZEGFR 

ELPD1 

Linker 

Toxin 

GVDNKFNKEMWAAWEEIRNLPNLNGWQMTAFIAS

LVDDPSQSANLLAEAKKLNDAQAPKGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGGGGSGGGSGGGSKASGGRHRQPRGWEQLG

GSPTGAEFLGDGGDVSFSTRGTQNWTVERLLQAHAQ

LEERGYVFVGYHGTFLEAAQSIVFGGVAARSQDLAAI

WAGFYIAGDPALAYGYAQDQEPDAAGRIRNGALLR

VYVPASSLPGFYRTSLTLAAPEAAGEVERLIGHPLPLA

LDAITGPEEEGGRLETILGWPLAERTVVIPSAIPTDPRN

VGGDLDPSSIPDKEQAISALPDYASQPGKPPREDLK 

56831.0 

(ZEGFR)2-ELPD1-

toxin 

ZEGFR 1 

ZEGFR 2 

ELPD1 

Linker 

Toxin 

GVDNKFNKEMWAAWEEIRNLPNLNGWQMTAFIAS

LVDDPSQSANLLAEAKKLNDAQAPKGVDNKFNKEM

WAAWEEIRNLPNLNGWQMTAFIASLVDDPSQSANL

LAEAKKLNDAQAPKGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGGGGSG

GGSGGGSKASGGRHRQPRGWEQLGGSPTGAEFLGD

GGDVSFSTRGTQNWTVERLLQAHAQLEERGYVFVGY

HGTFLEAAQSIVFGGVAARSQDLAAIWAGFYIAGDP

ALAYGYAQDQEPDAAGRIRNGALLRVYVPASSLPGF

YRTSLTLAAPEAAGEVERLIGHPLPLALDAITGPEEEG

63414.4 



 

255 

GRLETILGWPLAERTVVIPSAIPTDPRNVGGDLDPSSIP

DKEQAISALPDYASQPGKPPREDLK 

(ZEGFR)4-ELPD1-

toxin 

ZEGFR 1 

ZEGFR 2 

ZEGFR 3 

ZEGFR 4 

ELPD1 

Linker 

Toxin 

GVDNKFNKEMWAAWEEIRNLPNLNGWQMTAFIAS

LVDDPSQSANLLAEAKKLNDAQAPKGVDNKFNKEM

WAAWEEIRNLPNLNGWQMTAFIASLVDDPSQSANL

LAEAKKLNDAQAPKGVDNKFNKEMWAAWEEIRNL

PNLNGWQMTAFIASLVDDPSQSANLLAEAKKLNDA

QAPKGVDNKFNKEMWAAWEEIRNLPNLNGWQMT

AFIASLVDDPSQSANLLAEAKKLNDAQAPKGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGGGGSGGGSGGGSKASGGRHRQPRGW

EQLGGSPTGAEFLGDGGDVSFSTRGTQNWTVERLLQ

AHAQLEERGYVFVGYHGTFLEAAQSIVFGGVAARSQ

DLAAIWAGFYIAGDPALAYGYAQDQEPDAAGRIRN

GALLRVYVPASSLPGFYRTSLTLAAPEAAGEVERLIGH

PLPLALDAITGPEEEGGRLETILGWPLAERTVVIPSAIP

TDPRNVGGDLDPSSIPDKEQAISALPDYASQPGKPPRE

DLK 

76581.22 

ELPD2 GVGVPGVGVPGAGVPGVGVPGVGVPGVGVPGVGVP

GAGVPGVGVPGVGVPGVGVPGVGVPGAGVPGVGVP

GVGVPGVGVPGVGVPGAGVPGVGVPGVGVPGVGVP

GVGVPGAGVPGVGVPGVGVPGVGVPGVGVPGAGVP

GVGVPGVGVPGVGVPGVGVPGAGVPGVGVPGVGVP

GVGVPGVGVPGAGVPGVGVPGVGVPGVGVPGVGVP

GAGVPGVGVPGVGVPGVGVPGVGVPGAGVPGVGVP

GVGVPGVGVPGVGVPGAGVPGVGVPGVGVPGVGVP

GAGVPGVGVPGVGVPGVGVPG 

24307.56 

ELPS GAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGV

PGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAG

VPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGA

GVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPG

AGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVP

22579.6 
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GAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGV

PGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAG

VPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGA

GVPGAGVPGAGVPGAGVPGAGVPG 
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