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Abstract 

Novel drug delivery methods aim to improve the therapeutic efficacy by 

enhancing a molecule’s pharmacokinetic profile as well as increasing its accumulation at 

the target size while reducing the amount of off-target effects. The results of effective 

drug delivery can be economical – reducing the amount of wasted drug – as well as 

therapeutic – minimizing side effects and simplifying dosing regimens. While most 

methods achieve first-order release at best, zero-order release is the ultimate goal of 

controlled release systems, wherein the drug is released at a constant rate that is 

independent of concentration. Towards this end, we have developed a system that 

achieves near zero-order release kinetics for the delivery of glucagon-like peptide-1 

(GLP-1) for the treatment of type 2 diabetes. GLP-1’s activity is glucose dependent, 

potentiating insulin release only when glucose levels are high. Thus, although type 2 

diabetes is a complicated chronic condition to treat, maintaining constant levels of GLP-

1 in circulation at all times would ensure that insulin is released only when the body 

needs it.  

We have achieved impressive delivery of this peptide, which stands up to other 

FDA approved formulations, by recombinant fusion to an elastin-like polypeptide (ELP). 

The ELP, a thermally sensitive biopolymer, was engineered to undergo a soluble to 

insoluble phase transition upon injection to form a slowly releasing drug depot. By 

optimizing the biopolymer’s tunable parameters – molecular weight and transition 
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temperature – we were able to demonstrate circulation times of up to 10 days in mice 

and 17 days in monkeys. The optimized pharmacokinetics, showing near zero-order 

kinetics, leads to 10 days of glycemic control in three different mouse models of 

diabetes, as well as to reduction of glycosylated hemoglobin levels and weight gain in 

ob/ob mice treated once weekly for 8 weeks. Furthermore, we saw no obvious injection 

site reactions in mice and low immunogenicity in monkeys. The fusion had equivalent if 

not superior performance compared to clinically used formulations of this drug class, 

Bydureon and Trulicity, which are both FDA approved for once-weekly injection. Thus, 

this optimized GLP1 formulation has the potential to enhance therapeutic outcomes by 

eliminating peak-and-valley pharmacokinetics and by improving overall safety and 

tolerability.  

We have also begun the design and synthesis of next-generation injectable 

depots. Using molecular and synthetic biology tools, we are developing a unimolecular 

dual incretin, that would display GLP-1 and its sister peptide, glucose-dependent 

insulinotropic peptide (GIP) on the same molecule. Like GLP-1, GIP is also released 

post-prandially to enhance insulin secretion from the pancreatic β-cell. We hypothesize 

that a unimolecular dual agonist will have synergistic effects in vivo due to avidity 

enhanced by its bivalency, but also due to the crosslinking of receptors and potential 

changes in downstream signaling bias. We have successfully synthesized a unimolecular 

dual agonist by expressing individual fusions (GLP1-ELP and GIP-ELP) that bear the 
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substrate sequence for Sortase A. This bacterial enzyme can perform site-specific native 

peptide ligation of the substrate sequence to a chemically modified oligoglycine, which 

acts as a nucleophile. Using Sortase A, we can functionalize each fusion with a 

bioorthogonal azide group and then link the two peptides with a homobifunctional 

crosslinker. While in vitro testing of the molecule is in preliminary stages, the design 

principles that we have established for injectable depots, combined with the method 

developed for the synthesis of a unimolecular dual agonist, should be broadly applicable 

for improving the pharmacological performance of a number of peptide and protein 

therapeutics. 
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1. Introduction  

1.1 Drug Delivery 

Pharmaceutical development, a massive and expanding field, is a nearly $500 

billion industry in the United States and an estimated $79 billion is spent annually on 

biopharmaceutical research and development[1].  The race to discover new drugs is 

competitive and their development into clinically useful therapeutics often requires 

clever engineering of their delivery. A drug, once administered, must overcome a host of 

barriers. In order to reach its target, it must circulate throughout the body, survive 

elimination and degradation, cross the capillary endothelial wall, and permeate the 

tissue. If the drug has an intracellular target, such as the nucleus, rather than a surface 

receptor it must then overcome another set of hurdles before exerting its therapeutic 

effect.  

Thus, the field of drug delivery is as important as it is vast. From the pioneering 

development of macro-sized capsules, to degradable polymers and hydrogels, to 

complex nanocarriers, research strategies have run the gamut[2]. A paradigm shift in 

human health and healthcare demands have also solidified the role of drug delivery 

research. While the leading causes of death in the early 1900s were acute illnesses such 

as pneumonia, tuberculosis, and enteritis, there was a distinct shift that occurred with 

the discovery of antibiotics and the advent of vaccines.[3] As science and medicine 

converged to find effective ways of defeating infectious diseases, changes in lifestyle 
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coupled with an increased life expectancy have led to an increasing burden of chronic 

illnesses. In the United States today, leading causes of death include heart disease, 

cancer, Alzheimer’s, and diabetes.[4] Short of cures, these chronic diseases require 

constant treatment and again highlight the importance of the field of drug delivery. 

When a drug must be taken for a long period —even a lifetime— rather than once, side 

effects, adverse events, frequency of administration, manufacturing cost, and patient 

compliance become important factors in a drug’s clinical and commercial value. 

1.1 Drug Delivery of Peptides 

Peptide drugs are an excellent example of how drug delivery has improved the 

utility of this class of molecule. Peptide and protein drugs have exquisite specificity, low 

toxicity, and high affinity for diverse targets[5], but their development as therapeutics is 

limited by their rapid clearance from circulation, following intravenous (IV) or 

subcutaneous (SC) injection. Their half-lives typically range from minutes to a few 

hours[6], which make them unsuitable for therapeutic use without an engineered 

method to extend their half-life[7]. Thanks to a diverse number of drug delivery 

strategies, there are currently over 60 FDA-approved peptides on the market, ~140 

peptide drugs in clinical trials, and more than 500 therapeutic peptides in preclinical 

development[8]. 

The three most common approaches to improve a peptide’s half-life include 

engineering the sequence to enhance its stability[6], developing novel formulations that 
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provide sustained release[9], and reducing renal clearance. Sequence engineering —such 

as the incorporation of D-amino acids or other chemically esoteric amino acid 

derivatives— can limit proteolytic degradation of the protein[6], but can also prevent it 

from being easily produced with recombinant technology, which is the preferred 

manufacturing method[10]. Encapsulation methods often limit bioavailability or require 

harsh formulation procedures[11-13] and most pump and depot systems require 

administration by large, painful needles or surgical implantation[14-16].  

Strategies to decrease renal clearance include attachment to synthetic or 

biological polymers that extend half-life[17-19], fusion to a large protein with a long 

half-life, and conjugating chemical moieties that allow the biologic to piggyback on 

endogenous biomolecules with slow turnover rates like albumin[20, 21] [22]or Fc 

fragments[23]. However, these methods are not without limitations as they often reduce 

activity by one to several orders of magnitude and can require complex mammalian 

expression systems[9]. 

1.2 Drug Delivery of Small Molecules  

With over two thousand approved and many thousands more in development, 

small molecules comprise the largest drug class[24]. The majority of these drugs are 

formulated into immediate-release tablets for oral delivery. However, advances in 

biological chemistry and materials engineering have led to the development of more 

sophisticated technologies, particularly nanotechnology and targeted delivery. 
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Nanotechnology can be used to improve the bioavailability of small molecules with poor 

aqueous solubility, poor stability, short half-lives, or limited absorption. Such systems 

include nanoparticles, lipid complexes, polymeric micelles, and dendrimers.[25] 

The addition of targeting has helped to improve the efficacy of drugs and limit 

off-target effects. Targeting has been achieved by functionalizing the drug delivery 

vehicle with a biologically active domain or engineering the carrier materials in order to 

leverage stimulus responsive triggers. Such triggers include pH, temperature, redox 

gradients, or enzyme concentrations. [26] 

1.2.1 Nanoparticle delivery of chemotherapeutics 

The field of nanoparticle delivery of cytotoxic agents for cancer treatment is an 

excellent example of how novel formulations can drastically improve a drug’s 

therapeutic efficacy. Cytotoxic agents typically target rapidly dividing cells. Thus, while 

they are slightly selective towards cancerous cells, which rapidly proliferate, they also 

have significant toxic effects on tissues with higher turnover rates, such as hair, skin, 

bone marrow, mucous membranes, and the gastrointestinal tract. The consequence of 

this is that the chemotherapeutic dose is determined by avoiding toxicity rather than by 

achieving the maximal therapeutic efficacy. Additionally, many cytotoxic agents have 

poor water solubility and must be administered with vehicles that are themselves toxic, 

such as in the case of paclitaxel, which must be administered with cremophor[27]. Thus, 

this is a field that has been drastically improved with the advent of nanoparticle drug 
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carriers. Nanoparticles enable higher amounts of drug to reach the tumor and are 

effective at reducing side effects and increasing the maximum tolerated dose. The basis 

of nanoparticle delivery improvements is twofold. First, the drug is encapsulated in a 

large carrier that is eliminated more slowly and is protective of its cargo. Second, the 

nanoparticles passively accumulate in the tumor as a result of the tumor environment 

and a phenomenon referred to as the enhanced permeability and retention (EPR) effect. 

EPR is a concept by which molecules of a certain size (10-100 nm) can accumulate in 

tumor tissue to a greater extent than in normal, healthy tissue because of the increased 

vasculature in tumors that results from their higher metabolic demand as well as the 

abnormal nature of this vasculature.[28] Tumor vasculature often forms with misaligned 

endothelial cells with wider than usual fenestration. In combination with the fact that 

tumors often lack proper lymphatic drainage, nanoparticles have been shown to exhibit 

better accumulation in tumor tissues. As a result of the success of nanoparticles in anti-

cancer applications[29, 30], the literature is replete with nanoparticles of every shape, 

size, material, stimulus-responsiveness, and surface modification. The field is 

continually evolving, but for clinical utility and the feasibility of scale-up, there remains 

a need for systems that are simple, robust, and easy to manufacture.  
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2. Elastin-like polypeptides  

2.1 A biopolymer with thermal sensitivity 

ELPs are a class of recombinant polymer that can enhance the pharmacokinetics 

and bioavailability of peptide drugs to which they are fused[18, 31]. ELPs are 

intrinsically disordered, random coil polypeptides comprised of a repeated Val-Pro-Gly-

Xaa-Gly (VPGXG)n pentapeptide motif. This peptide motif was derived from the 

hydrophobic domains of tropoelastin, a protein whose aggregation and subsequent 

crosslinking is responsible for the formation of elastin, the structural protein found in 

connective tissue[32-34]. Elastin-like polypeptides exhibit inverse phase behavior, or 

lower critical solution temperature (LCST) phase behavior[35], undergoing a reversible 

and thermodynamically controlled phase transition due to interactions between the 

hydrophobic domains. With the addition of heat (or in an isothermal manner with the 

addition of kosmotropic salts[36]), ELPs undergo liquid-liquid phase separation: the 

hydrophobic domains between polymer chains interact and then collapse as the water 

shielding of these regions is destabilized. Thus, below this characteristic transition 

temperature1 (Tt) ELPs are soluble, and below the Tt the ELPs will phase separate from 

bulk water. For most ELPs, the phase transition is fully reversible upon cooling, and 

occurs rapidly and over a small range in temperature (a few degrees Celsius). 

                                                      
1 In this work, the referenced Tt value is found by measuring optical density at 350 nm (OD350) as the 
temperature is ramped up or down and it is calculated as the maximum of the first derivative of this curve. 
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Because ELPs are polypeptides whose sequence is precisely encoded at the 

genetic level, their Tt is highly tunable by manipulating intrinsic parameters. At the 

molecular level, the composition of the guest residue (Xaa) and the number or repeat 

units can be adjusted to tune the phase transition. The Tt can be raised by increasing 

guest residue hydrophilicity[37]. It is also inversely related to molecular weight. 

Decreasing the number of repeat units increases the Tt.[38] The phase behavior of ELPs 

is also sensitive to extrinsic factors such as concentration, pH, and salt. Invaluable to this 

research was the work of McDaniel et al, who created a model for the de novo design of 

ELPs with predictable transition temperatures.[39] 

2.2 Biomedical applications of ELPs 

This high degree of tunability makes ELPs an attractive material to work with for 

biomedical applications and as building blocks in bioresponsive systems. Because they 

are genetically encoded, ELPs (and the biologics they are fused to) are monodisperse 

and can be produced in heterologous expression systems at high yield. ELPs are non-

toxic, biocompatible, and biodegradable. [40] Their LCST behavior[41] can be leveraged 

for a number of uses including non-chromatographic purification by inverse transition 

cycling[42], programmable self-assembly into nanoparticles[43, 44], tissue engineering 

scaffolds[45, 46], and injectable depots for controlled drug delivery[18, 47-49].  
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3. Drug delivery for diabetes 

Diabetes poses an interesting drug delivery challenge because treatment of the 

disease is dependent on the intricate balance of metabolism, diet, and exercise. The 

result is a constantly changing demand in order to maintain glucose levels within a tight 

window.  

3.1 Diabetes as a disease 

Nearly 30 million people in the United States are diabetic, and in 2012 alone, an 

additional 1.7 million new cases were diagnosed[50]. This highlights the significant 

health burden and the rapidly growing nature of the disease. Type 2 diabetes accounts 

for the majority of newly diagnosed cases of diabetes, and is characterized by insulin 

insensitivity and an inability of pancreatic β cells to produce enough insulin to 

adequately regulate blood glucose. Persistent hyperglycemia, a hallmark of diabetes, can 

lead to a host of complications including microvascular damage, cardiovascular disease, 

retinopathy, neuropathy, and kidney failure[50].  

Risk factors for type 2 diabetes include obesity, lifestyle, and tobacco use; thus, 

initial treatment commonly consists of lifestyle changes. If hyperglycemia persists, 

pharmacological intervention is initiated. Treatment regimens for type 2 diabetes aim to 

reduce blood glucose levels while avoiding hypoglycemia, and will vary depending on 

the disease pathogenesis as well as family history and health status of the patient. 

Treatment most often begins with metformin, and can progress to include a second or 
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third glucose-lowering agent, including sulfonylureas, thiazolidinediones, sodium-

glucose transporter-2 inhibitors, DPP-IV inhibitors and glucagon-like peptide 1 (GLP-1) 

receptor agonists[51]. Patients with persistent hyperglycemia will eventually require 

insulin to treat this chronic condition[51].  

The efficacy of a diabetic treatment strategy is evaluated by the degree of long-

term glycemic control achieved, which is routinely assessed by measuring the level of 

glycosylated hemoglobin (HbA1c). Diabetes is diagnosed when HbA1c levels exceed 

6.5%[52], and this value remains a stringent goal for adults newly diagnosed with type 2 

diabetes, although a 7 - 8% HbA1c target may be more appropriate for patients with 

advanced disease[51, 53]. Unfortunately, it is estimated that 40-50% of type 2 diabetics 

fail to achieve their individualized HbA1c goals[54], suggesting inadequacies in 

available therapies. In fact, it is lack of patient adherence to devised treatment regimens 

that remains one of the largest obstacles in achieving glycemic control, and not 

necessarily a lack of drug efficacy. Until a treatment emerges that can permanently 

restore effective insulin production and utilization in the body, strategies to improve the 

delivery of available type 2 diabetes drugs, and thus ease administration, have the 

potential to greatly improve the health of patients.  

3.2 Glucagon-like Peptide-1 (GLP-1) receptor agonists 

The emergence of incretins, a class of insulin-stimulating gut hormones released 

postprandially, led to the development of the first new peptide drugs for the treatment 
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of type 2 diabetes since insulin. The “incretin effect“ can be described by the observation 

that an oral ingestion of glucose leads to a significantly greater insulin response 

compared to intravenously administered glucose. This effect, it turns out, is due to the 

release of incretins from the gut, whose job it is to stimulate postprandial insulin 

release[55]. Incretins account for up to 60% of postprandial insulin secretion, although 

the incretin effect is reduced in patients with diabetes. 

The two primary members of this class are glucagon-like peptide-1 (GLP-1) and 

glucose-dependent insulinotropic peptide (GIP). GLP-1, a 31 amino acid peptide 

produced in the L cells of the intestines and released postprandially, was the first 

incretin pursued as a potential type 2 diabetes drug. Interest was spurred upon cloning 

and sequencing of the proglucagon gene in 1983[56]. Shortly after discovery of the GLP-

1 precursor, Kreymann and colleagues saw enhanced insulin release and reduced peak 

plasma glucose concentrations in human volunteers receiving a constant infusion of 

GLP-1[57]. Following Kreymann’s findings as well as several other reports of the 

peptide’s effects on metabolic and gastrointestinal regulation[58], interest in the peptide 

burgeoned and academics and industry alike raced to develop GLP-1 as a drug for type 

2 diabetes.  

Both GIP and GLP-1 stimulate pancreatic β-cells to enhance insulin release. GIP 

and GLP-1 act by binding their cognate receptors —the GIP receptor (GIPR) and the 

GLP-1 receptor (GLP-1R)— both of which are G protein-coupled receptors (GPCRs). 
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Upon binding, they signal primarily through the Gs pathway, which activates adenylate 

cyclase and increases intracellular cAMP, ultimately triggering exocytosis of insulin-

containing granules[59]. Although the Gαs pathway is the most well-documented for 

GLP-1R and GIPR signaling, the receptors are pleiotropically coupled and can activate 

other signaling pathways such as β-arrestin, PI3K, and ERK1/2. 

GLP-1 exerts its activity on multiple organs that express GLP-1Rs and contribute 

to the pathogenesis of diabetes. The peptide is also responsible for upregulating insulin 

expression, protecting beta cells from apoptosis, promoting beta cell proliferation, 

slowing gastric emptying, inducing satiety, reducing glucagon secretion, and enhancing 

peripheral glucose absorption[60]. Although GIP has yet to be pursued as a diabetes 

monotherapy, Roche and Lilly are currently investigating its use in combination with 

GLP-1. [61] The delay in the development of GIP has been largely due to its convoluted 

metabolic effects in mice. It remains controversial whether activation or repression of 

GIPR is more beneficial to normalizing glycemia[62]. 

To date, five GLP-1R agonists have been approved by the FDA (Table 1) and 

several others are in various stages of preclinical and clinical development.[63] Incretin-

based therapeutics have received widespread attention and, in 2014, the GLP-1R agonist 

market was worth an estimated $3 billion[8]. The market size can be attributed to the 

peptide’s attractive qualities from a pharmaceutical development perspective, including 

a wide therapeutic window and subnanomolar potency. However, these advantages are 
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overshadowed by its rapid degradation and short half-life, making the native peptide 

unsuitable for clinical application. Research and development efforts have thus aimed to 

enhance the efficacy and therapeutic feasibility of GLP-1.  

Table 1: Currently available GLP-1 R agonists, their mechanisms of sustained 

delivery, and recommended doses 

  
Brand 

Name 
Generic  Manufacturer 

Approval 

Date 

Half-

life 

Mechanism of 

Enhanced 

Delivery 

Recommended 

Dose 

Daily   

Byetta Exenatide Amylin 2005 2.4 h 
Protease-resistant 
analog 

5 or 10 ug (2x 
daily) 

 Victoza Liraglutide 
Novo 
Nordisk 

2010 13 h 
Albumin binding 
fatty acid domain 

3 mg 

Adlyxin Lixisenatide Sanofi 2016 3 h 
Protease-resistant 
analog and hexa-
lysine tail 

10 or 20 ug 

Weekly   

Bydureon Exenatide Amylin 2012 2 w 
Protease-resistant 
analog, PLGA 
microspheres 

2 mg 

Tanzeum Albiglutide 
GlaxoSmith 
Kline 

2014 5 d Fusion to albumin 30 or 50 mg 

Trulicity Dulaglutide Eli Lilly 2014 4.5 d Fusion to IgG4 0.75 or 1.5 mg 

 

The three common approaches to improve GLP-1’s half-life include engineering 

the sequence to enhance its stability[6], developing novel formulations that provide 

sustained release[9], and reducing renal clearance (Figure 1). These strategies are 

described in more detail in Section 1.1. 
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Figure 1: An overview of the three most common strategies for improving the delivery 

of GLP-1R agonists. Graphic depicting microspheres was adapted from bydureon.com 

and graphic depicting implantable pump was adapted from intarcia.com. 

3.3 Delivery of GLP-1 by fusion to an ELP 

As discussed in more detail in Chapter 2, ELPs are attractive for the delivery of 

GLP-1 because they are can be fused at the genetic level and are, thus, monodisperse. 

The ELP is also biocompatible and biodegradable[40]. Even more useful is their LCST 

phase behavior[41], which enables them to transition from a soluble state to an insoluble 

coacervate with the addition of heat or salt. By engineering the ELP at the molecular 
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level, its thermal sensitivity has been tuned to remain soluble in a syringe at room 

temperature and to undergo phase transition upon SC injection and heating up to body 

temperature (Figure 2). Once injected, the fusion forms a gel-like depot that slowly 

releases the drug with time.  

 

Figure 2: A GLP1-ELP fusion is engineered to remain soluble at room temperature in 

the syringe, but to transition to a coacervate upon SC injection. This forms a SC drug 

depot that has sustained dissolution of the drug into circulation over time. 

The fusion’s LCST phase transition is reversible upon dilution such that, in 

response to the concentration decay at the boundary layer of the depot’s margins, the 

transitioned ELP slowly dissolves from its margins to the core, releasing ELP-drug 

fusions at a steady rate.  This feature of ELPs distinguishes them from other 

polypeptides and synthetic polymers and makes them an attractive solution to peptide 

drug delivery, as will be discussed in greater detail in the following chapter. 

WT#
GLP1R+/GIPR+$

#

  

GLP-1 Biopolymer 

Fusions are soluble in the 

syringe at room 

temperature 

Fusions undergo a soluble 

to gel-like phase transi; on 

upon hea; ng to body 

temperature 

Subcutaneous depot 

controls release into 

circula; on 



 

 15

4. Optimizing injectable depots of GLP1-ELP 

4.1 Motivation 

With the goal of developing a better and longer-lasting way to deliver peptide 

drugs, our GLP-1 delivery system utilizes three strategies for improving the peptide’s 

delivery. First, the peptide has been modified at the sequence level to incorporate 

mutations that enhance its stability and protease resistance. Second, this modified GLP-1 

DNA has then been genetically fused to the gene for an elastin-like polypeptide (ELP). 

Fusion to an ELP reduces the peptide’s renal clearance and enhances its circulating half-

life. Third, by using the ELP’s phase transition, the fusion transitions to a gel-like depot 

upon injection, which provides controlled, continuous release.  

While the initial GLP1-ELP fusions, developed by Dr. Miriam Amiram, showed 

much promise in normal C57Bl/6J mice, lasting 5 days from a single injection[18], the 

efficacy in diabetic mouse models was disappointing. In C57Bl/6J-Lepob/ob (ob/ob) and 

C57Bl/6J-Leprdb/db (db/db) mice, the fusion only lowered blood glucose for 2-3 days[64]. 

Our hope was that optimization would yield a GLP1-ELP formulation with better 

efficacy that would be suitable for once-weekly injection in mice. However, optimizing 

the variables that affect depot performance in vivo is not a trivial task. The main 

variables, transition temperature and molecular weight, are not independent of one 

another (Figure 3). Thus, the design and execution of this optimization exercise required 

specific design constraints and genetic manipulation of the fusions. 
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Figure 3: Graphic illustrating the complex and interdependent nature of the tunable 

design variables that could affect the depot’s efficacy in vivo. 

4.2 Methods  

4.2.1 Design of the GLP-1 sequence 

GLP-1, which is natively produced post-prandially in response to a meal 

containing glucose, is rapidly degraded in vivo by the enzyme dipeptidly peptidase IV 

(DPP-IV). DPP-IV cleaves the first two amino acids[65] resulting in complete loss of 

activity. To address this premature N-terminal degradation, we mutated the second Ala 

(A) residue to a Gly (G). Additionally, we added an Ala-Ala leader, which yields a 

peptide that is activated by DPP-IV rather than inactivated. This Ala-Ala leader serves a 

second purpose of improving yield and ensuring removal of the initial Met residue 

(Appendix A). Finally, amino acid 22 was mutated from Gly (G) to Glu (E) to promote 

alpha helical stability and amino acid 36 was mutated from Arg (R) to Ala  (A) to 

  
DEPOT    

PERFORMANCE    
Tt 

MW 

MW 

Dose 

A.A.  

Comp 

Conc. 
Conc. 
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prevent cleavage by ubiquitous serine proteases. The modified GLP-1 (Figure 4) was 

used in all studies unless otherwise noted.   

 

Figure 4: Amino acid sequence of modified GLP-1 showing the mutations made to 

improve resistance to degradation by DPP-IV (green) and to enhance alpha-helical 

stability and prevent premature cleavage from the ELP (red). 

While DPP-IV cleavage is the primary reason for GLP-1’s short 2-minute half-

life[66], its rapid clearance by renal filtration, owing to its small < 5000 Da size, is a close 

second. This short half-life makes even the modified peptide unsuitable for clinical 

application, as it would require constant infusion or frequent injection to maintain a 

therapeutic effect. Thus, achieving the full therapeutic benefit of the incretin requires a 

system for sustained delivery in vivo. 

4.2.2 Fusion of GLP-1 to ELP 

The ELPs used in this work were synthesized using plasmid reconstruction by 

recursive direction ligation (PRe-RDL) —an iterative gene assembly method that 
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employs type IIs restriction endonucleases to seamlessly assemble the synthetic genes 

that encode repetitive polypeptides like ELPs.[67] This same method was used to fuse 

the DNA for the modified GLP-1 sequence to a set of ELPs. Oligomers were purchased 

from Integrated DNA Technologies as starting material and cloned into separate pET24 

plasmids (EMD Millipore).   

4.2.3 Fusion protein expression and purification 

The gene for each GLP1-ELP fusion, inserted under control of a T7 promoter in a 

pET24 plasmid, was transformed into Ultra BL21 (DE3) competent E. coli cells (Edge 

BioSystems). The cells were grown at 37 °C in TB Dry (MO Bio) and expressed by 

induction of the T7 RNA polymerase with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG).  Cells were lysed using sonication pulsed 10 s on and 40 s 

off for a total sonication time of 3 min. DNA was removed by adding 1 mL of 20 w/v% 

polyethylenimine (PEI) per liter of culture and centrifuging at 14,000 rpm for 10 min at 4 

°C. Fusions were subsequently purified through inverse transition cycling (ITC) by 

exploiting the ELP’s phase transition behavior and cycling between “hot” spins (HS, 

triggering the ELP’s phase transition with heat or kosmotropic salt) and cold spins (CS, 

resolubilizing the ELP with gentle rotation at cold temperatures).[68] Purity was 

confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

on 4-20% Tris gradient or TGX Stain-Free precast gels (Bio-Rad). 4-20% Tris gradient gels 

were negatively stained with 0.5 M CuCl2. Protein bands were compared to a standard 
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ladder (Precision Plus Protein Kaleidoscope or Unstained, Bio-Rad) to verify size. A 

sample of GLP1-ELP purification by ITC as assessed with SDS-PAGE is shown in Figure 

5.  

 

Figure 5: An example of GLP1-ELP fusion purification with only three rounds of ITC. 

From left to right, the lanes are: (L) BioRad Kaleidoscope ladder, (1) cell lysate, (2) PEI 

SN, (3) PEI pellet, (4) HS1 SN, (5) HS1 pellet, (6) CS1 SN, (7) CS1 pellet, (8) CS2 SN, (9) 

CS3 3. 

4.2.4 Phase behavior characterization 

The LCST phase behavior of each fusion was characterized using a temperature-

controlled UV-vis spectrophotometer (Cary 300 Bio, Varian Instruments) to measure the 

change in optical density at 350 nm as the sample was heated at a rate of 1 °C/min. A 

sharp increase in absorbance indicates a phase transition of ELP from a soluble state to 

micron-sized aggregates. The Tt was defined as the inflection point of the turbidity 

versus temperature curve, and calculated as the maximum of the first derivative. The 

  L         1        2        3        4        5        6        7        8        9       
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350 nm absorbance was also measured as temperature was ramped back down at 1 

°C/min to confirm reversibility of the phase behavior, an attribute critical for facilitating 

release of drug from the depot into circulation. 

4.2.5 Light scattering 

Dynamic light scattering (DLS) was performed on a temperature-controlled 

DynaPro Microsampler (Wyatt Technologies) to quantify the hydrodynamic radius (Rh) 

of each GLP1-ELP fusion. Constructs were measured at 1 mg/mL in phosphate buffered 

saline (PBS) at 15 °C after filtering through a 0.22 μm PVDF filter (Durapore). For three 

technical replicates, 18 repeat measurements of 5 s acquisitions were analyzed by 

applying a regularization fit to the scattering intensity autocorrelation function for 

Rayleigh spheres. 

4.2.6 In vitro activity assay 

The in vitro activity of GLP1-ELP fusions were quantified by measuring the 

increase in cyclic adenosine monophosphate (cAMP) levels in baby hamster kidney 

(BHK) cells that were stably transfected to constitutively express the rat GLP-1R on the 

cell surface[69]. The transfected cells were a generous gift from Dr. Daniel Drucker 

(University of Toronto). GLP-1R is a G protein-coupled receptor whose downstream 

signaling is mediated by a second messenger cAMP cascade, resulting in insulin 

secretion. Thus, the cAMP level is often used as a measure of receptor activation. Prior to 

performing the assay, GLP1-ELP fusions at 50 μM concentration were incubated 
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overnight with 10 pg human DPP-IV (Prospec Bio) per 1 nmol fusion to cleave the 

protective Ala-Ala leader and expose an active N-terminus. To confirm that the Ala-Ala 

leader would be cleaved to yield a functional GLP1 analog, we incubated GLP1-ELP 

with human DPP-IV enzyme and took samples at 0, 1, 4, 6, and 24 hours. The activity of 

these samples as a function of DPP-IV incubation time was measured by assaying in 

vitro cAMP levels (Figure 6) using a competitive ELISA described in more detail below. 

 

Figure 6: An increase in cAMP concentration as a function of DPP-IV incubation time 

shows that the modified GLP1-ELP fusion can be activated by cleavage of the 

protective Ala-Ala leader. Full activity is reached after only 2 h of DPP-IV incubation 

and, importantly, the cAMP levels do not decrease even with a 24 h incubation, 

demonstrating that the modified incretin is DPP-IV resistant. The lower 

concentrations (10 nM and 1 nM) have submaximal cAMP levels because they are 

below the fusion protein’s EC50. 

For all activity assays, cells were passaged at least once prior to performing the 

assay and were cultured in high glucose DMEM (Thermo Fisher, 11960-044) 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 μg/mL 
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streptomycin, and 50 μg/mL G418 (Thermo Fisher). Cells were seeded without G418 on 

24-well plates at 30,000 cells per well in 0.5 mL media and incubated at 37 °C for 24-48 h, 

until reaching approximately 80% confluence. To prevent cAMP degradation, 250 μM 3-

isobutyl-1-methylxanthine (IBMX) was added to each well and incubated for 1 h prior to 

beginning the assay. Cells were then treated for 15 min by adding 10 μL of 50x GLP1-

ELP fusion or native GLP1 control to span a log-range of concentrations. For each 

construct, three tubes were individually prepared at 50x the maximum concentration 

and then serial dilutions were made for each. Intracellular cAMP level for each 

treatment and concentration was assayed in triplicate using a colorimetric, competitive 

binding, enzyme-linked immunosorbent assay (ELISA) carried out with the high 

sensitivity acetylated cAMP protocol, according to kit instructions (Enzo Life Sciences). 

The 650 nm absorbance in each well was subtracted from its 405 nm absorbance. After 

subtracting the mean cAMP level of PBS-treated control wells, the dose-response data 

was normalized to the maximum value from the GLP-1 control group and the data was 

then fit using a four-parameter logistic, nonlinear regression model (GraphPad Prism 6). 

The calculated EC50 values represent the half-maximal effective concentration.  

4.2.7 In vivo studies in mice 

4.2.7.1 Animal husbandry 

All experimental procedures were conducted under protocol A156-15-05 

approved by the Duke Institutional Animal Care and Use Committee (IACUC). 6-week 
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old, male C57Bl/6J mice were purchased from Jackson Labs (strain 000664) and group 

housed in a room with a controlled photoperiod (12 h light/12 h dark cycle) and allowed 

at least 1 week to acclimate to the facilities prior to that start of procedures. Animals had 

ad libitum access to water and food and were observed daily for signs and symptoms of 

distress. The diet-induced obese (DIO) phenotype was achieved by maintaining the mice 

on a high-fat (60 kcal% fat) diet (Research Diets D12492). Treatment groups were 

randomized using the list generator at http://www.random.org. 

4.2.7.3 Treatment via SC injection 

Constructs were endotoxin purified prior to injection by passing the solution 

through a sterile 0.22 μm Acrodisc filter comprised of a positively charged and 

hydrophilic Mustang® E membrane (Pall Corporation). Constructs transitioning below 

room temperature were filtered at 4 °C. Constructs were kept on ice until treatment, at 

which point each mouse was restrained and injected into the scruff of the neck using a 

27½ G syringe. 

4.2.7.4 Glucose and weight monitoring 

Mice were put into a clear restraining tube. Their tails were wiped with 50% 

ethanol in sterile water and then dried. A small incision was made adjacent to the tail 

vein using a small lancet. The first drop of blood was blotted away. Blood glucose was 

quantified by applying the second drop of blood to the test strip of an AlphaTRAK 2 
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blood glucose meter (Abbott Laboratories). Weight was measured on a scale zeroed with 

a container into which the mice were briefly placed. 

4.2.7.5 Statistical analysis 

Experimental numbers for both in vitro and in vivo studies were selected based 

on knowledge gleaned from previous experiments or other published data. Because of 

the small sample size (n ≤ 6), normality of groups was not tested. Variance across groups 

was similar except in untreated versus treated in vivo groups, which is not unexpected 

given the lack of glucose control in the mouse models tested. All data are presented as 

mean and standard error of the mean (SEM) unless otherwise noted. Blood glucose and 

percent change in weight studies were analyzed using repeated measures ANOVA, 

followed by lower order ANOVAs and Dunnett’s Test for multiple comparisons. 

Glucose AUC values were calculated using the trapezoidal method and then compared 

using a one-way ANOVA followed by either Tukey’s or Bonferroni’s multiple 

comparisons, as indicated. For comparing two groups, two-tailed Student’s t-tests were 

used. For animal experiments, groups were randomized using a list generator on 

www.random.org. No blinding was performed. All analysis and data processing were 

performed using GraphPad Prism 6 software.  

4.3 Optimizing the transition temperature of GLP1-ELP depots 

The phase transition can be easily tuned by adjusting either the MW (number of 

VPGXG repeats) or the amino acid composition of the ‘X’ guest residue. The transition 
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temperature can be engineered such that the fusion remains soluble in a syringe but, 

triggered by the increase from ambient to body temperature, instantaneously 

coacervates upon SC injection to create a controlled releasing depot. We have, in the past 

decade, synthesized a large library of ELPs with a range of compositions and MWs and 

characterized their Tt as a function of concentration[38, 70]. These studies have yielded 

an analytical model that relates the Tt of the ELP to their composition and MW[39], 

which provides a useful tool for the de novo design of ELPs with specified thermal 

properties suitable for an injectable depot.  

4.3.1 Designing and characterizing a set of fusions with varied Tt 

We hypothesized that GLP1-ELP fusions with transition temperatures further 

below body temperature would form a more stable depot capable of slow, sustained 

release. To test this hypothesis, we designed and recombinantly expressed a set of GLP1-

ELP fusions with Tt’s that span 15°C to 36°C, remaining at or below the SC temperature 

of wild-type C57Bl/6J mice[71]. A non-depot forming control, transitioning well above 

body temperature at 49°C, was also constructed. The number of VPGXG pentapeptides 

was kept constant at 120 repeats for all constructs, while the amino acid composition of 

the “X” guest residue motif was adjusted to modulate the Tt, which is reflective of the 

degree of hydrophobicity of the guest residue composition. We constrained our design 

by filling the guest residue with only three amino acids — Ala, Val, and Leu— in order 

to minimize differences in molecular weight and reduce any intrinsic molecular 
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differences between the ELP aggregates. The subscript in each fusion’s nomenclature 

represents its Tt at the injected concentration used for in vivo studies, which is indicated 

by the dotted outline in Figure 8. All constructs were synthesized in E. coli and purified 

to greater than 95% purity, as assessed with SDS-PAGE (Figure 7). Each construct’s 

composition, Tt, Rh, and in vitro activity are summarized in Table 2.  

 

Figure 7: SDS-PAGE of purified GLP1-ELP constructs with varied Tt and constant 

MW (L: BioRad Kaleidoscope Ladder, 1: GLP1-ELP15.5°C, 2: GLP1-ELP21.4°C, 3: GLP1-

ELP30.2°C, 4: GLP1-ELP35.5°C, 5: GLP1-ELP48.8°C). 

Table 2: Summary and characterization of the set of GLP1-ELP fusions with varied Tt 
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Construct 

Name 

Xaa 

Composition 

(A:V:L) 

VPGXG 

Repeats         

(N) 

Tt at Injected 

Concentration 

(°C) 

Molecular 

Weight    

(kDa) 

Hydrodynamic 

Radius, Rh                             

(nm) 

In Vitro 

EC50             

(nM) 

In Vitro EC50             

95% CI   

(nM) 

GLP1-ELP15.5°C 0:6:4 120 15.5 53,446 5.3 ± 0.1 26.0 14.4 to 47.0 

GLP1-ELP21.4°C 0:1:0 120 21.4 52,772 6.2 ± 0.1 13.0 7.5 to 22.4 

GLP1-ELP30.2°C 5:5:0 120 30.2 51,209 6.0 ± 0.1 7.1 2.9 to 17.3 

GLP1-ELP35.5°C 6:5:0 120 35.5 50,873 6.3 ± 0.1 3.8 2.2 to 6.4 

GLP1-ELP48.8°C 9:1:0 120 48.8 49,742 5.9 ± 0.1 6.6 4.4 to 9.9 
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As guest residue hydrophobicity was increased, the Tt of the GLP1-ELP fusion 

was depressed and its concentration dependence was reduced (Figure 8). Regardless of 

Tt, all constructs retained reversible phase behavior (Figure 9).  

 

Figure 8: Tt as a function of fusion concentration shows the range of fusions tested 

with constant MW, but varied thermal sensitivity. The dotted outline indicates each 

fusion’s Tt at the concentration used for in vivo administration. 
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Figure 9: Each fusion shows reversible phase behavior (data displayed for 50 μM), 

indicated by an increase in optical density upon heat-induced phase transition (solid 

line) and an identical phase transition back to the soluble state upon cooling (dashed 

line). 

In vitro, the fusion of GLP-1 to an ELP reduced its potency by approximately 5- to 

40-fold compared to native GLP-1 peptide (Figure 10), whose measured half-maximal 

effective concentration (EC50) of 0.7 nM (0.5 to 1.0 nM 95% CI) is in agreement with 

values reported from similar studies[69, 72]. This finding was not surprising, given that 

fusion of GLP1 to albumin results in a 30-fold reduction in bioactivity[73]. This was also 

better than conjugation of GLP-1 to PEG, which reduced receptor affinity by 30- to 500-

fold[19]. Although there is a trend towards reduced potency for fusions with lower Tt’s, 

this trend is not significant and was likely due to their greater propensity to transition 

and aggregate at the assay temperature (37 °C); such aggregation could sterically hinder 

interaction with the GLP-1 receptor. For example, GLP1-ELP15.5°C and GLP1-ELP21.4°C are 
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estimated to undergo a 37°C phase transition at concentrations of 5 pM and 40 nM, 

respectively, and therefore likely exist as an insoluble aggregate at some of the 

concentrations tested in the bioassay.  

 

Figure 10: The in vitro activity of each fusion was assayed by quantifying cAMP 

produced as a function of fusion concentration. Fusions had EC50 values 5- to 40- fold 

higher than native GLP1. 

4.3.2 In vivo efficacy of fusions with varied Tt 

The in vivo efficacy of this series of constructs with variable Tt, but a near-

constant MW of ~50 kDa was tested by treating 7-week old DIO mice.  All constructs 

were kept on ice to ensure solubility prior to SC injection into the scruff of the neck. Mice 

were treated with 700 nmol/kg GLP1-ELP at 500 μM or an equivalent volume of PBS. 

Blood glucose was measured 24 h before and immediately prior to injection. After 

treatment, it was monitored periodically throughout the first day (Figure 11), and then 

every 24 h thereafter (Figure 12). 
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Figure 11: Early blood glucose regulation (-24 to 24 h) in mice treated with a single SC 

injection of varied Tt fusions or PBS control. 

 

Figure 12: Blood glucose regulation in mice treated with a single injection of varied Tt 

fusions or PBS control. 

Body weight response to treatment was similarly tracked (Figure 13). Glucose 

area under the curve (AUC) for the duration of the experiment (144 h) was determined 
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for all treatment groups by integrating blood glucose over time and normalizing these 

values to the PBS control group (Figure 14). All treatments groups had a significantly 

lower glucose AUC than the PBS control group (p<0.05, ANOVA and Dunnett’s Test). 

The constructs with higher Tt’s (GLP1-ELP35.5°C and GLP1-ELP48.8°C) had a bolus-type 

release, with quick absorption followed by a rapid decline in efficacy. In contrast, the 

more hydrophobic constructs (GLP1-ELP15.5°C and GLP1-ELP21.4°C) released a lower 

amount of drug, achieving only modest reductions in glucose and weight. Of the 

designs tested, the fusion with a Tt of 30.2°C, just below the SC temperature of mice[71], 

significantly outperformed all other GLP1-ELP constructs in both magnitude and 

duration of effect, controlling blood glucose and effecting weight loss out to 6 days.  

 

Figure 13: Weight regulation, measured as percent change from treatment at t = 0h, in 

mice treated with fusions or PBS control after a single SC injection. 
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Figure 14: Glucose AUC over the treatment period for each fusion normalized to the 

PBS control group shows that the optimally performing fusion had a Tt of 30.2°C, 

which is just below the SC temperature of mice. 

4.3.3 High doses of hydrophobic depots  

One question that was raised in response to the depot efficacy with varied Tt 

results was whether better efficacy could be attained by administering much larger 

doses of the strongly hydrophobic constructs. To test this, we injected mice with up to 

10x the dose used in the original studies (7 μmol/kg). There was a trend of decreased 

weight gain and blood glucose with increasing dose. However, even at 10x the dose, the 

GLP1-ELP15.5°C construct was not able to adequately lower fed glucose levels into a 

normoglycemic range (Figure 15).  
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Figure 15: 1x and 10x doses of GLP1-ELP15.5°C in the DIO mouse model. Even at 10x the 

dose, this hydrophobic construct forms too stable of a depot that does not release enough 

drug to establish euglycemia. 

These results suggest that the depot formed by this very hydrophobic ELP is too 

stable and releases too little drug over time. However, while this construct is not the 

optimal choice for type 2 diabetes treatment, such a hyperstable depot may be useful for 

other applications where lower concentrations of drug are needed to achieve the desired 

therapeutic affect or where local retention of the drug is desirable. Interestingly, while 

the amount of drug released by these stable depots had very little effect on blood 

glucose, it did significantly retard weight gain, even as far as 17 days after a single 

injection (Figure 16). Low doses of GLP-1 receptor agonists are under development as a 

form of weight loss treatment. Perhaps these hyperstable GLP1-ELP depots would be 

more suitable for ultra long-lasting depots in a weight loss setting. Two considerations 

for using this construct at high doses are the limitations of injection volume and the 

viscosity of the concentrated, injected solution. 
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Figure 16: The 10x dose of GLP1- ELP15.5°C better slows the progression of weight gain in 

male DIO mice than the 1x dose. 

4.4 Optimizing the molecular weight of GLP1-ELP depots 

Having identified an optimal Tt for GLP1-ELP depot efficacy, we next asked if 

molecular weight altered the performance of GLP1-ELP as well. We hypothesized that 

there would be a threshold molecular weight above which the fusions would have 

longer lasting efficacy due to reduced renal filtration. However, to control for the effects 

of Tt, this set of fusions with variable ELP size needed to have Tts that were identical at 

the injected concentration. 

4.4.1 Designing and characterizing a set of fusions with varied MW 

To test the effects of this second genetically tunable variable, we constructed 

another set of GLP1-ELP fusions with reversible phase behavior (Figure 17), this time 

spanning a wide range of MWs, but exhibiting the same optimal Tt of approximately 

30°C (indicated by the dotted outline in Figure 18). This was achieved by manipulating 
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the ELP’s “X” guest residue ratio, such that larger fusions had a greater proportion of 

the hydrophilic amino acid, Ala, and smaller fusions had a greater percentage of the 

hydrophobic amino acid, Val. The predictive model developed by McDaniel et al[39] 

was used to minimize the iterative design, synthesis, and characterization process 

needed to build the final set of fusions.  

 

Figure 17: Each fusion shows reversible phase behavior (data displayed for constructs 

at 100 μM), indicated by an increase in optical density upon heat-induced phase 

transition (solid line) and an identical phase transition back to the soluble state upon 

cooling (dashed line). 

These fusions were constructed to span a specific range of MWs with two 

parameters in mind: (1) the renal filtration cutoff size for globular proteins (50-70 

kDa)[74, 75] and (2) the polymer sizes at which PEGylated proteins show an abrupt 

reduction in renal clearance (30 kDa)[76-78]. 
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Figure 18: Tt as a function of fusion concentration shows that, despite the large range 

of MWs, the Tt at the injection (indicated by the dotted circle) remains constant. 

The purity of these constructs was analyzed with SDS-PAGE (Figure 19). Their 

sizes were measured by dynamic light scattering (DLS) and the reversible phase 

behavior was confirmed (Figure 17).  

 

Figure 19: SDS-PAGE gel of purified GLP1-ELP constructs with varied MW and 

constant Tt (L: BioRad Kaleidoscope Ladder, 1: GLP1-ELP20.0, 2: GLP1-ELP35.8, 3: GLP1-

ELP67.5, 4: GLP1-ELP98.7). 

While the 20.0 kDa fusion has an Rh of only 3.5 nm, the 98.7 kDa construct has an 

Rh greater than 8 nm. These values correlate well with data reported for dextrans and 
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linear PEG[79] (Figure 20), which is reasonable considering ELP and PEG share many 

similarities—both are random, unstructured, and well-hydrated polymers. 

 

Figure 20: Rh values for the set of fusions with varied MW were obtained by DLS and 

plotted as a function of MW. The size of these constructs is comparable to literature 

values for linear PEG and dextran, while the smallest fusion is of comparable size to 

albumin. 

There was no statistically significant correlation between in vitro activity and 

MW (Figure 21). However, as was seen with the first set of GLP1-ELPs, the overall EC50 

of fusions is increased by approximately 10-20 fold compared to native GLP1. Full 

characterization of this set of fusions can be found in Table 3. 

Table 3: Summary and characterization of the set of GLP1-ELP fusions with varied 

MW 
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GLP1-ELP

Construct 

Name 

Xaa 

Composition 

(A:V:L) 

VPGXG 

Repeats         

(N) 

Tt at Injected 

Concentration 

(°C) 

Molecular 

Weight    

(kDa) 

Hydrodynamic 

Radius, Rh                             

(nm) 

In Vitro 

EC50             

(nM) 

In Vitro EC50             

95% CI   

(nM) 

GLP1-ELP20.0kD a 0:1:0 40 31.5 20,013 4.4 ± 0.1 12.5 6.4 to 24.3 

GLP1-ELP35.8kD a 3:7:0 80 29.9 35,840 5.3 ± 0.1 5.7 1.8 to 17.7 

GLP1-ELP67.5kD a 4:6:0 160 30.6 67,476 7.4 ± 0.1 11.8 5.1 to 27.2 

GLP1-ELP98.7kD a 5:5:0 240 32.3 98,664 8.0 ± 0.3 10.1 6.2 to 16.4 
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Figure 21: The in vitro activity of each fusion was assayed by quantifying cAMP 

produced as a function of GLP1-ELP concentration. Fusions had EC50 values 10- to 20- 

fold higher than native GLP1. 

By increasing the number of VPGXG repeats and, consequently, the fusion MW, 

the concentration dependence of the phase behavior decreases. All of the fusions in this 

set have Tt’s with slightly different concentration dependence, as indicated by the 

variable slopes of their Tt versus log(concentration) plots (Figure 18).  Importantly, all 

the plots intersect at a concentration of ~200 μM, around 29.4–32.1  ºC.  This 

concentration, at which the Tt is nearly constant across constructs, was chosen for in vivo 

efficacy studies. 

4.4.2 In vivo efficacy of fusions with varied MW 

This set of fusions was used to treat 7-week old DIO mice. Mice received a SC 

depot injection (700 nmol/kg at 200 μM) and negative control animals were injected with 

an equivalent volume of PBS.  
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Figure 22: Early blood glucose regulation (-24 to 24 h) in mice treated with a single 

injection of GLP1-ELP with variable MW or PBS control. 

 

 

Figure 23: Blood glucose regulation in mice treated with a single injection of GLP1-

ELP with variable MW or PBS control. 

Glucose and weight were measured prior to injection and glucose was monitored 

periodically throughout the first day (Figure 22) and then every 24 hours until effects 

were no longer observed (Figure 23 and Figure 24).  
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Figure 24: Weight regulation, measured as percent change from treatment at t = 0 h, in 

mice treated with fusions or PBS control after a single SC injection. 

Glucose area under the curve (AUC) for the duration of observed efficacy (144 h) was 

determined for all treatment groups and normalized to the PBS control group ( 

Figure 25). The 144 h AUC values for all treated groups were significantly lower 

than the PBS control group (p<0.05, ANOVA and Dunnett’s Test). Additionally, the 

AUC for the mice treated with the 20.0 kDa fusion was significantly different from all 

other treatment groups (p<0.05). 

Unsurprisingly, this data indicated that the glomerular filtration dependence of 

GLP1-ELP fusions more closely resembles that of linear polymers like PEG rather than 

charged, globular proteins like albumin (Figure 20). This data suggests that the 20.0 kDa 

fusion, whose 4.4 nm Rh was most similar to human serum albumin’s 3.6 nm[80], is 

below the kidney filtration cutoff, while the other constructs with a MW of 35.8 kDa or 

greater have prolonged circulation times due to their larger size and reduced filtration. 
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This hypothesis was further confirmed when constructs were injected IV (Figure 26) 

after dilution to 1 μM. GLP1-ELPs were diluted to prevent phase transition upon IV 

injection, which would be lethal; the Tt for all constructs at this concentration is above 

37 ºC. Glucose-lowering effects of the smallest construct (20 kDa) manifested most 

quickly, but diminished rapidly and were no longer apparent by 12 h post-injection, 

while all other constructs maintained more steady reductions in blood glucose that 

lasted beyond 12 h. This data is in good agreement with literature where PEG has been 

shown to have a sharp increase in half-life at 30 kDa.[78]  

 

Figure 25: Glucose AUC over the treatment period for each fusion normalized to the 

PBS control group shows that the optimally performing fusions had a MW at or above 

35.8 kDa. 
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Figure 26: Mice injected IV with varied MW fusions or PBS show that the 20.0 kDa 

construct is cleared much more quickly, as indicated by a more rapid return of blood 

glucose to the level of controls. 

4.5 Conclusions 

We have shown how GLP1 delivery can be temporally controlled by fusing it to 

an ELP biopolymer and injecting it as a SC depot that has improved half-life and 

controlled release features. Our work has identified a framework for the rational and 

systematic optimization of injectable drug delivery systems at the molecular level—a 

feature too rarely seen in the design of drug delivery systems. First, we showed that 

there was an optimal Tt, just below body temperature, which enabled SC depot 

formation and optimized the extent and duration of release for this application. Second, 

independent of its impact on the Tt, we found that a MW ≥ 35 kDa is needed to prolong 

circulation and control blood glucose. This is because once a fusion is released from the 

depot, its MW controls its time in systemic circulation. For the ELP system investigated 
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here, we found that the diffusive size (Rh) of 20 kDa ELP fusions was too small to retard 

kidney clearance. Moreover, the Tt’s of lower MW ELPs had greater dependence on their 

concentration so that they experienced a greater driving force to dissolve and diffuse 

into systemic circulation compared to higher MW ELPs. This expended GLP1-ELP from 

the depot more quickly, leading to a reduced duration of glycemic control.  
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5. In vivo efficacy of optimized GLP1-ELP 

5.1 Motivation 

For future efficacy studies, we selected GLP1-ELP67.5 kDa — subsequently referred 

to as GLP1-ELPopt. This construct was selected because it had an optimal Tt as well as the 

highest expression in E. coli and the least apparent burst release, indicated by a sharper 

dip in blood glucose and weight loss in the first few days of treatment (Figure 22 and 

Figure 24). By optimizing the Tt and MW, we were able to increase the duration of 

efficacy out to 6 days in 7-week old DIO mice. We next wanted to take a more in depth 

look at the optimized construct’s ability to regulate glucose in other diabetes mouse 

models, such as ob/ob and db/db mice. Furthermore, we wanted to look at the effects of 

long-term treatment on weight and the percentage of glycosylated hemoglobin 

(%HbA1c). Unlike blood glucose, %HbA1c is insignificantly impacted by daily 

fluctuations in glucose with meals and exercise, and is instead a reflection of a three-

month average of glucose exposure. Thus, %HbA1c is a standard clinical measure of 

glycemic control.  

5.2 Methods 

5.2.1 In vivo studies in mice 

For methods on SC injection, glucose monitoring, and weight measurement, see 

sections 4.2.7.3 and 4.2.7.4. 
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5.2.1.1 Animals 

All experimental procedures were conducted under protocol A156-15-05 

approved by the Duke Institutional Animal Care and Use Committee (IACUC). All 

animals were purchased from Jackson Laboratory, group housed in a room with a 

controlled photoperiod (12 h light/12 h dark cycle), and allowed at least 1 week to 

acclimate to the facilities prior to that start of procedures. Animals had ad libitum access 

to water and food. Three strains were tested: (1) DIO mice – male C57Bl/6J mice (stock 

000664) that had been fed a high-fat (60 kcal% fat) diet (Research Diets D12492) for 11 

weeks; (2) male ob/ob mice (stock 000632) homozygous for the spontaneous Lepob 

mutation; and (3) male db/db mice (stock 000697) homozygous for the spontaneous 

LepRdb mutation. Treatment groups were randomized using an online random list 

generator http://www.random.org. 

5.2.1.2 Long-term treatment 

6-week old male C57BL/6J mice (n=5, stock number 000664) placed on a 60 kcal% 

fat diet were injected with GLP1-ELP every 6 days for 8 weeks (700 nmol/kg, 200 μM). 

A1C was measured at the end of the study using a handheld A1cNow meter (Bayer), 

which uses a photometric immunoassay platform. 4-week old ob/ob mice (n=4, stock 

number 000632) were purchased from Jackson Laboratories and injected with GLP1-ELP 

every 7 days (700 nmol/kg, 200 μM). Blood glucose and weight were measured 

periodically and glycosylated hemoglobin (%HbA1c) was measured using either a 



 

 46

monoclonal antibody agglutination reaction automated by a DCA Vantage Analyzer 

(Siemens) or the A1CNow+ meter (Bayer Healthcare), which uses an immunochemical 

assay method. 

5.2.1.3 Intraperitoneal glucose tolerance test (IPGTT) 

During the first week of the long-term study in ob/ob mice (n=4), two IPGTTs 

were performed. Mice received a single, SC injection of GLP1-ELPopt or equivalent 

volume of PBS on day 0. At 66 h post-injection, mice were fasted for 6 h and then 

challenged with an i.p. injection of 1g/kg, 10 w/v% sterile glucose (Sigma-Aldrich). At 72 

h post-injection, blood glucose was measured at 0, 10, 20, 40, 60, 90, 120, and 170 m after 

glucose administration. This procedure was repeated at 144 h post-injection for a day 6 

IPGTT. The glucose meter we use for animal studies is unable to read glucose levels 

below 20 or above 750 mg/dL. Consequently, for measurements where the meter 

indicated “HI”, maximal values of 750 mg/dL were substituted to enable statistical 

analysis.  

5.3 Ten days of glucose control in three diabetic mouse models 

Upon completing optimization, we conducted a dose-response experiment, 

which verified that 700 nmol/kg was the optimal fusion dose in DIO mice (Figure 27). It 

is worth noting that we maintained the GLP1-ELP concentration and adjusted volume to 

vary the dose in this study. The lower dose appears to be releasing in the same manner, 

as evidenced by very similar glucose control to the higher doses at earlier time points. 
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However, the depot is expended more quickly and the glucose levels begin returning to 

normal after 24 h. An interesting study would be to repeat this experiment, but fill the 

extra volume with unmodified ELP. In theory, a depot injected at 87.5 nmol/kg GLP1-

ELPopt mixed with 612.5 nmol/kg unmodified ELP should have the exact same release 

profile as the optimized 700 nmol/kg dose. However, it is possible that the efficacy 

would last 10 days, but with less pronounced drops in glucose and weight. This type of 

dose response effect would be useful in applying this optimized injectable depot method 

to (1) other disease models where a different drug has a lower therapeutic window or (2) 

in treating mice with GLP-1 and another synergistic biologic, which would require less 

GLP-1 to achieve the same effects. 

 

Figure 27: Dose response study of GLP1-ELPopt in DIO mice (n=5) shows dose-

dependence of blood glucose (a) and weight loss (b) effects with an optimal dose of 

700 nmol/kg. There is a trend towards decreased glucose AUC with dose (c), but no 

significant difference between the 700 and 1400 nmol/kg doses. 

We next tested this construct’s efficacy in three models of diabetes with varying 

degrees of severity: C57Bl/6J mice maintained on a high-fat diet for 11 weeks (Figure 28), 

ob/ob mice with a mutant leptin gene (Figure 29), and db/db mice with a mutant leptin 
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receptor gene (Figure 30). All mice received a single, SC injection of either 700 nmol/kg 

GLP1-ELPopt or an equivalent volume of saline. Blood glucose and body weight were 

monitored out to 10 days post-treatment and then a 240 h blood glucose AUC was 

quantified and normalized to the PBS control group.  

 

Figure 28: Blood glucose and percent weight change were monitored over 10 d after a 

single injection of either GLP1-ELPopt or an equivalent volume of PBS in DIO mice 

(n=5) (a-b). Blood glucose AUC was calculated over 240 h and normalized to the PBS 

control group (c). Symbol * indicates statistical significance of p<0.05. Data represent 

the mean and SEM. 

 

Figure 29: Blood glucose and percent weight change were monitored over 10 d after a 

single injection of either GLP1-ELPopt or an equivalent volume of PBS in ob/ob mice 

(n=3) (a-b). Blood glucose AUC was calculated over 240 h and normalized to the PBS 

control group (c). Symbol * indicates statistical significance of p<0.05. Data represent 

the mean and SEM. 
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Figure 30: Blood glucose and percent weight change were monitored over 10 d after a 

single injection of either GLP1-ELPopt or an equivalent volume of PBS in db/db mice 

(n=4) (a-b). Blood glucose AUC was calculated over 240 h and normalized to the PBS 

control group (c). Symbol * indicates statistical significance of p<0.05. Data represent 

the mean and SEM. 

5.4 Treatment with optimized fusion shows improved glucose 
tolerance  

To further validate the robustness of this delivery system, we performed an 

IPGTT at day 3 and day 6 post-injection in the ob/ob strain to quantify how treatment 

alters the ability to respond to a glucose challenge (Figure 31). The effect of treatment on 

IPGTT AUC was significant (p<0.05, two-way ANOVA), however, there was neither a 

significant effect of time post-treatment nor an interaction term between treatment and 

time. This data suggest that the extent of response to a glucose challenge on day 3 

(Figure 31a) was not statistically different from that on day 6 (Figure 31b), which is an 

indication that our GLP1-ELPopt system maintained its ability to dynamically regulate 

glycemia over the course of a week. The difference in AUC between the treatment and 

control group was significant (p<0.05, Bonferroni multiple comparison test) at both time 

points.  
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Figure 31: In the male ob/ob model (n=5), after a single injection, treated mice had an 

improved response to a 1g/kg glucose challenge compared to PBS controls on day 3 (a) 

and day 6 (b) post-injection. The normalized blood glucose AUC over 180 min is 

statistically significant at both time points (c). Symbol * indicated statistical 

significance of p<0.05. Data represent the mean and SEM. 

5.5 Optimized fusion has long-term efficacy 

To ensure the long-term efficacy of our optimized depots, we subcutaneously 

injected ob/ob mice once weekly with 700 nmol/kg of GLP1-ELPopt. Glucose and weight 

were monitored regularly. Prior to the initial injection and after 4 and 8 weeks of 

treatment, the percentage of glycosylated hemoglobin (%HbA1c) was measured (see 

section 5.2.1.2). The average %HbA1c level in lean, untreated male C57Bl/6J mice is 

reported to be 4.0%.[81] %HbA1c levels are useful in diabetes management because they 

provide an integrated view of glycemia over an extended period of time—changing only 

as red blood cells (RBCs) turn over—and are less sensitive to daily fluctuations. While it 

is recommended that patients have their %HbA1c checked every 3-4 months, we 

selected an 8-week treatment period because the lifespan of RBCs in mice is shorter than 

in humans (t1/2 ~ 40-60 d in rodents[82] versus 120 d in humans[83]).  

0.0

0.5

1.0

1.5

Time Post-Injection

G
lu

c
o

s
e
 A

U
C

*

Day 3 Day 6

*

0 30 60 90 120 150 180
0

200

400

600

800

Time Post-Challenge (min)

B
lo

o
d

 G
lu

c
o

s
e

 (
m

g
/d

L
)

Day 6

GLP1-ELPopt

PBS Control

0 30 60 90 120 150 180
0

200

400

600

800

Time Post-Challenge (min)

B
lo

o
d

 G
lu

c
o

s
e

 (
m

g
/d

L
) Day 3

PBS Control

GLP1-ELPopt

700 20 80000

a b c



 

 51

Prior to starting treatment at day 0, 5-week old, male ob/ob mice in both the 

GLP1-ELPopt and PBS control groups (n=5) had identical %HbA1c levels of 4.4 (Table 4). 

By day 28, the treated group had significantly lower %HbA1c than control mice (p<0.05 

with Student’s t-test). At day 56, although %HbA1c continued to rise in both the treated 

and control groups, the difference in %HbA1c was equally pronounced (p<0.05 with 

Student’s t-test). When each animal’s 28- and 56-day %HbA1c values were plotted 

against their corresponding glucose AUC, there is a correlation (R2 = 0.66, p<0.05) and 

the linear fit predicts a y-intercept of 4.4, the mean %HbA1c at day 0 (Figure 32).  

 

Figure 32: In ob/ob mice, %HbA1c is correlated with blood glucose AUC, as measured 

over the duration of long-term treatment with either PBS or GLP1-ELPopt. 

The treatment regimen with GLP1-ELPopt successfully reduced overall glucose 

exposure by more than 32% (p<0.05, Student’s t-test). While treatment did not affect 

weight loss, mice in the GLP1-ELPopt group gained an average of 20% less weight than 
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PBS treated controls and had a lower mean weight at the conclusion of the study (p<0.05 

with Student’s t-test). These results are summarized in Table 4.  

Table 4. Summary of long-term GLP1-ELP effects after 8 weeks of treatment  

 

 

Figure 33: In DIO mice, %HbA1c is correlated with blood glucose AUC, as measured 

over the duration of long-term treatment with either PBS or GLP1-ELPopt. 

Long-term efficacy in male DIO mice was also investigated over a 56-day period, 

showing significant reduction in %HbA1c between treated and control mice (Table 4) 

with correlation to mean glucose (Figure 33). The 8-week treatment significantly 

Treatment                            

Group        

Number    of    

Subjects    

Day    0    HbA1c                    

(%)    

Day    28    HbA1c                    

(%)    

Day    56    HbA1c                    

(%)    

Day    0    Weight                                

(g)    

Day    56    Weight                    

(g)    

56-Day    Glucose    AUC,    

Normalized        

ob/ob Mouse Model 

GLP1-ELPopt 5 4.4 ± 0.2 5.0 ± 0.2 5.8 ± 0.2 32.2 ± 1.0 49.3 ± 1.1 0.67 ± 0.01 

PBS Control 5 4.4 ± 0.1 5.7 ± 0.2 6.5 ± 0.2 31.5 ± 0.7 54.1 ± 0.8 1.00 ± 0.04 

DIO Mouse Model 

GLP1-ELPopt 5 NM NM 4.4 ± 0.1 23.1 ± 0.5 25.6 ± 0.9 0.74 ± 0.04 

PBS Control 5 NM NM 4.9 ± 0.1 24.0 ± 0.5 32.6 ± 1.4 1.00 ± 0.02 
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reduced total glucose AUC (p<0.05 with Student’s t-test) and was more successful in this 

model at slowing weight gain. 

5.6 Optimized fusion performs as well as clinical formulations 

 Having optimized the GLP1-ELP fusion and seen promising performance in 

three models of diabetes, we next wanted to see how our delivery system compares to 

other GLP-1 receptor agonists currently prescribed in the clinic. We selected Trulicity 

and Bydreon for comparison because both drugs are FDA approved as once-weekly 

type 2 diabetes therapies. Trulicity is comprised of two GLP-1 peptides disaplyed at the 

N-termini of a human IgG4-Fc heavy chain fragment. It relies on the recycling and long 

circulating half-life of the Fc domain. Bydureon leverages the slow breakdown of 

synthetic poly lactic-co-glycolic acid (PLGA) microspheres, into which the GLP-1 

analogue Exenatide is encapsulated. Thus, this study allows us to compare our 

optimized fusion to FDA approved, once-weekly formulations that make use of either a 

controlled release or a half-life extension strategy for peptide delivery. 

 We treated 5-week old, male ob/ob mice with PBS, Bydureon (700 nmol/kg), 

Trulicity (20 nmol/kg), or GLP1-ELPopt (700 nmol/kg). The much lower dose of Trulicity 

is reflected in human dosages as well and can be attributed to its much longer half-life 

(4.5 days in humans) and higher activity. However, the GLP1-ELP fusion’s dose is quite 

comparable to both Bydureon and Tanzeum, which was not included in this experiment 

due to the high immunogenicity of its human albumin domain in mice.  
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Figure 34: Blood glucose levels (a) and percentage change in weight from the time of 

injection (b) in mice treated with PBS, GLP1-ELPopt, Bydureon, or Trulicity. Bydureon 

and the ELP fusion perform similarly, while the effects of Trulicity begin to wear off 

between 3 and 4 days post-injection. 

Both controlled release formulations, Bydureon and GLP1-ELPopt, performed 

similarly over 7 days, with the ELP fusion slightly outperforming Bydureon in glucose-

lowering effects and Bydureon having slightly superior effects on limiting weight gain 

(Figure 34). This difference in weight gain can likely be attributed to Bydureon’s release 

of free peptide, which may be better at crossing the blood-brain barrier and accessing 

GLP-1Rs in the central nervous system to modulate apetitite.[84] Trulicity worked well 

for the first 3-4 days, which was as expected since other mouse studies in literature 

treated mice twice per week rather than once[21]. Because Trulicity relies on sustained 

circulation from an increased half-life, but does not have a mechanism that controls 

release, it has a classic peak and valley pharmacokinetic profile. This may explain the 

greater drop in weight at earlier time points, which may be a result of very high initial 

drug levels, which can make the mice nauseous and anorectic. The GLP1-ELPopt does 
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seem to have a slight advantage in efficacy when looking at the 7-day glucose AUC 

(Figure 35), although this is only a trend and would require a greater group size to 

detect. All three formulations were statistically significantly different from PBS. While 

there is no statistically significant difference between the drugs, the fusion does have the 

lowest glucose AUC, followed by Bydureon, and then Trulicity. 

 

Figure 35: 7-day glucose AUC shows that all GLP-1 formulations are statistically 

different from the PBS control group. Although not statistically significant, the GLP1-

ELPopt fusion does have a lower AUC than either Bydureon or Trulicity. 

5.6 Conclusions 

These results demonstrate that systematic molecular optimization of the 

parameters that control release from an ELP depot can significantly improve the fusion’s 

in vivo performance. GLP1-ELPopt provided up to 10 d of glucose control from a single 

SC injection in three different mouse models of type 2 diabetes (DIO, ob/ob, and db/db) 

and significantly reduced glucose AUC compared to PBS treated controls. Comparing 

these results with our own data of this delivery system, the first generation depot-
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forming GLP1-ELP fusion was only able to achieve 2-3 d of glucose regulation in ob/ob 

mice at the same dose used here.[64] Moreover, our results show superior preclinical 

efficacy compared to other molecularly engineered GLP-1 formulations currently in 

clinical use. Specifically, db/db mice treated with Trulicity® required twice-weekly 

treatment[85], whereas we saw 10 d of glucose control in the same model. Our own 

testing to compare GLP-1 receptor agonist formulations corroborated what was reported 

in literature. Trulicity’s effects started to wear off around day 3 while both controlled 

release formulations, Bydureon and GLP1-ELPopt, performed similarly, regulating 

glucose for a week in ob/ob mice. 

Interestingly, the weight loss effects were different across mouse models, with 

GLP1-ELPopt treatment effecting weight loss in the DIO model, but weight-neutral or 

weight gain in the ob/ob and db/db models, respectively. This can be explained by leptin 

pathway disregulation in the genetic models with homozygous mutation to the leptin 

protein (ob/ob) or its cognate receptor (db/db). Leptin, the satiety hormone produced by 

adipocytes, helps to inhibit hunger and regulate energy balance. Our results suggest that 

an intact leptin pathway is necessary for GLP-1 to exert its appetite-suppressing effects 

in the hypothalamus. This is supported by literature showing that leptin enhances the 

anorectic and weight loss responses to post-prandial incretin signals and, in leptin 

receptor-deficient rats, food intake is not suppressed by incretin treatment.[86] With 

GLP1-ELPopt treatment, there is a clear trend of decreased weight loss with increasing 
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severity of disease phenotype, from leptin resistant DIO mice[87], to Lepob/ob and 

LepRdb/db mice. 
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6. Pharmacokinetics of the optimized injectable GLP1-
ELP depots 

6.1 Motivation 

Having seen significant efficacy in three different mouse models of diabetes as 

well as long-term benefits to %HbA1c, we wanted to further explore the depot’s release 

kinetics and pharmacokinetics (PK). By quantifying the PK in lower order animal 

models, we hoped to better understand how the depots might translate into humans, 

which can be approximated using models of allometric scaling. 

6.2 Methods 

6.2.1 In vivo studies in mice 

6.2.1.1 Imaging with μSPECT-CT 

GLP1-ELPopt and a soluble control (GLP1-ELPsol) with the same number of 

VPGXG repeats (310 μM), as well as custom ordered modified GLP1 peptide (75 μM, 

Anaspec), were radiolabeled with Na125I (Perkin Elmer) using the Chizzonite indirect 

method[88] for protein iodination to minimize oxidative damage to the peptide [89]. 

Briefly, in IODOGEN tubes (Thermo Fisher) pre-wetted with 50 μL of PBS, Na125I was 

added to each construct at a molar ratio of 1:250 iodine to GLP-1. After 5-10 min on ice, 

the oxidation reaction was quenched with the addition of 10 μL 0.1% trifluoroacetic acid 

(TFA). Free Na125I was removed using overnight dialysis in 500 mL sterile PBS (Sigma). 

The final activities were 1.18 μCi/μL free peptide (37.5 μM), 0.49 μCi/μL GLP1-ELPsol 

(200 μM), and 0.72 μCi/μL GLP1-ELPopt (200 μM).  
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An identical procedure was performed using non-radioactive NaI, after which 

concentrations were determined by measuring 280 nm absorbance on a NanoDrop 1000 

and successful iodination was confirmed with matrix-assisted laser desorption and 

ionization mass spectrometry (MALDI-MS) on trypsin digested samples (Figure 36). For 

the tryptic digest, samples were diluted to 25 μM in 50 mM ammonium bicarbonate and 

incubated with 0.2 μg MS grade trypsin (ThermoFisher Scientific) for 4 h at 37°C. 

Samples were diluted 1:10 in 10 mg/mL 4-hydroxycinnamic acid (HCCA) matrix prior to  

analysis with a DE-Pro MALDI-MS (Applied Biosystems).

 

Figure 36: MALDI-MS of trypsinized GLP-1 after labeling with NaI. The expected 

peaks for a tryptic digest of modified GLP-1, which contains two lysine residues, are 

1005.58 and 2298.05 Da. These unmodified peaks for digested GLP-1 are labeled in 

black and the singly and doubly iodinated peaks are labeled in red. 

6-week old, male ob/ob mice (n=4) were treated with a single, SC injection of 

radiolabeled GLP-1 (50 nmol/kg), GLP1-ELPsol (700 nmol/kg), or GLP1-ELPopt  (700 

nmol/kg) and imaged with a U-SPECT-II/CT imaging system using a 0.350 collimator 
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(MILabs B.V., Utrecht, Netherlands) courtesy of G. Al Johnson at Duke University’s 

Center for In Vivo Microscopy (CIVM).  Anesthesia was maintained with a 1.6% 

isoflurane feed at an O2 flow rate of 0.6 L/min. All 20 min SPECT images were 

reconstructed at 0.2 mm voxel size with MILabs proprietary software without decay 

correction and centered on the 125I photon range (15-45 keV). These reconstructed SPECT 

images were then registered with their corresponding CT scans (615 μA, 65 kV) to 

provide spatial alignment for anatomical reference. For each subject, at each time point, 

the total photon intensity was calculated using ImageJ for 1) the entire image and 2) for 

an ROI selected to contain the depot and to ensure exclusion of the thyroid, bladder, and 

pancreas. Depot retention was calculated by normalizing the depot ROI intensity to each 

subject’s 0 h full image intensity.  

6.2.1.2 Pharmacokinetics, imaging, and biodistribution 

The same mice from the μSPECT-CT study treated with radiolabeled constructs 

were also used to study depot pharmacokinetics in parallel. Following SC treatment, 

total body activity was measured using an AtomLab 400 dose calibrator (Biodex) and 10 

μL of blood was collected from a tail vein nick into 90 μL of 1000 U/mL heparin. Total 

body activity measurements and blood draws were repeated at 0.75, 2, 4, and 6 h post-

injection and every 24 h thereafter out to 144 h in the GLP1 and GLP1-ELPsol groups and 

to 240 h in the GLP1-ELPopt group. Upon completion of the study, mice in the GLP1-

ELPopt group were euthanized and dissected. Local SC injection site skin and fat were 
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excised in addition to distal skin, distal fat, flank muscle, heart, lungs, thyroid, liver, 

pancreas, spleen, stomach, and kidneys. A separate cohort of mice was used to measure 

the pharmacokinetics of the same constructs following a 10 nmol/kg IV bolus injection of 

radiolabeled drug diluted to 1 μM to prevent phase transition. 10 μL of blood was 

collected into 1000 U/mL heparin solution at 40 s, 10 m, 45 m, 1.5 h, 3 h, 6 h, 12 h, 18 h, 24 

h, 36 h, 48 h, and 54 h post-injection. 

Radioactivity of the dissected organs and all blood samples was quantified with 

a Wallac 1282 Gamma Counter (Perkin Elmer). To calculate the half-life, raw CPM 

values of blood samples were plotted against time and fit to a one-phase exponential 

decay function in GraphPad Prism 6 using data points in the elimination phase of the PK 

curve for the IV study and for time points after tmax for the SC study. These curves were 

fit for each subject individually because of slightly variable time points. The parameters 

presented are the average values within each treatment group and the standard error of 

the mean (SEM).   

For quantification of circulating drug concentrations, the gamma count for each 

sample was converted to nanomolar concentration using a set of standards and then 

dividing by the blood sample volume (10 μL). For the IV data, t1/2, elim was calculated as 

ln(2)/ke where ke was found by fitting a line of exponential decay to the elimination 

phase of the PK curve generated from raw CPM values (45 min to 48 h range for the 

fusions and 2 min to 1.5 h range for the peptide). For the SC PK data, the same fit was 
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used covering time points after Cmax had been reached to calculate the biological half-life 

(t1/2, biol), which accounts for the controlled release and slowed absorption from the SC 

route of administration. In order to quantify Cmax and compare the drug AUC for all 

three constructs, the detected counts per minute (CPM) were converted to molar 

concentration using a standard curve built from aliquots of each injected construct, 

whose activities and concentrations were known. Bioavailability (F) was calculated as 

the ratio of dose-normalized AUCSC to AUCIV, using the equation:  

 

� = (����� × 
����)
(����� × 
����)�  

Clearance (CL) was calculated using the following equation, where F = 1 for a 

bolus IV injection.  

�� = (
�� × �)/��� 

Although there have been few reports of a minimum effective concentration of 

GLP-1 in mice, we approximated a value of 33 nM for GLP1-ELP based on a study that 

looked at how GLP-1’s insulin stimulating effects are dependent on intravenous 

dose[90] in conjunction with a study that involved measuring plasma GLP-1 levels after 

intravenous administration[91]. A 0.3 nmol/kg dose leads to peak concentrations of 

approximately 100 pM.[91] In a separate study, a dose of between 3 and 10 nmol/kg 

GLP1 led to an abrupt increase in the second-phase of insulin release.[90] Using linear 

scaling, a 10 nmol/kg dose would reach peak concentrations in circulation of 
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approximately 3.3 nM. By adjusting for the fusion’s 12-fold higher EC50, we calculated a 

minimal effective concentration to be roughly 33 nM. This value also correlates with the 

concentration at which a maximum GLP-1 receptor response is observed for fusion 

treatment in vitro.  

6.2.2 In vivo studies in non-human primates 

6.2.2.1 Analysis of sample purity by SEC-HPLC  

Purified GLP1-ELPopt was analyzed with SEC-HPLC using 5% acetonitrile (ACN) 

in PBS isocratic flow as the mobile phase.  The pump flow rate was set to 1 mL/min for a 

30 min run time.  The sample was diluted to 1 mg/mL in mobile phase and 50 μL was 

injected.  A total of three sample injections were performed.  A 50 μL mobile phase 

blank was also analyzed.  The samples were detected with a photodiode array (PDA) at 

280 nm (Figure 37). The average percent purity for GLP1-ELPopt was 99.67%. The 

chromatogram showed a small tailing peak of a smaller species off of the main peak for 

each of the three sample injections. There were no detected peaks in the blank. 
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Figure 37: Analysis of GLP1-ELPopt purity by SEC-HPLC. 

6.2.2.2 Assessment of sample purity by RP-HPLC 

RP- HPLC was performed with a 1 mL/min flow rate using the following 

gradient: 20% ACN in water with 0.1% TFA increasing over a 30 m run time to 50% 

ACN in water with 0.1% TFA followed by a 100% ACN in 0.1% TFA wash to strip the 

column of all remaining molecules. Purified GLP1-ELPopt was diluted to 1 mg/mL in 

mobile phase and 50 μL was injected. A total of three sample injections were performed 

in addition to a 50 μL mobile phase blank. The samples were detected with a PDA at 280 

nm.  The average percent purity for GLP1-ELPopt was 89.02% (Figure 38). The 

chromatogram showed a front shoulder peak off of the main peak for each of the three 

sample injections. There were no detected peaks in the blank. 
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Figure 38:Analysis of GLP1-ELPopt purity by RP-HPLC. 

6.2.2.3 Confirming sample identity by mass spectrometry  

Mass spectrometry was performed using a Micromass Q-Tof API US 

Quadrupole/Time-Of-Flight mass spectrometer. GLP1-ELPopt was desalted using a 

Waters MassPREP online desalting cartridge; the eluted sample was introduced into the 

instrument in 80% ACN in water with 0.1% formic acid. GLP1-ELPopt gave a positive ion 

electrospray-MS spectrum with a major series of possible multiply-charged ions.  When 

deconvoluted, these data show a major component with a chemical average molecular 

mass of 67,474.7 Da (Figure 39), which corresponds to the theoretical MW within the 

range of the instrument’s accuracy. The theoretical MW of GLP1-ELPopt is 67,607.6 Da 

with an N-terminal Met and 67,476.4 assuming that the N-terminal Met is cleaved post-

translationally. 
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Figure 39: Mass spectrometry shows a major peak for purified GLP1-ELPopt product at 

67,474.7 Da. 

6.2.2.4 N-terminal sequencing 

Prior to sample analysis, GLP1-ELPopt was buffer exchanged into PBS using a 

Nanosep 10 k Spin Cartridge (Pall). Pulsed liquid-phase N-terminal sequencing was 

performed using an Applied Biosystems (ABI) 492 automatic protein sequencer.  Seven 

cycles of Edman degradation were carried out with the ABI program; the major amino 

acids detected in each cycle are presented in Table 5. A major His peak was also seen in 

residue 1, however, this was attributed to the presence of histidine in the sample buffer. 

Table 5: N-terminal residues of GLP1-ELPopt detected by Edman Degradation. 

 

Residue Cycle 

Number 

Major amino 

Acid Detected 

1 Ala 

2 Ala 

3 His 

4 Gly 

5 Glu 
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6.2.2.5 Quantifying product activity 

The day prior to the activity assay, GLP-1R expressing Chinese hamster ovary 

(CHO) cells were plated on a 96-well tissue culture plate and incubated overnight at 

37°C, 5% CO2. GLP1-ELPopt was incubated overnight with DPP-IV to cleave the Ala-Ala 

leader, yielding active peptide for receptor binding. Serial dilutions of native GLP-1 

control and GLP1-ELPopt were prepared in PBS.  The cells were rinsed with Krebs-Ringer 

Bicarbonate Buffer (KRBB) and then incubated at RT with 1 mM IBMX in KRBB for 10 

min to prevent cAMP degradation.  The serial dilutions of samples were then added to 

the plate in duplicate and the plate was incubated at 37°C, 5% CO2 for 20 min before 

lysing the cells to release cAMP. These samples and standards were added to the assay 

plate, followed by anti-cAMP antibody and competing HRP-cAMP; the plate was 

incubated at room temperature for 2 h.  The plate was then washed and stoplight red 

substrate was added to each well and incubated 1 h at room temperature.  The plate was 

read on a fluorescence plate reader with 530 nm excitation, 590 nm emission, and a 570 

nm cutoff. GLP1-ELPopt was determined to be 20.1 fold less active than GLP1 (Figure 40) 

based on the calculated EC50 values. 
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Figure 40: Assay quantifying cAMP as a surrogate measure of receptor activation for 

native GLP-1 peptide (blue open circles) and GLP1-ELPopt (red open squares) shows 

that the fusion has approximately 20-fold lower activity compared to the native 

peptide. 

6.2.2.6 Animals 

In vivo experiments in monkeys were conducted at the In-Life Testing Facility at 

the Sinclair Research Center for testing. Animals were group housed and only 

temporarily caged in single housing for feeding, study procedures, and clinical 

observation. The housing room was maintained between 18 °C and 29 °C on a controlled 

photoperiod (12 h light/12 h dark cycle). Animals had ad libitum access to water and 

were fed a maintenance diet of Teklad High Fiber Diet supplemented with fresh fruits 

and vegetables. Animals were observed twice daily and physically examined during the 

period of acclimation. Food consumption was qualitatively monitored daily and weight 

was measured during acclimation, prior to dose administration, and then weekly 
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thereafter. Following completion of the study, animals were released to the Sinclair 

Research Center open colony. 

6.2.2.7 Pharmacokinetics 

After a 5-day acclimation period, 3 male, fusion protein-naive Cynomologus 

macaques were given a single, SC injection of GLP1-ELPopt at a dose of 10 mg/kg (150 

nmol/kg), at a concentration of 400 μM. These monkeys ranged from 43 to 73 months of 

age and weighed between 3.33 and 4.42 kg. Following administration of this single dose, 

serial blood collections were taken at 1, 3, 6, 12, 24, 48, 72, 168, 240, 336, 408, 504, 576, 

672, and 720 h post-injection via direct venipuncture into sterile vacutainers without 

coagulant. The samples were centrifuged at 3,000 rpm for 15 min at 4 °C and serum was 

stored at -70 °C in a cryovial. 

These samples were analyzed by ELISA at PhaseBio Pharmaceuticals using a 

biotinylated anti-GLP-1 capture antibody (Antibody Shop HYB147-12B) mixed at a 60:40 

ratio with biotinylated BSA and an anti-ELP detection antibody labeled with Alexa 647 

(in-house IgY generated in chicken, diluted to 20 nM in Rexxip F). Standards, samples, 

and reagents were loaded onto the Gyrolab immunoassay system utilizing a 3-step 

method. The limit of quantification for this test was 2.44 ng/mL GLP1-ELPopt.  

6.3 Pharmacokinetics in mice 

Using modified free peptide (GLP-1) and GLP-1 fused to a soluble ELP (GLP1-

ELPsol) as controls (see Table 6 for characterization), we performed a single, SC injection 
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in ob/ob mice (n=4) with radiolabeled constructs. 125I was selected for its long half-life 

and because it enabled us to simultaneously collect blood for PK analysis and image the 

SC depots with micro-single photon emission computed tomography with x-ray 

computed tomography (μSPECT-CT). Anatomically registered μSPECT-CT images were 

used to quantify depot retention with time by analyzing the region of interest (ROI) 

containing the depots, and excluding the pancreas, thyroid, and bladder.  

Table 6: Summary and characterization of the GLP1-ELP fusions used for the 

pharmacokinetics study 

 

A separate cohort of mice was injected IV with 10 nmol/kg radiolabeled construct 

to determine the elimination half-life (t1/2, elim), clearance (CL), volume of distribution 

(Vd), and bioavailability (F). For IV injection, the constructs were diluted to 1 μM, a 

concentration low enough to prevent the fusions from transitioning in circulation. 

Counts per minute (CPM) in blood samples, measured using a gamma counter, were 

converted to concentration for calculation of PK parameters, which is explained in detail 

in Section 6.2.1.2. Table 7 summarizes these parameters for each of the three constructs 

—free peptide, GLP1-ELPsol, and GLP1-ELPopt. Elimination half-life (t1/2, elim) is defined as 

the time it takes to decrease the plasma concentration of a drug by half whereas the 

apparent, or biological, half-life (t1/2, biol) accounts for drugs whose rate of plasma 

Construct 

Name 

Xaa 

Composition 

(A:V:L) 

VPGXG 

Repeats         

(N) 

Tt at  

Injected Conc.        

(°C) 

Molecular 

Weight    

(kDa) 

 Hydrodynamic Radius, 

Rh                             

(nm) 

In Vitro 

EC50             

(nM) 

In Vitro EC50             

95% CI    

(nM) 

GLP1-ELPopt 4:6:0 160 30.6 67,476 7.4 ± 0.1 11.8 5.1 to 27.2 

GLP1-ELPsol 1:0:0 160 54.6 64,783 7.4 ± 0.1 11.0 5.0 to 24.0 
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concentration decline is dependent on other factors, such as route of administration, rate 

of absorption, or controlled release.  

Table 7: Summary of the pharmacokinetic properties of GLP1 and GLP1-ELP fusion

 

 

Fusion to an ELP increased the peptide’s elimination half-life from 5 min to 

approximately 6 h for both the soluble and depot-forming GLP1-ELP constructs. In 

contrast, with SC injection, fusion to a depot-forming ELP provided a 10-fold 

improvement in GLP1’s biological half-life (t1/2, biol), increasing it to 45.2 h compared to 

4.7 h for the GLP1 peptide alone. As expected, fusion to an ELP extended the time it took 

to reach peak concentration (tmax) by 8-fold. The depot-forming ELP also prevented burst 

release, as evidenced by the 10-fold lower Cmax value, despite the fact that both fusions 

were administered at the same dose. This reduced burst release is advantageous as it 

prevents wasted drug, better maintains plasma drug concentration within the 

therapeutic window, and minimizes side effects. This minimization in burst release is 

also reflected in drug AUC. Impressively, GLP1-ELPopt had half the total overall 

Construct 
t1/2,elim

#
         

(h) 

t1/2,biol

# 

                

(h) 

tm ax           

(h) 

Cmax           

(nM) 

Delivery Duration     

(d) 

AUC              

(nM×h) 

CL                

(mL/h) 

Bioavailability     

(%)              

GLP1 

0.08           

(0.06 to 

0.12) 

4.7              

(3.4 to 7.0) 
0.75 484 ± 26

%
 < 1 4,418 ± 618

%
 2.88 ± 0.48 98.1 ± 22.8 

GLP1-ELPsol 

5.7             

(3.8 to 

11.4) 

16.9             

(14.5 to 20.3) 
6 2,123 ± 49 3 56,451 ± 1,782 0.23 ± 0.01 38.6 ± 0.8 

GLP1-ELPopt 
6.9             

(5.3 to 9.8) 

45.2             

(33.7 to 68.3) 
6 295 ± 13 10 29,872 ± 1,069 0.42 ± 0.10 33.4 ± 21.0 
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exposure compared to GLP1-ELPsol, yet, despite this fact, it was able to regulate blood 

glucose for 7 days longer.  

Clearance (CL), a measure of the plasma volume cleared of drug per unit time, 

showed a much larger value for the peptide, which is freely filtered by the kidneys. The 

CL values for both GLP1-ELPsol and GLP1-ELPopt again highlight the pharmacological 

benefit of fusion to an ELP, which reduced renal filtration and slowed clearance of the 

drug, extending its duration of efficacy. Bioavailability (F), a measure of the amount of 

drug that is able to reach circulation and exert its effect, was nearly 100% for free GLP-1 

and about 3-fold lower for the fusions. Bioavailability is often a tradeoff with 

pharmacokinetics in controlled release formulations. However, we consider this an 

acceptable tradeoff given the remarkable improvements in duration of efficacy. 

Furthermore, image quantification on day 10 proved that approximately 18% of the 

depot remains at the injection site (Figure 41). Thus, the calculated bioavailability of 

GLP1-ELPopt is likely a low approximation as a result of the study terminating before the 

depot was fully expended.  

6.4 In vivo imaging of injectable depots 

Using μSPECT-CT, the radiolabeled depot-forming GLP1-ELPopt is visible in the 

SC space on day 10, whereas the free peptide and soluble controls are absorbed into 

circulation by 24 h (Figure 41). A full panel of all μSPECT-CT images can be found in 

Appendix B.  
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Figure 41: The μSPECT-CT images illustrate how long each injected construct 

remains in the SC space and were used to calculate local depot retention at the site of 

SC injection (n=4). 

Depot retention, normalized for each subject to total image intensity at time 0 h, 

quantitatively confirms the controlled release capabilities of GLP1-ELPopt for over a 

week (Figure 42). When an exponential decay line— yt = (y0–b)e-kt+b —is fit to the 

percent retention data, the first-order rate constants are 0.14 ± 0.06 h-1 (R2 = 0.99) and 0.01 

± 0.01 h-1 (R2 = 0.87) for GLP1-ELPsol and GLP1-ELPdep, respectively. The depot’s first-

order rate constant is very small, indicative of slower decay that can be approximated as 

a zero-order rate constant. When fit to a linear model, the zero-order rate constant was 

found to be 0.25 ± 0.04 %ret h-1 with an R2 = 0.84, almost equal to the goodness-of-fit value 

obtained from the exponential decay model.  
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Figure 42: Local retention at the site of SC injection (n=4) shows that the depot-

forming fusion is retained for at least 10 d while the soluble and modified peptide 

controls are gone by 24 h post-injection. 

To further support our observation of near zero-order release kinetics, the cumulative 

AUC of drug in circulation was plotted against time (

 

Figure 43). This plot shows steady, linear release of GLP1-ELPopt compared to 

GLP1-ELPsol and free GLP-1, which follow a logarithmic release profile. Biodistribution 

of mice treated with GLP1-ELPopt on day 10 revealed that the highest levels of drug 

remained at the injection site and thyroid (due to radiolabeled iodine uptake) with no 

remarkable accumulation in other organs, including the kidneys and liver (Figure 44).   
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Figure 43: Circulating GLP1-ELPopt calculated as cumulative AUC versus time can be 

fit with either linear or logarithmic regression. 

 

Figure 44: Day 10 biodistribution data for mice (n=4) injected with GLP1-ELPopt. Data 

for each organ is represented as the mean and SEM of percent injected dose (%ID). 
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Figure 45: Corresponding plasma concentrations after the depot has been absorbed 

into circulation (n=3) (d) show improved pharmacokinetics with GLP1-ELPopt. The 

dashed line represents an approximated minimum effective concentration of GLP1-

ELP, calculated with accounting for the reduced activity of the fusions (see section 

6.2.1.2). Data represent the mean and SEM. 

 

Figure 46: Extending the blood glucose versus time plot for ob/ob mice treated with 

either GLP1-ELPopt or saline shows that effects are no longer observed after 10 d post-

injection. 
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Pharmacodynamics in the same mouse model indicate that whatever GLP1-

ELPopt was still releasing beyond this time point was below the theoretical minimum 

effective concentration (Figure 45) because blood glucose levels were only modestly 

lower than PBS treated controls (Figure 46).  

6.5 Pharmacokinetics in monkeys 

Because they have a much faster metabolism, mice typically clear a drug more 

quickly than humans and other larger animals. Thus, on the basis of allometry[92], we 

expected our optimized fusion to last longer in monkeys than the 10 days observed in 

mice. Towards the goal of a bi- or once- monthly injectable treatment option for diabetes 

patients, we next investigated the pharmacokinetics of the optimized fusion in non-

human primates. Fusion protein-naïve, male cynomolgus macaque monkeys received a 

single, SC injection at a dose of 150 nmol/kg GLP1-ELPopt (n=3). The lower dose used is a 

reflection of the slower metabolisms in larger mammals. The GLP1-ELPopt sample for in 

vivo testing in monkeys was expressed and purified by PhaseBio Pharmaceuticals 

(Malvern, PA); details can be found in section 6.2.2.  

Pharmacokinetics of the circulating GLP1-ELPopt fusion released from a SC 

depot was quantified using a sandwich ELISA with anti-GLP1 and anti-ELP antibodies 

(detection limit = 2.44 ng/mL). Mean plasma levels of GLP1-ELPopt remained nearly 

constant out to day 10 (Figure 47). The drug was detectable in all three subjects out to 17 

d and in subject 2, out to 21 d (Figure 48).  
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Figure 47: Circulating GLP1-ELPopt with time following a single SC injection of 10 

mg/kg shown as mean and SEM. 

 

Figure 48: Individual circulating GLP1-ELPopt concentrations with time in monkeys 

treated with a single SC injection of 10 mg/kg. 

Blood glucose was monitored at the time of blood draws using a handheld 

glucometer. There were no outliers (ROUT method, Q = 1%) and no severe incidents of 

hypoglycemia in these normal, healthy monkeys (Figure 49). The lowest detected 

concentration (73 mg/dL for subject 3 at 0.5 h) still falls well within the normal fed blood 
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glucose range for cynomolgus macaques.[93] Assuming a similar bioavailability across 

species, this data suggests that our injectable GLP1-ELPopt depots could provide 

prolonged release for 3 weeks of glycemic control in humans. In fact, using power laws 

of allometric scaling, it is possible this construct could even serve as a once monthly 

option for diabetic patients, an exciting prospect given that all currently approved 

formulations require daily or weekly injection[94]. 

 

Figure 49: Glucose levels remained within a normal range throughout the duration of 

the PK experiment for all three monkeys, with no incidents of hypoglycemia. 

6.6 Conclusions 

Fusion to an ELP, whether soluble or depot forming, reduces GLP-1’s activity 

and bioavailability. However, we believe this is an acceptable tradeoff given the 

remarkable improvements made to the peptide’s half-life. Pharmacokinetics in mice 

quantitatively demonstrates that fusion to an ELP increases GLP1’s t1/2, elim by over 70-

fold and fusion to a depot-forming ELP provides a mechanism that controls release so that 
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the drug’s apparent half-life, t1/2, biol, can be extended far beyond its t1/2, elim. Imaging with 

μSPECT-CT confirms that the GLP1-ELPopt depot was able to sustain release out to 10 d 

in mice, with approximately 18% of the injected dose still present in the SC space on day 

10. Because of this remaining drug and its long t1/2, biol, this formulation could be a good 

candidate for dose stacking at the start of treatment to even further prolong the duration 

of glycemic control. We also show that the optimized GLP1-ELP depot has close to 

perfect zero-order release kinetics, whereas competing FDA approved formulations, 

Trulicity and Tanzeum, which rely solely on their fusion partners to extend circulation 

times, see more rapid and immediate declines in plasma concentration because they do 

not have a mechanism to sustain release.  

Our optimized GLP1-ELP fusion sets itself apart from competing GLP-1 

molecular delivery technologies by its 10 days of glucose control and zero-order release 

kinetics in mice. In comparison to preclinical studies of these FDA approved once-

weekly formulations, GLP1-ELPopt has a better pharmacokinetic profile in non-human 

primates than Trulicity®, a once-weekly formulation of GLP-1 fused to an Fc 

domain[21]. In monkeys, plasma levels of Trulicity were only detectable out to 14 d, 

remaining constant only for the first 2 d and then dropping steadily with time[21]. With 

GLP1-ELPopt, we achieved constant levels for the first 14 d (seven times as long as 

Trulicity) in monkeys and detectable levels of drug for even longer thereafter. When 

compared with the GLP1-albumin fusion, Tanzeum[95], GLP1-ELPopt (10 mg/kg) was 
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dosed at a five-fold lower level than Tanzeum (50 mg/kg) in monkeys, according to FDA 

Access Data.  

These comparisons emphasize the power of combining prolonged circulation 

with a controlled release mechanism in the same delivery platform. Bydureon, which is 

comprised of the GLP-1 analog, Exendin-4, formulated in PLGA microspheres[96], is 

currently the only FDA approved, once-weekly GLP-1R agonist that utilizes a controlled 

release formulation. While injection of Bydureon, which requires larger needles (smaller 

gauge) to accommodate the PLGA microspheres[97], can cause patient discomfort, our 

formulation is soluble at room temperature and is easily injected with standard 29½ 

gauge insulin syringes. It also demonstrates minimal lag phase or burst release of drug, 

features common to PLGA microspheres[98], making it a desirable alternative to 

Bydureon. Another advantage of GLP1-ELPopt is its ease of recombinant production in E. 

coli with high yield at low cost. In contrast, Trulicity requires more complicated and 

costly production in mammalian cells (HEK293-EBNA)[21].  

In summary, we have developed a design framework for a biomolecular delivery 

system that can be systematically optimized at the molecular level. This genetically 

encoded delivery system controls release, exhibiting zero-order kinetics, and a single 

injection can maintain circulating levels of GLP1 for 17-21 days in monkeys, which is, to 

our knowledge, the longest duration reported for a recombinant, injectable delivery 

system. On the basis of allometric scaling using a power function with body weight[92, 
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99], mouse and monkey pharmacokinetic data suggest that this delivery system may be 

suitable for once-monthly dosing in humans. We estimate that GLP1-ELPopt would have 

a terminal half-life in humans greater than 100 h and a clearance of approximately 17 

mL/h. Preclinical data presents compelling evidence that this construct would require no 

more than two injections a month for humans, and possibly as few as one per month, 

especially given the dose-stacking potential of this system. Such an improvement could 

vastly improve patient quality of life by reducing the frequency and pain of injections 

while also providing clinicians with the means to further decouple patient compliance 

from therapeutic outcome. 
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7. Side effects and immunogenicity of injectable depots 

7.1 Motivation 

Injection site reactions are a common concern with diabetes drugs, particularly 

because they are chronically injected into the same areas – the abdomen, thighs, upper 

arms, and buttocks. Other common side effects of GLP-1R agonists, such as GI 

discomfort and nausea are difficult, if not impossible, to measure in mice. 

Immunogenicity is another common hurdle in the development of biologic drugs, 

particularly if they have been modified or fused to carrier molecules. Antibodies to a 

foreign material typically develop in monkeys by day 14 and can begin as early as day 7 

post-exposure.[100] Thus, to further validate the therapeutic potential of GLP1-ELPopt, 

we investigated injection site reactions in mice and measured anti-drug antibodies in 

monkeys.  

7.2 Methods 

7.2.1 Injection site histology 

5-week old, male ob/ob mice were allowed one week to acclimate to the facilities. 

On the day of injection, mice were anesthetized with isoflurane and shaved across their 

backs. Two circles, approximately 12 mm in diameter, were marked bilaterally with 

permanent marker and the injection was done at the center of this circle at 50 mg/kg or 

an equal volume of saline. Injections of PBS, GLP1-ELPopt, or PLGA microspheres (50 μm 
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in diameter, Sigma) were randomized and stratified to ensure that no mouse received 

the same injection type bilaterally.  

After 5 days, the mice were euthanized and the skin was dissected. A 12 mm 

biopsy punch (Electron Microscopy Sciences) was used to remove the area indicated by 

the permanent marker. The skin was cut in half and placed in 10% neutral buffered 

formalin. After paraffin embedding, three 5 μm sections were taken from a midline cut, 

spaced apart by 50 μm. These sections were stained with hematoxylin and eosin (H&E) 

and imaged using a Zeiss Laser Microdissection and Capture Microscope equipped with 

an AxioCam ICc3 color camera. The slides were inspected and analyzed by a board 

certified pathologist who was blinded to the groups.  

7.2.2 Anti-drug antibody measurement 

Anti-drug antibodies were measured semi-quantitatively using two separate 

assays —one for antibodies developed against GLP1-ELPopt and a second for those 

reactive against native GLP-1— performed both with and without competition with 

soluble drug or peptide. First, for the anti-drug assay, GLP1-ELPopt was bound at 1 

μg/well in a 96-well, black microtiter plate. The plate was washed and blocked in a 

casein-based blocking buffer. Serum samples from pre-dosing as well as days 24 and 30 

were diluted 1:50 in either the same buffer or buffer containing the drug and incubated 

with shaking. After incubation, all samples were applied to the plate and incubated 

again at room temperature with shaking. Plates were washed with Tris- buffered saline 
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with Tween20 (TBST) and then Protein A/G conjugated to HRP was added and left for 

~60 min. After a final wash step, QuantaBlu (Thermo Fisher Scientific) fluorescent 

substrate was added. Plates were read on a Molecular Devices Spectramax M5 

microplate reader. The surrogate control for this assay as a sheep polyclonal anti-ELP 

antibody (PhaseBio).  

Second, for the anti-GLP-1 assay, specificity required binding 50 ng/well 

biotinylated GLP-1 to a 96-well streptavidin black microtiter plate and then performing 

a wash and blocking step with SuperBlock blocking buffer (Thermo Fisher Scientific). 

The same serum samples, diluted 1:50 in buffer either alone or with added GLP-1, were 

incubated with shaking and then applied to the plate and incubated for another 60-65 

min. The plates were washed, bound with QuantaBlue, and detected in the same 

manner as described above for the first assay. The surrogate control for this assay was a 

mouse monoclonal anti-GLP-1 antibody. Both these assay formats were repeated using 

HRP labeled monkey anti-IgM, IgG, and IgA as the detection reagent. However, this 

isotyping experiment was inconclusive and data is not shown. 

7.1.3 Pharmacokinetics bioassay 

A parallel pharmacokinetics bioassay was conducted using GLP-1R expressing 

Chinese Hamster Ovary (CHO) cells and a cAMP assay. Cells were plated on 96-well 

tissue culture treated plates and incubated 24 h at 37 °C. GLP1-ELPopt was diluted to 

1000 nM in 100 μL of water and incubated with 1 μg DPPIV overnight in order to cleave 
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the Ala-Ala leader and allow for receptor binding. A standard curve for cAMP 

generation was made using this activated drug diluted in pre-dose serum from each 

primate. As per the kit’s recommended protocol, cell media was aspirated from the 

plates and 40 μL assay buffer was added to each well followed by 5 μL of each standard 

or serum sample from individual days of the PK study and for each primate subject.  

The plates were incubated at 37 °C for 30 min.  Following the incubation, 15 μL cAMP 

antibody reagent and 60 μL cAMP working detection solution were added to each well. 

Plates were incubated at room temperature for 1hr protected from light.  Then, 60 μL of 

cAMP solution A was added to each well and the plates were incubated for 3 h at room 

temperature protected from light.  After this final incubation, the plates were read on a 

luminescence plate reader at 1 s/well.  Using a four-parameter curve logistic fit, the drug 

(diluted in monkey 1M1, 1M2, or 1M3 pre-dose serum) was plotted as signal versus 

concentration.  Quantification of active drug in serum samples was determined from 

sample dilutions falling within the linear range generated from the calibration curve.   

7.3 Injection site histology in mice 

We performed histology at the site of injection in male, ob/ob mice treated 

bilaterally with GLP1-ELPopt, PBS, or PLGA microspheres (n=3). 5 days after treatment, 

the injection site was dissected, fixed, paraffin embedded, cut into 5 μm sections, and 

stained with H&E (Figure 50). The slides were imaged and analyzed by a pathologist 

who was blinded to group assignments.  
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Figure 50: Representative histology of skin and subcutaneous tissue from the site of 

injection, stained with hematoxylin and eosin. Histological images are presented from 

mice injected with PBS (a-c), GLP1-ELPopt (d-f), and PLGA microspheres (g-i). 

Nothing of interest was found in the PBS treated controls. In one GLP1-ELPopt 

sample, the pathologist found mild histiocytic infiltrate as well as a focal apparent 

perifollicular fibrosis, which may have been due to the pre-treatment shaving. In all 

PLGA microsphere samples, there was evidence of mild to moderate histiocytic 
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infiltrate. In one sample, there was also a spot of follicular fibrosis and a deep 

dermal/subcutaneous focus of fat necrosis. These histologic changes are consistent with 

the time frame of 5 days post-injection of foreign material. Because the GLP1-ELPopt 

samples looked no worse, if not better than PLGA microspheres (which are FDA 

approved for the delivery of a GLP-1R agonist, Exenatide), we are not concerned by any 

of these histologic findings. Further evidence that our drug is not causing an anti-drug 

antibody response in mice is consistent pharmacodynamics profiles even after several 

repeated injections (Figure 51). 

 

Figure 51: Consistency of glycemic regulation is shown with long-term, repeated 

treatment. Overlay of blood glucose profiles after injections 1, 4, and 5 in DIO mice 

receiving 700 nmol/kg GLP1-ELPopt every 6 days. Dotted line represents the PBS 

treated group’s average blood glucose value. 

7.4 Immunogenicity in monkeys 

Cynomolgous macaques monkeys were injected with GLP1-ELPopt and blood 

was collected pre-injection as well as post-injection for 30 days. To avoid interference 
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from circulating drug, we compared pre-treatment serum to samples from days 24 and 

30, when circulating drug was no longer detectable by ELISA (Figure 47). Anti-drug 

antibodies (ADAs) were measured by binding either GLP1-ELPopt or native GLP-1 to a 

plate and quantifying the amount of bound mouse antibodies in the serum at days 24 

and 30. As a preliminary investigation of specificity, ADA measurement was done both 

with and without the addition of soluble, competitive drug or native GLP-1. Control 

measurements were made using dilutions of monoclonal mouse anti-GLP1 or polyclonal 

sheep anti-ELP. After measuring antibody binding as relative fluorescent units (RFUs), 

the data was presented as (1) fold-increase in RFU of day 24 and 30 serum over pre-dose 

samples (Figure 52) and (2) as % inhibition when assayed with soluble competition 

(Figure 53).  

Figure 52: Monkey serum samples at days 24 and 30 (a) and surrogate control 

antibodies (b) were compared to pre-dose samples for binding to drug (blue) and 

native GLP-1 (nGLP1, black). 
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Figure 53: Monkey serum samples at days 24 and 30 (a) and surrogate control 

antibodies (b) were compared to pre-dose samples for binding to drug (blue) and 

native GLP-1 (nGLP1, black) with competitive soluble control molecules – native 

GLP-1 or GLP1-ELPopt. 

Unfortunately, attempts to isotype the samples were unsuccessful due to high 

levels of cross-reactivity of isotype-specific antibodies. Furthermore, this experiment 

may have been confounded because the monkeys used in this study had been 

previously used for testing other compounds that are unknown. 

Because of this ADA indication, we also performed a pharmacokinetics bioassay. 

If the ADAs are neutralizing, we would expect to see a discrepancy between levels of 

GLP1-ELPopt in serum that was quantified by the sandwich ELISA and the levels of 

functionally active GLP-1 assayed in parallel by measuring cAMP generation in GLP-1R 

expressing cells treated with the serum. The bioassay results were consistent with 

immunoassay results (Figure 54), indicating that, despite antibody generation, the drug 
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is still active and capable of activating its receptor for nearly three weeks after a single, 

SC injection.  

 

Figure 54: Pharmacokinetics assessed by bioactivity assay (open squares) correlated 

well with pharmacokinetics as measured by ELISA (solid circles). Data represent 

mean and SEM. 

As a further study of immunogenicity in monkeys, we took serum from pre-

treatment and from 720 h post-injection. Serial dilutions of the drug were made in both 

serum samples for each of the three monkeys. The drug dilutions made in pre- and post- 

dosing serum were then applied to cultured cells expressing the GLP-1R and cAMP was 

measured. A four-parameter logistic fit was then used to calculate the EC50 value. In one 

subject, monkey 1, there was an increase in EC50 when incubated in post-treatment 

serum rather than pre-treatment serum (Table 8). This approximately 5-fold increase 

may be an indication of anti-drug antibodies. This data suggests that it would be 

prudent to focus future studies on immunogenicity. It is possible that the mutations to 

0 4 8 12 16 20 24
1

10

100

1000

10000

Time Post-Injection (d)

C
o

n
c
e
n

tr
a
ti

o
n

 (
n

g
/m

L
)

ELISA

Bioactivity Assay

f



 

 92

the GLP-1 peptide or the linker between the peptide and the ELP could be causing an 

immune response. Fortunately, these parts of the drug could easily be adjusted at the 

genetic level.  

Table 8: GLP1-ELPopt activity when incubated in pre- and post-treatment serum from 

non-human primate subjects 

 

7.5 Conclusions  

While our GLP1-ELPopt formulation holds much clinical promise, a major concern 

for biologic drugs is the development of antibodies. The drug’s long-term efficacy after 2 

months of weekly dosing, in addition to its consistent pharmacodynamic profile after 

repeated injections in mice (Figure 51) indicates an absence of immunoneutralization, 

and suggests that our construct does not generate a deleterious antibody response. 

Furthermore, although ADAs were detected in monkeys, they seem to be non-

neutralizing and did not prevent the drug from activating its receptor in a 

pharmacokinetics bioassay. However, one subject’s serum did cause an increase in the 

drug’s EC50 value. It is worth noting that, while the monkeys used in this study were 

naïve to our GLP1-ELP fusion, they had been previously used for testing other unknown 

compounds. Thus, true determination of antibody response warrants testing in fully 

naïve animals, which will be the focus of future studies.  
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While we focused on optimizing the sustained release capabilities of ELP fusion 

depots for treating a chronic disease, it is worth noting that this highly tunable approach 

transcends GLP-1 and should be valid for ELP fusions with diverse peptide and protein 

drugs. Although they require further study of release kinetics and bioavailability, the 

more hydrophobic and stable ELPs may be suitable for even longer release of biologics 

that are needed at more modest plasma drug concentrations, such as in inducing 

immune tolerance or for applications such as intratumoral drug delivery where local 

retention of a drug is desirable. 
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8. Synthesizing a unimolecular dual agonist 

8.1 Motivation 

GLP-1 is an ideal drug candidate for type 2 diabetes because it has subnanomolar 

potency, targets many facets of the diabetic pathophysiology, and because it does not 

cause hypoglycemia; its insulinotropic effects vanish when glucose levels drop below 60 

mg/dL[60]. This glucose-dependent mechanism provides a built-in safety feature that 

makes it possible to consider the deployment of once-weekly or once-monthly 

formulations. Having now optimized the delivery of this single incretin-ELP fusion, we 

wanted to explore the idea of a unimolecular dual agonist —a single drug that would 

display both incretins, GLP-1 and GIP, and activate both receptors, which are expressed 

on the β-cell. Such a drug would be clinically significant because a long-standing need 

remains for improved diabetes treatments. Bispecific peptide drugs offer an elegant 

solution to improve treatment efficacy of type 2 diabetes as they can increase avidity, 

specificity, and target residence time[101]. Our injectable depot platform has the 

potential to achieve similar efficacy as individual, co-administered drugs, but at far 

lower doses and with superior pharmacokinetics, thereby reducing peak drug exposure 

and undesirable side effects. 

Although GIP has not been as well developed as GLP-1 for diabetes treatment, a 

recent study showed that overexpression of GIP in mice can improve body weight and 

glycemic homeostasis[102]. Another study showed that impairing GIP signaling at the 
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genetic level in β-cells of pigs elicits a pathophysiology very similar to type 2 diabetes in 

humans, and a decline in β-cell proliferation[103].  

Recent studies support our hypothesis that co-delivery of GLP-1 and GIP on a 

single carrier will be superior to treatment with a single incretin. Perfusion of isolated 

rat pancreas and infusion of healthy human volunteers with both GLP-1 and GIP 

demonstrated a synergistic effect on insulin release[104, 105] and treatment of a diabetic 

mouse model with GLP-1 and GIP had a greater impact on fat mass and weight than 

either incretin alone[106]. Another recent development is a chimeric peptide whose 

sequence is comprised of a mixture of residues from both GLP-1 and GIP, enabling 

equipotent activation at the GIPR and GLP-1R. This peptide elicits a better 

insulinotropic response, greater weight loss, and greater reductions in HbA1c than FDA 

approved GLP-1 agonists, Liraglutide and Exenatide. Importantly, these effects were 

achieved at lower doses of the chimeric peptide, which reduced peak drug exposure and 

resulted in fewer adverse GI side effects[106].  

While this study shows us the promise of targeting both GLP-1 and GIP, which it 

achieves with a single molecule, our proposed drug is quite different as both incretins 

will be individually displayed. However, the two drugs will be tethered to promote 

enhanced affinity and target accumulation in addition to simultaneous multi-receptor 

activation with the potential to alter signal bias and facilitate receptor crosstalk, which a 

single chimeric peptide cannot do. In 2015, a bivalent antibody was designed to display 
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two copies of the GLP1 agonist, exendin-4, on an engineered Herceptin scaffold[107]. A 

Factor Xa recognition site liberates the N-terminus of exendin-4 and this activated 

antibody displays greater potency in vitro compared to native peptide, likely due to an 

enhanced binding avidity due to its bivalency.  These studies suggest that our proposed 

bivalent and bispecific unimolecular agonist has the potential for synergy, which would 

make it superior to GLP-1R agonists and a co-administered mixture of both drugs 

(Figure 55).  

 

Figure 55: Schematic showing our hypothesis that when two agonists are tethered and 

acting as a single molecule, they will act synergistically on the pancreatic β-cell, 

stimulating a greater response than a mixture of the two separate incretins. This could 

be due to the avidity of a bivalent molecular, changes in signal bias, or receptor 

crosstalk. 

8.2 Synthesizing a unimolecular dual agonist 

Co-agonism of pancreatic receptors with GLP-1 and GIP has the potential to treat 

diabetes with high efficacy, safety, and tolerability in addition to slowing disease 

(a)   

Unimolecular Dual Agonism Dual Agonism 
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progression through its protective effects on pancreatic β-cells. While these properties of 

incretins make them exciting drug candidates for long-term type 2 diabetes 

management, there are three problems that must be solved: first, GLP-1 and GIP are 

rapidly degraded by DPP-IV by removal of the first two amino acids [65], resulting in 

complete loss of activity. This premature N–terminal degradation has already been 

addressed in the development of a single fusion by mutation of the second Ala (A) 

residue to a Gly (G). This GLP-1 mutation is employed in two clinically used 

formulations with acceptable immunogenicity profiles[108, 109]. We used this same 

version of GLP-1 and incorporated the same mutations into GIP to yield a pair of DPP-

IV resistant incretins1 for our studies.  

The second problem is that both GLP-1 and GIP have short half-lives of 2 

minutes[66] and 5 minutes[110], respectively, due to rapid renal clearance. This makes 

the native peptides unsuitable for clinical application, as they would require constant 

infusion to maintain a therapeutic effect. Thus, achieving the full therapeutic benefit of a 

bispecific incretin peptide requires a delivery system for sustained delivery in vivo. 

Again, having already fully optimized an injectable depot of a single-fusion, we 

anticipated that little optimization would be required for the dual incretin, as the same 

design principles can be applied to this new drug. Finally, the N-terminus is essential for 

activity of both incretins and any bispecific incretin must solve this problem. 

                                                      
1 Both incretins also include the protective Ala-Ala leader as discussed in section 4.2.6. Unless otherwise 
noted, this dipeptide is present on all incretin-ELP fusions studied herein. 
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Polypeptides are linear, with a single N-terminus and a single C-terminus. Thus, a 

simple end-to-end fusion would abolish the activity of whichever peptide was fused at 

the C-terminal end. 

To address this need for a branched polypeptide with two N-termini, we 

envisioned the use of one of two technologies. The first method is non-canonical amino 

acid (ncAA) incorporation. By genetically incorporating a ncAA that has a bioorthogonal 

reactive group into the genes for incretin-ELP fusions, the chemical handle could be 

used to site-specifically and covalently tether the two drugs. P-azidophenylalanine 

(AzF), which undergoes specific and efficient click reaction with an alkyne, has been 

widely used for a variety of applications involving incorporation at the genetic level in 

bacterial expression systems.[111-114] 

The second method would involve an enzymatic reaction: sortase-catalyzed 

native peptide ligation (NPL). Like ncAA incorporation, NPL can be used to 

enzymatically and site-specifically incorporate a bioorthogonal chemical handle into a 

polypeptide (Figure 56), which would then enable the covalent attachment of two 

proteins with free N-termini. 
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Figure 56: Schematic showing how SrtA enzymatically recognizes and cleaves a short 

peptide (LPETG, in this example) and creates a thioester intermediate with a cysteine 

residue in the active site. An oligoglycine, which acts as a nucleophile and resolves 

the thioester intermediate, can be synthesized with a C-terminal reactive group 

(shown as an azide, “Az”, in this example). A native peptide bond between the Thr 

residue and the modified oligoglycine yields a covalently modified fusion protein 

containing a bioorthogonal chemical group. 

8.3 Synthesizing an active GIP-ELP fusion 

Although the extensive studies of GLP1-ELP fusions gave us confidence that we 

would have equal success with a GIP-ELP fusion, the peptides have different sequences, 

activate their own cognate receptors, and may have slightly different effects on the Tt of 

the ELP to which they are fused. Our initial GIP-ELP fusions were comprised of the full-

length human GIP sequence with mutations confering DPP-IV resistance.  
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When this 42 amino acid peptide was fused to an ELP, we saw a strikingly flat Tt 

versus log(concentration) regression. Typically, low concentration dependence of the Tt 

is an indication that the construct may be self-assembling into nanoparticles. This 

reduction in concentration dependence is a result of a more constant local concentration 

with the nano-assembly that is independent of changes to the bulk solution 

concentration. Because of the nanoparticle assembly concerns, we ran DLS on the 

sample. DLS showed two population: the first with an Rh of 10.2 nm and the second with 

an Rh of 50.7 nm.  

This self-assembly was concerning for the dual incretin application for several 

reasons. First, nanoparticles are multivalent and would impede our testing of the impact 

of bivalency on insulin secretion from stimulated pancreatic β-cells. Second, a 

nanoparticle-forming GIP-ELP single fusion would not be an adequate control group 

due to its larger size and multivalency. Third, even if covalent attachment to the GLP1-

ELP portion disrupted self-assembly, the GIP peptide is most likely presented on the 

corona of the nanoparticles. Consequently, the C-terminal ncAA or SrtA recognition 

sequence would be buried within the core and could significantly reduce the reaction 

efficiency for synthesizing the unimolecular dual incretin. 

Fortunately, there extensive studies have looked at how the N- or C- terminal 

truncation of GIP affects its activity.[115] Several groups have shown that a naturally 

occurring, C-terminally cleaved version of GIP (residues 1 to 30) has equal potency to 
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the full length GIP in vitro and in vivo[116]. When we fused the shortened, modified 

GIP1-30 to an ELP, we found that the concentration dependence of the Tt was restored 

(Figure 57). 

 

Figure 57: The steeper concentration dependence of the truncated GIP1-30-ELP fusion is 

contrasted to the nearly concentration-independent full length GIP-ELP fusion. 

Thus, for future studies, we have focused on the synthesis of a unimolecular dual 

incretin using a modified and truncated GIP sequence (subsequently referred to as GIP1-

30), which is shown in Figure 58. An alternative solution that has been preliminarily 

confirmed with pilot studies is the addition of a short peptide with high charge density 

between the GIP and ELP. The repulsion of charges seems successful at disrupting self-

assembly of the full-length GIP-ELP fusion. However, this sequence needs optimization. 

The initial sequence studied, GKEKEG, appeared to prevent nanoparticle formation at 

the expense of truncation products, which after purification with ITC yielded both GIP-

ELP fusion and free ELP. 
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Figure 58: This modified version of GIP has the same DPP-IV resistant Ala 2 to Gly 

mutation as well as the protective Ala-Ala leader and truncation at residue 31 to 

prevent the fusion’s self-assembly. 

We next wanted to verify the fusion’s in vitro and in vivo activity before 

proceeding to synthesize more complicated unimolecular dual incretins.  GIP1-30-ELP’s in 

vitro activity was assessed using 832/3 cells, which are a clone of the INS-1 cell line stably 

transfected with a plasmid containing the human proinsulin gene[117]. These cells are 

known to express both the GLP-1R and the GIRPR. These cells, incubated in media 

containing 15 mM glucose, were treated with PBS, GLP1-ELP, GIP1-30-ELP, or IBMX (a 

phosophodiesterase inhibitor known to enhance insulin secretion). Compared to the PBS 

negative control, both fusions and the IBMX positive control at 100 μM significantly 

increased the levels of secreted insulin, which were quantified by ELISA (Figure 59). 
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Figure 59: Insulin secretion assay in INS-1 (832/3) cells treated with PBS, incretin-ELP 

fusions, or IBMX demonstrates that both fusions are active and able to significantly 

enhance insulin release (p < 0.05). 

We also wanted to test GIP1-30-ELP’s activity in vivo. To do this, we conducted an 

IPGTT in 12-week old, male C57Bl/6J mice. These mice (n=4) were treated with PBS, 

GLP1-ELP (80 nmol/kg), GIP1-30-ELP (80 nmol/kg), or native human GIP peptide (4 

nmol/kg). The higher dose of the fusion compared to the native peptide was selected 

based on the EC50 values of free GLP-1 and its fusion with an ELP, which reduces its 

activity by approximately 20-fold. Mice were fasted for 6 h, treated, and then injected 

with 1.5 g/kg sterile glucose 20 min after treatment. Blood glucose levels were then 

monitored periodically over the next 2 h. While not as robust as the response to GLP1-

ELP, both the fusion and native peptide were able to significantly improve the glucose 

tolerance response (Figure 60). This dampened GIP1-30-ELP response compared to GLP1-

ELP is expected and consistent with similar studies presented in literature. It is worth 

noting that C57Bl/6J mice (rather than a diabetic model) were specifically selected for 
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this experiment because it has been shown that, under conditions of constant 

hyperglycemia, GIP receptors are down regulated and GIP responsiveness is 

significantly reduced. Importantly, it has been shown in rats that the response to GIP 

can be restored by reducing hyperglycemia for a short period of time[118]. Having 

adequately confirmed that GIP1-30-ELP fusions are active, we felt comfortable pursuing 

the synthesis of a unimolecular dual incretin. 

 

Figure 60: IPGTT in male C57Bl/6J mice treated with GLP1-ELP fusion, GIP1-30-ELP 

fusion, native GIP, or PBS. The 1.5 mg/kg glucose challenge at t = 0 min demonstrates 

that the GIP1-30-ELP fusion is active, although not producing as robust of a glucose 

tolerance response as the GLP1-ELP fusion (a), which is more clearly indicated by 

glucose AUC (b). 

8.4 Non-canonical amino acid incorporation 

Expanding the genetic code with ncAAs has been an active research area in the 

field of synthetic biology. This process has high fidelity and enables the precise 

placement of an orthogonal chemical handle anywhere within a polypeptide sequence. 

Genetically encoding a ncAA requires three components: 1) a codon that uniquely 
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specifies the desired ncAA, 2) a tRNA charged with the ncAA bearing a corresponding 

anti-codon loop, and 3) a synthetase that is able to catalyze the addition of the ncAA to 

the tRNA carrier. One of the most successful methods of genetically incorporating 

ncAAs involves leveraging codon degeneracy and repurposing the amber stop codon 

(TAG)[119], which is the least used codon in E. coli.[120] Genetically recoded versions of 

E. coli, named “TAGless”, have also been developed to remove all instances of the amber 

stop codon and associated release factors. Thus, only the cDNA for the polypeptide of 

interest contains the TAG codon, which in reprogrammed cells codes for ncAA 

incorporation rather than translation termination.[121]  

To incorporate AzF into our incretin-ELP fusions, we transformed TAGless E. coli 

with 1) a plasmid containing the cDNA for the incretin-containing polypeptide, 

harboring a TAG and 2) a plasmid containing the genes for an evolved, mutant 

synthetase and tRNA, both of which were derived from the M. jannaschii tyrosyl-tRNA 

synthetase pair[111]. These E. coli clones, grown in media supplemented with AzF, will 

site-specifically incorporate AzF at the TAG location with high fidelity and efficiency. 

Subsequently, an alkyne-containing homo-bifunctional crosslinker could be used to 

covalently tether a GLP1-ELP fusion to a GIP1-30-ELP fusion (Figure 61). 



 

 106

 

Figure 61: Overview of genetically encoding the incorporation of a ncAA into a 

polypeptide (left). The ncAA is translated site-specifically and its orthogonal 

chemical reactivity can then be leveraged to synthesize a unimolecular dual agonist 

(right). 

Dibenzocyclooctyne (DBCO) is an ideal candidate to use as the alkyne-containing 

azide-reactive crosslinker because it enables click chemistry to proceed without the need 

for a cytotoxic copper catalyst.[122, 123] DBCO has a strained ring, thus, click chemistry 

proceeds in a catalyst-free manner in aqueous environments on the basis of strain-

promoted alkyne azide cycloaddition (SPAAC) with efficiency and specificity. 

8.5 Sortase-catalyzed native peptide ligation 

Some gram-positive bacteria employ homologs of the S. aureus transpeptidase 

enzyme, Sortase A (SrtA) to assemble their pili with covalent bonds in a chaperone-free 

manner. Pili are a form of biological polymer derived from repeats of structural protein 
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subunits that project from the cell surface to facilitate adhesion, modulate the host 

immune response, and form biofilms[124]. SrtA initiates pilin formation by cleaving at 

its recognition site, LPXTG, on a pilin monomer. Cleaving after the threonine residue, 

SrtA remains bound via a thioester intermediate and extension of the polymer proceeds 

when the ε-amino group of a lysine residue in a second pilin monomer acts as a 

nucleophile, attacking the thioester bond to form an isopeptide bond, releasing the 

enzyme in the process. This step repeats until termination by a “housekeeping” sortase, 

which anchors the pilin polymer to the cell wall through a native peptide bond with the 

α-amino group of a peptidoglycan’s oligoglycine cross-bridge. [125] 

SrtA, which can be recombinantly produced in E. coli, can be used to easily and site-

specifically modify a protein of interest with a chemical handle by incorporating the 

LPXTG recognition motif and carrying out the enzymatic reaction with a chemically 

synthesized nucleophile —an oligoglycine with a chemically reactive group attached at 

the C-terminus. For the unimolecular dual incretin application, this process would 

involve genetically encoding the short SrtA recognition motif, LPXTG, into the fusion 

protein’s gene. The fusion protein, harboring this recognition motif, can then be mixed 

with the enzyme and an amine-containing reactive group. For example, an oligoglycine 

can be synthesized with a C-terminal reactive handle (such as an alkyne or azide). This 

nucleophile then resolves the SrtA-fusion protein’s thioester intermediate yielding a 

peptide bond and, thus, a chemically reactive fusion protein ( 



 

 108

Figure 62). 

 

Figure 62: Schematic showing the reaction scheme for using SrtA mediated NPL to 

functionalize incretin-ELP fusions with an azide, which can subsequently be linked 

via click chemistry with a homobifunctional DBCO crosslinker to yield a 

unimolecular dual incretin. 

8.6 Methods 

8.6.1 Design of fusion protein genes 

The fusion proteins needed to synthesize a unimolecular dual incretin were 

designed such that the final product would have the same optimized biopolymer 

(ELPopt). For example, the GLP1-ELP and GIP1-30-ELP each have an ELP that is half the 

size desired for the final, linked product.  
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For ncAA incorporation, the gene for each fusion was encoded followed by the 

cDNA corresponding to a short linker, a TAG, which is where the pAzF residue will be 

inserted during translation. The gene for an octahistidine (His8) tag was added after the 

TAG to facilitate the separation of the full-length product from truncation products, 

which can occur when the translation machinery stalls at the TAG, whose native 

purpose is to stop translation.  

For the SrtA-catalyzed native peptide ligation strategy, the fusion protein gene 

was encoded followed by the cDNA corresponding to a linker and the LPETG 

recognition motif, followed by a His8 tag, which serves to facilitate purification in 

downstream steps. Table 9 summarizes the design of these fusion proteins and Table 10 

provides the constructs’ theoretical molecular weights at various stages in the synthesis 

process. 

Table 9: Overview of Fusions Designed for Bioorthogonal Chemical Handle 

Incorporation 
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Table 10: Fusion MWs at various stages of the unimolecular dual incretin synthesis 

 

 

8.6.2 Protein expression with ncAA incorporation 

Because the TAGless E. coli expression cells[121] do not contain the gene for T7 

polymerase, the plasmid containing the cDNA for the incretin-ELPTAG constructs was 

modified to contain a tac promoter, which contains the lac operon and is thus still 

compatible with our standard IPTG induction protocols.  

Competent TAGless cells were transformed with (1) a plasmid for one of the 

incretin-ELPTAG fusion proteins, and (2) the plasmid containing the evolved synthetase 

and tRNA (pEvol-3.0). These cells were grown in 2x yeast tryptone (2XYT) media 

supplemented with kanamycin and chloramphenicol for selection, D-biotin, arabinose, 

and 1 mM pAzF. The cells were then grown at 34 °C for 6 h, induced with 0.5 mM IPGT, 

and harvested by centrifugation approximately 18 h later. For full details on protein 

purification after expression, see section 4.2.3.  
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8.6.3 Native peptide ligation reaction with SrtA 

Once purified, the fusion proteins bearing the LPETG recognition motif can be 

reacted with SrtA. A His6-tagged version of SrtA with the first 59 N-terminal residues 

removed can be grown with high yields in E. coli cells (using 25 °C growth/16 °C 

induction conditions) and purified using cobalt His-purification columns (Thermo 

Fisher Scientific) (Figure 63).  

 

Figure 63: His-purification of His6-(Δ59)-SrtA from the PEI SN fraction using PBS as 

the equilibration/wash buffer and 150 mM imidazole in PBS as the elution buffer. 1: 

PEI SN, 2: column flow through, 3: wash 1, 4: wash 2, 5: elution 1, 6: elution 2, 7: 

elution 3, L: Bio-Rad Precision Protein Unstained Ladder. Gel was run using Laemmli 

sample buffer and a TGX stain-free precast gel (Bio-Rad). 

The following recipe is used for all SrtA reactions: 100 μM incretin-ELPSrtATag, 25 

μM SrtA, and 1 mM GGG-Az are combined in the reaction buffer (50 mM Tris-HCl, 

pH=8.0, 10 mM CaCl2, 150 mM NaCl). The reactions were left mixing on a rocker or in a 

shaker overnight. The reaction temperature, whether at room temperature or 30 °C did 

not appear to significantly impact yield. 
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Following the overnight incubation, the mixtures were applied to a cobalt His-

purification column and the flow through was collected. All of the undesired 

components (SrtA, cleaved recognition motif, and unreacted fusion), with the exception 

of the GGG-Az, were designed to contain a His8 tag (Figure 64). Consequently, the flow 

through should, in theory, contain only the incretin-ELP-GGG-Az product and excess 

GGG-Az small molecule. Excess GGG-Az was removed by either overnight dialysis into 

ddH2O or by centrifugation through Amicon Ultra-3K filter units. 

 

Figure 64: SDS-PAGE gel of GIP1-30-ELPSrtATag reacted with GGG-Az via SrtA catalyzed 

native peptide ligation (lane 1). The product was reverse his-purified by collecting the 

flow through (lane 2) and wash (lane 3). The elution (lane 4) contains a faint band 

corresponding to unreacted fusion as well as the SrtA (~20 kDa) and a fusion-SrtA 

intermediate (~60 kDa). 

8.6.4 Functionalizing azide-containing fusions with DBCO 

The azide-containing fusions were functionalized with the DBCOxl by reacting 

100 μM incretin-ELP-Az with 1 mM DBCOxl (20-fold molar excess of DBCO molecule) 

in ddH2O with 10% dimethyl sulfoxide (DMSO). These reactions were gently rocked at 
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room temperature for 4 h and the DBCO was then removed using Amicon-Ultra 3K 

filter units with 3-5 washes in 30% ACN followed by 3-5 washes in ddH2O.  

8.6.5 Evaluating chemical reactivity 

Once the azide group was incorporated, either by ncAA incorporation or by 

native peptide ligation, the fusion proteins’ chemical reactivity was assessed by 

incubation with a fluorescently labeled DBCO (Cy3-DBCO). 3-10 μg of sample was then 

added to Laemmli buffer (2x Laemmli with β-mercaptoethanol) and heated for 5 min to 

95 °C before running on the gel. After running SDS-PAGE on the samples and a ladder 

(Precision Plus Protein All Blue pre-stained protein ladder, Bio-Rad) in a light-protected 

environment, the gel was transferred to a 5% acetic acid in ddH2O storage solution and 

imaged using a Typhoon 9410 Imager under settings that excited the samples labeled 

with Cy3-DBCO. 

A similar procedure was done once samples were reacted with DBCOxl, where 

one end of the homobifunctional crosslinker reacts with the azide-containing fusion 

protein and the other end is left exposed for reaction with another azide-containing 

component. To assess the chemical reactivity of DBCOxl-modified fusions, the same 

protocol was done, but using a fluorescently labeled azide (Cy5-Az). In order to prevent 

the formation of homodimers during DBCOxl reactions, the crosslinker was added in 10-

20 fold molar excess to push the reaction towards single functionalized fusions rather 

than dimers (Figure 65).  
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Figure 65: Schematic showing how the stoichiometry of the click reaction between 

incretin-ELP-Az and DBCOxl can be leveraged to minimize the formation of dimers 

and maximize the production of single, DBCO-functionalzied fusions. 

8.6.5 High-performance liquid chromatography 

Reverse-phase high-performance liquid chromatography (RP-HPLC) on a C18 

column was used to analyze fusions after (1) azide incorporation, (2) functionalization 

with the DBCOxl, and (3) the final click reaction. RP-HPLC was run using a range of 

acetonitrile (ACN) gradients in ddH2O (with 0.1% tri-fluoroacetic acid, TFA); a 30-60 % 

ACN gradient was found to be optimal for these constructs. Absorbance was monitored 

at 230 nm for relative quantification of peaks, as well as at 280 nm (tryptophan and 

tyrosine absorbance) and 310 nm. 310 nm absorbance was used to monitor the reactions 
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and the concentrations of DBCO because this unique absorbance disappears when the 

bulky group reacts with an azide.  

8.7 Synthesis of dual incretin-ELP fusions using ncAA 
incorporation 

8.7.1 Synthesis of azide-reactive fusions 

TAGless E. coli cells transfected with the TAGged GLP1-ELP gene or the GIP1-30-

ELP gene were expressed in 2xYT media. Both a positive culture, grown with pAzF, as 

well as a negative control, grown without the additional pAzF, were incubated 

overnight with the induced expression protocol. After purifying the fusions by ITC, the 

samples were incubated for 30 min with an equimolar concentration of Cy3- DBCO. Our 

hypothesis was that the fusions grown in the presence of pAzF would click with the 

fluorescently labeled DBCO molecule while the fusions grown without the addition of 

pAzF would not be reactive with the dye. After running SDS-PAGE, the gels were 

imaged with a Typhoon 9410 Imager. As expected, only the samples purified from the 

pAzF positive cultures showed a fluorescent band at the expected MW of approximately 

38 kDa (Figure 66). 
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Figure 66: Fluorescent gel images of TAGged GLP1-ELP (a) and GIP1-30-ELP (b) grown 

with or without pAzF and then clicked with a Cy5-labelled DBCO. Fluorescent bands 

are present at the expected molecular weight (~38 kDa) only in the samples grown 

with the ncAA added to the culture medium. 

We next took the negative and positive control fusions, reacted an aliquot of the 

positive fusion with the homobifunctional crosslinker (DBCOxl) and performed a tryptic 

digest following by MALDI-TOF MS. The DBCOxl is commercially available (Click 

Chemistry Tools) and comprised of two DBCO molecules separated by an octa-

polyethylene glycol (PEG4) linker. As expected, in both pAzF(+) fusions, the incubation 

with DBCOxl shifted the azide-containing peptide fragment by an amount equal to the 

crosslinker’s molecular weight (m/z shift from 1597.7 to 2452.7) as indicated by the 

arrows in Figure 67. 
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Figure 67: MALDI-TOF MS of fusions shows similar spectra between the culture 

grown with and without pAzF. However, upon reaction with DBCOxl, the pAzF 

positive fusions show the shift of the C-terminal peak (outlined with a square) to a 

higher MW (arrows) corresponding to the pAzF-containing fragment plus the 

DBCOxl. 

8.7.2 DBCO-functionalized incretin-ELP fusions 

Having confirmed that the pAzF residue was successfully incorporated into both 

GLP1-ELP-Az and GIP1-30-ELP-Az, we next attached the DBCOxl to one half the volume 

of each purified product. A shift in HPLC elution time indicates that the DBCOxl was 

attached. The crosslinker, which is quite hydrophobic, delays the retention time of 

GLP1-ELP-Az only slightly (Figure 68).  
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Figure 68: GLP1-ELP-Az alone (blue) and after reaction with DBCOxl (black) show a 

slight shift in elution time on RP-HPLC (a) and an increase in MW by MALDI (b). 

 

Figure 69: GIP1-30-ELP-Az alone (red) and after reaction with DBCOxl (black) shows 

that the product has a slight shift in elution time on RP-HPLC. 

After removing free DBCOxl and reacting the product with Cy5-Az, we 

confirmed successful functionalization with the crosslinker (Figure 70), but also see 

impurities at both higher and lower molecular weights. The HPLC trace also indicates 

that there are impurities. More concerning is that there remains a significant amount of 
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unreacted fusion (30-70%); the first major peak elutes at the same time as incretin-ELP-

Az (Figure 68 and Figure 69). Reaction of this peak with Cy5-Az and Cy3-DBCO showed 

no fluorescing bands, indicating that the protein in this remaining peak has no click 

reactivity.  

 

Figure 70: GLP1-ELP-Az was functionalized with DBCOxl and purified. The product 

was then reacted at room temperature with Cy5-Az. A fluorescent band at 

approximately 37 kDa confirms successful click of the crosslinker. 

While pAzF can be genetically encoded and incorporated, a significant 

percentage of the final product has either lost its reactivity or is a truncated or 

misincorporated product. The peaks detected by MALDI would suggest more 

misincorporated product rather than truncated. Truncations and misincorporations are 

not uncommon in ncAA incorporation cultures because the cell’s machinery has been 

evolved from other amino acid synthetases and tRNAs and because the TAG codon is 

natively a “stop” signal.   
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8.7.3 Generating dual incretin-ELPs with click reaction 

Despite the large fraction of chemically inert fusion, we tested whether click 

chemistry could be achieved. After mixing GLP1-ELP-Az with GIP1-30-ELP-Az-DBCOxl 

and taking aliquots at different time points, we see very faint bands appearing at double 

the molecular weight of the reactants, even after 21 h of incubation time (Figure 71a). 

While click reactions proceed very efficiently and rapidly with small molecules, the click 

of two large, bulky proteins is much less efficient. Furthermore, click reaction is very 

concentration dependent, which is difficult to control since a large portion of the 

reactant is misincorporated or truncated fusion that is not separable by RP-HPLC.  

Even more concerning is the appearance of higher molecular weight bands that 

could correspond to trimers and higher order oligomers of the ~38 kDa reactants (Figure 

71b). This could be due to misincorporation of pAzF into other positions of the GLP-1 or 

GIP sequence or it could be due to the properly incorporated pAzF position becoming 

activated and undergoing non-specific side reactions. Azides are photoreactive and, 

although they were protected from light throughout this synthesis process, if they had 

become activated by UV light, they would form a reactive nitrene intermediate, which 

could interact non-specifically with a number of residues in the incretin domain. 

Because the oligomer bands are appearing after the addition of DBCOxl (Figure 71b), it 

is more likely micincorporation of pAzF into other positions of the incretin sequence 

than photoactivation of the azide groups. 
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Figure 71: SDS-PAGE gel of the click chemistry progression of GLP1-ELP-Az and 

GIP1-30-ELP-Az-DBCOxl (a). SDS-PAGE gel of the reactants (1-3) and products (4-5) 

show oligomerized reactants. 1: GIP1-30-ELP-Az-DBCOxl, 2: GLP1-ELP-Az-DBCOxl, 3: 

GLP1-ELP-Az, 4: product of (1+3), 5: product of (2+3), L: Precision Plus unstained 

protein ladder. 

Thus, while ncAA incorporation is an excellent technique for many applications, 

large scale synthesis of a complex drug that must be monodisperse and highly pure may 

not be achievable with the current state of the art. However, this process warrants 

further optimization. For example, the fusion protein could be grown in auxotrophic 

media to minimize misincorporation and expression/induction times could be 

optimized. The major benefit of this method is that the pAzF residue could be 

incorporated anywhere along the backbone of the ELP, enabling a way to tune the 

length of flexible linker between the two peptide drugs. While SrtA catalyzed NPL, 

discussed in the following section, may be a more manageable strategy for pilot testing, 

ncAA incorporation would be a better choice in the long-term and provide more 

flexibility and design potential for these unimolecular dual agonist drugs. 
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8.8 Synthesis of dual incretin-ELP fusions using native peptide 
ligation 

8.8.1 Synthesis of azide-reactive fusions 

As an alternative to ncAA incorporation of pAzF, a separate set of incretin-ELP 

fusions was tagged with a SrtA recognition site (LPETG) for NPL followed by a His8 

purification tag. GLP1-ELPSrtATag and GIP1-30-ELPSrtATag were reacted with GGG-Az and 

SrtA and the product was purified (see section 8.6.3). Successful incorporation of the 

GGG-Az was confirmed by reacting the product with Cy3-DBCO and looking for a 

fluorescent band after SDS-PAGE (Figure 72, top).  

 

Figure 72: Purified GLP1-ELPSrtATag reacted first with SrtA plus GGG-Az and then 

with Cy3-DBCO (lane 2-3). GLP1-ELP-Az (lane 1) was then reacted with the DBCOxl 

and Cy5-Az was added to confirm functionalization with the crosslinker. 

After excess GGG-Az was removed, the azide-modified constructs were reacted 

overnight with DBCOxl. Modification with the crosslinker, which leaves a free DBCO 

group exposed, was assessed by reacting these products with Cy5-Az. Fluorescent bands 
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at approximately 38 kDa confirm that both the NPL reaction and the click reaction with 

the crosslinker were successful (Figure 72, bottom). 

8.7.2 DBCO-functionalized incretin-ELP fusions 

We next wanted confirm that the reaction with the crosslinker went to 

completion and did not leave any unreacted azide groups, which would complicate 

downstream generation of products and yield a heterogeneous mixture of monospecific 

and bispecific dimers. The DBCOxl was added in 10-fold molar excess to the incretin-

ELP-Az to push the reaction to completion.  

 

Figure 73: GLP1-ELP-Az and GIP1-30-ELP-Az were reacted and imaged with Cy5-Az 

(lanes 1 and 2) or Cy3-DBCO (lanes 3 and 4). Fluorescent bands are only seen in the 

Cy5-Az procedure, indicating that the reaction with DBCOxl fully functionalized all 

present azide moieties. 
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Reacting the products with both Cy3-DBCO and Cy5-Az shows that only the 

fluorescently labeled azide (and not the DBCO) is able to click onto the fusion, meaning 

that the conditions were sufficient to push the reaction to completion (Figure 73). The 

higher MW band corresponds to incretin-ELP—SrtA intermediates, which we have since 

shown can be removed by reverse His purification (Figure 64). 

8.8.3 Generating dual incretin-ELPs with click reaction 

Using azide-reactive fusions, made by NPL, as well as DBCO-functionalized fusions, we 

set up a set of click reactions to generate a unimolecular dual incretin. For simplicity, we 

refer to the reactants as LAz or IAz for GLP1-ELP-Az and GIP1-30-ELP-Az respectively 

and L-DBCO or I-DBCO for GLP1-ELP-Az-DBCOxl and GIP1-30-ELP-Az-DBCOxl, 

respectively. Although the reaction required optimization, we did see a band appearing 

with time that corresponds to the product at double the molecular weight of the 

reactants ( 

Figure 74). 
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Figure 74: Reactants (LAz, IAz, L-DBCOxl, and I-DBCOxl) were mixed to create 

unimolecular dual incretin products (1: GLP1/GLP1-ELP, 2: GLP1/GIP1-30-ELP, 3: GIP1-

30/GIP1-30-ELP, or 4: GIP1-30-GLP1-ELP) after 5 min (left) or 24 h (right). The reactants are 

all approximately 38 kDa and the products are all approximately 76 kDa. Refer to 

Table 10 for exact molecular weights. 

The click reaction products were incubated with Cy3-DBCO or Cy5-Az and 

fluorescently imaged after SDS-PAGE. The purpose of this experiment was to determine 

whether excess Az or DBCO remained in the ~38 kDa, unreacted band. Fluorescent 

imaging of the gel (Figure 75) revealed that, in fact, both free Az and DBCO remained 

after the 24 h incubation. However, the fluorescent intensities for each molecule were 

lighter in the reactions where the opposite reactant was in excess. For example, the 

reaction run at an Az:DBCO ratio of 2:1 (lanes 3 and 6) shows a lighter band 

corresponding to free DBCO (lane 3) and a stronger band corresponding to free Az (lane 

6). These results indicate that, although the click reaction is proceeding and we are able 

to produce unimolecular dual incretins via this method, the reaction conditions require 

further optimization to improve yield.  
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Figure 75: Fluorescent imaging of the click reactions mixed with either Cy5-Az (lanes 

1-3) or Cy3-DBCO (lanes 4-6) show that both unreacted Az and DBCO remain after 

the 24 h incubation. However, the bands are lighter in the reactions where the other 

reactant was in 2-fold molar excess. 

8.9 Optimizing the click reaction 

To optimize the incretin-ELP click reactions, we adjusted the total concentration 

as well as the Az:DBCO molar ratios and monitored the reduction in 310 nm absorbance, 

which DBCO loses upon reacting. Using this, along with 280 nm absorbance, the 

extinction coefficients, and the correction factor for DBCO absorbance at 280 nm, we 

were able to back calculate the amount of reactants and products left after the overnight 

incubation.  

Click reactions were set up with Az:DBCO at 1:1, 1:3, or 3:1 at a total incretin-ELP 

concentration of either 25 μM or 100 μM. The 280 nm and 310 nm absorbance (Ab280 and 

kDa 
 

 

150 

100 
 

75 
 

 

 

 

 

 

 

 

50 
 

 

37 
 

 

 

 

 

 

 

 

 

 

kDa 
 

 

150 

100 
 

75 
 

 

 

 

 

 

 

 

50 
 

 

37 
 

 

 

 

 

 

 

 

 

 

 

    1      2      3      4      5       6               L 

 

    1      2      3      4      5       6               L 

Cy3-DBCO 

Fluorescence 

Cy5-Az 

Fluorescence 



 

 127

Ab310) were measured immediately after the DBCO-containing reactant was added. The 

reactions were left gently rocking at room temperature overnight and the Ab280 and Ab310 

were measured again in order to quantify the conversion. This experiment conclusively 

showed that the click reaction does not take place at low concentrations and that excess 

of one of the reactants is needed push the reaction to completion of the limiting reactant. 

The 1:1 reaction only showed approximately 57% conversion (Table 11). 

Table 11: Effects of concentration and Az to DBCO ratio on click reaction yield 

 

Next, we wanted to test the effect different molar ratios of Az:DBCO while 

keeping the total incretin-ELP fusion concentration above 100 μM. We found that the 

optimal ratio was 1:2 and that increasing the concentration above 100 μM did not seem 

to improve the percent conversion (Table 12). These conditions were used for all 

subsequent reactions. 

Table 12: Effects of the Az to DBCO molar ratio on click reaction yield 

 

Finally, to ensure that the optimal 1:2 molar ratio was not specific to the Az 

versus the DBCO group, we tried both 1:2 and 2:1 ratios while also altering which 
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incretin was attached to which reactive group (i.e. L-Az with I-DBCO as well as I-Az 

with L-DBCO). The results indicate that it is more efficient to have the Az in excess 

rather than the DBCO (Table 13), perhaps because the Az is a less bulky and less 

hydrophobic group. The results also indicate that the order of L-Az with I-DBCO rather 

than the inverse I-Az with L-DBCO achieved significantly better conversion. However, 

the reactants were synthesized at and stored for different times, so this difference could 

be attributed to other factors, such as the loss of activity in one of the reactive groups. 

The reactants do seem to lose reactivity with time, even when stored at -20 °C and the 

highest yields have been achieved with freshly synthesized reactants. 

Table 13: Effects of the reactant in excess and the incretin order on click reaction yield 

 

8.10 Purification of unimolecular dual agonists 

Having optimized the click reaction conditions, we next set up reactions to 

produce the unimolecular dual agonist and homobivalent controls (GLP1/GLP1-ELP 

and GIP1-30/GIP1-30-ELP) for testing. A summary of these reactions is shown in Table 14 

and the monitored Ab310, which decreases as the reaction proceeds, is shown for each 

reaction in Figure 76. 
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Table 14: Click reaction set up for producing the unimolecular dual agonist and 

homobivalent controls 

 

 

Figure 76: The Ab310, corresponding to DBCO concentration, decreases as the click 

reaction proceeds in each of the four reactions. 

SDS-PAGE of the reactants and reaction mixtures shows the appearance of 

dimers even after just 5 min of incubation with a more pronounced band becoming 

visible after overnight incubation (Figure 77). Although a small band corresponding to 
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homodimer is visible in the DBCO-containing reactants (lanes 3 and 4), these bands are 

very faint and the reactant purity is >95% by gel densitometry. 

 

Figure 77: Purified reactants (1: L-Az, 2: I-Az, 3: L-DBCO, 4: I-DBCO) show bands only 

at ~38 kDa while the reaction mixtures show the appearance of dimers at ~ 76 kDa 

with band intensity increasing with incubation time (5: L-Az + L-DBCO, 6: L-Az + I-

DBCO, 7: I-Az + I-DBCO, 8: I-Az + L-DBCO, L: Precision Plus unstained BioRad 

ladder). 

Because the optimal reaction conditions require one reactant to be in excess, the 

reaction mixture is approximately equal parts product and excess reactant. We tried 

several methods in an attempt to purify the product from this excess reactant. The 

methods tested include Amicon Ultra filtration, size exclusion chromatography (SEC), 

chemically reactive magnetic beads, and ITC.  

8.10.1 Purification by ultrafiltration 

Because the product is double the size of the reactants, we were hopeful that they 

could be purified by ultrafiltration, which uses a semipermeable membrane with a MW 

cutoff that only permits molecules below that MW to pass through when a driving force, 
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such a centrifugal force, is applied. We tried both Amicon Ultra-30k and Ultra-50k 

benchtop scale devices, with MW cutoffs of 30 kDa and 50 kDa, respectively. In theory, 

neither the reactants nor the product should flow through the 30k membrane and only 

the reactant should flow through the 50k membrane, leaving the concentrated product 

in the retentate. However, we wanted to try both cutoffs because ELPs do not behave 

like normal folded, globular proteins. To avoid wasting precious product, we tested an 

equimolar mixture of GLP1-ELP80 and GLP1-ELP160 in PBS. Surprisingly, neither 

filtration device worked. Product and reactant were both seen in the flow through and 

no product enrichment was observed in the retentate (Figure 78).  

 

Figure 78: Filtration-based purification of an equimolar mixture of GLP1-ELP80 and 

GLP1-ELP160 (M) using an Amicon Ultra-30K and Ultra-50K filter unit.  Both the 37 

kDa and 76 kDa component are seen in the flow throughs (FT) and retentates (RET) 

indicating no apparent separation of enrichment of either component. L: Precision 

Plus unstained BioRad ladder. 
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8.10.2 Purification with SEC 

Because the ultrafiltration was unsuccessful, we also tried preparative SEC on an 

AKTA Purifier equipped with a photodiode detector set at 280 nm and a Superdex 75 

10/300 GL column (GE Healthcare). PBS was used as the mobile phase and the sample 

was run at 4 °C at a flow rate of 1.0 mg/mL.  

This column is able to resolve proteins ranging in MW from 3 to 70 kDa. Because 

the product MW is above 70 kDa, our hope was that the product would elute in the void 

fraction while the reactant, within the separation limits of the column, would not. 

Unfortunately, we saw no resolution between the 37 kDa reactants and the 76 kDa 

product (Figure 79) so we concluded that this was not a viable method for purifying the 

unimolecular dual incretin product. 

 

Figure 79: Various fractions from several SEC runs shows that no fraction adequately 

separates the 37 kDa 80-mer from the 76-kDa 160-mer GLP1-ELP fusion. 
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8.10.3 Purification by ITC 

Because the Tt of ELPs is dependent on their concentration and MW, we were 

hopeful that the 80-mer reactants could be separated from the 160-mer dual incretin 

product by ITC. To ensure that the components have distinct phase transitions, we 

quantified the Tt of the reactants (Figure 80). As is typical of ELPs, the smaller GLP1-ELP 

80-mer reactants have higher Tts than the 160-mer fusion. The DBCO-functionalized 

fusions also have a lower Tt than their Az-containing counterparts, likely because the 

molecule is more bulky and hydrophobic.  

 

Figure 80: Tt as a function of incretin-ELP fusion concentration shows that the DBCO-

functionalized constructs have a lower Tt and a steeper concentration dependence 

than the Az-containing fusions. The 80-mer reactants have a higher Tt than the GLP1-

ELP 160mer. 

In theory, since the reaction is pushed to completion with the Az component, 

there should be very little of the DBCO component. The Az reactant and product, at 

approximately equal concentrations, should have Tts that differ by approximately 15 °C. 
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As such, the reactions were diluted to 50 μM and heated to between 37 and 42 °C, and 

centrifuged. The supernatants were separated from the pellets and analyzed with SDS-

PAGE (Figure 81).  

 

Figure 81: Hot spin pellets (left) and supernatants (SN, right) of dual incretin click 

reactions (1: L-Az + L-DBCO, 2: L-Az + I-DBCO, 3: I-Az + I-DBCO, 4: I-Az + L-DBCO). 

The supernatant contains the reactants only while the pellet contains both reactant 

and product. 

DBCO-charged magnetic beads were also tested (Figure 82). While these showed 

little to no effect on enhancing product purity, they were only incubated with the 

reaction mixture for 2 h and its possible that extending the incubation time would 

improve the removal of incretin-ELP-Az reactant.  
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Figure 82: Reactions 1 (L-Az + L-DBCO, left) and 2 (L-Az + I-DBCO, right) pre- (lane 1) 

and post- (lane 2) incubation with magnetic beads, followed by ITC where the HS SN 

(lane 3) contains only reactant and the HS pellet (lane 4) contains product and 

remaining reactant. 

The pellets from ITC still contained both reactant and product. In contrast, the 

ITC supernatant contained only reactant, which suggests that this process could be 

repeated to continue removing reactant, particularly because, as reactant is removed 

with each successive round, its concentration will continue to go down which will cause 

its Tt to go up and be further separated from the product Tt. Figure 83 shows that the 

products can be purified to 80-95 % purity with multiple rounds of ITC. However, 

product is lost each time and the final yields were low compared to the amount of 

starting material that was used. 
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Figure 83: Reaction products 1-3 (GLP1/GIP-ELP, GLP1/GLP1-ELP, GIP1-30/GIP1-30-

ELP), were purified to >80% purity by several rounds of ITC. 

The products shown in Figure 83 were analyzed by MALDI-TOF-MS. Two m/z 

+1 peaks and one m/z +2 peak were seen in each sample and some samples even had an 

m/z +3 peak as well. These peaks corresponded well to the theoretical MWs for the 

remaining incretin-ELP-Az reactant as well as the desired dual incretin product. The 

detected peaks summarized in Table 15 correspond to the theoretical weights, accurate 

to within 1.5% or less. Analysis of the major GLP1/GIP-ELP band, digested with trypsin 

and run on LC-MS/MS, identified peptides corresponding to both the GLP-1 and GIP 

peptides. This work was performed at Duke’s Proteomics and Metabolomics Core 

Facility. 
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Table 15: MALDI-TOF-MS of unimolecular dual incretin products. 

 

8.10 Unimolecular dual agonists are active 

Very preliminary pilot studies in vitro show that the dual incretins, like their 

single fusion parent constructs, are active against the GLP-1R and the GIPR. To measure 

their activity, we used two HEK cell lines stably transfected with either the human GLP-

1R or the rat GIPR (a generous gift of Dr. Timothy Kieffer at the University of British 

Columbia). These cells have also been transfected with a luciferase reporter vector, 

pHTS-CRE (Biomyx, Inc) that facilitates high throughput screening of agonists. The gene 

fur luciferase is coupled to the cAMP reporter element (CRE) such that, upon 

stimulation of the incretin GPCR, the production of cAMP stimulates CRE and, 

consequently, the production of luciferase. When luciferin is added to the stimulated 

cells, it undergoes a luciferase-catalyzed oxidation that excites the molecule and emits 

luminescence that can be easily quantified. 

These cells were seeded at 50,000 cells per well in white, clear bottom 96-well 

plates and cultured overnight. Dual incretins (GLP1/GLP1-ELP, GIP1-30/GIP1-30-ELP, and 

GLP1/GIP1-30-ELP) were also incubated overnight with DPP-IV to expose their active N-

termini. Log-range serial dilutions were made in KRBB. The media was removed and 
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the cells were washed in KRBB and then incubated with the dual incretins for 5 h. 

BrightGlo Luciferase Assay reagent was then added to the cells and the luminescence 

was quantified. Results indicate that all three dual incretins – homodimers and 

heterodimer – were able to activate both GLP1R and GIPR expressing cells (Figure 84). 

Not unexpectedly, the homodimers had lower EC50 values than the heterodimer, likely 

due to the increased avidity conferred by their bivalency and their EC50 values may be 

even lower than native peptide controls, based on values reported in literature. This 

assay will be repeated in the near future to include native peptide controls for 

comparison. It remains to be seen whether the heterodimer will have enhanced efficacy 

due to avidity effects or signal bias effects when tested in a cell expressing both 

receptors.  

 

Figure 84: Activity of GLP1/GLP1-ELP (blue) and GLP1/GIP1-30-ELP (purple) was 

measured in HEK-GLP1R-Luc cells (left). The activity of GIP1-30/GIP1-30-ELP (red) and 

GLP1/GIP1-30-ELP (purple) was measured in HEK-GIPR-Luc cells. Note that the x-axis 

is given as concentration of the assayed incretin rather than the fusion molecule. 
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8.12 Conclusions and future directions 

We have shown two methods for synthesizing unimolecular dual incretins – 

ncAA incorporation of pAzF and installation of a GGG-Az with SrtA-catalyzed NPL. 

These azide-modified fusions were then modified with a DBCO homobifunctional 

crosslinker and clicked to an incretin-ELP-Az. While ncAA incorporation was less 

successful due to low yield as a result of misincorporations and truncation products, this 

method warrants further exploration in the future because of its greater potential. Unlike 

NPL, which can only install a chemically reactive group at a polypeptide’s termini, 

ncAA enables installation of a pAzF group anywhere within the polypeptide, which 

provides much more flexibility in tuning the architecture and stoichiometry of the 

unimolecular dual agonist. 

For pilot studies, the NPL strategy is simpler and more feasible. However, this 

strategy is not without limitations as well. Purification of the product from excess 

reactant has proven difficult. While the attachment of two equally sized fusions was 

appealing for its cloning simplicity and symmetry, work is currently under way to 

synthesize slightly altered reactants that will facilitate purification. Instead of two 80-

mer components, the DBCO-charged fusion will be on a 120-mer ELP and the Az-

charged fusion will be on a 40-mer ELP. The product, formed by joining a 120-mer with 

a 40-mer, will still yield the same final 160-mer product. However, the reaction, pushed 

to completion with excess incretin-ELP-Az (40-mer) will be one-fourth the size of the 
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product and should be separable by SEC. Furthermore, its smaller size means its Tt 

should be even further separated from the product’s. Finally, having different sized 

reactants and products will make it easier to identify side products and contaminants.  

Once this synthesis strategy is fully tuned, we expect to be able to produce dual 

incretins with ease and high yield. Our future studies will focus on characterizing these 

dual incretins and determining whether the covalent attachment of two peptides (1) 

lowers the EC50 and/or (2) has a synergistic effect in vitro and in vivo. We will study these 

constructs using several in vitro and in vivo models: (1) INS-1 (832/3) cells which express 

the GLP-1R and GIPR; (2) pancreatic islet perifusion assays; (3) diabetic mouse models 

such as ob/ob and db/db mice; and (4) knockout mouse models (GLP-1R KO and GIPR 

KO). More distant future directions include mechanistic studies that will quantify 

second messenger concentrations and investigate changes to downstream signaling or 

signal bias. 

A potential pitfall of this system is that the GLP1/GIP-ELP dual incretin will have 

reduced efficacy because of negative cooperativity or allosteric modulation as a result of 

receptor heterodimerization. Although there is some evidence of an attenuated GLP-1 

response due to receptor heterodimerization[126], there is also evidence that stimulation 

with both GLP-1 and GIP restores the ligand’s activity[127]. This is one reason for 

attaching GLP-1 and GIP with different display architecture —tuning the length of the 

flexible ELP linker could optimize the co-agonism effect. Future efforts will also examine 
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any increased potency of homodimers (GLP1/GLP1-ELP and GIP/GIP-ELP) as well as 

their ability to promote receptor homodimerization [128].  

Finally, the true beauty of this system lies in its modularity; because the 

technology is so versatile, we could easily select different peptide pairs for drug 

development, such as glucagon, gastrin, cholecystokinin, or leptin, which have also been 

shown to have additive effects in combination with GLP-1[129]. We could also attach 

combinations of antagonists and agonists of glucagon and incretin receptors as a tool for 

probing basic biological questions. This technology also transcends the narrow focus of 

diabetes applications and could also be employed to improve the efficacy of therapies 

used in a number of other disease states, particularly those, like cancer, that could 

benefit from targeting multiple pathways in the same cell. 
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9. Post-translational modification of ELPs 

9.1 Expanding the sequence space of polypeptides 

The majority of the research presented thus far has been largely bioinspired – 

GLP-1 is a peptide that natively enhances insulin release, ELPs are derived from 

tropoelastin, and the unimolecular dual incretin is synthesized using an enzyme and 

substrate from a pilin decorated bacteria. This drug development largely involved 

manipulating the polypeptide’s amino acid sequences by altering the cDNA sequence. 

While polypeptides are able to offer monodispersity and exquisite, precisely defined 

sequences, they are limited to the twenty canonical amino acid building blocks and lack 

the chemical and architectural diversity of synthetic polymers (Figure 85). 

 

Figure 85: Comparison between sequence-specific protein polymers and synthetic 

polymers. The monomer sequence and length is identical across all chains for a given 
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protein (monodispersity), while the building blocks of synthetic polymers are usually 

distributed with far less control in every chain.  On the other hand, biopolymers have 

a limited set of building blocks and are limited to a linear architecture compared to 

their more diverse synthetic analogues. 

We thus wanted to take another cue from biology. Nature has evolved numerous 

strategies to diversify the proteome through post-translational modifications (PTMs), a 

large and diverse class of chemical transformations carried out on proteins within cells 

after their expression.[130, 131] PTMs play an important role in modifying the function 

and localization of polypeptides in the cellular environment, as well as the material 

properties of structural proteins and matrices.[132, 133] PTMs include, but are not 

limited to, lipidation, glycosylation, acylation, phosphorylation, ubiquitination, 

nitrosylation, and methylation (Figure 86).[134] There are certain conceptual similarities 

between PTMs and enzymatic modifications of protein polymers (such as NPL by SrtA) 

in that specialized enzymes also carry out many PTMs.  

Bioinspired alteration of polypeptides using PTMs can yield novel hybrid 

materials by covalently attaching a wide range of molecules. However, these PTMs have 

been largely unexplored in recombinantly produced polypeptides because the simplest 

and most well established recombinant expression protocols utilize prokaryotes, which 

lack most PTM machinery more evolved expression systems can be expensive and 

challenging to working with. As a result, in recent years, researchers have made a 

number of attempts to reconstitute analogues of the post-translational enzymatic 
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machinery in E. coli to create recombinant, post-translationally modified versions of 

naturally occurring proteins [103].  

 

 

Figure 86: Some of the approaches to expanding the chemical repertoire of protein 

polymers. It is possible to use the reactive side chains in canonical amino acids or 

incorporate ncAAs. Nature has significantly expanded the diversity of proteomes by 

PTMs of proteins using specialized enzymes. There are many types of PTMs, which 

present different opportunities to diversify recombinant polypeptides. 

Unfortunately, many PTMs require a number enzymes working in synchrony, 

and this can require extensive metabolic engineering approaches to encode and optimize 

the function of a sequence of enzymes that work together to synthesize the substrate and 

perform the PTM [106]. Remarkably, complex PTMs, such as N-linked glycosylation of 
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asparagines, have been achieved in E. coli by transferring a gene cluster from the 

bacterium C. jejuni that encodes for multiple enzymes responsible for this PTM [107]. 

Importing the PTM machinery from eukaryotes, where the majority of PTMs are seen, to 

E. coli is a promising approach to create novel protein-based materials with high 

precision and scalability. A recent report demonstrated that it is possible to incorporate 

D-alanines into ribosomally synthesized peptides through a reconstituted PTM 

pathway, demonstrating that the tacticity of the protein polymer backbone can also be 

modified with high precision [108]. As the field progresses, we foresee that PTMs will be 

repurposed to create de novo protein polymers that have no biological analogues. 

9.2 Myristoylation  

One example of a PTM requiring just a single enzyme is recombinant N-terminal 

lipidation with myristic acid. Myristoylation of proteins in bacteria has been successfully 

accomplished by introducing a bicistronic plasmid that harbors both the eukaryotic 

enzyme, N-myristoyl transferase (NMT), and a short recognition sequence fused with a 

polypeptide of interest [104]. NMT catalyzes the reaction between the N-terminal amine 

group of a Gly in the recognition motif and the activated thioester of the myristoyl-

CoA.[135]. Recombinant expression in media supplemented with exogenous myristic 

acid achieves efficient PTM in E. coli and, because the enzyme tolerates non-native 

substrates, this PTM has also been used to functionalize proteins with reactive myristic 

acid derivatives{Kulkarni, 2015 #1050}. 
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9.3 Myristoylation of ELP 

Successful myristoylation of ELPs requires three components: 1) the NMT 

enzyme; 2) a peptide sequence fused to the ELP’s N-terminus that serves as the substrate 

for enzymatic modification; and 3) exogenous myristic acid added to the culture 

medium (Figure 87). We chose the S. cerevisiae NMT as the enzyme and an 11-amino acid 

recognition peptide from the natively myristoylated yeast protein, Arf2, as the peptide 

substrate based on previous studies that used the same sequences to myristoylate 

proteins for structure-function studies.[136-139] More recently, this strategy was 

expanded to chemoenzymatically modify heterologous proteins using unnatural NMT 

substrates.[140] However, this strategy has not been used to create recombinant peptide-

based biomaterials that are capable of self-assembly and that have biotechnological 

utility.  

 

Figure 87: A bicistronic vector transformed into E. coli is used to co-express two genes, 

(1) yeast NMT and (2) a recognition sequence fused to an ELP. 

The 11-amino acid Arf2 recognition sequence, GLYASKLFSNL, was fused at the 

gene level to an ELP’s N-terminus. For these initial proof-of-concept studies, we selected 

E. coli 
RBS NMT RBS rs  ELP 
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a hydrophilic ELP, comprised of 120 repeats of VPGXG where X is 90% alanine and 10% 

valine (ELP90A,120). The recognition sequence-ELP fusion was co-expressed with yeast 

NMT using a bicistronic expression vector (pETDuet-1) in BL21(DE3) cells and myristic 

acid was added to the culture 10 min prior to induction of protein expression with IPTG. 

As a negative control, we expressed ELP90A,120 from the pETDuet-1 plasmid without the 

NMT gene, and cultured the E. coli with supplemental myristic acid.  

9.3.1 Methods 

9.3.1.1 Construction of the dual expression vector 

The pETDuet-1 vector was modified with the gene for yeast NMT in multiple 

cloning site 1 (MCS 1) and the GLYASKLFSNL recognition motif in multiple cloning site 

2 (MCS 2), which was designed to be compatible with PRe-RDL so that any ELP could 

be seamlessly cloned by cutting the vector with BseRI and the ELP plasmid with BseRI 

and AcuI. For more detailed information on gene construction and amino acid 

sequences, see Appendix C. 

9.3.1.2 Recombinant expression 

The pETDuet-1 vector harboring the NMTp1 enzyme in MCS 1 and an elastin-

like polypeptide (ELP) fused to an N-terminal recognition sequence in MCS 2 was 

transformed into Ultra BL21 (DE3) competent E. coli cells. These cells were grown in 

2xYT at 37 °C for approximately 6 h. The temperature was then reduced to 28 °C and 1 

mL of exogenous myristic acid (100 mM in DMSO) was added to each 1 L culture. After 
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15 minutes, expression of the myristoylated polypeptide by T7 RNA polymerase was 

induced by the addition of 500 μL of 1 M IPTG.  

Control samples were prepared by following a similar protocol with modified 

plasmids. To prove that the NMT is necessary for lipidation, we removed the NMT gene 

from the plasmid. For details on protein purification, see section 4.2.3. 

9.3.1.3 HPLC 

Analytical reverse phase HPLC (RP-HPLC) was performed on a Shimadzu 

instrument using a Phenomenex Jupiter® 5 μm C18 300 Å, LC Column 250 × 4.6 mm, 

solvent A: H2O + 0.1% TFA, solvent B: acetonitrile + 0.1% TFA). A sample of the protein 

(50 μL, 30-100 μM) was injected into the HPLC system using the conditions outlined in 

Table 16. The absorbance at wavelengths between 190 and 800 nm was monitored using 

a photo-diode array detector. Representative chromatograms are shown for 230 nm. 

Small peaks visible before 5 min correspond to system peaks arising from differences 

between the sample buffer and the mobile phase. Fluorescence at 580 nm was also 

monitored for runs involving DOX.  
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Table 16: Gradient program used for analytical HPLC of each construct. 

 

The same gradient program was used for preparative RP-HPLC, which was 

performed on a Waters 600 HPLC system (Phenomenex Jupiter® 10 μm C18 300 Å, LC 

Column 250 × 21.2 mm, solvent A: H2O + 0.1% TFA, solvent B: acetonitrile + 0.1% TFA). 

A sample of the protein (0.5 mL, 5 mg/mL) was injected into the HPLC and assessed 

using the conditions outline in Table 17. The Fractions corresponding to each peak were 

collected and analyzed by MALDI-TOF-MS using an Applied Biosystems Voyager-DE™ 

PRO instrument. 

Table 17: Gradient program used for preparative HPLC analysis of each construct. 

 

 
Time (min) Solvent B (%) 

M-ELP90A,120 

M-ELP90A,80 

M-ELP100V,40 

0 30% 

3 30% 

25 90% 

M-ELP90A,40 

 

0 10% 

3 10% 

25 90% 

 

 
Time (min) Solvent B (%) 

M-ELP90A,120 

M-ELP90A,80 

M-ELP100V,40 

0 30% 

5 30% 

25 90% 

M-ELP90A,40 

 

0 10% 

5 10% 

25 90% 

 



 

 150

Size exclusion chromatography on an LC10 Shimadzu intrument was used to 

separate the M-ELP carriers from free drug. Samples (80 μL, 20-300 μM) were loaded 

onto a Shodex OHPak KB-804 column and eluted in a mobile phase comprised of 30% 

CH3CN and 70% PBS.  

9.3.1.4 MALDI-TOF-MS 

Samples for MALDI-TOF-MS analysis were prepared by mixing 10 μL of each 

HPLC fraction with 10 μL of sinapinic acid (SA) matrix (a saturated solution was 

prepared by suspending 10 mg of SA in 700 μL H2O + 0.1% TFA and 300 µL acetonitrile 

+ 0.1% TFA). Afterward, 1.5 μL of this mixture was deposited onto a sample plate and 

dried in air at room temperature. All spectra with an acceptable signal-to-noise (S/N) 

ratio (>10) were calibrated against an aldolase standard (Sigma Aldrich, Mw = 

39,211.28 Da). The following instrument parameters were optimized empirically to 

maximize the S/N ratio: accelerating voltage = 25 kv; grid voltage = 90%; guide wire = 

0.15%; extraction delay time = 750 ns; acquisition range: 10,000-60,000 Da; low mass gate 

= 5000 Da; number of laser shots = 75/spectrum; laser intensity = 3000; bin size = 4 ns.  

We used α-cyano-4-hydroxycinnamic acid as a matrix for analysis of the N-

terminal peptide fragments. All spectra were calibrated against adrenocorticotropic 

hormone fragment 18-39 (Sigma Aldrich, Mw = 2,464.1989). The following instrument 

parameters were optimized empirically to maximize the S/N ratio: accelerating voltage = 

20 kV; grid voltage = 73.5%; guide wire = 0.005%; extraction delay time = 90 ns; 
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acquisition range: 500-400 Da; low mass gate = 500 Da; number of laser shots = 

40/spectrum; laser intensity = 2000; bin size = 0.5 ns. Where necessary, the spectra’s 

baselines were corrected and noise removal and Gaussian smoothing were applied.  

9.3.1.5 Quantification of yield 

2 L of cells expressing both NMT and ELPA,120 were cultured and purified as 

previously described. After 2 rounds of bakeout and 2 rounds of ITC, the product was 

dialyzed into water and lyophilized. The total lyophilized protein was weighed and 1 

mg was resuspended in 50 μL, injected, and analyzed by RP-HPLC.  

 

Figure 88: M-ELP90A,120 purified by ITC was run on HPLC, where UM indicates 

unmyristoylated and M indicates myristoylated ELP. Integrated peak areas were used 

to quantify total myristoylated product yield. 

The area of the peak eluting at 16 min in RP-HPLC (Figure 88) was calculated as 

a fraction of total integrated peaks (threshold of 10% above corrected baseline), whose 

areas were quantified using the trapezoidal rule. Multiplying the value obtained from 
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this calculation (74.5%) by the total protein purified from 2L of cells (106.4 mg), we 

approximate that our yield of M-ELP90A,120 is approximately 40.4 mg per 1 L of culture. 

9.3.1.6 UV-visible spectroscopy 

For information on phase behavior characterization, please refer to section 4.2.4 

A turbidity profile for each sample was measured in PBS at concentrations between 12.5 

and 250 μM. For the non-myristoylated control sample, ELP90A,40, the transition 

temperatures at these concentrations were well above 80 °C. Consequently, their OD350 

values were monitored in 1 M NaCl, which served to reduce the Tt into a temperature 

range that was experimentally accessible. 

9.3.1.7 Light scattering 

Details on dynamic light scattering can be found in section 4.2.5. For static light 

scattering (SLS), studies were carried out to quantify the Rg, Rh, and Nagg of 

myristoylated ELPs in aqueous solution. Samples were prepared in PBS at a 

concentration of 1 mg/mL and filtered through a 0.22 μm polyvinylidene fluoride 

membrane (Durapore) directly into a 10 mm, disposable borosilicate glass tube (Fisher 

Scientific). Experiments were performed using an ALV/CGS-3 goniometer system 

(Germany). Measurements were obtained at 25 °C for angles between 30 and 150 °C and 

made at 5 °C increments with 3 runs of 10 s. Nagg results were analyzed by partial Zimm 

plot analysis using ALV/Dynamic and Static FIT and PLOT software. 
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9.3.2 ELPs Are myristoylated recombinantly at high yield 

After expression, myristoylated ELP (M-ELP90A,120) and control (ELP90A,120) were 

purified using inverse transition cycling (ITC).[42] SDS-PAGE shows that the constructs 

could be efficiently purified with only a few rounds of ITC (Figure 89).  

 

Figure 89: SDS-PAGE of HPLC-purified ELP and M-ELP. M-ELP90A,120 and its control 

grown without NMT (ELP90A,120) were purified by ITC and loaded for SDS-PAGE at 

low (a) and high (b) concentration: L: BioRad Kaleidoscope ladder, 1: cell lysate, 2: PEI 

supernatant, 3: ITC 1, 4: ITC 2, 5: ITC 3. 

We performed reversed-phase high-performance liquid chromatography (RP-

HPLC) using a hydrophobic C18 stationary phase to further demonstrate the high 

degree of purity achieved with ITC and the extent of myristoylation. Addition of a 

hydrophobic myristoyl group is expected to increase the retention time of post-

translationally modified ELPs. Co-expression of the target polypeptide with NMT is 

necessary for lipidation, as seen by the increase in the retention time of M-ELP90A,120 to 

17.6 min compared to the negative control (ELP90A,120) grown in the absence of NMT that 

1 2 3 4 L 

-M-ELP90A,120- ----ELP90A,120---- 

1 2 3 4 

-M-ELP90A,120- ----ELP90A,120---- 

1 2 3 4 5 L 1 2 3 4 5 

a b
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has a retention time of 12.3 min (Figure 89). Quantification of purified product shows 

that M-ELP90A,120 can be made at high yield (>35 mg/L of shaker flask culture, see section 

9.1.3.5, Figure 88). 

 

Figure 90: A shift in RP-HPLC elution time between ELP90A,120 grown with and without 

NMT shows that the enzyme is necessary for myristoylation. 

Successful myristoylation was further verified by matrix-assisted laser 

desorption ionization–time of flight–mass spectrometry (MALDI-TOF-MS). 

Experimentally observed mass-to-charge (m/z) ratios for both constructs (Figure 91a) 

were in excellent agreement with the theoretical molecular weights (Table 19). MALDI-

MS performed after digestion with trypsin confirmed myristoylation of the N-terminal 

glycine, as seen by a 210 Da shift between M-ELP90A,120 (849.8 Da) and ELP90A,120 (639.3 
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Da), which corresponds to the mass added from covalent addition of a myristoyl group 

(Figure 91b).  

 

Figure 91: MALDI-TOF-MS shows different experimental molecular weights for 

modified versus unmodified ELP90A,120 (a), which is further supported by the 210 Da 

difference in the m/z of their N-terminal fragments after tryptic digestion (b), which 

corresponds to the MW of the myristoyl group. 

9.3.3 Characterization of Myr-ELP  

We next used UV-vis spectrophotometry to evaluate whether the lipid-ELP 

hybrid retained the LCST behavior of its parent ELP. The absorbance at 350 nm was 

monitored as the solution temperature was ramped up and then down at a rate of 1 

°C/min. The M-ELP90A,120, like its unmyristoylated controls, exhibited reversible 

temperature-triggered LCST phase transition, forming a polypeptide-dense coacervate 

upon heating that resolubilizes upon cooling (Figure 92).  
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Figure 92: Reversible phase behavior of M-ELP90A,120 (blue) and controls grown 

without NMT (black) and without a recognition sequence (red). Solid lines indicate 

heating and dashed lines indicate cooling. 

Lipidation of an ELP, however, changes the phase transition behavior in two 

ways: first, myristoylation suppresses the Tt by about ~20 °C (Figure 93a), which can be 

attributed to the covalent attachment of the myristic acid, which not only increases the 

polypeptide’s overall hydrophobicity, but also eliminates the N-terminal charge. Second, 

myristoylation reduces the inverse dependence on concentration; when the Tt is plotted 

versus ELP concentration on a semi-log scale, the slope is nearly flat for the 

myristoylated ELPs, whereas the same plot for the parent ELP shows a sharper inverse 

log dependence of its Tt on ELP concentration (Figure 93b). This lack of concentration 

dependence is typically a signature of ELP self-assembly.[141] We also showed that the 

addition of the recognition sequence has no appreciable impact on Tt in the absence of 

myristoylation (ELP90A,120 versus (-rs)-ELP90A,120, Figure 93a and b). 
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Figure 93: Myristoylation does not interfere with the ELP’s inverse transition phase 

behavior, but does suppress the Tt (a) and reduce its concentration dependence (b). 

To characterize the self-assembly of M-ELP90A,120 that is suggested by the 

turbidity measurements, we next performed light scattering on filtered samples in 

phosphate buffered saline (PBS) at 25 °C, which is well below the Tt of all constructs. 

DLS on ELP90A,120 and M-ELP90A,120 confirms that myristoylation drives self-assembly into 

nanoparticles as is obvious by the right shift in decay time of the autocorrelation data 

(Figure 94). The M-ELP90A,120 has a hydrodynamic radius (Rh) of ~22 nm while ELP90A,120 

has an Rh of only 6.2 nm (Figure 94b), a size that is consistent with soluble polymer 

chains in a Gaussian coil conformation.[79, 142] 
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Figure 94: The DLS autocorrelation function shows that there is a distinct shift 

towards later decay times when the ELP is myristoylated (a), confirming the 

hypothesis that myristoylation of the ELP creates enough amphiphilicity for self-

assembly. While the non-myristoylated control forms small unimers, M-ELP90A,120 

forms micelles with an Rh of 21.5 nm (b). 

9.4 Tuning the phase behavior and self-assembly of 
myristoylated ELPs 

9.4.1 Motivation 

Having confirmed that we can successfully create self-assembling lipid-ELP 

biomaterials using a one-pot, recombinant method, we next hypothesized that the length 

and hydrophilicity of the ELP could be used to control the morphology of the self-

assembled myristoylated constructs. We took advantage of our modular design, which 

allows the ELP domain to be modified independently of the recognition sequence, and 

created three more constructs to test this hypothesis. First, by keeping the composition 

constant, we systematically decreased the length of the ELP from 120 to 80 (M-ELP90A,80) 
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and 40 pentapeptide repeats (M-ELP90A,40). We also synthesized a more hydrophobic 

construct with 40 repeats of VPGXG where X is 100%valine (M-ELP100V,40) to explore the 

impact of ELP composition on myristoylation and subsequent self-assembly. This set of 

ELPs was expressed in the same manner as previously described. 

9.4.2 Methods 

9.4.2.1 Gene construction, recombinant expression, and characterization 

 See section 9.3.1 and Appendix C for details on gene construction and 

recombinant expression. 

9.4.2.2 Pyrene assay 

12 mM pyrene was prepared by dissolving it in ethanol and sonicating in a water 

bath until fully dissolved. 1.2 μL of this 12 mM pyrene was dissolved in 20 mL of PBS 

and sonicated again for 10 min. 1 mL of 100 μM M-ELP was prepared in this pyrene 

solution. 100 μL of the following serial dilutions were made: 100, 50, 25, 10, 5, 3, 1, 0.5, 

0.25, 0.1, 0.05, 0.01, and 0.001. The fluoresence of these samples,  along with a blank 

contaning only pyrene, were measured using a Cary Elipse spetrophotometer reduced 

volume cuvette and scanned with the following parameters: 334 nm excitation, 360-380 

nm emission.  

Pyrene fluorescence has four characteristic peaks. For each concentration, the I1/I3 

ratio was calculated by dividing intensity at 372 nm by that of the 383 nm. These ratios 

were plotted as a function of ELP concentration on a semi-tlog scale and two equations 
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were fit. The intersection of these lines was calculated to quantify the critical aggregation 

concentration (CAC) (Figure 95).  

 

Figure 95: Calculated peak 1 to peak 3 absorbance ratios for pyrene fluorescence are 

plotted against M-ELP concentrations, made in serial dilutions. Lines of fit are shown 

in solid lines and the calculated CAC is shown as a dashed, vertical line for M-

ELP90A,120 (a), M-ELP90A,80 (b), M-ELP90A,40 (c), M-ELP100V,40 (d). 
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9.4.2.3 Cryo-transmission electron microscopy 

Cryo-transmission electron microscopy (TEM) experiments were performed at 

Duke University’s Shared Materials Instrumentation Facility and at Thermo Fisher 

Scientific (Formerly FEI). Lacey holey carbon grids (Ted Pella, Redding, CA) were glow 

discharged in a PELCO EasiGlow Cleaning System (Ted Pella, Redding, CA). After 

filtering the samples, a 3 μL drop (1 mg/mL of each construct) at 25 °C (below the Tt for 

M-ELP constructs) was deposited onto the grid, blotted for 3 s with an offset of −3 mm, 

and vitrified in liquid ethane using the Vitrobot Mark III (FEI, Eindhoven, Netherlands). 

The sample chamber was maintained at 100% relative humidity to prevent sample 

evaporation. Grids were transferred to a Gatan 626 cryoholder (Gatan, Pleasanton, CA) 

and imaged with an FEI Tecnai G2 Twin TEM (FEI, Eindhoven, Netherlands), which was 

operated at 80 keV.  

9.4.3 Effect of the ELP on Tt 

The N-terminal myristoylation, size and purity of this new set of M-ELPs were 

confirmed with SDS-PAGE and MALD-MS. Characterization of their LCST phase 

behavior showed that their Tt’s spanned 28.8 to 60.4 ºC at ELP concentrations ranging 

from 12.5 to 500 μM. This data indicates that, even within this small set of ELPs, we are 

able to access a wide range of reversible phase behavior (Figure 96 and Figure 97). This 

wide temperature range could prove useful for various biomedical applications such as 
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the formation of a controlled release depot for systemic therapy,[18] intratumoral drug 

retention,[49] or as a scaffold for tissue regeneration.[45] 

 

Figure 96: By varying the length and composition of the ELP, M-ELPs can be 

synthesized that exhibit a phase transition spanning a 30 °C range. 

 

Figure 97: The absorbance at 350 nm was measured as 50 μM samples of M-ELP were 

ramped up and down, demonstrating their soluble to insoluble LCST phase transition 

upon heating (solid lines) and the reversibility of the LCST behavior upon cooling 

(dashed lines). 
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9.4.4 Effect of the ELP on self-assembly 

We next investigated the self-assembly of all four myristoylated constructs using a 

combination of spectroscopic techniques, dynamic and static light scattering, and 

electron microscopy to determine whether the ELP length or composition impacts the 

nature of self-assembly. The critical aggregation concentration for all constructs, 

quantified by a pyrene assay, is in the low micromolar range (2-6 μM) (Figure 95). After 

passing freshly reconstituted lyophilized sample through a 0.22 μm filter, we observed 

that the size of the self-assembled nanoparticles is inversely related to ELP length ( 

Figure 98); as the number of ELP repeats increased from 40 to 120, the Rh of the 

self-assembled M-ELP nanoparticles decreased from 81.9 ± 2.9 nm to 22.7 ± 0.6 nm. In 

contrast, all non-myristoylated controls were unimers in solution, as indicated by their 

Rh (Figure 99). 

 

Figure 98: The ELP affects the size and kinetic stability of the self-assembled particle 

as seen by the Rh as a function of time. 
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Figure 99: Results of DLS autocorrelation function presented as size distribution 

histograms from the regularization fit. Non-myristoylated samples are represented by 

the patterned bars and myristoylated samples are represented by solid filled bars. 

The 40-mers have a larger shape factor (ρ, defined as Rg/Rh) (Figure 100a) and a much 

larger aggregation number, Nagg, (defined as MWagg/MWunimer) (Figure 100b), indicating 

that they self-assemble into a non-spherical shape. The ELP’s composition, although a 

very important determinant of phase behavior, does not significantly impact self-

assembly, as M-ELP90A,40 and M-ELP100V,40 micelles have similar structural parameters as 

determined by DLS and SLS. Interestingly, the length of the ELP also affects the kinetics 

of self-assembly. The larger ELPs with 80 and 120 pentapeptide repeats maintained their 

Rh of ~25 nm, even when left for up to a month at room temperature ( 

Figure 98), evidence that these are thermodynamically stable assemblies. In 

contrast, the smaller 40-mer ELPs grow from an Rh of ~80 nm at the time of initial 

preparation to ~400 nm after one week, indicating that the morphology of these 

constructs evolves over time.  
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Figure 100: The ELP affects the size of the self-assembled particle as seen by the 

differences in shape factor (a) and aggregation number per particle (b). 

To visualize these self-assembled structures, we next performed cryo-

transmission electron microscopy (cryo-TEM). After resuspending lyophilized material 

in PBS and filtering the samples, cryo-TEM images show that the larger MW ELPs (M-

ELP90A,80 and M-ELP90A,120) form spherical micelles (Figure 101a and Figure 101c) while 

the 40-mer ELPs assemble into rod-like micelles (Figure 101b and Figure 101d). These 

morphologies are consistent with the DLS and SLS results.  
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Figure 101: Cryo-TEM of self-assembled myristoylated-ELPs confirms the different 

size and shape of nanoparticles inferred from light scattering: spheres for M-ELP90A,80 

and M-ELP90A,120 (a,c) and rods for M-ELP90A,40 and M-ELP100V,40 (b,d). 

9.5 Myristoylated ELPs for drug delivery 

9.5.1 Motivation 

Based on previous studies, we hypothesized that the lipid core of these micelles 

could be used as a carrier for hydrophobic small molecules. Drug delivery of 

hydrophobic small molecules, including dyes and chemotherapeutics, can be 

challenging due to their low aqueous solubility and rapid clearance. Nanoparticle and 
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liposomal formulations are a useful strategy for their delivery and for some applications, 

such as in anti-cancer treatment, can also improve their uptake at the target site by the 

well-studied enhanced permeability and retention effects.  

This passive, targeted delivery to solid tumors can minimize the occurrence of 

off-target side effects, thereby increasing the maximum tolerated drug dose and 

improving therapeutic efficacy. Targeted delivery to tumors is especially important for 

anti-cancer therapies because their cytotoxic effects are not exclusive to cancerous cells. 

The sheer fact that the lipid-ELPs form nanoparticles should be enough to improve 

targeting to the tumor by the EPR effect.{Maeda, 2000 #157} However, we also envision 

next generation versions of our nanoparticles to be decorated with an active targeting 

domain. By appending a peptide or protein to the C-terminus of the ELP, we should be 

able to easily modify the corona of our particles with any homing peptide that improves 

uptake at the target tissue.  

The beauty of this system for delivering hydrophobic small molecules is its 

simplicity. Rather than conjugation of the drug to ELPs, which is complex, expensive, 

and time consuming, the nanoparticles can simply be mixed with drug and left stirring 

in aqueous solution overnight (Figure 101a). The hydrophobic drugs will partition into 

the hydrophobic lipid cores and can be delivered to cancer cells with cytotoxic effects 

(Figure 101b). Free drug could be easily separated by dialysis or ultrafiltration and even 

recycled. 
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Figure 102: Schematic showing simple encapsulation procedure involving overnight 

stirring of nanoparticles with a hydrophobic small molecule (a). If this small molecule 

is a chemotherapueitc, like doxorubicin, it can then be used to deliver drug to and kill 

tumor cells (b). 

9.5.2 Methods 

9.5.2.1 Drug encapsulation  

Lyophilized samples were prepared to a concentration of 50 μM in PBS and 

forced through a 0.22 μm filter into a glass vial. Doxorubicin (DOX) was made to 1 

mg/mL in H2O and added drop-wise to each vial, under magnetic stirring at room 

temperature, to 10-fold molar excess. PTX was weighed and added directly to the vials 

to either 2- or 10-fold molar excess. We found that 2- and 10- fold excess of paclitaxel 

(PTX) encapsulated to similar efficiencies, as assessed with SEC-HPLC. 
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The vials were left stirring at room temperature, protected from light, for 16 h. 

For removal of free DOX, which is poorly soluble in PBS, the samples were centrifuged 

at 13,200 rpm for 10 min. The supernatants were then applied to Amicon Ultra-15 

centrifugal filter units with a 10 kDa cutoff. These were centrifuged for 30 minutes at 

4,000 x g in a centrifuge with swinging buckets. The flow through was removed and the 

retentate was re-diluted with PBS, making sure not to dilute to concentrations lower 

than 10 μM ELP (well above CAC values—Figure 95) to ensure the nanoparticles 

remained assembled. This process was repeated until the 480 nm absorbance of the flow 

through, corresponding to DOX, was below 0.02 and remained unchanged between two 

successive runs (Figure 103). 

 

 

Figure 103: Purification of free DOX from encapsulated DOX was performed using 

successive rounds of centrifugation through ultrafiltration centrifugal units with a 10 

kDa cutoff while monitoring DOX’s 480 nm absorbance. Successive flow through 

samples (bars 2-4). show a decline in DOX and the retentates show an accumulation of 
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concentrated DOX for M-ELPs (bars labeled 5), but none in the non-myristoylated 

control (ELP90A,120) (grey bar 5 ). 

Because their self-assembly takes longer to reach equilibrium, we also tested the loading 

of M-ELP 40-mer samples under two conditions: (1) encapsulating DOX immediately 

after filtering and (2) encapsulating DOX into 40-mers that had been left at room 

temperature to equilibrate for several weeks. The samples that had been left to 

equilibrate had superior loading to those that were freshly filtered, as evidenced by a 

higher concentration of DOX in the retentate (Figure 104, bars labeled 5). This was 

especially apparent for M-ELP90A,40, which required a greater length of time to reach a 

stable, self-assembled state. This difference was less pronounced for M-ELP100V,40, which 

reaches its larger self-assembled state by 24 h ( 

Figure 98). 

 

Figure 104: Purification of free DOX from encapsulated DOX was performed on M-

ELP 40-mers that were freshly filtered (solid bars) or equilibrated to their final shape 

for several weeks (checkered bars). The amount of DOX remaining in the retentate 
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(bars labeled 5) is greater in the equilibrated samples than the freshly filtered ones. 

This difference is more pronounced in the M-ELP90A,40 sample (red bars). 

 

 

Figure 105: Standard curve generated from the AUC of the free PTX peak on SEC. 

This curve was used to quantify the amount of encapsulated PTX in M-ELP samples. 

PTX encapsulated samples were spun at 13,200 rpm for 10 minutes. PTX is 

insoluble in PBS, thus, any unencapsulated drug will pellet upon centrifugation. After 

centrifugation, the supernatant (containing loaded drug) was removed and this step was 

repeated two more times. Because PTX lacks UV-vis signature or fluorescence, a 

standard curve was made using free PTX run on SEC with a mobile phase comprised of 

30% CH3CN in PBS (Figure 105).  

The loaded M-ELP90A,120 and M-ELP90A,80 micelles as well as ELP90A,120 control were also 

run under the same conditions ( 
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Figure 106). The micelles are disrupted in 30% CH3CN, which enabled us to 

isolate and quantify the amount of loaded PTX prior to performing in vitro cytotoxicity 

assays. 

 

Figure 106: SEC of encapsulation reactions and controls. After overnight PTX loading 

and centrifugation, M-ELP90A,120 (a) and M-ELP90A,80 (b) both show a peak at 24.5 min, 

corresponding to PTX (d), while non-myristoylated control (c) has no peak at 24.5 min. 

9.5.2.2 Calculating efficiency, loading, and number of drugs per particle 

Encapsulation Efficiency: 
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 �
��� ����� − �������� �!� 
����
�
��� ����� × 100 = �$�!����� 
����

�
��� ����� × 100
=  $%%&�&��'()*+,-./+012) (%) 

  

Example: 

461 67 ×  0.0002 �
1.72 6;� × 100 = 5.3% 
>? ������ �!&�� %%&�&��' 

Loading Capacity: 

7��� �% $�!����� 
���
7��� �% ����&� × 100 = ����&�� �����&!' (%) 

Example: 

431 67 
>? ×  580 6�/6;� 
374 67 (M-ELP) × 32,219 6�/6;� × 100 = 2.1% 
>?  ���&�� �����&!' &� M-ELP90A,80 

Drugs per Particle: 

�$�!����� 
����
�����&�� ÷ J+KK

=  
��� ;� �� � �� ���!&�  

Example: 

431 67 
>?
374 67 (M-$�LMNO,PN) ÷ 48  = 55 
>? �� M-ELP90A,80 ���!&�  

9.5.2.3 Doxorubicin in vitro cytotoxicity towards 4T1 cells 

4T1 cells were cultured in high glucose DMEM (Sigma D6429) with 10% fetal 

bovine serum (FBS) in T-75 cm2 flasks incubated at 37 °C, 5% CO2, and 95% relative 

humidity. Cells were passaged once they reached approximately 70% confluence at a 

1:15 split ratio. For the cytotoxicity assay, cells were plated in 96-well tissue-culture 

treated Corning Costar plates at 10,000 cells per well in 100 μL. Cells were incubated for 

24 h prior to performing the cytotoxicity assay. 
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Encapsulated DOX was first concentrated using Amicon centrifugal filter units to 

at least 300 μM. This concentrated solution was used to prepare a stock solution of 100 

μM DOX in cell culture media. The free DOX as well as encapsulated DOX were sterile 

filtered through 0.2 μm sodium acetate filters. The 40-mer M-ELP DOX encapsulations 

were not filtered, so as not to perturb their larger self-assembled structures. Eleven 

successive serial dilutions were made 1:3 in media. After the 24 h culture, media was 

removed from all wells using a multi-channel pipettor. 100 μL of the serial dilutions was 

added to the cells as well as 100 μL of media only. Each concentration was tested in 

triplicate. In addition, 100 μL of each drug dilution was added to an empty well (with no 

cells) as a control, to account for the absorbance of the drug. This same procedure was 

also done for empty M-ELPs, with no encapsulated drug. The treated 4T1 cells were 

incubated with the drug or empty carriers for 24 h.  

The cytotoxicity assay was performed with the CellTiter 96 Aqueous One cell 

proliferation assay, according to the manufacturer’s instructions. Briefly, the reagent was 

mixed 1:1 with media and 40 μL of this solution was added to each well, including the 

cell-free drug only wells. The plates were returned to the 37 °C incubator for 4 h, after 

which the absorbance was read at 490 and 650 nm using a Wallac Victor3 plate reader. 

The 650 nm absorbance was subtracted from each 490 nm reading as was the drug-only 

absorbance for each corresponding concentration in cell-free wells. These values were 
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plotted against the logarithm of drug concentration and a four-parameter logisitic curve 

was fit using GraphPad Prism 6.0, from which the IC50 value was calculated.  

9.5.2.4 Paclitaxel in vitro cytotoxicity towards PC3-luc cells 

Encapsulated PTX was concentrated using Amicon centrifugal filter units to at 

least 100 μM. Because of our finding that DOX encapsulated in rod-shaped micelles was 

less cytotoxic than that in spherical micelles, studies with PTX were only carried out 

with the M-ELP90A,120 and M-ELP90A,80 samples.  Encapsulated and free PTX were made to 

10 μM in media and sterile filtered through a 0.2 μm sodium acetate filter. Eleven 

successive serial dilutions were made 1:3 in media.  

PC3-luc cells were cultured in F-12K media supplemented with 10% FBS in 75 

cm2 flasks and incubated at 37 °C, 5% CO2, and 95% relative humidity. Cells were 

passaged once they reached confluence by splitting at a 1:5 ratio with fresh media. Cells 

were passaged at least once prior to conducting the cytotoxicity assay. For the assay, 

cells were plated in 96-well tissue-culture treated plates at 1,500 cells per well in 100 μL 

of media and incubated for 24 h. After 24 h the media was removed and replaced with 

100 μL of media containing PTX. The drug dilutions were performed in triplicate and 

one of each dilution was also added to cell-free wells as a control for the drug’s 

absorbance. This same procedure was done for empty M-ELP90A,120 and M-ELP90A,80, with 

no encapsulated drug. The plates were incubated with the drug or empty carriers for 72 
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h. The cytotoxicity assays and data analysis were performed in the same manner as 

described for the 4T1 cells.  

 

9.5.2.4 In vitro imaging 

200 μL of 4T1 cells at 200,000 cells/mL were seeded onto 8-well Lab-Tek II 

chamber slides (Nunc®) at 24 h and 48 h prior to imaging. At pre-selected time points 

(12 h, 6 h, 3 h, 1 h, and 30 min) cells were treated with either free DOX or DOX 

encapsulated in M-ELP90A,80 particles at the IC75 concentration (as calculated from the 

cytotoxicity study in section 9.5.2.3). The study was designed so that all the time points’ 

incubations would finish at the same time, at which point the cells were washed twice 

with 300 μL Hanks Balanced Salt Solution (HBSS) and then incubated for 10 min at 37 °C 

in HBSS with 5 μg/mL Alexa-594 labeled wheat germ agglutinin and 2 μM Hoechst 

33342. This labeling solution was then removed, cells were washed with 300 μL HBSS 

twice more, and the cells were maintained in 300 μL fresh HBSS during imaging.  

Each chamber (containing a different time point for either free or encapsulated 

DOX), was imaged on a Zeiss 710 inverted confocal microscope with heated stage. Preset 

laser and filter conditions were selected for the dyes (DOX, Hoechst 33342, and Alexa-

594). Images were taken using the 40x/1.30 Oil EC Plan Neofluar DIC or the 100x/1.4 oil 

Plan-Apochromat DIC objectives. Images were processed with ImageJ software. 
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9.5.2.5 In vitro release 

To measure the encapsulated drug’s stability, we selected the encapsulated DOX 

M-ELP90A,80 sample as a model system. We tested the stability of encapsulated DOX 

because our lab has extensive experience working with the drug and because its 

fluorescence makes it easier to detect and quantify, making it an ideal model drug. Free 

DOX and encapsulated DOX were both made to 400 μM and 250 μL was added with a 

syringe to small volume Slide-a-Lyzer dialysis cassettes with a 3,500 Da molecular 

weight cutoff. With this cutoff, any leached or released drug should be able to pass 

through the membrane, while all encapsulated DOX, entrapped in the much larger 

nanoparticles, should remain in the retentate.  

The dialysis cassettes were placed into light protected Petri dishes containing 20 

mL of PBS and incubated at 37 °C. At various time points, 3 mL of the filtrate was 

removed and replaced with fresh PBS. The fluorescence of the starting material, filtrate, 

and retentate was measured using a Wallac 1420 Victor 3 Plate Reader. The cumulative 

DOX released was then calculated and plotted as a function of dialysis time. 

9.5.2.6 In vivo pharmacokinetics 

To determine the in vivo consequence of encapsulation and, more specifically, to 

determine if encapsulation of a drug in our M-ELP system alters its pharmacokinetics, 

we injected BALB/C mice (Charles River Laboratories) IV via the tail vein with 5 mg/kg 

free DOX or encapsulated DOX (in M-ELP90A,80). Free DOX and encapsulated DOX were 
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prepared at 862 μM so that each mouse would be injected with a volume equal to 10x 

the body weight in g. At pre-determined time points (45 s, 10 m, 45 m, 1.5 h, 3 h, 6 h, 9 h, 

12 h, and 22.5 h), 10 μL of blood was collected into 90 μL of 1000 U/mL heparin in PBS 

and kept on ice. Blood was centrifued at 5,000 xg for 10 min at 4 °C. The plasma was 

then transferred to new tubes and stored at -80 °C.  

After all blood collections were completed, the plasma was thawed and 30 μL 

was added to a tube containing 270 μL acidified isopropanol (75 mM HCl, 10% ddH2O, 

90% isopropanol). Standards were also prepared in acidified isopropanol to range from 

10 μM down to 0.1 nM using twelve, 3-fold serial dilutions. The standards and samples 

were then incubated overnight at 4 °C. This step served to ensure full release of all 

encapsulated DOX. After overnight incubation, the samples and standards were spun 

for 5 min at 5,000 xg and 4 °C. Transfering the supernatants, duplicates of 125 μL were 

pipetted into a black, clear bottom 96-well plate. DOX fluorescence was quantified by 

reading the plate on a Wallac 1420 Victor3 Plate Reader (Perkin Elmer). Standard curves 

for free DOX and encapsulated DOX were very similar and were used to quantify the 

concentration of DOX in the blood at each time point.  

The half-life for free and encapsulated DOX was calculated by fitting a one-phase 

exponential decay equation to data points in the elimination phase (t = 10 min to 6 h) 

using Prism 7 software. The treatment groups received identical amounts of free DOX as 

encapsulated DOX, meaning the circulating concentration at t=0 should be the same. 
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Using an approximation of mouse blood volume of 72 mL per kg[143], we estimated the 

DOX concentration at t = 0 to be 105.1 μM in every mouse. By normalizing the 

circulating DOX concentration at t = 45 s – which is in the distribution phase of the 

pharmacokinetic profile – to the estimated t=0 value, we can quantify the fold-decrease 

in DOX at 45 s post-injection and garner a sense of the drug’s distribution throughout 

the body. 

9.5.2 Encapsulated drugs do not significantly alter the lipid-ELP 
nanoparticles  

Because of their stability, we first selected M-ELP90A,120 and M-ELP90A,80 to 

encapsulate two hydrophobic anti-cancer chemotherapeutics, DOX and PTX. M-ELPs 

were stirred overnight in a solution with excess DOX-HCl or PTX, and were then 

separated from free drug. The encapsulation efficiency of DOX and PTX is 5-7% and 

unencapsulated free drug could be easily recycled due to the gentle encapsulation 

process and simple purification scheme. The number of encapsulated drug molecules 

correlates with the number of fatty acids per chain, which is calculated as Nagg. For 

example, in M-ELP90A,80 nanoparticles, there are 55 molecules of DOX and 11 molecules 

of PTX. The loading capacity of these nanoparticles is a reflection of the small and 

compact size of the hydrophobic, fatty acid core.  Drug encapsulation did not 

significantly impact the size of the micelles (Figure 107). 
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Figure 107: Rh histograms were generated from autocorrelation functions for M-

ELP90A,120 (blue, a) and M-ELP90A,80 (green, b) for both pre- (empty bars) and post- 

encapsulation with PTX (checkered bars) or DOX (solid bars). These histograms 

demonstrate that hydrophobic drug loading has no significant effect on the micelles’ 

size. 

9.5.3 Encapsulated doxorubicin and paclitaxel exhibit cytotoxicity in 
vitro 

The cytotoxicity of the encapsulated drugs was compared to their free drug 

counterparts by an in vitro cell proliferation assay that uses the reduction of tetrazolium 

by metabolically active cells to determine the number of viable cells.[144] Encapsulated 

DOX had a 50% inhibitory concentration (IC50) that is 4-fold higher than free DOX in 4T1 

cells (Figure 108a), a murine model of mammary carcinoma.[145] This loss in efficacy is 

an acceptable trade-off given the delivery benefits of nanoparticle formulations, as they 

enable higher maximal tolerated doses to be administered in vivo, have a longer 

circulating half-life, and accumulate to a greater extent in tumors than free drug.[28, 29] 
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Furthermore, this IC50 is almost identical to that of a nanoparticle formulation of DOX 

that uses chemical conjugation to cysteine-containing ELPs, which is a significantly more 

laborious and expensive process.[146]  

 

Figure 108: DOX and PTX encapsulated in either M-ELP90A,120 or M-ELP90A,80 show in 

vitro cytotoxicity towards 4T1 (a) and PC3 (b) cells. 

DOX was also loaded into 40-mers that had been left at room temperature for 30 

days. Interestingly, these rod-shaped carriers had much higher IC50 values (Figure 109a). 

This is consistent with reports in the literature showing that the shape of nanocarriers 

can have a significant impact on cellular uptake.[147-149] Empty carriers did not exhibit 

any significant cytotoxicity (Figure 109b). 
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Figure 109: DOX encapsulated in all four constructs show cytotoxicity towards 4T1 

cells (a), although the spherical micelles (M-ELP90A,120 and M-ELP90A,80) are significantly 

more cytotoxic than the rod-shaped, micelles comprised of M-ELP 40-mers. None of 

the empty carriers were significantly cytotoxic (b). 

PTX encapsulated into M-ELP90A,80 and M-ELP90A,120 had an IC50 of ~40 nM —20-

fold higher than free PTX— in PC3-luc cells (Figure 108b), a human prostate cancer cell 

line. This larger difference compared to free drug could be attributed to PTX’s greater 

hydrophobicity than DOX. PTX has a reported octanol-water distribution coefficient 

(logDpH 7.5) between 3.0 and 4.0[150, 151] which may impede its diffusion out of the lipid-

ELP nanoparticles relative to the less hydrophobic DOX, which has a logDpH 7.5 of 

2.4.[152]  

 Because we were curious about the uptake of these drug-loaded nanoparticles, 

we performed live cell imaging after incubating 4T1 cells with either free DOX or 

encapsulated DOX for varying lengths of time point between 0 and 24 h. In vitro images 

show punctate fluorescence for the encapsulated DOX (DOXEnc), indicating that the 
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nanoparticles are being taken up through the endosomal/lysosomal pathway (Figure 

110). Free DOX, which does not show this characteristic punctate fluorescence is likely 

diffusing across the membrane instead. As expected, at 12 h, both treatments show 

damage to the nucleus. 

 

Figure 110: In vitro confocal imaging of 4T1 cells treated with IC75 amounts of free 

DOX (top) or encapsulated DOX in M-ELP90A,80 (bottom) for 30 min (a,f), 1 h (b,g), 3 h 

(c,h) 6 h (d,i) or 12 h (e,j). 

9.5.3 Encapsulating doxorubicin alters its in vivo pharmacokinetics 

Free DOX and DOX encapsulated in M-ELP90A,80 were injected into mice at a 

concentration of 862 μM at a dose of 5 mg/kg body weight. Blood was taken periodically 

throughout the first 24 h post-injection and stored as plasma. DOX was then quantified 

by incubating the plasma in acidified isopropanol and measuring fluorescence. 

Pharmacokinetic analysis shows that encapsulation of the DOX increases its elimination 

half-life by approximately 4-fold, from 35 min to over 2 h (Figure 111). Interestingly, 

encapsulation of DOX also had a pronounced effect on its distribution and uptake in the 
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distribution phase of the pharmacokinetic curve. As early as 45 s after IV injection, the 

amount of circulating DOX in the encapsulated group was over 4-fold lower than that in 

the free DOX group, suggesting a marked change in the way the encapsulated version is 

being distributed and taken up by tissues. 

 

Figure 111: Pharmacokinetics of free versus encapsulated DOX as modeled by a one-

phase exponential decay of the elimination phase of the data (left). At 45 s post 

injection, encapsulated DOX showed a greater fold-decrease in DOX concentration 

from t=0 compared to free DOX (right) indicating a difference in its distribution and 

uptake throughout the body. 

9.5.4 Encapsulated doxorubicin is stable in PBS  

By dialyzing free or encapsulated DOX against PBS at 37 °C in a membrane with 

a molecular cutoff of 3.5 kDa, only free DOX should be filtered. Although a small 

amount of free DOX leached out of the micelles with time, the majority of it is quite 

stable, remaining in the retentate of the dialysis membrane even after a week of 

incubation (Figure 112). This study shows that drugs encapsulated in the lipidated ELP 

particles are stable and don’t continually leach out with time.  
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Figure 112: Free or encapsulated DOX, dialyzed against PBS, shows that the 

encapsulated drug is stable and retained in the nanoparticles even after a week of 

incubation. 

Because of the punctate fluorescence observed by confocal imaging indicates that 

the encapsulated DOX is taken up by cells through the endosomal/lysosomal pathway, 

we were curious about how the particles’ stability would be affected at lower pH. The 

reported pH along the endocytic pathway ranges from pH 6.0 – 6.5 for early endosomes 

to pH 5.5 for late endosomes and pH 4.5 for lysosomes.[153] Our experiments have 

shown that DOX’s fluorescence is largely quenched (3 to 4 fold) after encapsulation in 

the lipid-ELP nanoparticles. Thus, any increase in fluorescence can be attributed to DOX 

that has leached out or been released from the nanopartcle cores.  

Our results show that some DOX does have low residual leaching out of the 

nanoparticles at pH 7.5, which corroborates the nanoparticle stability shown in Figure 

112. However, this amount is much smaller than that released in low pH solutions. 

There is a significant effect of time, pH, and an interaction between the two as analyzed 
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by two-way ANOVA and Dunnett’s multiple comparisons. After subtraction of baseline 

fluorescence and with 24 h of incubation, the difference in fluorescence between the pH 

7.5 and pH 4.5 groups was 3.8-fold. Free DOX, when incubated at pH 7.5 and pH 4.5, 

had no change in fluorescence. This data provides a mechanism for how the 

encapsulated DOX is escaping nanoparticle entrapment and exerting its cytotoxic effects 

on cells in vitro.  

 

Figure 113: Greater amounts of encapsulated DOX are released at lower pH and with 

time from the M-ELP90A,80 nanoparticles, as indicated by an increase in fluorescence 

that occurs when DOX is released from the quenching environment of the 

nanoparticle core. 

9.6 Conclusions and future directions 

In summary, we have successfully shown that we can recombinantly produce a 

range of hybrid lipid-ELP materials with precision and high yield. While solid-phase 

peptide synthesis (SPPS) has been used to make lipidated ELPs, the ELPs that can be 

synthesized by SPPS are short, <20 residues in length[154], which limits their yield and 
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the material properties that are accessible. Consequently, purely synthetic methods 

cannot match the size, complexity, and yield afforded by recombinant expression of 

lipidated peptide polymers. We have demonstrated the robustness and versatility of this 

system, where a range of ELP lengths and compositions can be used to make 

myristoylated ELPs with tunable Tt and programmable size, shape, and stability of the 

self-assembled nanoparticles. These nanoparticles can be easily loaded with 

hydrophobic small molecules simply by preferential partitioning of the drug into the 

lipid core. The encapsulated drug is stable and its pharmacokinetic properties are 

improved with encapsulation. 

While our proof-of-concept studies focused on encapsulating DOX and PTX and 

demonstrating their in vitro efficacy, this system could be expanded to include other 

types of molecules, such as contrast agents and dyes for imaging. In particular, this 

method would be extremely useful for molecules that either don’t have a chemical 

handle for conjugation or lose their activity upon conjugation, like camptothecin. 

Because the delivery vehicle is manufactured recombinantly, the nanoparticle corona 

could also be designed to include a targeting domain by fusing a peptide or protein to 

the C-terminus of the ELP. Finally, recombinant myristoylation for drug delivery is not 

limited to ELPs as it could be used with other peptide polymers or to directly modify 

protein drugs, which would enhance their plasma half-life by allowing them to 

piggyback onto albumin, one of the longest circulating plasma proteins that has several 
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high-affinity fatty acid binding sites.[155-158] This work provides proof-of-concept for a 

novel class of biohybrid materials by recombinant lipidation of peptide polymers that 

can be used for diverse applications. 
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10. Conclusion 

Drug delivery is an ever-evolving field in which the engineering of polypeptides will 

continue to play a role. At the sequence level, engineering biologics is a useful tool for 

enhancing a drug’s stability, enhancing its resistance to degradation, or installing a 

bioorthogonal handle for chemical alteration. At a materials level, biopolymers can 

achieve many of the same results as their synthetic counterparts with the added benefits 

of monodispersity, biocompatibility, and recombinant production in high yielding 

bacterial expression systems. In particular, we have shown that ELPs can be engineered 

to function as highly controlled release systems with programmable stimuli 

responsiveness. Our GLP1-ELP fusions form long lasting injectable depots that control 

the release of the peptide drug for up to 10 days in mice and 17 days in monkeys. 

Beyond these simple fusions, we have also begun to explore ways of (1) diversifying a 

polypeptide’s architecture beyond the traditional N- to C-terminal linear syntax and (2) 

expanding the chemical repertoire of an ELP beyond the twenty canonical amino acids. 

Enzymatic, site-specific installation of reactive chemical handles has enabled us to 

produce branched ELP fusions, that display two N-terminally active peptides. 

Lipidation via a eukaryotic post-translational modification has shown potential to 

greatly diversify the design space of biopolymers and encode additional functionality. 

Lipid-ELP hybrids self-assemble into nanosized micelles whose size, shape, and stability 

is determined by the ELP’s size and their dense lipid cores can be easily loaded with 
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hydrophobic small molecules by passive diffusion. Encapsulation alters the way the 

drug is taken up by cells and it also extends the drug’s circulating half-life and alters its 

distribution in mice. In summary, the engineering of polypeptides is a useful tool for 

drug delivery that is currently in a very exciting stage. There is a vast and diverse 

biomolecular toolbox at out disposal for continuing to develop novel delivery systems 

and next-generation formulations that have the potential to improve therapeutic efficacy 

and enhance patient quality of life. 
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Appendix A 

The methionine aminopeptidase (MAP) in E. coli has been shown to have 

variable efficiency depending on the second residue and has a particularly poor excision 

percentage when the second residue’s side chain is greater than 2.5 Å[159]. Excision of 

Met from the native GLP1 polypeptide by MAP is low due to the enzyme’s sensitivity to 

bulky second residues like GLP1’s His. Met cleavage from the modified GLP1 sequence 

was confirmed with N-terminal sequencing. Pulsed liquid phase N-terminal sequencing 

was performed using an Applied Biosystems automatic protein sequencer. Seven cycles 

of Edman degradation were carried out and the major amino acids detected in each 

cycle are shown in Table 18. A major His peak was also season in residue position one, 

however, this was attributed to the presence of histidine in the sample buffer. 

Table 18: N-terminal residues of GLP1-ELPopt detected by Edman Degradation 

 

Residue Cycle 

Number 

Major amino 

Acid Detected 

1 Ala 

2 Ala 

3 His 

4 Gly 

5 Glu 
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Failure of the native MAP to remove the initial Met residue was confirmed when 

a native, unmodified GLP1-ELP fusion was expressed and purified. Trypsin digestion 

and MALDI-TOF MS show that the Met is still present (Figure 114). 

 

Figure 114: MALDI-TOF MS shows that the initiator Met residue is not cleaved from 

the unmodified GLP-1. The N-terminal peptide fragment’s molecular weight 

corresponds to the theoretical mass of the peptide with an N-terminal Met. 

We also tested a mutated version of MAP to see if we could facilitate Met 

removal without the Ala-Ala leader and with the native His residue in the second 

position. A mutated version of MAP (mutMAP) was inserted into the first multiple 

cloning site of the bicistronic expression vector, pETDuet-1 (Figure 115), using NcoI and 

EcoI restriction enzymes. The mutMAP contains mutations to the substrate-binding 

pocket (Tyr 168 to Gly and Met 206 to Thr), designed to allow the enzyme to 

accommodate bulkier residues and this mutMAP was shown to improve the removal of 

Met from polypeptides with bulky second residues [160]. The fusion protein gene for a 

 

 

 

 

 

 

 

 

 

 

  
Expected Peaks (m/z): 

•  2098.0 (w/o Met) 

      2229.0 (w/ Met) 
•  1005.6 

(M)HAEGTFTSDVSSYLEGQAAKEFIAWLVKGAG––ELP 

1006.96 

2230.81 
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modified or unmodified peptide was inserted into the second multiple cloning site using 

NdeI and XhoI restriction enzymes, which are compatible with all ELP fusion proteins in 

the PRe-RDL-based pET24 system.  

 

Figure 115: The pETDuet-1 vector showing the restriction enzymes used for inserting 

the mutMAP gene in MCS1 (blue) as well as a modified or unmodified peptide-ELP 

fusion in MCS2 (red). 

Expression of a GLP-1 analogue, exendin-4, which as 53% sequence homology to 

the native peptide, was expressed with the mutMAP enzyme and purified by ITC. 

Protein production was conducted in E. coli using two standard expression protocols – at 

37°C or at 25°C with a reduction to 16°C at the time of induction with IPTG. The final 

product was digested with trypsin and analyzed by MALDI-MS.  
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We found that the mutMAP was able to efficiently cleave Met even with the 

bulky second His residue. However, at lower culturing temperatures, a mixture of 

products was seen with peaks corresponding to fragments both with and without an 

initial Met. 

 

Figure 116: Unmodified exendin-ELP fusion grown with mutMAP at 37°C shows that 

the initiator Met is efficiently cleaved, as evidenced by the large peak at 1279 Da, 

corresponding to the N-terminal fragment. 

 

    

992.44 

949.50 

1410.17 

Expected Peaks (m/z): 
•  1279.4 (w/o Met) 

      1410.6 (w/ Met) 
•  992.1 

•  949.2 

1279.42 

(M)HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPSG––ELP 
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Figure 117: Unmodified exendin-ELP fusion grown with mutMAP at 25°C/16°C shows 

that the initiator Met is not as efficiently cleaved, as evidenced by two peaks 

corresponding to the N-terminal fragment – the smaller peak at 1280 Da with Met 

removed and a larger peak at 1410 Da with Met still present. 

Although the current design of our fusion proteins (with the protective Ala-Ala 

leader) renders the mutMAP unnecessary, it may someday be important for this or other 

peptide-ELP fusion applications. For example, it may be necessary to explore an 

unmodified version of the peptide if the modified GLP1-ELP fusion shows 

immunogenicity in preclinical studies. Furthermore, there is some evidence that the 

unmodified peptide may have higher activity at the GLP1 receptor.  

 

 

 

 

    

 

 

992.88 

(M)HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPSG––ELP 

949.84 

  

 

 

1410.11 

Expected Peaks (m/z): 
•  1279.4 (w/o Met) 

      1410.6 (w/ Met) 

•  992.1 

•  949.2 

1280.15 
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Appendix B 

 

Figure 118: Registered and overlain µµµµSPECT-CT images for all animals in the 

experiment (n=4). Mice received 50 nmol/kg GLP1 (grey), 700 nmol/kg GLP1-ELPsol 

(red), or 700 nmol/kg GLP1-ELPopt (blue). Once pharmacokinetics confirmed the drug 

had been cleared, no further images were taken. Consequently, GLP1 was only 

tracked for 48 h while soluble and depot-forming GLP1-ELP fusions were tracked for 

72 h and 240 h, respectively. 
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Appendix C 

 

Figure 119: Overview of genetic assembly of dual expression vector containing NMT 

and recognition sequence fused to an ELP. 

To generate a single vector capable of expressing both the NMT and the 

recognition sequence-ELP fusion (Figure 119), we purchased the bicistronic pETDuet-1 

plasmid DNA, a dual expression system, from EMD Millipore. This vector contains an 

ampicillin resistance gene and two multiple cloning sites (MCS), each of which is 

preceded by its own T7 promoter, lac operator, and ribosomal binding site. The codon-

optimized, double stranded genes were purchased from Integrated DNA Technologies 

that coded for residues 36 to 455 of the S. cerevisiae NMT enzyme (Swiss-Prot accession 

number P14743). This cDNA (shown in green) was then flanked on each end by a 40-80 

bp segment that corresponded to the pETDuet-1 sequences upstream (which contains an 

MGSSHHHHHH leader) and downstream of the MCS 1 (shown in black in the gene 

sequence below) in addition to cleavage sites for NcoI and EcoRI (underlined). After 

cutting and gel purifying pETDuet-1 DNA with NcoI and EcoRI-HF, the NMT gene was 

inserted into MCS 1 using the Gibson Assembly® Master Mix (New England Biolabs) 
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according to the manufacturer’s instructions. Ligated DNA (3 μL) was transformed into 

EB5alpha (25 μL) competent cells (EdgeBio) and spread onto agar plates containing 100 

μg/mL ampicillin. Positive clones were identified with Sanger sequencing (Eton 

Biosciences) using the universal T7 Promoter primer.  

 

5′CAATGGTATATCTTCCGGGCGCTATCATGCCATACCTTTTTATACCATGG

GCAGCAGCCATCACCATCATCACCACAAAGACCACAAATTTTGGCGTACCCAGC

CGGTTAAAGATTTTGATGAAAAAGTTGTTGAAGAAGGTCCGATCGACAAACCGA

AAACACCGGAAGATATTAGCGATAAACCGCTGCCGCTGCTGAGCAGCTTTGAAT

GGTGTAGCATTGATGTGGACAACAAAAAACAGCTGGAAGATGTTTTTGTGCTGC

TGAACGAAAACTATGTGGAAGATCGTGATGCAGGTTTTCGCTTCAATTATACCA

AAGAGTTTTTCAACTGGGCACTGAAAAGTCCGGGTTGGAAAAAAGATTGGCATA

TTGGTGTTCGTGTGAAAGAAACCCAGAAACTGGTTGCATTTATTAGCGCAATTCC

GGTTACCCTGGGTGTGCGTGGTAAACAGGTTCCGAGCGTTGAAATTAACTTTCTG

TGTGTTCATAAACAGCTGCGTAGCAAACGTCTGACACCGGTTCTGATTAAAGAA

ATCACCCGTCGTGTGAACAAATGCGATATTTGGCATGCACTGTATACCGCAGGT

ATTGTTCTGCCTGCACCGGTTAGCACCTGTCGTTATACCCATCGTCCGCTGAACT

GGAAAAAACTGTATGAAGTTGATTTCACCGGTCTGCCGGATGGTCATACCGAAG

AAGATATGATTGCAGAAAATGCACTGCCTGCAAAAACCAAAACCGCAGGTCTG

CGTAAACTGAAAAAAGAGGACATCGATCAGGTCTTTGAGCTGTTTAAACGTTAT
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CAGAGCCGCTTTGAACTGATCCAGATTTTTACCAAAGAAGAGTTCGAGCACAAC

TTTATTGGTGAAGAAAGCCTGCCGCTGGATAAACAGGTGATTTTTAGCTATGTTG

TTGAACAGCCGGATGGCAAAATTACCGATTTTTTCAGCTTTTATAGCCTGCCGTTT

ACCATTCTGAACAACACCAAATACAAAGACCTGGGCATTGGCTATCTGTATTAT

TACGCAACCGATGCCGATTTCCAGTTTAAAGATCGTTTTGATCCGAAAGCAACC

AAAGCCCTGAAAACCCGTCTGTGCGAACTGATTTATGATGCATGTATTCTGGCCA

AAAACGCCAACATGGATGTTTTTAATGCACTGACCAGCCAGGATAATACCCTGT

TTCTGGATGATCTGAAATTTGGTCCGGGTGATGGTTTTCTGAATTTCTACCTGTTT

AACTATCGTGCCAAACCGATTACCGGTGGTCTGAATCCGGATAATAGCAATGAT

ATTAAACGTCGCAGCAATGTTGGTGTGGTTATGCTGTGATAATGATAATGATCTT

CTGAATTCCCGTCATATCCGCTGAGCAATAACTAGCATAACCCCTTATACGTTAC

AT3′ 

This NMT(+) vector was then modified with cDNA corresponding to the 11-

amino acid Arf2 recognition sequences (see below). Forward and reverse strand 

oligonucleotides were purchased and designed to contain 5′-phosphorylated sticky end 

overhangs, corresponding to NdeI and XhoI (underlined), as well as the recognition 

sequence for the enzyme, BseRI (bolded) C-terminal to the recognition sequence. The 

following oligonucleotides (Integrated DNA Technologies) were resuspended in water 

to 100 μM. 1 μL each of the forward and reverse strands were added to 50 μL of water 

containing 1x T4 DNA Ligase Buffer (NEB) and annealed by heating to 95 °C, incubating 
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for 5 min, and cooling back to room temperature. 5 μL of annealed DNA was ligated 

into MCS 2 of the NMT(+) pETDuet-1 vector that had been digested with NdeI and XhoI 

and purified. Importantly, this cDNA for the NMT recognition sequence was designed 

to contain a BseRI recognition sequence. BseRI is a type IIs enzyme and was inserted 

such that it would cut directly after the peptide substrate gene. This enables seamless 

cloning with our available in-house ELPs, most of which have been designed using the 

recursive directional ligation cloning system developed by McDaniel et al.[67] After 

Gibson Assembly[161], these new ligated vectors were transformed into competent cells 

and we identified positive clones with T7 Terminator sequencing. This NMT(+)/rs(+) 

plasmid could then be used to insert any in-house ELP by cutting both the vector and 

desired ELP with BseRI and XhoI, gel purifying the desired DNA fragments, and 

ligating the two pieces together. 

To synthesize control plasmids, the cDNA encoding for the recognition 

sequence-ELP fusions was cut with NdeI and XhoI. The original, empty pETDuet-1 

plasmid was also digested with NdeI and XhoI. After a 1 h incubation, calf-intestinal 

phosphatase was added to the pET-Duet mixture to de-phosphorylate the 5’ ends and 

prevent vector re-circularization. The digested DNA was run on a 1 % agarose gel with 

0.01 % SybrSafe. The bands of interest were excised, dissolved, and purified with a 

QIAQuick purification kit. The DNA pieces were then ligated and transformed. Colonies 

were selected. Then, their plasmid DNA was purified and sent for Sanger sequencing 
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(Eton Biosciences) using the T7 terminator promoter to confirm proper insertion of the 

ELP gene into pETDuet-1 without the NMT enzyme. 

5′TATGGGCCTGTATGCGAGCAAACTGTTTAGCAACCTGGGCTAATGATCT

CCTCAATGAGC3′ 

3′ACCCGGACATACGCTCGTTTGACAAATCGTTGGACCCGATTACTAGAG

GAGTTACTCGAGCT5′ 

The amino acid sequences of the proteins used in this study are reported below. 

N-terminal methionine is shown in parentheses and was removed co-translationally by 

methionine aminopeptidase before modification with the myristoyl group. ELP90A,120 

contain a single tryrosine residue encoded at the C-terminus to assist with UV-Vis 

detection of the proteins. The MWs of all components used in these studies are listed in 

Table 19. 

NMT(Δ35) (Accession number P14373) 

(M)GSSHHHHHHKDHKFWRTQPVKDFDEKVVEEGPIDKPKTPEDISDKPLPLLSSFEW

CSIDVDNKKQLEDVFVLLNENYVEDRDAGFRFNYTKEFFNWALKSPGWKKDWHIGV

RVKETQKLVAFISAIPVTLGVRGKQVPSVEINFLCVHKQLRSKRLTPVLIKEITRRVNKC

DIWHALYTAGIVLPAPVSTCRYTHRPLNWKKLYEVDFTGLPDGHTEEDMIAENALPA

KTKTAGLRKLKKEDIDQVFELFKRYQSRFELIQIFTKEEFEHNFIGEESLPLDKQVIFSYV

VEQPDGKITDFFSFYSLPFTILNNTKYKDLGIGYLYYYATDADFQFKDRFDPKATKALK
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TRLCELIYDACILAKNANMDVFNALTSQDNTLFLDDLKFGPGDGFLNFYLFNYRAKPI

TGGLNPDNSNDIKRRSNVGVVML 

ELP90A,120 

(M)GLYASKLFSNLGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPG

AGVPGAGVPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVP

GAGVPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAG

VPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGA

GVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPG

AGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVP

GVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGVGV

PGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGVGVPGAG

VPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGVGVPGAGVPGA

GVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGVGVPGAGVPGAGVPG

AGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVP

GAGVPGAGVPGAGVPGAGVPGY 

ELP90A,80 

(M)GLYASKLFSNLGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPG

AGVPGAGVPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVP

GAGVPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAG

VPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGA
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GVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPG

AGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVP

GVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGVGV

PGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPG 

ELP90A,40 

(M)GLYASKLFSNLGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPG

AGVPGAGVPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVP

GAGVPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAG

VPGAGVPGAGVPGVGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPGAGVPG 

ELP100V,40  

(M)GLYASKLFSNLGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG 

Table 19: Materials used for recombinantly constructing lipid-polypeptide hybrids 

and their molecular weights. 

Protein                 Modification MW (Da) 

NMTp1(∆35) N/A 49,799 

ELP90A,120 N/A 47,541 

M-ELP90A,120 Myrisoyl 47,752 

ELP90A,80 N/A 32,008 

M-ELP90A,80 Myrisoyl 32,219 

ELP90A,40 N/A 16,802 
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M-ELP90A,40 Myrisoyl 17,013 

ELP100V,40 N/A 17,649 

M-ELP100V,40 Myrisoyl 17,859 

 

  



 

 205

References 

1. DiMasi, J.A., H.G. Grabowski, and R.W. Hansen, Innovation in the pharmaceutical 

industry: New estimates of R&D costs. J Health Econ, 2016. 47: p. 20-33. 
 
2. Hoffman, A.S., The origins and evolution of "controlled" drug delivery systems. 

Journal of Controlled Release, 2008. 132(3): p. 153-163. 
 
3. Mills, D.A., Chronic Disease: The Epidemic of the Twentieth Century. Maine Policy 

Review, 2000. 9(1): p. 50-65. 
 
4. Heron, M., Deaths: Leading Causes for 2012. Natl Vital Stat Rep, 2015. 64(10): p. 1-

93. 
 
5. Craik, D.J., et al., The future of peptide-based drugs. Chem Biol Drug Des, 2013. 

81(1): p. 136-47. 
 
6. Werle, M. and A. Bernkop-Schnurch, Strategies to improve plasma half life time of 

peptide and protein drugs. Amino Acids, 2006. 30: p. 351-367. 
 
7. Carter, P.J., Introduction to current and future protein therapeutics: a protein 

engineering perspective. Exp Cell Res, 2011. 317(9): p. 1261-9. 
 
8. Fosgerau, K. and T. Hoffmann, Peptide therapeutics: current status and future 

directions. Drug Discovery Today, 2015. 20(1): p. 122-128. 
 
9. Mitragotri, S., P.A. Burke, and R. Langer, Overcoming the challenges in 

administering biopharmaceuticals: formulation and delivery strategies. Nat. Rev. Drug 
Discov., 2014. 13(9): p. 655-72. 

 
10. Hendrickson, T.L., V. de Crecy-Lagard, and P. Schimmel, Incorporation of 

nonnatural amino acids into proteins. Annu. Rev. Biochem., 2004. 73: p. 147-176. 
 
11. Cai, Y., et al., Long-acting preparations of exenatide. Drug Des. Dev. Ther., 2013. 7: p. 

963-970. 
 
12. Jawahar, N. and S.N. Meyyanathan, Polymeric nanoparticles for drug delivery and 

targeting: a comprehensive review. Int. J. Health Allied Sci., 2012. 1(4): p. 217-223. 
 



 

 206

13. Cleland, J.L., et al., A novel long-acting human growth hormone fusion protein (VRS-

317): enhanced in vivo potency and half-life. J. Pharm. Sci., 2012. 101(8): p. 2744-2754. 
 
14. Kleiner, L.W., J.C. Wright, and Y. Wang, Evolution of implantable and insertable 

drug delivery systems. J. Control. Release, 2014. 181: p. 1-10. 
 
15. Henry, R.R., et al., Randomized trial of continuous subcutaneous delivery of exenatide 

by ITCA 650 versus twice-daily exenatide injections in Metformin-treated type 2 

diabetes. Diabet. Care, 2013. 36: p. 2559-2565. 
 
16. Prescott, J.H., et al., Chronic, programmed polypeptide delivery from an implanted, 

multireservoir microchip device. Nat. Biotechnol., 2006. 24: p. 437-438. 
 
17. Schellenberger, V., et al., A recombinant polypeptide extends the in vivo half-life of 

peptides and proteins in a tunable manner. Nat Biotechnol, 2009. 27(12): p. 1186-90. 
 
18. Amiram, M., et al., A depot-forming glucagon-like peptide-1 fusion protein reduces 

blood glucose for five days with a single injection. Journal of Controlled Release, 2013. 
172(1): p. 144-151. 

 
19. Chae, S.Y., et al., Pharmacokinetic and Pharmacodynamic Evaluation of Site-Specific 

PEGylated Glucagon-Like Peptide-1 Analogs as Flexible Postprandial-Glucose 

Controllers. Journal of Pharmaceutical Sciences, 2009. 98(4): p. 1556-1567. 
 
20. Rosenstock, J., et al., Potential of Albiglutide, a Long-Acting GLP-1 Receptor Agonist, 

in Type 2 Diabetes A randomized controlled trial exploring weekly, biweekly, and 

monthly dosing. Diabetes Care, 2009. 32(10): p. 1880-1886. 
 
21. Glaesner, W., et al., Engineering and characterization of the long-acting glucagon-like 

peptide-1 analogue LY2189265, an Fc fusion protein. Diabetes-Metabolism Research 
and Reviews, 2010. 26(4): p. 287-296. 

 
22. Yousefpour, P. and A. Chilkoti, Co-opting biology to deliver drugs. Biotechnol. 

Bioeng., 2014. 111: p. 1699-1716. 
 
23. Czajkowsky, D.M., et al., Fc-fusion proteins: new developments and future 

perspectives. EMBO Mol. Med., 2012. 4: p. 1015-1028. 
 
24. Kidane, A. and P.P. Bhatt, Recent advances in small molecule drug delivery. Current 

Opinion in Chemical Biology, 2005. 9(4): p. 347-351. 



 

 207

25. Farokhzad, O.C. and R. Langer, Impact of nanotechnology on drug delivery. ACS 
Nano, 2009. 3(1): p. 16-20. 

 
26. Mura, S., J. Nicolas, and P. Couvreur, Stimuli-responsive nanocarriers for drug 

delivery. Nat Mater, 2013. 12(11): p. 991-1003. 
 
27. Desai, N., et al., Increased antitumor activity, intratumor paclitaxel concentrations, and 

endothelial cell transport of cremophor-free, albumin-bound paclitaxel, ABI-007, 

compared with cremophor-based paclitaxel. Clin Cancer Res, 2006. 12(4): p. 1317-24. 
 
28. Maeda, H., et al., Tumor vascular permeability and the EPR effect in macromolecular 

therapeutics: a review. J Control Release, 2000. 65(1-2): p. 271-84. 
 
29. Cho, K., et al., Therapeutic nanoparticles for drug delivery in cancer. Clin Cancer Res, 

2008. 14(5): p. 1310-6. 
 
30. Peer, D., et al., Nanocarriers as an emerging platform for cancer therapy. Nat 

Nanotechnol, 2007. 2(12): p. 751-60. 
 
31. Shamji, M.F., et al., Development and characterization of a fusion protein between 

thermally responsive elastin-like polypeptide and interleukin-1 receptor antagonist: 

sustained release of a local antiinflammatory therapeutic. Arthritis Rheum, 2007. 
56(11): p. 3650-61. 

 
32. Wise, S.G. and A.S. Weiss, Tropoelastin. Int J Biochem Cell Biol, 2009. 41(3): p. 494-

7. 
 
33. Yeo, G.C., F.W. Keeley, and A.S. Weiss, Coacervation of tropoelastin. Adv Colloid 

Interface Sci, 2011. 167(1-2): p. 94-103. 
 
34. Miao, M., et al., Structural determinants of cross-linking and hydrophobic domains for 

self-assembly of elastin-like polypeptides. Biochemistry, 2005. 44(43): p. 14367-75. 
 
35. Urry, D.W., Physical chemistry of biological free energy transduction as demonstrated 

by elastic protein-based polymers. The Journal of Physical Chemistry B, 1997. 101: p. 
11007-11028. 

 
36. Cho, Y.H., et al., Effects of Hofmeister Anions on the Phase Transition Temperature of 

Elastin-like Polypeptides. Journal of Physical Chemistry B, 2008. 112(44): p. 13765-
13771. 



 

 208

 
37. Urry, D.W., et al., Hydrophobicity Scale for Proteins Based on Inverse Temperature 

Transitions. Biopolymers, 1992. 32(9): p. 1243-1250. 
 
38. Meyer, D.E. and A. Chilkoti, Quantification of the effects of chain length and 

concentration on the thermal behavior of elastin-like polypeptides. Biomacromolecules, 
2004. 5(3): p. 846-51. 

 
39. McDaniel, J.R., D.C. Radford, and A. Chilkoti, A unified model for de novo design of 

elastin-like polypeptides with tunable inverse transition temperatures. 
Biomacromolecules, 2013. 14(8): p. 2866-72. 

 
40. Chilkoti, A., T. Christensen, and J.A. MacKay, Stimulus responsive elastin 

biopolymers: applications in medicine and biotechnology. Current Opinion in 
Chemical Biology, 2006. 10(6): p. 652-657. 

 
41. Chilkoti, A., T. Christensen, and J.A. MacKay, Stimulus responsive elastin 

biopolymers: Applications in medicine and biotechnology. Curr Opin Chem Biol, 2006. 
10(6): p. 652-7. 

 
42. Meyer, D.E. and A. Chilkoti, Purification of recombinant proteins by fusion with 

thermally-responsive polypeptides. Nat Biotechnol, 1999. 17(11): p. 1112-5. 
 
43. Hassouneh, W., et al., Unexpected multivalent display of proteins by temperature 

triggered self-assembly of elastin-like polypeptide block copolymers. 
Biomacromolecules, 2012. 13(5): p. 1598-605. 

 
44. MacEwan, S.R., et al., Phase Behavior and Self-Assembly of Perfectly Sequence-Defined 

and Monodisperse Multiblock Copolypeptides. Biomacromolecules, 2017. 18(2): p. 
599-609. 

 
45. McHale, M.K., L.A. Setton, and A. Chilkoti, Synthesis and in vitro evaluation of 

enzymatically cross-linked elastin-like polypeptide gels for cartilaginous tissue repair. 
Tissue Engineering, 2005. 11(11-12): p. 1768-1779. 

 
46. Nettles, D.L., A. Chilkoti, and L.A. Setton, Applications of elastin-like polypeptides in 

tissue engineering. Adv Drug Deliv Rev, 2010. 62(15): p. 1479-85. 
 



 

 209

47. Amiram, M., et al., Injectable protease-operated depots of glucagon-like peptide-1 

provide extended and tunable glucose control. Proceedings of the National Academy 
of Sciences of the United States of America, 2013. 110(8): p. 2792-2797. 

 
48. Kelli M. Luginbuhl, J.L.S., Bret Umstead, Eric M. Mastria, Xinghai Li, Samagya 

Banskota, Susan Arnold, Mark Feinglos, David D’Alessio, Ashutosh Chilkoti, 
One-week glucose control via zero-order release kinetics from an injectable depot of 

glucagon-like peptide-1 fused to a thermosensitive biopolymer. figshare, 2017. 
 
49. Liu, W.G., et al., Injectable intratumoral depot of thermally responsive polypeptide-

radionuclide conjugates delays tumor progression in a mouse model. Journal of 
Controlled Release, 2010. 144(1): p. 2-9. 

 
50. Centers for Disease Control and Prevention, National Diabetes Statistics Report: 

Estimates of Diabetes and Its Burden in the United States, 2014, U.D.o.H.a.H. 
Services, Editor. 2014: Atlanta. 

 
51. American Diabetes Association Position Statement, Standards of medical care in 

diabetes – 2015. Diabetes Care, 2015. 38(Suppl): p. S4. 
 
52. International Expert Committee, International Expert Committee report on the role of 

the A1C assay in the diagnosis of diabetes. Diabetes Care, 2009. 32(7): p. 1327-34. 
 
53. Handelsman, Y., et al., American association of clinical endocrinologists and american 

college of endocrinology - clinical practice guidelines for developing a diabetes mellitus 

comprehensive care plan - 2015. Endocrine Practice, 2015. 21(0): p. 1-87. 
 
54. Bailey, C.J., The Current Drug Treatment Landscape for Diabetes and Perspectives for 

the Future. Clinical Pharmacology & Therapeutics, 2015. 98(2): p. 170-184. 
 
55. Creutzfeldt, W., The incretin concept today. Diabetologia, 1979. 16(2): p. 75-85. 
 
56. Bell, G.I., R.F. Santerre, and G.T. Mullenbach, Hamster preproglucagon contains the 

sequence of glucagon and two related peptides. Nature, 1983. 302(5910): p. 716-8. 
 
57. Kreymann, B., et al., Glucagon-like peptide-1 7-36: a physiological incretin in man. 

Lancet, 1987. 2(8571): p. 1300-4. 
 
58. Holst, J.J., Glucagon-like peptide-1: from extract to agent. The Claude Bernard Lecture, 

2005. Diabetologia, 2006. 49(2): p. 253-60. 



 

 210

59. Meloni, A.R., et al., GLP-1 receptor activated insulin secretion from pancreatic ss-cells: 

mechanism and glucose dependence. Diabetes Obesity & Metabolism, 2013. 15(1): p. 
15-27. 

 
60. Baggio, L.L. and D.J. Drucker, Biology of incretins: GLP-1 and GIP. 

Gastroenterology, 2007. 132(6): p. 2131-57. 
 
61. Hoffmann-La Roche. NCT02205528. A Study of Once-Daily RO6811135 in 

Participants With Type 2 Diabetes (T2D) Inadequately Controlled With Metformin.  23 
Nov 2015]; Available from: 
https://www.clinicaltrials.gov/ct2/show/NCT02205528. 

 
62. Sadry, S.A. and D.J. Drucker, Emerging combinatorial hormone therapies for the 

treatment of obesity and T2DM. Nature Reviews Endocrinology, 2013. 9(7): p. 425-
433. 

 
63. Gilroy, C.A., K.M. Luginbuhl, and A. Chilkoti, Controlled release of biologics for the 

treatment of type 2 diabetes. J Control Release, 2016. 240: p. 151-164. 
 
64. Amiram, M., Glucagon-Like Peptide-1 Depots for the Treatment of Type-2 Diabetes, in 

Biomedical Engineering. 2012, Duke University. 
 
65. Deacon, C.F., Circulation and degradation of GIP and GLP-1. Horm. Metab. Res., 

2004. 36: p. 761-765. 
 
66. Meier, J.J., et al., Secretion, degradation, and elimination of glucagon-like peptide 1 and 

gastric inhibitory polypeptide in patients with chronic renal insufficiency and healthy 

control subjects. Diabetes, 2004. 53(3): p. 654-662. 
 
67. McDaniel, J.R., et al., Recursive Directional Ligation by Plasmid Reconstruction 

Allows Rapid and Seamless Cloning of Oligomeric Genes. Biomacromolecules, 2010. 
11(4): p. 944-952. 

 
68. Meyer, D.E. and A. Chilkoti, Purification of recombinant proteins by fusion with 

thermally-responsive polypeptides. Nature Biotechnology, 1999. 17(11): p. 1112-1115. 
 
69. Baggio, L.L., et al., A recombinant human glucagon-like peptide (GLP)-1-albumin 

protein (albugon) mimics peptidergic activation of GLP-1 receptor-dependent pathways 

coupled with satiety, gastrointestinal motility, and glucose homeostasis. Diabetes, 2004. 
53(9): p. 2492-500. 



 

 211

 
70. Meyer, D.E. and A. Chilkoti, Genetically encoded synthesis of protein-based polymers 

with precisely specified molecular weight and sequence by recursive directional ligation: 

Examples from the elastin-like polypeptide system. Biomacromolecules, 2002. 3(2): p. 
357-367. 

 
71. Trammell, R.A., L. Cox, and L.A. Toth, Markers for Heightened Monitoring, 

Imminent Death, and Euthanasia in Aged Inbred Mice. Comparative Medicine, 2012. 
62(3): p. 172-178. 

 
72. Runge, S., et al., Differential structural properties of GLP-1 and exendin-4 determine 

their relative affinity for the GLP-1 receptor N-terminal extracellular domain. 
Biochemistry, 2007. 46(19): p. 5830-5840. 

 
73. Madsbad, S., et al., An overview of once-weekly glucagon-like peptide-1 receptor 

agonists-available efficacy and safety data and perspectives for the future. Diabetes 
Obesity & Metabolism, 2011. 13(5): p. 394-407. 

 
74. Brenner, B.M., T.H. Hostetter, and H.D. Humes, Glomerular permselectivity: barrier 

function based on discrimination of molecular size and charge. Am J Physiol, 1978. 
234(6): p. F455-60. 

 
75. Waldmann, T.A., W. Strober, and R.P. Mogielnicki, The renal handling of low 

molecular weight proteins. II. Disorders of serum protein catabolism in patients with 

tubular proteinuria, the nephrotic syndrome, or uremia. J Clin Invest, 1972. 51(8): p. 
2162-74. 

 
76. Pisal, D.S., M.P. Kosloski, and S.V. Balu-Iyer, Delivery of Therapeutic Proteins. 

Journal of Pharmaceutical Sciences, 2010. 99(6): p. 2557-2575. 
 
77. Caliceti, P. and F.M. Veronese, Pharmacokinetic and biodistribution properties of 

poly(ethylene glycol)-protein conjugates. Advanced Drug Delivery Reviews, 2003. 
55(10): p. 1261-1277. 

 
78. Yamaoka, T., Y. Tabata, and Y. Ikada, Distribution and tissue uptake of poly(ethylene 

glycol) with different molecular weights after intravenous administration to mice. J 
Pharm Sci, 1994. 83(4): p. 601-6. 

 
79. Armstrong, J.K., et al., The hydrodynamic radii of macromolecules and their effect on 

red blood cell aggregation. Biophysical Journal, 2004. 87(6): p. 4259-4270. 



 

 212

80. Purtell, J.N., et al., Isoelectric point of albumin: effect on renal handling of albumin. 
Kidney Int, 1979. 16(3): p. 366-76. 

 
81. Dubuc, P.U., B.K. Scott, and C.M. Peterson, Sex-Differences in Glycated Hemoglobin 

in Diabetic and Nondiabetic C57bl/6 Mice. Diabetes Research and Clinical Practice, 
1993. 21(2-3): p. 95-101. 

 
82. Vanputten, L.M., The Life Span of Red Cells in the Rat and the Mouse as Determined 

by Labeling with Dfp32 Invivo. Blood, 1958. 13(8): p. 789-794. 
 
83. Shemin, D. and D. Rittenberg, The Life Span of the Human Red Blood Cell. Journal of 

Biological Chemistry, 1946. 166(2): p. 627-636. 
 
84. Secher, A., et al., The arcuate nucleus mediates GLP-1 receptor agonist liraglutide-

dependent weight loss. J Clin Invest, 2014. 124(10): p. 4473-88. 
 
85. Glaesner, W., et al., Engineering and characterization of the long-acting glucagon-like 

peptide-1 analogue LY2189265, an Fc fusion protein. Diabetes Metab Res Rev, 2010. 
26(4): p. 287-96. 

 
86. Williams, D.L., D.G. Baskin, and M.W. Schwartz, Leptin regulation of the anorexic 

response to glucagon-like peptide-1 receptor stimulation. Diabetes, 2006. 55(12): p. 
3387-3393. 

 
87. Enriori, P.J., et al., Diet-induced obesity causes severe but reversible leptin resistance in 

arcuate melanocortin neurons. Cell Metabolism, 2007. 5(3): p. 181-194. 
 
88. Chizzonite, R., et al., IL-12: monoclonal antibodies specific for the 40-kDa subunit block 

receptor binding and biologic activity on activated human lymphoblasts. J Immunol, 
1991. 147(5): p. 1548-56. 

 
89. Chizzonite, R., et al., IL-12: monoclonal antibodies specific for the 40-kDa subunit block 

receptor binding and biologic activity on activated human lymphoblasts. J Immunol., 
1991. 147(5): p. 1548-1556. 

 
90. Chan, H.M., et al., Effects of increasing doses of glucagon-like peptide-1 on insulin-

releasing phases during intravenous glucose administration in mice. Am J Physiol 
Regul Integr Comp Physiol, 2011. 300(5): p. R1126-33. 

 



 

 213

91. Ahren, B., et al., Improved glucose tolerance and insulin secretion by inhibition of 

dipeptidyl peptidase IV in mice. Eur J Pharmacol, 2000. 404(1-2): p. 239-45. 
 
92. Mahmood, I., Application of allometric principles for the prediction of pharmacokinetics 

in human and veterinary drug development. Adv Drug Deliv Rev, 2007. 59(11): p. 
1177-92. 

 
93. Lapin, B.A., T.E. Gvozdik, and I.N. Klots, Blood Glucose Levels in Rhesus Monkeys 

(Macaca mulatta) and Cynomolgus Macaques (Macaca fascicularis) under Moderate 

Stress and after Recovery. Bulletin of Experimental Biology and Medicine, 2013. 
154(4): p. 497-500. 

 
94. Gilroy, C.A., K.M. Luginbuhl, and A. Chilkoti, Controlled release of biologics for the 

treatment of type 2 diabetes. J Control Release, 2015. 
 
95. Young, M.A., et al., Clinical pharmacology of albiglutide, a GLP-1 receptor agonist. 

Postgrad Med, 2014. 126(7): p. 84-97. 
 
96. DeYoung, M.B., et al., Encapsulation of exenatide in poly-(D,L-lactide-co-glycolide) 

microspheres produced an investigational long-acting once-weekly formulation for type 2 

diabetes. Diabetes Technol Ther, 2011. 13(11): p. 1145-54. 
 
97. Painter, N.A., et al., An evidence-based and practical approach to using Bydureon in 

patients with type 2 diabetes. J Am Board Fam Med, 2013. 26(2): p. 203-10. 
 
98. Wang, J., B.M. Wang, and S.P. Schwendeman, Characterization of the initial burst 

release of a model peptide from poly(D,L-lactide-co-glycolide) microspheres. J Control 
Release, 2002. 82(2-3): p. 289-307. 

 
99. Zou, P., et al., Applications of human pharmacokinetic prediction in first-in-human dose 

estimation. AAPS J, 2012. 14(2): p. 262-81. 
 
100. Ponce, R., et al., Immunogenicity of biologically-derived therapeutics: Assessment and 

interpretation of nonclinical safety studies. Regulatory Toxicology and 
Pharmacology, 2009. 54(2): p. 164-182. 

 
101. Xu, L., et al., Enhanced targeting with heterobivalent ligands. Mol Cancer Ther, 2009. 

8(8): p. 2356-65. 
 



 

 214

102. Kim, S.J., et al., GIP-overexpressing mice demonstrate reduced diet-induced obesity and 

steatosis, and improved glucose homeostasis. PLoS One, 2012. 7(7): p. e40156. 
 
103. Renner, S., et al., Glucose intolerance and reduced proliferation of pancreatic beta-cells 

in transgenic pigs with impaired glucose-dependent insulinotropic polypeptide function. 
Diabetes, 2010. 59(5): p. 1228-38. 

 
104. Suzuki, S., et al., Interaction of Glucagon-Like Peptide-1(7-36)Amide and Gastric-

Inhibitory Polypeptide or Cholecystokinin on Insulin and Glucagon-Secretion from the 

Isolated Perfused Rat Pancreas. Metabolism-Clinical and Experimental, 1992. 41(4): 
p. 359-363. 

 
105. Nauck, M.A., et al., Additive insulinotropic effects of exogenous synthetic human 

gastric inhibitory polypeptide and glucagon-like peptide-1-(7-36) amide infused at near-

physiological insulinotropic hormone and glucose concentrations. J Clin Endocrinol 
Metab, 1993. 76(4): p. 912-7. 

 
106. Finan, B., et al., Unimolecular dual incretins maximize metabolic benefits in rodents, 

monkeys, and humans. Sci Transl Med, 2013. 5(209): p. 209ra151. 
 
107. Zhang, Y., et al., Rational Design of a Humanized Glucagon-Like Peptide-1 Receptor 

Agonist Antibody. Angewandte Chemie-International Edition, 2015. 54(7): p. 2126-
2130. 

 
108. Rosenstock, J., et al., The Potential of Albiglutide, a Long-Acting GLP-1 Receptor 

Agonist, in Type 2 Diabetes: A Randomized Controlled Trial Exploring Weekly, 

Biweekly and Monthly Dosing. Diabetes, 2009. 58: p. A43-A43. 
 
109. Milicevic, Z., et al., Low Incidence of Anti-Drug Antibodies in Type 2 Diabetes Patients 

Treated with Once Weekly GLP-1 Receptor Agonist Dulaglutide. Diabetes Obes 
Metab, 2016. 

 
110. Vilsboll, T., et al., The elimination rates of intact GIP as well as its primary metabolite, 

GIP 3-42, are similar in type 2 diabetic patients and healthy subjects. Regulatory 
Peptides, 2006. 137(3): p. 168-172. 

 
111. Chin, J.W., et al., Addition of p-azido-L-phenylalanine to the genetic code of Escherichia 

coli. J Am Chem Soc, 2002. 124(31): p. 9026-7. 
 



 

 215

112. Deiters, A., et al., Site-specific PEGylation of proteins containing unnatural amino 

acids. Bioorg Med Chem Lett, 2004. 14(23): p. 5743-5. 
 
113. Young, T.S., et al., An enhanced system for unnatural amino acid mutagenesis in E. 

coli. J Mol Biol, 2010. 395(2): p. 361-74. 
 
114. Nguyen, D.P., et al., Genetic encoding and labeling of aliphatic azides and alkynes in 

recombinant proteins via a pyrrolysyl-tRNA Synthetase/tRNA(CUA) pair and click 

chemistry. J Am Chem Soc, 2009. 131(25): p. 8720-1. 
 
115. Hansen, L.S., et al., N- and C-terminally truncated forms of glucose-dependent 

insulinotropic polypeptide are high-affinity competitive antagonists of the human GIP 

receptor. Br J Pharmacol, 2015. 
 
116. Gault, V.A., et al., Comparison of sub-chronic metabolic effects of stable forms of 

naturally occurring GIP(1-30) and GIP(1-42) in high-fat fed mice. J Endocrinol, 2011. 
208(3): p. 265-71. 

 
117. Hohmeier, H.E., et al., Isolation of INS-1-derived cell lines with robust ATP-sensitive 

K+ channel-dependent and -independent glucose-stimulated insulin secretion. Diabetes, 
2000. 49(3): p. 424-30. 

 
118. Piteau, S., et al., Reversal of islet GIP receptor down-regulation and resistance to GIP 

by reducing hyperglycemia in the Zucker rat. Biochem Biophys Res Commun, 2007. 
362(4): p. 1007-12. 

 
119. Noren, C.J., et al., A general method for site-specific incorporation of unnatural amino 

acids into proteins. Science, 1989. 244(4901): p. 182-8. 
 
120. Zhang, S.P., G. Zubay, and E. Goldman, Low-usage codons in Escherichia coli, yeast, 

fruit fly and primates. Gene, 1991. 105(1): p. 61-72. 
 
121. Lajoie, M.J., et al., Genomically recoded organisms expand biological functions. 

Science, 2013. 342(6156): p. 357-60. 
 
122. Agard, N.J., J.A. Prescher, and C.R. Bertozzi, A strain-promoted [3 + 2] azide-alkyne 

cycloaddition for covalent modification of biomolecules in living systems. J Am Chem 
Soc, 2004. 126(46): p. 15046-7. 

 



 

 216

123. Baskin, J.M., et al., Copper-free click chemistry for dynamic in vivo imaging. Proc Natl 
Acad Sci U S A, 2007. 104(43): p. 16793-7. 

 
124. Mandlik, A., et al., Pili in Gram-positive bacteria: assembly, involvement in 

colonization and biofilm development. Trends Microbiol, 2008. 16(1): p. 33-40. 
 
125. Hendrickx, A.P., et al., Architects at the bacterial surface - sortases and the assembly of 

pili with isopeptide bonds. Nat Rev Microbiol, 2011. 9(3): p. 166-76. 
 
126. Roed, S.N., et al., Functional consequences of glucagon-like peptide-1 receptor cross-talk 

and trafficking. J Biol Chem, 2015. 290(2): p. 1233-43. 
 
127. Salhanick, A.I., et al., Contribution of site-specific PEGylation to the dipeptidyl 

peptidase IV stability of glucose-dependent insulinotropic polypeptide. Bioorg Med 
Chem Lett, 2005. 15(18): p. 4114-7. 

 
128. Harikumar, K.G., et al., Glucagon-like peptide-1 receptor dimerization differentially 

regulates agonist signaling but does not affect small molecule allostery. Proc Natl Acad 
Sci U S A, 2012. 109(45): p. 18607-12. 

 
129. Sadry, S.A. and D.J. Drucker, Emerging combinatorial hormone therapies for the 

treatment of obesity and T2DM. Nat Rev Endocrinol, 2013. 9(7): p. 425-33. 
 
130. Mann, M. and O.N. Jensen, Proteomic analysis of post-translational modifications. 

Nat Biotechnol, 2003. 21(3): p. 255-61. 
 
131. Walsh, C.T., S. Garneau-Tsodikova, and G.J. Gatto, Jr., Protein posttranslational 

modifications: the chemistry of proteome diversifications. Angew Chem Int Ed Engl, 
2005. 44(45): p. 7342-72. 

 
132. Walsh, G. and R. Jefferis, Post-translational modifications in the context of therapeutic 

proteins. Nat Biotechnol, 2006. 24(10): p. 1241-52. 
 
133. Wold, F., In vivo chemical modification of proteins (post-translational modification). 

Annu Rev Biochem, 1981. 50: p. 783-814. 
 
134. Walsh, C.T., S. Garneau-Tsodikova, and G.J. Gatto, Jr. Angew Chem  2005, 117, 

7508-7539;, Protein posttranslational modifications: the chemistry of proteome 

diversifications. Angew Chem Int Ed, 2005. 44: p. 7342-72. 
 



 

 217

135. Farazi, T.A., G. Waksman, and J.I. Gordon, Structures of Saccharomyces cerevisiae 

N-myristoyltransferase with bound myristoylCoA and peptide provide insights about 

substrate recognition and catalysis. Biochemistry, 2001. 40(21): p. 6335-43. 
 
136. Gluck, J.M., et al., Single vector system for efficient N-myristoylation of recombinant 

proteins in E. coli. PLoS One, 2010. 5(4): p. e10081. 
 
137. Senin, I.I., et al., N-Myristoylation of Recoverin Enhances Its Efficiency as an Inhibitor 

of Rhodopsin Kinase. Febs Letters, 1995. 376(1-2): p. 87-90. 
 
138. Duronio, R.J., et al., Protein N-Myristoylation in Escherichia-Coli - Reconstitution of a 

Eukaryotic Protein Modification in Bacteria. Proceedings of the National Academy 
of Sciences of the United States of America, 1990. 87(4): p. 1506-1510. 

 
139. Linder, M.E., et al., Lipid modifications of G protein subunits. Myristoylation of Go 

alpha increases its affinity for beta gamma. J Biol Chem, 1991. 266(7): p. 4654-9. 
 
140. Heal, W.P., et al., N-myristoyl transferase-mediated protein labelling in vivo. Organic 

& Biomolecular Chemistry, 2008. 6(13): p. 2308-2315. 
 
141. McDaniel, J.R., et al., Noncanonical Self-Assembly of Highly Asymmetric Genetically 

Encoded Polypeptide Amphiphiles into Cylindrical Micelles. Nano Letters, 2014. 
14(11): p. 6590-6598. 

 
142. Fluegel, S., et al., Chain Stiffness of Elastin-Like Polypeptides. Biomacromolecules, 

2010. 11(11): p. 3216-3218. 
 
143. Diehl, K.H., et al., A good practice guide to the administration of substances and 

removal of blood, including routes and volumes. J Appl Toxicol, 2001. 21(1): p. 15-23. 
 
144. Alley, M.C., et al., Feasibility of drug screening with panels of human tumor cell lines 

using a microculture tetrazolium assay. Cancer Res, 1988. 48(3): p. 589-601. 
 
145. Pulaski, B.A. and S. Ostrand-Rosenberg, Mouse 4T1 breast tumor model. Curr 

Protoc Immunol, 2001. Chapter 20: p. Unit 20 2. 
 
146. Mastria, E.M., et al., Doxorubicin-conjugated polypeptide nanoparticles inhibit 

metastasis in two murine models of carcinoma. J Control Release, 2015. 208: p. 52-8. 



 

 218

147. Arnida, et al., Geometry and surface characteristics of gold nanoparticles influence their 

biodistribution and uptake by macrophages. European Journal of Pharmaceutics and 
Biopharmaceutics, 2011. 77(3): p. 417-423. 

 
148. Zhang, K., et al., Shape effects of nanoparticles conjugated with cell-penetrating 

peptides (HIV Tat PTD) on CHO cell uptake. Bioconjugate Chemistry, 2008. 19(9): p. 
1880-1887. 

 
149. Chithrani, B.D., A.A. Ghazani, and W.C.W. Chan, Determining the size and shape 

dependence of gold nanoparticle uptake into mammalian cells. Nano Letters, 2006. 6(4): 
p. 662-668. 

 
150. Turunen, B.J., et al., Paclitaxel succinate analogs: Anionic and amide introduction as a 

strategy to impart blood-brain barrier permeability. Bioorganic & Medicinal 
Chemistry Letters, 2008. 18(22): p. 5971-5974. 

 
151. Xavier, F.H., et al., HPLC Method for the Dosage of Paclitaxel in Copaiba Oil: 

Development, Validation, Application to the Determination of the Solubility and 

Partition Coefficients. Chromatographia, 2016. 79(7-8): p. 405-412. 
 
152. Rivory, L.P., K.M. Avent, and S.M. Pond, Effects of lipophilicity and protein binding 

on the hepatocellular uptake and hepatic disposition of two anthracyclines, doxorubicin 

and iododoxorubicin. Cancer Chemother Pharmacol, 1996. 38(5): p. 439-45. 
 
153. Sorkin, A. and M. Von Zastrow, Signal transduction and endocytosis: close 

encounters of many kinds. Nat Rev Mol Cell Biol, 2002. 3(8): p. 600-14. 
 
154. Aluri, S., et al., Elastin-like peptide amphiphiles form nanofibers with tunable length. 

Biomacromolecules, 2012. 13(9): p. 2645-54. 
 
155. Curry, S., et al., Crystal structure of human serum albumin complexed with fatty acid 

reveals an asymmetric distribution of binding sites. Nature Structural Biology, 1998. 
5(9): p. 827-835. 

 
156. Spector, A.A., Fatty-Acid Binding to Plasma Albumin. Journal of Lipid Research, 

1975. 16(3): p. 165-179. 
 
157. Ashbrook, J.D., et al., Long-Chain Fatty-Acid Binding to Human Plasma Albumin. 

Journal of Biological Chemistry, 1975. 250(6): p. 2333-2338. 
 



 

 219

158. Wang, Y., et al., The molecular basis for the prolonged blood circulation of lipidated 

incretin peptides: Peptide oligomerization or binding to serum albumin? Journal of 
Controlled Release, 2016. 241: p. 25-33. 

 
159. Hirel, P.H., et al., Extent of N-Terminal Methionine Excision from Escherichia-Coli 

Proteins Is Governed by the Side-Chain Length of the Penultimate Amino-Acid. 
Proceedings of the National Academy of Sciences of the United States of 
America, 1989. 86(21): p. 8247-8251. 

 
160. Liao, Y.D., et al., Removal of N-terminal methionine from recombinant proteins by 

engineered E. coli methionine aminopeptidase. Protein Sci, 2004. 13(7): p. 1802-10. 
 
161. Gibson, D.G., et al., Enzymatic assembly of DNA molecules up to several hundred 

kilobases. Nat Methods, 2009. 6(5): p. 343-5. 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

 220

Biography 

Kelli M Luginbuhl was born in Rockville, Maryland in 1990. In 2011, she 

graduated magna cum laude from Colorado State University with a Bachelor of Science 

degree in Chemical and Biological Engineering as well as minors in Math and Chemistry 

and a concentration in Biomedical Engineering. In 2011, Kelli joined the Chilkoti 

Laboratory at Duke University in the Department of Biomedical Engineering. While at 

Duke, Kelli was a James B. Duke fellow (2011-2015) and a Triangle Materials Research 

Science and Engineering Center (MRSEC) fellow (2015-2017). Kelli received the National 

Science Foundation Graduate Research Fellowship in 2012 and in the fall of 2014, she 

received her Masters of Engineering from Duke University in Biomedical Engineering. 

Her time spent at Duke helped to produce the following scientific publications: 

 
1. Luginbuhl, K.M., Schaal, J.L., Umstead, B., Mastria, E.M., Li, X., Banskota, S., 

Arnold, S., Feinglos, M., D’Alessio, D. and Chilkoti, A., 2017. One-week glucose 
control via zero-order release kinetics from an injectable depot of glucagon-like 
peptide-1 fused to a thermosensitive biopolymer. Nature Biomedical 

Engineering, 1, p.0078. 
 

2. Mozhdehi, D., Luginbuhl, K.M., Simon, J.R., Dzuricky, M., Berger, R., Varol, H.S., 
Huang, F.C., Buehne, K.L., Mayne, N.R., Weitzhandler, I., Parekh, S.H., Bonn, M., 
and Chilkoti. A., 2017. Genetically encoded lipid-polypeptide hybrid 
biomaterials that exhibit temperature triggered hierarchical self-
assembly. Accepted with revisions to Nature Chemistry.  

 
3. Luginbuhl, K.M., Mozhdehi, D., Dzuricky, M., Yousefpour, P., Huang, F.C., 

Buehne, K.L., Mayne, N.R., Weitzhandler, I., Parekh, S.H., Bonn, M., and 
Chilkoti. A., 2017. Recombinant synthesis of hybrid lipid-peptide polymer 
fusions that self-assemble and encapsulate hydrophobic drugs. Accepted with 

revisions to Angewandte Chemie International Edition. 



 

 221

 
4. Mozhdehi, D., Luginbuhl, K.M., Roberts, S., and Chilkoti, A., 2017. Design of 

Sequence-Specific Polymers by Genetic Engineering. In JF Lutz (Ed) Sequence-

Controlled Polymers. Wiley VCH. Commissioned book chapter has been submitted to 

editor. 
 
5. Gilroy, C.A., Luginbuhl, K.M. and Chilkoti, A., 2016. Controlled release of 

biologics for the treatment of type 2 diabetes. Journal of Controlled Release, 240, 
pp.151-164.  
 

6. Qi, Y., Simakova, A., Ganson, N.J., Li, X., Luginbuhl, K.M., Ozer, I., Liu, W., 
Hershfield, M.S., Matyjaszewski, K. and Chilkoti, A., 2016. A brush-
polymer/exendin-4 conjugate reduces blood glucose levels for up to five days 
and eliminates poly (ethylene glycol) antigenicity. Nature Biomedical 

Engineering, 1, p.0002. 
 
7. Amiram, M., Luginbuhl, K.M., Li, X., Feinglos, M.N. and Chilkoti, A., 2013. A 

depot-forming glucagon-like peptide-1 fusion protein reduces blood glucose for 
five days with a single injection. Journal of controlled release, 172(1), pp.144-151. 
 

8. Amiram, Miriam, et al. "Injectable protease-operated depots of glucagon-like 
peptide-1 provide extended and tunable glucose control." Proceedings of the 

National Academy of Sciences 110.8 (2013): 2792-2797. 
 

 

 

 

 

 

 

 


