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Abstract 

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

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

harnessing natureɀs building blocks and reconfiguri ng these components, recombinant 

engineering unl ocks the potential  to tailor drug  specificity and pharmacokinetics , 

rational ly design biomaterials, understand and define protein structure , and probe 

cellular funct ion 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 livi ng 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 Darwinɀs Ɂgreat treeɂ of life . 

How ever, the seemingly infi ni te potential  for new  materials built from these 

components is, in fact, limited . The chemical identity  of these building blocks  ɬ wi th a 

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

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

these products , to fundamentally  change their  chemical identi ty while  preserving their 

biological functionality , we require the finesse of bioorthogonal  chemistries and 

modific ation techniques. 
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Bioorthogonal  reactions modify biological mate rials within living s ystems 

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

point . That point of inter section can be precisely defined through recom binant 

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

Ɂbioorthogonalɂ, coined by Carolyn Bertozzi, importantl y defines these unique 

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

reactions are ini tiated, to enhance ɬ and even transform  ɬ biological systems. 

Bioorthogonal modifi cation of proteins will , by definit ion, 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 i nto the polypeptid e backbone of 

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

functi onalization 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 a cid -containing ELPs necessary to enable our strategies 

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

universal strategy for drug -loaded, targeted ELP nanoparticles by incorp oration 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 plat forms wi th ut ility in biomaterials, drug delivery, and cancer therapeutics. The 

optimization s performed in developing each of these systems will inform future  studies 

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

furtherin g 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 biomaterial s 

throug h bioorthogonal manipul ation of elastin-like  polypep tide (ELP) biopolymers. We 

first  optimiz ed the incorporation of u nnatural  amino acids (UAAs)  into ELPs to 

maxim ize potential for fun ctionalizati on of this biopolymer  (Chapter 2). These studies 

dir ectly enabled our  subsequent work employi ng these unique residues first for  photo-

mediated crosslinking of these biopolymers to synthesize hydro gel 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 inv estigated 

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

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

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

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

built the experimental  wor k in the chapters that follow.  

1.1 Biopolymers 

Biopoly mers are covalently-linked, repeating chains of chemically similar 

biological monomers produced by liv ing systems and include  nucleic acids, 

polysaccharides, and polypeptides.1 Recombinant biopoly mers are comprised of these 

same bui lding b locks, but have been reconfigured by molecular engineers to exhibit and 
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embody specifi cally  desired properties. While nucleic acids, sugars, and esters have 

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

recombinant biopolymer s compri sed of amino acids, or polypep tid es. These engineered 

biopol ymers are not only composed of the same buildi ng blocks, but frequently derive 

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

collagen, resilin, and e lastin.2 The recombinant biopolym ers can recapitulate specifi c 

properties of these, such as the extensibi lity  of elastin or robustness of silk , and provi de 

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

elastin-like poly peptides (ELPs) can be engineered into different formula tions such as 

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

advantages of biopolymers over their synthetic counterparts, ranging from 

biocompatibi lity to precise sequence control, as well as inherent limit ations as 

biologically -derived materi als, are covered in greater detail below . 

1.1.1 Biopolymer-based formulations and materials 

1.1.1.1 Supramolecular particle s and hydrogels  

One of the most functi onally useful  preparations of biopolym ers is as a particle; 

part icles ranging from the nano- to microscale have util ity in a  variety of appli cations 

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

uniquely be manipu lated both in solutio n as a bulk  material and individu ally  duri ng 

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

and intr insic propert ies. Nanoparticles composed of biopolymers can be easily p repared 

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

tri gger.8 Nano-scale biopolymer micelles provide many of the advantages of traditi onal 

nanoparticles: ease of preparation and administ ration,9 high sur face area-to-volu me ratio 

for surface functionaliza tion ,10 and ideal size for penetratin g tissues,11 making them 

useful deli very vehicles in vivo. Supramolecular aggregates and assemblies of 

biopolymers which  extend beyond the nanoscale can be used in transport ing lar ger 

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 appl ications 

when stabilized as crossli nked hydrogel particles. 

Hydrog els are networ ks of polymers stabil ized by covalent crosslinkin g which 

rapidly undergo changes in netw ork  solubility  and hydration state in response to 

external stimul i, 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 employ ed for cargo capture and release, coatings, biosensing, and optics.13-19 

Biopoly mer-based hydro gel particles provide an addit ional  level of tunabili ty with  the 

potential for genetically encodin g bioactive domains. 
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1.1.1.2 In jectable therapeutics: drug del ivery vehicles and sustained-release 

formulation s 

Beyond  having noteworthy biophysical proper ties, biopolymer -based materials 

are exceptionally usefu l for injectable delivery  of therapeutics as monomers, partic les, 

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

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

a drug, as many potent small mo lecule drugs and biologics are cleared rapidl y from  the 

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

benefit  from  ligation to a poly mer carrier throu gh reduction of  renal clearance, 

improved solubility  and reduced aggregation, and introduction of  Ɂstealthɂ properti es 

to mini mize immune -mediated clearance.21 When loaded into polymer ic part icles, 

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

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

enhanced permeability and retentio n (EPR) effect, whereby particl es on this size scale 

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

of proper lymp hatic drainage.22 As injectable gels, thermall y responsive biopolymers  can 

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

the therapeutic effect. These viscous, insoluble coacervates or drug Ɂdepotsɂ prov ide 

controlled, tunable re lease via interstitial flow -driven dilution of the depot perim eter 

and dif fusion of depot components into surrou nding tissue and circulation . The 
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biopol ymers that comprise these formulatio ns have many advantages over their  

synthetic counterparts. 

1.1.2 Advantages of biopolymer-based systems 

Biopolymer s 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, wh ich is deri ved fr om human 

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

biopolymer s have signifi cant proportions  of oxygen and nitr ogen in their backbone, 

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

buil ding blocks.24 This ensures a seamless integration w ith and minima l perturbation  to 

biological systems in a vari ety of applications . 

The bio-inspir ed sequences comprising biopolymers largely prevent their  

immun e recognition , as compared to the increasingly apparent immunoge nicity of 

synthetic polymers.25-27 An immune re sponse against a drug carrier w ill imm ediately 

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

biopoly mer carrier  therefore provides two l ayers of protection against immune -

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

proteins as well  as mini mal immu nogenicity o f the carrier itself. 

As many biopo lymers are bioinspired, these materials often recapitulate many of 

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

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

advantageous properties evolved by biological systems to maintain structure , define 

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

simple genetic manipulation of these biopolymer s. 

Biopolymers encoded at the gene level allow  for extensive customizability  via 

introduction of bioacti ve domains and biological mo tifs. Biopolymers can support an 

incredible diversit y of fun ctionalities through i ntrodu ction of  targeting ligands  for active 

delivery, protease recognition sites for programmable  degradation , functional enzymes 

for controlled m etabolic processing, and any number of cytotoxic prote in payloads. 

While synthetic polymer netw orks require chemical conjugation or immobiliza tion of 

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

allowin g for precise stoichiometric control of their occurrence and popu lation 

bioactivity . 

One of the greatest advantages of using genetically encoded biopol ymers is their 

perfect monodi spersity ɬ every chain expressed has identical chemical identity and 

chain length. This is of critical importance for  therapeutic applica tions, which deman d 

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

While biopolym ers have many advantages over their synthetic counterpart s, the 

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

functionalized with a variety of moieties. The limi ted chemical diversi ty  available with 

the twenty naturally-occurring  amino acid side chains in tur n has traditionally l imited 

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 his tidine .31-33 However, t hese residues are equally as 

impo rtant for pr otein funct ion as they are reactive; lysine is often required f or bioactivit y 

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 pepti de polymers 

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

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

biocompatibility, ex tensive genetic tunabilit y, 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 physi cs to tissue engineering 

and drug deliv ery. 

1.2.1 Origin and sequence 

Elastin i s an essential component of the vertebrate extracellular ma trix .37 Elastin 

proteins provide  the repetit ive 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 hi gh extension while  elastin minimizes the energy demands on the 

heart by providi ng consistent recoil and high resilie nce.37, 40-41 Considered one of the most 

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

8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯof ~1MPa, and a resilience of ~90%.42-44 The extensibil ity of elastin has 

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

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

organism.42-45 The dur ability of elastin is evidenced by the billions of str etch/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 str etching 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 examplÌȮɯϔ-elastin has been shown to self-

assemble into 5-nm-wi de fibers upon sustained heating.50 

The precursor prot ein to these insolub le elastin networks is the soluble protein 

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

solubilized elastin from porcine aorta s) revealed the presence of disordered 

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

acid sequence alternates between repetitive  hydr ophobic 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 

biolog ically syn thesized through enzyme-mediated, irreversible crosslinking of  

aggregated tropoelastin pro teins into insol uble, mature elastin fibers.55 The conserved 

sequence features of tropoelastin prov ided the basis of elastin-derived biopolymers . 

Moti vated by the repetitive nature of elastin, Urry pioneered the development of 

biopolymers inspired by  elastin by chemically synthesizing polypept ides. His initial 

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

ɁVPGVGɂɯÈÕd studyin g the resulting unique  reversible phase behavior in aqueous 

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

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

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

is repeated ȿnɀ times in an ELP chain to give rise to a unique, intr insically disor dered, 

thermall y responsive biopolym er with the simple sequence (VPGXG)n.57 The abili ty to 

translate environment al changes into pronou nced changes in the physical properties of a 

material constitutes the basis ÍÖÙɯÛÏÌɯɁÚÔÈÙÛɂɯÉehavior of elastin biopoly mers. 

1.2.1.1 Genetic engineering of repeti ti ve 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 po lymerase chain reaction (PCR) and hybridiza tion of 

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

ELPs require specialized genetic assembly methods to produce polymers of various 

lengths. There is a suite of gene oligomeriza tion methods for  rapidly producin g and 

buildi ng ELP genes: concatemerization,58 overlap extension rollin g circle amplification 

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

and plasmid reconstruct ion by recursive dire ctional ligation (PRe-RDL).61 The latter  is 

the main technique used for construct ion of genes in this thesis.  

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

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

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

nucleotides away from their recogn ition sequence. This effectively eliminates any 
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restriction on the biopol ymer sequence, as the recognition si tes are designed to be 

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

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

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

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

seamlessly joins the two starti ng gene sections in a defined orientation  in the final 

complete vector, which can be readily digested for another round o f 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 reconstru ction by r ecursive directional lig ation (PRe-RDL).  

PRe-RDL is highly successful in constructin g genes up to approxim ately 2400 

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

introduction of N-terminal lead er and C-terminal tra iler sequences. 

1.2.2 Lower critical solution temperature  

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

lower crit ical solution tem perature transition (LCST). These polymers exhibit a  unique 

inverse transition temperature ɬ at temperatures below a characteristic transition 

temperature, a polymer mixt ure contains a single, continuous phase but upon heating 

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

the signific ant proportion  of hyd rophobic amino acids comprising  the ELP pentameric 

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

The phase transition behavior of ELPs can be described wit h 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 boundar ies, in which 

two separated phases are each stable against small  fluctuation s in compositio n or 

temperature and will no t fully phase separate unless initiated by a large nucleation 

event. Above the spinodal boundary , the solution will spont aneously  phase separate 

into t wo distinct phases: a polymer-rich and polymer-poor phase. The crit ical point  

(LCST), or inverse transiti on temperature (Tt) is the point of intersection of the spinod al 

and binodal curve s, which indicates the lowest possible temperature that will  elicit a 
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phase change. In contrast to this behavior, polym ers that display upper crit ical solution 

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

phase behavior  (Figure 2).63 

 

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

region between the spinodal and binodal boundar ies 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 tempera ture (Tt) of ELPs could be 

controlled by the hyd rophobicity of t he guest residue ȿXɀ in the VPGXG pentapeptide 

motif .57 Meyer and Chilk oti subsequently elucidated two additio nal variabl es 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 copol ymers. Amphiph il ic ELPs can be designed wi th two distinct bl ocks 

containing guest residues that differ signi ficantly in their hydrop hobicity , (i.e. 
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(VPGVG)n(VPGSG)n).65 Below a critical micellization tempe rature (CMT), both bl ocks are 

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

past the Tt of the hydr ophobic block, this block will selectively desolv ate, collapsing into 

the core of a self-assembled nanoscale micelle, while the hydroph ilic block re mains 

solvated on the corona. Upon heating further,  the hydroph ilic b lock will transition,  and 

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

Imp ortantly , this phase transition behavior is entirely revers ible. ELPs form 

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

display ing very little  thermal hysteresis. ELPs rapidly resolubili ze upon cooling , often at 

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

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

1.2.2.1 ELP purifica tion by i nverse transit ion 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-chromatographi c 

purification scheme exploi ts 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 optim al conditions .55 
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Figure 3: Schematic of ELP purification via inverse transition cycling ( ITC ) 

The first  step in the purification proc ess 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 addit ion of the polycationic  poly ethyleneimi ne (PEI) to 

precipita te nucleic acids. The supernatant is then heated (T > Tt) to trig ger the ELP phase 

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

the Hofmeister series (i.e. sodium chloride, ammon ium sul fate) is another strategy to 

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

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

aggregated contaminant proteins . This centrifuge is perfor med at a temperature above 

the Tt and is therefore termed a Ɂhot spinɂ. The pellet is then dissolved by reversing the 

phase transiti on by the addi tion  of low salt buffer at a temperature below the Tt of the 

ELP. The remaining contamin ant proteins whi ch irreversibl y aggregated during the hot 

spin will not resolubilize ; after centrifuging  this resuspension these insolubl e proteins 

wil l 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 Ɂcold spinɂ. 
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These centrifugatio n steps can be repeated several times until a  product is obtained with 

the desired purity level; typ ically , 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 ma intai ning their structure and bioactivity . The transition  temperature of the 

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

is determined by the relative hydrophobicity and sur face charge of the appended 

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

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

proteins80 at their N - or C-termi ni, or both. Not on ly can the appended ELP provide a 

useful purifica tion handle f or these fusion partners, the resulting  chimeri c protein can 

form the basis of a powerful therapeut ic or unique biomaterial . 

1.2.4 Therapeutic ELP formulations 

ELPs have been formu lated into a vari ety of delivery s ystems for therapeutic 

payloads, ranging f rom small molecule drugs to peptides and protein s, 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 modul ate delivery, 

optim ize pharmacokinetics, and tune drug  release. 

Amphiphilic ELP dib locks 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) whi ch results in poor bioavailabili ty 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 hydrophob ic core of these micelles and delivered  

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

magnitude and provide s a means for passive targeting and accumulation in tumor  tissue 

via the EPR effect, both of which signifi cantly imp rove bioavailabi lity  (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 tumor s in vivo.84-86 

Another injectable formulation for ELP -based therapeutics is as a ɁËÌ×ÖÛɂ for 

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

such that a solution of th is material is a solub le liqui d in  the syringe, but transitions  to a 

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

This depot wi ll slowly dissolve over time, releas ing 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 interstit ial flow, the ELP 
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fusion concentration in t his region decreases, causing the Tt to increase above body 

temperature. Unimers resid ing at the depot margins thereby resolubilize and diffuse 

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

prolon g the release of dru gs for over one week in vivo; an injectable peptide-ELP depot 

was previousl y 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 provid e an avenue to genetically encode and 

molecular ly  engineer sophisticated drug de livery 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 

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

naturally -occurring amino acids without addit ional functionali zation. We rely on 

bioorthogon al 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  introduce s an indis pensable 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 Ɂchemical 
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reactions that neither i nteract with nor inte rfere with a biological systemɂ.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  li ving system and 

therefore have a margin ally different set of constraints and requirements than the 

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

chemical reaction which selectively modif ies biological material  with pin point precision , 

and which has min imal  imp act on the other components in the system (Figure 4). 

 

Figure 4: Bioorthogonality  provides chemical precisio n for biological systems.  

In order for a reaction to achieve bioortho gonality , the reaction partners and the 

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

bioorthogonal  reactions must be kinetically , thermodynamically, a nd metabolicall y 

stable prior to the reaction, to ensure absolute inertness wi th the surround ing biological 

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

identif ied by studying the reactivity space outside of those chemical reactions already 
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employed by nature (i .e. alky ne-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 possibil ity of undes irable side reactions under phy siological 

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

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

The investment i n developing these valuable reactions has been richly  rewarded 

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

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

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

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

reactions have ushered in a new era of biotechnology: the powerful abil ity t o control the 

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

1.3.2 Methods for bioorthogonal functionalization and limitations 

There is a suite of bioorthogonal modi fication  techniques wide ly employed in 

recombinant biotechnology  to convert otherwise inert  proteins and polype ptides into 

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

alternative functionalization  strategies, such as post-translational modifica tions, which  

introdu ce uniqu e chemical groups, but these are frequently non -reactive; our f ocus 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: M ethods for  bioorthogona l modificatio n of  proteins  and 

polypeptides.  

Chemical modificatio n of proteins witho ut genetic code expansion largely relies 

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

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

hydroxysuccinimide ( NHS) ester- or imido ester-functi onalized probes.94 However, this 

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

with  the nucleophi lic primary amine s of lysine R-groups. The e-amine of these residues 

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

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

proteins are tolerant to the elevated pH (² 10.5) required for selective labeling of lysine 
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residues.95 Furth ermore, the introduction of multiple charged lysine residues can 

undesirably impact the biophy sical properties, especially for polypep tides such as ELPs. 

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

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

of the parent biomolecul e, or both. Modestly reactive tyrosine, trypto phan, 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 sulfhyd ryl 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  nucleophil ic amino 

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

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

Introducin g engineered sites for l abeling can form undesirable inter - or intrachain 

disulfid e bonds. Furthermore, the bonds formed through labeling are reversible upon 

changes in oxidation state, li miting their  utility in biological settings.  

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

polypeptide backb ones and inv olves the formation of a native peptide  bond between the 

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

thi s 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 recombi nant 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 buil ding composite proteins, but only in a linear fashion.99-100 

Lastly, chemical groups, pepti des, and proteins can be conjugated enzymatically 

w ith Sortase A, formylglyci ne-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-termin us; these can be disruptive to  

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

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

the ability to employ these techniques when selectivity is requi red. 

The existing methods of bioorthogonal functionalization  restrict both the location 

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

amino acid side chains or sequence-specific motif s. An alternative  approach, in w hich all 

naturally occurring  amino acids and sequences are available for unrestricted protein 

design and synthesis, is to int roduce a bioorthogonal residue into the polypept ide 

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 natura lly -occurring  residues, termed non-canonical, non-standard, or 

unnatur al amino acids. Unnatural ami no acids are versatile and powerful tool s to 
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expand the chemical repertoire of biopolym ers and proteins and to introduce an 

incredibl e diversity of chemical handles, while maintaining  the bioactivity  and 

biophysical properties  of the parent protein . The efficiency and fidelit y of this 

technology supports a wide varie ty of recombinant biotechnologies: probing of protein 

structure and fun ction, identifying the r ole of post-translational modifica tions in the 

proteome, regulating and modi fying protein function  including immunogenic ity,  

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 ami no 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 ɬ the amber stop 
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codon ɬ in the E. coli genome to be used for unnatural residue incorporation.  The fir st 

residue incorporated  wi th this method was o-methylt yrosine into E. coli using an 

orthogonal translation system (OTS) imported from Methanococcus jannaschii. 

Methanogens are sufficiently evolutionar ily divergent from p rokaryote s to be 

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

sequenced, revealing it s 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 wh ich 

could in corporate tyr osine structur al analogs at amber stop codons in E. coli. The 

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

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

1.4.1 Unnatural amino acid incorporation in E. coli 

There are four general requirements for recombinant unnatural am ino acid 

incorporat ion in E. coli: 1) the unnatural residue of interest, to be added to the grow th 

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 incorporati on site(s); and 4) the inducing agents and 

selection antibi otics corresponding to these two vectors (Figure 7).  
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Figure 7: Recombinant u nnatural amino a cid incorporation in E. coli . 

The unnatur al residue is added directly to the media, either as a hydrochlo ri de 

salt  or solubili zed with  a strong base, and many unnatura l 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 stud ies 

have increased th is 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 c oncentration on yield ; however, Isaacs and co-wor kers 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 prud ent, therefore, to 

identify  the minimal concentration of UAA necessary for protein producti on during 

optimization st udies. The addition of a n unnatural residue which is structur ally 
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analogous to Tyr or Phe increases the potential for misin corporation 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, t he two vectors to be co-transformed into 

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

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

(aminoacyl tRNA synthet ase/aaRS and tRNA)  is derived from an evolut ionar ily dis tant 

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

necessary directed evolution  to tailor t his system for unnatu ral residue incorporation. 105, 

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

selection to string ently ident ify 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 indu ced durin g log phase growth,  

there are diff erent schools of thought as to the optimal time for induction of the OT S. 

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

Some groups ind uce the OTS immedia tely after inoculat ion of the cultur e, guided by  the 

hypot hesis that expression of the aaRS and associated charging of tRNA is a prer equisite 

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

more important  for all induction to take place only w hen 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 

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

growth m edia to residue to OTS itself, the optim al time for  ind uction may vary 

according  each individua l 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 incorpor ated into proteins in both prokaryotic and 

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

corresponding orthog onal translation systems (OTS), with  functionalities ranging fro m 

sites for bioorthogonal ligation , polym erization initiation, imaging prob es, and post-

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

 

Figure 8: Example residues illu strate the structural and fu nctional diversit y of 

unnatural amino a cids. 
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Impor tantly , this number was reported in a review arti cle compiled almost a 

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

currently . With over 150 research articles published invol ving  genetic code expansion 

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

being regularly  developed and reported. 

1.4.3 Advantages over alternative bioorthogonal modification 
techniques and potential limitations 

The potential fo r 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 alternati ve 

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 meth ods, as outlined in Section 1.3.2. These residues represent 

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

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

location of UAA i ncorporati on and therefore functionalizati on can be precisely 

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

recombinant protein popul ation. This level of stringent bioorthogonalit y provides  a 

previou sly unattainable  level of control for f unctionalization of recombinant proteins. 

Furthermore, selection of the specific unnatu ral 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 t he next step of processing after purification  or can even 

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

on the Ɂmiddl emanɂ reactions required of many bioort hogonal reactions to convert inert 

residues into reactive sites. 

While genetic code expansion is strongly positi oned 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 wit hin  structured  proteins and on maximu m yield with multi -

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

orthogonal  translation systems whic h can catalytically  match the translational rate of 

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

limitat ion is that not all unnatural  residues are tolerated for incorporation by cel lular 

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

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

historicall y been marginally more  complicated to incorporate multiple different residues 

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

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

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

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

produce highly sophisticated c onjugates. Finally, whil e not necessarily lim ited to genetic 

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

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

with t he impressive diversity of resid ues and functionalities already described and as 

more collaboration s are forged between users and developers, this potential limitation i s 

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 incorpor ation of unnatura l amino acids (UAA s) into r ecombinant proteins 

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

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

correspondin g wild type protei ns, when reported, and are typi cally fewer than ten 

mil li grams per liter of culture. We therefore anti cipated the need for optimization  of 

several expression parameters to produce enough protein for our b iomaterial studies, 

which require nearly gram-scale quanti ties. Through this optimi zation, we have 

empiricall y identified  four  key factors influenc ing UAA  incorporation and yield in E. 

coli: 1) expression host; 2) effici ency of translational machinery; 3) growt h conditions , 

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

of incorporat ion sites. 

2.1.1 Expression hosts 

A criti cal 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 l ines has fi ttingly accompanied the exploding 

diversity of translational machiner ies being reported. There are now several choices for 
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UAA  expression host, ranging from genomically recoded option s to the mainstay 

protein expression bacterial lin es, with distinct advantages and limitat ions of each. 

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

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

highly  optimized for recombinant protein expression through genomic deletions of 

injur ious proteases and endonucleases, enhanced phage resistance, and remarkable 

tolerance to high density cultur e.121 Al though not discussed in detail here as it was not a 

part of our in itial optimi zations, we have also determined the SHuff le T7 Express E. coli  

li ne, a BL21(DE3) deriva tiv e tailored for  cytoplasmic disul fide bond formation , is a 

viable option  for UAA  incorporat ion (see Section 4.2.3). However, these li nes have intact 

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

of low yield  in this context (Figure 9). 

 

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

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

specifically for UAA incorporation; we have investigated two  derivati ve strains of a line 
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wi th a stop codon exclusively for UA A incorporation  as well as a phenylalanine 

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

strain of E. coli  touted as the ideal background f or 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 appropri ately 

designated C321.DA. These genomic modific ations effectively  liberate the amber stop 

codon for reassignment as an exclusively  Ɂunnatur alɂ codon by eliminating release 

factor competition ( Figure 10).  

 

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

C321.DA has been used to successful ly express proteins wit h multip le instances 

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

variations of this strain whi ch 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 g enome fragments.122-124 

The first  (designated here as C321.DA.1) we fur ther modified to be compatible with  pET 
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vector expression through lysogenization of the T7 RNA poly merase gene into the 

genome (Figure 11). 

 

Figure 11: Genomical ly recoded E.col i  for  unnatu ral amino acid in corporat ion 

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

corresponding rel ease factor 1 deleted, allowing ex clusive use of the UAG codon  for 

site of  unn atural  residu e incorporati on. We have lysogenized th is strain with  the T7 

RNA po lymerase gene to provide  compatib i l i ty  wit h pET expression.  

The second derivative of t he C321.DA strain (designated here as C321.DA.2) has 

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

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

lysogenize this strain w ith the T7 RNA polymer ase gene in an effort to maxim ize strain 

fitness and dimin ish truncation produ cts. The latter are hypothesized to be a 

consequence of the significant kinetic disparity  between the high ly  processive T7 RNA 

polymerase and unnatural translational machinery, wh ich results in ribosomal stalling  

and prematu re translation termination.125 Use of thi s strain, therefore, requi red the 

development of an alternative expression plasmid (see Section 2.2.1.2). 
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Figure 12: Genomi cally r ecoded E.coli  for  unnat ural amino acid incorporation  

(C321.DA.2). Thi s strain has additio nal p roteases and endonucleases deleted but is not  

pET-compatibl e; we developed a pTac expression vector f or use wi th this cell  li ne. 

While these genomically  recoded strains have the distinct advantage of offering  

an exclusive codon for  UA A in corporation, the genomic modificati ons increase the 

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

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

of enhanced incorporation efficiency and mini mization of truncation products. 

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

an alternative approach to UAA  incorporation altogether, with a phenylalanine 

auxotroph ic line. AF-IQ is a BL21(DE3) derivative developed by Tirre ll and co-workers 

which has the genes necessary for  phenylalanine synthesis deleted, ensuring the cellsɀ 

reliance on exogenously suppli ed phenylalanine.126 These cells are also modi fied to 

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

which w ill  accept structural analogs of this residue for co-translational insert ion 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: Phenyl alanin e auxotroph E.coli  for unnatural  amino acid incorporation  

(AF-IQ). PheRS and t RNA structures adapted fr om PDB entries 1EIY and 4TNA . 

While th is level of univ ersal substitut ion may perturb t he structure and function 

of many proteins, ELPs do not canonicall y 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 div erse residues and have accordingly  popul ated our libra ry 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 pair s are derived from those of M. 

jannaschii tyrosine (MjTyr)  and M. barkeri pyr roly sine (MbPyl). We focused our  

optimization  efforts on the MjTyr system encoded by the pEvol vector developed by 
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Schultz and co-wor kers and the evolved, high efficiency pEvol-pA cFRS.1.t1 vector 

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

 

Figure 14: pEvol orthogonal t ranslation system vector map. Adapted from 

Addg ene (plasmid #31186). 

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

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

incorporation efficien cies, increased expression yields, and support the possibili ty  of 

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

wit h the co-transformed expression vector , parti cular attention must be paid to the copy 

number and origi ns of replicat ion of these vari ous OTS vectors. 

2.1.3 Growth  conditio ns 

The combination of bacterial grow th conditions ɬ culture media, temperature, 

duration of  growt h, and ti ming and amount of inducing agent ɬ int ri cately cooperate to 

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

empiric ally determined that culture media was the key parameter affecting yield and 

truncation in the context of our  specific expressions. The growt h 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) compl ex and defined (Figure 15). Complex, undefined media that does 

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

yield by in ducing expression before bacteria have reached peak log-phase growt h.131 

While minim al, defined medias such as M9 or MOPS provide stringent contr ol over 

protein in ducti on, the modest nutrient level does not support high  levels of protein 

expression. Conversely, whil e complex medias such as LB, 2xYT, and TB can suppor t 

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

contain trace lactose which, again, prematurel y ind uces protein expression. Defined, yet 

complex medias such as auto-ind uction  media wit h precisely specified composition  

provid e sufficient nut rients to support high  density growth  with minimal premature 

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

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

culture med ias investigated has their own merit a nd lim itations, wh ich must all be taken 

int o consideration when opt imiz ing UAA  incorporation  (see Appendix A , Table 16 for 

growth media composition s). 
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Figure 15: Cul ture media investigat ed for recombinant unnatural  amino acid 

incorporati on, classified by  complexity  and defin i tio n. M M , minima l  media; AIM , 

auto-induc tion media ; LB, Lur ia-Bertani brot h; 2xYT, 2x yeast-tryp tone broth; TB, 

terrific br oth. 

2.1.4 Construct design 

Whi le the growing condit ions have substantial impact on yield , the design of the 

expressed construct it self ɬ specifi cally w ith respect to stop codon placement ɬ is the 

ultimate  determin ant of material  utility . Wit h ELPs, we advantageously have more 

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

recombinant proteins. With respect to the latter , UAA s are often incorporated with in 

flexible l oops or at protein termini  to preserve important structural and functional 

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

The flexibility  afforded w ith intrinsically disord ered ELPs provi des an exceptional 

background  for  UA A incorporation; we can precisely specify  the location of the 

unnatura l residue with mini mal expected consequences for  biopoly mer properties. Stop 
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codons can be positioned as guest residues or outside the context of an ELP repeat, and 

mul tip le stop codons can be clustered or spaced regularly throughout the chain. Whil e 

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

reduce truncation pr oducts, there is indisp utably  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 modi fi ed pTac expression vector compatible w it h recursive liga ti on 

clonin g 

Our ELP lib rary has been established in modified p ET-24 vectors which  are not 

compatible wi th the C321.DA.2 E. coli l ine in the absence of T7 translational machinery. 

We therefore designed a new vector, m-pTac, for protein expression in thi s cell li ne. Use 

of m-pTac is by no means restricted to thi s cell line or UAA i ncorporation ; exploring an 

alternative t o the highly  processive T7 polymer ase is a useful strategy to mit igate the 

expression-level challenges facing many complex recombinant pr oteins. 

To synthesize the m-pTac vector, we replaced the T7 prom oter 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 modif ied 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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Figu re 16: Vector maps of  m-pET24 and m-pTac plasmi ds. 

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

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

stud ied trp operon, wh ich is responsible for r egulation of trypt ophan 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 en dogenous 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 Ɂm-pTacɂ, is compatibl e wi th protein expression and UAA  

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

appropriate orthogonal translation system, especially pEvol,  which has a compati ble 
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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 

wit h BseRI/BamH I, the insert is extracted using agarose gel separation and purifi cation, 

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

2.2.1.2 Constru ct design and stop codon positi oning  

We explored several ELP construct architectures wi th respect to stop codon 

number and placement to achieve the vari ous 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 fol lowi ng the methioni ne start codon, and in the middl e of the construct, 

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

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

incorpora ting f our residues, we have investigated constructs wi th both N-terminal ly 

clustered and regularl y spaced residues. For insertin g 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 wit h no 

discernible difference in outcome (Figure 17). 
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Figure 17: ELP archi tectures explored fo r unnatura l  amin o acid incorp oration.  

The genes for  each of these constru cts were synth esized 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+ wi th BseRI and ligated the desired ELP repeat sequences into 

the vector. The ELP sequences used in this l ibrary  were previously  constructed by fi rst 

concatemerizing  compl ementary ssDNA strands that encode for the desired ELP repeat 

moti f along wit h ɁÚticky eÕËɂ overhangs, permittin g the subsequent insertion into  m-

pET-24+.59 Longer ELP sequences were constructed by digesting t wo populati ons of 

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

plasmid fragment s wh ich, upon ligation, seamlessly encode the new gene prod uct. In 

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

indicat es the location of the stop codon. We purchased ssDNA oligon ucleotides 

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 ɁÚÛÐÊÒàɯÌÕËɂ overhangs. This vector was then digested wi th AcuI and 

BglI to create ÈÕɯɁ ɂɯ×opulat ion and the ELP-containing vector was digested with  BseRI 

and BglI to  create ÈɯɁ!ɂɯ×Öpulation. These two po pulation s 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.DA.2 line, which is not T7 

compatible, we transferred the ELP genes of in terest 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 purificati on, and ligating w ith similarly digested m-pTac. 

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

of construct s we have developed; these genes can be used for fu ture incorporati on of 

any unnatural residue when provid ed with the correspondi ng orthogonal translation 

system. Conversely, the Phe auxotroph expression system requi red us to construct 

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

place of the amber stop codon. While this do es not largely restrict  the functionalit y of the 

ELP itself, thi s approach does preclude future  use of any Phe-containing fusi on partners. 
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2.2.2 Library of orthogonal translational systems 

We explored the incorporati on of a div erse range of unnatural  residue 

functionalities and structures, enabled by the corresponding orthogonal translation 

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

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

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

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

with functi onality ranging from bioorthogonal reactivity  includ ing SPAAC re action 

partners, photocrosslinking,  poly merization initia tion, and vibr ational reporters. 

Prior to  expression wi th BL21(DE3) or C321.DA cell li nes, we co-transformed the 

OTS vectors and the plasmid containi ng the gene of interest into  the bacterial h ost 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, follo wed by a 30 s heat 

shock at 42 C̄, and a short recovery on ice for an additi onal 2 min. We then incubated 

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

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 phenylal anine 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 differen t expression 

hosts for unnatural amino acid incorpora tion,  some of which required additional  

modifica tion pri or to expression. For example, we made the T7-compatible C321.DA.1 

li ne via lDE3 lysogenization, as the C321.DA.exp lin e original ly purchased from 

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

thi s, we used the commercially  available lDE3 Lysogenization Kit (Milli poreSigma, 

Burling ton, MA).  This kit  contains a lDE3 prophage strain carrying  the T7 phage RNA 

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

sequence in the bacterial chromosome.137 We inoculated culture s of C321.DA.exp in LB 

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

mL-1 zeocin (Invivo Gen, San Diego, CA) and incubated with shaking at 30 C̄ unti l an 

OD600 of 0.5 was reached. At that point,  we mixed 108 PFU (plaque-formin g units) lDE3, 

108 PFU helper phage, and 108 PFU selection phage with 5 mL of the C321.DA.exp 

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

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

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

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

We confir med successful lysogenization of the resultin g C321.DA.1 colonies by 

Western blot. The C321.DA 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 culture s of C321.DA.1 as well as 

control BL21(DE3) and EB5a E. coli, to an OD600 of 0.8. At that point we induced with 1  

mM isopropyl b-D-1 thiogalactopyranoside (IPTG), whi le maintaining  one cultur e of 

C321.DA.1 as an uninduced control. We grew these cultures for an additi onal 16 h, at 

whic h point  we ly sed by sonication for 1 min. We ran 10 mL of cell lysate for each sample 

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

transferred to a polyvi nylid ene difluo ride (PVDF) membrane using the Trans-Blot Turbo 

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

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

antibod y (Mil liporeSigma, Burl ington, MA)  at a 1:10,000 dilution.  We developed the 

resulting blot on CL-Xposure fi lm (ThermoFisher, Pittsburgh , PA) to qualitati vely 

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

 

Figure 18: Western bl ot confirming T7 lysogenizatio n of C321.DA.1 E. coli. 

To use the genomically recoded lines (C321.DA.1, C321.DA.2, AF-IQ) for prote in 

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 cultur e of LB media supplemented with 

the appropriate selection markers (25 mg mL-1 zeocin for the C321.DA lin es, 25 mg mL-1 

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

dil ution ratio of 1:100 with the overnight cu ltu re and grew until the OD600 reached 0.4. At 

this point, we collected the cells by centrifug ing at 3,500xg at 4 C̄ 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 . Follow ing an additiona l 20 min incubation  on ice, we aliquoted 

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

2.2.4 Protein expression and purification 

Recombinant protein expression for these studies foll owed a similar protocol for  

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

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

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

We then inoculated growth  cul tur es (1 L) at a 1:20 dilu tion i n media supplemented wi th 

the appropria te dual-selection markers. We induced aaRS expression by the addit ion of 

arabinose (0.2%) and the unnatural residu e 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 whi ch time ELP expression was induced by the addition of IPTG (1 mM), and the 
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cul tures incubated at an addi tional 18 h, with both incubations at the cell-line dependent 

grow th temperature (Table 1).  

Tabl e 1: Grow th temperatu res of E. coli  lines  for recombinant u nnatural amino 

acid in corporation  

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

BL21(DE3) 37 C321.DA.1 30 

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

  AF-IQ 37 

We harvested cell  pell ets by centrifug ation at 3,500xg and resuspended these in 

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

Farmingd ale, NY) and DNA  was precip itated by addition of polyethyleneimine  (10%; 

MP Biomedicals, Santa An a, CA). Precipit ated DNA and cellular debris were removed 

by centrifugation at 20,000xg at 4°C. Soluble ELPs were then puri fied using four r ounds 

of inverse transition  cycling as described previo usly and in Section 1.2.2.1.69 

2.2.5 Characterizing expressed products  

To characterize the recombinantly expressed proteins, we employed both 

quali tative SDS-PAGE analysis as well as mass spectroscopy. We ran purified p roteins 

on 4ɬ20% gradient Tris-HCl ( Biorad, Hercules, CA) SDS-PAGE and visualized with bo th 

0.5 M CuCl 2 stainin g and fluorescent imaging of fluo rescently labeled proteins.  

Incorporati on efficiency was quantifi ed with  deconvolut ion of ESI-LC/MS 

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

acetonit rile/0.2% formic acid/water and mass spectra acqui red on an Agi lent 1100 
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LC/MSD Trap SL (Agilent T echnologies, Santa Clara, CA) in positi ve mode. Samples 

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

in water as buff er A, 0.2% formic acid in acetoni trile as buffer B) and then into the mass 

spectrometer using a fully  automated system. Deconvolution was pe rfor med 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 identi fying  a single opti mized protocol for recombinant 

incorpor ation of UA As into  ELPs is complicated by the variety  of possible growth 

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

recombinant expression in this context are inextr icably li nked. In our experience, the 

prim ary determining factor for protocol selection was construct architecture, which 

subsequently inf luenced choice of expression host and growt h media. We have 

accordin gly organiz ed 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 o f either p-azidophenylalanine  

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

2.3.1.1 Constructs wit h one site of  incorporation  

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

immediately  fol lowi ng the start codon at the N-termin us. 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.DA lines. We obtained higher yields with  the BL21 expressions, 

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

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

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

 

Figure 19: SDS-PAGE of ELP constru cts in corporatin g a sin gle unnatural 

amino acid at the N-terminus.  

Our expressions involv ing a single incorporation site  positioned in the middle o f 

the ELP sequence resulted in truncation produc ts, a commonly  encountered challenge 

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

2xYT, or AIM)  resulted in  produ cts correspondin g to the ELP block upstream of the stop 

codon in ostensibly equivalent yields as the ful l-length constru ct. The same was true for 

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

despi te the deletion of release factor 1 in this line. We also investigated expressions wi th 

C321.DA.1 in minima l media in an attempt to slow the global metabolic rate of all t he 

processes in these cells, including transcriptio n and translation. While these condit ions 
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seemingly elimi nated these truncation prod ucts, the yields from these expressions were 

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

 

Figure 20: SDS-PAG E of ELP constructs inc orporat ing a singl e unnatural 

amino acid positioned within t he chain. I talicized  text indicates molecular wei ght of 

tru ncation product corresp onding t o ELP block  preceding the stop codon. 

The truncation products observed wi th 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 

unoptimiz ed and/or insufficientl y induced UA A translational machinery  cannot match 

the transcript ion rate of the highl y prolific  T7 RNA polymerase (which can produce 

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

ribosomes will prematurely  release the nascent peptide chain; simi lar truncation 

phenomenon have been observed for expression of challenging recombinant protein s in 

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

genetic code expansion in our h ands, provid ing 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 incorporat ion 

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

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

optimizing the incorporat ion of mult iple residues, which  greatly enriches the chemical 

identity of these functionali zed ELPs. The maximum  reported number of unnatura l 

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

incorporation of both f our and eight residues.113 

We first designed constructs with four  amber stop codons regularl y spaced 

throughout an ELP chain, separated by twenty  ELP repeats. Our i nit ial expressions 

incorporatin g pAzF in either BL21(DE3) or C321.DA.1 E. coli in rich media (TB, 2xYT), 

resulted in regular truncation products corresponding  to termin ation after the second, 

third , and fourth stop codon, in addi tion  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 

tru ncation products by genetically intr oducing a His tag at the C-terminus of this chain, 

in order to purify  only  the full -length product wi th aff init y chromatography. Thi s is a 

viable appro ach and produced approxima tely 30 mg L-1 of pure materi al. Until this point 
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in our studies , we had been using the first generation of pEvol  pAcFRS, whi ch had 

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

available for incorporating  pAcF or pAzF. Wit h the advent of the highly optimize d pEvol 

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

constructs in 2xYT media produced approx imately 55 mg L-1 of pure product, wi thout 

any tru ncation products (Figure 21). 

 

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

pAzF resid ues are labeled and vi sualized wi th a reactive DBCO-Cy5 dye. 

When testing the same conditions with a similar ly design construct with  eight 

stop codons regularl y spaced throughout the chain, however, we again encountered 

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

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

lik ely w ith a detriment to yield .  
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Figure 22: Incorporat ion of  eight  regularly -spaced unnat ural  residues into  

ELPs. pAzF resid ues are labeled and vi sualized with a react ive DBCO-Cy5 dye. 

We also investigated insertion of pAcF into constructs wit h four  or eight 

inserti on sites clustered at the N-termin us, each separated by three ELP repeats and 

foll owed by a 120-mer ELP chain. Whi le both expressions were successful in prod ucing 

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

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

containing eight stop codons. This block is approx imately 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 vali date this 

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

ELPs. pAcF residues are labeled and vi sualized with a  reactive AlexaFluor64 7-

hydro xylamine dye. 

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

system li es betw een four and eight residu es. A systematic investigation into constructs 

with  incorporation sites spanning this in terval  will r eveal the threshold for successful 

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

stresses the translational load beyond the point at whi ch the unnatural amino acid 

machinery can compensate ɬ part icularly in t he case when these residues are clustered 

together ɬ which l eads to ribosomal stalling and truncation . 

2.3.2 Comparing orthogonal translational system incorporation 
efficiency with mass spectroscopy 

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

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

spray i onization liquid c hromatography mass spectroscopy (ESI-LC/MS).  We confirmed 

a higher incorporati on efficiency with the evolved pEvol pAcFRS.1.t1 (> 99%) as we 
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identi fied a significant population of  protein with  misincorporated residues wi th 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  lit erature reports.113 

 

Figure 24: ESI-LC/MS analysis comparin g the incorporation ef ficien cy of pAzF 

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

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

correspond t o expected product molecular  wei ght  (33814.9 Da), black bar  represents 

populat ion wi th misincor poration . 

2.4 Concluding remarks 

These optimizati ons dir ectly enabled the work i n the chapters that foll ow, whi ch 

requir ed ample material for function alization and characterization. We have used these 

findings a s guides for our successful incorporation s of several other residues including  

4-(2-bromoisobutyramid o)-phenylalani ne (BiBaF), para-azidom ethyl -L-phenylalanine  

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

alternati ve wh ich we also explored for incorporat ing Phe-based structures, such as 

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

prov ided to us by Tirrell and co-wor kers.126 The diversity  of publ ished expression 



 

59 

conditio ns and configur ations continue s to exponentially  grow, keeping pace with the 

rapid ly expandin g field of genetic code expansion. These optimi zations have enabled us 

to identify the dist ill ed requirements for successful UAA incorporation  with our sy stem. 

We have designed a general protocol for futur e recombinant UAA 

incorporati ons w ith respect to expression host, growt h media, and the promoter for the 

gene of interest. With m ost constructs, and particularly those requirin g multip le 

incorporation sites, the optimal expression host is the genomically r ecoded C321.DA.2 E. 

coli, cultured in 2xYT media. Along wit h the gene of interest under the contro l of the 

pTac promo ter and an optimized  OTS, the combination  of these conditions provi des the 

greatest confiden ce in our ability  to simultaneously maximize yield, incorpora tion 

efficiency, and minim ize truncation products. If the construct  of interest only requires a 

single site of incorporation and there is flexibility  as to its posit ionin g, the immedia te N-

termin al 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 th ese constructs is in maximizing  yield, we recommend testing 

incorporat ion with  BL21(DE3) E. coli in 2xYT or TB media with the construct still unde r 

control of the pTac promoter. As we have determined, the driving princ iple for 

successful recombinant UAA in corporation is to delicately balance maximizi ng the 

translational load against the potential  for easily overloading the system, which  causes 

undesirable truncation pro ducts 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 pol ypeptide (ELP) self-assembly, with  

the abilit y to design unique multi -layered architectures and tune particle  size ranging 

from the nano- to microscale. However, because of the limi ted chemical div ersity of 

natural amino acids, we have yet to effectively stabilize  and transform these assemblies 

from merely  observed phenomena into functional  materials. For example, while 

amphiphi lic ELP polymers drive  self-assembly of uni mers into nanoscale micelles, these 

particles can disassemble in the compl ex physiological mi li eu of the circulation as the 

unimer -to-micelle equilibri um is in constant dynamic flux .141-142 Similarly, nanoparticles 

confirm ed to be stable in buffer h ave been shown to disassemble in serum and mult i-

component media.142 Stabiliza tion of these poly meric 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 stabili ze ELP-based, 

thermoresponsive hydrog el parti cles, from the nano- to microscale, using a 

bioor thogonal, photoreactive unnatural amino acid. Particle size is control led by the self-

assembly  and unique phase transiti on behavior  of ELPs in bulk and  wit hin microfluidic -

generated droplets. These particles are then stabilized through ult ravio let (UV) 

irr adiation  of a photocrosslinkable residue, p-azidopheny lalanine (pAzF, Figure 25), 

cotranslationally i ncorporated into the parent ELP. 
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Figure  25: Structur e of  p-azidopheny lalan ine (pAzF), the unnatural residue  

used for phot ocrosslink ing . 

The aryl azide group on this residue forms a reactive nitrene upon ir radiation 

wi th UV light, which readi ly in serts into nearby N-H or C-H bonds to form  an 

irreversible covalent li nkage.145-146 Use of this residue accompli shes several key goals: 1) 

the relative location and number of crosslinking si tes can be determined by site-

specifically  genetically encoding  the pAzF residues along the polymer chain, 2) 

crosslinkin g can be performed at a specific temperature wi th irradi ation of  UV light, 

allow ing for stabil ization of full y assembled particles, and 3) this residue will  ensure 

bioorth ogonality of the crosslinki ng strategy.  

The platform we describe in this chapter represents a fundamental advance in 

the generation of crosslinked bio polymer networ ks and is one of the fir st 

demonstrations of successful use of unnatura l amino acids in generating a novel 

material. The work  presented here resulted in a public ation in Advanced Materials 

(license number  4517780048529) and was completed in coll aboration wit h my colleague, 

Joseph Simon.147 I am grateful for hi s assistance in completing these studies and have 

noted which  of the data were specifically collected and analyzed by Joseph in the 

follo wing sections. 
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3.1.1 Hydrogel particle utility and methods of synthesis 

Hy drogel particl es are versatile materia ls used extensively in a wide variety of 

fields, ranging from photonics, optics, cell capture, biosensing, drug de livery , and tissue 

engineering to the food industr y and cosmetics.7, 13-15, 148-154 These particles, made of 

crosslinked networ ks of polymers , respond to local changes in temperature by reversibly 

shrinking  and swelling  in solution  due to changes in network solubili ty . These large-

scale volum etr ic changes provide  exquisite, tunable control over the sequestrat ion and 

delivery of  materials and cargo, wit h demonstrated utility in diverse appli cations. 

Both biological and synthetic poly mers have been used to synthesize hydr ogel 

part icles, w ith the latter being more frequently employed owing to the higher degree of 

chemical flexibili ty . 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 polym ers 

are then form ulated into  stable hydrogel par ticles through the introduction of chem ical 

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. Parti cles ranging fro m nanometers to micrometers are 

used in different appli cations dependin g on particle  geometry, refractive index, cargo 

loading  capacity, release kinetics, and deformabil ity parameters. Tradi tionally, these 

particles have been fabricated using a variety of advanced techniques and starting 
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materials, and onl y wi thin one size regime. While particle size and geometry  can be 

controlled using such techniques as layer-by-layer deposition , molecular self-assembly, 

electrohydro dynamic co-jetting, lit hography, imprin ting,  micromo ld ing, and droplet 

microf luidics, these approaches restrict particle size, for example, to either the nanoscale 

by self-assembly or the microscale by fluidi c templat ing.156-163 Despite the importance of 

this parameter, an overarching challenge in synthesizing biopolym er-based hydro gel 

particl es is the abilit y to control partic le size via on-demand, orthogonal crosslink ing.  

3.1.2 Crosslinking strategies for biopolymers 

Crosslinki ng of biopoly mers has been accomplished wit h engineered disulfi de 

bonds, enzymatic processing, radiation,  or through  the use of extrinsic chemical 

crosslinking agents and reaction at lysine residues. Disul fide bond s can spontaneously 

and randomly form intramolecula r crosslinks between cysteine-containing  polymers in 

reducing conditions.150 Hig h-energy, ioni zing r adiation  can be used to ini tiate covalent, 

intrachain dimerization of phenylala nine and tyro sine residues, provided  these residues 

are included in a biopolym er sequence.164 Enzymatic strategies for crosslink ing, such as 

wit h tissue transglu taminase, Sortase A, or the SpyTag/SpyCatcher system, require 

specifi c recognition and substrate moti fs to be incorporated  into the polymer sequence, 

as well  as addi tion of the necessary enzyme to the system and its subsequent removal 

after crossli nking .102, 165-166 The primary amine of l ysine residues can undergo 

condensation reactions with extrinsic chemical crosslinkers to form a random network. 33 
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Alter natively , non-covalent crosslinking  can be achieved through self -associatin g and 

self -assembling protein  domains such as helices and leucine zipper motifs.167 

These strategies, whi le useful in certain contexts, present limitations for 

developing biopolymer -based hydrogel particles. Protein-protein interactions and 

disulfid e bond formation  are both reversible, which leads to ineffi cient crosslinking, 

particularly when temp oral and spatial contr ol is requi red.150 Extri nsic crosslinkers are 

often cytotoxic, and both this approach and that of enzymatic processing require 

extensive pur if ication before use in vitro and in vivo.168-170 All of t hese strategies requi re 

either specific amino acids to be included in the  biopolymer sequence, or in the case of 

enzymes, entire mot ifs or even protein domains. A bioorthogonal strategy is needed to 

crosslink and stabiliz e biopolymers wi th spatiotemporal control , in the pr esence of 

bioactive residues, and wit h 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 pho tocrosslinkable pAzF residues to serve as 

the constituent polyp eptides of our system (Figure 26). One polypeptide, termed 

photocrosslinkable ELP (PCE), is composed of eighty pentameric repeats of the VPGVG 

motif  w ith four regularl y-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 repeti tive blocks: an N-
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terminal hydrophobic PCE block and a C-termi nal hydroph ilic ELP block, composed of 

eighty pentameric repeats of the VPGSG motif. 

  

Figure 26: Schematic of two constructs, PCE and PCD, used in crosslinke d 

parti cle platform . 

Genes encoding PCE and PCD were first synthesized using recursive di rectional 

ligat ion 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 

recogniti on 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 ɁTAGɂ) was introduced as an oligonucleotide by 

digesting a m-pET-24+ containing the gene encoding (VPGVG)20 wi th BseRI. This base 

repeat was used to construct the final PCE and PCD sequences through sequential 

rounds of plasmid reconstructi on, as described previo usly.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 t he m-pET-24+ plasmids to the 

m-pTac vector (see Section 2.2.1.2). These vectors were then co-transformed wi th 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 cul tures (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 m edia (1 L) supplemented with kanamy cin ȹƘƙɯϟg ml -1) and 

chloramphenicol (25 ϟÎ 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 

additi on of IPTG (1 mM), and the cultures incubated at 34°C for an addit ional 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; Farmingdal e, NY) and DNA 

was precipitated by addi tion of polyethylenei mine (10%; MP Biomedicals, Santa Ana, 

CA). Precipit ated DNA and cellu lar debris were removed by centrifugation at 20,000xg 

at 4°C. Proteins were then purified usi ng four roun ds of inverse transition cycling, as 

described previously and in Section 1.2.2.1.69 Briefly, solu tions of protei ns were heated 

and salt (NaCl) was added to induce the phase transitio n of the ELP, followed by  
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centrifug ation 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, whil e 

contaminants remain i nsoluble and can be removed by centrifugation at 20,000xg, 4°C. 

These centrifugation steps are repeated sequentially u ntil the desired purity  is achieved. 

All pr otein samples containin g pAzF were handled in the dark to protect thi s 

photosensitive residue from ambient light.  

Purified PCE and PCD were characterized for puri ty by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). Incorporation of pAzF was 

qualitatively c onfi rmed by  strain-promoted alkyne-azide cycloaddition  (SPAAC) 

reaction with ex cess dibenzocyclooctyne-Cy5 (DBCO-Cy5) dye foll owed by separation 

on SDS-PAGE and imaging on a Typhoon 9410 Variable Mode Imager (GE Healthcare, 

Pit tsburgh, PA). Incorporation efficiency of pAzF was quantifi ed with  deconvolu tion 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/w ater and mass spectra acquired on 

an Agilent 1100 LC/MSD Trap SL (Agilent  Technologi es, Santa Clara, CA) in positive  

mode. Samples were injected int o 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 ful ly automated system. Deconvolution was 

performed using LC/MSD Trap Data Analysis software. 



 

68 

The transition temperatures (Tt) of PCE and PCD were determined by 

temperature-controll ed spectrophotometry  using a Cary 300 (Agilent Technologies, 

Santa Clara, CA). Samples containing various concentrations of PCE or PCD in 1xPBS 

were heated at 1̄ C min -1 and the opti cal turbidity  at 650 nm was recorded every 0.1̄ C. 

The transition temper ature was determined for each sample as the maximum of the fir st 

deri vative of the tur bidity  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 mult iple lengt h scales (Figure 27).  

 

Figure 27: Strategy for  crosslink ed hydro gel parti cle synth esis with 

programmable size  
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We first tuned the temperature  of solutions containing  PCD, PCE, or a mixture  of 

both to form part icles, and then stabilized the resulting  particl es by crosslinki ng wit h 

broad spectrum UV l ight for a minimum of 10 s (250-450 nm filt er set, Omnicure® Series 

1000 lamp, Ontari o, Canada). 

3.2.3.1 Nanopartic le synthesis 

For nanoscale particle synthesis we use PCD, a thermally responsive amphiphile . 

Raising the temperature above its critical mi cellization temperature (CMT) in bulk 

solution tri ggers self-assembly into spherical micelles and subsequent UV -irradi ation 

crosslinks the micelle cores, stabilizin g these nano-gel particles (Figure 28). 

 

Figure 28: Schematic for formation  of crosslinked  ELP nanopart icles. 

3.2.3.2 Mesoparticle synthesis  

To create hydroge l particles that span the mesoscale, from 100 nm ɬ 1 mm, 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 limi ted 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 wi th homopo lymers, such as PCE. 

PCD limit s coarsening of the PCE coacervates through solubili zation of the PCE-block of 

PCD with PCE uni mers.171 By modul ating the ratio of PCE to PCD, we can tune partic le 

size within the  mesoscale regime. UV-irradiat ion then stabili zes these mesoscale 

assembl ies into spherical particl es (Figure 29). 

 

Figure 29: Schematic for formation o f crosslinked ELP meso particles. 

3.2.3.3 Mi cropart icle synthesi s 

To synthesize microparticl es, we utilized microfl uid ic droplet-generating chips  

to create monodisperse water-in-oil emulsion dr oplets containing PCE. Tuning the 

temperatur e either above or below t he Tt of PCE and subsequent UV-irradia tion 

crosslinks the PCE coacervates int o microscopic particles. Gel particle size can be easily 

tuned by modulating the start ing concentration of PCE and the temperature at which 

crosslinking occurs (Figure 30). 

To create water-in-oil emulsion droplets, two  liqu id phases ɬ 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) ɬ were injected into the microfluid ic droplet 
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generator at constant fl ow r ates using syringe pumps. The flow rate s of the tw o phases 

were tuned to ensure droplet formati on in the drippi ng regime; this was achieved using 

a constant flow  rate of 2ƙƔɯϟ+ɯÏÙ-1 for the organic phase and 75-100 ϟ+ hr -1 for th e 

aqueous phase. The production of dro plets 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 forma tion  of crosslin ked ELP mi croparticl es. 

3.2.3.4 Particle extracti on 

Microscale particles were extracted from dr oplets immed iately following  droplet 

synthesis using isobutanol to disrupt the water/oil phase boundary and creat e two 

continuous phases.172 Isobutanol was added at a ratio of 10:1 wi th dropl ets in solution 

and vortexed gently  to mix. Droplet rupture  was evidenced by a change in the solution 

from turbid and yello w-white to clear  and colorless. This solution was then centri fuged 

for 1 min at 20,000xg and the supernatant removed. The remaining pell et 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 micro scopy (Figure 31). 

 

Figure 31: Crosslinked particle extraction from microflu idic droplets.  

Isobutanol is mixe d with the  solution of m icrodroplets to create two continuo us 

phases. The less dense organic phase is easily r emoved af ter centrifuga tion and 

aspiration. The resulting pellet of particles can then be resuspended in the  aqueous 

solvent of choice.  Scale bars, 50 mm. 

3.2.4 Particle characterization 

3.2.4.1 Light scattering 

Temperature ramp d ynamic light scattering (DLS) measurements of nano- and 

mesoparticles were performed from  ƕƙǸƙ0°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  filter s (0.2 µm; GE Healthcare Life Sciences, 
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Pittsburgh, PA), into a quartz crystal cuvette (ƕƖɯϟ+Ȱɯ6àÈÛÛɯ3ÌÊÏÕÖÓÖÎàȮɯ2ÈÕÛÈɯ!ÈÙÉÈÙÈȮɯ

CA). The data points presented for th ese 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 Ano top sterile syringe  fi lters (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 part ial Zimm plots using  the ALVSTAT software 

to determine the radius of gyration  (Rg) and molecular weight.  N agg was determined by 

dividing the particle molecular weig ht by molecular weight of an individual PC D 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 vitrif ied using a FEI Vitrobot Mark IV 

device and loaded onto the grid i n the Vitrobot chamber at RT (22°C) with the relative  

humidity set t o 100%. Samples were blotted for 2 s with a force set to 3, plunged directly 

into liquid ethane and transferred into liqu id nitrogen. Grids were then transferred into 

a Gatan 626 cryo-holder (GATAN Inc. Pleasanton, CA) and inserted into the T EM. 2D 

microgr aphs 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 (Hi llsboro, OR).  

3.2.4.3 Atomic force m icroscopy 

Samples for atomic force microscopy (AFM ) imaging were prepared  by placing a 

drop (~ƖƔɯϟÓȺɯÖÍɯÚÈÔ×ÓÌɯÚÖÓÜÛion (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  N 2 gas. AFM images were acquired in Tapping Mode 

at 25°C using a Nanoscope MultiMode  AFM  (Bruker). Tapping Mode  silicon cantilever s 

were used for all the AFM images (kF = 40 N mol -1, fres = 300 kHz). The particl e sizes were 

determined using  ImageJ open source software. 

3.2.4.4 Scanning electron micr oscopy 

Microparticl es were extracted from droplets as described in Section 3.2.3.4 and 

resuspended in w ater 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 

dri ed 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 dilut ed 1:100 in water prior to sample preparation and imaging . 

3.2.4.5 Heatin g and optical  imagin g 

Prior to particle synthesis, a sample of PCE was fluorescently labeled by 

Alexa488-NHS ester coupling to the N-terminal amine o f these chains. Briefly, purified 

PCE was reacted with an excess of AlexaFluor488-NHS ester dissolved in 

dim ethylsulfoxide (DMS O) for 16 h at 4̄ C in 1xPBS. Unreacted dye was removed by 

washing with  15% acetonitrile/PBS in Amicon -0.5 Ultra  Centrifugal Filters 

(Millipore Sigma, Burlington, M A) . Labeling efficiency was determined by quantifying 

the absorbance at 495 nm following lyop hiliz ation and gravimetric determin ation of 

labeled PCE weight.  A labeling efficiency of 40-50% was typically achieved with this 

approach. 

Mesoparticle or micropar ticle samples in emulsion drop lets were prepared with  

25% molar fraction  AlexaFluor488-labeled PCE, and unlabeled PCD in the case of the 

mesoparticles. Droplets wer e 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 filt er set (ex. 470/40, em. 525/50). 

Image acquisition and particle sizing of  visible particles was done by Joseph Simon 

using MA TLAB. 

3.2.4.6 In vivo  pharmacokinetic  analysis 

To compare the circulation  half-life  and pharmacokinetic profile s of crosslinked 

and non-crosslinked nano-gels, we fluorescently labeled PCD with AlexaFluor4 88-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  intra venously 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 temper ature to 37̄ C 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 ϟL of blood was sampled from a tail 

vein prick. The  blood sample was diluted in 100 ϟL 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 96ɪÞÌÓÓɯÔÐÊÙÖ×ÓÈÛÌÚɯÈÕË 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 ɪÓÐÍÌɯȹϔɯÛ1/2), elimination 

halfɪÓÐÍÌ ȹϕɯÛ1/2), 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 molecula r weight using SDS-PAGE (Figure 32A). 

Hydrophobic  ELPs routinely migrate 20% higher than their expected molecular weight 

on SDS-PAGE. We confirmed the incorporation an d reactivity  of the pAzF residues with 

fluo rescent labeling and fluorescent SDS-PAGE imaging  (Figure 32B). 

 

Figur e 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) label ed 

wit h DBCO -Cy5. PCE and PCD contain pAzF residues which react with DBCO -Cy5, 

while the nega tive control NCE is not  fluorescently labeled via click.  
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We then quantified the incorp oration efficiency of pAzF in these biopolymers 

using electron spray ionizati on 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 w eights 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 indi cates these biopoly mers are capable of robust 

photocrosslinking immediately post -purific ation.117 

 

Figure 33: ESI-LC/MS analysis of PCE  and PCD. (A) Deconvolut ed 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  mol ecular 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 m icelles in bulk solution and then crosslinking  with  

UV light . Amphi philic block copolym ers readily self-assemble when heated to a 

temperature, T, above the Tt of the hydrophobic blo ck, but below the Tt of the 

hydrophili c block. Upon heating , the hydrophobic block wi ll 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 constrain ts on chain packing per particle, the 

resulting hydrogel particle  population  is highly monodisperse.173-174 We use the terms 

Ɂß/"#ɂ for these micelles after they are crosslinked into nano-gels by UV irradiation  

and ɁÕß/"#ɂɯÛÖ denote the control, non-crosslinked micelles. We characterized the 

nanoscale assemblies of PCD before and after crosslinking in bulk soluti on with light 

scattering and microscopy. 

3.3.2.1 Lig ht  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 upo n 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 ligh t scattering of xPCD and nxPCD nano-

scale micelles. Hydrodynamic radius  (Rh) of nxPCD ( grey; non-crosslinked) and xPCD 

(blue; crosslinked) as a function o f temperature. nxP CD self -assembles from singl e 

chains into mo nodisperse micelles above the critical micellization temp erature, 

whereas xPCD does not disassemble into single chains when the temperature is 

lowered below the CMT . Inset demonstrates the signi ficant de-swelling  of xPCD 

nano-gels with increasing temperatu re. Black dashed line represents the best 

sigmoidal curve  fit for visualizati on. 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 determin ing 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, wit h 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 hyster esis in particle  

size. Each color represents a diffe rent 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 (r), molecular w eight per micelle, and the number of chains per particle 

(N agg) (Table 2). 

 Table 2: Static light scattering char acterization of xPCD and nxPCD above the 

critical micelli zation temperature . 

 Rg [nm]  Rh [nm]  r MW micelle  [g mol -1] N agg 

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 ap proximately 60 nm 

in diameter and corroborates the Rh values for both xPCD and nxPCD as measured by 



 

82 

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 du e to the 

constant flux of chains between the unimer and m icelle state in the non-crosslinked 

sample. These SLS data were collected and analyzed by Joseph Simon. 

3.3.2.2 Cryo-transmi ssion electron microscopy 

We visualized the xPCD particles using cryo-transmission electron microscopy 

(cryo-TEM), with samples vitrifie d at 25̄ C, below the critical micellization temperature  

(Figure 36). These images illustrate the monodispersity and stabilit y of these nano-gels. 

These images were collected and processed by Cedric Bouchet-Marquis  (FEI-Company, 

Hi llsboro, 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 fur ther 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, furth er 

confirming the size measured with l ight 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 Pharmacokine tic  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 in creasing temperature, are useful tunable 

attribute s that can provide an active mechanism to release encapsulated cargo as 

compared to typ ical 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 wit h respect to half-life and total exposure in circulation.  We 

hypothesized that the crosslinked particles wo uld persist longer in circul ation , as the 

non-crosslinked micelles will expectedly di sassemble and be cleared by glomerular 

filtration. 21 Stabilized d rug carriers wi th 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 A lexaFluor488-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 assembl y i s unaffected by dye labeling . 
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We measured the pharmacokinetics of fluorescently -labeled xPCD and nxPCD in 

fiv e-week-old female BALB/c mice following i ntravenous injection. We heated both 

samples to 37̄ C, 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 hydrop hobic cargo, such as small molecule 

drug s.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 poi nts 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 AlexaFluor 488-nxPCD. For this, we 

diluted  known q uantities 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 t o 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) 

Concentrati on 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  high er 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 quan tify flu orescence 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 un der 

the curve, determined the distribution and elim ination half -lives (ϔɯÛ1/2, ϕɯÛ1/2) and y-

intercepts (ϔ0, ϕ0) for this  data (Table 3). While the distribution and elimination half-lives 

were similar f or both samples, intriguingly , the elimina tion y-intercept was significantly 

higher for xPCD. This parameter represents the plasma concentration of drug after 

equilibration  given the rate constant governing the elimina tion phase (b); a greater value 
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for this parameter indicates the bioavailability  of xPCD is greater than that of nxPCD 

during th is phase, which rep resents the majority of the interval for systemic exposure.  

Table 3: Pharmacokinetic data  of xPCD and nxPCD.  

 
Distribution   

ϔ t1/2 (hr) 

Elimination  

ϕ t1/2 (hr)  
ϔ0 (mM ) ϕ0 (mM ) AUC (mMÖhr)  

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 tiss ue-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 mixtur es 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 temp erature, T, for  mesoscale particle format ion, 

we first confirmed  that the phase separation of PCE in bulk solutio n 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 revers ible liquid -

liquid phase separation of ELPs (Figure 40). 

 

Figure 40: PCE exhibits LCST phase behavior in aqueou s 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 th is range will form mesoscale 

particles owing to  the distinct phase separation of this mixture . For example, at 100 mM , 

CMTPCD is 27̄ C, Tt-PCD is 65̄ C, and Tt-PCE is 23̄ C; therefore, heating to any temperature in 
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the range of 27̄ C < T < 65̄ C 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 hydro gel 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 Ɂsurfactantɂ 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 rep resent 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 emul sion 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 30̄ C 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 

Al exaFluor488-PCE and PCD. (B) Meso-coacervates assemble upon heating above the 

T t of PCE and the CMT of PCD. (C) Mesoparticles are stabilized with UV 

crosslinking. ( D) Crosslin ked 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 resultin g assemblies. The 

part icles in solution  are densely concentrated, and we empir ically determined it was 

necessary to dilut e the samples 1:100 or 1:1000 in water prior to SEM imaging. We 

imaged mesoparticles ranging fro m approximat ely 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 m icroscopy imaging of mesoparticle s and size 

distribution . SEM i mage and corresponding h istogram 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 emuls ion microfluidic droplets with  the aqueous phase containing only PCE. 

Withou t PCD chains present in solution, PCE undergoes the canonical ELP liquid -liq uid 

phase separation (Figure 44). The resulting coacervates are formed  into  microscale 

spheres with dimensions dictated by the template droplet size; theoretically , any such 

Ɂmoldɂ 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 microparticle s. 

 

Figure 44: PCE undergoes phase separation upon heatin g to for m 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 T t, whereas at temperatures above the T t, PCE collapses to 

form spherical PCE -rich liquid droplets.  These images were collected by Joseph 

Simon.  

3.3.4.1 Fluorescence imagin g 

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 



 

93 

uniform sizes ɬ either ƕƖɯϟÔɯor ƖƙɯϟÔɯÐÕɯËÐÈÔÌÛÌÙ ɬ though particle size can be easily 

tuned with  differe nt starting conditions . To generate ƖƙɯϟÔɯÔÐcro-gels, we crosslinked 

droplets containing soluble  PCE at a concentration above chain overlap to enable 

network formation. To cÙÌÈÛÌɯÛÏÌɯƕƖɯϟÔɯÔÐÊÙÖ-gels, we heated PCE droplets to form one 

uniform coacervate per droplet  and then irradiated the d roplets with U V light to 

crosslink the coacervates into part icles. 

We investigated the thermal responsivity of our microparticles by monitoring 

their size as a function of temperature using temperature-controlled fluor escence 

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 

emulsio n 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 shr ink upon  cooling  (bottom panels).  
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We tracked the volumetric  changes of these particles over this heating ramp 

using visible particle sizing o f the fluorescent microscopy images to better quantify the 

extent of Ɂde-swellingɂ with o ur two microparticle prepa rations. We normalized the 

apparent volume at each temperature to the starting volume of the particles  at 15̄ C, 

below the Tt of PCE. The de-swelling ÌÍÍÌÊÛɯÐÚɯÔÖÙÌɯ×ÙÖÔÐÕÌÕÛɯÍÖÙɯÛÏÌɯƖƙɯϟÔɯmicrogels, 

with the se particles shrinking down to 40% of their origi nal volu me, likely  due to a less 

densely packed network (Figure 46).  

 

Figure 46: Volumet ric change of  crosslinked microparticles  upon heating . The 

volumes of the  12 ϟm particles ( light blue ) and 25 ϟm parti cles (dark blue ) at each 

temperature are normalized  to the init ial volume at 15 C̄. The dashed lines represent 

the best sigmoidal fit and the erro r bars represent the SEM (n = 150 droplets). 

These results demonstrate that by simply changing the conditions  at wh ich 

crosslinking is performed  (i.e., upon solutions of soluble or insoluble PCE), it is possible 

to control the extent of volume tric 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 mi croscopy 

The microparticles were extracted from thei r parent droplets  using isobutanol 

extraction, which disrupts the water/oil interf ace 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 aspirati on of the 

supernatant. We optimized the extraction protocol  to maintain the integri ty 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 microparticle s and size 

distribution . (A) SEM imag ing and (B) sizi ng of  particles with mean particle diameter 

12.1 µm ± 0.8 µm  ȹÕɯȁ 200). (C) and (D) show additional magnificati ons 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 typi cal experiment with  three hours of 

collection time  therefore provid es 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 reco nstituted in so lution , and 

stored at temperatures ranging from -80̄ C to 37̄ C 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) -80̄ C, (C) -20̄ C, 

(D) 4 C̄, (E) 25̄ C, or (F) 37̄ C 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 

dibl ock ELP (PCD). To extend into the microscale regime, microfluidic droplets  provide  

a necessary level of control for templating  PCE coacervates, wi th droplet dimensions 

directly dictating particle size  (Figure 49).  

 

Figure  49: Crosslinked hydrogel particl es span four orders of mag ni tude in  

size. Gel particle diameter as a function of PCD content (PCE percentage = 100 ɬ PCD). 

Error bars represent the polydispersity percentage  (n ȁɯƙȺ or standard deviation  (PCD 

= 0%, n ȁɯƕƔƔȺ. Particles on right shown to scale from 50 nm to 12 mm diameters.  

These particles retain the unique phase transition behavior of the component ELP 

chains, shrink ing upon heating and reversibly swelling upon  cooling. The particles reach 

thermodynamic equilibrium rapid ly  (i.e., on the order of seconds) and robustly over 

many cycles, provid ing an active mechanism for actuation and a dynamic response to 

the environment . 
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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 d ependence 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 

resultin g in a more tightly enm eshed network. Changing the spacing and location of 

these residues ɬ for example, by clustering them at one terminus or repositioning them 

within  the hydrophilic block of PCD ɬ will undoub tedly  affect the porosity of the 

network and mechanical strength of the resulting particles  in unique ways. Exploring 

additiona l block architectures such as triblocks and mix ing a variety of pAzF-containing  

polymers will ex pectedly produc e 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 t o be used in future work in a wide 

variety of  fields, ranging from  biomedical applications  as drug delivery vehicles,  

actuators, biosensors, tissue scaffolds, artificial  cell s, 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 functionaliz ation with bioactiv e domains.163 Irrespective of the component 

material, hydrog els swell in order to reach thermodynamic equilibrium  with their 

surround ing environment, resulting in  a highly adaptive material  that favorably 

integrates with bio logical systems.176 As discussed, the size of these hydrogel particle s is 

a critical parameter which dictates particle utility.  

Nano-scale hydro gel particles are frequently employed as carriers for systemic 

delivery of  small molecules, nucleotides, peptides, and proteins.14 Particles wi thin 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-covalentl y assembled carriers.143 While d elivery 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 ampl ified  when the particles 

are stabilized against disassembly.178 Our  base diblock biopolymer can easily be 

modif ied to include residues for drug attac hment 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 ɬ throu gh solubilization of 

homopolymers with dibl ock copolymers ɬ endows our particles with a uniquely 

hydroph il ic surface. The surfactant-like amphiphile at the  particl e interface positions 

these particles to serve as effective colloidal  suspensions for  modeling and p reserving 

biologi cal systems.179 In addition, t he 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 micropart icles 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 fluct uations or inclusion of charged amino acid 

groups can respond to increasing pH  levels through out the gastroin testinal tract.182-183 

An other potential application  for these microparti cles is as emulsifying agent s in 

personal care and food-grade products  to modulate  texture.184-185 Our  entirely 

polypeptide -based particles are highly  biocompatible , enabling topical application or 
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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 artifici al cells.189-190 Furthermore, previous work  generating additional  

self-assembl ies of ELPs (e.g. rod-like and cylind rical micelles), along with the  wealth of 

informa tion  on the biophysical properties of ELPs will inf orm 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 particl es using elastin-like 

polypept ides (ELPs). Polyp eptides such as these are exceptional nanoscale drug carriers 

for chemotherapeutics: they have minimal tox icity, can be recombinantly synthesized 

wi th precise control of their sequence and molecular weight, and can be designed to self-

assemble into colloidal ly stable nanoparticles that carry th eir chemotherapeutic payload 

in their core, enhancing the solubilit y, pharmacokinetics, and tum or accumulatio n of 

drug s. While p assive targeting of nanoparticles promotes accumulation of these 

nanocarriers in solid tumo rs, active targeting provides an addi tional layer of tunable 

control  and wi dens the therapeutic window b y reducing off -target toxici ty. 

Unfortunat ely , the fusion of most targeting  protein domains to polypeptid e carri ers 

exposes the li mitations of this appr oach, because the cysteine and lysine residues that 

are typically used to attach drugs to polypeptide  carr iers are also promiscuously 

distri buted in solvent accessible ɭand hence highly reactiveɭ locations on the protein 

surf ace.34-36   

To solve this problem, we have genetically  encoded an unnatural amino acid that 

provides a unique, bio-orthogonal reactive moiety i n its side-chain for site specifi c 

attachment of small  molecule drugs or imaging agents into a polypeptide. We 
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demonstrated the utili ty of this approach by recombinant synthesis of a nanobody-

functionalized ELP nanoparticle with  a p-acetylphenylal anine residues (pAcF), that 

provide s a biorthogonal ketone residue to which we attached doxorubicin, the small-

molecule drug of in terest. We have shown that a nanobody-decorated, doxorubicin-

loaded nanopart icle which  targets the epidermal growt h factor  receptor (EGFR) exhibits 

significantly greater cytotoxicity compared to the non-targeted version of this 

nanopartic le in multiple  cancer cell l ines that overexpress EGFR. This approach provides 

a universal methodology for the site-specifi c attachment of extrinsic moieties to 

polypeptide  drug de live ry systems wi thout cross-reactivity w ith  a protein targeting 

domain that is fused to the carrier.  The wor k presented in  this chapter resulted in a 

publicat ion in Nano Letters, adapted here with p ermission from the American Chemical 

Society (copyright 2019).76 

4.1.1 Nanoscale biopolymer drug carriers 

While small  molecule dru gs are highly  potent cytotoxic agents, their 

poor solubi lity, short half -life and insuffic ient bioavailabil ity often require the use of 

delivery strategies, such as polym eric nanoscale drug carrie rs, 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 carr iers: (1) long circulation 

time;10, 199 (2) active targeting;200-204 and (3) site-specific attachment of cytotoxic drugs.205-210  

Extended cir culation time is advantageous for regional accumulatio n in tumors via the 
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enhanced permeabil ity  and retention effect, also called Ɂpassiveɂ targetin g.22, 211 Act ive 

targeting of nanopart icles to tumors provides the second stage of tum or specific delivery 

as it enables tumor cell -selective uptake, complementary to the regional accumulation 

provided by passive targeting, thereby wi dening the therapeutic window  of the drug.85, 

161, 212-215 Finally, site-specific conjugation of small molecule drugs to these carrie rs 

ensures homogenous drug re lease.20, 22, 216  

Recombinant peptid e polymers are attractiv e for the design of nanoparticle 

delivery systems because they can be produced recombinantly in high yield in E. coli as 

monodi sperse 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-li ke polypeptides (ELPs) for drug deliver y, 

including  ELPs that self -assemble into nanoparticles.65, 84-85, 161, 212, 215, 219-222 

Genetically encoded synthesis provid es exquisite control over the design and 

tunabili ty of ELP nanoparticles for drug delivery , as it enables the size and shape of the 

nanopart icle to be controlled, as well as the site and stoichiometry  of small molecule 

drug conjugation, and allows int roduction of targeting protein peptide domains.65, 84-85, 213, 

215, 223-224 However, because of the li mit ed chemical diversity  available with the t wenty 

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 drug s 
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and imaging agents to ELPs; this approach works well  w ith nanoparticles that consist 

solely of ELPs (or in some instances ELPs appended with  short peptide tags that dir ect 

their self-assembly) as ELPs can be designed without  either of these two  residu es whi le 

preserving their two major propert ies of interest ɭtheir thermally responsive phase 

behavior or their self-assembly  into nanoparticles.31-33, 225-226 Unfortunate ly, the fusion of 

most targeting protei n domains to an ELP or other polypepti des exposes the lim itations 

of this appr oach, because cysteine and lysine residues are typically f ound in most 

targeting proteins and are often in solvent accessible ɭand hence highly reactiv eɭ 

locations.34-36 A bio orthogonal , site-specifi c 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 

Act ive targeting of nanoparticle carrie rs to tumors, in which  a drug  carrier 

presents a ligand that specifi call y recognizes and binds to a receptor over-expressed by 

tumor cells, resulting in  receptor-mediated internali zation of the carrier  and its cargo. 

While passive targeting ɬ local accumulati on of nanocarriers due to the tissue-specific 

aberrancies of tumors ɬ provides one layer of targeting,  active targeting  further reduces 

off -target effects and wi dens the therapeutic window.85, 161, 212-215 The method of upt ake ɬ 

receptor-mediated endocytosis ɬ presents a unique  pathw ay for carr ier intracellular 

traffi cking as compared to simple diff usion of the free drug  across the cell membrane, or 

micropinocytosis of a naked drug carr ier, allowing  for more precisely specified tim ing of 
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acid-catalyzed dru g release.200 There is a delicate balance for the affin ity requirements of 

thi s targeting interaction: too weak and the carrier wil l non-specifi cally  bind to healthy 

cells, but too strong and only the periphery of the solid t umor mass will r eceive drug .10 

Researchers have previously determin ed that low nanomolar affin ity  (< 100 nM)  of 

targeting groups for their receptors is ideal and both peptides and proteins have been 

used as targeting agents, w ith  di stinct advantages for each.227-231 Active targeting is 

accompli shed through the introducti on of engineered pepti des or affinity  protein 

domains, such as antibodies and antibody fragments, fib ronectin and other scaffold 

domains, affi bodies, and nanobodies. 

4.1.2.1 Criter ia for targeting domain selection  

We had several criter ia for selection of the targeting  domain, with the goal of 

developin g a universal, proof -of-concept platform for active targeting and drug loadin g. 

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 cycli c peptides and small  scaffold  

domains such as affibodies and nanobodies, which are both ¢ 15 kDa, and therefore less 

than approximately 20% of the total protei n molecular weight. Wit h the domain fused to 

the C-terminus of the ELP diblock , we looked for domains that do not require their  N-

termin us to be free for  binding , and especially  those that had previou sly been 

successfully recombinantly fused at their N -termi ni . To demonstrate the generalizabil ity  

of thi s platform, we looked for protein s and peptides that contain d isulfi de bonds. For 
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ease of purif ication and maximization  of yield , we focused on domains and peptides 

that have been successfully expressed solubly  in bacteria. Lastly, we looked for domains 

wi th mul tip le literatur e sources that demonstrated targeting and internalizati on on 

commercially  available cancer cell lines for ease of characterization. Addi tionally , were 

interested in receptor antagonists, or those that do not engage the signaling axis upon 

receptor binding,  to minimize  background cytotoxicity of non-dru g loaded carriers, and 

to prevent the development of extrinsi c 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 ɭa small anti body fragment derived from 

camelid single-chain antibodies ɭ as one of the targeting domain candidates for our 

system.232 Nanobodies are small and compact, and are therefore unli kely to  pertu rb self -

assembly of the ELP into nanoparticles when appended on the corona, and unlike f ull -

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 grow th factor receptor 

(EGFR) wi th an affi nit y of 276 nM. 238-239 We chose EGFR as the target as it is highl y 



 

108 

upregulat ed or aberrantly expressed in multip le cancer types includ ing breast, ovarian, 

brain, lung, and as many as 30% of all carcinomas.240-243 

4.1.2.3 RGD 4C cycl ic pept ide 

Peptides are compact and innocuous targeting moieties and can bind with high 

affinity after dir ected evolutio n for their intended target, particular ly when cyclized 

wi th disulf ide bonds. These cyclic peptides have higher affiniti es and are more stable 

than their li near counterparts.244 The second candidate we chose was the cyclic peptide 

RGD4C, whi ch contains two disulfi de bonds to stabil ize the stalk  of the peptide and 

promote presentation of the aVb3 integrin-binding amino acid sequence RGD. This 

peptide has been confi rmed to recognize aVb3 with  nanomolar aff inity , 200-fold greater 

affin ity  than its li near 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 ɭdoxorubicin (Dox). Dox stabilizes an intermediate covalent complex 

betw een topoisomerase II and genomic DNA, causing damaging double-stranded 

breaks and exit from the cell cycle.245 This drug  is w idely 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-lim it ing 

myelosuppression, mucositis, and cardiotoxicity,  and a nanoparticle formulation  of th is 

drug can greatly improve its in vivo performance.248 
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Variou s strategies have been used to load small molecule drug s into 

nanoparticles. Attachment at cysteine or lysine residues is most commonly  employed 

but both of these wi ll requi re introduction of engineered residues or potential di srupt ion 

to biological activi ty . Drug encapsulation is accompl ished by modulati on of the 

hydro phobicity of the component pol ymer domains but is not as effectiv e as formation 

of a covalent bond between a drug and i ts carrier. The spatial and temporal control of 

release is limi ted and encapsulated drug is prone to leakage prio r to uptake in a tumor 

cell.195, 210 Many researchers have taken advantage of the low pH envi ronment of the 

endo-lysosomal compartments to enable drug release from an acid labile bond only after 

intracellular uptake.249-251 A dire ct conjugation to the drug carr ier is superior for stabili ty, 

pharmacokinetic profil e enhancement, and overall efficacy. 

4.2 Materials and methods 

4.2.1 Molecular biology and design of constructs 

The design of the init ial 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-assemblin g 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 d iblock ELP 

fused to a peptid e leader at the N-terminus of the hydrophobic  block that incorporates 

the site of Dox attachment, p-acetylp henylalanine (pAcF, Figure 51), followed  by a site 

for try psin cleavage for  analysis by mass spectrometry. As wi th our test constructs, we 

positioned the EgA1 nanobody at the C-terminus of the hydrophilic  block (pAcF-ELPBC-

EgA1). 

 

Figu re 51: Structure of p-acetylp henyla lanine  (pAcF), the unn atural residu e 

used for Dox co njuga tion . 

We optimiz ed the dib lock ELP in this final construct so that it has a crit ical 

micellization temperature (CM T) that li es 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 hydrophili c ELP block remains 

solvated, creating an amphiph ile that self -assembles into nanoscale micelles that are 

stable at physiological temperatures. The EgA1 nanobody is displayed on the corona of 

the micelle, whil e Dox is sequestered in the core of and is covalently attached to the 

ketone group of pAcF via a li nker that creates a pH -sensitive oxime bond betw een the 

drug and the ELP,252-253 allow ing 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 nanopart icl es. 

Genes encoding ELPBC and pAcF-ELPBC were synthesized using recursive 

directional li gation by plasmid  reconstruction.136 In brief, two populations of modified 

cloning  vectors (m-pET-24+) containing two genes of interest were digested wi th either 

AcuI/BglI  or BseRI/BglI to create compatible plasmid fragments , wh ich upon ligation, 

seamlessly encode the new gene produ ct. In this case, the site of incorporation for pAcF, 

the amber stop codon, was intr oduced in the form of a peptide  leader wi th sequence 
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GVGVPGpAcFGVPGVGR by first annealing together complementary ssDNA strands 

that encode for this sequence along ÞÐÛÏɯɁÚÛÐÊÒàɯÌÕËɂ overhangs, digesting the m-pET-

24+ plasmid with  BseRI, and inserting thi s oligonucleotid e. This vector was then 

digested with  AcuI and BglI tÖɯÊÙÌÈÛÌɯÈÕɯɁ ɂɯ×Ö×ulation  and the ELPBC-containing 

vector was digested with BseRI and BglI ÛÖɯÊÙÌÈÛÌɯÈɯɁ!ɂɯ×Ö×ÜÓÈtion. These two 

populations w ere 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 purif ication, 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 pur chased from  Novagen (Madison, WI). Oligonu cleotides 

and gBlocks encoding sequences of interest were purchased from Integrated DNA 

Technologies (Coralville, IA) . Ligation enzymes, restriction enzymes, and calf intestinal 

alkali ne phosphatase were purchased from New England Biolabs (Ipswich, MA). EBƙϔɯ

and BL21(DE3) chemically competent E. coli cells were purchased from Bioline (Taunton,  

MA). SHu ffle T7 Express competent E. coli cells were purchased from New England 
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Biolabs (Ipswich, MA). Genomically recoded E. coli cells (C321.DA) 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 Ǹƕ; Alfa Aesar, Ward Hill, MA), t ryptone 

(16 g LǸƕ, Becton, Dickinson and Co., Franklin Lakes, NJ), and yeast extract (10 g LǸƕ, 

Becton, Dickinson and Co., Franklin Lakes, NJ). Kanamycin sulfate was purchased from 

EMD Millipore (Billerica, MA) and chloramp henicol was purchased from Sigma-Aldrich 

(St. Louis, MO). p-Acetylp henylalanine hydro chlor ide was purchased from Synchem, 

Inc. (Elk Grove Village, I+Ⱥȭɯ/ÙÖÛÌÐÕɯÌß×ÙÌÚÚÐÖÕɯÞÈÚɯÐÕËÜÊÌËɯÞÐÛÏɯÐÚÖ×ÙÖ×àÓɯϕ-d-1-

thiogalactopyranoside (IPTG) from Gold Biotechnology  (St. Louis, MO) and L-(+)-

arabinose from Sigma-Aldrich (St.  Louis, MO). 1× phosphate buff ered saline (1xPBS) 

tablets (10 × 10ǸƗ M phosphate buffer,  140 × 10ǸƗ M NaCl, and 3 × 10ǸƗ M KCl, pH 7.4 at 

25°C) were purchased from EMD Millipore (Billerica, MA). A molecular organic 

fluorophore  (Al exaFluor488-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 protei n expression cell line, 

BL21(DE3). The introduct ion of  the pAcF residue and EgA1 nanobody dire cted us to 

investigate the use of two different E. coli lines previously reported for expressio n of 

constructs containing these elements.113, 236 The constructs containin g pAcF ɭpAcF-ELPBC 
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and pAcF-ELPBC-EgA1ɭ were expressed in the genomically recoded C321.DA cell li ne 

with yields of 30 mg L -1 and 15 mg L-1, respectively. For constructs including t he EgA1 

nanobody ɭELPBC-EgA1 and pAcF-ELPBC-EgA1ɭ which intr oduces a disulfi de 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.DA 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 prot ein 

under the control of a T7 promotor . Conversely, the recoded C321.DA strain is ideally 

suited for unnatural amino acid i ncorporat ion with an unassigned stop codon that can 

be reassigned exclusively for an unnatural residue of int erest, as well as the 

corresponding release factor deleted to eliminate any competit ion wit h a termination 

signal. 

4.2.4 Protein expression and purification 

The construct-bearing vectors described above were then co-transformed with a 

modified pEvo l tRN A/aaRS vector that contained two copies of the pAcFRS.1.t1 

synthetase (generously pr ovided by Prof. Farren Isaacs) into the C321.DA  E. coli for 

expression with pAcF incorporation.  

To express ELPBC, liquid BL21DE3 E. coli cultures (50 mL) of strains harbori ng 

ELP plasmids (m-pET24+) were inoculated from froz en glycerol stocks and grown  to 
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confluence overnight.  Cul tures were then inoculated at 1:20 dilution in 2 xYT media (1 L) 

supplemented with kanamy ÊÐÕɯȹƘƙɯϟÎɯÔÓ-1). Cells were grown at 37°C in a shaking 

incubator at 200 rpm for 6 h, at which time EL P expression was induced by the addit ion 

of IPTG (1 mM), and the cultures incubated at 37°C for an addit ional 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 (Misoni x; Farmingdale, NY) and DNA was 

precipi tated by addit ion 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 purif ied using four roun ds of inverse transition cycling, as 

described elsewhere.69 Briefly,  solution s of proteins were heated and salt (NaCl) was 

added to induce the phase transition of the ELP, centrifuged to collect all in soluble 

material at 35°C, 20,0ƔƔßÎɯȹɁÏÖÛɯÚ×ÐÕɂȺȮɯÈÕËɯÙe-suspended in cold 1xPBS. Upon cooling, 

the ELP resolubilizes, while  contaminants remain insoluble and can be removed by 

centrifugation at 4°C, ƖƔȮƔƔƔßÎɯȹɁÊÖÓËɯÚ×ÐÕɂȺȭ 

To express pAcF-ELPBC, liquid C321.DA  E. coli cultures (50 mL) of strains 

harboring pEv ol 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  ȹƘƙɯϟÎɯÔÓ-1) and 

ÊÏÓÖÙÈÔ×ÏÌÕÐÊÖÓɯȹƖƙɯϟÎɯÔÓ-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 SHu ffle E. coli cultu res (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 ϟÎɯÔÓ-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.DA  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.DA  E. coli cultures were used for Dox conjugation studies. 

Protein purity was ch aracterized by 4ɬ20% 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/V is 

spectrophotometry ( NanoDrop  1000, Thermo Fisher Scientific, Waltham, MA ), using 

extinction coefficients of e = 34505 cm-1 M -1 and e = 37884.5 cm-1 M -1, respectively. 

4.2.5 Doxorubicin conjugation to pAcF 

The linker s explored for doxorubicin conjugation  include  1) adipic acid 

dihydrazide, 2) O,Oǋ-1,3-propanediylbishydroxylamin e dihydrochlo ride (both 

purchased from Sigma-Aldrich (St. Lo uis, 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 u ltrafiltration  (Amicon Ultra -15, 10 kDa cut-off, Millipore Sigma, Burlington, 

MA) to  ƕƖƙɯϟ,ȭɯ3ÏÌɯlinker 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 30 C̄ 

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 

ƕƖƙɯϟ,ɯby centrifug al 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 minera l oil bath at 30 C̄ 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 u ltrafiltration  (Amicon Ultra -15). pAcF-ELPBC-EgA1 

concentration and reaction efficiency was determined by UV/V is spectrophotometry  

(NanoDrop) wit h extinction coefficients e = 37,884.5 cm-1 M -1 for pAcF-ELPBC-EgA1 and e 

= 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 PB S. 
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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 Ǹƕ of PBS: acetonitrile [70:30] on a Shimadzu high 

performance li quid 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 ȹƖƙɯϟ,ɯ#Öß 

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 

ϟ+ɯÖÍɯÌÈÊÏɯÚÈÔ×ÓÌɯÈÛɯÈɯƖƙɯϟ,ɯ#ÖßɯÌØÜÐÝÈÓÌÕÛɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÞÈÚɯÈÕÈÓàáÌËɯÜÚÐÕÎɯÈɯ+"ƕƔɯ

HPLC (Shimadzu Scientific Instruments; Columbia, MD) on a Sho dex OHPak KB-804 

column (New  York, NY) with isoc ratic 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 

(A 495) 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 AUC 495 for the free Dox peak at each time point to the 

total AUC 495 of the initial sample.  
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4.2.7 Mass spectrometry analysis 

pAcF-containing sampl es 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 t o 1 mg mL-1 aÚɯ×ÌÙɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜctions. Samples of 

pAcF-ELPBC and pAcF-ELPBC-EÎ ƕɯÈÛɯƕƔƔɯϟ,ɯÞÌÙÌɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯ,2-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 37̄ C 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 

ÈÛɯÈɯÙÈÛÐÖɯÖÍɯƕȯƕɯÞÐÛÏɯϔ-cyano-4-hydroxycinnamic acid (HCCA) matrix and 2 µL 

deposited onto a ground steel target plate and dri ed in air at room temperature. All 

spectra were calibrated against adrenocorticotropic hormone fragment 18-39 (Sigma 

Aldrich, St. Louis, MO).  

For ESI-LC/MS, trypt ic digests were similarly prepared and analyzed with a n 

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 automa ted system. Spectra were acquired in positive mode 

followed by analysis and deconvolution using LC/MSD Trap Data Analysis software 



 

121 

(Agilent Technologies, Santa Clara, CA). Mass spectra were acquired at the Mass 

Spectrometry Shared Facility at Duke Universi ty. 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 pro tein labeling and f low cytometry  

To fluorescently label proteins, 1 mg of AlexaFluor488-NHS ester was dissolved 

ÐÕɯƕƔƔɯϟ+ɯ#,2.ȭɯ3ÏÌɯ--termi nal amine of ELPBC and ELPBC-EgA1 were labeled with 

AlexaFluor488-NHS ester by incubating 100 ϟ,ɯ×ÙÖÛÌÐÕɯÞÐÛÏɯÛÌÕɯÔÖÓar equivalents of 

dye, rotating for 24 h at 4̄ C 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 aft er 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 cy tometry by firs t 

trypsinizing cells with 0.05% tryp sin/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 bl ue solution (0.4%, 

Thermo Fisher Scientific, Waltham, MA), and the cell density adjusted to 2 × 106 cells 

mL -1ȭɯ"ÌÓÓÚɯÞÌÙÌɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯÍÓÜÖÙÌÚÊÌÕÛÓàɯÓÈÉÌÓÌËɯ×ÙÖÛÌÐÕÚɯÉàɯÎÌÕÛÓàɯÔÐßÐÕÎɯƝƔɯϟ+ɯÖÍɯ

ÛÏÌɯÊÌÓÓɯÚÜÚ×ÌÕÚÐÖÕɯÞÐÛÏɯƕƔɯϟ+ɯÖÍɯƕƔƔɯmM ELP (25 mM Alexa488) followed by a 1 h 

incubation with rocking at 4 C̄ to minimi ze uptake by the cells. Flow experiments wi th 

incubation at 37̄ C ensure micelle self-assembly showed equivalent or higher levels of 

cell binding as those performed at 4 C̄. After incubat ion, cells were collected and 

washed 3x with 0.5 mL PBS/1% BSA on ice, with a final cell concentration prior to fl ow 

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 Cytometr y 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 FalconɚɯƗƜƘ-well cell culture plates (BD, Franklin Lakes, NJ) and allowed 

to adhere for 16ɬ18 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 AQueousɚ MTS reagent (Promega, Madison, 

WI) were added to each well. Following incubation fo r 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 D ox. 

Equation 4: Calculating cell viability  

 

% Viability = 
Corr. A490 - A490Media

Corr. A490Untreated - A490Media,  Untreated
 Ĭ 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: Calculati ng IC 50 

 

4.2.8.3 Intracell ul ar imaging  

For fluorescence visualization of  ELPBC-EgA1 and ELPBC-RGD4C uptake, 4 × 

104 transfected fibroblast cells were seeded on Lab-Tek® II CC2ɚɯÊÏÈÔÉÌÙɯÚÓÐËÌÚɯ

(Electron Microscopy Sciences, Hatfield, PA) and allowed to adhere for 18 h. Cell media 

was replaced with complete media containing eithÌÙɯȹƕȺɯƕƔɯϟ,ɯ ÓÌxaFluor488-ELPBC-

EgA1 or AlexaFluor488-ELPBC-RGD4CȮɯȹƖȺɯƕƔɯϟ,ɯ ÓÌßÈ%ÓÜÖÙƘƜƜ-ELPBCȮɯÖÙɯȹƗȺɯƕƔɯϟ,ɯ

AlexaFluor488-ELPBC-$Î ƕɯÞÐÛÏɯƕƔƔɯϟ,ɯÌßÊÌÚÚɯÜÕÓÈÉÌÓÌËɯ$+/BC-EgA1 (or with the 

RGD4C targeting moiety) , and incubated for 24 h at 37°C. Followin g treatment, the 

media was removed, and cells were incubated for 10 min with 2  ϟ,ɯ'ÖÌÊÏÚÛɯƗƗƗƘƖɯȹ+ÐÍÌɯ

3ÌÊÏÕÖÓÖÎÐÌÚȮɯ"ÈÙÓÚÉÈËȮɯ" ȺɯÛÖɯÚÛÈÐÕɯÊÌÓÓɯÕÜÊÓÌÐɯÈÕËɯƙɯϟÎɯÔ+-1 wheat germ agglutinin 

(WGA) AlexaFluor 594 (Thermo Fisher Scientific, Waltham, MA ) to stain cell 

ÔÌÔÉÙÈÕÌÚȭɯ3ÏÌɯÊÌÓÓÚɯÞÌÙÌɯÛÏÌÕɯÞÈÚÏÌËɯÛÞÐÊÌɯÞÐÛÏɯ'ÈÕÒɀÚɯ!ÈÓÈÕÊÌËɯÚÈÓÛɯÚÖÓÜÛÐÖÕɯ

(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 450ɬ490 nm excitation filter, 505 nm long pass dichromatic mirror, and 

590ɬ650 nm emission filter set. 

For colocalization of Dox conjugates with lysosomal compartme nts, 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 

ϟ,ɯ#Öß-pAcF-ELPBC-$Î ƕɯÖÙɯƖƙɯϟ,ɯ#Öß-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 ϟ,ɯ'ÖÌÊÏÚÛɯƗƗƗƘƖ (Life Technologies, Carlsbad, CA) to stain cell nuclei for 

10 ÔÐÕɯÈÛɯƗƛȘ"ȭɯ"ÌÓÓÚɯÞÌÙÌɯÛÏÌÕɯÞÈÚÏÌËɯÛÞÐÊÌɯÞÐÛÏɯ'ÈÕÒɀÚɯ!ÈÓÈÕÊÌËɯÚÈÓÛɯÚÖÓÜÛÐÖÕɯȹ'!22Ȯɯ

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, M adison, WI) and allowed to adhere for 

18 h. Cell media was replaced with complete media containing either 2 ϟg 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 'ÈÕÒɀÚɯ

Balanced salt solution (HBSS, Thermo Fisher Scientific, Waltham, MA)  and complete cell 

media containing 10 ϟ, 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  ϟ, 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 o n a LeicaDMi8 microscope stand 

(Oxford Instruments, Abingdon, UK) with a 63× water immersi on 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 wi th 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 pu rific ation 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 select ion of EgA1  

After purif ying  both ELPBC-EgA1 and ELPBC-RGD4C, we tested these constructs 

for their ability to form nanoparticles and for i ntracellular 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 (~ 5 C̄) 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 hydr ophilic 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 

33 C̄ (Figure 53A, red), but required addition of 10 mM dith iothreitol  (DTT) to disrupt  

undesirable intrachain  disulfide bond formation.  
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Figure 53: Characterization of ELP BC-EgA1 and ELPBC-RGD4C self -assembly 

via  dynamic light scattering . (A) The CMT of ELPBC-EgA1 is 37̄ C and the CMT of  

ELPBC-RGD4C is 33 C̄. 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 hydro dynamic diameter at 37 C̄ 

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 f ormation,  

these particles had ostensibly larger hydrody namic 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 disulfid e-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 c onstructs 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  NIH 3T3 mouse fibroblast cells stably 

transfected to over-express human EGFR.255 To assess the aVb3-specific uptake of ELPBC-

RGD4C, we incubated this construct with the aVb3-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 fluores cent particle uptake. We assayed the uptake of 

fluorescently labeled ELPBC in these cells as a negative control. After an incu bation 

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 imagin g of  ELPBC-RGD4C and ELPBC-EgA1 

nanoparticle uptake.  EGFR-expressing fib robl asts incubated with A) 10 mM Alexa488-

ELPBC-EgA1, B) 10 mM Alexa488-ELPBC-EgA1 + 100 mM ELPBC-EgA1, C) 10 mM 

Alexa488-ELPBC. avb3-expressing MDA -MB -231 cells incubated with D ) 10 mM 

Alexa488-ELPBC-RGD4C, E) 10 mM Alexa488-ELPBC-RGD4C + 100 mM ELPBC-RGD 4C, 

F) 10 mM Alexa488-ELPBC. Green, Alexa488; blue, nuclei stained with Hoechst; red, cell 

membranes stained with wheat germ agglutinin . Scale bar: 25 mm. 

The extent of fluorescent parti cle 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, give n 

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 elimi nate RGD4C as a targeting candiate and focus the remainder of our studies on 

the promising EgA1. 
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4.3.1.2 Qual itative c haracterization of EgA1-targeted constructs and pAcF 

incorpo rati on wit h gel electrophor esis 

Sodium dodecyl sulfate polyacrylamide gel elect rophoresis (SDS-PAGE) of ITC-

purified pAcF-ELPBC-EgA1 fr om C321.DA and SHuffle T7 Express E. coli showed that 

four cycles of ITC provided protein s 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 purif ied constructs for  targeted nanoparticl e study. 1) 

pAcF-ELPBC-EgA1 expressed in C321.D  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  qualit atively confirms reactivi ty of th e 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 incorporati on with fl uorescent SDS-PAGE. The 

f luorescent hydroxylamine dye label s pAcF-ELPBC (lane 1) and pAcF-ELPBC-EgA1 (lane 

2), but not the negative control  ELPBC wit hout pAcF incorp orated (lane 3). 

4.3.1.3 Quantif yi ng pAcF in corporation efficiency  with MA LDI -TOF-MS and ESI-

LC/MS 

We also confirmed th e incorporation of pAcF in pAcF-ELPBC-EgA1 expressed in 

the SHuffle and C321.DA 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-fligh t 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 C321ȭͅ ȭ2 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: Trypt ic 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 incorporat ion in pAcF-ELPBC-EgA1 

expressed in (A) C321.DA (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.DA.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 condi tions, 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.ȹA.2 34°C 30 

ELPBC-EgA1 SHuffle T7 Express 30°C / 16°C 50 

pAcF-ELPBC-EgA1 
C321.ȹA.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 di gests of (A) pAcF-ELPBC and (B) pAcF-ELPBC-EgA1 

were analyzed to quantify extent of pAcF incorporation as well as identify any 

misincorpo ration products with natural residues. Expected molecular weight of pAcF-

containing peptide is 1296. 66 Da. Peptides wit h Tyr, Tr p, and Phe were detected as 

min or populations, with Tyr representing the pri mary residue misincorporat ed in 

both samples.  

While the C321.DA.2 line and tRNA/synthetase pair we employed for protein 

expression have been optimized for greatest incorporation fid elity  of pAcF, there is a 

minor  popul ation 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-contain ing 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 cellula r 

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 (NIH 3T3 

EGFR+) which  abundantly overexpresses EGFR (1.5 x 106 receptors per cell 255), ELPBC-

EgA1 exhibited 18-fold higher uptake as compared to t he non-targeted ELPBC (Figure 

59A, D). Two cell l ines wit h a range of reported sensitivity to Dox  also exhibited 

significantly higher uptake as compared to ELP BC.260-261 These are the squamous 

carcinoma lin e 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 up take of ELPBC-EgA1 than ELPBC. 
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Figur e 59: Analysis of f luorescently labeled ELP BC-EgA1 or ELPBC by f low 

cytometry  in EGFR-expressing cell lines . (A) NIH3T3 murine fibro blasts transfected 

with human EGFR (NIH3T3 EGF R+); (B) A431 squamous carcinoma cells; and (C) 

SKOV -3 ovarian adenocarcinoma cells all indicate enhanced uptake of the ELP BC-

EgA1 as compared to ELPBC. (D) The geometric mean fluorescent intensities (gMFI) of 

the cell populations were used to quantify the  fold upta ke 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 expe riments wi th an untransfected f ibroblast cell line 

(NI H3T3 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 cyto metry of  fluorescently labeled ELP BC-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 c ell lung cancer; and (E) untransf ected muri ne 

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 

untr ansfected fibroblasts.  Dotted line indicates equivalent uptake as ELP BC (fold 

uptake  = 1). 

Together, the flow cytometr y and fluorescence imaging  demonstrate that the 

EgA1 nanobody: (1) maintains specificity fo r EGFR when fused to ELPBC, (2) enhances 

intracellular upt ake 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 conj ugate Dox to pAcF, we explored three 
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different potential linkers  with th e 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 moieti es. We 

were interested in evaluating the labeling efficiency of these two chemistries as oxime 

bonds are reported to be more hydrolytically stable than hydrazon e bonds, but with  a 

lower reaction rate for their fo rmation .253 

 

Figure 61: Linker candidates explored for Dox conjugation reactions.  

In pilot  optimizati on reactions, we varied length of reacti on time (6, 12, 24, 48 h) 

and temperatur e of reaction (25, 30, and 37̄C) to identify starting conditions for the  later 

comprehensive optimization reactions , which  we performed  in triplicate  (Table 6). From 

these initial experiment s, we determined 24 h is a suitable length of tim e for reaction and 

a temperature of 30̄ C provides enough heat to be kinetically favorable f or the reaction 

to proceed, while ensuring the diblock chains do not self -assemble. In addition to 

varying the linke r 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  

allow ed the reaction to proceed nearly to completion at pH 6.2, a pH that is more 

optimal for th e stability of pAcF-ELPBC-EgA1. We evaluated either an anilin e262 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 condit ion s and labelin g effic iency of D ox 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 anil ine 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 ² 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 

ultrafiltratio n 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 hydroxylam in e li nker 2 in the presence of 10 mM aniline 

catalyst to form the i ntermediate 3. This pro duct is purified and reacted with excess 

doxorubicin 4 under t he same conditions to form the fina l conjugate 5. 

4.3.3.1 Confirming  successful reaction with  size exclusi on chromatography 

We confirmed  the successful reaction and purity of o ur final reaction prod uct, 

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 D ox to pAcF-ELPBC-EgA1 and confirmation of purity 

of the fin al conjugate using siz e exclusion chromatogr aphy (SEC). The spectrum trace 
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at both A220 nm (green) shows the elution time of the conjuga te while the tr ace at 

A488nm, the characteristic absor bance of  Dox, conf irm s 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: Confirmati on of Dox conjugation to Dox-pAcF-ELPBC using size 

exclusion  chromatography (SEC).  pAcF-ELPBC elution at 15.5 min (tr ace 1, black) is 

detected by its absorbance at 220 nm. Free Dox is detecting by its absorban ce at 488 

nm and elutes at 23.5 m. 

4.3.3.2 Quantifyin g label ing effi ciency wi th  mass spectrometry 

We confirmed each individual reaction step b y digesting the produc ts 1, 3, and 5 

with trypsin and analyzing the digests with  MAL DI-TOF-MS (Figure 65).  
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Figure 65: Schematic of tryp ti c digest of pAcF-ELPBC. 

The spectra of the liberated peptides showed one major peak for each product 

whi ch increased in molecular weight by the expected amount after each reaction step 

(Figure 66).  
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Figure 66: M ALDI -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 mi nor population of  unreacted startin g material. (C) Final  reaction 

product Dox -pAcF-ELPBC shows minor populations o f 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 th e composition of the reaction produc ts (Figure 67).  


























































































































































































































































































































