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Abstract 
Intratumoral radiation therapy – ‘brachytherapy’ – is a highly effective treatment 

for solid tumors, particularly prostate cancer. Current titanium seed implants, however, 

are permanent and are limited in clinical application to indolent malignancies of low- to 

intermediate-risk. Attempts to develop polymeric alternatives, however, have been 

plagued by poor retention and off-target toxicity due to degradation. Herein, we report 

on a new approach whereby thermally sensitive micelles composed of an elastin-like 

polypeptide (ELP) are labeled with the radionuclide 131I to form an in situ hydrogel that 

is stabilized by two independent mechanisms: first, body heat triggers the radioactive 

ELP micelles to rapidly phase transition into an insoluble, viscous coacervate in under 2 

minutes; second, the high energy β-emissions of 131I further stabilize the depot by 

introducing crosslinks within the ELP depot over 24 hours. These injectable 

brachytherapy hydrogels were used to treat two aggressive orthotopic tumor models in 

athymic nude mice: a human PC-3M-luc-C6 prostate tumor and a human BxPc3-luc2 

pancreatic tumor model. The ELP depots retained greater than 52% and 70% of their 

radioactivity through 60 days in the prostate and pancreatic tumors with no appreciable 

radioactive accumulation (≤ 0.1% ID) in off-target tissues after 72 hours. The 131I-ELP 

depots achieved >95% tumor regression in the prostate tumors (n=8); with a median 

survival of more than 60 days compared to 12 days for control mice. For the pancreatic 

tumors, ELP brachytherapy (n=6) induced significant growth inhibition (p = 0.001, 

ANOVA) and enhanced median survival to 27 days over controls. 



 

v 

We then demonstrated that 131I-ELP brachytherapy can work synergistically with 

paclitaxel chemotherapy to overcome the intrinsic resistance found in pancreatic tumors. 

Treating tumors with an optimized radioactivity dose of 10.0 µCi/mg and systemically 

administered paclitaxel nanoparticles achieved complete regression in BxPc3-luc2, MIA 

PaCa-2, and AsPc-1 tumor models. Moreover, responses occurred irrespective of the 

paclitaxel dose (between 12.5-50 mg/kg) or the formulation (Abraxane or micelle 

formulation). A comparative study utilizing an aggressive 5x 5Gy hypofractionated X-

ray radiation produced only minor growth inhibition, with or without paclitaxel.  

The mechanistic underpinnings of this effect were explored in an orthotopic 

model to reveal the fundamental differences between 131I-ELP therapy and conventional 

radiotherapy. Continuous dose exposure was found to coordinate much more effectively 

with the temporal sensitization mechanisms of paclitaxel, as evidenced by TUNEL 

immunohistochemistry. Stromal collagen and cellular junctional proteins regulating 

interstitial permeability (Claudin-4, CD31, and VE-Cadherin) were dysregulated after 

131I-ELP treatment. Fluorescent analysis of paclitaxel nanoparticles revealed significantly 

higher paclitaxel accumulation in brachytherapy tumors after treatment (p<0.01). These 

results show that 131I-ELP biopolymer brachytherapy offers a highly attractive 

alternative to current radiotherapy techniques and demonstrated negligible toxicity.
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Chapter 1: Introduction 

1.1 Cancer as a Disease 

Cancer is the 2nd leading cause of death worldwide, accounting for 8.2 million 

deaths in 20121. While colloquially thought of as a singular disease, cancer actually refers 

to a large collection of disparate medical diseases that share a defining characteristic of 

having abnormal cellular growth. Normal cells grow, divide, functionally develop for 

specialized roles, and undergo programmed cell death in a balanced and regulated 

manner. Cells become cancerous, however, when their fundamental genetic code 

becomes mutated in a way that deregulates the growth pattern of a cell. Instead, 

cancerous cells grow and divide at a rapid, and often, uncontrolled pace. Malignant 

cancers are those that invade other tissues and disrupt their function, ultimately with 

fatal consequences.  

Cancer can develop from any of the trillions of cells that compose the typical 

human body. No single genetic mutation makes a cell become cancerous. Cancer ‘type’ 

is instead categorized by several according to several different characteristics: its profile 

of prominent genetic mutations, the anatomical location of origin, epigenetic regulation 

markers, and its stage of progression. Moreover, the origin of cancer can arise from a 

variety of different cause. Genetic inheritance, exposure to environmental factors, 

random mutations that occur naturally over a person’s life, and viral infections have all 

been linked to carcinogenesis. Determining they type of cancer is medically important, 
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however, as it often defines which treatment options are available for patients and their 

ultimate prognosis. 

 

Figure 1: Annual estimates for new worldwide cancer incidence and death1. 

As seen in Figure 1, a majority of the prominent cancers are those that form solid 

tumors: lung, prostate, breast, colon, rectum, ovarian, pancreatic, thyroid, liver, etc. 

Solid tumors present a particular challenge in the field of oncological medicine as they 

develop significant biological barriers. These barriers include poor vascularization, 

dense extracellular matrices, high interstitial fluid pressures, hypoxia, acidified 

environments, as well as cellular membranes that inhibit uptake of drugs2. As most 

cancer chemotherapy drugs must access the inside of a cell to activate, these features 

make solid tumors formidable challenges for cancer drug delivery. New technologies 

must therefore be developed that either help circumvent or overcome these barriers to 

effectively eliminate cancerous tumors. 



 

3 

Due the heterogeneity of cancer as a disease, patients often undergo numerous 

types of treatment approaches that can employ surgery, chemotherapy, radiation, and 

even cellular methods of treatment. Traditionally, the most accepted treatment regimen 

is to use surgery as the principal option to remove the primary tumor mass and to then 

administer adjuvant therapy, either chemotherapy or radiation treatment, to treat any 

residual, clinically undetectable disease. In some cases, adjuvants are applied pre-

operatively to reduce tumors to surgically acceptable sizes and parameters3-6. The 

efficiency of adjuvant agents is strongly dependent on the two key factors: localization 

and retention time in tumor. Despite successes in certain types of cancer, systemically 

administered therapies are still plagued with poor (1) delivery, (2) tumor specific 

localization, and (3) retention of anti-cancer agents within tumors due to the range of 

physiological barriers that inhibit effective drug delivery. As such, the field of drug 

delivery in cancer research has dedicated itself to developing systems and therapeutics 

that are capable of surmounting these barriers. 

One promising approach utilizes intratumoral delivery to enable direct 

localization of high concentrations of therapeutics within the tumor. This approach 

circumvents many of the barriers that stymie systemic techniques, such as renal 

filtration, off-target extravasation, immature tumor vascularization, and poor 

penetration of therapeutics into the core of a tumor due to the extracellular matrix 

(ECM) density and a high interstitial fluid pressure 7. The advantages of i.t. delivery are 

its ability to induce high local concentrations of therapeutics throughout the tumor 
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while reducing exposure to healthy tissues to reduce side effects 8-12. However, several 

delivery obstacles pose challenges for i.t. therapeutics: (1) complete and uniform 

distribution of therapeutics throughout the tumor, (2) convective forces, interstitial fluid 

pressure, and the concentration gradient will induce anti-cancer agents to diffuse and 

‘leak’ out through the immature tumor vasculature. Thus, the success of an intratumoral 

delivery system depends on its ability to retain the anti-cancer therapeutics specifically 

within the tumor, ensuring complete and near-uniform distribution, and stably maintain 

this over the duration of treatment. To date, many techniques can only maximize 

interstitial distribution (tumor coverage) at the expense of incomplete retention, or vice 

versa. 

There are two specific types of cancer that are of interest in this research 

proposal: prostate cancer and pancreatic cancer. Prostate cancer has now become the 

leading cancer disease amongst men in the United States, although worldwide it 

remains a close second behind lung cancer (Figure 1)1,13. It is so prevalent, 1 in 3 men are 

expected to develop prostate cancer over the course of their lives. Fortunately, most 

prostate tumors are characterized by indolent growth as compared to other types of 

cancer. With modern advances in detection and treatment, >75% of cases are caught 

while the tumors remain localized and the overall 5 year survival rates have improved 

to over 90%13. While many clinical options have been established for successfully 

treating prostate tumors, scientists continue to explore new options for combatting the 

more aggressive forms of this cancer. Pancreatic cancer, meanwhile, is one of the 
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deadliest manifestations of cancer in clinical oncology. Even when patients are 

diagnosed early and only have localized tumors, the 5-year survival rate remains under 

27%13. For the vast majority of patients (91%) where disease progression negates a 

simple surgical intervention, the prognosis dwindles to an abysmal <7%. Moreover, the 

incidence and mortality rate for pancreatic cancer has continued to rise since 199214. This 

lethality arises from the sensitive anatomical location of the pancreas, the unique stromal 

composition of its microenvironment that provides a formidable barrier for drug 

delivery, and the hallmark genetic mutations of pancreatic cancer that promote cellular 

mechanisms of resistance. As a result, pancreatic tumors have been found to be heavily 

resistant to traditional radiation therapy and chemotherapy. Currently, pancreatic 

cancer represents the pinnacle of challenges for cancer drug development. 

1.2 The Field of Radiation Oncology 

Ever since Emil Grubbe first employed external beam x-rays to treat solid tumors 

in 1896, radiation therapy has emerged as one of the preeminent clinical tools used in 

medical oncology15. Cancer has now grown to become the 2nd global cause of disease-

related death, claiming 8.2 million lives annually16,17. With modern advancements, 

radiotherapy has been shown to be able to cure over 7 different types of cancer as a 

stand-alone treatment. An additional 11 cancers are curable when radiation is applied in 

concert with other treatment modalities18. Furthermore, a 2015 study by the Lancet 

Oncology Commission found that 50-60% of the worldwide cancer patient population 

requires radiation therapy to properly manage their diseases19-21. With over 15.2 million 
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new cases of cancer being diagnosed annually, the benefits of radiation have never been 

more necessary 17,22 

Radiotherapy consists of ionizing radiation that deposits its energy in tissues as it 

passes through them. The ionizing energy has been found to damage cellular DNA by 

causing double-stranded breaks, single-stranded breaks, and indirectly producing high 

levels of reactive oxygen species. This DNA damage inhibits cellular proliferation and 

can induce cellular death through several pathways23. Because of the abnormal 

metabolic state of cancer cells, they are not efficient at repairing cellular damage and 

thus are more susceptible to radiation damage when compared to healthy cells24,25. 

Radiotherapy is traditionally administered by an external beam irradiator source, 

typically an x-ray irradiator, gamma ray sources, or linear accelerators. The major 

drawback of external beam radiotherapy is that the maximum dose for treating 

cancerous tumors is limited by the exposure levels experienced by the healthy tissue that 

is likewise targeted.  

 

Figure 2: Categories of radiotherapy technology used in cancer therapy 
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As such, new approaches to radiotherapy have emerged with a focus on 

increasing dose delivery at the tumor target while sparing healthy tissue (Figure 2). Two 

new charged particle technologies, proton beam therapy and carbon ion therapy, have 

emerged that fundamentally alter how dose is deposited in external beam 

radiotherapy26. Unlike photon or electron radiation, these particles exhibit a Bragg peak 

whereby the majority of the dose is deposited by the radioactive particle at the end of its 

emission path and the intermediate normal tissue is spared27.  While powerful, access to 

these technologies is highly limited. A second class of technology utilizes molecularly 

targeted radio pharmaceuticals. In this approach, radionuclides are conjugated to 

antibodies that target specific pathological features that are intrinsic to a cancer type28,29. 

Originally, this was explored for nuclear imaging purposes, but several therapeutic 

agents have been developed pharmaceutically that deliver alpha-particle emitting 

isotopes30,31. This approach, however, suffers from all the delivery drawbacks of targeted 

chemotherapeutics. The final approach involves the interstitial placement of a 

radioactive source within the tumor itself – a technique known as brachytherapy. 

1.3 Current State of Brachytherapy Technology 

Brachytherapy is a form of radiation whereby the radioactive source is placed 

within a tumor to irradiate it from the inside out.  Current technology involves either the 

insertion of temporary catheter needles or the permanent implantation of titanium 

seeds. Temporary catheter brachytherapy sources vary in energy, but the duration of 

insertion is varied from minutes up to hours.  The most common sources, 60Co or 192Ir, 
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emit high energy gamma rays that still expose the healthy tissues to radiation and limit 

duration of exposure. Patients are thus required to schedule multiple treatment sessions 

and centralized locations. Numerous catheter injections must be completed with every 

repeat visit, which can lead to localized tissue inflammation and unwanted side effects.  

The most prevalent form of brachytherapy, however, is permanent seed brachytherapy.  

 

Figure 3: Titanium brachytherapy seeds. (A) Approximate size is 5mm in length 
and 1mm in diameter32. (B) Typical pre-planned spatial alignment for prostate cancer33. 

Seed brachytherapy involves the surgical insertion of titanium ‘seeds’ 

encapsulating isotopes that emit low energy gamma rays within the tumor. Other 

emission particles cannot penetrate through the titanium shell.  It has become a widely 

accepted therapy option for prostate cancer since the early 1990s.  Over 40% of prostate 

cancer patients currently receive low dose brachytherapy implants as either a 

monotherapy or as part of a combination treatment regimen34. The strategic placement 

of these seeds throughout the tumor mass provides prolonged irradiation to the tumor 
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while limiting the exposure of healthy tissues. Titanium is specifically chosen for its 

material properties of biocompatibility and inertness, but its shielding also limits the 

applicable therapeutic radiation sources to gamma radiation emitters with lower 

energies and longer half-lives. Multiple studies have found the respective 5-yr and 10-yr 

recurrence free survival rates for brachytherapy patients to be 91% and 88%; equivalent 

to patients receiving the ‘gold standard’ of care, surgical prostatectomy 35-41. 

Furthermore, brachytherapy can be performed as a 90 minute outpatient procedure 

without the cost or trauma of surgery42. 

Despite its efficacious track record, medical researchers have consistently sought 

to develop an alternative approach for delivering brachytherapy. Titanium seeds, while 

bio-inert, possess several limitations (Figure 3). Current procedures require the 

placement of 80-120 seeds throughout the tumor via 10-20 separate injections with 17-

gauge needles, which require significant surgical skill43,44. The procedure also causes 

inflammation that can lead to edema, requiring urinary catheterization lasting up to 10 

days 45. Improper spatial placement of seeds can also cause the unfortunate side effects 

of urinary incontinence, sexual discomfort, and seed migration. In addition, studies have 

shown that dislodged titanium seeds can migrate to other organs in the body, although 

most are safely passed in the urine with a discomfort akin to a passing a kidney stone46-

48. Finally, titanium seeds remain permanently implanted in the patients after 

completion of therapy. This has caused patients to note both physical and psychological 

discomfort long after the seeds’ radioactivity has ceased49,50.  
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1.4 Elastin-like Polypeptide 

1.4.1 A thermally-responsive biopolymer 

ELPs are a class of artificial peptide polymers inspired by the amino acid 

sequence of tropoelastin, which is composed of oligomeric repeats of the pentapeptide 

sequence Val-Pro-Gly-Xaa-Gly ― where Xaa is any amino acid except Pro that is found 

in tropoelastin 51. ELPs are attractive as biomaterials because they undergo a soluble to 

insoluble phase transition when heated above a tunable transition temperature (Tt). 

Through recombinant engineering, ELPs can be designed to undergo their inverse phase 

transition when injected at physiological conditions (~37˚C)52. Upon in vivo injection, the 

ELP solution has been shown to form a viscous, insoluble aggregate (Figure 4) that is 

highly advantageous as a drug delivery depot.  

 

Figure 4: Thermally-stimulated phase transition of elastin-like polypeptide 
(ELP) into an aggregate depot 

When compared to similar FDA approved polymers for drug delivery, such as 

PCL-PEG-PCL and PLGA-PEG-PLGA, ELP demonstrates considerable advantages over 

synthetic copolymers systems. First, ELPs are expressed from a synthetic gene within E. 
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coli, enabling monodisperse production of the biopolymers as opposed to the 

polydisperse solutions of synthetic polymers. Second, the monomeric sequence of ELP 

and molecular weight is defined with molecular precision at the gene level. This allows 

for inclusion of specific amino acids that enable chemical conjugation to various drugs 

or radionuclides at very specific locations in the ELP molecule. Third, bacterial synthesis 

of ELPs results in high yield production (>150mg/L) using shaker flask cultures that can 

easily be scaled to meet demands. Fourth, ELPs are easily purified without 

chromatography using large batch inverse transition cycle purification – requiring only 

water, salt, heat, and a laboratory centrifuge53. Fifth, ELPs are naturally degradable into 

non-toxic amino acids. Last, ELPs have been found to thermally assemble into stable 

coacervates at concentrations 300-fold lower (0.08% w/w) than similar synthetic polymer 

systems (~25% w/w)54. All of these factors make ELP an attractive material for forming 

radionuclide depots. 

1.4.2 Applications of ELP in drug delivery 

The diverse properties exhibited by ELPs have generated significant interest in 

their applications across a range of biomedical fields. As their molecular sequences are 

derived from the human tropoelastin protein, they are highly biocompatible. 

Furthermore, its polypeptide composition ensures that any proteolytic degradation 

results in  non-toxic amino acid fragments that can be safely cleared from the body 55,56. 

This is of considerable medical importance as most synthetic polymers are limited by the 

toxicity of their components. Equally as attractive, ELPs have been shown to be non-
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immunogenic – neither eliciting an inflammatory response nor activating the innate 

immune cells upon injection 57-59. These critical features have made ELP an attractive 

biomaterial which has been widely utilized for biomedical application 60.  

1.4.2.1 Systemic Drug Delivery Applications 

Despite the emergence of biologic therapeutics, the majority of drugs still consist 

of small molecules 61,62. All small molecule drugs — even those that are highly 

hydrophilic and soluble in blood —  are commonly cleared within minutes by renal 

filtration 63,64. Hydrophobic small molecule drugs have a second challenge —poor 

aqueous solubility limits the maximum dose achievable within tissues without adding a 

solubilizing formulation, which often possess their own toxicity limitations. Their 

accumulation at the target site in the body is invariably low and frequently below the 

threshold required for effective therapy. 

Table 1: Applications of ELP Macromolecular Carriers65 
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Type ELP Sequence Application MWELP  
(kDa) 

Plasma 
t1/2 

Polymer Carriers (VPGXG)90 X=V5A2G3 IFNα fusion for prolonged treatment of viral hepatitis B 
and hepatitis C as well as cancer 225 

58.2 8.6 h 

 (VPGVG)27 

(VPGVG)28 
IL-10 and Il-4 fusions for anti-inflammatory therapy 74, 

93 
11.3 
11.9 

 

 (VPGXG)160  X=V1A8G7 Recombinant VEGF fusion for improved angiogenesis 
in the treatment of myocardial ischemia and renal artery 
stenosis 226 

 52.5 min 

 (VPGXG)100  X=V5A2G3 TNF-VH inhibitor fusion for preventing septic shock  155 40.4 11.4 h 
 

 (VPGXG)120  X=V1A8G7 Improve the uptake and internalization of the kinase 
inhibitor p21 peptide in cervical and ovarian cancer 
cells 144, 227 

45.2  

 (VPGXG)120  X=V5A2G3 cMyc inhibitory peptide fusion for enhanced delivery 
and targeting 228 

45.2  

Micelle Carriers (VGPXG)160 X = V1A8G7 Chimeric peptide delivery system for doxorubicin 
chemotherapeutics 144  

60.3 9.3 h 
 

 (XGVPG)160; X= A4V1 Paclitaxel packaging for enhanced solid tumor targeting 
and cytotoxicity 152 

62.7 8.4 h 
 

 (VPGXG)160  X=A4V1 Cysteine doxorubicin loading for solid tumor 
chemotherapy 153 

64.3  

 (VPGXG)150  X=V5A2G3 Lysine conjugation of doxorubicin for squamous cell 
carcinoma therapy 160 

59.1  

 (VPAVG)220  BMP-2 and BMP14 were physically encapsulated upon 
micelle self-assembly for bone regeneration and 
angiogenesis 229 

96.0  

 (VGPXG)160 X = V1A8G7 Delivery of doxorubicin via a nucleolin-ELP micelle for 
tumor targeting 

65.5 10.9 h 

 (VPGSG)48(VPGIG)48 
FKBP(VPGSG)48(VPGIG)48 

Targeted encapsulation of Rapamycin for immune 
suppression and mTOR inhibiton in breast cancer 230 

39.6 
20.8 

2.2 h 
57.8 h  

(in vitro) 
 (VGVAPG)60 Fusion to the keratinocyte growth factor (KGF) for 

fibroblast proliferation and dermal wound healing 231 
24.0  

 [(VPGVG)2(VPGEG)(VPGVG)2]10 

-(VPGIG)60 
Fusion delivery to M. tuberculosis antigen for inducing 
an IgG and IgM response without adjuvant co-delivery 
232 

  

Microspheres [(VPGVG)4(VPGKG)]8-
(VPGVG)40 

Physical entrapment of prednisone acetate and BSA for 
smart-release drug delivery 159 

82.0  

 [(VPGVG)14(VPGKG)]8-
(VPGVG)40 

Cross-linking of core shell microparticles with physical 
loading of rhodamine B and FITC 233 

65.8  

  

As summarized in Table 1, ELPs used macromolecular carriers for hydrophobic 

small molecule drugs can overcome these limitations. In a series of studies designed to 

test the utility of ELPs for drug delivery, Chilkoti et al. determined that the renal 

filtration cutoff for ELP unimers is ~60 kDa, with an average plasma half-life of ~10 

hours 66-69. ELPs in this size range are optimal to enhance the plasma half-life of attached 

drugs 70. Furthermore, their rate of serum-related biodegradation was quantitatively 

assessed by radioactively labeling an optimized ELP with 14C and intravenously 

injecting it into mice. The results showed that ELP degraded at a rate of 2.5 wt.% per 
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day, suggesting that systemically injected ELPs —even those with molecular weights 

above renal filtration —  should ultimately be degraded and cleared from the body 56,71.  

Several strategies for chemical conjugation and physical encapsulation of 

hydrophobic drugs including doxorubicin, paclitaxel, and prednisone have been 

developed that allow for intravenous administration 66,72,73. An extensible method 

developed by Chilkoti and coworkers, Attachment Directed Assembly of Micelles 

(ADAM), enables the synthesis of nanoparticles that covalently attach and sequester 

drugs within the core of self-assembling micelles. In ADAM, a chimeric polypeptide 

(CP) consisting of an N-terminal hydrophilic ELP and a C-terminal segment containing 

periodically spaced cysteine residues arranged in a (GGC)n motif is recombinantly 

synthesized. When multiple copies of a small molecule chemotherapeutic, such as 

doxorubicin 74-76 or paclitaxel 66, are next conjugated to the cysteine sites, the CP-drug 

conjugate spontaneously self-assembles into near-monodisperse sub-100 nm diameter 

micelles as evidenced by electron microscopy (Figure 5A) and light scattering. The drug 

is attached to the cysteine residues though an acid-sensitive linker with an internal 

hydrazone bond that efficiently cleaves in late endosomes-lysosomes at pH < 5.5 to 

release free drug 77.   McDaniel et al. explored the physico-chemical basis of ADAM and 

found that hydrophobic molecules with an octanol-water distribution coefficient > 1.5 

triggered self-assembly of the conjugate into spherical micelles 78.  This provides a single 

and easily calculated metric that can predict if attachment of a drug to a CP will trigger 

self-assembly into micelles and is a useful tool to screen drugs for encapsulation into 
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ELP-derived micelles. The systemically administered drug-nanoparticles circulated 

much longer than free drug, accumulating to a greater extent in solid tumors, and 

outperformed free drugs in tumor regression in multiple mouse models 52,66,68,79-82. 

Notably, CP-paclitaxel nanoparticles increased the bioavailability of paclitaxel by 7-fold 

compared to free drug and 2-fold compared to Abraxane™, an FDA-approved 

formulation of paclitaxel that consists of nanoparticles of human serum albumin loaded 

with the drug 83.   When used to treat preclinical murine tumors of human triple 

negative breast cancer and human prostate cancer, CP-paclitaxel achieved greater tumor 

growth inhibition (Figure 5B) and provided a median survival well beyond 100 days 

after just a single dose; conversely, mice treated with Abraxane at the same dose could 

not survive for more than 80 days (breast) or 60 days (prostate).  

 

Figure 5: ELP macromolecular carrier strategies. (A) Attachment directed assembly of 
micelles (ADAM) provides a robust method of nanoparticle formation for hydrophobic 

drugs. Transmission microscopy confirms these particles form monodisperse 
populations with hydrodynamic radii < 100nm. (B) When ELP paclitaxel nanoparticles 

(CP-PTX) were compared directly against Abraxane, the clinically approved formulation 
of paclitaxel, the CP-PTX was superior in inducing tumor regression and enhancing 
overall survival in a preclinical murine model of breast cancer. (C) Heating from a 
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physiological temperature of 37°C to 42°C was used to promote self-assembly of 
micelles and to vastly increase the multivalent density of the corona. The resulting 

multi-valency resulted in an increase in cellular uptake of the nanoparticle cargo. Red = 
cell membrane; blue = cell nuclei; green = ELP. 65 

While the pharmacokinetics of small molecules is vastly improved by ELP 

vehicles, additional environmental stimuli-responsive strategies are employed to 

improve drug delivery.  In particular, almost all cancer therapeutics are designed for pH 

sensitive release of the drug cargo. An acidified pH is one of the defining characteristics 

of solid tumor microenvironments 84. Thus, many approaches have been used to create 

pH-responsive drug release within the tumor site in an attempt to improve efficacy. 

Moreover, promoting late endosomal escape is of critical importance for maximizing 

intracellular cytotoxicity. The most prevalent strategies have been the incorporation of 

pH-sensitive linkers that covalently attach drugs to an ELP macromolecule (see Table 

III). In a unique system design by Callahan et al., a histidine-rich ELP di-block was used 

to confer pH sensitive stability to the micelle cores themselves 85. At a pH of 

approximately 6.2 – 6.4, the acidic extracellular pH characteristic of many tumors, the 

micelles disassembled into unimers. This was found to enhance both the depth and 

amount of unimer penetration in the tumor interstitium to affect greater efficacy. 

A unique feature of ELP-based delivery systems is that their stimuli-responsive 

behavior makes them amenable to advantageous combinations with other treatment 

regimens. For example, mild hyperthermia, defined as the application of heat to a tissue 

of interest or a tumor by an external source such a ultrasound to raise the temperature of 

the heated region to a clinically safe ~42 ºC, has been used clinically to enhance the 
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effects of chemotherapy and external beam radiotherapy by improving both blood flow 

and perfusion 86,87. The original implementation of ADAM utilized an ELP whose phase 

transition occurred well above body temperature so that the nanoparticles were not 

responsive in the narrow temperature range available for mild hyperthermia.  The long 

history of utilizing mild hyperthermia in the clinic, however, offered an interesting 

approach for improving the targeting of thermally sensitive ELPs to solid tumors 88-91. 

In a seminal study, Meyer and coworkers designed and fluorescently labeled an 

ELP that underwent a phase transition in the vasculature of subcutaneous tumors in vivo 

after heating above the Tt ~ 40 ºC  91. By using a dorsal skin-flap window chamber, they 

observed that heating the tumor to 42ºC led to the aggregation of the ELP into 

polydisperse micron-sized aggregates that adhered to regions of the tumor vasculature 

and could be imaged using intravital fluorescence microscopy.  The in vivo aggregation 

was thermally reversible, as cessation of the heating completely dissolved the aggregates 

into soluble ELP unimers. This study demonstrated that the phase transition of an ELP 

could be triggered in a living animal and that focused, mild hyperthermia could provide 

a viable approach for thermal targeting of tumors. Dreher and coworkers continued to 

develop the concept by devising a thermal cycling methodology to maximize delivery of 

a thermally sensitive ELP into the perivascular space of tumors 92. McDaniel et al. 

expanding the work of even further by designing micelles that thermally transitioned at 

40°C to form a coacervate within the hyperthermia-targeted tumor vasculature 70. Using 

multiple heat-cool cycles at the site of the solid tumors, a ‘thermal pump’ was created 
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that heightened the intravascular concentration gradient and drove greater amounts of 

the micelle selectively into the tumor. 

In addition to improving the physical accumulation of ELP therapeutics, mild 

hyperthermia can also be used as a trigger to generate multivalent targeting.  Simnick 

and coworkers functionalized ELP di-block copolymers at the end of their hydrophilic 

block with a tumor vasculature-targeting RGD and NGR tripeptide ligand for 

multivalent display 93 and showed that the self-assembly of the di-block ELP into 

micelles could be used to create thermally triggered multivalent nanoparticles.  

Enhanced uptake by cells overexpressing the cognate receptors only occurred when the 

cells were heated slightly above the CAT of the ELP, where triggered micelle formation 

lead to high affinity multivalent interactions.    This method is a potentially powerful 

strategy for improving targeting and interactions of drug-loaded nanoparticles to 

specific regions of the body through selectively heated. Importantly, it does not require 

that the target tissue have significant overexpression of the receptor as the multivalent 

nanoparticle has higher avidity than the unimer.  Binding only occurred in heated 

regions and off-target effects were minimized as the monovalent affinity of single 

ligands present on unimers were too low to promote cell uptake. Hassouneh and co-

workers used a similar approach in which they designed a di-block ELP with a 

hydrophilic displayed fibronectin type III (Fn3) domain that was designed to bind to 

αvβ3 integrin 94 . The di-block ELP transitioned at a physiologically relevant temperature 

of 39°C into a micelle with multiple Fn3 domains displayed on the corona. This induced 
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multivalent micelle display of Fn3 and led to enhanced intracellular uptake in vitro by 

αVβ3-receptor mediated binding and endocytosis  95. Building off the work of Dreher et al. 

76 and Simnick et al. 96 on di-block ELPS that self-assemble into micelles, MacEwan et al. 

demonstrated how the thermally-responsive self-assembly of a di-block ELP could be 

used to create a micelle that functions as  a temperature-triggered cell penetrating 

nanoparticle 97. They accomplished this by synthesis of a di-block ELP fused with penta-

arginine (R5), which is below the arginine density required to function as a cell 

penetrating peptide (CPP). When the unimers were heated to 42°C and assembled into 

micelles in the vasculature, the local density of arginine residues on the corona of the 

micelles increased significantly and turned the micelles into an efficient cell penetrating 

nanoparticle (Figure 5C). When appended with a pro-apoptotic peptide, the 

nanopeptifier further created a cytotoxic switch, inducing apoptosis only in its self-

assembled state at the hyperthermia-targeted tumor. These studies showed the unique 

ability of ELP systems to improve both multivalency and target specificity for drug 

delivery when thermally triggered with hyperthermia at the site of interest. 

1.4.2.2 Injectable Depot Applications 

To fully understand drug delivery depot design, the Chilkoti group created and 

characterized a library of over 200 ELPs in the past decade 98,99. This information has 

enabled the rational design of injectable drug depots for multiple purposes by pairing 

peptides, protein, drug conjugates, and small radionuclides to an appropriate ELP such 

that the resulting in vivo Tt remains between room and body temperature 100.  
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Of the various depots that have been developed to date, ELPs have proven most 

successful in two contexts. The first has been the application of liquidly injectable ELP 

depots for brachytherapy — localized radionuclide therapy — of solid tumors. In ELP-

based brachytherapy, a radionuclide is conjugated to an ELP with a Tt designed below 

body temperature in order to create an stabile intratumoral depot upon injection that 

will provide prolonged radiotherapy.  Liu et al. first successfully demonstrated ELP-

brachytherapy with an iodine radionuclide-ELP conjugate used to treat subcutaneous 

tumor models.  The formation a radionuclide depot due to coacervation of the ELP led 

to prolonged intratumoral retention of the radionuclide and elicited a tumor regression 

in all FaDu squamous cell and PC-3 prostate human xenografts 101,102. Over two-thirds of 

all tumor bearing animals were found to be cured after treatment with a single 

administration of radionuclide-ELP. Further enhancing the brachytherapy stability, 

high-energy radionuclides were found to induce ELP depot crosslinking 103.  

In the absence of crosslinking, the ELP coacervate depots are slowly diluted by 

the interstitial flow that occurs in all tissues. As the phase transition as the ELP is an 

inverse function of concentration, the edges of the depot become solubilized and freely 

diffuse away 104. Exploiting this phenomenon, Amiram et al. developed an injectable 

system for the sustained delivery of glucagon-like peptide-1 (GLP-1) —a drug for 

treatment of type 2 diabetes — by recombinant fusion of the peptide to a depot-forming 

ELP 105. Upon subcutaneous injection, the GLP-1/ELP fusion formed a depot which 

slowly released the fusion for up to five days into circulation. This enabled a sustained 
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activation of the GLP-1 receptor on pancreatic beta cells and achieved control of blood 

glucose levels for up to a week in mice 106,107.  

In a variant of this approach, the injectable depot was designed to release the 

active drug GLP-1 only, rather than the GLP1-ELP fusion.  This system, termed protease 

operated depot (POD), consists of two polypeptide segments that are fused together at 

the gene level and recombinantly expressed as one continuous polypeptide: (i) 

oligomers of a peptide drug with recognition sites for proteases that are embedded 

between the peptide repeats and (ii) a depot-forming ELP 107. The central hypothesis 

underlying the design of PODs was that monomeric copies of the peptide drug would 

be released by protease cleavage of the oligomer at the sites embedded between copies 

of GLP-1, providing prolonged release of the peptide drug into circulation. Amiram et al. 

showed that a GLP-1 POD could control glucose levels in mice for up to five days after a 

single subcutaneous injection. 
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Chapter 2: Design of a Self-stabilizing ELP 
Brachytherapy Depot 

A polymeric brachytherapy carrier, capable of in situ self-assembly upon 

injection, could eliminate many of the complexities and side effects associated with 

titanium seed implantation. In previous work, our lab developed a biopolymer carrier 

that utilizes elastin-like polypeptide (ELP) to deliver low energy 125Iodine radionuclides 

as a next generation brachytherapy material. ELPs are a class of recombinant stimulus 

responsive polymers that consist of repeats of a pentapeptide sequence — Val-Pro-Gly-

Xaa-Gly, where Xaa can be any amino acid except Pro — derived from tropoelastin 108,109. 

ELPs exhibit a thermally-responsive phase behavior, transforming from a soluble state 

into an insoluble coacervate phase above a transition temperature (TT). The TT of the ELP 

is dictated by its composition and molecular weight, variables that are precisely 

controlled through recombinant engineering. 

Researchers have long speculated that many of the limitations of current 

brachytherapy seed technology might be overcome by engineering a biodegradable 

material. The primary design specifications for such an application are  

1) the material can form injectable depots with an in vivo life span that is 

compatible with the radionuclide half-life used in treatment;  

2) The material degrades into non-toxic by products after the radioactivity 

has decayed to a level that no longer poses a threat of systemic toxicity.  
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A next-generation biomaterial that meets these criteria, such as ELP, could merge 

the effectiveness of high dose radiotherapy with the safety and simplicity of low 

permanent seed brachytherapy. It could also enable the delivery of a wider selection of 

radionuclides with improved therapeutic properties. 

2.1 Previous ELP depot design 

The concept of utilizing a thermally responsive ELP polymer as an alternative 

material for delivering brachytherapy was pioneered by Wenge Liu and J. Andrew 

MacKay in our lab back in 2010102. In their original work, Liu et al. demonstrated that 

thermally-responsive ELPs that transitioned into insoluble aggregates protected 

radioactive iodine from dehalogenation (Figure 6). When the same ELPs were injected as 

brachytherapy depots into murine tumor models, the rate of radionuclide clearance was 

found to directly match that of the ELP, most likely due to diffusion and proteolytic 

degradation. The work showed that thermally sensitive 125I-ELP depots exhibited a 

tumor retention half-life of t1/2 = 44.2 h102. Soluble ELP injections only achieved a t1/2= 8.3 

h. This work suggested that thermally triggered ELP depots could provide a valid 

strategy for retaining and protecting conjugated radionuclides within the tumor 

environment as long as the ELP depot remained stable.  



 

24 

 

Figure 6: Early performance thermally-responsive ELP. (A) Depot forming ELP1 was 
shown to protect radiolabeled 125Iodine from dehalogenation as compared to a soluble 
ELP2 design. In vivo retention was assessed by infusing [14C]ELP, conjugated with 125I, 
directly into mice bearing FaDu tumors. (B) 14C activity measured ELP retention while 

(C) 125I activity tracked radionuclide stability within the depot.102 

In subsequent work, Liu and McDaniels set about optimizing the design 

parameters of the ELP depot system to improve intratumoral stability101. They designed 

a library of thermally responsive constructs that around the more retentive sequence, 

(VPGVG)n(GY)m, to determine which features could further improve depot retention. 

They hypothesized that by recombinantly re-designing the ELP so that depressing the Tt 

away from physiological body temperature could improve the stability of an injectable 

depot. To this end, they varied the molecular weight of the ELP, the number of 

hydrophobic tyrosine sites for radiolabeling, and injection concentration. 

 

Figure 7: Biomolecular optimization of the ELP depot design. (A) Explored the effects 
of concentration, molecular weight, and N-terminal tyrosine number on in vivo 125Iodine 
retention. For all variables, enlarging the ΔTt improved overall retention. (B) In addition, 
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the 7-tyrosine tail induced the ELP to self-assemble into nanostructures. (C) Further in 
vivo testing revealed that micelle ELP depots improved overall retention of the 

brachytherapy depot.101 

As they expected, Figure 7A showed that the variables decreasing the Tt of the 

ELP, and subsequently widening its gap from body temperature (ΔTt), consistently 

demonstrated higher overall retention in tumors after 12 days. Of the variables, 

increasing the injection concentration proved the most beneficial, with increasing the N-

terminal tyrosine content also providing significant improvements. What proved more 

interesting in their findings was that the Tyr7 variant that self-assembled into micelles 

(Figure 7B) that provided greatly enhanced tumor retention even when all other 

variables where optimized (Figure 7C). These results led to an optimized depot design 

of (VPGVG)120(GY)7 101. When injected in vivo at a concentration of 1000µM, the ELP 

underwent a thermally-triggered, inverse phase transition at 21°C to form an 

intratumoral depot 110,111. While the design proved to be non-toxic and demonstrated 

excellent initial retention (~85% after 24 hours), it was susceptible to long term 

degradation, retaining less than 50% of its injected dose after 7 days. As longitudinal 

stability is a critical feature for brachytherapy, an improved design of the injectable ELP 

depot was required.  

2.2 131Iodine as a therapeutic radionuclide 

The titanium casing found in seed brachytherapy inhibits the transmission of 

most radiation particles other than gamma rays. As such, they are limited to 

encapsulating 125I, 103Pd, or 131Cs radionuclides whose respective half-lives are 59.4 d, 17.0 
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d, and 9.7 d with average gamma ray energies of 28.5 keV, 20.8 keV, and 30.4 keV45,112. 

Since ELP can be chemically conjugated to radionuclides without shielding effects, it can 

deliver isotopes that provide more potent therapeutic effects.  

The beta-particle emitter 131I is particularly attractive for ELP brachytherapy for 

several reasons. First, 131I β-particles deliver a higher average energy of 181.9 keV that 

are capable of treating aggressive forms of cancer 113. Second, beta emissions only 

penetrate up to 1.2 mm through soft tissue, thus reducing off-target irradiation of 

healthy tissues114. Third, 131I has a half-life of 8.02 days, which minimizes the radiation 

exposure time for patients. This is a highly desirable feature for patients when compared 

with the 59.4 day half-life of 125I, the predominant clinical isotope used for gamma 

radiation based brachytherapy 115. Fourth, 131I is already prescribed clinically in the 

treatment of Graves’ disease and thyroid cancer. Reference dosing and safety limitations 

are thus readily available. Finally, the chemical reaction schemes for polypeptide 

iodination and subsequent purification are simple, quick (<1h), and reduce in high yield 

conjugation116.  

2.3 A dual-mechanistic approach for depot self-stabilization 

High energy, ionizing radiation has long been utilized in the synthetic polymer 

field to induce crosslinking to create hydrogels 117-119. In the 1970s, radiation was a 

common method used to investigate polyacrylamide and polyHEMA hydrogel grafts to 

biomedical implants in order to improve interactions with the host 120. Urry et al. 

likewise used 60Co gamma cells to create protein-based hydrogels finding that hydrogel 
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crosslink density and tensile modulus increased with radiation exposure time  121,122. 

Cataldo et al. investigated the composition of covalent crosslinks in mechanically stable 

hydrogels formed from irradiated collagen and found that 3 major types of covalent 

crosslinks — disulfide bonds, phenylalanine dimerization, and tyrosine dimerization — 

were implicated in the radiation crosslinking of collagen 118. To our knowledge, 

however, no one has previously attempted to use radiation to crosslink a hydrogel in 

situ. As our ELP micelle design already incorporated seven tyrosine subunits, 

(VPGVG)120(GY)7, we hypothesized that it would be similarly amenable to hydrogel 

crosslinking if a radionuclide with sufficient energy was used. 

Herein, we report a new strategy whereby the conjugation of the β-radionuclide 

131Iodine to a thermally responsive ELP enables a dual mechanism of depot stabilization 

while simultaneously delivering intratumoral radiotherapy. In this approach, as illustrated 

in Figure 8, the ELP has a critical micelle temperature (CMT) below room temperature 

and a micelle-coacervation transition temperature below body temperature. Thus, the 

depot is initially created when soluble ELP micelles, conjugated to 131I, undergo a 

soluble-insoluble LCST phase transition in vivo. The viscous coacervate then undergoes 

further structural stabilization into a hydrogel as the 131I emits high energy beta particles 

that induce covalent crosslinking within 24 hours.  
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Figure 8: Illustration of mechanisms of dual-stabilized 131I-ELP brachytherapy depot 

We chose to inject I-ELP conjugates in the form of micelles, rather than unimers 

(individual polymer chains), because we have shown that the ELP micelle-coacervate 

phase transition is independent of concentration as compared to the ELP unimer. This 

provides two major advantages: (1) it provides a large window of concentration for 

treatment planning, and (2) the micelle-to-coacervate transition is far less sensitive to in 

vivo dilution than a unimer-to-coacervate design, minimizing the loss of ELP prior to 

radiation crosslink mediated stabilization of the brachytherapy depot. 

To test the stability and therapeutic effectiveness of this strategy, 131I-ELP 

brachytherapy depots were used to treat two aggressive orthotopic tumors in athymic 

mice – PC-3M-luc-C6 human prostate cancer and BxPc3-luc2 human pancreatic cancer. 

Orthotopic tumor models were chosen as they more closely mimic the clinical 

presentation of cancer in humans.  It also enabled assessment of depot stability and 
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radiation spillover effects to neighboring organs in a clinically relevant biochemical and 

anatomical microenvironment as compared to the s.c. environment of our previous study 

that is far more tolerant to high dose radiation 111. The in vivo results demonstrate the 

clinical utility of ELP β-brachytherapy and highlight its potential advantages compared to 

standard clinical low dose brachytherapy. 

2.4 Thermal responsiveness and kinetics of ELP depot formation 

The underlying premise of the 131I-ELP brachytherapy depot involves coupling 

two complementary stabilization mechanisms. Ionizing radiation can form mechanically 

stable hydrogels, but require a time scale of 12-48 hours to properly cure 118. Initial 

convective forces upon injection, the high interstitial fluid pressure of tumors, and 

molecular diffusion all cause soluble polymers to rapidly disseminate out of the tumor 

microenvironment long before a hydrogel can form. To address this problem, the ELP 

ensures immediate in situ self-assembly of the depot within the tumor and maintains its 

stability until the material has enough time to form a radiation crosslinked hydrogel. 

With these considerations in mind, we chose to inject radioactive ELP micelles 

rather than radioactive ELP unimers because ELP micelles have a largely invariant 

micelle-coacervate TT over a wide range of concentrations 99,123. Micelle assembly can be 

programmed into an ELP by simply incorporating a hydrophobic tail domain at the C-

terminus of an ELP. We selected a (GY)7 tail for two reasons: (1) this hydrophobic motif 

drives self-assembly of ELPs into rod-shaped micelles 123; and (2) the tyrosine residues 

conveniently provide conjugation sites for iodine coupling through the IODOGEN 

reaction method 124. Because the conjugation of iodine may potentially alter self-
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assembly and material properties, the ELP nanoparticles were characterized before and 

after chemical conjugation in order to investigate the effects of iodination on micelle size 

and thermal responsiveness. 

2.4.1 Methods 

An ELP with the primary sequence (VPGVG)120(YG)6Y (single letter amino acid 

codes) was selected because its transition temperature (Tt) of 21°C is lower than 

physiological body temperature, 99,111. It was expressed in BLR(DE3) competent E. coli 

(Edge BioSystems, Gaithersburg, MD) (Novagen, Madison, WI) that were transformed 

with a pET-24a+ vector that carries a copy of a synthetic gene that encodes the ELP, as 

described previously 99,125.  The following methodology was used to express the ELP and 

purify it.  First, E. coli cells were transformed on ice with a pET-24a+ vector with the ELP 

gene inserted under control of the T7 promoter. The E. coli were then incubated in 

sterilized TB media (Mo Bio Laboratories, West Carlsbad, CA) with 45 mg/L of sterile 

filtered kanamycin sulfate (Sigma Aldrich, St. Louis, MO) at 190 rpm and 37°C. This 

approach to ELP expression relies on the intrinsic leakiness of the T7 promoter. After 24 

h of culture, the E. coli broth was centrifuged and sonicated intermittently on ice using a 

Misonix Sonicator S-4000 (Newton, CT). 10% w/v polyethyleneimine (PEI) was mixed 

with the resulting lysate and centrifuged for 15 min at 13000 rpm and 4°C to remove 

oligonucleotides and non-soluble cellular membrane components in the resulting pellet. 

The soluble ELP was then transferred and purified by performing Inverse Transition 

Cycling (ITC) 125. Three to four ITC cycles were performed until purity exceed 95%, as 
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determined by SDS-Page gel electrophoresis (Figure 9). Residual salt was removed by 

overnight dialysis. Finally, endotoxins were removed from the ELP by incubation in 

Detoxi-GelTM Endotoxin Removing Gel columns (Thermo Scientific, Rockford, IL), per 

FDA regulations requiring an upper limit of 5 EU/dose (dose = 1 mg) 126. Purified yields 

averaged between 100-200 mg of ELP per liter of E. coli cultured.  

 

Figure 9: SDS-Page gel showing ITC purification of depot forming ELP. Stained with 
0.5M CuCl2. 

Radionuclide labeling, for both 125I and 131I, was performed using the iodogen 

oxidative reaction method 124. Na125I and Na131I were purchased from Perkin Elmer 

(Boston, MA) and reacted with 500 µM ELP in Pierce® pre-coated IODOGEN tubes 

(Fisher Scientific, Hampton, NH) on ice for 30 min. The product was purified by 
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centrifugal ultrafiltration using 40K molecular weight cut off (MWCO) Zeba Spin 

Desalting Columns (ThermoScientific, Rockford, IL) at 2500 rpm for 3 min at 4°C to 

remove any unreacted radioiodine. The desired concentration of ELP was obtained by 

mixing the reaction product with unlabeled ELP to bring the final concentration of ELP 

to 1000 µM. Radioactivity was measured using the AtomLab 400 dose calibrator (Biodex, 

Shirley, NY). 

The thermal properties of the ELP were characterized by measuring solution 

turbidity as a function of temperature on a multi-well Cary 300 UV-vis 

spectrophotometer (Varian Instruments, Palo Alta, CA). The optical density was 

measured at 350 nm as a function of temperature. The temperature was raised from 15°C 

to 45°C at a rate of 1°C/min, with absorbance readings measured every 0.3°C. The TT 

was defined as the temperature at which the first derivative of absorbance with respect 

to temperature was maximized. The macroscopic kinetics of phase separation were 

determined by setting the block temperature to 37°C and rapidly inserting an ELP 

sample, in a cuvette stored at 4°C, into the spectrophotometer. Absorbance readings at 

350nm were measured every 0.1seconds for up to 10 minutes. For DLS and SLS particle 

sizing, samples were sterile filtered using a 200nm filter in PBS. Samples were first 

measured on a DynaPro Plate Reader (Wyatt Technology) for DLS and then an 

ALV/CGS-3 Compact Goniometer System (ALV-GmbH, Langen, Germany) for SLS 

analysis.  
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2.4.2 Results 

Micelle formation was characterized by dynamic and static light scattering (DLS 

and SLS, respectively) at 15°C. DLS indicated that ELP unimers had a hydrodynamic 

radius (RH) of 8.6 ±1.5nm and formed micelles with a RH of 34.4 ±11.1nm (Figure 10).  

 

Figure 10: Particle size of ELP micelles before and after iodine-labeling.  (A) Dynamic 
Light Scattering measurement of hydrodynamic radius (RH). (B) Static Light Scattering 

measurement of radius of gyration (RG). 

A small, residual population of unimers was present in solution after micelle 

formation. Iodine conjugation was carried out under the same reaction conditions and 

concentration used during radionuclide labeling, albeit with non-radioactive NaI. The I-

ELP micelle RH was 41.2 ±18.6nm. SLS analysis confirmed the radius of gyration, RG of 

ELP micelles was 74.5 nm while that of I-ELP micelles was 50.3 nm. Matrix-assisted laser 

desorption/ionization mass spectrometry analysis revealed that the ratio of conjugated 

iodine was 3.7 per ELP molecule (Figure 11). 
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Figure 11: MALDI-TOF-MS of iodine labeling of ELP. IODOGEN conjugation resulted 
in peaks at 51013.4 and 51288.0, corresponding to a 3.7 iodine loading ratio. 

The TT of the micelle-coacervate transition for ELP and I-ELP nanoparticles were 

next characterized to verify their ability to assemble into depots at body temperature. As 

shown in Figure 12A-C, the phase transition occurred well below physiological body 

temperature for ELP concentrations spanning 0.1-1000 µM. At the planned injection 

concentration of 1000 µM, the ELP exhibited a TT of 20.5ºC while that of I-ELP was 

19.8ºC. The TT of both ELP and I-ELP micelles were relatively insensitive to 

concentration changes, which is consistent with previous results for ELP micelles 99.  
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Figure 12: Thermal transition properties of ELP micelle depots. Turbidity profiles of 
the phase transition of (A) unreacted ELP and (B) iodinated ELP as a function of solution 

temperature. (C) Concentration dependence of the TT of both ELP and I-ELP. 

The kinetics of coacervate formation was investigated using a temperature jump 

experiment to simulate ELP injection at body temperature. Briefly, ELP and I-ELP 

solutions at various concentrations were stored at 4°C. They were then inserted into a 

37°C pre-heated UV-vis spectrophotometer and the corresponding change in absorbance 

was measured as the solution was heated. A typical kinetic turbidity profile, with events 

clearly marked, is shown for a reference solution of ELP at 1000 µM (Figure 13A). The 

standard profile demonstrates an initial time lag between insertion of the cuvette and 

the onset of the phase transition. This duration, denoted ‘thermal equilibration’, is 

dictated by the heat transfer properties of the quartz cuvettes as the sample equilibrates 

to the spectrophotometer bulk temperature of 37°C. This equilibration duration accounts 

for a majority of the time required for in vitro depot formation and is highly influenced 

by the thermal conductivity of the quartz. Even for dilutions as low as 0.1 µM, the 

equilibration lag time remained similar to ELP solutions at much higher concentrations. 

Depot formation consistently occurred in less than two minutes of spectrophotometer 
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insertion for both ELP and I-ELP (Figure 13 B,C). In vivo, however, the injected ELP 

solution will be directly in contact with tissue at 37°C. This would eliminate the time lag 

due to the heat transfer through the quartz. Presumably, the kinetics of I-ELP depot 

formation would then be even more rapid upon intratumoral injection. 

 

Figure 13: Kinetics of ELP thermal transition. (A) Representative kinetic transition 
profile for ELP as a function time. (B) Transition kinetics data for dilutions of ELP and I-
ELP at 37°C. (C) Concentration dependence of depot formation time for ELP and I-ELP. 

2.5 Effect of nanoparticle structure on depot stability  

2.5.1 Methods 

Micelle forming ELP-Tyr7, (VPGVG)120(GY)7, and a basic unimer ELP-Tyr1, 

(VPGVG)120GY, were both synthesized, purified, and radiolabeled. All constructs were 

prepared at 500µM in sterilized PBS and reacted with 125Iodine (Perkin Elmer, Boston 

MA) in Pierce® pre-coated IODOGEN tubes (Fisher Scientific, Hampton, NH) 124. The 

product was centrifugally purified through 40K MWCO Zeba Spin Desalting Columns 

(Thermo Scientific, Rockford, IL) at 2500 rpm for 3 min at 4°C to remove unreacted 

radioiodine from the conjugate. After labeling, each construct was diluted down to a 

final biopolymer concentration of 250µM.  
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Two groups of athymic nu/nu mice, nude mice were anesthetized using a 1.6% 

isoflurane vaporizer feed at an O2 flow rate of 0.6 L/min. Each mouse received a soluble 

200uL injection of their respective solution at 250µM and 250µCi in the subcutaneous 

space on the right hind flank. Depots were imaged longitudinally using single-photon 

emission computed tomography (SPECT) at time points of 0, 24, 48, and 120 hours.  In 

addition, two Eppendorfs tubes of solution were imaged as calibration standard at 

activity levels of 63µCi and 41µCi. 

The U-SPECT-II/CT imaging system (MILabs B.V., Utrecht, Netherlands) was 

provided courtesy of G. Al Johnson in the Duke CIVM and used a 0.350 collimator.  

Anesthesia was maintained with a 1.6% isoflurane feed at an O2 flow rate of 0.6 L/min. 

SPECT acquisition was conducted over a time frame of 15 minutes in ‘list-mode’ and at a 

‘fine’ step-mode. Upon completion, a subsequent CT scan was carried out at a current of 

615µA and a voltage of 65kV. Mice were then returned to their cages. Post-imaging 

SPECT reconstruction was carried out using MILabs proprietary software without decay 

correction and centered on the 125I photon range of 15-45 keV.  All images were 

reconstructed at a voxel size of 0.2 mm.  Reconstructed SPECT images were then 

registered with their corresponding CT scans to provide spatial alignment for 

anatomical reference. Depot activities were quantified from photon intensity levels 

using proprietary MIILabs software and analyzed in ImageJ.  

The whole body activity of the mouse was then measured in an AtomLab 400 

dose calibrator (Biodex, Shirley, NY) throughout the study. Simultaneously, 10µL blood 
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samples were collected from the tail vein at regular time points in 1000mg/mL heparin 

for analysis. Circulation levels of resolubilized ELP were assayed at time points of 

45min, 4h, 8h, 24h, 48h, 72h, 96, and 120h to determine the pharmacokinetic release 

profile for the depots. Sample radioactivity was measured using a Wallac 1282 Gamma 

Counter to determine gamma emission intensity. These counts were compared against a 

triplicated set of activity standards to determine actual blood levels. Statistical 

significance was assessed by a repeated measure ANOVA analysis. 

2.5.2 Results 

Nuclear imaging of 125Iodine-labeled ELP depots was conducted using 

µSPECT/CT imaging through the Duke CIVM.  Subcutaneous depot were injected into 

the hind flank of athymic nu/nu mice consisting of ELP with either a single tyrosine tail 

or a 7 tyrosine tail - (VPGVG)120Y or (VPGVG)120(GY)7. As shown by light scattering 

techniques in Table 2, the single tyrosine ELP remained a unimer polypeptide chain. Its 

RH was 5.7nm and its RG was 6.3nm. The 7-tyrosine ELP, however, self-assembled as 

previously reported to form nanoparticles with a RH of 59.2nm and a Rg = 50.30nm. The 

ratio of these radii suggests that the 7-tyrosine ELP actually forms a cylindrical, or 

worm-like, micelle. The aggregate particle molecular weight measured by SLS suggests 

that each micelle contains over 26 ELP chains. 

Table 2: DLS / SLS particle size of ELP 

 RH RG MWagg 

Micelle ELP 59.2 nm 50.30 nm 1,332 kDa 

Unimer ELP 5.7 nm 6.3 nm n/a 



 

39 

 
µSPECT imaging revealed a significant difference on the stability of the two ELP 

designs, despite the similar Tt (Figure 14A). The self-assembling micelles ELP retained 

82.6% of the injected depot after 120h significantly better than 71.8% retention of the 

unimer depot (Figure 14B). While this difference in stability was the most pronounced 

after 5 days, it was observed at all earlier time points as well. 

The circulating blood levels of 125I-ELP were also examined. As expected for the 

more stable micelle depot, a lower pharmacokinetic profile was observed as compared 

to the unimer ELP (Figure 15). Both the initial burst release phase and the steady-state 

clearance phase are reduced for the Tyr7, micelle forming ELP. This suggests that the 

nanoparticle structure improves the initial formation of the depot, and reduces the rate 

of depot re-solubilization. 
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Figure 14: Analysis ELP depot nanostructure. (A)  µSPECT/CT images of subcutaneous 
depots composed of ELP unimers and micelles with equivalent phase behavior (TT = 

21°C). (B) Retention of the ELP depot as quantified with SPECT imaging. 

This is most likely due to the lack of a concentration dependence on both the 

transition temperature and kinetics of the micelle ELP.  The depot edges, which are more 

dilute than the core, still possess strong thermal stability properties, unlike the unimer 

ELP127.  This data demonstrates the large improvement  in depot performance compared 

to the original ELP brachytherapy depot design first explored by Liu et al128. It also 
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further confirms the unusual and unexpected benefit nanoparticle self-assembly plays in 

improving the stability of thermally responsive biopolymers. 

 

Figure 15: Pharmacokinetic profile of ELP depot release into circulating blood. 

2.6 Serial Biodistribution Analysis of ELP Depot Stability without 
crosslinking 

2.6.1 Methods 

The stability of the ELP depot without crosslinking was then assessed in an 

orthotopic PC-3M-luc-C6 prostate tumor xenograft model in athymic mice. Tumors were 

grown for 21 days to mimic therapy conditions. ELP was purified and labeled with 125I at 

a dose of 0.15 µCi/µl of ELP. In a second surgical procedure, it was injected into the core 

of each tumor at a concentration of 1000 µM and volume of 20 µl per 150 mm3 of tumor. 

The whole body radioactivity level in the mouse was measured upon closure to 

determine the injected dose. 125I-ELP samples were aliquoted at different volumes, in 

triplicate, to create a set of standards ranging in activity from 0-30 µCi, as measured 

using the AtomLab 400 dose calibrator.  
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Mice were randomized into four groups (n = 6) to assess the biodistribution of 

ELP at 0, 24, 48, and 72 h. The potential toxicity of ELP brachytherapy to normal tissues 

was also investigated by measuring the radioactivity from 19 organs by tissue necropsy. 

At each specified time point, each mouse was anesthetized and 100 µl of blood was 

drawn from the ocular sinus. They were then euthanized and dissected to collect the 

skin, muscle, thyroid, heart, lungs, liver, spleen, kidneys, stomach, small intestines, large 

intestines, rectum, prostate tumor, bladder, seminal vesicles, coagulating glands, 

preputial glands, and testes. Each tissue was counted for 125I activity using a Wallac 1282 

Gamma Counter (Perkin Elmer, Boston, MA) in counts per minute (CPM). Relative 

retention of 125I-ELP for each tissue was compared using the CPM values. The percent 

injected dose (%ID) was computed using the standard curve to relate CPM to µCi and 

then compared against the whole body injected dose. 

2.6.2 Results 

Whole body activity was found to gradually decrease over time, with only 64.3% 

of the injected ELP remaining after 72 hours (Figure 16A). While this was much better 

than the retention of the original ELP2 design first explored by Liu et al (~18% after 72 

hours), a higher level of stability is still required for brachytherapy applications. Whole 

body activity measurements, however, did not guarantee that the 125I-ELP was solely 

retained within the tumor.  For this reason, tumors were excised and measured for 

tumor specific radioactivity. This was then compared with the whole body radioactivity 

to determine the relative proportion of retention within the tumor. As shown in Figure 
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16B, only 83.7% of the 125I-ELP is retained in the tumor 15 minutes after initial injection. 

At all later time points, the 125I-ELP content of the tumor equates to 99.3%, 97.9%, and 

93.2%, respectively. The radioactivity was then further verified using a more sensitive 

Wallac gamma counter to compare the tumor radioactivity level to the cumulative 

radioactivity seen across all other tumors. Tumor retention amounted to 83.4%, 98.6%, 

95.0%, and 97.5% at time points of 15min, 24h, 48h, and 72h.  These results showed that 

>95% of whole body activity was retained within the intratumoral depot, suggesting the 

depot degradation did not lead to significant accumulation in off-target tissues. 

 

Figure 16: 125I-ELP biodistribution in an Orthotopic Prostate Model. (A) Whole body 
activity of the 125I-ELP depot measured was tracked as a percentage of the injected dose 
over time.  The relative activity within each excised tumor was then compared to (B) the 
respective whole body activity for each time point as measured with the AtomLab dose 

calibrator; and (C) comparing the relative tumor activity as measured by the gamma 
counter to the total activity within all excised tissues. 

We next investigated the relative distribution of 125I-ELP throughout the off-

target tissues to assess potential toxicity concerns (Figure 17). As expected from our 

tumor retention results, the biodistribution assessment following initial injection showed 

the largest accumulation in off-target tissues. However, almost all tissues exhibited 

accumulation less than 1% of the total 125I-ELP dose. The tissues exhibiting the highest 
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levels were the blood, skin and bladder. Most importantly, these levels dropped off 

considerably at all further time points. 

 

Figure 17: Relative tissue biodistribution of uncross-linked 125I-ELP in an orthotopic 
prostate tumor model. Measurements were made at (A) 15min, (B) 24h, (C) 48 hours, 

(D) and 72 hours after depot injection. 

We similarly evaluated accumulation by normalizing radioactivity uptake 

compared to tissue mass. The results in Figure 18 are more reflective of the potential 

radiation dose exposure each tissue might experience due to off-target accumulation. 

Similar trends were observed with the bladder showing the highest accumulation levels, 

but then dropping off dramatically at 24 – 72 hour time points.  Almost all tissues 

demonstrated a 1000-fold difference in accumulation than that observed in the tumor. 

Tissue specific accumulation levels and tumor ratios can be found in Appendix A. 
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Figure 18: Accumulation levels of 125I-ELP in tissues after serial biodistribution. 

2.7 Biopolymer Crosslinking induce by β-particle Radiation 

2.7.1 Methods 

We next investigated the ability of 131I radiation to crosslink and stabilize the ELP 

depot. The optimized depot forming ELP, (VPGVG)120(GY)7, was first synthesized and 

purified as previously described. Radionuclide conjugation was conducted using pre-

coated IODOGEN reaction tubes and the solution purified by 1000rcf centrifugation for 

4.5 min in Zeba 40 MWCO spin desalting columns. The final product was diluted with 

unlabeled ELP to a final working solution of 1000µM ELP and a radioactive 

concentration of 30µCi/µL. The ELP was then be aliquoted in 250µL volumes into 

Eppendorf tubes and incubated in vitro using a 37°C heating plate. Since ELP transition 

is readily reversible below its 18°C transition temperature, the onset of crosslinking was 

tracked by measuring the extent that the aggregate remains irreversibly insoluble. To do 

this, each sample was removed at various time points and placed in ice for 10 minutes to 

resolubilize the ELP. The soluble fraction was then separated and the radioactive content 

of both phases measured using an Atomlab 400 dose calibrator.  
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Using the same approach, two additional studies examined the impact of ELP 

phase transition and radioactivity dose on the observed radiation crosslinking. The 

initial cross-linking experiment was repeated, but over a range of radioactivity.  131I-ELP 

was prepared and incubated at concentrations of 30, 20, 10, and 3 µCi/µL and then 

incubated at 37°C. To assess phase transition, three aliquots of 131I-ELP at 30µCi/µL were 

stored at 37°C to induce depot formation, while a second group of aliquots were stored 

at 4°C to remain soluble. ELP irreversibility was assessed daily.  

Several aliquots of crosslinked 131I-ELP, as well as unlabeled ELP, were stored in 

a lead-lined container for 12 months.  After the radioactivity had safely decayed away, 

each sample was then prepared for 1H-NMR characterization of the chemical 

crosslinking. 20 mg samples were digested in 12N HCl overnight in a reflux condenser 

over a 95°C heated oil bath. After digestion, the solution was neutralized with equal 

molar NaOH. The samples were then lyophilized and prepared in deuterium oxide at 

1mg/mL. Samples were then measured in 4mm tubes using a Varian 800 MHz 1H-NMR 

machine for 512 scans. The resulting spectra were analyzed and compared using 

MestReNova. 

2.7.2 Results 

At 37°C, thermally-stabilized ELP depots were found to always retain greater 

than 96.5% of the total solution radioactivity (Figure 19A). This re-affirmed that ELP 

micelles self-assembled into highly retentive depots when carrying a radioactive 

payload. It also provided a benchmark to determine the progression of depot 
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crosslinking. Since the ELP phase transition is reversible, the depot should completely 

resolubilize when cooled at 4°C for 15 minutes. As ELP molecules become physically 

crosslinked in the coacervate phase, however, the depot becomes irreversibly insoluble. 

By separating the insoluble and liquid phases after cooling to 4°C, the fraction of 

radioactivity retained by the insoluble depot can be used to measure the relative 

conversion of the thermal depot into a crosslinked hydrogel. 

As Figure 19A shows, prolonged radiation exposure of the thermal depot causes 

an increasing fraction of ELP to permanently remain in depot form. At t=0 hours, no 

observable depot could be measured or detected. This was consistent with the normal 

behavior of unlabeled ELP. For t < 5 hours, the majority of the depot was found to 

resolubilize back into solution, but a small fraction of depot was found to be irreversible. 

It is apparent that radiation induced crosslinking had begun, but had yet to stabilize the 

coacervate in a meaningful manner. From 24 hours onwards, though, the extent of 

crosslinking had progressed to fully stabilize the 131I payload as a permanent depot. 

Thus, it was confirmed that 131I-ELP could induce crosslinking to provide a dual 

mechanism of depot stability for biopolymer brachytherapy. 
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Figure 19: In vitro assessment of 131I-ELP depot crosslinking over time. (A) Total depot 
activity is first assessed at 37°C and then re-solubilized at 4°C. The irreversibly insoluble 

fraction activity is then measured to determine the extent of induced-crosslinking. 
(B)When 131I-ELP is soluble incubated at 4°C, the irreversible crosslinking vanishes. 

Subsequently, the importance of ELP phase transition was investigated as a 

factor for inducing radiation crosslinking.  This arose due to empirical observations that 

131I-ELP remained soluble for over 10 hours if kept on ice during various experiments. 

Thus, we repeated the initial experiment assessing irreversible depot formation with 131I-

ELP that was either incubated as a depot 37°C or kept soluble at 4°C. Irreversible cross-

linking was tracked over 8 days, as shown in Figure 19B. The results showed that unlike 

the aggregated ELP depot, soluble ELP demonstrated minimal crosslinking due to the 

131Iodine radiation exposure. When one considers the short path length of the β-particles 

emitted by 131Iodine, it makes sense that the ELP biopolymer chains thus need to be in 

close proximity to achieve crosslinking.  This finding further reinforced the 

complementary of the two mechanisms of brachytherapy depot stabilization. 
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Figure 20: Irreversible in vitro crosslinking of 131I-ELP depots prepared at different 
radioactivity concentrations. 

Finally, the impact of radiation activity concentration was assessed. 131I-ELP at a 

range of radioactivity concentrations all showed irreversible crosslinking after 24h of 

incubation at 37°C, as shown in Figure 20. In fact, lower doses seemed to crosslink more 

rapidly than larger radioactivity doses.  Most likely, this arises from competing 

mechanisms of ionizing radiation first damaging the biopolymers and then forming 

chemical crosslinks. At higher doses, the rate of damage might exceed the formation of 

crosslinking, and thus require more time to fully stabilize the ELP depots. These results 

alleviated concerns that 131I-ELP dilution upon injection, or due to diffusion, might 

inhibit the ability of the biopolymer to crosslink.  Instead, it was found that any dilution 

observed in vivo should still form highly stable intratumoral depots. 

The 131I-ELP crosslinked depot samples and the normal ELP depot were then 

stored for 12 months to allow the radioactivity to decay to a safe level. This amounted to 

~2x10-14 reduction in activity. Samples were then prepared, digested in HCl acid, and 

examined with 1H-NMR to verify chemical evidence of crosslinking. The full spectra of 

both the native ELP depot (blue) and the crosslinked 131I-ELP depot (red) are shown in 
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Figure 21. Slightly different alignments of certain reference peaks were observed, such 

as H2O (4.5 and 4.7ppm) and acetone (2.2 and 2.0), indicating a slight pH difference 

between the two samples. However, both these spectral peaks were in agreement with 

accepted values 129. The remaining characteristic molecular peaks of each samples 

spectrum showed very interesting differences and supported the hypothesis that 

131Iodine was indeed inducing crosslinking. 

 

94120(GY)7 5epot
HCl digestion
256 scans

131I-9LP Crosslinked 5epot
HCl digestion
512 scans

 

Figure 21: 1H-NMR full spectra analysis of crosslinked 131I-ELP depot compared to an 
unlabeled, thermally stabilized ELP depot. 

The majority of the spectra were dominated by the characteristic peaks of the α-

carbon and β-carbon protons of valine, proline, and glycine. This was expected as these 

amino acids account for 98.9% of the composition of the ELP. As tyrosine was the 

conjugation site of the 131Iodine, and indicated by Cataldo et al. to readily crosslink when 
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exposed to external radiation118, Figure 22A shows the enhanced view of the aromatic 

spectra. For the native ELP depot, the aromatic spectrum contains the characteristic 

tyrosine doublet found at 7.0 and 6.7ppm, but nothing else. The same tyrosine doublet is 

likewise found in the 131I-ELP spectra. However, it contains many other new molecular 

signatures, including the characteristic peak for dityrosine crosslinking found at 

8.5ppm130. Several additional distinct peaks and doublets range from 7.3 – 7.9 ppm, 

suggesting the tyrosine subunits have been chemically modified in multiple ways.  

The evidence for chemical crosslinking is not limited merely to the tyrosine 

domain of the 131I-ELP depots. The α-carbon proton sub-spectrum in Figure 22B also 

shows sharp differences between the two samples. For the native ELP, the peaks solely 

comprised the molecular signatures of proline doublets at 3.65 and 4.2, valine at 3.7ppm, 

and glycine at 3.6ppm. These same peaks were found in the 131I-ELP sample, albeit 

slightly shifted. However, several new doublets were found at 3.05, 3.2, 3.35, and 3.48 

ppm. As the alpha carbon is found on the backbone of the polypeptide, this indicates 

that the 131Iodine radiation appears to induce non-specific chemical crosslinking in the 

ELP depot. This is further supported by the spectra of the β-carbon NMR in Figure 22C. 

All of this data serves to provide further evidence that the radionuclide β-particles are 

acting as a stabilization agent for the biopolymer depot. 
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Figure 22: Enhanced spectra of select 1H-NMR regions, including the (A) Aromatic 
region, (B) α–carbon region, and (C) β–carbon region. 

2.8 Serial Biodistribution Analysis of 131I-ELP crosslinked Depot 

We next examined the in vivo stability of the 131I-ELP crosslinked depot in a 

similar serial biodistribution study utilizing an orthotopic pancreatic tumor model. 

Whole body activity was similarly measured with the AtomLab Dose Calibrator and 

tracked for up to 9 days (216h). Our results, shown in Figure 23A, show that >74.3% of 

the injected dose was retained after 9 days. This represented a further improvement over 

uncrosslinked ELP. We also examined the relative proportion of activity retained 

specifically within the tumor compared to the rest of the body. Relative 131Iodine levels 

accounted for 92.6%, 97.6%, 94.3%, and 95.2% of total radioactivity at respective time 

points of 24h, 48h, 72h, and 216h (Figure 23B).  This reaffirmed that whole body activity 

measurements were a strong surrogate for measuring tumor specific retention.  
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Unfortunately, the 131Iodine activity levels of the tumors were too high to be measured 

using the Wallac Gamma Counter, as was performed previously using 125Iodine. 

 

Figure 23: 131I-ELP biodistribution in an orthotopic pancreatic tumor model. (A) Whole 
body activity of the 125I-ELP depot measured was tracked as a percentage of the injected 
dose over time. (B) The relative activity within each excised tumor was then compared 

to the respective whole body activity for each time point as measured with the AtomLab 
dose calibrator. 

Mice were dissected at each time point and various tissues were assayed for 

131Iodine accumulation using the Wallac Gamma Counter. All tissues could be accurately 

read and quantities were converted into a percent of the injected dose (Figure 24). 

Accumulation in all tissues amounted to a fraction of a percent in most cases.  They also 

diminished with time. The sole exception was the stomach, which showed increased 

levels at 24h. However, this was believed to be due to re-ingestion of excreted 131I-ELP 

from the cage bedding. All vital organs showed extremely low levels of uptake. Further 

analysis of activity levels per tissue mass, shown in Figure 25 and Figure 26, suggest that 

these uptake levels are negligible. In all cases, mass weighted accumulation was 3 to 4 

orders of magnitude lower than the treatment dose applied to the tumor. 
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Figure 24: Relative tissue biodistribution of 131I-ELP in an orthotopic pancreatic tumor 
model. 

 

Figure 25: Tissue-specific accumulation of 131I-ELP in off-target tissues. (A) Blood, (B) 
skin, (C) muscle, (D) heart, (E) lungs, (F) and liver. 
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Figure 26: Tissue-specific accumulation of 131I-ELP in off-target tissues. (A) Pancreas, 
(B) spleen, (C) stomach, (D) kidneys, (E) small intestines, (F) and large intestines. 

 

 

2.9 Long-term Depot Stability in an In Vivo Tumor Model 

2.9.1 Methods 

Tumor models of human prostate PC-3M-luc-C6 and human pancreatic BxPc3-

luc2 were created to test long-term depot stability. The PC-3M-luc-C6 cells were 

cultured in Gibco MEM media (Invitrogen #11095, Carlsbad, CA) supplemented with 

Earle’s salts, L-glutamine, 10% HI-FBS, 1% penicillin/streptomycin (10000/10000 per ml), 

0.1mM non-essential amino acids, and 1mM sodium pyruvate 131. BxPc3-luc2 cells were 

cultured in RPMI 1640 media (Invitrogen #11875, Carlsbad, CA) supplemented with 10% 

HI-FBS 132,133. Cells were incubated and grown as monolayers at 37°C and 5% CO2. 
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Six-week old athymic Balb/c nude male mice were ordered from the Duke 

University Immunoincompetent Rodent and Biohazard Facility and housed in the Duke 

Cancer Center Isolation Facility. After initial tumor cell inoculation, tumors were 

allowed to grow for 3-4 weeks, depending on tumor type, to achieve a volume between 

90-120 mm3. Their drinking water was prophylactically supplemented with 0.4g of KI 

per 100 ml to inhibit potential radioiodine uptake by the thyroid during treatment. 

Whole body activity was measured daily using the Atomlab 400 dose calibrator, decay 

corrected, and compared to the original injected dose to determine depot retention. 

2.9.2 Results 

Intratumoral retention of the 131I-ELP depots were next evaluated in vivo in an 

orthotopic prostate (n=8) and orthotopic pancreas (n=6) tumor model (Figure 27A). The 

effective radiation half-life of the 131I-ELP brachytherapy depots was experimentally 

determined by measuring the whole body radioactivity of treated mice as a function of 

time. Biodistribution results demonstrated that the tumor depot accounted for > 95% of 

the radioactivity signal; therefore longitudinal whole body monitoring was deemed an 

acceptable substitute approximation of for depot activity. 

Activity for a given time point was normalized against the initial activity to 

determine the percent injected dose (Figure 27B). This decay profile was then log 

transformed to fit the following linear equation: 

 . 
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A simple linear regression was done to determine the slope, b, which was used to 

calculate the effective half-life according to the relationship: .  

The depot biological half-life was determined following a similar procedure, but 

after accounting for the physical decay of the isotope (t1/2 = 8.03 days)134. This linear 

equation was: 

 

After the radioactivity profiles of the depots were normalized to the physical 

decay of 131I, t1/2 = 8.03 days, to generate the retention profile within each tumor (Figure 

27B). By fitting the radioactivity profiles as an exponential decay function, the effective 

half-life of the prostate and pancreas brachytherapy depots were determined to be 7.14 ± 

0.17 days and 7.51 ±0.04 days, respectively. 

 

Figure 27: In vivo stability of intratumoral 131I-ELP depots. (A) The observed 
radioactive decay profiles in 3 different tumor models, including the effective depot 

half-life (t1/2). (B) The decay-corrected retention of the respective depots in each model. 
All show durable stability over the therapeutic lifespan of 131Iodine. 
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The data sets also provided useful insights into the modes of loss of radioactivity 

of the 131I-ELP depot. In both models, the majority of the radioactivity loss occurred after 

injection during the initial 24 hour window (Figure 27B). Depots implanted in prostate 

tumors (n=8) experienced a bolus loss of 17.7 ± 2.8% while those implanted in pancreatic 

tumors (n=6) saw a 10.5 ± 7.5% loss of 131I-ELP immediately after injection. After 24 

hours, though, the depots exhibited significantly stronger retention and minimal loss. 

The effective rate of loss of radioactivity from the prostate tumor depot was 1.08 ±0.20% 

per day during the first week. Over the same time period, depots in the pancreatic 

tumor lost radioactivity at a rate of 0.51 ±1.15% per day during the same time period.  

After 9 days, however, both depots showed a similar loss rate of 0.05 ±0.15% per day. 

Upon completion of treatment at day 60, 52.4 ±7.1% of the prostate depots remained 

while 69.8 ±1.1% of the pancreatic depots remained.  However, their stability enabled 

delivery of 88.9% and 96.3% of their radiation dose to the tumor. 

2.10 Discussion of Results 

Brachytherapy is a powerful technique for the treatment of solid tumors as it 

localizes the effective biological dose delivered to a tumor while simultaneously 

lowering the total amount of radiation a patient receives. Simultaneously, it limits the 

exposure of healthy tissue to radiation. Our results suggest that injectable ELP depots 

could provide a better alternative to current titanium seed brachytherapy technology for 

several reasons. From a materials perspective, it provides a non-permanent alternative 

for delivering treatment that is biodegradable into non-toxic amino acids. The size and 
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number of injections required could also be reduced, diminishing the severity of 

inflammation, a common side effect caused by the surgical implantation of multiple 

seeds. Complications arising from seed migration would also be eliminated. The ability 

to handle ELP as a liquid solution should also simplify the technical difficulty of the 

injection procedure. Finally, ELPs can be chemically conjugated to a broader range of 

radionuclides to tailor the therapy according to specific tumor types and anatomical 

sites. 

Titanium ‘seeds’ are also limited to the use of encapsulated 125I, 103Pd, or 131Cs 

radionuclides. The half-life of each isotope is 59.4 d, 17.0 d, and 9.7 d with average 

gamma ray energies of 28.5 keV, 20.8 keV, and 30.4 keV, respectively 45,112. While the 

titanium casing renders the seeds bio-compatible, it also inhibits the transmission of 

most radiation particles other than gamma photons. Hence, only low-energy gamma 

rays can be employed with permanently implanted seeds, which penetrate up to 1.5 cm 

in soft tissue 115. In contrast, the ability to chemically conjugate ELP with radionuclides 

allows for the delivery of radionuclides that provide more potent therapeutic effects. To 

leverage these advantages, we selected the beta-particle emitter 131I for ELP-based 

brachytherapy. Beta particles are preferable for several reasons. First, 131I β-particles 

deliver a higher average energy of 181.9 keV and are capable of treating aggressive 

forms of cancer 113. Second, beta emissions only penetrate up to 2 mm through soft 

tissue, thus reducing off-target irradiation of healthy tissues. Third, 131I also has a half-

life of 8.02 days, which diminishes the radiation exposure time for patients. This is a 
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highly desirable feature for patients when compared with the 59.4 day half-life of 125I, the 

predominant clinical isotope used for gamma radiation based brachytherapy 115. Finally, 

ionized electrons at this energy can oxidize the phenol moiety of tyrosine, serving the 

dual role of inducing hydrogel crosslinking. 

Many hydrogel systems, based on both synthetic polymers and natural 

biopolymers, have previously explored the use of thermosensitive assembly to form in 

situ depots.  However, all systems ultimately suffer from a lack of longitudinal retention 

(< 50% ID after 7 days), which is not acceptable for the safe delivery of radionuclides 

110,135-137. As our results show, the design of the 131I-ELP system overcomes this limitation 

by strategically combining two mechanisms of depot stabilization that temporally 

complement each other.  
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Chapter 3: Evaluating the efficacy of 131I-ELP in 
orthotopic tumor models 

The use of orthotopic models is critical for proper translational evaluation 

because the anatomical environment influences the stability of the depot as well as its 

therapeutic efficacy in the delivery of loco-regional radiotherapy. The most significant 

obstacles for assessing therapeutic efficacy against solid tumors comes from complex 

biological barriers of imposed by their microenvironment, anatomical location, 

interaction with off-target tissues, drug clearance, interstitial fluid pressure, as well as 

inherent cellular mechanisms of resistance. The multi-faceted complexities of these 

interactions cannot be accurately assessed with in vitro tests. In vivo animal testing is 

therefore a necessity to properly characterize pharmacodynamics, evaluate efficacy, and 

minimize the risk of adverse events.  

3.1 Development of Orthotopic Tumor Models of Prostate and 
Pancreatic Cancer 

Of all of the prevalent subtypes of cancer, pancreatic cancer and colorectal cancer 

are two of the most prevalent forms of cancer. Both types of diseases comprise solid 

tumor types that are in deep-seated anatomical locations – making orthotopic modeling 

difficult. A luminescent model of orthotopic PC-3M-luc-C6 prostate cancer had 

previously been developed as part of my master’s thesis utilizing a survival surgical 

inoculation procedure. In this aim, an orthotopic pancreatic tumor model was similarly 

developed to allow for non-invasive imaging of tumor growth.  Once established, both 
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of these models were utilized to examine the therapeutic value of 131I-ELP in the 

treatment of solid tumors. 

3.1.1 In vitro cell line characterization of luciferase expression 

Bioware® PC-3M-luc-C6 and BxPc3-luc2 cell lines were purchased from 

PerkinElmer (Hopkinton, MA). Cell lines were authenticated with STR-DNA technology 

(RADIL) by DUCCF and Caliper Life Science. They were independently verified to be 

pathogen free following IMPACT III murine pathogen analysis by IDEXX BioResearch 

(Columbia, MO). 

Both the PC-3M-luc-C6 and BxPc3-luc2 cells were first assayed in vitro to 

measure the luciferase expression level with a IVIS Lumina XR. Cells were cultured and 

plated with 100 µl of 24 mg/ml D-luciferin solution and 100 µl TMCA buffer comprised 

of 500mM MgCl2, 25mM Coenzyme A, 15mM ATP, and 400 mM Tris-HCl in molecular 

grade H2O. Supp. Figure 28A shows the results after plating between 10K – 5M cells of 

each respective tumor line. Both cell lines demonstrate a strong and nearly equivalent 

linear relationship between cell count and bioluminescence signal. This demonstrates 

statistically equivalent luciferase levels for both cell lines, as shown in Figure 28B. 
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Figure 28: Luciferase expression characterization of the PC-3M-luc-C6 and BxPc3-luc2 
cell lines. (A) The in vitro correlation between the cell count and corresponding 

luminescent flux, as determined using an IVS Lumina XR. (B) In vitro luminescence rate 
per cell for both cell lines.  

3.1.2 Surgical Inoculation Methods 

The PC-3M-luc-C6 cells were cultured in Gibco MEM media (Invitrogen #11095, 

Carlsbad, CA) supplemented with Earle’s salts, L-glutamine, 10% HI-FBS, 1% 

penicillin/streptomycin (10000/10000 per ml), 0.1mM non-essential amino acids, and 

1mM sodium pyruvate 131. BxPc3-luc2 cells were cultured in RPMI 1640 media 

(Invitrogen #11875, Carlsbad, CA) supplemented with 10% HI-FBS 132,133. Cells were 

incubated and grown as monolayers at 37°C and 5% CO2. At 80% confluence, cells were 

trypsinized and collected. PC-3M-luc-C6 cells were suspended in DMEM at a 1x105 

cells/µl ratio while BxPc3-luc2 cells were suspended in 1x105 cells/µl of Matrigel®. All 

cells were cryopreserved and maintained to not exceed 30 passages or 6 months from 

time of authentication. 

Six-week old athymic Balb/c nude male mice were ordered from the Duke 

University Immunoincompetent Rodent and Biohazard Facility and housed in the Duke 
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Cancer Center Isolation Facility. The mice received intraperitoneal ketamine/xylazine 

anesthesia injections, were sterilized with 75% ethanol, and fixed on a heated surgical 

board. The organ of interest was accessed using 1 cm midline incisions through the 

abdomen and peritoneal membrane. For the prostate model, 10 µl of a PC-3M-luc-C6 cell 

suspension was injected into the right dorsolateral prostate lobe.  

For the orthotopic pancreas model, direct inoculation of tumor cells into the 

pancreas (Figure 29A) was not sufficient to create a localized tumor model. With this 

approach, the inoculation solution diffused rapidly throughout the pancreas and led to 

multi-focal lesion growth (Figure 29B). Typically 10-20 disseminated tumor sites were 

found per mouse. A different approach was found that utilized a looped strand of 5-0 

absorbable suture to create an isolated region of the pancreas for inoculation and initial 

tumor growth. The suture loop was used to snugly cinch a small portion of the 

pancreatic tissue into an ‘bulb’ (Figure 29C), providing an isolated inoculation site 138. 

BxPc3-luc2 cells were also prepared in a 80% Matrigel (Corning) : 20% PBS solution. 

1x106 cells were then injected in a 10µL volume.  A cotton applicator, dipped in 70% 

ethanol, was used to dab any cell  solution leakage. The membrane and abdomen were 

then closed in succession using absorbable 5-0 sutures. Triple antibiotic ointment was 

applied to the closure site and buprenorphine (0.05 mg/kg) was injected s.c. for pain 

management. Mice were monitored daily for any resulting complications. The IVIS 

Lumina XR was used to luminescently image tumor growth (Figure 29D). 
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Figure 29: Overview of orthotopic inoculation procedure for pancreatic tumor model. 
(A) Anatomical reference diagram for pancreas. (B) Multi-focal lesions present cells are 
directly injected. (C) The cinched-loop method with Matrigel (inset) for localized tumor 

inoculation. (D) Luminescent imaging showing growth of singular tumor. 

3.1.3 Results for luminescent modeling of orthotopic tumors 

Thirty mice were inoculated with each cell line to establish orthotopic 

luminescent tumors. Tumors were grown for 14-32 days after inoculation. Every 2-3 

days, 3 mice of each tumor type were randomly selected to assess tumor luminescence 

and tumor size. D-luciferin potassium solution (24 mg/ml in PBS, Gold Biotechnology, 

St. Louis, MO) was injected i.p. at 6.25µl/g of mouse body weight. Mice were placed in 

the supine position within the XenogenTM IVIS Lumina XR imager (Caliper Life 

Science, Hopkinton, MA) under a constant 2% isoflurane feed (1.5 L/min of O2).  
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Both tumors were allowed to grow for durations between 10 and 32 days. At 

regular time points, mice were intraperitoneally injected with D-luciferin solution to 

induce cellular bioluminescence at 480 nm 139. The bioluminescence flux of each tumor 

was then quantified every minute using 10 s exposures until it reached peak intensity. 

The PC-3M-luc-C6 was found to reach peak luminescence between 17 and 20 minutes 

(Figure 30A). The BxPc3-luc2 tumor also appeared to have an average peak 

luminescence at 19 min. but with a larger degree of variation in signal peak. For this 

reason, tumor signal was imaged over a 10-20 min span after luciferin injection. 

 

Figure 30: Optimization of in vivo luminescent imaging. (A) The time-to-peak 
luminescent intensity profile, for both cell lines, for orthotopic tumors. (B) A growth 

model tracking excised tumor size as a function of time after inoculation. 

At predetermined time points, the mice were euthanized and the tumors were 

excised. Tumor volumes were measured with calipers and calculated using the formula: 

V = L*W2*0.52 (Figure 30B). The abdominal cavity was then imaged again to verify the 

absence of residual tumor. Tumors were only included in the correlation model if the 

residual signal from the resection cavity was <1% of the original signal and under the 
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detection threshold of 1x107 total photons/sec. To reach a target size of 100mm3 with 

acceptable variation range, an optimal growth time of 21 days was determined.  

The total photon flux of the peak intensity was then compared with the 

measured tumor volume to establish a correlation model (Figure 31A). These prostate 

tumors exhibited a near linear relationship between quantified luminescent flux and 

measured tumor volume: volume = 1.1502*10-7x – 61.944 (R2 = 0.7937), where volume is 

in mm3 and total flux, x, is measured in photons per second. The correlation variance 

observed in the prostate model appeared to arise from the unique positioning of each 

prostate within the mouse. For the purpose of estimating tumor size and tracking 

relative changes, though, the model was deemed acceptable. 

 

Figure 31: Bioluminescence correlation modeling of orthotopic prostate and pancreatic 
tumors in athymic nu/nu mice. (A) The luciferase flux-to-tumor volume relationship for 

the PC-3M-luc-C6 and BxPc3-luc2 cell lines, with R2 values were 0.7937 and 0.6637, 
respectively. (B) Representative IVIS images of luminescent prostate tumors. 

The BxPc2-luc2 pancreatic model in Figure 31 exhibited a higher degree of 

variance in its linear correlation: volume = 9.4571*10-8 x + 103.6 (R2 = 0.6637). Similar to 

the prostate model, the location of the tumor within the pancreas was a major factor in 
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correlating luminescence to size. The pancreas is located under the liver and within the 

folds of the stomach, intestines, and spleen. The depth and density of these tissues 

greatly attenuated the pancreatic luminescent signal. The flux was reduced by an order 

of magnitude as compared to the prostate tumors, despite both cell lines exhibiting the 

same in vitro luminescence of 48.5 ±7.8 photons/sec per cell (Figure 28B). This would also 

suggest that different sized mice could complicate the fit for the model. As such, the 

BxPc3 luminescence was not used to estimate actual tumor size, but to track normalized 

tumor flux changes in response to treatment. 

3.2 Pharmacodynamic Biodistribution of In Vivo ELP Depots 

The potential toxicity of the ELP brachytherapy to normal tissues was next 

investigated by measuring the radioactivity from 19 organs by tissue necropsy. The 

tissues were individually collected and measured for radioiodine accumulation at time 

points of 0, 24, 48, and 72 h. 

3.2.1 Biodistribution Methods 

Mice were orthotopically inoculated with PC-3M-luc-C6 prostate tumors. 

Tumors were grown for 21 days to mimic therapy conditions. ELP was purified and 

labeled with 125I at a dose of 0.15 µCi/µl of ELP. In a second surgical procedure, it was 

injected into the core of each tumor at a concentration of 1000 µM and volume of 20 µl 

per 150 mm3 of tumor. The whole body radioactivity level in the mouse was measured 

upon closure to determine the injected dose. 125I-ELP samples were aliquoted at different 

volumes, in triplicate, to create a set of standards ranging in activity from 0-30 µCi, as 
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measured using the AtomLab 400 dose calibrator. Mice were randomized into four 

groups (n = 6) to assess the biodistribution of ELP at 0, 24, 48, and 72 h. At the specified 

time point, each mouse was anesthetized and 100 µl of blood was drawn from the ocular 

sinus. They were then euthanized and dissected to collect the skin, muscle, thyroid, 

heart, lungs, liver, spleen, kidneys, stomach, small intestines, large intestines, rectum, 

prostate tumor, bladder, seminal vesicles, coagulating glands, preputial glands, and 

testes. Each tissue was counted for 125I activity using a Wallac 1282 Gamma Counter 

(Perkin Elmer, Boston, MA) in counts per minute (CPM). Relative retention of 125I-ELP 

for each tissue was compared using the CPM values. The percent injected dose (%ID) 

was computed using the standard curve to relate CPM to µCi and then compared 

against the whole body injected dose. 

3.2.2 Biodistribution Results 

Figure 32 shows the tumor-specific depot retention as measured by the 

percentage of 125I activity in the excised tumor compared to the whole mouse 

radioactivity. Immediately after injection, only 88.8 ±4.9% of the 125I-ELP signal was 

found within the prostate tumor (n=6), confirming that a tenth of the injected ELP dose 

was lost before it thermally transitioned in situ into an insoluble depot. For t ≥24h, the 

prostate tumor accounted for 98.7 ±1.3% of radioactivity in the body, indicating that (1) 

the radioactivity initially lost during the injection was not retained within the body of 

the mouse and (2) that the retained radioactivity was all contained within the tumor. 

This confirmed the successful formation of a stable radioactive depot. Gamma radiation 
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counting further corroborated this observation by quantifying the dissemination of 125I-

ELP to off-target tissues. Figure 32 shows the results from a subset of tissues of 

particular interest, with all tissue results provided in Appendix A. 

 

Figure 32: Biodistribution study assessing the dissemination of 125I-labelled ELP 
depots in an orthotopic prostate tumor model. 125I-ELP accumulation, corrected for 

isotope decay in each tissue, is shown as the percent injected dose (%ID). 

The highest % ID off-target accumulation of 125I-ELP occurred immediately after 

injection, and was observed in the blood (1.44 ± 0.75%), bladder (1.47 ± 0.90%), large 

intestines (1.24 ± 1.98%), and skin (1.15 ± 0.36%). After 24 h, radioactivity levels in 

these tissues diminished significantly (p < 0.05, Student t-test) to less than 0.1% ID and 

remained at this level at 48 and 72 h. The thyroid, the primary site of iodide accumulation 

in the body, exhibited less than 0.005% ID at each time point, suggesting that the ELP 

construct was resistant to dehalogenation in vivo. Normal organs, such as the heart and 

lung, demonstrated extremely low accumulation levels of less than 0.02% from 24 h 

onwards. This behavior was observed in the systemic tissues as well as proximal 

reproductive tissues, such as the seminal vesicles, coagulating glands and testes. The 

organs displaying the highest accumulation of 125I-ELP past 24 h were the kidneys and 
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bladder. However, even these organs displayed levels of 125I activity less than 0.20 ±0.41 

% ID. Taken in context, this suggests that the fraction of ELP initially lost during the 

injection is cleared relatively quickly from the body. Moreover, negligible radiotoxicity 

should be expected due to the low degree of ELP dissemination and accumulation in 

normal tissues. 

3.3 Efficacy in Orthotopic Tumor Models 

While the previous results reported herein explored the ability of 131I to self-

stabilize ELP depots by inducing radiation crosslinking of the polypeptides, the 

radionuclide also served the dual role as the effective brachytherapy agent. The 

orthotopic PC-3M-luc-C6 prostate tumor model was the first model we investigated to 

assess the efficacy of ELP-based brachytherapy. Table 3 shows the treatment group (n=8) 

averaged an initial tumor size of 99.6 ± 25.5 mm3, statistically equivalent to the control 

group (n=9) size of 119.3 ± 62.9 mm3 (p = 0 .41, Student t-test). Mice in the treatment arm 

were administered 131I-ELP with a radioactivity dose of 11.82 ±4.01 µCi per mm3 of 

tumor at an injection concentration of 1000 µM ELP. The bolus injection volume of ELP 

was 1/3 the tumor size and delivered as a single, focal infusion into the tumor core . 

Control mice received similar injections of an unlabeled ELP at the same concentration. 

All mice and tumor responses were monitored for 60 days.  

A second pancreatic tumor model comprising the cell line BxPc3-luc2 was 

similarly used to examine the advantages of ELP-based brachytherapy with a tumor 

type that is highly resistant to both radiation and chemotherapy, providing a more 

stringent challenge for 131I-ELP brachytherapy 131,132. Due to heightened concerns of 
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radiation exposure of vital organs, a 2-fold lower radiation dose of 5.83 ± 0.57 µCi/mm3 

of tumor – compared to the prostate brachytherapy – was administered to the treatment 

group. Subsequent tumor responses for both models were tracked by monitoring the 

corresponding changes in tumor luminescence. 

Table 3: Summary of 131I-ELP Brachytherapy Efficacy Trials 
 Prostate (PC-3M-luc-C6) Pancreas (BxPc3-luc2) 
 Brachytherapy 

Depot Control Group Brachytherapy 
Depot Control Group 

# Mice: 8 9 6 6 
Body Weight: 27.2 ± 2.1 g 28.8 ± 2.7 g 29.4 ± 1.8g 29.0 ± 2.4g 

Tumor Size: 99.6 ± 25.6 mm3 119.3 ± 62.9 mm3 155.2 ± 42.4 mm3 130.9 ± 37.2 mm3 
 131I Dose: 11.8 ± 4.0 µCi/mm3 0 µCi/mm3 5.8 ± 0.6 µCi/mm3 0 µCi/mm3 

Avg. ELP Vol: 36.6 ± 8.7 µl 33.7 ± 17.8 µl 54.5 ± 18.7 µl 53.2 ± 9.9 µl 
Terminal Size: 6.1 ± 9.8% † 425.5 ± 246.6% † 203.5 ± 112.7%* 375.9 ± 180.4%* 

Median Survival: 60+ days † 12 days † 27 days † 7 days † 
 * p < 0.05,   † p < 0.005,  unpaired t-test. 

 

 

3.3.1 Methods  

After initial tumor cell inoculation, tumors were allowed to grow for 3-4 weeks, 

depending on tumor type, to achieve a volume between 90-120 mm3. Their drinking 

water was prophylactically supplemented with 0.4g of KI per 100 ml to inhibit potential 

radioiodine uptake by the thyroid during treatment. For PC-3M-luc-C6 prostate tumors, 

n=20 mice were inoculated and tumors grown for 21 days. For BxPc3-luc2 pancreatic 

tumors, n =20 mice were inoculated and tumors grown for 25-28 days. Mice with tumors 

over 200 mm3 or that had formed metastases were excluded from the study. The 

remaining mice were randomized into 2 experimental arms for each tumor type. Due to 
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complexity and duration of surgeries, prostate and pancreatic preclinical trials were 

conducted separately. 

To perform brachytherapy injections, tumors were accessed via a second 

survival. The 131I-ELP was administered at 1000 µM and a volume fraction of 1/3 the 

tumor size. For the prostate tumor group, eight mice received 131I-ELP injections at 

10µCi/mm3, while nine mice received control injections of unlabeled ELP. For the 

pancreatic tumor radiotherapy, six mice were intratumorally injected with the 131I-ELP 

conjugate at a target activity concentration of 5.5µCi/mm3, while six mice received ELP-

only control injections. The 131I-ELP was infused through a 27 ½ gauge microsyringe 

using a motorized pump maintained on ice at a rate of 120 µl/min. Mice were housed in 

cages behind lead safety barriers following the guidelines of the Duke OESO – Radiation 

Safety Division and monitored daily for 1 week. Body weight, radioactivity levels, signs 

of infection, urinary complications and other morbidity symptoms were all tracked for 

sixty days. Total body radioactivity for each mouse was measured 2-3 times a week 

using an AtomLab 400 dose calibrator. Tumor response was measured non-invasively 2-

3 times a week by quantifying total tumor luminescence and normalizing it to signal the 

signal intensity at day 0 of treatment. Mice experiencing either a sustained weight loss of 

more than 15% or greater than 5-fold tumor enlargement were euthanized in accordance 

with Duke DLAR, the American Veterinary Medical Association, and NIH policies 140,141. 

Upon completion of the experiment, all prostate tumors were excised and sent to the 

Department of Pathology at the Duke University Medical Center for histological 
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preparation and analysis. Radioactive waste, bedding, and carcasses were disposed of in 

accordance with Duke Radiation Safety Division guidelines. 

3.3.2 Results of 131I-ELP efficacy 

The response of the PC-3M-luc-C6 prostate tumors to 131I-ELP brachytherapy was 

dramatic.  Significant tumor regression was achieved within 9 days relative to the 

control group (p = 0.0001 ANOVA) and all treated tumors were reduced to less than 5% 

of their original size within 26 days (Figure 33A). Upon completion of the study after 60 

days, 4 of the 8 treated mice remained tumor free (Supplemental Materials). One mouse 

experienced metastatic growth and was euthanized at day 41; however, its primary 

tumor was less than 32% of its initial size at that time. The three other treated mice 

experienced variable degrees of primary tumor relapse over the duration of the study.  

The response of the pancreatic BxPc3-luc tumors was likewise striking, exhibiting 

significant tumor inhibition after 7 days (p = 0.013, ANOVA) (Figure 33B). The control 

mice in both models demonstrated rampant tumor growth taken after just one week, 

while 4 of the 6 treated tumors remained under 300 mm3 upon completion of the 

experiment (Supplemental Materials). Individual mouse data is provided in the 

Supplemental Materials. 
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Figure 33: Preclinical efficacy trials for 131I-ELP brachytherapy. (A) Tumor regression of 
orthotopic PC-3M-luc-C6 prostate tumors after 131I-ELP therapy (n=8) or control ELP 

injections (n=9). (B) Orthotopic BxPc3-luc2 pancreatic tumor response to 131I-ELP therapy 
(n=6) or control ELP-only injections (n=6). (C) Mouse body weight change after receiving 

treatment; and (D) Kaplan-Meier survival curves for all treatment groups. 131I-ELP 
conferred significant survival benefit in both models (p<0.001, log-rank test). 

Radiotoxic side-effects were not observed in the either set of treated mice, as 

monitored by change in body weight in Figure 33C. Indeed, no statistical difference in 

body weight loss was observed in brachytherapy treated mice compared to controls (p > 

0.280 ANOVA). Instead, an initial drop in body weight was seen across all experimental 

groups due to surgery, but treatment groups quickly regained their original weight. The 

Kaplan-Meier survival curves in Figure 33D show that the median survival for mice with 

prostate tumors receiving ELP-only control injections was 13 days. In contrast, 87.5% of 
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ELP brachytherapy mice survived through 60 days (p = 0.0001, log-rank test), at which 

point they were euthanized. Similar to the prostate tumor therapy experiment, ELP 

brachytherapy conferred significant survival benefit to treated mice with pancreatic 

tumors (p = 0.0011, log-rank test).  

 

Figure 34: Image sequence depicting PC-3M-luc-C6 orthotopic prostate tumor 
response to 131I-ELP therapy compared to ELP control mice.  

Despite these positive metrics, no mouse achieved complete tumor remission over 

the course of treatment. Only 1 mouse remained alive at 60 d. A timeline of the 

representative response of a prostate tumor to 131I-ELP brachytherapy can be visualized 

in Figure 34, including luminescence imaging and ex vivo size comparisons. A similar 

timeline for pancreatic tumors are included in the Figure 35. A full comparison of the 

treatment conditions and results in both tumor models is summarized in Table 3. 

Individual animal responses are found in Appendix C. 
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Figure 35: Image sequence depicting orthotopic BxPc3-luc pancreatic tumors after 
treatment with 131I-ELP therapy compared to ELP control mice. 

Histological evaluation of the treated prostate tumors provided microscopic 

evidence of tumor response to ELP brachytherapy. Samples for histology included a 

treated tumor that appeared to undergo full remission by both visual inspection and 

luminescent imaging of a treated tumor that remained in remission through 60 days, a 

treated tumor that relapsed after 35 days, and a normal prostate from a mouse not 

included in the therapy experiment. Figure 36A shows the typical glandular architecture 

common to a normal mouse prostate. At higher magnification (Figure 36B), the 

differentiation of stromal and muscle tissue within the microenvironment are more 

readily apparent. Figure 36C, D show a treated tumor that relapsed back to 31% of its 

original size after regressing to 4%. 
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Figure 36: Tissue histology specimens of murine prostate tissue. (A), (B) A normal 
mouse prostate; (C), (D) aPC-3M-luc-C6 tumor treated with 131I-ELP that has 

experienced a tumor regrowth; and (E), (F) a treated tumor that remained in remission. 

The bulk of the tissue is comprised of dense, undifferentiated tumor cells. At the 

bottom edge of the slide, however, a morphological boundary is discernible. Closer 

magnification reveals that the boundary occurs in proximity to a highly necrotic region, 

towards the core of the tumor. This would suggest that the therapeutic range of the 131I-

ELP depot reached a spatial limit, allowing the tumor beyond the boundary to continue 

to proliferate. Finally, Figure 36E, F show tumor tissue sections from an animal that 

displayed complete remission of the tumor after treatment. The prostate appears to have 

regained its glandular structure, albeit to a lesser degree than the native tissue and with 

a degree of stromal fibrosis. Highly necrotic regions are also apparent throughout the 

stroma. In close proximity to these necrotic patches, traces of translucent ELP can also be 
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seen. Overall, there is no apparent evidence of residual microscopic cancerous tissue 

after brachytherapy in this animal.  

3.4 Discussion of Results 

The resulting depots demonstrated durable stability in both the prostate and 

pancreas, despite the different anatomical, structural and biochemical 

microenvironments of these two tumor types. A slow rate of depot degradation was 

observed, but not to an extent that would jeopardize its stability during the duration of 

treatment. In fact, improved injection strategies should further reduce the only 

appreciable source of ELP loss: the initial injection. Adjusting the speed, size, and 

location of injections should reduce the intratumoral pressure that can cause leakage of 

soluble ELP during injection. The negligible off-target accumulation of radioactivity, 

coupled with the lack of systemic side-effects in both therapies, suggest that any ELP 

that does escape the tumor is safely cleared from the body. 

The therapeutic benefits of 131Iodine for delivering β-brachytherapy are clearly 

evident in both tumor models. The PC-3M-luc-C6 model provided a relevant test to 

evaluate translational potential of this technology. The prostate model results are 

particularly promising because all mice experienced over 95% tumor regression and 4 

remained in full remission at the end of the 60 day observation period. Although 

pancreatic cancer is not commonly treated with brachytherapy, its dismal prognosis has 

stimulated new trials investigating neo-adjuvant and adjuvant options that could 

improve surgical outcomes 142-144. In this context, the 131I-ELP displays promising 
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potential against the radiation resistant BxPc3-luc2 pancreatic tumor in a completely 

novel application of brachytherapy. Subsequent optimization of both the amount and 

spatial distribution of the radiation dose could result in better tumor inhibition and 

remission. 

The self-stabilizing design and anti-tumor efficacy of the 131I-ELP brachytherapy 

depots overcome many of the limitations associated with thermosensitive radionuclide 

polymer depots while extending the possible applications of brachytherapy.  Further 

work exploring the spatial distribution of the ELP, and corresponding radiation 

dosimetry, must be explored to ensure complete tumor coverage. As is apparent from 

the histology analysis, incomplete coverage is a potential limitation of the bolus 

administration of the ELP depot. Further development of physical dosimetry models 

and intratumoral pre-planning techniques could alleviate these concerns. Other options 

for enhancing coverage at the tumor margins could include the co-injection of another 

ELP-radionuclide conjugate a longer penetrating radionuclide, such as 125Iodine. The 

complementary low-energy dose deposition profile could irradiate the tumor margins 

that might otherwise escape the shorter penetrating β-emissions of 131I. Synergistic depot 

therapies could also be developed that employ radiation sensitizers or chemotherapy 

agents. Each could increase the potency of the therapy while reducing the radiation 

exposure of normal tissues and consequent side effects experienced by the patient. In 

conclusion, these pre-clinical results validate the strategy of using dual stabilized 131I- 

ELP depots for the safe and effective brachytherapy of multiple types of solid tumor.  
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Chapter 4: Synergistic enhancement of 131I-ELP with 
combination Paclitaxel treatment to overcome 
resistance in Pancreatic Cancer 

Pancreatic cancer is one of the deadliest manifestations of cancer in clinical 

oncology. Despite accounting for only 3.2% of all cancer cases, it is the 3rd leading cause 

of cancer-related mortality17. Current NCCN guidelines recommend external beam 

radiotherapy (EBRT) with chemotherapy as a first-line treatment option for locally 

advanced tumors145. The radiation is typically given concurrently with either 

gemcitabine or Abraxane paclitaxel146-151. In addition, EBRT is also employed as a 

neoadjuvant therapy for patients who receive surgical resections152; accounting for 39% 

of total pancreatic cancer diagnoses153. Unfortunately, the 5-year survival rate for 

patients with loco-regionalized tumors remains less than 11.5%153,154. 

Recently, we developed an alternative form of radiotherapy whereby a liquidly 

injectable biopolymer was designed to deliver 131Iodine as a form of brachytherapy to 

explored its preliminary efficacy for treating pancreatic tumors128,155. The ELP 

brachytherapy tripled the median survival time, though it ultimately failed to induce 

tumor regression156.  

Herein, we explore if combining 131I-ELP with a chemotherapeutic could 

overcome the resistance mechanisms intrinsic to pancreatic cancer. Specifically, we 

hypothesized that combining local 131I-ELP brachytherapy with systemically 

administered paclitaxel would provide a multi-vector approach capable of therapeutic 

synergy for overcoming resistance in pancreatic cancer. The work herein evaluates the 



 

82 

robustness of this response, its associated toxicity profile, and elucidates several of the 

mechanistic underpinnings responsible for the synergism. 

4.1 Chemo-Radiation Resistance in Pancreatic Cancer 

Ever since Emil Grubbe first employed external beam x-rays to treat solid tumors 

in 1896, radiation therapy has been indispensable to the field of medical oncology15. 

Cancer has now grown to become the 2nd global cause of disease-related death, claiming 

8.2 million lives annually16,17. With modern advancements, radiotherapy has been shown 

to be able to cure over 7 different types of cancer as a stand-alone treatment. An 

additional 11 cancers are curable when radiation is applied in concert with other 

treatment modalities18. Furthermore, a 2015 study by the Lancet Oncology Commission 

found that 50-60% of the worldwide cancer patient population requires radiation 

therapy to properly manage their diseases19,20. With over 15.2 million new cases of cancer 

being diagnosed annually, the benefits of radiation have never been more necessary 17,22. 

For all of its clinical benefits, external beam radiation possesses several 

disadvantages that become readily apparent in the current clinical management of 

pancreatic cancer. It is significantly less effective in treating cancers where distal 

metastases have developed. External beam radiation also exposes healthy tissue to 

ionizing radiation before its energy can be deposited at the desired tumor site. This 

exposure can induce serious side effects, particularly in hollow viscus organs within the 

abdominal cavity. As such, frequency and intensity of the radiation dose must be limited 

as a safety precaution; often rendering treatment ineffective for tumors with high 
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intrinsic resistance. Nowhere has this proven more apparent than in the current clinical 

management of pancreatic cancer.  

This extreme resistance to conventional therapies arises from a convergence of 

factors unique to pancreatic tumors. They characteristically develop genetic aberrations 

that induce both aggressiveness as well as resistance. The most common of these include 

mutations to the genes KRAS (90% frequency), TP53 (50-75%), CDKN2A (95%), and 

SMAD4 (55%)157-162. Moreover, the microenvironment of pancreatic tumors consists of an 

extensive, dense desmoplastic stroma that is coupled with hypo-vascularization163-165. 

Together, they present formidable barriers to the delivery of drugs and inhibit the 

effectiveness of existing chemo-radiation therapeutics. In addition, the anatomical 

location of the pancreas itself presents a challenge. The proximity of the pancreas to 

hollow viscus organs limits typical radiation dose to 54Gy in 1.8-2Gy fractions31,166,167. 

Advances in conformal techniques using stereotactic body radiotherapy have sought to 

increase the single dose fractions up to 24Gy168-170. However, multiple clinical trials have 

found that large numbers of patients begin to present with Grade 3 toxicities as fractions 

exceed 15Gy, including bleeding and bowel perforation171-173. These high dose treatments 

with external beam radiation have only resulted in modest gains in local tumor control 

and negligible overall survival. Unfortunately, all of these factors contribute to a 5-year 

survival rate of less than 27%153,154 for all patients, regardless of stage. 
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4.2 Preclinical Models of Pancreatic Cancer 

The inherent resistance of clinical pancreatic cancer is similarly mimicked across 

preclinical animal models of pancreatic tumors. A literature survey of over 265 research 

articles stretching back to 1997 revealed the potential efficacy of over 1098 different 

treatment regimens. Tumor models included over 75 different cell lines. These included 

immortalized xenografts, syngeneic models, genetically engineered models, and patient-

derived xenografts. Tumor responses to treatment were categorized in accordance with 

RECIST criteria174,175 and summarized in Figure 37.  

 

Figure 37: Summary of preclinical pancreatic tumor responses to treatment regimens 
found in literature (1997-2018) 

Out of all promising experimental therapeutics, only 9.9% could induce a 

meaningful 30% tumor regression to be considered a partial response. Of those, only 

2.8% of therapeutics achieved a complete response. Of these 31 treatments, most 

included either hypofractionated radiotherapy (>15Gy) or targeted radionuclide therapy 
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as part of a multi-drug regimen.  However, none of any of these treatments proved 

effective at treating multiple types of pancreatic tumors.  

 

Figure 38: Literature responses of preclinical pancreatic tumors to treatment, analyzed 
by model subtype: (A) Orthotopic pancreatic tumors, (B) subcutaneous tumors, (C) 

MIA PaCa-2 cell line tumors, (D) BxPc3 cell line tumors, and (E) AsPc-1 cell line tumors. 

A further breakdown of the tumor responses by tumor subtype and cell lines was 

conducted to establish the difficulties of various pancreatic tumor models (Figure 38). 

Orthotopic tumors proved highly resistant, with only one treatment successfully 

achieving a complete tumor response. The partial response rate of 4.8% was also much 

lower than that seen in subcutaneous tumor models (7.8%), confirming the enhanced 

difficulty of orthotopically implanted tumors. MIA PaCa-2, BxPc3, and AsPc-1 were also 

specifically examined as they are 3 of the more commonly studied tumor cell lines and 

also represent a diverse panel of genetic mutations commonly found in pancreatic 

cancer176.  Of the three, AsPc-1 was found to have the poorest response rate while MIA 
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PaCa-2 was the most responsive.  For all three cell lines, over 70% of tested treatments 

could not provide meaningful control on tumor growth. In fact, many of the ‘ineffective’ 

treatments included 5-FU, oxaliplatin, irinotecan, gemcitabine, kinase inhibitors, 

erlotinib, and conventional radiation therapy. These results led us to conclude that any 

encouraging results in preclinical tumor models may hold true translational potential. 

4.3 Impact of Paclitaxel on Pancreatic Cancer Cell Lines 

The human pancreatic cell line BxPc3 was selected as the initial pancreatic tumor 

model to investigate the possible synergy between chemotherapy and our biopolymer 

brachytherapy. BxPc3 is one of the most frequently used cell lines in the study of 

pancreatic cancer and its response to radio-chemotherapy agents has been extensively 

documented176,177. The cell line typically exhibits encouraging cytotoxicity to in vitro 

testing with many anticancer agents. However, in vivo tumor xenografts have proven 

highly resistant to the same treatments; including external beam radiation, paclitaxel, 

gemcitabine, erlotinib, cetuximab, and oxaliplatin178-185. This resistance, which mirrors 

clinical responses to treatment, has largely been attributed to density, high stromal 

content, hypoxia, and hypovascularization of the tumor environment176.  

However, that the mechanism of paclitaxel’s cytoxicity could uniquely 

complement the continuous irradiation provided by a 131I-ELP depot. It is a well-

established radiation sensitizing drug151,186.  Paclitaxel acts by binding microtubule 

assemblies and arresting cell-cycle progression in the late G2/M phase – a phase that has 

been shown to greatly enhance radiation tumor killing187-189. In addition, the Abraxane 
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formulation of paclitaxel is already approved by the FDA for the treatment of locally 

advanced pancreatic cancer190,191. A recent micelle formulation, CP-PTX developed by 

Bhattacharyya et al. in the Chilkoti lab has even been shown to outperform Abraxane in 

comparative tumor regression studies in prostate and breast cancer192. By delivering 131I-

ELP brachytherapy with concurrent CP-PTX chemotherapy could provide a powerful 

combination therapy strategy for overcoming pancreatic cancer resistance. 

4.3.1 In vitro assay methods 

The BxPc3-luc2 human pancreatic tumor line was purchased from Perkin Elmer. 

MIA PaCa-2 and AsPc-1 were obtained from the Duke Cell Culture Facility, a repository 

of ATCC cell lines that available to Duke University researchers. All cell lines were 

independently verified to be murine pathogen free through IMPACT III testing (IDEXX 

BioResearch). BxPc3-luc2 and AsPc-1 cells were cultured using RPMI 1640 media 

supplemented with 10% HI-FBS. MIA PaCa-2 cells were passaged using Dulbeco’s 

Modified Eagle Medium (DMEM) supplemented with 5% horse serum and 10% FBS. To 

passage cells, 0.25% trypsin/EDTA (Thermo Fisher Scientific) was used to detach cells 

from the culture flasks upon reaching 80-85% confluency. 

All cell lines were cultured in monolayers in sterile, vented culturing flasks 

(Corning). Cells were passaged, collected, and then counted with 0.4% Tryphan Blue 

(Thermo Fisher Scientific). Cells were then formulated in their respective media and 

plated in 96-well plates at 5,000 cells per well in 100µL. After allowing cells to incubate 

at 37°C for 12 h, drugs were then added to the wells. Each drug was formulated at the 
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highest concentration in the cell media and then serially diluted. A PTX equivalent 

concentration between 10-4 and 10-12M of each construct was plated in quadruplicate and 

allowed to incubate for 72h. 20µL of CellTiter 96® AQueoous One solution (Promega) was 

then added to each well. After 1.5 hours, the absorbance of each plate was read at 490nm 

and normalized to untreated cells to determine the relative cell survival. The half 

effective concentration (EC50) was calculated as the inflection between the curve’s 

maxima and minima. The IC50, or half maximal inhibitory concentration, was measured 

at the point where cell survival was equal to 50% of the cell survival. 

4.3.2 Methods for in vivo route of delivery study 

Male athymic, nu/nu mice were purchased from the Duke University 

Immunoincompetent Rodent and Biohazard Facility. Mice were obtained at 6-8 weeks 

old in age and were housed in the Duke Cancer Center Isolation Facility. Animals were 

subjected to standard 12h/12h light/dark cycles in a BSL2 barrier facility with sterile food 

and water provided ad libitum.  

For initial examination of how the route of paclitaxel delivery affects 

combination therapy, 20 athymic nu/nu mice were obtained.  Orthotopic BxPc3-luc2 

tumors were surgically inoculated in the mice following the previous procedure. Mice 

were randomized into 4 groups (n=5). Initial tumor size was verified with hand calipers 

upon a second survival surgery procedure (Table 4). Then single injections of 25mg/kg 

CP-PTX were given either intravenously or intratumorally.  Meanwhile, 131I-ELP was 

intratumorally injected at a 1.53µCi/mm3. After 12 days, mice were euthanized and 
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tumors excised. Tumor size was measured using both calipers and a scale. Relative 

change in tumor size was used to determine treatment effects. 

Table 4: Treatment conditions for paclitaxel delivery route study 

 

4.3.3 Results 

We first validated the effect of paclitaxel on BxPc3 cytotoxicity using a MTS cell 

proliferation assay (Figure 39A). Cells were incubated for 72h with either free paclitaxel 

or our own micelle formulation, CP-PTX. Free paclitaxel exhibited a relative half-

inhibitory concentration (EC50) of 3.7nM while that of CP-PTX was 54.8nM. The 

reduction in the EC50 for CP-PTX was consistent with the behavior of this formulation 

previously reported by Bhattacharyya et al192. Moreover, CP-PTX was more cytotoxic 

than reported values of albumin-bound paclitaxel, Abraxane, in the same cell line193-195. 

For both formulations, cellular cytotoxicity appeared to reach a threshold at ~30% cell 

survival despite further log-scale increases in concentration.  Subsequent assays assessed 

paclitaxel’s cytotoxicity in two additional pancreatic cancer cell lines: MIA PaCa-2 

(Figure 39B) and AsPc-1 (Figure 39C). For all cell lines, both paclitaxel and CP-PTX 

achieved nanomolar EC50 values (Figure 39D). 
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Figure 39: In vitro assays of the cytoxicity of paclitaxel and CP-PTX in (A) BxPc3-luc2, 
(B) MIA PaCa-2, (C) and AsPc-1 cell lines. (D) 50% cell inhibition values were 

determined to be in the nanomolar range for both formulations. 

Next, we sought to determine the optimal delivery route for combining paclitaxel 

with 131I-ELP in an in vivo setting. Paclitaxel is typically delivered systemically through 

intravenous injection, but our biopolymer brachytherapy system also allows for the 

option of simultaneous intratumoral infusion. We explored both options by treating 20 

orthotopic BxPc3 tumors inoculated in athymic nu/nu mice. Tumors were grown for 21 

days to reach a size between 125-150mm3. Mice were divided into 4 groups (n=5) and 

received either i.v. CP-PTX or i.t. CP-PTX treatment, with and without biopolymer 

brachytherapy. CP-PTX was administered as a single bolus at 25mg/kg while 131I-ELP 
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had a radioactivity dose of 1.5µCi/mm3. Mice were sacrificed after 12d and tumor size 

change was measured to assess response to treatment. The noise associated with 

bioluminescence monitoring in the deep tissue tumor model obscured conclusions 

(Figure 40A). However, by measuring the excised tumors relative size compared to their 

size at treatment, significant differences could be observed (p <0.001, one-way ANOVA). 

 

Figure 40: Orthotopic BxPc3-luc2 tumors were locally treated with 131I-ELP 
brachytherapy and either intravenous (i.v.) or intratumoral (i.t.) CP-PTX. (A) Tumor 

responses were tracked luminescently over 12 days after receiving treatments. (b) 
Excised tumors were excised on day 12 and measured to compare treatment effects. 

 As seen in Figure 40B, intratumoral delivery of CP-PTX was less effective than 

i.v. CP-PTX at controlling tumor growth, both as a single agent or when combined with 

131I-ELP. Combination therapy had superior tumor responses for both delivery methods, 

although i.v. CP-PTX was significantly better than the co-injected, intratumoral 

formulation (p<0.05, Tukey’s post-hoc t-test). Thus, it was decided to investigate the 

strategy’s synergistic potential with systemic paclitaxel therapy.  
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4.4 Dose Effects of Combination Agents in Tumor Models  

The effects of 131I-ELP brachytherapy and CP-PTX were next explored in a series 

of controlled in vivo dose escalation studies using athymic nu/nu mice. BxPc3-luc2 

tumors were subcutaneously xenografted on the hind flanks of the mice and allowed to 

grow to a tumor size of 125mm3. The effect of 131I-ELP brachytherapy was examined first 

by evaluating tumors treated at radioactivity doses of 3.3µCi/mm3, 6.6µCi/mm3, and 

10.0µCi/mm3 both with and without chemotherapy. Treatment groups (n=5) examined 

the impact of the brachytherapy alone and when combined with a single dose of CP-

PTX. Treatments were administered in rapid succession so as not to introduce timing as 

a variable. 131I-ELP was intratumorally infused at 180µL/min at a volume one-third the 

size of the target tumor and CP-PTX was administered intravenously at a 25mg/kg 

equivalence of paclitaxel. 

4.4.1 Methods of CP-PTX synthesis 

The chimeric polypeptide (CP) was comprised of a hydrophilic ELP fused to a 

drug loading tail. Its amino acid sequence was SKGPG(XGVPG)160WPC(GGC)7, with the 

guest residue X = V:G:A in a ratio of 1:7:8192,196,197. CP was recombinantly synthesized by 

encoding the DNA sequence within a pET-24a+ vector (Novagen Inc.) and was 

expressed in BL21(DE3) competent E. coli (Edge BioSystems), as previously 

described127,155,198. The MW of the construct was 61,663 Da. E. coli were cultured in 

Terrific Broth (VWR Life Science) supplemented with 4mL/L glycerol and 45µg/mL 

kanamycin. Overexpression of the ELP was induced after 8h of culture through addition 
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of 0.1mM IPTG (GoldBio, Inc.). After 24h, the E. coli was collected, lysed by sonication, 

and the ELP isolated using 4 rounds of inverse transition cycling (ITC) purification199. 

Each cycle of ITC consisted of the addition of 1mM NaCl to the lysed cell solution 

followed by centrifugation at 14,000rpm and 75°C to pellet the aggregated ELP. The 

isolated pellet is then dissolved in cold PBS with 50mM tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP, Sigma Aldrich) to reduce disulfide bond formation. It was then 

centrifuged at 4°C to remove insoluble contaminants. After 4 rounds, the purified ELP 

was dialyzed in H2O. Endotoxins were removed by incubating the ELP in Detoxi-gel 

resin (Thermo Fisher Scientific) packed in PD-10 columns (Thermo Fisher Scientific). 

Final endotoxin content were verified to be <0.25 EU/mL, in accordance with USP-NF 

standards, using the LAL gel clot assay (Lonza)200. ELP purity was verified to be greater 

than 95% using 4-20% HCl-Tris protein gels (BioRad) stained with 0.5M CuCl2 after 

SDS-Page gel electrophoresis (Figure 41). Once purification was complete, both ELP 

constructs were lyophilized and stored at -80°C. 

 

Figure 41: SDS-Page gel showing ITC purification for CP. ITC progresses through hot 
spin (HS) and cold spin (CS) cycles until >95%pure. 
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Paclitaxel (PTX) was conjugated to the CP by a multi-step reaction utilizing 

levulinic acid (LEV) and N-ε-maleimidocaproic acid hydrazide (EMCH) as previously 

published 192,201. Briefly, 38.74mg of LEV (Tokyo Chemical Industries) were reacted with 

75mg of N,N’-dicyclohexylcarodiimide (Sigma Aldrich) in anhydrous DMF for 30min at 

-20°C. 200mg of paclitaxel (Ark Pharm) was then solubilized in 500µL anhydrous DMF 

by vortexing. The PTX was then transferred to the LEV reaction mixture, amounting to a 

molar reaction ratio of 2:1 LEV to PTX. A small catalytic amount of 4-

dimethylaminopyridine (Alfa Aesar) was then added, the mixture protected from light, 

and then left to react for 12h at 4°C. The reaction products were then filtered and the 

DMF completely evaporated. The PTX-LEV conjugate was then purified by column 

chromatography (Silica Gel 60, Alfa Aesar) using a 0.5% - 1.5% methanol in chloroform 

eluent gradient. Purity was assessed using thin layer chromatography. Final products 

were dried using a rotovap and stored at -20°C protected from light.  

Next, the PTX-LEV conjugate was dissolved in anhydrous methanol in a round 

bottom flask. For every 25mg of PTX-LEV, 10.9 mg of EMCH (Thermo Fisher Scientific) 

were added to the solution. Additional methanol was added as necessary to ensure full 

solubility of the contents. The mixture was covered in aluminum foil and transferred to 

a 48°C oil bath. The mixture was left to react for 48h. After allowing the reaction to 

return to room temperature, the mixture was then purified using column 

chromatography (Silica Gel 60) with a 0.8%-1.8% methanol in chloroform eluent 

gradient. The eluent was collected in fractions and composition assessed with thin layer 
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chromatography. The final PTX-LEV-EMCH product was dried, weighed, and then re-

suspended in DMF. 

Finally, the CP was prepared in 50mM of NaPO4 and 100mM of TCEP in a round 

bottom flask. 180mg of ELP were prepared for every 50mg of PTX-LEV-EMCH. DMF 

was added to the ELP at a 1:1 volume mixture, and then the PTX-LEV-EMCH was 

transferred to the mixture and allowed to react for 12h at room temperature. After 

reacting, unreacted PTX-LEV-EMCH was separated from the product by centrifugation 

at 14000rpm for 10min at 10°C. The supernatant was further purified by dilution into 

30% acetonitrile in PBS and followed by repeated ultracentrifugation with Amicon 

Ultra-15 Filter Units (MWCO 10kDa) to remove unconjugated PTX. Purity was checked 

by analytical HPLC (Figure 42) with an OHPak KB-804 size exclusion column (Shodex). 

Upon reaching >95% purity, the CP-PTX was washed with NH4HCO3 in two final 

ultracentrifugation steps, lyophilized, and stored at -80°C. 
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Figure 42: HPLC elution traces of CP-PTX ultracentrifugation purification results. (A) 
Relative purity of the mixture after only a couple Amicon Ultra washes, with a large 

proportion of soluble paclitaxel. (B) Purity of final product after subsequent washes has 
reduced free paclitaxel to trace quantities. 

To further verify the quality of the CP-PTX conjugates, their nanoparticle 

properties were next characterized through a series of tests. First, the hydrodynamic 

radius of diffusion was measured for the CP-PTX through dynamic light scattering 

(Figure 43A, B). CP-PTX was prepared at a concentration of 50µM in PBS and filtered 

through a 0.25µm sterile filter to remove dust contamination. 75µL of the sample was 

then loaded into a quartz cuvette and analyzed using the Protein Solutions DynaPro 

DLS System (Wyatt Technology). The data was fit according to a regularization of the 

autocorrelation function, allowing the detection of multiple particle populations. The 

same CP-PTX solution was then diluted to 3 mg/kg and analyzed with an ALV/CGS-3 

Compact Goniometer system (ALV GMBH) to determine the radius of gyration through 

static light scattering (Figure 43C,D). Static light scattering was performed at 37°C for 5 
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angle increments between 30° and 150°. Each angle consisted of 3 average exposures at 

15s with a dRate% < 5%. The partial Zimm plot was analyzed to find the RG and 

molecular weight. These results showed that the CP-PTX was near equivalent size and 

shape as the micelles that had been previously published by Bhattacharyya, et al192. 

 

Figure 43: Nanoparticle size and shape analysis of CP-PTX. (A) DLS determined that 
CP-PTX formed highly monodisperse micelle populations with (B) a hydrodynamic 

radius (RH) of 39.4nm. A small unimer population was detected. (C) SLS confirmed the 
aggregate particle weight, polymer packing, and shape factor. (D) The radius of 

gyration, RG, was found to be 38.2nm. 

4.4.2 Animal methods for in vivo dose escalation analysis 

The differential impact of 131I-ELP and CP-PTX on combination therapy was 

determined through two dose escalation studies. In the first radioactivity dose escalation 

study, 40 mice were inoculated with subcutaneous BxPc3-luc2 tumors, grown to 
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125mm3, and divided into 8 groups (n=5). All mice receiving CP-PTX were all given a 

single i.v. dose at half MTD (25mg/kg) at the same time as the tumors received 

brachytherapy treatment. 131I-ELP dose was intratumorally injected at one-third the 

tumor volume for pre-selected doses of 3.3, 6.6, and 10.0µCi/mm3. Groups consisted of 

untreated tumors, CP-PTX only treatment, brachytherapy only at the three doses, and 

combination therapy at the three 131I-ELP doses (see Supp. Info for final group dose 

information). In the CP-PTX dose escalation study, 50 mice were similarly inoculated 

with subcutaneous BxPc3-luc2 tumors and grown to 125mm3. Mice were randomized 

and divided into treatment groups (n=5) consisting of untreated tumors, brachytherapy 

only, CP-PTX only at different doses, and combination therapy at different CP-PTX 

doses. The 131I-ELP brachytherapy dose remained constant in this experiment at 

3.3µci/mm3. CP-PTX dose groups consisted of single bolus infusions at 12.5mg/kg, 

25mg/kg, and 50mg/kg. The final CP-PTX dose group consisted of administering a 

repeated injection of CP-PTX at 25mg/kg, one week apart. Treatment response was 

assessed by tracking tumor volume over time, categorizing the response according to 

RECIST criteria174,175,202, body weight change, and overall animal survival. 

Conjugation of 131Iodine was carried out using the direct iodogen oxidation 

method203. Briefly, Na131I was purchased from Perkin Elmer and reacted with 500µM 

ELP in Pierce® IODOGEN pre-coated tubes (Thermo Fisher Scientific) on ice for 

30min156. Unreacted iodine was removed from the mixture using Zeba Spin Desalting 

Columns, 40K MWCO (Thermo Fisher Scientific). Next, the solution was centrifuged at 
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1000 rcf for 4min at 4°C. Radioactivity levels were verified using the AtomLab 400 dose 

calibrator (Biodex). The 131I-ELP conjujgate was then mixed with unreacted ELP to bring 

the final ELP concentration to 1000µM and the radioactivity to its desired level. 

4.4.3 Results of dose escalation studies 

The results show that monotherapies of CP-PTX and 131I-ELP at 3.3µCi/mm3 were 

indistinguishable from untreated tumors (Figure 44A-C). Tumor growth inhibition was 

achieved 131I-ELP only treatments of 6.6 and 10.0 µCi/mm3, but the effects were modest. 

Combining 131I-ELP with CP-PTX, however, demonstrated powerful regression results 

(p<0.0001, 2-way, repeated measures ANOVA). The low dose combination group 

achieved a 40% overall response rate (ORR, partial response + complete response) and a 

prolonged median survival of 39d compared to 19d for untreated tumors (Figure 44G, 

p<0.05, Mantel-Cox log-rank test). The mid-dose combination achieved an 80% ORR 

with a median survival of 53d. The majority of the tumor responses, however, were 

partial regressions. Most encouragingly, the high-dose combotherapy group 

demonstrated a 100% ORR whereby all tumors vanished 14-21 days after treatment. The 

median survival for this group was 68.5d, as shown in Figure 44G, which was 

significantly longer than all other combination therapy groups (p<0.05). Tukey post-hoc 

analysis (p<0.05) confirmed the significance of 131I-ELP radioactivity dose on driving 

tumor regression when treated in combination with CP-PTX.  
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Figure 44: The impact of brachytherapy and paclitaxel dose in a s.c. BxPc3-luc2 
pancreatic cancer model. Radioactivity dose effects of 131I-ELP radioactivity were varied 

from (A) 3.3µCi/mm3, (B) 6.6µCi/mm3, and (C) 10.0µCi/mm3 to treat subcutaneous 
tumors. Tumor response was improved for the high dose combination therapy (p < 0.01, 
ANOVA). (D) CP-PTX monotherapies showed no effect on tumor response, regardless 
of dose. (E) CP-PTX combined with 131I-ELP achieved tumor control, but the effect was 
equivalent regardless of dose, except when (F) a 2nd injection of CP-PTX was provided 
(p <0.05). Kaplan-Meier analysis further verified the associated survival effects for both 

the (G) radioactivity dose escalation study and (H) paclitaxel dose escalation. 

A complementary study next investigated the effect of paclitaxel dose on tumor 

regression when treated in combination with brachytherapy. CP-PTX dose was varied 
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between 12.5, 25, and 50 mg/kg of paclitaxel equivalence, while 131I-ELP was maintained 

at 3.3µCi/mm3. Figure 44D shows that treatment with CP-PTX chemotherapy alone, at 

any dose, had no effect on slowing tumor growth. Combining CP-PTX with the low-

dose brachytherapy again inhibited tumor growth (Figure 44E), but varying the CP-PTX 

dose produced no significant effect on the BxPc3 regression to combotherapy (p = 0.7074, 

2-way repeated measures ANOVA). No clear advantage in survival benefit was likewise 

observed between combination therapy doses, shown in Figure 44H. The respective 

median survival for each group was 67d, 36d, and 41d (p=0.1548, Mantel-Cox log-rank 

test), although all were improved over 21d for untreated BxPc3 tumors. Similar to the 

regression data, single agent treatment with CP-PTX exhibited no statistical survival 

advantage over untreated mice with median times of 21d, 25d, and 25d. When a second 

injection of CP-PTX at 25mg/kg was administered one week after initial treatment 

(Figure 44F), the tumor response was significantly improved over combination therapy 

receiving a single CP-PTX injection (p=0.0013, 2-way ANOVA). Survival was also mildly 

improved from 36d to 41d (p=0.0286, log-rank Mantel Cox). This suggested that repeated 

paclitaxel injections could extend the duration of the therapeutic effect, even if the effect 

was not heavily influenced by our range of paclitaxel doses. Moving forward, an 

optimized combination regimen was decided: 10.0 µCi/mm3 of 131I-ELP with four, once-

weekly doses of CP-PTX at 12.5mg/kg.  
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4.5 Comparison with Current Clinical Treatment Options 

The dose escalation studies showed exciting promise that our combination 

strategy could indeed prove efficacious against pancreatic tumors. Before we could 

draw any conclusions, though, we needed to first evaluate if the results could be 

replicated using the current clinical standards of care. Towards this goal, we re-

examined the BxPc3 tumor response to combination therapy when CP-PTX was replaced 

with Abraxane paclitaxel and β-brachytherapy was replaced with external beam 

radiotherapy (EBRT).  

4.5.1 Methods 

18 mice were subcutaneously inoculated with BxPc3-luc2 tumors to evaluate 131I-

ELP when combined with Abraxane. Tumors were allowed to reach ~ 125mm3 and mice 

were randomized into three groups (n=6) of untreated tumors, an Abraxane only 

control, and 131I-ELP administered with Abraxane. 131I-ELP was delivered at the 

optimum dose of 10.0µci/mm3 and one-third tumor volume. Abraxane was 

intravenously injected at 12.5mg/kg of PTX equivalence once weekly for 4 weeks. In a 

separate study, 28 mice were inoculated with subcutaneous BxPc-luc2 tumors to 

evaluate the synergistic response of clinical X-ray external beam radiation when 

combined with CP-PTX. Mice were randomized into four groups (n=7) including 

untreated controls, CP-PTX only treatment, EBRT only treatment, and EBRT combined 

with CP-PTX. The EBRT dose fractionation was selected to match current 

hypofractionated regimens used clinically for pancreatic cancer: five fractions of 5Gy 
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were administered every 2-3 days168,204. CP-PTX was administered intravenously at 

12.5mg/kg once weekly for four weeks. Consistent response criteria and end-points for 

both studies were maintained in accordance with previous regression studies. 

External beam radiation was delivered to all animals using the 225 kVp X-RAD 

CX225 micro-CT/micro-irradiator within Duke’s GSRBII animal facility. Mice were first 

anesthetized using a continuous feed of 2.5% isoflurane in 2L/min O2. A low energy CT 

scan was first performed to target the irradiator X-ray beam to the subcutaneous hind 

leg tumor. 5Gy of energy was then deposited over 50s using a photon beam at 225 kVp 

and 13 mA. Mice received one fraction every other day until a total dose of 25Gy had 

been delivered. For mice in groups receiving concurrent CP-PTX chemotherapy, CP-PTX 

was injected 30min prior to irradiation. 

4.5.2 Results 

As shown in Figure 45A, Abraxane administered weekly at 12.5mg/kg for four 

weeks produced minimal effect on BxPc3 tumor growth (n=6) as a stand-alone 

treatment. Only one mouse exhibited even a partial response. Median survival for 

Abraxane monotherapy was 25d compared to 21.5d for untreated tumors (p=0.0848, log-

rank test). When Abraxane was combined with 131I-ELP brachytherapy at 10µCi/mm3, 

BxPc3-luc2 tumors demonstrated significant regression (p<0.0001, 2-way repeated 

measures ANOVA). A 83.3% ORR was achieved in accordance with RECIST criteria174,175, 

with 5/6 mice achieving complete responses. The Kaplan-Meier analysis in Figure 45B 

shows that respective median survival was quadrupled to 100.5d over Abraxane 
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monotherapy. The maximum tumor responses exhibited by Abraxane combination 

therapy were not statistically different compared to those achieved with CP-PTX in 

Figure 44 (p = 0.4704, unpaired t-test), clearly showing that the formulation of paclitaxel 

was not critical to the observed therapeutic effect. 

 

Figure 45: Anti-tumor efficacy of combination therapy using current clinical standards 
of care against BxPc3-luc2 s.c. xenografts. (A,B) Paclitaxel was alternatively delivered 

using four doses of 12.5mg/kg Abraxane, once weekly, in combination with 10µCi/mm3 
of 131I-ELP. 100% complete tumor regression and significantly enhanced median survival 
were observed. (C,D) Traditional X-ray radiotherapy (25Gy in 5 fractions) was examined 

in combination with 12.5mg/kg CP-PTX, but no advantage over monotherapy was 
observed. (p =0.5878, 2-way ANOVA). EBRT also only provided modest survival benefit. 

We next examined the importance 131I-ELP brachytherapy on treatment outcome 

by replacing it with the current radiation oncology standard of care – external beam 

radiation therapy (EBRT). A 25Gy hypofractionated X-ray EBRT regimen was selected to 
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mimic current clinical approaches for treating pancreatic cancer168. Tumors were treated 

with 5Gy fractions every other day while CP-PTX was intravenously injected weekly at 

12.5mg/kg. On day 0 and 7, CP-PTX was administered to the mice 30min prior to 

receiving X-ray treatment. Figure 45C shows that EBRT only produced a modest 

inhibition of overall tumor growth. Interestingly, combining once weekly CP-PTX 

chemotherapy at 12.5mg/kg with the X-ray treatments did not improve BxPc3-luc2 

regression over X-ray monotherapy (p= 0.6616, 2-way repeated measures ANOVA). No 

advantage in survival benefit was seen in Figure 45D, as the mice treated with EBRT 

combination therapy survived for 24d as opposed to 21d for EBRT-only treatment. These 

results stood in stark contrast to the tumor responses observed in β-brachytherapy 

treated mice, where combination treatment resulted in complete ablation of the tumors. 

4.6 Bliss Independence determination of Synergy 

The regression results from all the trials were then analyzed in accordance with 

the Bliss Independence framework to assess whether combining 131I-ELP treatment with 

paclitaxel, delivered with either CP-PTX nanoparticles or Abraxane, produced 

mathematically demonstrable synergy. The Bliss Independence framework is a 

probabilistic method for analyzing the non-linear independence of therapeutic agents 

without full characterization of the dose-response spectrum – an ideal method for in vivo 

tumor regression data205-207. Briefly, the Bliss Model supposes the null case where the 

combined effect of independent agents can be predicted by the product of the ‘fraction 
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of effect’ achieved by each agent as a monotherapy. In our case, this can be simplified to 

the 2 agent case 

 

where the ‘fraction of effect’ would be the measurable tumor volume remaining 

after treatment. The observed response is then compared to the prediction to determine 

agents are synergistic, independent, or antagonistic. 

 

4.6.1 Derivation of standard deviation for Bliss prediction 

Due to the probabilistic underpinning of the Bliss Model, the significance of the 

observed effects can be statistically evaluated using parametric analysis208. Thus, the 

variation associated with the Bliss Prediction can be considered as  

 

This can be expanded using the variance identity for the product of two 

independent variables where  is the expected value (average) for a number set X 

with m elements. .  
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This identity can be further simplified by substituting in the corresponding 

mathematical identities and simplifying the component parts of the equation. 

Allow f1 = A and f2 = B, for simplification of the nomenclature  
where  A is a variable set with n values {a1, a2, a3, …, an} 
and      B is a variable set with n values {b1, b2, b3, …, bn} 

1) 
𝑬𝑬(𝑨𝑨) =  

∑ 𝒂𝒂𝒊𝒊𝐧𝐧
𝒊𝒊=𝟏𝟏

𝒏𝒏
 

2) 
𝑬𝑬(𝑩𝑩) =  

∑ 𝒃𝒃𝒊𝒊𝐧𝐧
𝒊𝒊=𝟏𝟏

𝒏𝒏
 

 
3) 𝑉𝑉𝑉𝑉𝑉𝑉(𝐴𝐴) =  

∑ [𝑉𝑉𝑖𝑖 − 𝐸𝐸(𝐴𝐴)]2n
𝑖𝑖=1

𝑛𝑛
 

=  
∑ [𝑉𝑉𝑖𝑖2 − 2𝐸𝐸(𝐴𝐴)𝑉𝑉𝑖𝑖 +  𝐸𝐸(𝐴𝐴)2]n
𝑖𝑖=1

𝑛𝑛
 

=  
∑ 𝑉𝑉𝑖𝑖2n

1

𝑛𝑛
− 2𝐸𝐸(𝐴𝐴) 

∑ 𝑉𝑉𝑖𝑖n
1

𝑛𝑛
+
∑ 𝐸𝐸(𝐴𝐴)2n

1

𝑛𝑛
  

=  
∑ 𝑉𝑉𝑖𝑖2n

1

𝑛𝑛
− 2𝐸𝐸(𝐴𝐴)2  + 𝐸𝐸(𝐴𝐴)2 

𝑽𝑽𝒂𝒂𝑽𝑽(𝑨𝑨) =  𝑬𝑬(𝑨𝑨𝟐𝟐) − 𝑬𝑬(𝑨𝑨)𝟐𝟐 

4) 
𝑉𝑉𝑉𝑉𝑉𝑉(𝐵𝐵) =  

∑ [𝑏𝑏𝑖𝑖 − 𝐸𝐸(𝐵𝐵)]2n
𝑖𝑖=1

𝑛𝑛
 

=  
∑ [𝑏𝑏𝑖𝑖2 − 2𝐸𝐸(𝐵𝐵)𝑏𝑏𝑖𝑖 +  𝐸𝐸(𝐵𝐵)2]n
𝑖𝑖=1

𝑛𝑛
 

=  
∑ 𝑏𝑏𝑖𝑖2n

1

𝑛𝑛
− 2𝐸𝐸(𝐵𝐵) 

∑ 𝑏𝑏𝑖𝑖n
1

𝑛𝑛
+
∑ 𝐸𝐸(𝐵𝐵)2n

1

𝑛𝑛
  

=  
∑ 𝑏𝑏𝑖𝑖2n

1

𝑛𝑛
− 2𝐸𝐸(𝐵𝐵)2  + 𝐸𝐸(𝐵𝐵)2 

𝑽𝑽𝒂𝒂𝑽𝑽(𝑩𝑩) =  𝑬𝑬(𝑩𝑩𝟐𝟐) − 𝑬𝑬(𝑩𝑩)𝟐𝟐 
 

 
             

                                        

             

                                                

                      

 
Re-arranging and re-substituting Bliss fractions for variables A and B, statistical variance 

and standard deviations can be expressed and used in parametric ANOVA analysis.  
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, 

4.6.2 Results of the Bliss Independence analysis 

The Bliss Independence framework was then used to analyze the regression 

studies from Figure 44 and Figure 45. The results were graphically represented as Bliss 

isobolograms in Figure 46. The experimentally measured tumor response to tumor 

therapy (fObserved) are shown as a solid line while Bliss predictions are graphically 

represented as dashed lines with shaded 95% confidence intervals. When tumor 

regression was evaluated in the radioactivity dose escalation study (Figure 46A), the 

observed tumor regression significantly exceeded the Bliss predicted value (p<0.0001, 

repeated measure 2-way ANOVA).  

 

Figure 46: Bliss Independence isobolograms evaluating if previous combotherapy 
responses were synergistic or merely the result of additive effects. Trials analyzed 
included (A) 131I-ELP with bolus CP-PTX, (B) multi-dose CP-PTX combotherapy, (C) 
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Abraxane with 131I-ELP, and (D) X-Ray beam radiation with CP-PTX. Synergy was 
verified when the actual tumor regression (solid line) was lower than the Bliss 

prediction (dashed line) and exceeded the 95% confidence interval. 

For the trials examining multi-dose CP-PTX (Figure 46B) and Abraxane 

combination therapy (Figure 46C), Bliss analysis proved that interaction between 131I-

ELP and paclitaxel remained synergistic and significant in both cases (p<0.001). The 

same analysis of EBRT (Figure 46D), however, demonstrated no discernable synergy 

when combined with paclitaxel. Instead, the tumor response nearly matched the 

predicted Bliss response (p=0.7472). This analysis further confirmed that the synergy 

observed with β-brachytherapy is not achievable with conventional external beam 

radiation therapy. 

4.7 Temporal Dynamics of Cell-cycle mediated Sensitization 

We next sought to understand why the sensitization effects of paclitaxel 

produced such profound anti-tumor synergy with 131I-ELP brachytherapy as opposed to 

external beam radiation. As sensitization is driven by late G2/M arrest, we first 

examined the effects of paclitaxel on cell cycle progression.  

BxPc3 cells were treated in vitro with 1nM paclitaxel, stained with propidium 

iodide, and analyzed with flow cytometry for its phase distribution over time (Appendix 

B). Results showed that the proportion of cells entering the radiation sensitive G2/M 

phase increased over time for all paclitaxel formulations (Figure 47A). Cells treated with 

free paclitaxel peaked at 37.9% in the late G2/M phase, while Abraxane peaked at 53.5% 

and CP-PTX peaked at 40.5%. All treatments more than doubled the proportion of 
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sensitive cells compared to the untreated group. Regardless of treatment, however, the 

majority of tumor cells typically remained in the highly resistant G1 and S phases after 

chemotherapy, where non-homologous end joining and base excision repair proteins are 

highly active in repairing DNA damage209,210.  

 

Figure 47: Temporal dependence of paclitaxel sensitization and radiation dose 
delivery for achieving synergy. (A) Paclitaxel treated cells show temporal variation in 

arresting cells in the targeted late G2/M phase. (B) The dose rate of 131I-ELP is lower than 
X-ray sources, although the continuous exposure ensures overlap with paclitaxel effects.  

When this profile of tumor cell sensitization was then compared to the radiation 

exposure profile of both 131I-ELP and EBRT (Figure 47B), the advantage of biopolymer 

brachytherapy becomes apparent. X-ray EBRT is only applied for a few minutes; 

allowing many tumor cells to survive treatment while in resistant cell-cycle phases. The 

continuity of the β-radiation provided by 131I-ELP, however, ensures that all tumor cells 

are exposed to treatment as they eventually progress into the vulnerable late G2/M 

phase. The dose rate of brachytherapy was found to be lower than that of the X-Ray 

EBRT at 0.647Gy/min and 5Gy/min, respectively. The 131I-ELP compensates for this 

lower rate by constantly irradiating the tumor, resulting in a cumulative delivered dose 

that is more than 100-fold higher than EBRT limits (Figure 48).  
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4.8 Calculation of 131I-ELP Brachytherapy Dose 

The 131I-ELP dose rate was calculated using the effective half-life of the 

biopolymer brachytherapy and MIRD formalisms for radionuclide decay schema and 

absorption fractions211-213  

4.8.1 Measurement of effective half-life of ELP depots 

The effective radiation half-life of the 131I-ELP brachytherapy depots was 

experimentally determined by measuring the whole body radioactivity of treated mice 

as a function of time. Biodistribution results demonstrated that the tumor depot 

accounted for > 99% of the radioactivity signal; therefore longitudinal whole body 

monitoring was deemed an acceptable substitute approximation of for depot activity. 

Activity for a given time point was normalized against the initial activity to 

determine the percent injected dose (%ID). This decay profile was then log transformed 

to fit the following linear equation: 

 . 

A simple linear regression was done to determine the slope, b, which was used to 

calculate the effective half-life according to the relationship: .  

The depot biological half-life was determined following a similar procedure, but 

after accounting for the physical decay of the isotope (t1/2 = 8.03 days)134. This linear 

equation was: 
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Results were tabulated for each individual mouse and averaged within an 

experimental group. 

Table 5: Stability traits for 131I-ELP depots in all combination therapy trials 

Experiment Tumor Line Model n
131I-ELP 

Dose
 Paclitaxel 

Dose
Effective
 t1/2 (d)

Depot
 t1/2 (d)

Radiodose Escalation Trial BxPc3-luc2 Subcut. 4 9.25 uCi/mg 25 mg/kg 6.140 26.510
Radiodose Escalation Trial BxPc3-luc2 Subcut. 5 8.13 uCi/mg 0 mg/kg 6.381 31.545
Radiodose Escalation Trial BxPc3-luc2 Subcut. 5 5.97 uCi/mg 25 mg/kg 6.579 36.963
Radiodose Escalation Trial BxPc3-luc2 Subcut. 5 5.71 uci/mg 0 mg/kg 6.633 38.329
Radiodose Escalation Trial BxPc3-luc2 Subcut. 5 2.57 uCi/mg 25 mg/kg 6.822 49.287
Radiodose Escalation Trial BxPc3-luc2 Subcut. 5 2.30 uCi/mg 0 mg/kg 6.840 50.919
Paclitaxel Dose Escalation Trial BxPc3-luc2 Subcut. 5 2.96 uCi/mg 50 mg/kg 7.133 66.781
Paclitaxel Dose Escalation Trial BxPc3-luc2 Subcut. 5 2.79 uCi/mg 25 mg/kg 7.348 91.882
Paclitaxel Dose Escalation Trial BxPc3-luc2 Subcut. 4 2.84 uCi/mg 12.5 mg/kg 6.754 44.847
Paclitaxel Dose Escalation Trial BxPc3-luc2 Subcut. 5 3.04 uCi/mg 25 mg/kg 7.287 82.334
Paclitaxel Dose Escalation Trial BxPc3-luc2 Subcut. 5 2.82 uCi/mg 0 mg/kg 7.158 70.687
Abraxane Comparison Trial BxPc3-luc2 Subcut. 6 9.43 uCi/mg 12.5 mg/kg 6.965 53.222
MIA PaCa-2 Tumor Trial MIA PaCa-2 Subcut. 5 8.77 uCi/mg 12.5 mg/kg 6.849 48.815
AsPc-1 Tumor Trial AsPc-1 Subcut. 7 10.6 uCi/mg 12.5 mg/kg 7.408 99.887
Orthotopic Efficacy Trial BxPc3-luc2 Orthotopic 6 8.83 uCi/mg 12.5 mg/kg 6.824 56.925
Orthotopic Efficacy Trial BxPc3-luc2 Orthotopic 6 7.90 uCi/mg 25 mg/kg 7.104 69.631
Orthotopic Efficacy Trial BxPc3-luc2 Orthotopic 6 7.06 uCi/mg 0 mg/kg 6.403 30.390

Average = 6.88 57.12  

4.8.2 Deriving the brachytherapy dose rate and cumulative dose  

Assumptions 

1. Total dose can be estimated assuming a homogenous dose distribution 

2. Emission spectra, energies, and intensity values obtained from MIRD and the 

National Nuclear Data Center, Brookhaven National Laboratory are accurate214 

3. The range of tissue penetration ( ) for 131Iodine β-particles ≤ 0.8mm134,215 

4. The volume of the depot VDepot is approximately equal to the injected ELP volume 

5. 100% of β-particles are absorbed within the tumor margin (fabs ~ 1) 
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Quick calculation of depot coverage in spherical tumor model 

 

 

 
For a 125 mm3 tumor: 
      and   

Since    all β-particles must be absorbed within the 

boundaries of the tumor margins. 
6. Doseβ >> Doseγ, therefore Total Dose ≈ Doseβ 1,2 

 

Table 6: Therapeutic Values, Physical Quantities, & Unit Conversions 

Symbol Meaning Value Standard Units 
Ao 131I-ELP Injection Dose 10 uCi/mg 10 Ci/kg 

VTumor Average Tumor Volume 125 mg 1.25x10-4 kg 

VDepot Injection volume of ELP depot 1/3 VTumor 
1/3 VTumor 

t1/2, 

physical 

Physical half-life of isotope 8.03 days 8.03 days 

t1/2, eff Effective half-life of radioactive depot 6.880 days 6.880 days 

kCi Conversion factor from Curie to decay 
events 

3.7x1010
  

events/sec 
3.197x1015 
events/day 

kkeV Conversion factor from keV to Joules 1.60218x10-16 J 1.60218x10-16 J 

Eβ,avg Average energy of beta particles  181.86 keV 2.914x10-14 J 

Eγ,avg Average energy of gamma particles 381.97 keV 6.120x10-14 J 

Ei Energy of an single emission particle (i) from a decay event 
Ii Intensity, or statistical frequency, of a particle emission from a decay event 
fabs Fraction of absorption of emission particle within the tumor geometry 

 

The activity (A) of 131Iodine can be determined at any time point t using the exponential 

decay equation 
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where  

The rate of radioactive decay events is defined as: 

 

 
The total number of decay events can be determined by integrating with respect to time 

 

 

 
To determine the total dose, he total number of each emission particle must be 

determined based on the number of decay events.  The energy of each particle must then 

be multiplied by the function describing the particle’s absorption within the tumor 

margins, which has been approximated to 100% for β-particles. 

 

 

 
where I = {1…n} is the set of all β-particle emissions of 131Iodine 

 



 

115 

 
Simplifying for the case where  and our assumption   , 

 then    

 

 

Figure 48: Total radiation dose delivered by continuous 131I-ELP as compared to 
external beam radiotherapy fractionated regimens. 

4.9 Pathological Analysis of BxPc3 tumors after Treatment 

In order to elucidate the mechanistic underpinnings of the synergy observed 

between 131I-ELP and paclitaxel, a follow up study was conducted whereby treated 

tumor specimens were histologically examined for changes to the tumor 

microenvironment.   
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4.9.1 Methods 

First, BxPc3-luc2 tumors were grown orthotopically in athymic, nu/nu mice. 

Upon reaching a standard size of ~100mm3, mice were sorted into groups of untreated 

tumors (n=3), CP-PTX monotherapy (n=2), external beam radiation only (n=4), 131I-ELP 

only (n=3), EBRT with CP-PTX combination therapy (n=5), and 131I-ELP with CP-PTX 

combination therapy (n=4). CP-PTX was given as two weekly i.v. injections at 12.5mg/kg 

for all relevant groups. External beam radiation therapy was administered as five 5Gy X-

ray fractions every other day for a total of 25Gy. 131I-ELP was administered as 

~10.0µCi/mm3. Tumors were given 12 days to respond to treatment before they were 

collected for histology processing. This time frame ensured all tumors treated with 

ERBRT would receive all of their X-ray fractions. Additionally, tumors treated with 131I-

ELP combotherapy were observed to begin regressing at 14 days. Therefore, 12 days 

would allow for maximal change to the microenvironment without regression 

complicating the analysis. Two normal pancreas samples were also collected from 

healthy mice for reference. 

At 12 days, mice were euthanized and their tumor specimens excised and stored 

in formalin. The specimens were stored for 8 months to allow for complete decay of the 

131Iodine prior for safe histological handling. After that, tumors were sent to Dr. Zuowei 

Su at the DUMC Research Immunohistology Laboratory. They were then paraffin 

embedded, sectioned from the center of the tumor outwards, and mounted as 7µm 

slices. The specimens were then stained with a variety of immunohistochemical stains to 
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examine various aspects of the tumor microenvironment after treatment: H&E, Masson 

Trichrome, CD-31 (ThermoFisher, #PA5-16301), CD-144 (ThermoFisher, #36-1900), anti 

Claudin-4 (ThermoFisher, #PA5-16875), and TUNEL (Millipore, #S7100).  

All specimens were then randomized and blinded with reference to their 

treatment group in order to prevent bias in the pathological interpretation. Blinded 

samples were then provided to Kyle C. Strickland of the DUMC Dept. of Pathology for 

analysis. Specimens were commented on and scored on the intensity of each respective 

stain, as well as the frequency of cellular expression. Together, the scores were combined 

to create an H-score. The relative coverage of a marker, or % area of positive staining, 

was created for IHC stains by spectrally isolating the horseradish peroxidase stain, 

converting it to a binary mask, and then quantifying its area compared to the area of the 

whole tumor specimen using ImageJ. Once finished, samples were returned, un-blinded, 

and the results aggregated to yield the following observations. 

4.9.2 H&E analysis 

The pancreas from healthy mice showed normal pancreatic acini cells with 

occasional islets of Langerhans (Figure 49A). The BxPc3-luc2 tumors, meanwhile, were 

clearly comprised of dense adenocarcinoma cells with a desmoplastic, fibrous stroma 

(Figure 49B).  A small percentage of these tumor specimens showed evidence of necrosis 

(1.67%) even without any treatment.  Typically, the area of these foci was small, with 

radii of ~0.59mm.   
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The effects of each monotherapy were first assessed prior to analyzing the 

combotherapy results Figure 49C-E. Tumors treated with CP-PTX, showed the same 

distinctive adenocarcinoma cell pathology. However, the percentage of the tumor 

specimen demonstrating necrosis was larger at 32.50%. This necrosis was non-uniform 

across the tumor tissue, presenting as distinct patches while the bulk of the tumor tissue 

remained unaffected. When the tumor samples treated with X-ray external beam 

radiotherapy only, the adenocarcinoma tissue remained abundant in desmoplastic 

stroma.  A slight increase in cellular necrosis was apparent over the untreated tumor, 

but only accounted for 8.75% of the total tumor.  
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Figure 49: Hematoxylin and eosin images of tissue specimens. (A) A normal murine 
pancreas, (b) untreated BxPc3-luc2 tumors, (c) CP-PTX treated tumors, (d) 25Gy EBRT 

monotherapy, (e) 131I-ELP monotherapy, (f) EBRT combotherapy, and (g) 131I-ELP 
combotherapy treated tumors. Full panels show representative pathological patterning, 

while insets emphasize cellular characteristics. 

For the tumors treated with 131I-ELP, however, different characteristics started to 

emerge.  2/3 treated specimens showed clear evidence of pleomorphism, particularly in 

proximity to the depot material. Scars of necrosis accounted for 30% of the total tumor 

area and were also located radially around the depot material.  Finally, evidence of 

pyknotic cells was also witnessed. 
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Figure 50: Visual inspection of the H&E specimens revealed regions of cellular 
apoptosis. (A) The estimated percentage of cellular apoptosis and (B) size of these 

regions showed differential effects to the BxPc3-luc2 tumors which could be attributed 
to differential treatment methods 

Next, the effects of combination therapy of paclitaxel with either X-ray external 

beam radiotherapy or 131I-ELP were compared (Figure 49F, G). Tumors treated with 

EBRT combotherapy exhibited typical adenocarcinoma traits, but with centralized 

fibrosis and patchy foci of necrosis. This necrosis only accounted for ~16.0% of the total 

tumor specimen. A small amount of pleomorphisms was identified in 2/5 specimens. 131I-

ELP combotherapy, meanwhile, displayed large centralized areas of necrosis that 

accounted for 71.25% of the specimens on average (Figure 50). The adenocarcinoma was 

poorly differentiated with a high degree of pleomorphism exhibited in all samples. 

Interestingly, the necrosis and pleomorphism was always associated proximally with the 

depot, which could be visualized in some instances. 
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4.9.3 TUNEL analysis of DNA Damage 

Terminal deoxynucleotidyl transferase dUTP nick end labeling, TUNEL, is a 

method whereby the 3’ hydroxyl termini of broken DNA strands are enzymatically 

tagged with TdT and then stained for histological analysis. Because it selectively 

identifies DNA strand breaks, it is a traditional IHC marker for apoptotic damage in 

tissues. For the studies herein, TUNEL immunohistology was performed to better 

compare the therapeutic power of the various radio-chemotherapy modalities under 

investigation. It was also thought that it might provide insight into the spatial 

limitations of respective treatments – an important concern as 131I-ELP emissions are 

localized within a few millimeters of the injected biopolymer. 

 

Figure 51: TUNEL staining of a healthy mouse pancreas. Brown indicates DNA damage. 

Healthy murine pancreatic tissue showed virtually no indication of DNA 

damage in either the acini cells or in the Langerhans islets, as expected. The untreated 



 

122 

BxPc3-lc2 tumor tissue was also mostly negative, although some light non-specific 

TUNEL staining was evident (Figure 52A). The staining patterns amongst the different 

treatment groups, however, were very different. For tumors treated only with systemic 

CP-PTX (Figure 52D), positive TUNEL staining appeared in patchy areas that were 

spatially distinct. Within those areas, staining was very strong.  Outside those areas, 

which comprised the majority of the tumor, staining was mostly negative. Tumors 

treated with X-ray EBRT showed diffuse nuclear positivity across all regions of the 

tumor tissue (Figure 52B). The staining was homogenous, although not as intense as the 

regions stained by CP-PTX or 131I-ELP monotherapies. The 131I-ELP only treatment 

showed extremely dense areas of necrosis (Figure 52C). Despite the strength of this 

staining, the intensity of it fell off quickly, leaving distal areas with minimal staining. 

These results clearly show the focal nature of the 131Iodine emissions. 
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Figure 52: Differential TUNEL IHC staining of BxPc3-luc2 tumors when treated with 
different conditions: (A) untreated, (B) EBRT only, (C) 131I-ELP only, (D) CP-PTX only, 

(E) EBRT with CP-PTX, and (F) 131I-ELP with CP-PTX. Insets show the staining of the 
entire tumor specimen.  131I-ELP combotherapy shows an intense level of TUNEL 

staining not found across any other treatment group. Insets show stitched images of the 
entire tumor cross-section. 

The combination therapy regimens proved even more interesting. The tumors 

treated with EBRT and concomitant CP-PTX chemotherapy displayed a positive TUNEL 

staining pattern that looked distinctively like a merging of the two respective 

monotherapies (Figure 52E). Diffuse nuclear positivity was evident throughout the 

entire bulk of the tumor cells. However, stronger staining patches also were evident 

throughout the tumor, as if combining therapies provided additive apoptotic 

consequences. The tumor samples from 131I-ELP combotherapy proved a starkly 

different (Figure 52F). In all samples, the majority of the tumor was stained with an 
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intense, dark carpet of TUNEL positivity.  Very few viable cells could be identified due 

to the intensity of the stain. The staining was qualitatively stronger than any staining 

achieved by the monotherapies, showing the dramatic increase in apoptotic potency of 

this strategy. Even more interesting, the size of the apoptotic region was greatly 

increased from the 131I-ELP monotherapy. This suggests that the strategy of combining 

paclitaxel with 131I-ELP brachytherapy could actually extend the effective distance of 131I-

ELP, which could improve radiation dosimetry planning in a clinical setting. 

Finally, TUNEL staining provided an interesting way to observe the microscopic 

potency of the treatment regimens. Each specimen was spectrally deconvoluted using 

ImageJ to separate the TUNEL stain from the methyl green counterstain. It was then 

converted into a binary mask and the relative area of the two stains was compared to 

evaluate the area of apoptosis caused by the treatments. While this technique did not 

account for staining intensity, it did provide a method for analyzing the extent of 

apoptosis induced by each treatment method. As Figure 53F shows, 131I-ELP 

combotherapy induced significantly larger areas of tumor death compared to all other 

treatments. The breadth of this coverage, combined with the intensity differences, 

further confirmed the drastic advantage provided by this strategy to treat pancreatic 

tumors. 
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Figure 53: The coverage of TUNEL staining quantified relative to the tumor area for 
all treatment samples. Therapy consisting of 131I-ELP with CP-PTX was found to have 

a significantly higher proportion of tumor apoptosis (p < 0.05). 

4.9.4 Claudin-4 IHC analysis 

Claudin-4 expression was next analyzed using a rabbit IgG with polyclonal 

Claudin-4 specificity, stained with horseradish peroxidase, and counterstained with 

nuclear methyl green. Claudin-4 is a transmembrane epithelial tight junction that forms 

a paracellular barrier for controlling molecular trafficking. It has been shown to be 

highly upregulated in human pancreatic tumors and is correlated with poor drug 

uptake and general resistance to chemotherapeutics. 
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Figure 54: Immunohistological staining of Claudin-4 tight junction protein in (A) 
normal murine pancreatic tissue and (B) an untreated BxPc3-luc2 tumor specimen. 

Normal murine pancreatic tissue was found to be negative for Claudin-4 

expression in its acini cellular structure, as well as in the ductal epithelium (Figure 54A). 

The Langerhans islets, however, demonstrated positive expression with strong staining. 

Untreated BxPc3-luc2 xenografts, conversely, displayed positive membranous and cell 

cytoplasm staining throughout the entire tumor tissue (Figure 54B). The Claudin-4 

intensity was also strong throughout the tumor stroma. Pathological analysis of the 

tumors subjected to different treatments showed no significant difference in the staining 

pattern amongst viable cells. The only small difference of note was the appearance of 

dot-like cytoplasmic staining pattern in the 131I-ELP combotherapy treatment specimens. 
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Figure 55: Claudin-4 expression in BxPc3-luc2 xenografts after treatment with (A) CP-
PTX only, (B) EBRT (25Gy) only, (C) 131I-ELP only, (D) EBRT combotherapy with CP-

PTX, and (E) 131I-ELP combotherapy. 

It should be noted, though, that the areas proximal to the 131I-ELP depots groups 

could not be accurately read due to the high levels of apoptosis in the surrounding 

tissue. High levels of apoptosis can cause non-specific antibody staining due to 

degraded protein content that it is not necessarily representative of the actual 

microenvironment. Thus, the regions that corresponded to the intense TUNEL staining 

for 131I-ELP groups were inconclusive despite their irregularity of the staining pattern. 

This irregularity was found to diminish radially from the depots, at which point viable 

cells could be inspected.  

All of the treated tumors were then pathologically ranked and quantified. It was 

immediately obvious that the intensity rank of viable cells was equivalent across all 
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treatment groups: moderate-to-intense intensity. However, when the positive Claudin-4 

stain was converted into a binary mask and quantified as a relative total area of each 

tumor specimen, some differential responses did emerge. 131I-ELP monotherapy, CP-PTX 

monotherapy, and 131I-ELP combotherapy all showed a significant reduction in the 

relative tumor coverage area when compared to untreated tumors. This was not 

unsurprising as the areas of high apoptosis appeared to have less intense staining 

compared to the remainder of the tumor. While not definitive, Claudin-4 expression 

does appear to be affected by the various treatments being applied to the tumors. As its 

main function is as a paracellular inhibitor of molecular diffusion, this suggests that 

drug permeability might be improved with these effects. 

 

Figure 56: Pathological analysis of Claudin-4 in BxPc3-luc2 tumors. (A) Intensity of the 
Claudin-4 staining was quantified: 3-intense, 2-moderate, 1-light, and 0-no staining. (B) 
The relative area of Claudin-4 coverage. Significant (p <0.05) reduction in staining was 
observed for CP-PTX, 131I-ELP monotherapy, and 131I-ELP combotherapy treatments. 

4.9.5 CD-31 (PECAM-1) analysis 

The next vascular marker examined with immunohistology was CD-31.  CD-31 is 

an antibody marker for platelet endothelial cell adhesion molecule 1 (PECAM-1). 
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PECAM-1 cell surface expression is commonly upregulated across a wide range of 

cancers, including pancreatic tumors.  It is specific to vascular endothelial cells, acting as 

a pro-angiogenic and pro-tumorigenic factor by suppressing mitochondrial-dependent 

apoptosis via the AKT/PKB pathway. Due to this, it has been implicated in conferring 

resistance to chemotherapeutics. Moreover, it has been repeatedly shown to be 

upregulated in tumors after receiving radiation treatment. For these reasons, it was 

identified as an interesting microenvironment molecule to pathologically examine after 

comparative treatment. 

 

Figure 57: CD-31 immunohistochemical staining of (A) a normal murine prostate and 
(B) an untreated BxPc3-luc2 tumor. Normal tissue shows luminal staining of vessels. 

Tumor xenografts, however, show light expression in the stroma 

Normal pancreatic tissue excised from healthy mice showed a fairly standard 

pattern with positive luminal CD31 staining around vessels but negative ductal 

expression (Figure 57A). This pattern shifted considerably in the BxPc3-luc2 tumors.  

Instead, untreated tumors displayed stromal staining with light cytoplasmic expression 

(Figure 57B). The relative intensity of this staining was light. 
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Figure 58: PECAM-1 expression via CD31 IHC staining in BxPc3-luc2 xenografts after 
receiving different treatments: (A) CP-PTX only, (B) EBRT (25Gy) only, (C) 131I-ELP 

only, (D) EBRT combotherapy with CP-PTX, and (E) 131I-ELP combotherapy. No 
significant difference in expression was observed amongst treatments. 

When the various treatment specimens were examined, no change in the staining 

intensity was observed (Figure 58). All tissues continued to exhibit stromal expression 

with light cytoplasmic staining.  No significant difference in the relative coverage area 

was observed. Only a minor difference was observed in the 131I-ELP combotherapy 

group. Areas of minimal, non-specific patterns of CD31 staining were seen around the 

depots. However, proper interpretation of these features could not be assessed because 

of the high levels of previously identified apoptosis. 
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Figure 59: Pathological analysis of PECAM-1 (CD31) in BxPc3-luc2 tumors after 
treatment. (A) The qualitative intensity of CD-31 staining in cell cytoplasm was first 

evaluated, with no differences observed. (B) The relative coverage area of CD-31 
staining also showed comparable expression amongst all treatment groups. 

4.9.6 CD-144 (VE-Cadherin) analysis 

The last junction protein that was used for histological analysis of the vascular 

permeability microenvironment was VE-Cadherin. VE-Cadherin is a glycoprotein that 

acts as a classical adherens junction protein. It consists of a single transmembrane region 

and maintains the integrity of the vascular endothelial barrier in a calcium-dependent 

manner. It is commonly upregulated in breast, pancreatic, and melanoma tumors. It has 

also been shown to activate phosphatidylinotisol 3-kinase, which can inhibit cellular 

apoptosis. Aberrant expression has been implicated in promoting malignancy via the 

endothelial-to-mesenchymal transition pathway. In histology, it can be stained for using 

the CD-144 antibody.  

When our tumor specimens were stained with CD144 (Figure 60A), the normal 

murine pancreatic tissue was almost entirely negative for VE-Cadherin. The exception 

was found in the Langerhans islets, which showed strong positive staining. Untreated 
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BxPc3 tumors were dramatically different. The cancerous cells showed CD-144 positivity 

in the nuclei, coupled with weak cytoplasmic expression (Figure 60B). No relevant 

stromal expression was observed. This provided a baseline for comparing the remaining 

treatment specimens.  

 

Figure 60: Immunohistological staining of VE-Cadherin adherens junctions, using 
CD144, in (A) normal murine pancreatic tissue and (B) an untreated BxPc3-luc2 tumor 

xenograft specimen. 

First the monotherapy tumor tissues were examined. Treatment with CP-PTX 

showed no distinguishable difference in the staining pattern from the untreated tumor – 

strong positivity in the nuclei and weak in the cytoplasm (Figure 61A). X-ray EBRT also 

exhibited the same staining pattern with no difference in intensity (Figure 61B). 131I-ELP 

only tumors showed slightly different histological features (Figure 61C). The majority of 

these tumor tissues resembled the pattern of the untreated group.  However, the pattern 

became disrupted in close proximity to the identifiable depot spots. In these regions, the 

nuclear foci became negative. To assess these differences, a histology score (H-score) 

was created by multiplying the relative intensity of the nuclear staining by the cellular 
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frequency. The result quantified significantly lower nuclear CD144 expression than 

found in untreated tumors and other monotherapy groups (p < 0.05). 

 

Figure 61: VE-Cadherin immunohistology in treated BxPc3-luc2 tumor xenografts. 
Treatment comprised (A) CP-PTX, (B) X-ray EBRT, (C) 131I-ELP, (d) EBRT combotherapy, 

and (E) 131I-ELP combotherapy. Tumors were examined 12 days after treatment. 

As with the other IHC stains, the combination therapy groups provided more 

interesting results. EBRT combotherapy didn’t show any difference in the overall 

staining pattern (Figure 61D). The H-score of its nuclear staining also corresponded with 

the EBRT monotherapy group and the untreated tumor specimen (Figure 62A). The 131I-

ELP combotherapy seemed to exhibit the same heterogeneous pattern seen in its 

monotherapy group, but over a larger area surrounding the depot sites (Figure 61E).  

When the area of CD-144 coverage was quantified, a definite trend in VE-Cadherin 

reduction could be observed for 131I-ELP treatment groups compared to all other 

treatments (Figure 62B). However, this effect was not found to be statistically significant. 
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Figure 62: Pathological analysis of CD-144 in treated tumors. (A) Tumor tissue was 
issued a CD-144 histology score (H-Score) that combined the intensity and frequency of 
nuclear staining within cells. Results showed a significant reduction in VE-Cadherin for 
131I-ELP monotherapy over untreated tumor specimens (p < 0.05). (B) Area of expression 
showed a trend of reduced VE-Cadherin expression for 131I-ELP treatment groups, but 

was not statistically significant. 

4.9.7 Masson Trichrome (stromal collagen) analysis 

In addition to examining junction barrier proteins, the tumor specimens were 

also investigated with Masson Trichrome to evaluate effects to the interstitial stromal 

content. Pancreatic tumors are uniquely characterized by a dense desmoplastic stromal 

content that inhibits the uptake of chemotherapeutics and promotes resistance. Masson 

Trichrome is a tri-colored stain that marks cellular nuclei in purple, the cell cytoplasm in 

pink, and highlights collagen in blue. When this stain was applied to the healthy 

pancreas of a mouse, the tissue was characterized primarily by the nuclear and 

cytoplasm staining of the acini cells (Figure 63A).  Collagen was only evident in normal 

abundance surrounding blood vessels. The BxPc2-luc2 tumor, however, clearly 

displayed the prototypical phenotype of abundant interstitial stroma (Figure 63B). Light-
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to-intermediate collagen staining permeated throughout all of the tumor tissue, 

accounting for over 25% of the total tissue content. 

 

Figure 63: Masson Trichrome staining for detection of collagen (cyan), cytoplasm 
(pink), and nuclei (purple).  Tissue samples represented are taken from (A) normal 

murine pancreatic tissue and (B) an untreated BxPc3-luc2 tumor xenograft specimen. 
Insets emphasize cellular features. 

Unlike the vascular protein markers, each treatment group seemed to effect the 

composition of the BxPc3 stroma differently. Only patches of the tumor cells seemed to 

be affected by the CP-PTX treatment (Figure 64A). The typical stromal content remained 

unaffected. The specimens treated with only X-ray radiation actually demonstrated 

dense collagen, increased from that seen in the untreated tumor (Figure 64B). This was 

not completely unexpected, as radiation has been clinically demonstrated to increase 

fibrosis in exposed tissues. The 131I-ELP-only treated specimens, however, did not exhibit 

increased collagen content. Instead, its collagen levels remained equivalent to the 

untreated tumor (Figure 64C). There was a clear difference in the tumor tissue when 

EBRT was combined with CP-PTX. The tumor cells were highly inflamed with 

cytoplasmic leakage (Figure 64D). However, the stromal collagen seemed unaffected by 

the combination treatment. Instead, it remained dense and intensely stained. Finally, the 
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131I-ELP combined with CP-PTX group demonstrated minimal-to-moderate collagen 

content (Figure 64E). This was found to be significantly different than the intensity 

ranking of both external beam radiation groups (p > 0.05, Figure 65). The quality of the 

collagen varied according to the proximity to the 131I-ELP depot, as seen previously with 

the other histology stains. Collagen appeared dysregulated and fractured near the depot 

sites, while distant edges of the tumor retained the typical collagen patterning and stain 

intensity. 

 

Figure 64: Effects of different treatments on the interstitial stromal collagen, as 
indicated by Masson Trichrome staining (collagen = cyan, cytoplasm = pink, and nuclei 

= purple). Representative tissue samples are shown for (A) CP-PTX monotherapy, (B) 
EBRT monotherapy, (C) 131I-ELP monotherapy, (D) EBRT combotherapy, and (E) 131I-ELP 

combotherapy. Tumors were collected after 12 days. 
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Figure 65: Pathological analysis of the abundance and quality of stromal collagen was 
qualitative assessed in a blind, randomized pathology reading. Ranks consisted of 0 = 
normal collagen, 1 = minimal stroma, 2 = light stroma, 3 = moderate stroma, 4 = dense 
stroma. EBRT consistently induced a dense phenotype while 131I-ELP combotherapy 

produced a significant reduction of stromal collagen into the light-moderate range (p < 
0.05). 

4.10 Effect of Radiation Types on the Tumor Permeability 

The pathological changes in the tumor microenvironment suggested that the 

biological barriers regulating tumor permeability were being substantially weakened by 

131I-ELP brachytherapy. The impact of these changes, however, could not actually be 

assessed from histology alone. We therefore decided to directly examine whether 

radiation treatment induced changes in tumor uptake and retention of chemotherapy 

agents.  

4.10.1 Methods 

Tumor-specific uptake of nanoparticles was enabled by fluorescent labeling of 

CP-PTX at the N-terminal amine on the micelle corona. SulfoCy5.5 NHS ester 
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(Lumiprobe) was first dissolved in 500µL of DMSO in 4.5mL of PBS. The fluorophore 

was then reacted at an 8:1 molar ratio of CP-PTX for 12h at 4°C. The reaction mixture 

was purified using 10kDa MWCO Amicon- Ultracentrifugation filter units (Millipore). 

Final formulation concentration was evaluated by measuring the relative absorbance at 

280nm (ELP, ε=5690) and 675nm (sulfoCy5.5, ε=195000). SulfoCy5.5 concentration was 

determined to be 113.6µM. Light scattering was performed utilizing both DLS and SLS 

techniques to verify the nanoparticle structure and size of CP-PTX remained unaffected 

after fluorophore conjugation (Figure 66). 

 

Figure 66: Light scattering analysis of CP-PTX particles after sulfoCy5.5 labeling. (A) 
DLS revealed that fluorescently labeled particles retained their nanoparticle size with 
only a slight increase in the hydrodynamic radius, RH. (B) SLS data indicated a higher 
RG, indicating that the nanoparticles may no longer be spherical. However, fluorescent 

emissions significantly confounded the accuracy of the SLS analysis due to spectral 
overlap with the excitation laser wavelength. 

BxPc3-luc2 tumors were grown subcutaneously on the hind flank of 15 athymic 

nu/nu mice. Upon reaching a target size of 100mm3, mice were randomized into three 
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groups (n=5) and received either 131I-ELP treatment at 10µCi/mm3, hypofractionated 

EBRT therapy, or remained untreated. SulfoCy5.5-CP-PTX was i.v. injected at ~25mg/kg 

on the initial day of treatment with a subsequent dose 7 days later. Fluorescent flux was 

tracked at the tumor site over time using the IVIS Lumina XR (Perkin Elmer) and 

normalized to individual tumor sizes as measured with calipers. 

4.10.2 Results of fluorescent uptake experiments 

Fluorescent uptake of sulfoCy5.5-CP-PTX was measured using in vivo imaging 

with the IVIS Lumina XR (Figure 67A). Fluorescent flux was normalized to 

subcutaneous BxPc3 tumor size and revealed a significant increase in tumor-uptake of 

the fluorescent nanoparticles for 131I-ELP treated tumors over both EBRT and untreated 

tumors (Figure 67B, p<0.05, repeated measure ANOVA). Post-hoc analysis revealed that 

X-ray EBRT did not induce higher accumulation of the drug-loaded nanoparticles 

compared to untreated tumors (p>0.801, Sidak multiple comparisons test). The area 

under the curve (AUC) was then integrated in Figure 67C to determine the relative 

uptake of each treatment. This equated to a 187.9% higher accumulation of paclitaxel in 

131I-ELP treated tumors over EBRT and a 198.5% increase over untreated.  
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Figure 67: In vivo accumulation of fluorescently labeled CP-PTX in combination with 
either 25Gy X-ray EBRT or 10µCi/mm3 131I-ELP therapy. (A) Drug accumulation was 
fluorescently imaged in a hind-flank BxPc3 tumor model. (B) Fluorescent uptake was 

quantitatively measured over time and (C) total exposure was quantified as area under 
the curve (AUC). 131I-ELP treatment induced significantly higher CP-PTX uptake than 

EBRT (p<0.001, ANOVA). 

To determine if paclitaxel was a contributing factor for the increased 

accumulation, this study was repeated using a soluble ELP polymer conjugated to a 

fluorophore without any drug Figure 68. Similarly, 131I-ELP accumulation was 170.1% 

higher than EBRT, 235.6% higher than untreated tumors, and 265.9% higher than tumors 

injected with a sham intratumoral ELP depot. These results conclusively showed that 

the molecular effects of continuous 131I-ELP irradiation enhanced the penetration and 

retention of chemotherapeutics within the tumor. 
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Figure 68: Fluorescent uptake where the effects of paclitaxel are removed by 
conjugating CP polymers to Alexa680 maleimide. (A) DLS analysis showed that conjugates 
did not self-assemble but was single biopolymer. (B) Partial Zimm plot analysis with SLS reveals 

a higher mass-weighted radius of gyration (Rg) of 6nm or less. (C) Normalized fluorescent 
analysis of tumors receiving either 131I-ELP, EBRT, ELP only depots, or are left untreated. 

(D) Area under the curve analysis reveals that 131I-ELP produces 1.7-fold higher drug 
accumulation compared to EBRT and 2.3-fold more than sham ELP sham injections. 

4.11 Efficacy of Combination Therapy in diverse Pancreatic 
Tumor Genotypes 

To complete our study, we explored the synergistic potential of our 131I-ELP 

combination strategy across multiple pancreatic tumors of diverse genetic and 



 

142 

phenotypic makeups. First, we assessed if our optimized treatment regimen would 

prove successful against a MIA PaCa-2 subcutaneous tumor model. Unlike BxPc3, the 

MIA PaCa-2 human tumor line possesses the genetic K-ras mutations found commonly 

in patients176. The cell line is mesenchymal in origin and is also characterized by a TP53 

mutation, homozygous deletion of CDKN2A/ P16, and a moderate stroma phenotype176. 

MIA PaCa-2 tumors were grown subcutaneously in twelve nude mice to a target size of 

125mm3. Mice were then randomized (n=6) and then received either no treatment or our 

optimized 131I-ELP and CP-PTX combination therapy. The results, shown in Figure 69A, 

demonstrated a 100% ORR with complete tumor regression for all treated mice. Median 

survival almost tripled from 33 days for untreated mice to 92 days for mice receiving 131I-

ELP combination therapy (Figure 69B, p<0.05 log-rank test). At 107 days post-treatment, 

two of the mice continued to remain in complete remission upon termination of the 

study. Body weight was also tracked as a surrogate measure of acute toxicity Appendix 

D. No body weight loss was observed for treated mice and was statistically insignificant 

compared to untreated animals (p=0.5663, 2-way ANOVA). 
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Figure 69: The efficacy of optimized 131I-ELP brachytherapy and CP-PTX in multiple 
pancreatic tumor types and models. (A) Combination therapy achieved 100% complete 
regression in MIA PaCa-2 subcutaneous xenografts with (B) survival extended 2.8 fold 

to 92d (p<0.05, log-rank Mantel Cox). (C) A subcutaneous AsPc-1 tumor model also 
demonstrated a 100% overall response rate to treatment; however, only 28.6% 

experienced complete regression. (D) Median survival was extended to 99 days 
compared to controls. (E) Bioluminescent tracking of orthotopic BxPc-luc2 tumors after 

combination therapy revealed a 83.3% complete response rate with (F) a median 
survival increase by 3.7 fold over untreated tumors to 58d (p<0.05, log-rank Mantel Cox). 

We next examined anti-tumor efficacy in an AsPc-1 tumor xenograft model. 

AsPc-1 is also mesenchymal in origin, albeit derived from an ascites metastasis. It 

possesses genetic mutations in K-ras and TP53176, as well as deletions of CDKN2A/P16, 
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SMAD4, MAP2K4, and FBXW7216,217. Unlike the phenotype of MIA PaCa-2, AsPc-

1tumors are hypovascular and have high stromal density176,177. AsPc-1 cells were 

inoculated subcutaneously in 14 athymic mice and grown to the same target size of 

125mm3. The mice were divided into two groups (n=7) and either remained untreated or 

received our optimized combination therapy of 131I-ELP at 10µCi/mm3 with 12.5mg/kg of 

i.v. CP-PTX, once weekly. As seen in Figure 69C, combination therapy resulted in highly 

significant tumor regression over untreated tumors (p <0.001, repeated measures 

ANOVA). 131I-ELP and CP-PTX again induced a 100% ORR tumor response in the AsPc-

1 model, however only 2/7 achieved a complete response. No body weight loss was 

observed in either the treatment or untreated animals. Median survival (Figure 69D) was 

extended from 45 days for untreated mice to 99 days after combination therapy (p<0.05, 

log-rank test). 

Finally, we assessed the combination of 131I-ELP with systemic CP-PTX in an 

orthotopic BxPc3-luc2 tumor model. While lacking the prototypical K-ras mutation, 

BxPc3 has shown to be highly resistant across literature due to constitutive mutations of 

TP53 and SMAD4 and further deletions of the CDKN2A/P16 and MAP2K4 genes176,216. In 

addition, orthotopic tumor models have proven notoriously more resistant to treatment 

than subcutaneous xenografts due to their anatomical location and higher stromal 

content218-220. In our own histochemical examination of subcutaneous and orthotopic 

BxPc3 tumors , Masson Trichrome staining clearly revealed the higher stromal collagen 

content of the orthotopic grafts. As BxPc3-luc2 was stably transfected with the firefly 
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luciferase gene, it enabled non-invasive monitoring of tumor responses to treatment 

using the IVIS Lumina XR by monitoring changes in tumor luminescent flux156. Tumors 

were surgically implanted and grown for 21 days, reaching a size of 169.5mm3. At time 

of treatment, the tumors were surgically accessed and injected with the 10µCi/mm3 of 

131I-ELP. CP-PTX was intravenously administered once weekly at 12.5mg/kg for four 

weeks. For the orthotopic model, monotherapy groups (n=6) of CP-PTX and 131I-ELP 

treatments were included. Monotherapies demonstrated minimal growth inhibition over 

untreated tumors specimens (Figure 69E). The combination of 131I-ELP and CP-PTX, 

however, achieved a 100% ORR with 83.3% achieving a complete response where no 

luminescent tumor signal was detectable. Median survival for combotherapy mice was 

58d (p<0.01, Mantel-Cox log-rank test) as opposed to 15.5d for untreated tumors (Figure 

69F). The conditions and results for all tumor efficacy trials can be found in Table 9 and  

 

Table 10 of Appendix E. 

4.12 Toxicity Assessment in an Orthotopic Pancreas Model 

In addition to efficacy, the orthotopic BxPc3-luc2 model provided a more 

rigorous model for assessing possible toxic side effects of the 131I-ELP brachytherapy. No 

significant body weight loss was observed due to 131I-ELP or combination treatment 

(Figure 70A). A slight loss, 7-9%, was observed following completion of surgery, but this 

is typical of the procedure156,221 and mice recovered within a day. Blood samples were 

collected from the treatment groups at various time points and assayed for circulating 
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levels of the pancreatic damage marker, α-amylase. These results, shown in Figure 70B, 

showed that all treatment groups compared favorably to untreated mice, as well as 

healthy mice. Serological levels remained equivalent to healthy mice regardless of 

treatment group or the duration of 131I-ELP combination therapy. This was not 

completely unexpected as non-cancerous pancreatic tissue in the TUNEL IHC specimens 

of Appendix E showed minimal TUNEL staining in contrast to the high levels of 

apoptosis evident in the tumor tissue. A serial biodistribution study was next conducted 

on an additional group of orthotopically treated mice to determine accumulation in 

healthy tissues. Groups of mice (n=4) were euthanized at time points of 30 min, 24h, 48h, 

72h, and 216h following 131I-ELP treatment and dissected. The radiation activity of vital 

tissues was assayed and a total exposure over ten decay half-lives was calculated (Figure 

70C). With the exception of the stomach, all tissues exhibited off-target accumulation 

levels under 0.001µCi/mg. This equates to a cumulative exposure of less than 1Gy. 

Radioactivity levels in the stomach ranged from 0.0005µCi/mg up to 0.013µCi/mg. It is 

unclear if this was due to true off-target accumulation, or if a result of mice ingesting 

contamination from the cage bedding. As the radioactivity increased with time, the latter 

is likely and confounds analysis. However, even this activity level only equated with a 

maximal lifetime exposure of 10Gy. With body weight loss remaining well 15%, the side 

effects of the depot within the pancreas tumor were deemed negligible. 
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Figure 70: Toxicity assessment of 131I-ELP combination therapy in BxPc3 tumors 
grafted orthotopically in the pancreas. (A) Body weight was tracked over time after 

treatment, exhibiting no adverse morbidity other than weight loss associated with 
surgery at time of treatment. (B) Serological α-amylase levels were measured to assay 

acute inflammation and damage to the pancreas as a result of continuous 131I-ELP 
irradiation. Levels were found equivalent to healthy mice. (C) Serial biodistribution 

examined accumulation of 131Iodine in off-target tissues. Activities remained 3-5 orders 
of magnitude below the therapeutic dose with < 1Gy cumulative exposure. 

4.13 Discussion of Results 

These studies clearly demonstrate that 131I-ELP brachytherapy is capable of 

profound synergy when combined with systemic paclitaxel chemotherapy. To the best 

of our knowledge, no other approach has resulted in ubiquitous therapeutic efficacy 

across multiple preclinical models of pancreatic cancer, nor in orthotopic models. 

Furthermore, studies evaluating the current clinical agents approved by the FDA merely 
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result in mild growth inhibition when evaluated in these same preclinical tumor 

models193,194,222-227 

The origin of the observed synergy appears to be multi-faceted. Dose-escalation 

studies, as well as the comparison to external beam radiation therapy, revealed that 

radiation dose is a critical factor for inducing tumor regression. The intensity of the dose 

rate was not what was vital for fully harnessing the sensitization effects of the paclitaxel. 

Instead, it was the duration of exposure provided by the 131I-ELP brachytherapy. The 

continuity of the β-emissions ensures that irradiation is temporally coordinated as 

cancerous cells asynchronously progress into the late G2/M phase. The short time 

intervals of external beam radiation therapy, conversely, allow significant populations of 

tumor cells to remain highly radiation-resistant, even with paclitaxel treatment. This is 

further complicated the impracticality of optimizing EBRT treatment to coincide with 

cells reaching their peak sensitivity in a clinical setting where numerous patients are 

scheduled daily.  

Our work showed also showed that while paclitaxel is important for 

sensitization, the formulation and dose were not critical factors. The important feature 

was ensuring that paclitaxel was repeatedly administered to maximize the duration of 

synergy over the therapeutic window of 131Iodine decay. The fact that paclitaxel can 

achieve synergy at lower-than-MTD doses could help side effects experienced by the 

patients due to systemic chemotherapy. From a practical perspective, showing that the 
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effect can be achieved with the existing clinical formulation Abraxane drastically 

reduces the clinical development burden for this approach. 

Even more intriguing is the discovery that 131I-ELP can break down 

microenvironment barriers of drug resistance and improve tumor permeability. This has 

long been a source of resistance in the treatment of pancreatic cancers and overcoming 

this hurdle has been a major focus in clinical research. Halozyme Therapeutic’s 

development of PEGPH20, a pegylated recombinant human hyaluronidase, was highly 

touted for its ability to specifically target and ablate pancreatic tumor stroma228,229. 

However, a Phase 1b/2 trial combining PEGPH20 with FOLFIRINOX was halted due to 

futility230 while another trial combining it with gemcitabine plus Abraxane showed an 

increased rate in thromboembolic events with only modest benefit231,232. Our results 

suggest that combining 131I-ELP brachytherapy creates a localized, positive feedback 

loop when combined with paclitaxel. Reduction of the permeability barriers first 

improves paclitaxel infusion, which then sensitizes the tumor to the cytotoxic effects of 

the radiation. The resulting apoptosis de-bulks and further modifies the tumors 

microenvironment. Subsequent paclitaxel uptake is increased, perpetuating a virtuous 

cycle. The permeability enhancement suggests that 131I-ELP could be successfully 

combined with other agents to drive radiosensitization, microenvironment modulation, 

and directly promote cytotoxicity. While we have limited this study to only paclitaxel, 

this finding immediately makes a number of additional drugs attractive for improving 
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upon these results; including already FDA-approved regimens of gemcitabine, 

oxaliplatin, erlotinib, 5-FU, and irinotecan. 

Our approach is not without drawbacks. It does not treat metastases any more 

than current radiation therapy. Biopolymer brachytherapy only improves therapy at 

locally treated tumors – not dissimilar from the current limitations already associated 

with external beam radiotherapy.  Paclitaxel sensitization was observed to help extend 

this range of effect, but ultimately the penetration depth of the β-emissions ensures this 

is a focal treatment. Future research might examine if improved tumor permeability and 

apoptotic antigen generation could enhance immuno-oncology interventions to 

potentiate an ‘abscopal effect’, but this was beyond the scope of our study. For clinical 

translation, further work must be done to fully characterize and optimize the dosimetric 

delivery of 131I-ELP biopolymers, particularly for scaling and planning treatment to 

human tumors. Further efforts could also be directed to render the biopolymer 

amenable to near-real time imaging technologies for procedural monitoring and 

adjustments. Finally, the side effects of the treatment will require further evaluation as 

dosing scales to human patients. The established safety profile of 131Iodine in thyroid 

cancer treatment does provide encouragement for the clinical development of this 

radionuclide therapy, as does the recent success of the targeted 223Ra agent Xofigo in 

treating bone metastases134,233. Our own study’s negligible toxicity observations support 

the attractiveness of 131Iodine as a therapeutic agent. 
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Pancreatic cancer currently offers a grim prognosis for patients, regardless of 

staging and treatment. The dearth of viable clinical options will only worsen as it is 

projected to become the 2nd leading cause of cancer death in the U.S. by 202017. Our 

results show that this disease, believed to be intractable to chemo-radiation therapy, 

might yet be treatable when cutting edge advances in materials science and drug 

delivery are combined with radionuclide medicine.
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Chapter 5: Conclusions 

5.1 Technical Significance of Work 

The development of an ELP biopolymer system for 131Iodine brachytherapy was 

a project that merged four different fields: biologically-inspired materials, drug delivery 

systems, cancer research, and nuclear medicine. By combining these disciplines in new 

ways, this dissertation project produced several technological achievements that should 

further scientific endeavors in each respective field.  

First, the ELP biopolymer was designed such that it formed micelle 

nanoparticles. This enabled sequestration of the radionuclide Iodine within the micelle 

core and protecting it from dehalogenases – a common technique in the drug delivery 

and material science realm. However, we found that this nanostructure improved the 

stability of thermally-responsive depots at physiological conditions. This result was 

unexpected, but beneficial for our application. Medically, this design feature also 

enables the use of simple, cost-effect IODOGEN chemistry for 131Iodine conjugation to 

ELP. 

Second, we identified that the β-particle radiation emitted by 131Iodine can be 

used to further self-stabilize ELP depots by inducing chemical crosslinking. While X-ray 

irradiatiors have long been used to cure polymers, no one had ever used radionuclides 

for in situ hydrogel formation. The investigation of this phenomena yielded provided 

highly interesting lessons. The onset of crosslinking happened over a time course 

between 3 and 24 hours at observed radioactivity doses. However, it was entirely 
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dependent on thermally-induced coacervation of the ELP. Soluble ELP did not show any 

signs of intermolecular crosslinking. These finding might have larger implications for 

the field of radionuclide therapy, particular for targeted antibody therapies. As physical 

proximity was the mediating factor for 131I crosslinking, it is not unreasonable to suspect 

that intramolecular crosslinking might also be induced by a radionuclide conjugate. 

Such crosslinking could significantly affect receptor affinity and reduce targeting 

performance of antibodies if not accounted for. 

Third, this work discovered that the continuity of 131-ELP brachytherapy can 

reduce common drug delivery barriers with the tumor microenvironment. This effect 

was not achievable with traditional X-ray radiation. This represents a breakthrough 

finding in methods that target the tumor stromal environment to improve uptake of 

chemotherapeutics. It suggests that 131I-ELP could potentially provide advantageous 

effects when combined with many chemotherapeutics, not just paclitaxel. Our results, 

while interesting, are only suggestive of the complex biological interactions that might 

be affected by prolonged tumor irradiation. Further investigation of basic biological 

functions and pathways require investigation to fully understand impact of this new 

form of radiation delivery. 

Fourth, this work shows that 131I-ELP brachytherapy enables the safe delivery or 

radiation doses orders of magnitude larger than conventional techniques. The continuity 

of the dose exposure was also shown to be vital for achieving synergistic interaction 

with paclitaxel; which allowed it to overcome tumor resistance in highly difficult models 
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of cancer. Despite these powerful therapeutic effects, rigorous preclinical examination of 

depot pharmacodynamics, side effects, and acute toxicity all demonstrated negligible 

safety concerns. 

5.2 Clinical Implications of 131I-ELP Brachytherapy 

One of the current limitations of clinical radiation technologies is that patients 

are required to travel to centralized facilities to receive treatment. This stems from the 

fact that external beam irradiators and the linear accelerators used for therapy are large, 

expensive, and immobile. Even seed brachytherapy must be conducted in clinics due to 

the highly technical pre-planning and insertion procedures. This results in over 90% of 

patients in low-income countries lacking access to the requisite life-saving services they 

need, as illustrated in Figure 7121.  

 

Figure 71: Estimated Radiotherapy available Worldwide, 201316 
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The ability to create a liquidly injectable of brachytherapy could fundamentally 

alter this predicament. Our findings that radiation crosslinking is dependent on ELP 

phase transition suggests that liquid brachytherapy could be pre-packaged and 

transported without ill effect or loss of efficacy. Brachytherapy thus becomes a mobile 

treatment option, particularly attractive for rural populations. The required 

infrastructure footprint for providing radiation therapy could also be reduced. Clinics 

need not all purchase highly expensive equipment; they need only be able to receive 

brachytherapy supplies from a centralized distribution source. The continuity of 

treatment provided by ELP depots also reduces the need for repeat treatment visits by 

patients. This could reduce patient compliance issues that are common in rural 

populations when patients need to undergo 5 week fractionated therapy.  

The second potential impact of this research is that 131I-ELP significantly 

increases the radiation dose that can safely be delivered to solid tumors by orders of 

magnitude. Our research already shows that it can overcome the chemo-radiation 

resistance found in pancreatic tumors.  It could be used either as a primary intervention 

method or as an adjuvant to bolster current surgical intervention methods. In either role, 

it shows immense potential for improving therapeutic outcomes in highly resistant 

tumors that are intractable to current medical options.  
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Appendix A: 125I-ELP Biodistribution in a Prostate Tumor  
After each orthotopic PC-3M-luc-C6 prostate tumor was injected with the 125I-

ELP depot, the following 19 tissues were excised and 125I activity levels were counted to 

determine the dissemination and accumulation of ELP into other tissues. Of particular 

interest for assessing depot stability and radioactivity spillover were the tissues that 

were in close proximity to the prostate: the bladder, rectum, seminal vesicles, 

coagulating glands, and preputial glands. Vital organs, system tissues, and other 

important urogenital organs were also assessed. The amount of 125I-ELP present in each 

non-targeted tissue is expressed as a percentage of the original injection dose at each 

time point. All data were corrected for radioactive decay. 

 

 

Figure 72: Tissue-specific accumulation of 125I-ELP in the off-target tissues of (A) 
blood, (B) skin, (C) and muscle. Tumor-to-tissue ratios are shown in (D), (E) and (G).  
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Figure 73: Tissue-specific accumulation of 125I-ELP in the off-target tissues of (A) 
thyroid, (B) heart, (C) and lungs. Tumor-to-tissue ratios are shown in (D), (E) and (G). 

 

 

Figure 74: Tissue-specific accumulation of 125I-ELP in the off-target tissues of (A) liver, 
(B) kidneys, (C) and spleen. Tumor-to-tissue ratios are shown in (D), (E) and (G). 
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Figure 75: Tissue-specific accumulation of 125I-ELP in the off-target tissues of (A) 
stomach, (B) small intestines, (C) and large intestines. Tumor-to-tissue ratios are shown 

in (D), (E) and (G). 

 

 

Figure 76: Tissue-specific accumulation of 125I-ELP in the off-target tissues of (A) 
rectum, (B) prostate tumor, (C) and seminal vesicles. Tumor-to-tissue ratios are shown 

in (D), (E) and (G). 
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Figure 77: Tissue-specific accumulation of 125I-ELP in the off-target tissues of (A) 
coagulating gland, (B) preputial gland, (C) and testes. Tumor-to-tissue ratios are shown 

in (D), (E) and (G). 

Taken together, these biodistribution results showed that ELP thermal stability 

could not provide a durable enough depot for brachytherapy delivery. However, it 

showed a favorable biodistribution profile, suggesting the 125I-ELP was safely cleared 

from the body as the depot degraded. 
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Appendix B: Flow Cytometry analysis of BxPc3 Cell-
cycle Phases 

 

Figure 78: Gating strategy for flow cytometry analysis of cell-cycle phase distribution 
based on propidium iodine staining. (A) Singlet cell identification by forward and side 
scattering analysis. (B) Singlet cell population stained with propidium iodide. (C) Cell-
cycle phase distribution as identified by PI staining. 

 

Figure 79: Cell cycle distribution for untreated BxPc3-luc2 cells, 0 through 20 hours. 
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Figure 80: Cell cycle distribution for untreated BxPc3-luc2 cells, 24 through 48 hours. 
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Figure 81: Cell cycle distribution for BxPc3-luc2 cells treated with free paclitaxel. 
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Figure 82: Cell cycle distribution for BxPc3-luc2 cells treated with Abraxane. 
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Figure 83: Cell cycle distribution for BxPc3-luc2 cells treated with CP-PTX. 
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Appendix C: Individual Responses to Orthotopic Tumor 
Treatments 

 

Figure 84: Individual regression profile for all individual mice included in the 
orthotopic PC-3M-luc-C6 trial. Therapy mice received 11.82 µCi/mm3 of 131I-ELP. 

Control mice received unlabeled ELP. Luminescence was tracked with an IVIS Lumina. 

 

Table 7: Individual Mouse Summary for PC-3M-luc-C6 Prostate Tumor Therapy 

 
Mouse Group Initial 

BW (g) 

Tumor 
Vol 

131I Dose 
(µCi/mm3) 

Survival 
(days) 

Terminal 
% Flux 

Excised 
Tumor 
Volume 

M-14 Therapy 24.4 109.7 mm3 13.2 60 10.4% 15.9 mm3 * 
M-23 Therapy 29.7 134.8 mm3 8.5 60 0.1% 35.7 mm3 * 
M-25 Therapy 26.6 88.7 mm3 6.9 60 240.9% 31.3 mm3 * 
M-41 Therapy 30.0 73.7 mm3 13.3 60 256.2% 376.4 mm3 

M-61 Therapy 28.6 62.3 mm3 20.2 60 0.0% 33.0 mm3 * 
M-62 Therapy 25.4 114.1 mm3 10.8 41 31.3% 34.9 mm3 * 
M-64 Therapy 27.4 87.4 mm3 10.8 60 0.0% 25.7 mm3 * 
M-73 Therapy 25.6 126.1 mm3 10.8 60 0.4% 19.7 mm3 * 
M-12 Control 27.1 245.4 mm3 0.0 9 80.7% n/a 
M-13 Control 29.4 194.7 mm3 0.0 16 279.7% 558.3 mm3 

M-21 Control 31.9 90.1 mm3 0.0 9 374.0% 387.8 mm3 

M-32 Control 31.7 72.8 mm3 0.0 16 775.7% 1127.4 mm3 
M-35 Control 28.8 61.0 mm3 0.0 16 539.8% 424.6 mm3 
M-43 Control 23.2 74.3 mm3 0.0 7 55.5% 330.0 mm3 

M-44 Control 30.4 82.2 mm3 0.0 16 358.7% 457.2 mm3 
M-45 Control 26.7 117.2 mm3 0.0 11 499.2% 381.6 mm3 
M-55 Control 29.6 136.2 mm3 0.0 16 370.8% 529.9 mm3 

 *Tumor cells were indistinguishable from normal prostate tissue 
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Figure 85: Individual regression profile for all individual mice included in the 
orthotopic BxPc3-luc2  trial. Therapy mice received 5.83 µCi/mm3 of 131I-ELP. Control 
mice received unlabeled ELP. Luminescence was tracked with an IVIS Lumina. 

 

Table 8: Individual Mouse Summary for BxPc3-luc2 Pancreatic Tumor Therapy 

Mouse Group Initial 
BW (g) 

Tumor 
Vol 

131I Dose 
(µCi/mm3) 

Survival 
(days) % ∆BW Terminal 

% Flux 
Excised Tumor 

Volume 
M-25 Therapy 28.2 105.4 mm3 5.22 15 97.9% 2366.8% 488.5 mm3 
M-35 Therapy 26.4 196.6 mm3 6.09 47 106.4% 611.4% 545.8 mm3 
M-44 Therapy 31.0 173.4 mm3 5.46 27 106.8% 506.4% 287.9 mm3 
M-45 Therapy 30.7 105.2 mm3 5.45 15 102.0% 2162.0% 295.8 mm3 

M-53 Therapy 30.4 199.5 mm3 6.04 31 96.7% 1338.7% 205.3 mm3 
M-54 Therapy 29.6 150.9 mm3 6.75 60 99.7% 11.4% 74.5 mm3 
M-15 Control 32.3 112.2 mm3 0.00 9 95.0% 15708.3% 469.3 mm3 
M-24 Control 28.2 145.9 mm3 0.00 9 90.4% 1101.0% n/a 

M-33 Control 28.5 142.3 mm3 0.00 7 89.1% 1330.2% 464.4 mm3 

M-34 Control 26.7 185.9 mm3 0.00 3* 89.9% 220.4% 401.2 mm3 
M-42 Control 31.5 124.2 mm3 0.00 9 98.7% 820.9% 633.0 mm3 
M-55 Control 26.5 74.9 mm3 0.00 5 94.3% 307.7% 330.0 mm3 

 *Mouse sacrificed due to external signs of wasting and verification of a large tumor through physical palpation 
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Appendix D: Acute Body Weight Loss in Combination 

Therapy Trials 

 

Figure 86: Body weight loss profile of mice from the Radioactivity Dose Escalation 
study. Tumors were s.c. BxPc3-luc xenografts in athymic nu/nu mice. CP-PTX was 
administered i.v. at 25mg/kg while 131I-ELP dose was varied from 3.3 - 10 µCi/mm3. 

 

 

Figure 87: Body weight loss profile of mice from the CP-PTX Dose Escalation study. 
Tumors were s.c. BxPc3-luc xenografts in athymic nu/nu mice. 131I-ELP was dosed at 

3.3µCi/mm3 and while i.v. CP-PTX dose was varied between 12.5-50mg/kg. 
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Figure 88: Body weight loss profile of mice in the Abraxane Combination Treatment 
study. Tumors were s.c. BxPc3-luc xenografts in athymic nu/nu mice. 131I-ELP was dosed 

at 10µCi/mm3 and 4 doses of i.v. Abraxane (Nab) was administered q.w. at 12.5mg/kg 

 

 

 

Figure 89: Body weight loss profile of mice in the X-ray EBRT Combination Treatment 
study. Tumors were s.c. BxPc3-luc xenografts in athymic nu/nu mice. 25Gy of EBRT was 

given in 5Gy fractions with 4 doses of q.w. CP-PTX administered i.v. at 12.5mg/kg 
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Figure 90: Body weight loss profile of mice in the MIA PaCa-2 efficacy study. Tumors 
were s.c. MIA PaCa-2 xenografts in athymic nu/nu mice. 131I-ELP was dosed at 

10µCi/mm3 and 4 doses of i.v. CP-PTX was administered q.w. at 12.5mg/kg 

 

 

 

Figure 91: Body weight loss profile of mice in the AsPc-1 efficacy study. Tumors were 
s.c. AsPc-1 xenografts in athymic nu/nu mice. 131I-ELP was dosed at either 6.6 or 

10µCi/mm3 with 4 doses of i.v. CP-PTX given q.w. at 12.5mg/kg 
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Figure 92: Body weight loss profile of mice in the BxPc3-luc2 efficacy study. Tumors 
were orthotopic BxPc3-luc2 xenografts in athymic nu/nu mice. 131I-ELP was dosed at 

10µCi/mm3 with either 4 doses of q.w. CP-PTX given 12.5mg/kg or 2 doses given once 
weekly at 25mg/kg. No treatment group showed statistically significant difference in 

body weight loss compared to the untreated controls, and no mice had to be sacrificed 
for humane considerations.
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Appendix E: Summary of Results from all Combination Therapy Trials 
Table 9: Tumor Response for Radiation Combotherapy Treatments 

Tumor Model Radiation Regimen Paclitaxel Regimen Therapeutic Response 
Cell Line Location n Size (mm3) Type Dose Vehicle Dose Frequency %PR %CR Survival 

BxPc3-luc2 Pancreas  6 ~169.5 131I-ELP 8.83 uCi/mg CP-PTX 12.5 mg/kg 4x, q.w. 16.7% 83.3% 58 d 
BxPc3-luc2 Pancreas  6 ~175.0 131I-ELP 7.90 uCi/mg CP-PTX 25 mg/kg 2x, q.w. 16.7% 83.3% 63 d 
MIA PaCa-2 Flank (s.c.) 5 113.4 ±25.4 131I-ELP 8.77 uCi/mg CP-PTX 12.5 mg/kg 4x, q.w. 0% 100.0% 92 d 
AsPc-1 Flank (s.c.) 7 107.6 ±17.2 131I-ELP 10.60 uCi/mg CP-PTX 12.5 mg/kg 4x, q.w. 71.4% 28.6% 99 d 
AsPc-1 Flank (s.c.) 6 128.9 ±36.4 131I-ELP 6.41 uCi/mg CP-PTX 12.5 mg/kg 4x, q.w. 83.3% 0.0% 90.5 d 
BxPc3-luc2 Flank (s.c.) 6 122.3 ±21.8 131I-ELP 9.43 uCi/mg Abraxane 12.5 mg/kg 4x, q.w. 0% 83.3% 100.5 d 
BxPc3-luc2 Flank (s.c.) 4 134.7 ±21.8 131I-ELP 9.25 uCi/mg CP-PTX 25 mg/kg 1x 0% 100.0% 68.5 d 
BxPc3-luc2 Flank (s.c.) 5 148.2 ±39.5 131I-ELP 5.97 uCi/mg CP-PTX 25 mg/kg 1x 60.0% 20.0% 53 d 
BxPc3-luc2 Flank (s.c.) 5 124.5 ±22.7 131I-ELP 2.57 uCi/mg CP-PTX 25mg/kg 1x 40.0% 0% 39 d 
BxPc3-luc2 Flank (s.c.) 5 108.7 ±34.6 131I-ELP 3.04 uCi/mg CP-PTX 25mg/kg 2x, q.w. 0% 0% 41 d 
BxPc3-luc2 Flank (s.c.) 5 105.2 ±33.2 131I-ELP 2.96 uCi/mg CP-PTX 50mg/kg 1x 0% 0% 41 d 
BxPc3-luc2 Flank (s.c.) 4 110.4 ±54.7 131I-ELP 2.84 uCi/mg CP-PTX 12.5mg/kg 1x 25% 0% 67 d 
BxPc3-luc2 Flank (s.c.) 8 210.8 ±66.9 X-Ray 5x 5Gy CP-PTX 12.5 mg/kg 4x, q.w. 0% 0% 24 d 

  
 
Table 10: Tumor Responses for Monotherapy Treatments 

Tumor Model Radiation Regimen Paclitaxel Regimen Therapeutic Response 
Cell Line Location n Size (mm3) Type Dose Vehicle Dose Frequency %PR %CR Survival 

BxPc3-luc2 Pancreas 6 ~183.4 131I-ELP 7.06 uCi/mg - None - 16.7% 16.7% 15.5 d 
BxPc3-luc2 Pancreas 6 ~167.9 - None - CP-PTX 12.5 mg/kg 4x, q.w. 16.7% 0% 26 d 
BxPc3-luc2 Pancreas 6 ~197.5 - None - CP-PTX 25 mg/kg 2x, q.w. 16.7% 0% 14 d 
BxPc3-luc2 Flank (s.c.) 5 160.4 ±26.0 131I-ELP 8.13 uCi/mg - None - 20.0% 20.0% 31 d 
BxPc3-luc2 Flank (s.c.) 5 130.4 ±24.9 131I-ELP 5.71 uCi/mg - None - 0% 0% 33 d 
BxPc3-luc2 Flank (s.c.) 5 119.3 ±20.5 131I-ELP 2.82 uCi/mg - None - 20.0% 0% 29 d 
BxPc3-luc2 Flank (s.c.) 5 118.4 ±23.5 131I-ELP 2.30 uCi/mg - None - 0% 0% 24 d 
BxPc3-luc2 Flank (s.c.) 8 208.5 ±62.8 X-Ray 5x 5Gy - None - 0% 0% 21 d 
BxPc3-luc2 Flank (s.c.) 6 183.1 ±38.0 - None - CP-PTX 12.5 mg/kg 4x, q.w. 0% 0% 13 d 
BxPc3-luc2 Flank (s.c.) 5 82.7 ±23.2 - None - CP-PTX 50 mg/kg 1x 0% 0% 25 d 
BxPc3-luc2 Flank (s.c.) 5 112.7 ±44.6 - None - CP-PTX 25 mg/kg 2x, q.w. 0% 0% 23 d 
BxPc3-luc2 Flank (s.c.) 4 116.4 ±16.0 - None - CP-PTX 25 mg/kg 1x 0% 0% 19 d 
BxPc3-luc2 Flank (s.c.) 4 118.4 ±4.3 - None - CP-PTX 25 mg/kg 1x 0% 0% 25 d 
BxPc3-luc2 Flank (s.c.) 6 123.1 ±10.6 - None - CP-PTX 12.5 mg/kg 1x 0% 0% 21 d 
BxPc3-luc2 Flank (s.c.) 5 104.0 ±21.0 - None - Abraxane 12.5 mg/kg 4x, q.w. 20.0% 0% 25 d 
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Appendix F: H&E stains of Pancreatic Tissue after 
Durable Tumor Remission 

 

Figure 93: H&E specimen prepared from mouse #1016532-85. An orthotopic BxPc3-luc2 
tumor was treated with 131I-ELP and CP-PTX. No residual tumor tissue was detected 

luminescently after 107 days.  
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Figure 94: H&E sample prepared from BxPc3 tumor specimen #1016532-81 after 107 
days. Minimal residual tumor tissue was observed pathologically– a large foci of 

necrosis and histiocytic cells.  
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