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Doctor of Philosophy 
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Professor Nathan C. Gianneschi, Chair 
Professor Michael D. Burkart, Co-Chair 

 
 
 

Targeted therapeutics should accumulate at disease sites in higher quantities relative 

to other locations in the body. In cancer therapy, one strategy towards this is to exploit features 

of the tumor microenvironment (TME) for drug delivery. Herein, drug delivery strategies 

focusing on the TME are investigated.  

First, nanomaterials designed to respond to matrix metalloproteinases (MMPs) are 

explored for delivery of cytotoxins to tumors. Ring opening metathesis polymerization (ROMP) 

is employed to generate amphiphilic diblock copolymers containing paclitaxel (PTX) prodrugs 

and MMP-responsive peptides. These polymers form 20 nm nanoparticles that rearrange to 

microscale aggregates upon MMP exposure. This process is observed and efficacy evaluated 

in a fibrosarcoma xenograft model. Critically, these materials have equivalent efficacy to PTX 

at equivalent doses, but with a 16-fold higher maximum tolerated dose (MTD). Further, 



	 xxv	

nanoparticles containing an MMP-responsive peptide together with platinum (Pt) drugs, 15N-

labelled moieties, and near infrared (NIR) fluorophores are developed. These materials are 

evaluated for their therapeutic efficacy in vivo and the simultaneous, yet independent, tracking 

of carrier and drug is completed ex vivo using correlative microscopy techniques. 

This platform is then extended to the delivery of immunotherapeutics. MMP-responsive 

nanoparticles containing an immunotherapeutic compound (1V209) are developed and 

assessed in vitro for immunogenicity and in vivo for efficacy. In a syngeneic orthotopic breast 

cancer model, 1V209-containing nanoparticles do not cause nonspecific cytokine upregulation 

and significantly inhibit lung metastasis formation relative to 1V209, non-responsive 

nanoparticles, and saline.  

Dual-responsive nanomaterials are also explored that are designed to respond to two 

separate features of the TME. Polymers and nanoparticles are designed to release cargo only 

when both MMPs and reactive oxygen species (ROS) are present.  

Finally, a biomaterial-based delivery strategy is explored using human serum albumin 

(HSA) as a drug carrier of long chain fatty acids (LCFAs) to the TME.  Mono-functionalizing 

octadecanedioic acid (ODDA) with PTX affords a fatty acid-PTX ester prodrug that retains one 

carboxylic acid moiety to form stable electrostatic interactions with HSA in its natural binding 

sites for LCFAs. This prodrug is capable of binding to HSA and shows differentiated 

pharmacokinetics, as well as remarkable tolerability and efficacy in vivo, relative to clinical 

formulations in multiple xenograft models. 



 1 

 

Chapter 1 

 

Introduction 

 

1.1 Drug Delivery and The Tumor Microenvironment (TME) 

 

1.1.1 The Quest for the Magic Bullet 

 Paul Ehrlich is considered by many to be the father of chemotherapy1-2, and first 

envisioned the concept of a “magic bullet” for cancer therapy in the early 1900s3, whereby 

drugs are designed to go straight to their intended targets upon administration without harming 

other tissues2, 4-5.  Over 100 years after it was first postulated, this concept is still far from 

realized. This is largely because there is no true magic bullet for cancer therapy, as tumors are 

a complex collection of both malignant and non-transformed cells6 that leave few completely 

unique targets to lock onto, as many of the features of cancerous tissue also appear in other 

parts of the body. Thus, the challenge lies in sufficiently targeting the tumor site while avoiding 

significant off-target accumulation of potent cancer therapeutics. 

 In place of the all-elusive magic bullet, researchers have instead focused their efforts 

on exploiting features of the tumor microenvironment (TME) to preferentially localize 

therapeutic cargo at the site of interest. Some cases, such as the antibody-based therapeutics 

trastuzumab and bevacuzimab (discussed in more detail in Chapter 1.1.4), come close to 

Ehrlich’s magic bullet, but are still limited by off-target toxicities7-9.  Thus, one of the main aims 
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of modern chemotherapy has been to expand the therapeutic index (TI) of treatments through 

clever TME targeting strategies10. The TI is defined as the ratio of the toxic dose of a drug to 

that of the effective dose11, and when the TI is small, dosing becomes challenging as there is 

a fine line between the dose that can be safely administered without toxicity and the dose that 

will have a significant therapeutic effect. By designing chemotherapeutics to target features of 

the TME while also shielding the drug from the body and the body from the drug, the effect on 

TI can be two-fold: firstly, limiting drug exposure to off-target organs may increase the dose 

necessary to observe toxicity; secondly, increasing the on-target accumulation may decrease 

the amount of drug that needs to be administered in the first place. Therefore, the key is to 

identify features of the TME that can be targeted with much greater specificity than other parts 

of the body, thus preventing drug accumulation in off-target sites. 

 

1.1.2 Introduction to Targets within the TME  

 Tumors are composed not only of malignant cells, but also of non-transformed cells, 

blood vessels, and a complex milieu of enzymes and other proteins in the extracellular matrix 

(ECM) (Figure 1.1.2)6, 12. Together, these biomaterials compose an organ-like mass that has 

its own set of features that provide appealing targets for chemotherapeutics. Further, a 

hallmark of many cancers is a dysregulated metabolism due to unrestricted cellular 

proliferation13 that is not proportional to nutrient availability, which means that it may be 

possible to hijack biomaterials utilized in metabolic processes to deliver therapeutic payloads 

(discussed in more detail in Chapter 1.3). There are several features of the TME that 

researchers have sought to exploit for therapeutic targeting purposes that will be introduced in 

this chapter, including endothelial cells and receptors14-16, cell surface receptors17-19, 

extracellular proteases20-22, pH gradients (both global and intracellular)23-25, redox 

environments and upregulation of reactive oxygen species (ROS)26-28, and the enhanced 
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permeability and retention (EPR) effect29-30. The dissertation herein utilizes two different 

features of the TME to accumulate drug cargo within the tumor space – matrix 

metalloproteinases (MMPs) in Chapters 2-4, and human serum albumin (HSA) transport 

mechanism and features in Chapter 5. 

 

 

Figure 1.1.1. Components of the tumor microenvironment. The TME contains a wide variety of cells, 
proteins, and other biological components that form a complex, organ-like mass. Some examples of 
TME components are depicted above, and described in more detail the sections that follow. The 
dissertation work utilizes features of the TME to preferentially deliver therapeutic cargo to tumors; 
specifically, extracellular MMPs (Chapters 2-4) and HSA-based transport (Chapter 5). 
 

1.1.3 Tumor Endothelium 

 Tumor endothelial receptors are one class of targets for infiltrating the TME. Tumor 

endothelial cells line the wall between blood vessels and the tumor ECM31, and have roles in 

angiogenesis and tumor infiltration and metastasis6. As such, these cell populations have been 
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of interest in the field of targeted drug delivery, as it is possible to directly bind endothelial cell 

surface receptors directly following intravenous (IV) administration12. Further, many tumor 

endothelial receptors have been shown to be ubiquitous across a range of cancer types12. 

However, the efficacy of ligand binding to tumor endothelial receptors is inherently dependent 

upon the Kd between ligand and receptor, as it must be high enough for ligand to bind its 

intended target before being swept away in the bloodstream.  

Examples of tumor endothelial cell receptors and transmembrane proteins that are 

highly upregulated include gp60/albondin32-33, vascular endothelial growth factor (VEGF) 

receptors34-35, endothelial cell adhesion molecules (CAMs)36, integrins15, 37-38, and membrane 

type-1 matrix metalloproteinase (MT1-MMP)39-40. The gp60 receptor will be discussed in more 

detail in Chapter 1.3, but it is an endothelial receptor for human serum albumin (HSA), and 

Abraxane® is an FDA approved “nanoparticle” composed of HSA paclitaxel (PTX) that has 

been proposed to enter the tumor space, in part, through transcytosis via the gp60 receptor41-

42.  Avastin®, or bevacuzimab, is an FDA approved monoclonal antibody (mab) designed to 

bind high affinity VEGF receptors, including VEGFR-1 and VEGF-R143. It is used as a first-line 

treatment of colorectal cancer as a combination therapy with chemotherapeutics, and works 

by preventing angiogenesis44. Vascular cell adhesion molecule-1 (VCAM-1) is a type of CAM 

that is upregulated in multiple cancers45 and has been proposed as a target for antibody 

therapy46 in preventing metastasis. Another common endothelial target is the αvβ3 integrin47, 

which also plays a role in tumor angiogenesis and is highly overexpressed on cancer 

endothelial cells48. Etaracizumab is a mab currently in clinical trials as an angiogenesis inhibitor 

that targets αvβ349-50. Beyond antibody therapy, the cyclic RGD peptide has been an attractive 

target as an antagonist of αvβ3 integrin48, 51 and indeed a cyclic RGD pentapeptide is currently 

in Phase III for glioblastomas52. Finally, MT1-MMP is part of the MMP family (discussed in 

more detail in Chapter 1.2) and is overexpressed on the tumor endothelium46. Peptide-based 
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inhibitors of MT1-MMP53 have shown promise in reducing tumor growth in vivo54, though high 

doses were necessary for efficacy. 

 

1.1.4 Tumor Cell Surface Receptors 

 An alternate strategy for targeting material within the TME are overexpressed cell 

surface receptors. A major benefit of this strategy is direct cell killing upon internalization12, 

thus nearly guaranteeing a 1:1 targeting:outcome ratio. However, targeting and cellular 

internalization relies on overexpression of surface receptors on cancer cells, and as is the case 

with endothelial receptor targeting, the efficiency also relies on the Kd between ligand and 

receptor. 

Examples of cell surface receptors and transmembrane proteins that are highly 

upregulated on tumor cells within the TME include epidermal growth factor receptors 

(EGFRs)55-57, folate receptors58-59, transferrin receptors18, 60-61, and certain glycoproteins62-65. 

There has been much clinical success with EGFR-based targeting, as evidenced by three FDA 

approved EGFR therapeutics, Herceptin® (trastuzumab), Erbitux® (cetuximab) and Iressa® 

(gefitinib) developed to inhibit multiple members of the EGFR family66, including HER-2. The 

folate receptor is an interesting target for chemotherapy, as internalization of cargo through 

this mechanism retains material within endosomes for direct cytosolic delivery, rather than 

lysosome-mediated entry, due to the nature of folic acid uptake by cells58. Methotrexate is a 

notorious chemotherapeutic that acts as an antifolate67. The transferrin receptor is upregulated 

on many tumor types, and has thus been an attractive target for receptor-binding molecules 

including antibodies and peptides60. In terms of glycoproteins, P-glycoprotein (Pgp) has been 

implicated in affording multidrug resistance (MDR) to cancer cells, making it an attractive target 

for inhibitors63. Further, lectin-functionalized nanoparticles68 have shown promise in targeting 

materials for cellular internalization in tumor tissues.  



 6 

1.1.5 Extracellular Proteins 

 Extracellular proteases and other proteins in the ECM provide an attractive target within 

the TME. Advantage of targeting the ECM include a localization of material within the tumor 

interstitium for prolonged release and retention, and there is no need for direct cellular 

internalization for cargo to be delivered. However, as with targeting tumor cell surfaces, 

therapeutics designed to interact with extracellular proteins in the TME still need to penetrate 

the tumor endothelium to act. 

 Examples of extracellular proteins that can be highly upregulated within the TME 

include osteonectin or secreted protein acidic and rich in cysteine (SPARC)69-70, MMPs71-72, 

serine and cysteine proteases73-74, elastases75-77, and various cytokines78-79.  SPARC, 

discussed further in Chapter 1.3, is a known HSA transporter33 that acts in conjunction with 

the endothelial gp60 receptor to transport HSA from the bloodstream to cells. As such, it has 

also been proposed that Abraxane® is shuttled by SPARC to tumor cells80. The Gianneschi 

Group has developed a method of accumulating nanomaterials within tumor tissue in response 

to MMPs21, 81-85 (see Chapter 1.1.9), and indeed much of the thesis herein builds on this 

concept. Protease-activated prodrugs73 are therapeutics that are inert until acted upon by 

proteases that are upregulated in the TME. An elegant example of this is targeting doxorubicin 

to the TME by generating a prodrug susceptible to action by prostate-specific antigen86, a 

serine protease. Neutrophil elastase, secreted by neutrophils in the TME76, is useful as a 

prognostic marker in cancer and inhibition of this enzyme has been shown to reduce tumor 

growth in vivo75. Finally, much of immunotherapy is dedicated to interfacing with cytokines and 

the immune system within the TME87; thus it is impossible to cover it all in this introduction. 
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1.1.6 Extrinsic TME Properties 

Instead of targeting features of specific cells in the TME, an alternative strategy is to 

utilize extrinsic properties of the TME, i.e., collective characteristics of the tumor space that 

evolve when enough cells produce similar conditions in their surrounding environment. Many 

of these features arise due to the dysfunctional metabolism of cancer cells88-89 (discussed 

further in Chapter 1.3). An advantage of targeting these features is that it is much less likely 

that normal tissues show these properties. However, tumors are heterogenous and have many 

local environments even within the TME; thus, it is unlikely that the entire tumor space can be 

targeted based on these features. 

Examples of extrinsic TME properties include hypoxic areas90-91, a more acidic pH92-94, 

and highly redox reactive environments95-96, depending on the specific type and state of cancer 

progression. Hypoxia arises in tumors due to lack of oxygen, and hypoxic areas within the TME 

are attractive targets for cancer therapeutics97. Hypoxia-inducible factors (HIFs) are 

upregulated in hypoxic environments that have roles in angiogenesis and cancer progression, 

and inhibition of HIFs has led to tumor regression98. Sufficient hypoxia can lead to anaerobic 

glycolysis in tumor cells, causing lactate secretion and resulting in local extracellular 

acidification93. These acidic environments have been the target of many polymeric and 

nanoparticle drug delivery systems99-102. Highly redox reactive environments within the TME 

also arise from inadequate oxygen supplies. Reactive oxygen species (ROS) are major 

components of these environments103 that have been of interest in the field of responsive 

nanomaterials for drug delivery104, and indeed the work discussed in Chapter 4 includes ROS-

reactive materials. 
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1.1.7 Reprogrammed Metabolism 

A key feature of the TME the altered metabolic state105-106 found in many cancers. 

Indeed, reprogrammed metabolism is a hallmark of cancer106, though exactly how and why this 

process occurs is still under investigation. Regardless, cancer cells exhibit increased glucose 

metabolism107, increased fatty acid uptake108-109, as well as increased HSA uptake110, among 

others, depending on the cancer state (e.g., when nascent tumors begin to experience nutrient 

deficits, or during metastasis)106. A key advantage of using tumor metabolism for drug delivery 

is that this altered state is observed across virtually every cancer type, regardless of genetic 

or histological heterogeneity111. However, direct inhibition of metabolic enzymes may be 

systemically toxic, as normal cells still utilize some of the same pathways. 

Increased glucose and glutamine metabolism, termed the Warburg Effect107, describes 

how many cancer cells produce energy through aerobic glycolysis and lactic acid fermentation, 

regardless of oxygen availability. This effect is well-documented, and indeed F-18 fluoro-2-

deoxyglucose positron emission tomography (FDG-PET) is used clinically as a diagnostic 

agent88, as it accumulates in cancer cells following uptake of this glucose derivative. Increased 

fatty acid uptake112-113, as well as HSA uptake33, 110, is gaining increasing attention as a way to 

target cancer metabolism, and will be discussed in more detail in Chapter 1.3, as part of the 

dissertation work herein (see Chapter 5) uses materials generated from fatty acids to bind to 

HSA for delivery to tumor tissue in vivo. 

 

1.1.8 The EPR Effect 

 Finally, the most common TME targeting feature employed by researchers has been 

the EPR effect. All the features of the TME discussed thus far have relied on active targeting 

strategies, whereas the EPR effect relies on physical characteristics of tumor tissue29 to 

passively accumulate material. Once crossing a threshold of about 2 mm3, tumors experience 
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rapid angiogenesis to prevent, among other things, necrosis due to lack of oxygen and 

nutrients caused by insufficient vascularization. This rapid and haphazard growth has been 

demonstrated to produce “leaky” vasculature in mouse models, including large fenestrations 

and poorly formed vessel walls114. This allows for enhanced permeability of “large” structures, 

such as nanomaterials, into the tumor space. Coupled with this is a reduced clearance of 

materials from the tumor space due to slow lymphatic drainage115, proposed to result in an 

overall long retention of materials within the tumor space. 

 Many nanoparticles in preclinical and clinical development rely on the EPR effect for 

delivery to tumor tissue116, with the effect being termed the “royal gate” for drug carriers to 

enter tumors without toxicity to normal tissues117. Indeed, Doxil®, the first FDA-approved 

nanomedicine, is a pegylated liposome containing noncovalently encapsulated doxorubicin 

that is proposed to accumulate in tumor tissues due to leaky vasculature and slow lymphatic 

drainage118. However, there is increasing controversy surrounding the prevalence of the EPR 

effect in human tumors10, 119-120, partially because of the little improvement in overall tumor 

accumulation has been observed for nanoparticle-based formulations over free drug119, and 

also because there is much clinical data to suggest that human tumors are not nearly as “leaky” 

as their murine, preclinical counterparts121. The latter could be because murine subcutaneous 

models grow much faster than their human counterparts, as well as reach a much larger mass, 

relative to the rest of the body10. Overall, the current prevalent sentiment is that the EPR effect 

needs to be evaluated on a case-by-case basis in regards to its clinical applicability. 

 

1.1.9 Nanomedicine and the TME 

 Various types of nanomaterials for cancer therapy have been widely studied122. As 

stated in Chapter 1.1.8, many nanomedicines rely upon the EPR effect for localization within 

the TME. Given the controversy surrounding the EPR effect in clinical settings, it is not 
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completely surprising that the clear majority of nanomedicines have, as of yet, failed to reach 

the clinic123-125. Indeed, in a meta-analysis by Chan and coworkers of nanomedicine literature 

over the past 10 years, only 0.7% of the administered nanoparticle dose reaches the tumor124.  

 There are many reasons, reliance on EPR effect aside, that this could be the case. For 

example, it has been demonstrated that nanoparticle occlusion by biomolecules is a major 

issue for nanomaterials functionalized with targeting ligands, inhibiting the interaction with 

receptors on both tumor endothelium and cell surface126. Further, positively-charged 

nanoparticles are readily taken up and cleared by the reticuloendothelial system (RES) and 

other immune cells, including macrophages127-129. Additionally, insufficient drug release from 

the nanocarrier before eventual clearance from the body could be contributing to this modest 

success in the clinic.  

 Nanomaterials for drug delivery are developed in Chapters 2-4 in this dissertation, and 

seek an alternative approach to traditional EPR-based or receptor/ligand-based targeting 

strategies, thus potentially sidestepping some of the problems preventing general nanoparticle 

translation. However, several key areas of improvement are discussed, as is typical with all 

nanomedicines in development today. 

 

1.1.9 TME Features Exploited in This Dissertation 

 The dissertation herein utilizes, in part, MMPs to accumulate polymeric nanomaterials 

within the TME. Briefly, amphiphilic copolymers assemble into nanomaterials whose shells 

contain MMP-responsive peptides. Upon interaction with MMPs in the TME, a drastic change 

in size and shape occurs within the nanomaterials, resulting in microscale aggregates that 

remain in the tumor space. Chapter 1.2 introduces background of how these materials were 

developed in the Gianneschi Group, and Chapter 2.1 discusses the mechanism by which 
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these nanomaterials are accumulated in the TME. Chapters 2-4 cover the development of 

nanomaterials for therapeutic delivery based on this concept. 

 The work in Chapter 5 utilizes a different feature of the TME to deliver therapeutic 

cargo – the uptake of human serum albumin (HSA) by tumors, as well as the high affinity 

binding of fatty acids to HSA for improved circulation half-lives. Briefly, octadecanedioic acid 

is mono-esterified with PTX to produce a prodrug capable of binding to HSA in its natural 

binding pockets for long-chain fatty acids. Chapter 1.3 will go into more detail about the role 

of HSA and other biomaterials, including fatty acids, in cancer as well as HSA-fatty acid 

interactions. 
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1.2 Peptide-Containing Polymers for Targeting the TME 

 

1.2.1 Introduction to Peptide-Containing Polymers and the TME 

 The work covered in Chapters 2-4 is based around peptide-containing polymer 

systems that form nanoparticles upon dialysis from organic solvent into aqueous media. The 

key to the targeting of these polymeric nanoparticles is that the hydrophilic block of the 

polymer, which ultimately forms the shell of the nanoparticle, contains MMP-responsive 

peptides. The idea behind the development of these systems was based on physical trapping 

of material within the tumor space, following enzyme activation. The choice of peptide motif 

was inspired by the work of Tsien et. al.130-132, on activatable cell-penetrating peptides (ACPPs) 

that contain a recognition sequence for MMPs between the cationic and anionic domain of the 

peptide. Upon enzymatic cleavage of this peptide sequence, the CPP portion of the material 

is released and can enter cells. In a similar manner, enzymatic cleavage of the peptide 

substrate on the shell of our nanoparticles induces a morphology change of the polymeric 

material from discrete nanoparticles to microscale aggregates, which become too large to exit 

the vasculature. A more thorough explanation of this process is described in Chapter 2.1. 

 At the onset of our research into these types of polymeric materials, the graft-through 

polymerization of peptides via ring opening metathesis polymerization (ROMP) had been 

increasingly demonstrated in the literature133-138. In addition, the high glass transition 

temperature (Tg) of polynorbornene139 (which form the backbone of ROMP polymers) made 

this motif attractive for the generation of kinetically trapped, robust nanoparticle systems. Thus, 

we sought to generate peptide-containing polymers through ROMP and evaluate the utility and 

properties of said polymers.  
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 Herein, an account of how the Gianneschi Group developed these systems is provided, 

as context for the materials described in the dissertation. Discussed will be the synthesis of 

peptide containing polymers, including graft-through and graft-to approaches; sequence 

scope, properties, and function of peptide-containing polymers; and an insight into applications 

of these systems for disease imaging, as this application is not the focus of the current thesis 

work. 

 

1.2.2 Synthesis of Peptide-Containing Polymers 

 Our work on peptide-polymer conjugates altogether demonstrates the capability of 

generating functional, hybrid materials using complex peptides; however, these systems 

required significant optimization and several challenges had to be overcome through the 

course of their development. In general, graft-to polymerization strategies, wherein peptides 

are covalently bound to polymers containing reactive groups post-polymerization (Figure 

1.2.1a), requires an added purification step following conjugation which can be nontrivial and 

lead to significant product loss, depending on the peptide sequence and conjugation 

technique. Additionally, there is little ability to control the spacing and number of peptides 

conjugated per polymer, which makes characterization difficult and limits batch-to-batch 

reproducibility. An alternative strategy, which many of our systems employ, is graft-through 

polymerization, wherein the peptide is first modified with a polymerizable moiety, then directly 

incorporated into the growing polymer chain (Figure 1.2.1b). This allows for precise control of 

the spacing and density of the peptide on the polymer. With graft-through techniques, however, 

there are several important parameters that need to be considered to successfully polymerize 

peptides, and one of the most important is the peptide sequence. Many functional peptides 

contain amino acid residues capable of reacting with polymerization initiators, so suitable 

protecting groups may have to be used or the sequence itself modified in a way that removes 
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the problematic residue yet maintains the overall peptide function133, 140-141 . Further, the peptide 

needs to be soluble in the polymerization solvent and remain so throughout the duration of 

polymerization. Our systems utilize DMF as the solvent, but certainly other solvents could be 

used depending on the tolerability of the initiator and polymerization technique employed. 

Additionally, many peptides are inherently slow to polymerize142, which, coupled with the fact 

that many initiators are oxygen-sensitive, means that polymerizations need to be completed in 

a rigorously oxygen-free environment. Overall, significant thought needs to be given when 

designing graft-through peptide-polymer systems and parameters need to be evaluated and 

optimized on a system-by-system basis, often through trial-and-error.  

 

 

Figure 1.2.1. Generation of peptide-containing polymers. a) graft-to polymerization strategy, 
whereby a functionalizable moiety is polymerized, and then conjugated to a peptide post-polymerization. 
b) graft-through polymerization strategy, whereby peptides are first conjugated to a polymerizable 
moiety, then directly polymerized as a block polymer. 
 

Whether it be graft-to or graft-through, our work on peptide-polymers utilizes ring 

opening metathesis polymerization (ROMP). There are several characteristics that make 

ROMP ideal for the synthesis of peptide-polymer materials. First, ROMP is a living 

polymerization method143 that allows for the generation of polymers with low dispersity. 

Second, the initiators, particularly the Grubbs’ Ruthenium-based initiators 144-146, display 

excellent functional group tolerance which permits the incorporation of a diverse array of 

functionalized monomers, including complex peptides. Third, there are multiple opportunities 
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for the incorporation of functionality in the polymers through the choice of initiator, monomers, 

and chain transfer agent (CTA). The driving force for ROMP is relief of ring strain. Our systems 

utilize norbornene, as it is easily functionalized and has a high ring strain147. Figure 1.2.2 

outlines a typical ROMP experiment, which begins with the polymerization of n equivalents of 

monomer relative to Ru initiator. Upon complete consumption of the monomer, the polymer 

can either be terminated to produce a homopolymers by addition of a CTA or can be elongated 

by adding m equivalents of a second monomer to ultimately produce a block copolymer with 

blocks of lengths n and m repeating units, respectively. Other polymerization techniques could 

be envisioned for the generation of peptide-polymers; however, the precision and living 

characteristics of ROMP make it an ideal method to develop well-defined, highly reproducible 

systems.  

 

Figure 1.2.2. General ROMP scheme. n equivalents of a monomer, relative to Ru initiator, are 
combined and allowed to polymerize, affording a polymer, which can either be terminated to produce a 
homopolymer (rightmost arrow, top) or combined with a second monomer (downward arrow, middle), 
that can be terminated to afford a block copolymer (rightmost arrow, bottom). 
 

1.2.3 Initial Design of Peptide-Polymers: Graft-To Approach 

 A central goal of our research on peptide-polymer materials is to explore the generality 

of controlling nanoparticle behavior through the employment of biomolecules covalently bound 



 16 

to polymer backbones as programmable, stimuli-responsive moieties. Indeed, to date we have 

demonstrated the capability of polymerizing not only peptides21, 81-85, 142, 148-151, but also DNA152-

154 and oligonucleotides155-157. Our initial work on peptide-polymer materials sought to replicate 

our success in controlling the morphology of DNA-functionalized block copolymers, where we 

demonstrated that the morphology of polymeric nanoparticles could be manipulated by altering 

the length of DNA contained within the hydrophilic polymer block in situ.  DNA-polymer 

amphiphiles synthesized via a graft-to approach between CPG-bound DNA and the hydrophilic 

block of a block copolymer (containing activated N-hydroxysuccinimide (NHS) moieties) 

assembled into spherical micelles with DNA forming the nanoparticle shell. An RNA base was 

included within the DNA sequence of these materials to serve as an enzymatic cleavage site 

for DNA-based phosphodiesterases (DNAzymes). Addition of a DNAzyme to these spherical 

micelles resulted in complete and rapid cleavage of the DNA on the nanoparticle shell, leaving 

only a short ssDNA sequence on the polymer backbone. This, in turn, resulted in a sphere-to-

cylinder morphology change of the assembled system as the “new” DNA amphiphiles 

reorganized to minimize packing parameters. The morphology change was shown to be 

reversible upon addition of a 19-base DNA sequence that formed a 9-base double helix with 

the truncated DNA in the shell of the cylinder. This was our first proof-of-concept work on 

controlling and manipulating the morphology of biomolecule-containing polymer amphiphiles 

using exogenous stimuli.  

 Spurred by the success of our DNA-based systems, we designed analogous “shape-

shifting” polymer systems using peptides149. To this end, we first focused on a graft-to approach 

for synthesizing peptide-polymer amphiphiles (PPAs), where we programmed the peptide 

sequence to be responsive to four different cancer-associated enzymes: protein kinase A 

(PKA), protein phosphatase-1 (PP1) and matrix-metalloproteinases 2 and 9, (MMP-2 and 

MMP-9). Two different amphiphilic peptide brush block copolymer systems were prepared from 
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a block copolymer containing an inert hydrophobic block and a reactive NHS ester block. Two 

peptide sequences, differing only in their relative ordering of enzyme recognition site, were 

conjugated at their N-terminus to the activated NHS ester of the polymer backbones. In one 

set of PPAs, the cleavage site for MMP-2/9 was close to the polymer backbone; on the other 

set, the cleavage site was near the C-terminus of the peptide. The conjugation efficiency in 

both PPAs was determined to be approximately 33% and well-defined micelles approximately 

30 nm in diameter formed upon transitioning the PPAs from a 1:1 DMSO:DMF solution to 

buffered water (Figure 1.2.3a). Exposing the materials to PKA phosphorylated the serine 

residues on the peptides and produced a dramatic change in morphology (Figure 1.2.3b). As 

in our DNA-based systems, this morphology change could be reversed by treatment of the 

phosphorylated micelles with PP1 (Figure 1.2.3c). In a separate set of experiments, the PPAs 

were treated with MMP-2 and MMP-9 to cleave the peptide substrate. Though both sets of 

PPAs were susceptible to proteolysis by MMP, a morphology change from sphere-to-

aggregate (Figure 1.2.3d-e) was only observed when the cleavage site was close to the 

polymer backbone. This result indicated that the position of the cleavage site within in the 

amphiphile has a critical role in how the morphology of the micelle is affected by proteolysis, 

with cleavage sites closer to the backbone giving rise to greater changes in morphology. 

Together these results demonstrate the ability of controlling morphology of polymer materials 

with peptides programmed to be responsive to multiple stimuli. 

  
 
Figure 1.2.3. Enzyme Response of PPAs. a) TEM of PPA before enzyme exposure. b) TEM of PPA 
after exposure to PKA. c) TEM of materials in panel b to PP1. d) TEM of PPAs before MMP exposure. 
e) TEM of PPAs after exposure to MMP. 
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1.2.4 Graft-Through, Direct Polymerization of Peptides 

Although graft-through incorporation of peptides into polymers allowed us to generate 

materials with interesting attributes, we reckoned that precise control over peptide location and 

density on the polymer backbone would afford greater control on the overall materials 

properties. Direct incorporation of peptides on the growing polymer chain provides complete 

control over spacing and number of peptides incorporated per polymer, allowing for the 

generation of highly reproducible polymer systems with minimal polymer-to-polymer and 

batch-to-batch variation. This, in turn, enables systematic analysis of design parameters of 

peptide-polymers; namely, how peptide brush density and degree of polymerization impacts 

function. Prior work on the graft-through polymerization of peptides was mainly limited to 

aromatic and aliphatic residues, or resulted in polymers with high dispersity and low overall 

peptide incorporation134, 158-160. For peptides with more complex functionalities, suitable 

protecting groups had to be employed and subsequently removed post-polymerization133, 140-

141. Our work sought to establish ROMP as a viable strategy for the graft-through 

polymerization of peptides with diverse functionalities, through the analysis of how peptide 

identity, density, degree of polymerization impacts function of resulting materials. 

Our first demonstration of the graft-through polymerization of peptides elucidated that 

the spatial arrangement and density of peptides allows for the programming of a material’s 

susceptibility to proteolytic cleavage, and thus the ability to undergo a change in morphology 

or function. In this work161, we synthesized two PPAs by directly polymerizing an inert 

hydrophobic block followed by a norbornenyl-modified peptide as the hydrophilic block via 

ROMP using a modified version of Grubbs’ second generation Ru catalyst. As in our graft-to 

systems, the peptide sequences were designed to be substrates for MMP-2 and -9. This 

method generated well-defined PPAs where the density and number of peptides per polymer 

were precisely known, which in turn formed micellar nanoparticles of uniform size and shape. 
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In stark contrast to our graft-to systems, however, minimal or no cleavage of the peptide 

substrate was observed when the nanoparticles were treated with MMPs. This important 

finding demonstrates that spatial arrangement of the peptide on the polymer has a large impact 

on the resulting function of the material.  

 

1.2.5 Sequence Scope, Properties, and Function 

 Inspired by the results of our study on graft-through generated PPAs, we hypothesized 

that susceptibility to proteolysis could be mediated by packaging peptides as high-density 

brush polymers. A key challenge with peptide-based therapeutics is short circulation times in 

the blood due to cleavage by serum proteases and rapid clearance because of their relatively 

low molecular weights162. Therefore, packaging peptides as high-density, high molecular 

weight polymers could be a strategy to deliver bioactive peptides with extended circulation 

half-lives. Many therapeutic and bioactive peptides contain amino acid residues that had never 

previously been polymerized in a graft-through fashion prior to our entrance to the field. Thus, 

we examined the substrate scope of protecting-group free peptides for graft-through ROMP, 

and then, using this knowledge, generated bioactive peptide-based systems and probed their 

activity and properties.  

We explored the limits of ROMP for the direct polymerization of protecting-group free 

peptides142. Towards this end, a library of 31 norbornenyl-modified, protecting-group free 

pentapeptides that altogether incorporated all 21 naturally occurring amino acids was 

generated and the rate and degree of polymerization was quantified by a combination of NMR 

(Figure 1.2.4a) and SEC-MALs. All monomers polymerized completely except those 

containing cysteine residues. Protecting the cysteine residues with Acm protecting groups, 

however, resulted in complete polymerization within 3 hours. We also found that polymers with 

carboxylic acid-containing residues tended to “gel” upon polymerization, but that this can be 
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mitigated by the protection of the carboxylic acid moieties with tert-butyl groups. Further, 

sequences containing guanidinium moieties (Arg and Lys residues) performed poorly at high 

degrees of polymerization, but protecting the primary ε-amino group of Lys mitigated this 

problem. Additionally, spacing the peptide sequence further from the norbornyl group using a 

longer, 6-aminohexanoic acid linker increased the polymerization rates of monomers 

containing unprotected Lys residues. Together, these results broadened our understanding of 

the limitations and scope of graft-through polymerization of peptides via ROMP, so we could 

then use this knowledge to design complex, bioactive systems. 

Some final work in our study on substrate scope suggested that in addition to cleavage 

site location within the peptide sequence, polymerization density affects the bioactivity of the 

construct. Thus, we explored the potential of using high-density brush polymers to protect 

bioactive peptides from proteolysis. Towards this end, we generated high density brush 

polymers of two cell-penetrating peptides (CPPs), Tat and Arg8, and analyzed their proteolytic 

susceptibility and bioactivity by terminating each peptide-polymer with a fluorescein moiety as 

a model cargo. Both CPP peptide-polymers displayed greater cellular uptake than both their 

monomeric peptide counterparts and two “control” peptides with no cell penetration capability 

(Figure 1.2.4b). The proteolytic susceptibility of the CPP peptide-polymers was evaluated by 

exposing the materials to high concentrations of proteases and assaying for peptide cleavage 

by HPLC and bioactivity by flow cytometry and live-cell confocal microscopy (Figure 1.2.4c). 

No evidence of proteolysis was observed for CPP-containing polymers, whereas there was 

complete consumption of the monomeric peptide. Following enzyme exposure, materials were 

incubated with cells. Treatment with proteases had no effect on the cell-penetration capability 

of peptide-polymers; however, the monomeric peptides displayed greater than 90% signal 

loss. The generality of this approach was further investigated through polymerization of peptide 

substrates for thrombin and MT1-MMP. As observed for the CPP materials, homopolymers of 
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these peptide sequences were resistant to enzymatic degradation, whereas their monomeric 

counterparts were readily degraded (Figure 1.2.4d). Importantly, we also found that proteolytic 

susceptibility of peptide-polymers could be tuned by “spacing” the peptides farther away from 

one another along the polymer backbone by adding a non-peptide diluent monomer during 

polymerization (Figure 1.2.4e).  

Having insight on the capabilities and scope of incorporating peptides as high density 

brush polymers, we investigated the potential of using this motif to enable cellular uptake of 

otherwise impenetrable peptides148. We hypothesized that the incorporation of positively 

charged Arg or Lys residues into non-cell penetrating peptides, followed by polymerization as 

a high-density brush, would enable cellular uptake of otherwise impermeable peptide 

sequences. Towards this end, we synthesized a non-CPP peptide and added 1 or 2 Arg or Lys 

residues at either the N- or C-terminus and polymerized it via ROMP, together with a water-

soluble OEG block (Figure 1.2.4f). We compared these constructs to their monomeric peptide 

counterparts, and found that only the peptide-polymers containing the positively charged 

amino acid residues enter cells. Further, we determined that adding the Arg or Lys to the C-

terminus of the peptide results in greater uptake than if it is “buried” closer to the polymer 

backbone at the N-terminus of the peptide. Additionally, the extent of uptake of peptide-

polymers is enhanced when the degree of polymerization and/or concentration is increased.  

Together, these results provide a set of design-rules for generating peptide-polymer systems 

programmed to resist proteolysis and penetrate cells. 
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Figure 1.2.4. Substrate scope of directly polymerized peptides. a) General strategy for analysis of 
polymerization of peptide-based monomers. b) uptake of peptides, both cell penetrating and non-cell 
penetrating, (top panel) and their brush polymer analogs (bottom panel). c) Protease susceptibility (left) 
and subsequent cell-penetrating capability (right) of Tat peptide and Tat polymer. d) Degradation kinetics 
of peptide monomers and polymers to various proteases. e) Effect of spacing within the polymer block 
on susceptibility of peptide proteolysis. f) Polymer structure of peptide-containing polymers with R or K 
residues (left) and analysis of these materials for their cell penetrating capability (right). 
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1.2.6 Applications for Disease Imaging 

 Beyond in vitro proof-of-concept and in cellulo uptake experiments, we envisioned that 

peptide-polymer materials could be used to interface with complex biological systems and 

diseased tissue in vivo.  Indeed, enzyme-responsive peptides had been previously 

demonstrated to respond to MMPs at tumor sites130-132. We reasoned that PPAs designed to 

change morphology in response to MMP exposure to form large, slow-clearing aggregates 

could be used to accumulate materials in vivo at disease sites where MMPs are upregulated 

for applications in imaging and drug delivery. As in our initial work on PPAs with switchable 

morphologies, we designed enzyme-responsive peptide-polymer amphiphiles (PPAs) with 

hydrophilic polymer blocks containing peptides with recognition sequences only for MMPs. 

Prior to MMP exposure, the PPAs assemble into nanoparticles <50 nm in diameter. When 

incubated with MMPs, the enzyme cleaves the peptide, altering the hydrophobic-to-hydrophilic 

ratio of the polymers and resulting in a shift in morphology from discrete nanoparticles to micro-

scale aggregates (Figure 1.2.5a).   

 To date, we have demonstrated that fluorophore-labelled enzyme-responsive PPAs 

have utility in the imaging of disease states in vivo in cancer21, 82-83, 150, post-myocardial 

infarction (MI)150, and inflammatory diseases, such as peripheral artery disease151. The first 

generation of disease-imaging enzyme-responsive PPAs was designed based on our early 

successes with graft-to approaches. In this scheme (Figure 1.2.6), a hydrophobic phenyl-

based norbornenyl moiety was polymerized via ROMP, followed by the polymerization of a 

hydrophilic conjugatable NHS-ester. At this point, the batch of growing polymer was split in 

half and terminated with either a fluorescein- or rhodamine-based chain transfer agent (FRET 

donor and acceptor, respectively)163. The hydrophilic blocks were further modified with 

peptides containing MMP recognition sequences post-polymerization, then dialyzed to afford 

fluorescein- (PPAF) or rhodamine- (PPAR) tagged, MMP-responsive nanoparticles. As discrete 
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nanoparticle systems, PPAF and PPAR did not produce a FRET signal, even when co-

incubated for several months, indicating no inter-particle mixing of polymers occurs and that 

these are kinetically trapped constructs. However, exposure of these systems to MMP induced 

a morphology change and resulted in the generation of a FRET signal, indicating a 

rearrangement in polymer ordering that brings FRET donor-bearing materials (PPAF) within 

the Föerster radius of FRET acceptor-bearing materials (PPAR). 

 

 
 
Figure 1.2.5. Application of enzyme-responsive nanomaterials for imaging. a) general schematic 
of diblock copolymer amphiphiles that assemble into core-shell micelles, and subsequently react with 
MMPs to generate large aggregates. b) Visualization of this nanoparticle-to-aggregate process in tumor 
tissue, using live-animal fluorescence imaging. Top panel: live animal imaging analysis for FRET, 
following IV administration of PPAL. Bottom panel: live animal imaging analysis following IV 
administration of PPAD. c) Visualization of accumulated nanoparticles in infarcted heart tissue. Left 
panel: H&E stained images; middle panel: neighboring fluorescent sections, with myocardium stained 
with anti-α-actinin in green and nanoparticles shown in red; right panel: zoomed in region of white box 
in panel b. 

As an initial proof-of concept, this motif was studied in HT-1080 fibrosarcoma murine 

xenografts. HT-1080 was chosen as a model system because it is known to highly overexpress 
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MMPs in its progression164. A key design feature of these PPA systems is that analogous 

polymers and nanoparticles can be rapidly generated using peptide sequences composed of 

d-amino acids. These peptides are not recognized by enzymes as substrates because of their 

enantiomeric configuration, thus systems generated with d-amino acids (d-PPA) are incapable 

of undergoing morphology changes when exposed to MMPs and serve as a true negative 

control for this process. In HT-1080 xenografts, the enzyme-responsive PPA (l-PPA) systems 

can be visualized in tumor tissue as a function of FRET signal via live-animal fluorescence 

imaging up to two days following intravenous (IV) injection, indicating that MMPs are acting 

upon the nanomaterials and eliciting the morphology change (Figure 1.2.5b). In contrast, the 

tumors remain dark in animals treated with d-PPA systems. Together, these results confirm 

that enzyme-responsive peptide-polymer systems accumulate in tumor tissue only following 

stimulus response and have utility in imaging tumor tissue. 

We have found that fluorophore-containing PPAs are also useful in imaging damaged 

heart tissue following acute myocardial infarction (MI)150. As in cancer, MMPs are upregulated 

following MI during the left ventricle (LV) remodeling process165, thus providing a targeting 

scheme for our enzyme-responsive PPA systems. Fluorophore-labelled enzyme-responsive 

PPA nanoparticles were intravenously injected at 24 hours post-MI, and retention of material 

was evaluated by ex vivo fluorescence at various timepoints up to 28 days post-injection 

(Figure 1.2.5c). Throughout the course of the study, enzyme-responsive PPAs (l-PPA) are 

visualizable in infarcted tissue. Additionally, no accumulation is observed in healthy animals 

administered l-PPA Conversely, very little fluorescence signal is observed at 2 days post-

injection in infarcted animals administered the non-responsive controls (d-PPA), indicating that 

the enzyme-response, not the EPR effect observed acutely post-MI166, is necessary for 

retention of these materials. Together, these results demonstrate the utility of the FRET-
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labelled PPA system in the in vivo imaging of disease states. See Chapters 2-4 for the 

application of these types of system for drug delivery. 

 

 

Figure 1.2.6. Synthesis of fluorophore-labelled enzyme-responsive PPAs. Top panel: graft-to 
approach for generating two different sets of fluorescent polymers. Bottom panel: graft-through 
approach to generating fluorescent polymers. Note that the spacing of peptides within the block 
copolymers is expected to be much more uniform and identical using the graft-through approach. 
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1.3 HSA as a Drug Carrier to the TME 

 

1.3.1 Introduction to HSA, Fatty Acids, and the TME 

The work in Chapter 5 involves the development of a fatty acid-based PTX delivery 

system, designed to noncovalently bind to HSA with high affinity. This design is predicated on 

the relationship between HSA and cancer, fatty acid and cancer, and HSA with fatty acids. 

Herein, a brief introduction is given specifically to HSA and fatty acids with respect to their roles 

in tumor pathophysiology (Figure 1.3.1), and their history as drug delivery systems for cancer 

therapy. 

It is being increasingly recognized that HSA is a key nutrient for growing tumors33, 80, 

167, and given its unique properties (see Chapter 1.3.2), it provides an attractive strategy for 

delivering therapeutic cargo to the TME. As mentioned in Chapter 1.1.3, the gp60 receptor, 

also known as albondin, facilitates endothelial transport of HSA and transcytosis into the tumor 

space, and it has been proposed that over 50% of HSA leaves the blood through binding to 

gp60168-171. It has been demonstrated that gp60 binds albumin-bound drugs in the same 

fashion as native HSA172; thus, this may provide a clever way of accumulating drug cargo within 

the TME. 

After entering the TME, SPARC (mentioned in Chapter 1.1.5) has been proposed to 

facilitate the accumulation of HSA in the tumor space172-176. Indeed, SPARC expression has 

been used as a prognostic tool in cancer patients176-178, though there is controversy 

surrounding its overall prognostic value179. In normal physiology, SPARC expression is limited 

to bone and gut endothelium, as well as tissues undergoing remodeling and repair180. 

However, SPARC expression is high in certain types of cancer, including melanoma, 

glioblastoma, breast cancer, and prostate cancer178 as a key component of the TME. Further, 
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SPARC and gp60 have been shown to share a native albumin-binding domain172, and 

increased SPARC expression has been correlated with increased uptake of fluorophore-

labelled HSA in cells181. Studies of Abraxane®, the HSA-PTX nanoparticle, have also indicated 

that interaction of Abraxane® with SPARC in the TME enhances the overall tumor 

accumulation of the drug175-176. 

It has been shown that Ras-driven cancers, among others, utilize micropinocytosis to 

internalize HSA182-183, where it is catabolized to be used as a source of amino acids by the 

cells184-187. Of special importance is HSA as a source of glutamine, as it can be used to power 

the TCA cycle under metabolic stress and for macromolecular synthesis for cell replication88, 

188-189. Indeed, pancreatic tumors show a lower overall glutamine level than normal tissues, 

suggesting that any available glutamine is readily metabolized by the cells182.  

In addition to HSA, fatty acid uptake by cancer cells is of increasing interest in the 

field32, 109, 113, 190-191. Cancer cells need lipids for cell membranes, as signaling molecules, and 

for powering the TCA cycle192-194. Either must come from exogenous sources or de novo 

synthesis. Fatty acids provide more energy than carbohydrates for ATP synthesis, thus making 

them attractive nutrients to growing tumors191. Additionally, specific fatty acid binding proteins, 

including FABP4 and CD36, have been implicated in cancer progression195-199, and inhibition 

of these proteins or inactivation of pathways that involve fatty acid binding proteins has 

remarkably stalled tumor growth in some cases198. 
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Figure 1.3.1. Diagram of HSA and FA uptake by cancer cells. a) HSA and the TME. In recent years, 
the role of HSA and fatty acid uptake by tumors and their accumulation in the TME has been of 
increasing interest. HSA entry into the tumor space can be facilitated by the gp60 receptor. SPARC may 
mediate the accumulation of HSA in the TME, and has been used as a prognostic indicator in certain 
cancer types. Further, HSA can be utilized as a fuel source by cancer cells, either by specific entry 
through receptors or by micropinocytosis. b) Fatty acid and lipid metabolism has been implicated to play 
an important role in cancer progression. Fatty acid binding proteins include FABP4 and CD36. As with 
HSA, fatty acids can fuel the TCA cycle in tumor cells.  
 

1.3.2 HSA as a Drug Carrier  

 HSA is a heart shaped ~67 kD protein, and is the most abundant component of blood 

plasma and constitutes about 50% of whole blood33. It is produced in the liver, and has many 

functions, including maintaining osmotic pressure and transporting hydrophobic and lipophilic 

molecules, including both endogenous ligands (including fatty acids)200-201 and exogenous 

ligands (including many drugs)202-204. Indeed, HSA serum levels have been shown to impact 

the half-lives of drugs in the bloodstream80. Normally, HSA has a half-life of ~20 days in the 

blood205, which makes strategies of using HSA as a drug carrier appealing.  

 The concept of using HSA as a drug carrier is not new; in fact, HSA-based drug delivery 

has seen increasing interest in the field33, 80, 206. Abraxane® is an FDA-approved formulation of 

HSA with PTX175 developed primarily as a Cremophor®-free formulation of PTX, and has been 

proposed to utilize SPARC and gp60, among others, to accumulate drug cargo in the TME175-
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176. In addition, several imaging agents designed to interact with HSA have been clinically 

approved207-209.  

One notable strategy towards increasing the TI of drug cargo, as well as targeting the 

TME, has been the development of drugs (both small molecules and biologicals) that 

“hitchhike” on human serum albumin (HSA)80, 210. Directed interactions between HSA and drug 

partners have, to date, involved either coincidental, non-specific “sticking” to HSA in shallow 

hydrophobic clefts and pockets or through direct surface conjugation via covalent 

methodologies. Nano- and biomaterials designed to specifically interact with HSA have been 

demonstrated utility211-213 indicative of this upswing in interest of HSA as a drug carrier214. This 

could partially be attributed to the fact that upon entering the bloodstream, most nanomaterials 

are immediately coated in serum proteins, including HSA215-218, forming a so-called “protein 

corona”. Therefore, exploiting this already-known phenomenon by designing materials to 

specifically interact with HSA may improve the properties of nano- and biomaterials for drug 

delivery. Given the controversy surrounding the prevalence of EPR effect in human tumors 

(see Chapter 1.1.8), it may be possible that HSA-mediated transport of nanomaterials is 

actually what is responsible for accumulation of nanomaterials in tumors. However, this is 

difficult to study, and as of yet has been unexplored. 

 

1.3.3 Fatty Acids for Drug Delivery 

A main class of ligands that binds HSA are medium- and long-chain fatty acids. As 

many as 7 high affinity binding sites for fatty acids on HSA have been identified200, 219-222, which 

are composed of hydrophobic channels with cationic residues deep within the pockets. These 

residues form salt bridges with the carboxylate moiety of the fatty acid, and this interaction is 

responsible for the nanomolar dissociation constants observed for native fatty acids223.  
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Given their role in tumorigenesis, fatty acids and lipids are being increasingly explored 

for their potential as drug carriers to tumor tissue. In fact, conjugation of lipids to small molecule 

drugs is not a new idea, and much of the performance of these materials is likely attributed to 

them adhering to HSA80, 224-227. However, to date, these strategies have largely involved 

conjugation of drugs to the critical carboxylic acid functionalities on various fatty acids, primarily 

palmitic and stearic acids. These strategies have not been ultimately successful; competition 

against native ligands for binding to fatty acid transport/processing proteins, like HSA, is 

eliminated when esters or other functional groups are made at the carboxylic acid sites. Indeed, 

it is known that these contacts are involved in fatty acid shuttling between pathway proteins228. 

There are a few notable examples of fatty acid-conjugated drugs that utilize HSA as a 

transporter, including the FDA-approved diabetes drug Levemir®206. 
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Chapter 2 

 

Enzyme-Responsive Nanomaterials for the 

Delivery of Cytotoxins 

 

2.1 Enzyme-Directed Assembly of Particle Therapeutics 

(EDAPT) 

 
2.1.1 Introduction 

 Targeted therapeutics are designed to accumulate at the site of disease in higher 

quantities relative to other locations in the body. To achieve this, nanomaterials capable of 

acting as carriers or reservoirs of therapeutics have been of interest, as they can carry multiple 

copies of functional small molecules, can display multiple targeting groups on their surface, 

and are small enough to be safely intravenously administered1-2. As discussed in Chapter 1, 

researchers have traditionally sought long-circulating nanoparticles reliant on passive 

accumulation via the enhanced permeability and retention (EPR) effect3 or “specific” targeting 

by incorporation of targeting groups4. However, despite this, nanoparticles frequently suffer 

low degrees of penetration and poor retention in tumor tissue, leading to poor performance5. 

Indeed, in published analyses of available data from across the field, it has been revealed that 
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less than 0.1% of intravenously administered nanoparticles typically reach neoplastic cells 

inside the tumor5-7. This means that the vast majority of systems do not appreciably alter the 

therapeutic index of the drug they are carrying versus standard delivery approaches. Clearly, 

significant challenges face current nanomedicine strategies, with a need for new approaches 

to address those challenges.  

Our group has sought to address the challenge of poor particle accumulation and 

retention in tumor tissue by developing an entirely different targeting strategy for amplified 

accumulation of nanoparticles by virtue of a supramolecular assembly event specific to tumor 

tissue, occurring in response to a specific signal. We term this platform “Enzyme Directed 

Assembly of Particle Therapeutics” (EDAPT). These phase-changing EDAPT materials 

undergo physical trapping within tumor tissue.  We hypothesized that the most desirable 

approach to stimuli-induced targeting is to utilize an endogenous signal, specific to the 

diseased tissue itself, capable of actively targeting materials introduced via intravenous (IV) 

injection 8. We have developed nanoparticles capable of assembling in vivo, in tumors, in 

response to selective, endogenous, biomolecular signals. We utilize enzymes as stimuli, rather 

than other recognition events, because they are uniquely capable of propagating a signal via 

catalytic amplification. The enzymes are matrix metalloproteinases (MMPs), known to be 

overexpressed in many aggressive cancers9-10. 

 
 

Figure 2.1.1. Schematic representation of enzyme-driven assembly. Enzyme-responsive 
nanomaterials (EDAPT), whose shells contain L-peptides, form large assemblies in response to MMP 
enzymes upregulated in the tumor space, leading to a physical, morphology change to form micron-
scale aggregates that trap the material in the extracellular matrix. By contrast, non-responsive control 
nanoparticles, whose shells contain D-peptides (poor substrates for MMPs) passively equilibrate and 
clear.  
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2.1.2 General EDAPT Overview 

The concept of selective deposition of exogenous material in tumor tissue to a much 

greater degree than in normal tissue forms the basis of our  EDAPT platform for selective 

treatment of malignant disease11.  Our work is predicated on the idea that if one can achieve 

the selective deposition of a synthetic material within malignant tumors, the tumor can be 

effectively treated. EDAPT is designed to make use of hyperactive enzymatic biomarkers 

(MMPs) to mediate marked structural changes in the synthetic particles through the cleavage 

of peptide substrates on the nanoparticle shell, ultimately leading to their selective 

accumulation and active trapping in the tumor11-14 (Figure 2.1.1). The platform does not rely 

on the dissociation constant of a nanoparticle bound ligand with an overexpressed receptor to 

target, where occlusion has been an issue15, but rather relies on the second order rate constant 

of an enzyme acting catalytically on the particle as a substrate.  As a control for this process, 

analogous nanoparticles are generated using peptides constructed from D-amino acids, thus 

they are nearly identical in composition to the active systems, but do not interact with MMPs 

in tumors (Figure 2.1.1).  

Ring Opening Metathesis Polymerization (ROMP)16-20 is employed to generate 

amphiphilic block copolymers that contain 1) a peptide substrate for MMP2/9 in the hydrophilic 

block and 2) either a drug or inert moiety in the hydrophobic block (Figure 2.1.2a). Upon 

dialysis from a favorable solvent for both blocks into aqueous solution, polymers assemble into 

micellar nanoparticles whose shell contains MMP-responsive peptides. When exposed to 

MMPs, the peptide substrates are cleaved, causing a significant change in morphology from 

nanoscale spheres (Figure 2.1.2b), to microscale networks (Figure 2.1.2c). This change in 

morphology has been confirmed in our laboratories through a number of high resolution 

microscopy and whole animal imaging studies11-12, verifying a true phase change, not simply 

a precipitation. Upon morphology switch in vivo, the material is retained in tumor tissue as 
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micron-sized species, which are visualizable if a label is used (Figure 2.1.2d)11-14. As a 

negative control for this enzymatically-driven process, we generate “non-responsive” 

nanoparticles, which consist of peptides composed of D-amino acids. In this way, the 

nanoparticles generated have nearly identical physical properties as their enzyme-responsive 

counterparts, but are not recognized by MMPs in the body and thus, do not undergo 

morphology change upon enzyme exposure. Upon IV injection, the non-responsive particles 

stay as micellar spherical nanoparticles, and show no sign of accumulation and no retention 

(Figure 2.1.2e).  

 
 

Figure 2.1.2.  General performance of EDAPT in vivo. a) General polymer structure of EDAPT 
polymers generated through ROMP. The hydrophobic block of the polymer (purple, R) forms the core 
of the nanoparticle following dialysis. The hydrophilic block (blue, R’) carries an MMP-responsive peptide 
and forms the shell of the particle. The polymer chain end (green, R’’) can be modified to include various 
types of cargo21. Core-shell micellar nanoparticles have morphologies defined by the hydrophilic to 
hydrophobic ratios, and hence structures can be perturbed by enzymatic activity that cleaves peptides 
in the shell of micelles made from these amphiphiles. b) TEM micrograph of EDAPT nanoparticles. c) 
TEM micrograph of EDAPT materials after exposure to MMP enzymes. d) live-animal fluorescence 
image of animals IV injected with fluorescently-labelled, enzyme-responsive nanoparticles. 
Accumulation is visible in the tumor, which is circled in red. e) live-animal fluorescence image11 of animal 
IV injected with nonresponsive, fluorescently-labelled control nanoparticles. No evidence of 
accumulation is seen in the tumor area, circled in red. f) Whole-animal fluorescence image of mice 
bearing HNSCC xenografts. EDAPT accumulation is visible in the tumor region (white box). g) live-
animal fluorescence image of EDAPT accumulating in ischemic tissue (white box) in an animal model 
of PAD with upregulated MMPs following IV injection. h) Ex vivo analysis of EDAPT retention in infarct 
tissue in rat hearts from a rat myocardial infarction model. Particles were injected at 7 days post-MI, and 
tissues harvested at 6 days post-injection. Particles are visible in red, and myocardium (labelled with 
anti-α-actinin) is shown in green. Black region is the site of infarct – targeted following IV injection.  
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2.1.3 Additional EDAPT Applications 

By incorporating fluorophores into polymer backbones of these materials, we have 

been able to observe this enzyme-driven retention in multiple disease models where MMPs 

are known to be upregulated. including Cal-27 human head and neck squamous cell carcinoma 

(HNSCC) (Figure 2.1.2f), peripheral artery disease (PAD)22, (Figure 2.1.2g) and post-

myocardial infarction (MI)14 (Figure 2.1.2h). These studies demonstrate the robustness of the 

approach to enzymatically amplified targeting to leaky, inflamed tissue in various animal 

models.  
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2.2 EDAPT for Delivery of Paclitaxel 

2.2.1 Introduction 

 The goal of nanomedicine is to treat disease through selective accumulation of 

therapeutics in diseased tissue. Nanoparticles offer the potential to package large quantities 

of drug cargo per carrier entity, to be decorated with targeting moieties in a multivalent fashion, 

and to have the potential to decrease off-target effects associated with conventional treatment 

regimes, while simultaneously increasing efficacy.23-24 With respect to cancer therapy, the 

enhanced permeability and retention (EPR) effect has been implicated, albeit somewhat 

controversially,25-27 as a mechanism by which nanomaterials accumulate in the fenestrated 

vasculature of tumor tissue. However, among other factors, this effect is limited to diseases 

that undergo rapid angiogenesis in their pathology.3 Furthermore, the EPR effect is a passive 

mechanism of accumulation. To achieve active targeting, nanoparticle drug carriers have 

utilized receptor-mediated endocytosis28 and hence, rely on the overexpression of surface 

receptors on disease-associated cells. Therefore, researchers have focused on a recurring set 

of ligand-receptor combinations, including RGD with integrin αvβ3,29-34 NGR with 

aminopeptidase N,35-38 and folic acid with the folate receptor.39-43 

As discussed in Section 2.1, we envisioned a different targeting method termed 

EDAPT, wherein an enzymatic signal endogenous to tumor tissue directs a build-up of material 

selectively at the tumor site.11-12, 44-46 Specifically, we utilized matrix metalloproteinases 

(MMPs), overexpressed in an array of cancer types and present as catalytic, extracellular or 

membrane-bound tumor markers.8, 47-49 In this strategy, nanoparticles have shells decorated 

with peptides containing a substrate for MMPs. Upon exposure to the enzyme, the materials 

undergo a nano- to microscale change in size, coupled with a change in morphology11. In this 

way, the tumor guides the accumulation process through MMP expression patterns resulting 

in active accumulation through catalytic amplification. To date, we have demonstrated this 
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targeting method for the accumulation of fluorescent probes with the aim of developing 

approaches for guided surgery50 and for diagnostic purposes.11-12, 46 

 

 

Figure 2.2.1. PTX-EDAPT polymer scheme. a) Structure of PTX-containing ROMP polymer. PTX is 
directly polymerized as part of the hydrophobic polymer block (shaded in purple), followed by either an 
enzyme responsive peptide composed of L-amino acids (sequence denoted in capital letters) or an 
enzyme nonresponsive peptide composed of D-amino acids (sequence denoted in lowercase letters) 
as the hydrophilic block (shaded in blue), and terminated with a fluorophore (shaded in green) to enable 
visualization and tracking in vivo.  b) Schematic representation of PTX-EDAPT nanoparticles formed 
from the polymers shown in panel a. Upon dialysis of the polymers from organic solvent against aqueous 
media, spherical nanoparticles self-assemble as shown in Figure 2.1.2. PTX is covalently bound within 
the nanoparticle core and comprises 63% of the structure by mass. The nanoparticle shell contains the 
peptide sequence (comprised of either L- or D- amino acids). 
 

Given our experience with targeting fluorescent probes11, we hypothesized that an 

MMP-targeted nanoparticle platform could be employed as a tool for the delivery of 

chemotherapeutics (Figure 2.2.1). Towards this end, we generated micellar nanoparticles 

through the direct diblock copolymerization of a novel paclitaxel (PTX) conjugate with a MMP 

substrate and end-functionalized with a fluorophore (Figure 2.2.1a). Both functional monomers 

were synthesized as norbornene analogues amenable to ring opening metathesis 

polymerization (ROMP),16-20, 51-53 utilizing a highly functional group tolerant Ru-based initiator20, 

54-57 capable of producing polymers with low dispersity in a highly reproducible manner.55, 57 

The resulting amphiphilic block copolymers assemble into micellar nanoparticles with a surface 

comprised of shell of MMP-substrates and a hydrophobic paclitaxel core (Figure 2.2.1b). 
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Notably, the drug is polymerized directly and is covalently bound via a biodegradable ester 

linkage. Upon exposure to MMP, the peptide shell is cleaved and the nanoparticles undergo a 

drastic change in morphology from discrete, spherical micelles 20 nm in diameter to form 

micron-scale assemblies visualized by transmission electron microscopy (see Figure 2.1.2b-

c and Figure 2.2.2).11-12 This transition amounts to a tumor-guided implantation of the polymer-

bound drug conjugate via intravenous (IV) injection. 

We utilized PTX in the hydrophobic block of the copolymer and as the therapeutic 

moiety in this motif, as it is a potent microtubule-stabilizing agent58-59 and standard component 

of chemotherapy regimes for many malignant and metastatic cancers. The free 2’-hydroxyl 

group of PTX is absolutely required for its antitumor activity60, but is available for conjugation 

via a biodegradable ester formed with a carboxylic acid-functionalized norbornene (PTX-

norbornenyl ester) (Figure 2.2.1a) This ensures PTX is completely inactivated, and thus is 

delivered as a prodrug prior to hydrolysis from the polymer scaffold. The peptide sequence 

GPLGLAGGERDG was employed as the hydrophilic moiety and MMP recognition sequence, 

along with its fully D-amino acid analog, gplglaggerdg. The sequence was amenable to graft-

through polymerization affording precise control of the polymer chemistry and subsequent 

enzymatic response.53, 61 Fluorescein- or rhodamine-based chain transfer agents (CTAs) were 

included in the polymerization scheme so that the resulting polymers and nanoparticles could 

be visualized as a function of FRET (Förster Resonance Energy Transfer), as fluorescein and 

rhodamine form a FRET pair. The presence of a viable FRET signal can be observed by 

exciting the donor, fluorescein, at 470 nm and monitoring the emission of the acceptor, 

rhodamine, at 590 nm. FRET is only manifest when donor and acceptor molecules are within 

the Förster radius, as they are in these materials. The use of a FRET signal, rather than a 

single-dye system, eliminates much of the background signal caused by autofluorescence. 
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2.2.2 Results and Discussion 

 ROMP was employed to generate, and static light scattering (SLS) used to analyze, 

amphiphilic diblock copolymers containing norbornenyl-bound PTX as the first, hydrophobic 

block, followed by a second block of either the fully L-amino acid peptide sequence 

GPLGLAGGERDG or fully D-amino acid peptide sequence gplglaggerdg. From these 

polymers, uniform nanoparticles with high drug loading (63% by weight per polymer) 

spontaneously assembled upon dialysis of the copolymers initially dissolved in DMSO against 

aqueous solution. Two analogous nanoparticle systems whose hydrophilic blocks were 

comprised of either all L- or all D-amino acid peptides, were generated to afford enzyme-

responsive (PTX-EDAPTL) or nonresponsive, negative control (PTX-EDAPTD) nanoparticles 

respectively.  Additionally, both systems were split into two batches during polymerization of 

the second block, and terminated with either fluorescein or rhodamine, which form a FRET pair 

when formulated into a single particle11, 46 to enable tracking of these materials in vivo.  

With both responsive (PTX-EDAPTL) and nonresponsive (PTX-EDAPTD) nanoparticles 

in hand, we confirmed the ability of these materials to respond to MMP and aggregate in vitro. 

Catalytic exposure of PTX-EDAPTL to MMP-12 for 4 hours led to the aggregated material 

(Figure 2.2.2a). Conversely, PTX-EDAPTD showed no change in structure when exposed to 

the same conditions (Figure 2.2.2b).  Further, HPLC analysis of both nanoparticle solutions 

following enzyme exposure reveals that authentic peptide cleavage product is only observed 

in PTX-EDAPTL (Figure 2.2.2c). On the basis of these observations, we hypothesized that 

PTX-EDAPTL would collect within tumor tissue upon IV injection, or be retained following 

intratumoral (IT) injection. This would lead, in turn, to release of PTX within the tumor tissue 

achieving a measurable therapeutic dose via hydrolysis induced by the tumor 

microenvironment. By contrast, PTX-EDAPTD would not be retained, but rather clear from the 

tumor tissue, before PTX hydrolysis and release could lead to a therapeutic dose. 
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Figure 2.2.2. Enzyme response of PTX-EDAPT in vitro. a) TEM micrographs and DLS plots of PTX-
EDAPTL before and after MMP exposure. After dialysis, polymers assemble into ~20 nm spherical 
nanoparticles, which assemble into network-like structures after incubation with MMP for 4 hours. b) 
TEM micrographs and DLS plots of PTX-EDAPTD before and after MMP exposure. These materials also 
form ~20 nm spherical micelles, but unlike their enzyme-responsive analogs, they do not change shape 
after incubation with MMP under identical conditions. c) HPLC plot and MS analysis (inset) of PTX-
EDAPTL and PTX-EDAPTD after MMP exposure for 4 hours. The authentic peptide cleavage fragment, 
LAGGERDG, is only seen in the enzyme-responsive system.  
 

We examined the safety and efficacy of PTX-loaded NPs in three proof-of-concept in 

vivo studies (Figure 2.2.3); 1) maximum tolerated dose (MTD) following IV administration; 2) 

efficacy post-IT injection; and 3) efficacy post-IV injection. For these studies, employed an HT-

1080 fibrosarcoma xenograft cancer model known to overexpress MMPs62  and to rapidly 

proliferate in a predictable manner after subcutaneous implantation. All animal procedures 

were approved by the University of California, San Diego’s institutional animal care and use 

committee (IACUC). 
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Figure 2.2.3. In vivo analysis of PTX-EDAPT. a) MTD analysis of PTX-EDAPTL (solid lines) and 
clinically formulated PTX (dashed lines) following single, tail-vein IV injection. Note: LD50 of clinical PTX 
is 30 mg/kg and MTD is 15 mg/kg in our hands, whereas no overt toxicity is observed in any animal 
given PTX-EDAPTL. b) Comparison of PTX-EDAPTL to PTX-EDAPTD following IT injection. PTX-
EDAPTL effectively inhibits tumor growth up to 12 days post-injection, whereas PTX-EDAPTD has no 
observable effect, providing evidence that morphology change is necessary to have therapeutic effect 
and be retained. Note: clinical PTX cannot be IT injected without severe adverse effects (ulceration). 
c) Comparison of PTX-EDAPTL to clinical PTX following a single tail vein IV injection. Throughout the 
duration of the study, equivalent efficacy is observed. 
 

To examine the safety of our system, an MTD was determined in healthy nu/nu mice. 

In animal models, toxicity was secondarily measured as a function of animal body weight,63-64 

with lethality and/or weight loss of greater than 20% suggestive of severe adverse reactions. 

The MTD in mice of clinically formulated PTX as a suspension in 1:1 Cremophor EL 

(polyoxyethylated castor oil) to ethanol has been previously established as being in a range 

between 10-30 mg/kg.65-67 In our hands the clinical formulation had a MTD of 15 mg/kg when 

administered via single tail-vein IV injection. Conversely, we were able to administer PTX-

EDAPTL via tail vein IV at a dose of 240 mg/kg. Therefore, NPL exhibited a MTD 16 times 

greater than PTX without overt clinical toxicity, except for a 10% weight loss at 1 day with slow 

recovery over the next 3 days (Figure 2.2.3a). This suggests our enzyme-responsive materials 

are safely administered, even at exceptionally high doses.  

To examine efficacy, PTX-EDAPTL was tested against PTX-EDAPTD, clinically 

formulated PTX, and saline in a series of IT (Figure 2.2.3b) and IV (Figure 2.2.3c) studies, 
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with all injection concentrations standardized to the equivalent of a 15 mg/kg dose of PTX. In 

brief, tumor xenografts of HT-1080 were established by inoculating each mouse 

subcutaneously with ~106 cells. Drug treatments were initiated once the tumors reached 

approximately 50 mm3 in size. Tumor growth was assessed by daily measurement of tumor 

diameter through B-Mode Ultrasound (US) (Figure 2.2.4).68 

 

 

 

To confirm that morphology change is necessary to retain our materials and further, to 

determine whether this accumulation event leads to a release of drug cargo at the tumor site, 

we conducted an efficacy study in which the effect on tumor growth of PTX-EDAPTL was 

compared to that of both PTX-EDAPTD and saline (negative control) following IT injection. Live-

animal fluorescence imaging (Figure 2.2.5) was used to monitor the retention of our materials 

post-injection as a function of FRET signal with the eXplore Optix preclinical scanner (λex= 470 

nm and λem= 590 nm). As shown in Figure 2.2.5a, FRET is observable up to 3 days following 

IT injection of PTX-EDAPTL, suggesting these materials are accumulating and being retained 

over a long time-scale. Importantly, FRET is only observed for the first 3 hours following IT 

injection of PTX-EDAPTD (Figure 2.2.5b), indicative of rapid clearance of the material, 

presumably due to the lack of MMP-induced morphology change. Excitingly, we observed 

superior tumor growth suppression by PTX-EDAPTL up to 12 days post-IT injection (see 

Figure 2.2.3b), and in fact, one animal in the cohort experienced complete remission beyond 

two months post-treatment. Conversely, there is no observable difference between PTX-

Figure 2.2.4. Representative example of 
tumor measurement by ultrasound. Tumor 
volume was determined by ultrasound, as 
described above. a) Ultrasound of X and Y 
axes of tumor. b) Ultrasound image of tumor Z 
axis. 
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EDAPTD and saline throughout the duration of the study. These results provide evidence that 

morphology change is required for the function of these materials. 

 

 
Figure 2.2.5. Live-animal fluorescence imaging of PTX-EDAPT. a) Time-course analysis of FRET 
signal in tumor-bearing nu/nu mouse following IT injection of PTX-EDAPTL.  Signal can be detected in 
the tumor out to 72 hours post-injection, indicating retention of the material. b) Time-course analysis of 
FRET signal in tumor-bearing nu/nu mouse following IT injection of PTX-EDAPTD. Rapid signal loss is 
observed within the first 3 hours post-IT injection, indicating that materials are being cleared from the 
tumor, unlike their enzyme-responsive analogs. 

 

Further evidence of efficacy was elucidated through a preliminary IV study. The effect 

on tumorigenesis of PTX-EDAPTL was compared to that of clinically formulated PTX (positive 

control) and of saline (negative control), following a single tail vein IV injection (Figure 2.2.3c). 

In the literature, it is accepted that in vivo tumor growth follows an exponential curve until it 

reaches a lethal tumor volume of 109 cells (1 cubic centimeter).69-70 After 10 days post-injection, 

mice in the saline cohort experienced rapid proliferation until reaching nearly lethal tumor 

volume within 14 days. By contrast, PTX-EDAPTL successfully suppressed tumor growth for 

up to two weeks post-treatment, and in fact, paralleled that of PTX, within standard error, 

throughout the duration of the study. This, coupled with the MTD data, suggests that at 

equivalent doses, enzyme-responsive nanoparticle scaffolds have potentially very low toxicity 

for equivalent efficacy.  
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Figure 2.2.6. Ex vivo FRET analysis. Representative FRET fluorescence images of PTX-EDAPTL 
(left), PTX-EDAPTD (middle), and saline (right) cohorts at 14 days post-IV injection. Organs were imaged 
immediately after excision, and include tumor, liver, spleen, kidneys, heart, and lung, from top to bottom 
in each panel.  FRET is observed in tumors from animals administered PTX-EDAPTL, with minimal 
accumulation observed elsewhere.  
 

In conjunction with the IV efficacy study, the targeting capabilities of our materials 

following IV injection were analyzed via fluorescence imaging to monitor for FRET signal 

generation at the tumor site. Indeed, ex vivo tissue analysis of animals sacrificed at 14 days 

post-injection (Figure 2.2.6) reveals that FRET is only observable in organs of animals 

administered PTX-EDAPTL system. Further, the highest fluorescence signal intensity is 

observed in the excised tumors, with fluorescence observed to a lesser extent in the liver, 

spleen, and kidneys. This suggests that a mode of clearance of our system is through the 

reticuloendothelial system (RES).71 However, the limited toxicity established in the MTD study 

suggests that although RES-associated organs may sequester these materials, they are not 
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being processed to release their payloads at off-target sites at a rate high enough to achieve 

toxic doses in the animals. Full pharmacokinetic analysis of these materials will be completed 

prior to optimization of the system, but preliminary biodistribution analysis following IV injection 

(Figure 2.2.7) reveals comparable accumulation of PTX-EDAPTL in both the tumor, liver, and 

spleen, which is promising, as many nanoparticle systems suffer from extensive accumulation 

in the clearance organs, relative to the target organ72-73 .  

 

  

 

2.2.3 Study Conclusions  

 Together, the foregoing results in Section 2.2.2 demonstrate that this novel, innovative 

class of nanoscale carrier can transport small molecule chemotherapeutics specifically and 

selectively to the disease site while limiting off-target toxicity. A distinct advantage of this 

system is that therapeutic moieties are incorporated into the nanoparticle scaffold via labile 

covalent bonds enabling high drug-loading, highly reproducible synthesis, and no observable 

release of material until accumulation occurs at the tumor site. Furthermore, these systems 

are potentially generalizable, as any therapeutic capable of conjugation to a norbornene 

handle can be incorporated into the center of the nanoparticle scaffold, which will be discussed 

Figure 2.2.7. Biodistribution of PTX-
EDAPTL as a function of injection type. The 
biodistribution of PTX-EDAPTL in tumor, liver, 
spleen, and kidneys was assessed by 
measuring FRET signal at 48 hours following 
IV injection (blue dots) or IT injection (blue 
stripes). Using tissue-specific calibration 
curves, fluorescence counts were converted to 
polymer concentrations. These values were 
then normalized by the injected dose and 
animal weight, and background 
autofluorescence was subtracted (based on 
fluorescence from organs in animals 
administered saline) to calculate standardized 
uptake values.   
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in later chapters. Future studies will center on the optimization of this system, and include 

investigation of higher PTX doses, exploration of the effect of surface chemistry on RES 

uptake, and tuning the biodegradation of the drug-to-polymer bond via incorporation of 

linkages sensitive to other stimuli present in tumor tissue, such as lowered pH and oxidative 

stress. Finally, we note the promising effects observed for IT administration. Although IV 

administration is certainly the gold standard for development of chemotherapeutics, there are 

several instances in which IT administration is used clinically, and is highly efficacious against 

primary and metastatic disease,74-78 thus this route may prove a powerful translational tool. In 

summary, the system introduced here constitutes a new paradigm in the design of drug-

carrying nanomaterials: the use of switchable morphology to guide in vivo accumulation for 

enhanced safety and efficacy. 

  

2.2.4 Experimental 

In Vitro Studies—General Materials and Methods: All reagents were obtained from 

Sigma Aldrich or Fisher Scientific and used without further purification. Polymerizations were 

performed in a dry, nitrogen atmosphere with anhydrous solvents. MMP-2, -9, and -12 were 

obtained from Calbiochem as a solution in 200 mM NaCl, 50 mM tris-HCl, 5 mM CaCl2, 1 μM 

ZnCl2, 0.05% BRIJ® 35 Detergent, 0.05% NaN3, at pH 7.0. HPLC analyses of all products and 

peptides were performed on a Jupiter 4μ Proteo 90A Phenomenex column (150 x 4.60 mm) 

with a binary gradient, using a Hitachi-Elite LaChrom 2130 pump that was equipped with a 

Hitachi-Elite LaChrom L-2420 UV-Vis detector. Separation was achieved with a flow rate of 1 

mL min-1 and the following mobile phase: 0.1% trifluoroacetic acid in H2O (A) and 0.1% 

trifluoroacetic acid in ACN (B).  Starting with 100% A and 0% B, a linear gradient was run for 

30 min to a final solvent mixture of 33% A and 67% B, which was held for 5 min before ramping 

up to 0% A and 100% B over the course of 2 min and holding at this level for an additional 4 
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minutes, before ramping back down to 100% A and 0% B, with constant holding at this level 

for 4 additional minutes.  Mass spectrometry (MS) of all synthesized compounds and peptides 

was performed at the Molecular Mass Spectrometry Facility (MMSF) in the Department of 

Chemistry and Biochemistry at the University of California, San Diego. Polymer dispersities 

and molecular weights were determined by size-exclusion chromatography (Phenomenex 

Phenogel 5u 10, 1K-75K, 300 x 7.80 mm in series with a Phenomenex Phenogel 5u 10, 10K-

100K, 300 x 7.80 mm) in 0.05 M LiBr in DMF, using a Shimatzu pump that was equipped with 

a multi-angle light scattering detector (DAWN-HELIOS, Wyatt Technology) and a refractive 

index detectors (Wyatt Optilab T-rEX) normalized to a 30,000 MW polystyrene standard. 

Hydrodynamic radius (Rh) was determined by DLS, through a Wyatt Dynapro NanoStar. 

Transmission Electron Microscopy was performed on an FEI Tecnai G2 Sphera at 200 KV. 

TEM grids were prepared with a 1% uranyl acetate stain on carbon grids from Ted Pella, Inc. 

In vitro fluorescence measurements were taken on a PTI QuantaMaster Spectrofluorometer. 

Chemical shifts (1H) are reported in δ (ppm), relative to the residual proton peak of CDCl3 (7.27 

ppm). Chemical shifts (13C) are reported in δ (ppm), relative to the carbon peak of CDCl3 (77.00 

ppm). 

 

Figure 2.2.8. Synthetic scheme of PTX monomer. PTX is esterified through it’s 2’-hydroxyl group 
with a norbornenyl derivative to afford the PTX ROMP monomer used in Chapter 2.2. 
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Paclitaxel (PTX) Monomer Synthesis: To a solution of paclitaxel (2.34x10-5 mol, 1.0 

equiv.) with N-(hexanoic acid)-cis-5-norbornene-exo-dicarboximide (2.34x10-4 mol, 1.0 equiv., 

prepared from published protocol79) in 50 mL dry DMF in a 100 mL round bottom flask under 

N2, was added 4-(Dimethylamino)pyridine (2.34x10-6 mol, 0.1 equiv.). After stirring for 5 

minutes at 0°C in an ice bath, N,N'-Dicyclohexylcarbodiimide (2.58x10-6 mol, 1.1 equiv.) was 

dripped into the reaction mixture and allowed to stir for 7 hours. Reaction progress was 

monitored via TLC (1:1 hexane:ethyl acetate, Rf =0.3). Precipitated urea was removed via 

suction filtration, and the filter cake washed with DCM. The solvent was removed via rotary 

evaporation and the resulting crude product was dissolved in 30 mL CHCl3. Purification was 

achieved through extraction with water (1 x 30 mL), followed by 0.5M HCl (3 x 10 mL), and 

finally saturated NaHCO3 (3 x 10 mL). The organic phase was dried over MgSO4 and solvent 

removed via rotary evaporation to afford the purified product in 90% yield. 1H NMR (400 MHz, 

CDCl3):  δ (ppm) 1.14-1.33 (m, 8H, 2×CH3. 1×CH2) 1.53 (m, 2H, CH2) 1.58 (m, 2H, CH2) 1.68 

(m, 3H, CH3) 1.81 (s, 3H, CH3) 1.88 (m, 2H, CH2) 1.93 (t, 2H, CH2) 2.02 (s, 1H, OH) 2.22 (s, 

3H, CH3) 2.34-2.39 (m, 5H, CH3, CH2) 2.47 (s, 1H, OH) 3.21 (m, 2H, CH) 3.37-3.48 (m, 2H, 

CH), 3.80 (d, 1H, CH) 4.19-4.45 (m, 3H, CH2, CH) 4.96 (t, 1H, CH) 5.51 (d, 1H, CH) 5.68 (d, 

1H, CH) 5.98 (t, 1H, CH) 6.22-6.30 (m, 4H, CH) 7.12-7.33 (d, 1H, NH) 7.34-7.75 (m, 18H, 

3×Ar). 13C NMR (400 MHz, DMSO): 10.2, 14.3, 23.1, 24.3, 26.02, 27.2, 30.83, 32.15, 33.81, 

36.23, 38.00, 43.40, 44.91, 47.67, 54.43, 57.83, 70.86, 71.28, 74.95, 77.17, 80.71, 84.07, 

125.75, 127.84, 128.77, 129.34, 230.03, 134.64, 137.77, 138,06, 139.82, 154.02, 157.07, 

162.74, 165.66, 166.79, 169.18, 170.09, 172.75, 178.03, 202.81.  ESI-MS(+): m/z 1136.40 [M+ 

Na]+. 
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Figure 2.2.9. Peptide Structures. Structure of enzyme-responsive peptide, containing L-amino acids, 
is shown as compound 2. Structure of nonresponsive peptide, containing D- amino acids, is shown as 
compound 3.  
 

Peptide Synthesis: Peptides were synthesized using an AAPPTEC Focus XC 

automated synthesizer. Both L- and D-amino acids were purchased from AAPPTEC and 

NovaBiochem. N-(glycine)-cis-5-norbornene-exo-dicarboximide (NorGly) was prepared as 

described above. Peptide monomers were synthesized via standard FMOC-based peptide 

synthesis using Rink Amide MBHA resin (AAPTEC) in a standardized fashion. FMOC was 

deprotected using a solution of 20% 4-methylpiperidine in DMF. Amino acid couplings were 

carried out using HBTU and DIPEA (resin/amino acid/HBTU/DIPEA 1:3.5:3.4:4). The final 

peptide monomers were cleaved from the resin using a mixture of TFA/H2O/TIPS (95:2.5:2.5) 

for 90 minutes. The peptides were precipitated and washed with cold ether. For purification 

and analysis, the peptides were dissolved in a solution of 0.1% TFA in water and analyzed via 

RP-HPLC and purified via preparative HPLC. Peptide identities and purities were confirmed 

using ESI-MS and RP-HPLC monitoring at Iabs = 214 nm.  Peptide monomer sequence: NorGly-

Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly-Glu-Arg-Asp-Gly.  L-amino acids were used exclusively for 

the preparation of 2 (Figure 2.2.9), and D-amino acids were used exclusively for the 

preparation of 3. RP- HPLC retention time was 13 minutes (linear gradient of 0-67% B over 30 

minutes). Preparative HPLC retention time was 33 minutes (linear gradient of 20-40% over 60 

minutes). ESI-MS(+): 1300.54 [M+H]+. 
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Fluorescein-Terminated Diblock Copolymers (4L, 4D in Figure 2.2.10): To a stirred 

solution of PTX-norbornene (compound 1, Figure 2.2.10) (143 mg, 1.3 x10-4 mol, 10 equiv) in 

dry DMF (1600 μL) was added a solution of the catalyst ((IMesH2)(C5H5N2)(Cl)2Ru=CHPh) 

(9.22 mg, 1.3x10-5 mol, 1.0 equiv) in dry DMF (230 μL). The reaction was allowed to stir under 

N2 for 2 hours, after which an aliquot (30 μL) was removed and quenched with ethyl vinyl ether 

for SLS analysis. The remaining solution of 1 + catalyst (1800 μL) was split into two separate 

reaction vessels. To one reaction vessel was added a solution of 2 (50 mg, 3.8x10-5 mol, 3 

equiv) in 800 μL dry DMF (to ultimately afford 4L). To the second vessel was added a solution 

of 3 (50 mg, 3.8x10-5 mol, 3 equiv) in 800 μL dry DMF (to ultimately afford 4D). After three 

additional hours, a small aliquot was removed from each reaction vessel (30 μL each) and 

terminated with ethyl vinyl ether for SLS analysis. To each of the remaining solutions, TA-1 

(prepared via previously published protocol[2]) was added (4.5 mg, 6.3x10-6 mol, 1.2 equiv) and 

stirred for 1 hour. Afterwards, 10 μL ethyl vinyl ether was added to ensure the polymerizations 

were fully terminated. 30 μL NH4OH was then added to both solutions and allowed to stir for 

an additional 20 minutes to deprotect TA-1. The fully terminated and deprotected polymers 

were precipitated with a cold 1:1 ether:methanol solution to afford the block copolymers as 

dark yellow solids (4L, 4D).  

Rhodamine-Terminated Diblock Copolymers (5L, 5D in Figure 2.2.10): To a stirred 

solution of 1 (143 mg, 1.3 x10-4 mol, 10 equiv) in dry DMF (1600 μL) was added a solution of 

the catalyst ((IMesH2)(C5H5N2)(Cl)2Ru=CHPh) (9.22 mg, 1.3x10-5 mol, 1.0 equiv) in dry DMF 

(230 μL). The reaction was allowed to stir under N2 for 2 hours, after which an aliquot (30 μL) 

was removed and quenched with ethyl vinyl ether for SLS analysis. The remaining solution of 

1 + catalyst (1800 μL) was split into two separate reaction vessels. To one reaction vessel was 

added a solution of 2 (50 mg, 3.8x10-5 mol, 3 equiv) in 800 μL dry DMF (To ultimately afford 

5L). To the second vessel was added a solution of 3 (50 mg, 3.8x10-5 mol, 3 equiv) in 800 μL 
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dry DMF (To ultimately afford 5D). After three additional hours, a small aliquot was removed 

from each reaction vessel (30 μL each) and terminated with ethyl vinyl ether for SLS analysis. 

To each of the remaining solutions, TA-2 (prepared via previously published protocol46) was 

added (4.5 mg, 6.3x10-6 mol, 1.2 equiv) and stirred for 1 hour. Afterwards, 10 μL ethyl vinyl 

ether was added to ensure the polymerizations were fully terminated. The fully terminated 

polymers were then precipitated with a cold 1:1 ether:methanol solution to afford the block 

copolymers as deep magenta solids (5L, 5D).  

 
 
Figure 2.2.10. Synthetic scheme of PTX-EDAPT polymers. The PTX-based monomer (compound 1) 
is first polymerized through ROMP, followed by a second block composed of either L- or D- peptides 
(compound 2 or 3, respectively), and finally terminated with either a fluorescein (compound TA-1) or 
rhodamine (compound TA-2) chain transfer agent. This ultimately affords 4 polymers: Fluorescein-
labelled, enzyme responsive polymers (4L), fluorescein-labelled, nonresponsive polymers (4D), 
rhodamine-labelled, enzyme responsive polymers (5L), and rhodamine-labelled, nonresponsive 
polymers (5D). 
 

Homopolymer of 4L and 4D: Mn = 13330, PDI = 1.016, hydrophobic block length = 10 

Copolymer of 4L: Mn = 17240, PDI = 1.035, hydrophilic block length = 3 

Copolymer of 4D: Mn = 18830, PDI = 1.069, hydrophilic block length = 4 

Homopolymer of 5L and 5D: Mn = 8345, PDI = 1.024, hydrophobic block length = 8 

Copolymer of 5L: 10015, PDI = 1.027, hydrophilic block length = 2 

Copolymer of 5D: Mn = 13030, PDI = 1.117, hydrophilic block length = 4 
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Nanoparticle Preparation (PTX-EDAPTL and PTX-EDAPTD): 10 mg of polymer was 

dissolved in 1 mL of DMSO and an additional 1 mL of 1X DPBS (Dulbecco’s Phosphate 

Buffered Saline, no Ca, no Mg) was added over the course of 2 hours. This solution was 

transferred to a 3500 MWCO snakeskin dialysis tubing, and dialyzed against 1 L of 1X DPBS 

at pH 7.4 over 2 days with 2 buffer changes. The resulting solution was analyzed by DLS and 

TEM. 

In vitro Nanoparticle Degradation via MMP-12: 500 μL PTX-EDAPTL (concentration 

with respect to peptide), PTX-EDAPTD, or PTX were incubated with MMP-12 (100 nU) at 37 

degrees Celsius. After 4 hours, the assay was quenched by inactivation of MMP-12 at 65 °C 

for 20 minutes. Aliquots of these quenched samples were removed and analyzed via RP-HPLC 

(absorbance = 214 nm) to monitor for the presence of peptide cleavage fragment, whose 

sequence is LAGGERDG. ESI-MS was conducted on the peak eluted at 14 minutes on the 

spectrum to determine fragment MW. Only in PTX-EDAPTL does this fragment appear (Figure 

2.2.2c), which confirms that enzymatic degradation of the peptide shell will only occur if the 

sequence is composed of L-amino acids. Analogous experiments were run using MMP-2 and 

MMP-9, whose results are the same.). Samples were also analyzed by DLS and negative stain 

TEM to monitor for aggregation following MMP cleavage.  This aggregation event only occurs 

in the PTX-EDAPTL system, as evidenced by TEM and DLS (Figure 2.2.2a-b).  

In Vivo Studies – General Methods: Paclitaxel Injection USP (Hospira, Inc.) was 

graciously donated by UCSD Moores Cancer Center (3855 Health Sciences Drive, La Jolla, 

CA). Tumors grown from HT-1080 fibrosarcoma cells (ATCC) were used for the model system, 

as this cell line overexpress MMPs
62

. Nu/nu mice were obtained through the UCSD in-house 

colony. Animals were inoculated with ~10
6
 cells as a subcutaneous bolus, and treatments 

began once tumor mass reached ~50 mm
3
. Animals were sacrificed at 14 days post-treatment, 



	 77 

or when their tumor burdens exceeded 1500 mm3. B-mode ultrasound (US) (Visualsonics Inc, 

Vevo 770-120) was used to record tumor volume daily over the course of the study.  Absolute 

tumor volume was approximated with the formula68 V = length (mm) x width (mm) x depth 

(mm), as determined from US images. Relative tumor volume was determined by the formula: 

(1)  !"#$%&'(# = *
*+
∗ 100 

where V is the absolute tumor volume on the day of measurement and Vi is the absolute tumor 

volume on the first day of treatment.  Live-animal imaging was taken on a GE Art Optix 

instrument.  

 For optical imaging, animals were anesthetized with isofluorane with an induction dose 

of 3% and a maintenance dose of 1.5% in an oxygen gas stream. After injection, animals were 

imaged at given timepoints using a GE ART eXplore Optix Instrument (λex= 470 nm and λem= 

590 nm). Animals were sacrificed after experiments. Organs (liver, spleen, lung, kidney, heart, 

and lung) and tumor were harvested and frozen for tissue slice preparation and analysis. To 

examine chronic in vivo toxicity, histological examination was conducted on sections of liver 

and kidney, 14 days post-IV injection of PTX-EDAPTL and PTX-EDAPTD. Organs were 

removed and frozen using cryoprotection and OCT. The tissue was then sectioned with a 

cryostat at 5 μm thickness, and stained with haemoatoxylin and eosin.  

Maximum Tolerated Dose (MTD) of PTX-EDAPTL: 15 healthy nu/nu female mice were 

separated into 5 groups (3 mice per cohort) and treated with PTX-EDAPTL at the dosage 

equivalent of 15, 30, 60, 120, or 240 mg/kg with respect to PTX as a single, tail vein IV injection. 

Mouse weight was recorded once daily until all animals in the cohort returned to, or surpassed, 

their weight on the day of injection. Adverse toxicity is measured as a function of lethality and/or 

weight loss, with >20% weight loss suggestive of severe adverse events.63-64 No animals in 

any cohort given PTX-EDAPTL died. Two additional cohorts (6 mice, 3 per group) were treated 

with 15 mg/kg and 30 mg/kg of clinically formulated paclitaxel (a 6 mg/mL suspension in 1:1 
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ethanol: Cremophor EL®, diluted with 1X DPBS prior to injection).  Animals in the 15 mg/kg 

PTX cohort experienced similar weight-loss as those in the 15 mg/kg PTX-NP cohort (see 

Figure 2A), but with serious reactions as a result of the method of injection (tails necrosed 

below the injection site and subsequently fell off). In the 30 mg/kg group, 1 out of the 3 animals 

died within 30 minutes post-injection. An additional animal was given 30 mg/kg and also died 

within an hour of injection.  

Intravenous Efficacy: 20 tumor-bearing nu/nu female mice were randomly sorted into 4 

groups (5 mice per cohort) and treated with PTX-EDAPTL, PTX-EDAPTD, PTX, or saline at the 

dosage equivalent of 15 mg/kg of PTX as a single, tail-vein IV injection. Mouse weight and 

tumor volume were recorded once daily over the course of the 14-day study. Animals were 

imaged at 0, 1, 3, 5, 24, 48, 72, and 126 hours post-injection via live-animal optical imaging. 

To assess efficacy, relative tumor volume (see equation (1) above) was calculated for each 

data point. The average relative tumor volume of each cohort at each time point was then 

calculated, along with standard deviation and standard error. Animals were sacrificed at 14 

days post-injection. Tumor, liver, spleen, kidneys, heart, and lungs were excised from each 

animal and treated as in above protocol.   

Intratumoral Efficacy: 15 tumor-bearing nu/nu female mice were randomly sorted into 

3 groups (5 mice per cohort) and treated with PTX-EDAPTL, PTX-EDAPTD, or saline at the 

dosage equivalent of 15 mg/kg of PTX as a single intratumoral injection. Mouse weight and 

tumor volume were recorded once daily over the course of the 12-day study. Animals were 

imaged at 0, 1, 3, 24, 48, and 72 hours post-injection via live-animal optical imaging. To assess 

efficacy, relative tumor volume (see equation (1) above) was calculated for each data point. 

The average relative tumor volume of each cohort at each time point was then calculated, 

along with standard deviation and standard error. Animals were sacrificed at 12 days post-

injection. Tumor, liver, spleen, kidneys, heart, and lungs were excised from each animal and 



	 79 

treated as in above protocol. An additional tumor-bearing mouse was administered 15 mg/kg 

of PTX, also as a single intratumoral injection.  Following treatment, the animal experienced 

severe ulceration at the tumor site within two days of treatment, and thus had to be sacrificed 

and excluded from the study. 

Biodistribution by Standardized Uptake Values: 6 tumor-bearing nu/nu female mice 

were sorted randomly into 2 groups (3 mice per cohort) and treated with PTX-EDAPTL at the 

dosage equivalent of 15 mg/kg of PTX, as either an IT or IV injection. An additional cohort of 

3 tumor-bearing mice was given no treatment, to serve as a handle for baseline tissue 

fluorescence. At 48 hours post-injection, all animals were sacrificed. Tumor, liver, spleen, and 

kidneys of all animals were harvested, weighed, and transferred to individual 15 mL conical 

tubes. Lysis buffer (0.25mg/mL Proteinase K, 0.1mg/mL DNAse, 150 mM NaCl, 10mM tris pH 

8, 0.2% SDS) was added to each conical tube as a ratio of 9 μL buffer per 1 mg tissue. All 

tissues were then cut into small pieces and homogenized for 30 seconds using an 

ultrasonicator, transferred to 1.5 mL eppendorf tubes, and incubated overnight at 55oC.  

Calibration curves for each tissue type (liver, spleen, kidney, tumor) were generated 

via the following protocol: 90 μL of homogenated tissue from animals treated with saline were 

pipetted into a 96-well plate and fluorescence measured to obtain background. 10 μL of PTX-

EDAPTL was added at varying polymer concentrations and the fluorescence measured 

(λexcitation = 545 nm, λexcitation = 580 nm), to generate a plot of fluorescence counts vs. polymer 

concentration. The data obtained from each curve was fitted linearly to use for measuring 

polymer concentration in experimental tissues. 

To assess the effect of injection method on the biodistribution of PTX-EDAPTL, the 

fluorescence count of PTX-EDAPTL in tumor, liver, spleen, and kidneys after either IT or IV 

injection was measured. 100 μL of each homogenated tissue (see details above) was added 

to an individual well of a 96-well plate. Fluorescent counts of each well (λexcitation = 545 nm, 
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λexcitation = 580 nm) were converted to polymer concentrations using tissue-specific calibration 

curves generated as described above, and were then normalized by the injected dose and 

animal weight to calculate standardized uptake values (SUV). SUV = (moles of polymer in 

tissue/mass of tissue) / (mols of polymer injected/weight of animal). 
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2.3 EDAPT For Delivery of Pt-Based Drugs 

 

2.3.1 Introduction 

 Following the success in delivery of PTX to tumor tissue using our EDAPT system 

(Section 2.2), we hypothesized that this platform could be extended to the delivery of other 

small molecule cytotoxins. We had previously demonstrated the feasibility of delivering ROMP-

based, Pt(II)-loaded nanoparticles to cells80 through the copolymerization of a Pt-II norbornenyl 

complex together with a hydrophobic 15N-labelled Ph monomer, hydrophilic PEG monomer, 

and NIR dye. In that work, the in cellulo uptake of the nanoparticles was monitored and the 

nanocarrier and drug were tracked separately to understand the pathway for drug release and 

cytotoxic effects within the cell. Importantly, this system showed equivalent cytotoxicity as the 

parent Pt drug, and demonstrated the power of combined optical and isotopic nanoscopy 

techniques to study the delivery and the intracellular distribution of Pt(II)-loaded nanoparticles 

in tumor cells.  

Based on these promising results, we reckoned that a Pt(II)-based EDAPT nanoparticle 

system would also show efficacy in vivo, and that incorporation of the same types of isotopic 

and NIR labels as in our previous study would enable visualization of the carrier and drug in 

tissues following administration. Thus, we designed a system wherein a Pt(II) complex was 

copolymerized with an 15N-labelled Ph, an NIR fluorophore, and an MMP-responsive peptide, 

termed Pt-EDAPT (Figure 2.3.1). We applied a similar imaging technique as in our previous 

work80 to study the distribution of this drug-loaded, enzyme responsive nanoparticle system in 

vivo following intratumoral (IT) administration to HT-1080 xenografts. 
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Figure 2.3.1. Pt-EDAPT structure. a) Structure of Pt-containing, enzyme responsive polymer 
containing isotopic and fluorescent labels. Pt is directly polymerized as part of the hydrophobic block 
(purple shading) together as a blend with a 15N-labelled Ph moiety. This blended block is then followed 
by either an enzyme responsive peptide composed of L-amino acids (discussed in Chapter 2.2) or 
nonresponsive peptide composed of D-amino acids and a single NIR fluorophore as two separate blocks 
of the hydrophobic portion of the polymer (blue shading). b) Schematic representation of Pt-EDAPT 
nanoparticles formed from the polymers depicted in panel a. Upon dialysis, spherical nanoparticles 
assemble, wherein the Pt-drug and 15N-isotopic label are covalently bound within the core (depicted in 
green), and the peptide and NIR fluorophore are contained on the shell (depicted in pink). Together, this 
forms a nanoparticle drug delivery system amenable to visualization and tracking using correlated 
optical and isotopic nanoscopy techniques. 
 

It should be noted that there are considerable challenges that face nanomaterials that 

relate to the ability to characterize these materials in vitro, in vivo, and ex vivo to determine 

their interactions with biological cells and tissues. Despite important advances in characterizing 

nanostructures as single entities,81-84 understanding their behavior once in a complex living 

organism, and more specifically, observing their state and distribution in the target tissues at 

the nanometer length scale, remains challenging.85-86  

To characterize the location of Pt-EDAPT, we employed an approach that correlates 

optical and isotopic nanoscopy, which has been recently introduced for multimodal imaging at 

the nanometer length scale.80, 87 In this case, Nanoscale Secondary Ion Mass Spectrometry 

(NanoSIMS; high special resolution, sensitivity and mass resolution)88-89 is linked with super-

resolution microscopy techniques for the study of biological systems. Although still 

methodologically complex, this combination of techniques has gained attention and it has been 
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applied to the study of systems such as biological processes in neuron cells, as well as 

intracellular distribution of metal-based drugs.87, 90 

 

2.3.2 Results and Discussion 

 Amphiphilic block copolymers containing an oxaliplatin analog and MMP-responsive 

peptides were generated through ring opening metathesis polymerization (ROMP).91 The 

monomers were specifically designed to form polymers which would self-assemble into a 

nanoparticle with three main characteristics. It should (1) specifically accumulate in tumor 

tissue; (2) demonstrate antitumor properties in a murine xenograft of a cancer that 

overexpresses MMPs in its pathology; and (3) provide contrast for optical and isotopic imaging 

techniques. Thus, polymers were synthesized using 4 different ROMP monomers: (a) an 

oxaliplatin analogue monomer containing a norbornene polymerizable moiety,81 known to be 

cytotoxic to a variety of cancer cells and useful as an isotopic label because of the lack of Pt 

in biological samples; (b) a 15N-labeled phenyl monomer which serves as a isotopic label for 

the polymer backbone of the nanocarrier; (c) a peptide substrate monomer as an MMP 

recognition sequence (L-amino acid sequence “GPLGLAGGERDG and D-amino acid 

sequence “gplglaggerdg”); and (d) a Cyanine 5.5 dye (NIR) monomer as a fluorescent polymer 

label for super-resolution fluorescence microscopy (Figure 2.3.1a) 

Copolymerization of the Pt-monomer with the 15N-monomer in a 2:1 ratio as the 

hydrophobic block, followed by the peptide as the hydrophilic block and NIR monomer as a 

third block generated an amphiphilic block copolymer. From this, nanoparticles were generated 

by dialyzing the polymers from DMSO into water as drug-containing, enzymae responsive, 

isotopically and fluorescently labeled Pt-EDAPTL (Figure 2.3.1b). Non-responsive, negative 

control nanoparticles were synthesized by incorporating D-amino acid peptides into the 

hydrophilic block of the polymers (Pt-EDAPTD). 
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Figure 2.3.2. Enzyme response of Pt-EDAPT. a) TEM micrographs (top panels) and DLS plots (lower 
panel) of Pt-EDAPTL before and after MMP exposure. Upon dialysis from DMSO against aqueous 
media, polymers assemble into nanoparticles. Incubation with MMP overnight induces a morphology 
change from spherical assemblies to microscale network structures. b) TEM micrographs (top panels) 
and DLS plots (lower panel) of Pt-EDAPTD before and after MMP exposure. Upon dialysis, polymers 
assemble into nanoparticles, but unlike their enzyme-responsive analogs, no change is seen in the 
particle morphology following overnight incubation with MMP.  
 

 After confirming the ability of Pt-EDAPTL to aggregate upon MMP exposure in vitro 

using methods like those described in Section 2.2 (Figure 2.3.2), we examined the in vivo 

capability of the material to be retained in tumor tissue and to inhibit tumor growth. We utilized 

human HT-1080 fibrosarcoma subcutaneous xenografts for these studies, as this line 

overexpresses MMPs92 and we have had previous success in delivering other therapeutic 

enzyme responsive nanoparticles in this model.13 Thus, mice bearing HT-1080 tumors were 

injected IT with either Pt-EDAPTL or Pt-EDAPTD at 2.5 mg/kg with respect to Pt content and 

monitored over the course of 12 days for retention and efficacy. A third cohort received saline 

alone as an additional negative control. The efficacy of Pt-EDAPTL was also compared to that 

of oxaliplatin at equivalent Pt doses. 
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 Importantly, Pt-EDAPTL inhibited tumor growth relative to both the saline and Pt-

EDAPTD controls (Figure 2.3.3a). Additionally, Pt-EDAPTL performed as well as its clinical 

counterpart, oxaliplatin, suggesting that packaging the Pt drug in a nanocarrier does not 

adversely affect its therapeutic capabilities. Further, live animal fluorescence microscopy was 

used to monitor the retention of both Pt-EDAPTL (Figure 2.3.3.b) and Pt-EDAPTD (Figure 

2.2.3c) post-injection by tracking the NIR fluorophore on the polymer backbone of both 

systems (λem = 635 nm and λex =693 nm). Fluorescence was observable up to 5 d following IT 

injection of Pt-EDAPTL, suggesting that these materials were retained over a long timescale. 

Further, ex vivo analysis of tumor, liver, spleen, kidney, heart, and lung showed the highest 

accumulation of Pt-EDAPTL in the tumor. Importantly, fluorescence was only observed for the 

first 5 h following IT injection of Pt-EDAPTD, indicative of rapid clearance of the material, and 

presumably due to the lack of MMP-induced morphology change, and no enhanced 

fluorescence in the tumor is observed through ex vivo analysis. 

 
Figure 2.3.3. In vivo analysis of Pt-EDAPT. a) Comparison of Pt-EDAPTL (pink curve) to Pt-EDAPTD 
(green curve), oxaliplatin (orange curve), and saline (blue curve). Throughout the duration of the study, 
Pt-EDAPTL has equivalent efficacy to that of oxaliplatin. Conversely, no evidence of efficacy is seen in 
animals treated with Pt-EDAPTD, relative to saline-treated controls. b) Time course of live-animal 
fluorescence imaging (top three panels) and ex vivo analysis at 24 hr (bottom panel) following IT injection 
of Pt-EDAPTL to evaluate retention as a function of NIR fluorescence. The material is visualizable out 
to 24 hr, and the highest accumulation is observed in the tumor. c) Time course of live-animal 
fluorescence imaging (top three panels) and ex vivo analysis (bottom panel) following IT injection of Pt-
EDAPTD to evaluate retention. Unlike the responsive system, rapid signal loss is observed within 5 hr 
post-injection of the nonresponsive control, with nearly no detectable signal at 24 hr post-injection. Note: 
All signal intensities in b) and c) are on the same, relative scale.  
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After demonstrating the efficacy of our system as a drug delivery vehicle and assessing 

its retention in tumor tissue, we investigated the material ex vivo utilizing a multimodal super-

resolution imaging approach that combines optical (Structural Illumination Microscopy or SIM) 

with isotopic (NanoSIMS) nanoscopy. The combination of these techniques allows for the 

determination of not only the distribution of the nanocarrier and the drug within the tumor, but 

also their specific cellular and intracellular localization. We aimed to track the permeation of 

Pt-EDAPTL within the tumor and to visualize its aggregation in the extracellular matrix upon 

cleavage of the peptide shell by MMPs. Exposure of the aggregated material to complex tissue 

milieu conditions is expected to promote drug release and cytotoxic effects in tumor cells by 

virtue of oxaliplatin binding to nuclear DNA.93-94  

 
 
Figure 2.3.4. SIM of tumor sections. 10X magnification fluorescence image of tumor sections from 
mice treated with Pt-EDAPTL (top) and Pt-EDAPTD (bottom). In both cases, the signal from the 
nanoparticles (Cy5.5) is concentrated on the periphery of the sections. 

 

 To validate the proposed nanoparticle activation pathway, we performed super-

resolution imaging of tumor tissue and tracked the nanocarrier (the polymer NIR dye label with 

SIM and the 15N label with NanoSIMS) and the Pt(II)-drug (NanoSIMS) separately.  As before, 

tumor-bearing mice were injected IT with either Pt-EDAPTL, Pt-EDAPTD, or saline solution and 

sacrificed 24 hours later. The tumors were harvested and cryo-sectioned into 5 μm sections 
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and placed on Indium-Tin-Oxide (ITO) coverslips. Immunostaining was performed on the 

sections with an anti-α-actinin antibody to label cytoplasmic dense structures (α-actinin, AF 

488). Samples were subsequently stained with DAPI as a cell nucleus indicator. Samples were 

finally dehydrated through a series of ethanol solutions of increasing concentration.  

 Because of the non-destructive nature of SIM, fluorescent images at different 

magnifications were obtained as part of preliminary investigations. Low magnification images 

showed fluorescent signals from both Pt-EDAPTL and Pt-EDAPTD mainly distributed in the 

periphery of the tumor tissue (Figure 2.3.4). 

 
  
Figure 2.3.5. Magnified SIM of tumor sections. SIM analysis of 5 μm thick tumor tissue sections of 
animals treated with Pt-EDAPTL (top), Pt-EDAPTD (middle), or saline (bottom). From these images, it 
is clear that  the signal for the enzyme responsive nanoparticles is the nonresponsive controls is not 
correlated with nuclear and actin staining,  suggesting an extracellular localization of the nanomaterials. 
Interestingly, samples from animals treated with saline solution showed fluorescent signals in the far-
red channel, attributed to tissue autofluorescence. The dashed line outlines a cell boundary. Scale bar 
represents 5 μm. 

Pt
-E
D
A
PT

L

DAPI α Actinin Cy5.5 Merged

Pt
-E
D
A
PT

D
Sa
lin
e



	 88 

 

As previously observed on the time-course of live animal fluorescence, only a minimal 

amount of Cy5.5 signal was detected for Pt-EDAPTD, most likely due to its reduced retention 

in tumor tissues. Increased magnification reveled the polymeric probes preferentially 

accumulating in the extracellular space, as the fluorescent signal associated with the polymer 

backbone (Cy5.5) was only poorly correlated with green actin filaments (Figure 2.3.5). 

 

Figure 2.3.6. NanoSIMS imaging of tissue slices. Secondary Electron images (SE) and NanoSIMS 
ion maps of dehydrated 5 μm tumor tissue sections of mice treated with Pt-EDAPTL (top), Pt-EDAPTD 
(middle), or saline (bottom). 31P-, 12C14N-, 12C15N-, and 195Pt- ion maps were obtained simultaneously and 
intensities are shown in a fire scale, except for the 195Pt- ion map which is shown in white/black. HSI 
images represent the 12C15N/12C14N ratio and highlight specifically enriched areas as can be seen for 
Pt-EDAPTL and Pt-EDAPTD samples. The scales on the HSI images were adjusted depending on the 
relative intensities for each sample. Thus, the scale for Pt-EDAPTL is .0037-.02, for Pt-EDAPTD is .0037-
.11 and for the saline solution sample .0037-.15. Images, in all cases, represent an area of 48 μm × 48 
μm. 

 

However, the fact that tumor regression was previously observed presumes Pt 

permeated into the cellular structures and bound to DNA. To test this hypothesis, the tissue 

sections previously imaged by SIM were further analyzed with NanoSIMS (Figure 2.3.6). 

Under our experimental conditions we collected a Secondary Electron (SE) image and four 
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masses of interest to create elemental maps of each sample: 31P as a nuclear indicator 

because of the phosphorus-rich DNA; 12C14N as an indicator for organic matter; 12C15N as a 

polymer backbone indicator and 195Pt as a drug label. A Hue-Saturation-Intensity (HSI) 

representation of the 12C15N/12C14N ratio map as a color scaled image was constructed to 

specifically identify 15N-rich areas, representative of aggregated material (Figure 2.3.6, 

rightmost panel). 

 
In addition to the tumor tissue, a sample of yeast was imaged daily and used to calibrate 

the 12C15N/12C14N measurements relative to air (vide infra). 195Pt counts obtained from images 

of samples of animals pretreated with saline solution were set as baseline counts and the 15N 

distribution was in accordance with 15N natural abundance. It is important to note that 

fluorescent images from these saline, control samples (Figure 2.3.4, bottom row) showed 

signals in the far red channel (Cy5) attributed to autofluorescence, since no specific 195Pt or 

elevated 15N signals were observed by NanoSIMS (Figure 2.3.6, bottom panels). This 

highlights the need and importance of multimodal imaging when studying labeled materials in 

complex biological systems. 

As seen in Figure 2.3.6, samples exposed to both Pt-EDAPTL and PT-EDAPTD show 

colocalization of 195Pt with high 15N enriched areas. Some of these hotspots correlate with NIR 

fluorescent signals on the SIM images (Figure 2.3.7). This suggests that, in certain areas of 

the tumor, the three labels incorporated in the polymer are still associated with the aggregated 

nanomaterials. However, there is a higher concentration of counts for samples for both labels 

(15N and Pt) in tissues that had been exposed to Pt-EDAPTL than those exposed to Pt-

EDAPTD, which aligns with the greater retention in tumor tissues of the responsive material 

previously observed by fluorescence spectroscopy. 
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Figure 2.3.7. Overlay between the 3 different labels introduced in the polymers. Cy5.5 in blue 
(nanocarrier), 12C15N- in green (nanocarrier) and 195Pt- in red (Pt-drug). The correlation was carried out 
for images from the three different studied conditions: tumor sections from mice treated with Pt-EDAPTL 
(top), Pt-EDAPTD (middle) and saline solution (bottom). While Cy5.5 and 12C15N- images show large 
areas of overlap for Pt-EDAPTL Pt-EDAPTD, 195Pt- shows hotspots which correlate only partially. As 
expected, saline samples show only low signal (Cy5.5) or counts for 12C15N- and 195Pt-. 
 

To better understand the distribution of nanocarrier drug in the tissue, regions of 

interest (ROIs) on the NanoSIMS images were defined, based on areas within the samples 

where high concentrations of each label was observed. These ROIs were used to quantify the 

accumulation of the nanocarrier and drug labels within (on) and outside (off) of ROIs. Thus, 

two types of ROIs were analyzed: within (on) or outside (off) highly 15N-rich areas (on/off 15N 

ROIs, defined from the corresponding HSI images, representing high concentrations 

aggregated polymer, Figure 2.3.8a) and within (on) or outside (off) 31P-rich areas (on/off 31P 
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ROIs, defined from the corresponding 31P- images, representing the nucleus of cells, Figure 

2.3.8b), to analyze accumulation of the labels on the aggregated nanomaterial and on the 

nucleus of cells, respectively.  

 
Figure 2.3.8. Quantitative analysis of 15N and 195Pt enrichment. a) ROIs were defined according to 
15N accumulation as “high 15N/14N” (ROI number 1-16) and “low 15N/14N” enrichment (ROI number 17-
32). 15N ROIs of the Pt-EDAPTL HSI image are in the pink panel, and 15N ROIs on the Pt-EDAPTD HSI 
image in the green panel. b) 31P ROIs on the Pt-EDAPTL 31P ion map (pink panel) 31P ROIs on the Pt-
EDAPTD 31P ion map image (green panel). c) 195Pt enrichment on and off 15N-rich ROIs. d) 15N/15N on 
and off 31P-rich ROIs. e) 195Pt enrichment on and off 31P-rich ROIs. Note that Pt- was collected as 196Pt- 
for the saline sample. Pt counts on saline ROIs were normalized to 195Pt by multiplying by 1.34, 
according to their isotopic abundance (33.8/25.2). Enrichment values were obtained from at least two 
independent images of each sample. A summary of these results and its statistical analysis can be found 
in Table 2.3.4. Minimum significant difference was defined as a p-value < 0.05. 

 

In analyzing the localization of 195Pt with respect to the polymer backbone within the 

tissue, there is a significantly higher 195Pt concentration within the 15N-enriched areas than off 

the 15N-ROI (Figure 2.3.8c), suggesting that at this time point, much of the Pt drug is still 

closely associated with the polymer. In analyzing the localization of materials in the cell nucleus 

by NanoSIMS, no significant difference was observed for 15N between on and off 31P-ROIs, 

indicating that there is no differential accumulation of polymer backbone within the nucleus, 

regardless of treatment (Figure 2.3.8d). However, differences between samples and between 
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the local sample distribution was observed for Pt, with a higher concentration of Pt on the 

nucleus and for the samples exposed to Pt-EDAPTL (Figure 2.3.8e), which could be 

responsible for the enhanced efficacy of Pt-EDAPTL in vivo.  

 

2.3.3 Study Conclusions 

 In summary, these results demonstrate that the EDAPT platform is translatable to other 

small molecule cytotoxins, and that it is possible to analyze the components of the system 

simultaneously, yet independently from one another using SIM and NanoSIMS. The larger 

concentration of both 15N and 195Pt in tumor sections exposed to the responsive Pt-EDAPTL is 

in agreement with the extended retention of this system observed in vivo over the non-

responsive Pt-EDAPTD. Tumor growth inhibition was only observed in animals administered 

Pt-EDAPTL, suggesting that the Pt-drug is being released from the nanocarrier and binding to 

intracellular targets.  Indeed, a higher 195Pt concentration was observed on 31P-rich ROIs 

(representing cell nuclei), and in respect to 15N enrichment, for samples treated with the 

responsive nanoparticles, suggesting a specific association of Pt with 31P-rich structures, such 

as DNA. 

 In addition to expanding the scope of the EDAPT platform, this study serves as a 

demonstration of the potential of correlated optical and isotopic nanoscopy for the study of 

nanomaterials in complex biological systems. Fluorescent microscopy enabled the 

differentiation of cellular structures and compartments in respect to the nanoparticle system by 

utilizing specific fluorescent markers. Further, NanoSIMS imaging revealed the specific 

accumulation of the nanoprobe in tumor tissue and showed the dissociation of the drug from 

the nanocarrier for enzyme-responsive system than for the non-responsive control system. 

Further, by comparing the specific localization of the nanocarrier and the drug at the nanometer 

scale, we could track in situ, in an unprecedented manner, the specific association of the Pt-
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drug with the nuclear DNA of tumor tissues in vivo. We believe such new correlative 

approaches utilizing multi-element labeled systems are widely applicable for the study of many 

different systems. In the case of nanomaterials serving as delivery vehicles, these techniques 

can elucidate the pathway followed by the cargo and the nanocarrier and their performance 

following in vivo delivery. 

 

 

 

2.3.4 Experimental Details 

General Materials and Methods: All reagents were purchased from VWR, Alfa Aesar, 

or Sigma-Aldrich and used without further purification. Sealed ampules of DMF-d7 (Cambridge 

Isotopes) were used without further purification. Modified second generation Grubbs’ 

ruthenium initiator, (IMesH2)(C5H5N)2(Cl)2Ru=CHPh, was prepared as previously described18. 

Drug, 15N, peptide, and Cy5.5 monomers were synthesized as previously reported80. MMP-9 

(catalytic domain) was obtained from Enzo Life Sciences as a solution in 50 mM TRIS, pH 7.5, 

containing 1 mM calcium chloride, 300 mM sodium chloride, 5 μM zinc chloride, 0.1% Brij-35 

and 15% glycerol. HPLC analyses of all products and peptides were performed on a Jupiter 

4u Proteo 90A Phenomenex column (150 x 4.60 mm) with a binary gradient, using a Hitachi-

Elite LaChrom 2130 pump that was equipped with a Hitachi-Elite LaChrom L-2420 UV-Vis 

detector. Separation was achieved with a flow rate of 1 mL min-1 and the following mobile 

phase: 0.1% trifluoroacetic acid in H2O (A) and 0.1% trifluoroacetic acid in ACN (B). Starting 

with 100% A and 0% B, a linear gradient was run for 30 min to a final solvent mixture of 33% 

A and 67% B, which was held for 5 min before ramping up to 0% A and 100% B over the 

course of 2 min and holding at this level for an additional 4 minutes, before ramping back down 

to 100% A and 0% B, with constant holding at this level for an additional 4 minutes. Mass 
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spectrometry (MS) of all synthesized compounds and peptides was performed at the Molecular 

Mass Spectrometry Facility (MMSF) in the Department of Chemistry and Biochemistry at the 

University of California, San Diego. Polymer dispersities and molecular weights were 

determined by size-exclusion chromatography (Phenomenex Phenogel 5u 10, 1k-75k, 300 x 

7.80 mm in series with a Phenomex Phenogel 5u 10, 10K-1000K, 300 x 7.80 mm (0.05 M LiBr 

in DMF)) using a Shimadzu pump equipped with a multi-angle light scattering detector (DAWN-

HELIOS: Wyatt Technology) and a refractive index detector Wyatt Optilab TrEX normalized to 

a 30,000 MW polystyrene standard. Particle diameters were determined by dynamic light 

scattering (DLS, DDLS) using a Wyatt Dynapro NanoStar. TEM images were acquired on carbon 

grids (Ted Pella, INC.) using a FEI Tecnai G2 Sphera at 200 KV. TEM grids were prepared 

with a 1% uranyl acetate stain on carbon grids from Ted Pella, Inc.   

General in vivo materials and Methods: Oxaliplatin Injection USP (Hospira, Inc.) was 

graciously donated by UCSD Moores Cancer Center (3855 Health Sciences Drive, La Jolla, 

CA). Tumors grown from HT-1080 fibrosarcoma cells (ATCC) were used for the model system, 

as this cell line overexpress MMPs. Nu/nu mice were obtained through the UCSD in-house 

breeding colony. Animals were inoculated with ~106 cells as a subcutaneous bolus, and 

treatments began once tumor mass reached ~50 mm3. Animals were sacrificed at 12 days 

post-treatment. Calipers were used to record tumor volume daily over the course of the study. 

Absolute tumor volume was approximated with the formula: (1) V = 0.5 *length (mm) x width2 

(mm). Relative tumor volume was determined by the formula: (2) Vrelative = (!/!/) � 100, where 

V is the absolute tumor volume on the day of measurement and Vi is the absolute tumor volume 

on the first day of treatment. Live-animal imaging was taken on a GE Art Optix instrument. For 

optical imaging, animals were anesthetized with isofluorane with an induction dose of 3% and 

a maintenance dose of 1.5% in an oxygen gas stream. After injection, animals were imaged at 

given timepoints using a GE ART eXplore Optix Instrument (λex= 635 nm and λem= 693 nm). 
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After sacrifice, tumors were harvested and frozen for tissue section preparation and analysis. 

Tumors were removed and frozen using cryoprotection and Optimum Cutting Temperature 

(O.C.T.) formulation. The tissue was then sectioned with a cryostat at 5 μm thickness and 

places on a ITO coverslip. A Zeiss ELYRA super resolution microscope located within the 

Environmental Molecular Sciences Laboratory at PNNL in Richland, WA was used for SIM 

imaging. A NanoSIMS 50L (Cameca, France) located within the Environmental Molecular 

Sciences Laboratory at PNNL in Richland, WA was used for secondary ion mass spectrometry 

imaging.  

 

 

Figure 2.3.9. Synthetic scheme of Pt-EDAPT polymers. The Pt-based monomer (compound 1) is first 
copolymerized with the 15N-labelled monomer (compound 2) through ROMP, followed by a second block 
composed of either L- or D- peptides, followed by one unit of Cy5.5 monomer (compound 3), and 
terminated with ethyl vinyl ether to afford either Pt-EDAPTL or Pt-EDAPTD. 
 

Polymer Synthesis: To a stirred solution of 1 (Figure 2.3.9) (6.59 mg, 2.6 x10-5 mol, 

8.4 equiv) in dry DMF (140 μL) was added a solution of the catalyst 

((IMesH2)(C5H5N2)(Cl)2Ru=CHPh) (2.36 mg, 3.2x10-6 mol, 1.05 equiv) in dry DMF (105 μL) and 

a solution of 2 (7.08 mg, 1.3x10-5 mol, 4.2 equiv) in dry DMF (1700 μL). The reaction was 

allowed to stir under N2 for 2 hours, after which an aliquot (30 μL) was removed and quenched 

with ethyl vinyl ether for Static Light Scattering (SLS) analysis. The remaining solution of 1 + 2 
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+ catalyst (1800 μL) was split into two separate reaction vessels. To one reaction vessel was 

added a solution of L-peptide (See Figure 2.2.9, compound 2 for structure) (6.02 mg, 4.6x10-

6 mol, 3 equiv) in 200 μL dry DMF (to ultimately afford Pt-EDAPTL). To the second vessel was 

added a solution of D-peptide See Figure 2.2.9, compound 3 for structure) (6.02 mg, 4.6x10-6 

mol, 3 equiv) in 200 μL dry DMF (to ultimately afford Pt-EDAPTD). After three additional hours, 

a small aliquot was removed from each reaction vessel (30 μL each) and terminated with ethyl 

vinyl ether for SLS analysis. Then, to each of the polymer solutions was added 3 (1.16 mg, 

1.2x10-6 mol, 0.75 equiv) and was allowed to stir for an additional two hours, before fully 

quenching the polymer solutions with ethyl vinyl ether. The fully terminated polymers were 

precipitated with a cold 1:1 ether:methanol solution to afford the block copolymers as dark 

yellow solids.  

Table 2.3.1. Polymer analysis by SLS  

  Mn Mw Dispersity 

Pt-EDAPTL 

Block 1 6726 6856 1.019 
Full Polymer 8540 8980 1.051 

Block 2 1814 2124 -- 

Pt-EDAPTD 

Block 1 10870 11630 1.069 
Full Polymer 16010 17420 1.089 

Block 2 5140 5790 -- 
 
 

Nanoparticle Preparation and Characterization: Polymers (either L-peptide containing 

or D-peptide containing) were dissolved in DMSO at a concentration of 1.0 mg/mL with respect 

to polymer, and an additional 1 mL of 1X DPBS (Dulbecco’s Phosphate Buffered Saline, no 

Ca, no Mg) was added over the course of 2 hours. These solutions were transferred to 3500 

MWCO snakeskin dialysis tubing, and dialyzed against 1 L of 1X DPBS at pH 7.4 over 2 days 

with 2 buffer changes. The resulting solution was analyzed by DLS and TEM (Figure 2.3.2).  
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In Vitro Nanoparticle Degradation via MMP-12: 500 μM Pt-EDAPTL (concentration with 

respect to peptide) or Pt-EDAPTD were incubated with MMP-9 (100 nU) at 37 degrees Celsius. 

After 24 hours, samples were analyzed via RP-HPLC (ʎ = 254 nm) to monitor for the presence 

of peptide cleavage fragments, with sequence LAGGERDG. Samples were also analyzed by 

DLS and negative stain TEM to monitor for aggregation following MMP cleavage. This 

aggregation event only occurs in the Pt-EDAPTL system, as evidenced by TEM and DLS 

(Figure 2.3.2).  

Intratumoral Efficacy: 16 tumor-bearing nu/nu female mice were randomly sorted into 

4 groups (4 mice per cohort) and treated with Pt-EDAPTL, Pt-EDAPTD, oxaliplatin, or saline at 

the dosage equivalent of 2.5 mg/kg of Pt as a single intratumoral injection. Mouse weight and 

tumor volume were recorded once daily over the course of the 12-day study. Animals were 

imaged at 0, 4, 24, 48, and 72 hours post-injection via live-animal optical imaging (see Figure 

2.3.3). To assess efficacy, relative tumor volume (see equation (1) above) was calculated for 

each data point. The average relative tumor volume of each cohort at each time point was then 

calculated, along with standard deviation and standard error of the mean. Animals were 

sacrificed at 12 days post-injection. Tumor, liver, spleen, kidneys, heart, and lungs were 

excised from each animal and treated as in the above protocols.  

Fluorescent IHC Staining of Tissue Sections: Tissue sections on 18 mm2 ITO coverslips 

(70-100 Ω, 6462-AB, SPI supplies) were fixed for 10 min with acetone at room temperature 

and washed three times with PBSt (0.05% Tween in PBS). Sections were incubated with 

blocking solution (1% BSA in PBSt) for 15 min. The primary antibody mouse anti-alpha-actinin 

(A7811, Sigma Aldrich) was added in a 1/200 dilution in blocking buffer and incubated at 4 °C 

overnight. Tissues were washed three times with PBSt and the secondary antibody goat anti-

mouse AlexaFluor 488 (A11001, Life Technologies) was added in a 1/400 dilution in blocking 

buffer and incubated for 30 min. Tissue sections were washed three times with PBSt and were 
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incubated for 10 min with a 300 nM solution of DAPI. The tissue sections were finally washed 

three times with PBSt and then subjected to a series of dehydration washes with 30%, 50%, 

70%, 80% ethanol solutions and 3 times with 100% ethanol (30 min each).  

Fluorescence Imaging by Wide-field and Structural Illumination Microscopy (SIM): SIM 

and wide-field fluorescence imaging was performed on the Elyra S1 inverted fluorescence 

microscope (Zeiss). To survey a large area of a tissue section, wide-field fluorescence 

microscopy with a 10X magnification objective was used. Multiple images were tiled to cover 

a large area. SIM was used to obtain high magnification, high resolution images, an oil 

immersion objective with 100X magnification and 1.4 numerical aperture was used in this 

study. The same set of lasers and fluorescence filters were used for wide-field fluorescence 

and SIM imaging. For every sample, 3 tracks were recorded sequentially to: (1) image the NPs 

(Cy5.5) using 642 nm laser excitation with emission wavelength longer than 655 nm; (2) image 

the cellular bodies (alpha-actinin) using 488 nm laser excitation with emission band 495 nm to 

550 nm; and (3) image the nucleus (DAPI) using 405 nm laser excitation with emission band 

420 nm to 480 nm. The laser power was adjusted accordingly due to the difference in signal 

level from different objectives. 3 rotations and 5 phases were taken for each SIM image. The 

resolution in the raw images was 80 nm per pixel, and in the resulting super resolution images 

was 40 nm per pixel. The camera exposure time was 100 ms per image. In SIM, the multi-

phase/rotation/track data were later processed to obtain super resolution images using the 

ZEN software (Zeiss).  

NanoSIMS Imaging: For NanoSIMS analyses, the samples were coated with 10 nm of 

Au prior to analysis to minimize sample charging. Samples were presputtered with about 2 × 

1016 ions cm-2 after which, images sized 48 µm × 48 µm containing 256 pixel × 256 pixel were 

acquired with a 16 keV, ~1.5 pA Cs+ primary ion beam (width ~115 nm) using magnetic peak 

switching, where in the first two planes 12C14N-, 31P- and 195Pt- were collected (13.5 ms/pixel). 
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After the first two planes, the detector collecting 12C14N- was moved to collect 12C15N- and in 

the second scan of the plane 12C15N-, 31P- and 195Pt- were collected in two consecutive planes 

at 13.5 ms/pixel). Secondary electron images (SE) were also collected for all analyses. Data 

was processed using OpenMIMS (National Resource for Imaging Mass Spectrometry, Harvard 

University, Cambridge), which is an ImageJ plugin (U. S. National Institutes of Health, 

Bethesda, Maryland) in which pixel by pixel deadtime (44 ns) and QSA (β = 0.5) corrections 

were applied. Data from ROIs were further processed in a spreadsheet. Prior to tumor 

analyses, yeast standards with known d15N were imaged each day with identicle analysis 

conditions to those used with the tumor sections. 16 ROIs were drawn around the yeast and 

used to correct each day’s data. There appeared to be a minor interference associated with 

195Pt as evidenced in a small background, however Pt-treated cells had hotspots that were 

significantly higher than background. 

SIM and NanoSIMS Correlated Images: NanoSIMS images were transformed using 

Matlab software to correlate with SIM images acquired on similar areas. Thus, all three signals 

observed on SIM images can be correlated with the seven acquired NanoSIMS images 

representing different ion maps. 

Statistical Analysis of NanoSIMS Data: The first step for NanoSIMS data processing 

involved correcting the counts obtained for 15N and 14N against the standard yeast sample, 

which was measured each day before any of the samples. Thus, this yeast standard was used 

to correct the 15N/14N ratio relative to air, δ15N ~ 0.35‰. Those were called “corrected 15N/14N 

values” and were used for all further calculations. Note that Pt- was collected as 196Pt for the 

saline sample. Pt counts on saline ROIs were normalized to 195Pt by multiplying by 1.34, 

according to their isotopic abundance (33.8/25.2).  

On/off 15N-rich ROIs: For samples containing nanoparticles, 16/16 ROIs on/off 15N were 

selected from 3 independent images. On the saline sample, 16 ROIs were selected on tissue 
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from 2 different images. Each ROI value was obtained as the average counts per pixel in the 

ROI. 

On/off 31P-rich ROIs: 10/10 ROIs on/off 31P were selected from 3 independent images 

for the samples containing Pep-Pt-NP and from 2 independent images for the saline samples.  

ROI counts (as a ratio counts/area), were averaged for the different groups, leaving out 

of the average of those considered as outliers (values higher or lower to IQR*1.5). 

Those averages and corresponding SE are listed in Table 2.3.2 and Table 2.3.3. 

Additional statistical analyses were performed with Graphpad software with these values to 

compare bars on graphs of Figure 5 in the main text. The results of unpaired t tests are shown 

in Table 2.3.4. 
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Table 2.3.2. 15N/14N and 195Pt counts for ROIs of selected on and off 15N areas. Values are 
mean ± 1 SE. 

 

 Pt-EDAPTL Pt-EDAPTD Saline 
15N/14N on 0.02966 ± 0.00132 0.00597 ± 0.00021 

0.00346 ± 0.00002 15N/14N off 0.00499 ± 0.00002 0.00369 ± 0.00002 
195Pt on 0.3480 ± 0.0339 0.0882 ± 0.0114 

0.0030 ± 0.0005 195Pt off 0.0080 ± 0.0012 0.0057 ± 0.0010 
 
 

 

 

 

 

 

Table 2.3.3. 15N/14N and 195Pt counts for ROIs selected on and off 31P areas. Values are means 
± 1 SE. 

 

 Pt-EDAPTL Pt-EDAPTD Saline 
15N/14N on 0.00450 ± 0.00019 0.00373 ± 0.00004 

0.00343 ± 0.00003 15N/14N off 0.00407 ± 0.00003 0.00369 ± 0.00003 
195Pt on 0.0365 ± 0.0056 0.0147 ± 0.0017 

0.0023 ± 0.0004 195Pt off 0.0147 ± 0.0026 0.0065 ± 0.0011 
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Table 2.3.4. Statistical analysis for graphs in Figure 2.3.8 
 

From Figure 2.3.8c: 195Pt on/off 15N-rich ROIs 

Variables analyzed p value Significance 
Pt-EDAPTL on vs. Pt-EDAPTL 

off p ≤ 0.0001 **** 

Pt-EDAPTD on vs. Pt-EDAPTD 
off p ≤ 0.0001 **** 

Pt-EDAPTL on vs. Pt-EDAPTD 
on p ≤ 0.0001 **** 

Pt-EDAPTL off vs. Pt-EDAPTD 
off 0.1739 ns 

Pt-EDAPTL off vs. saline 0.0086 ** 

Pt-EDAPTD off vs. saline 0.3702 ns 

From Figure 2.3.8d: 15N/14N on/off 31P-rich ROIs 

Variables analyzed p value Significance 
Pt-EDAPTL on vs. Pt-EDAPTL 

off 0.1392 ns 

Pt-EDAPTD on vs. Pt-EDAPTD 
off 0.5494 ns 

Pt-EDAPTL on vs. Pt-EDAPTD 
on p ≤ 0.0001 **** 

Pt-EDAPTL off vs. Pt-EDAPTD 
off p ≤ 0.0001 **** 

Pt-EDAPTL off vs. saline p ≤ 0.0001 **** 

Pt-EDAPTD off vs. saline p ≤ 0.0001 **** 

From Figure 2.3.8e: 195Pt on/off 31P-rich ROIs 

Variables analyzed p value Significance 

Pt-EDAPTL on vs. Pt-EDAPTL 
off 0.0017 ** 

Pt-EDAPTD on vs. Pt-EDAPTD 
off 0.0002 *** 

Pt-EDAPTL on vs. Pt-EDAPTD 
on 0.0025 ** 

Pt-EDAPTL off vs. Pt-EDAPTD 
off 0.0279 * 

Pt-EDAPTL off vs. saline p ≤ 0.0001 **** 

Pt-EDAPTD off vs. saline 0.0007 *** 
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2.4 Perspectives and Future Studies 

 

 Chapter 2 encompasses much of the work-to-date on the employment of EDAPT for 

the delivery of cytotoxins to tumor tissue. Chapter 2.1, in particular, serves as a worthy proof-

of-concept for this novel targeting mechanism for drug delivery. However, there are several 

areas where this platform can be expanded upon for optimizing the delivery of cytotoxins, as 

well as considerations that will make this platform more robust moving forward. 

 For example, the dose-response of PTX-EDAPT has not been fully evaluated and 

optimized. We completed a preliminary investigation of dose-response following a single IV 

injection, but did not observe a proportional increase in efficacy to injected dose (Figure 2.4.1).  

 

One reason for this may be because PTX is bound to the polymer backbone via ester linkage. 

Although esters are labile covalent bonds, the timescale on which ester hydrolysis occurs in 

vivo may not be very fast, relative to overall clearance rate. Additionally, it is unknown how 

much of the hydrophobic PTX core may be sequestered in the interior of the aggregate post-

accumulation, which would make it difficult for esterases to access these substrates. Thus, 

introducing more labile linkages between the drug and polymer backbone may provide an 

enhanced dose-response in the PTX-EDAPT system. For example, carbonate, carbamate, 

and cyclic acetal linkages differ in their stability with respect to hydrolysis and pH changes and 

Figure 2.4.1. Dose-response investigation of 
PTX-EDAPTL. The efficacy of PTX-EDAPTL at 
elevated doses was preliminary investigated 
following single tail vein IV injection. Although 
no evidence of toxicity was observed (see 
Figure 2.2.3a), there was also no evidence that 
increasing the dose increased the response 
observed in the tumor. This may be perhaps be 
mitigated by altering the electronics of the drug-
polymer bond, or altering the overall 
degradation rate of the aggregated material by 
introducing other polymerization methods. 
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have shown promise for use in drug delivery 95-103. Of course, tuning the electronics of the PTX-

nanoparticle bond may affect the MTD of the system, as well, meaning there is the potential to 

develop an array of systems with unique drug release rates that influence efficacy and toxicity 

following administration. 

 Additionally, the efficacy of PTX-EDAPT following repeat injections has not been 

investigated, but is an important parameter to consider. As will be discussed in Chapter 5, the 

dosing schedule of chemotherapeutics can have a profound effect on the overall efficacy and 

toxicity of the warhead. Although a minimal increase in efficacy was observed for PTX-EDAPT 

at highly elevated doses, that may not matter if repeated injections at low dose result in 

complete tumor regression and minimal off-target toxicity. In addition, if an array of PTX-

EDAPT nanoparticles with differing drug-polymer linkages were to be developed, it may be 

possible to optimize both the dosing schedule and cytotoxin release profiles for maximum 

efficacy and minimum toxicity.  

 Further, a full investigation of the pharmacokinetics (PK) and biodistribution (BD) of the 

PTX-EDAPT platform is warranted, given the promising preliminary data described in Chapter 

2.2. Although efforts on the Pt-EDAPT system in Chapter 2.3 provide fundamental insight on 

the tissue distribution of both warhead and drug carrier, the overall PK and BD has not yet 

been fully established for any EDAPT-based system. Information on where the drug and 

nanocarrier are distributed throughout the body at any given timepoint would be beneficial for 

the development of EDAPT platforms moving forward, and can be achieved if the appropriate 

radiolabels are used.  Further, knowing exactly when and where the drug dissociates from the 

carrier is critical, and efforts such as those described in Chapter 2.3 are the beginning of this 

front. 

Beyond just tuning the drug-polymer bond, EDAPT systems containing biodegradable 

backbones may be better suited to clinical translation than their ROMP-based, glassy-
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backboned counterparts.  Indeed, work is ongoing in our lab towards the development of 

biodegradable EDAPT systems using reversible addition-fragmentation chain transfer (RAFT) 

polymerization techniques, such that there is no long-term retention in the body after 

completion of the desired function. This may also alter the release and efficacy profile of the 

therapeutic payload, and provide another avenue towards optimization of the drug delivery 

vehicle. Ultimately, this may be more translatable in general, as the degradation products are 

generally regarded as safe by the FDA, and there would be no leftover Ru to purify away from 

the polymer, as this polymerization technique is metal-free. 

Of course, cytotoxins other than PTX and Pt may be even better suited for delivery 

using the EDAPT platform. Both PTX and Pt are good as initial proof-of-concept cytotoxins 

because they have clinically used counterparts. However, because we observe such a high 

MTD in the HT1080 model for the PTX-EDAPT system, we may be able to use this platform 

to deliver extremely cytotoxic that cannot be currently delivered at all using conventional 

delivery and formulation methods (indeed, Chapter 3 will investigate the use of EDAPT for the 

delivery of immunotherapeutics, which constitute a different class of therapeutics that are 

known to be acutely toxic and have their own sets of benefits and limitations that will be 

discussed therein). For example, we had initially investigated doxorubicin as an additional 

model cargo for the EDAPT platform, and although the norbornenyl monomer is accessible 

synthetically (Figure 2.3.2a) and forms nanoparticles when polymerized as a block copolymer 

with MMP-responsive peptides that aggregate in response to MMP exposure (Figure 2.3.2b-

c), technical considerations hindered its development. Additionally, other cytotoxins may also 

be amenable to delivery through the EDAPT platform.  
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Figure 2.4.2. Doxorubicin-EDAPT development. a) structure of norbornenyl-doxorubicin (Dr. Steven 
Nguyen). Notably, the drug is bound via a carbamate linkage. b) after being copolymerized with MMP-
responsive peptides as an amphiphilic diblock copolymer, nanoparticles form upon transition from DMF 
to aqueous solution. c) As their PTX-EDAPT and Pt-EDAPT counterparts, these doxorubicin-containing 
nanoparticles aggregate in response to enzyme exposure. d) SLS trace of doxorubicin homopolymer. 
Although the light scattering (LS) trace is strong, the calculated molecular weight is 500-fold higher than 
the theoretical molecular weight. This was observed multiple times, until it was determined that the 
doxorubicin molecule interferes with the SLS detector. 
 

Finally, Chapter 2 serves as an insight to the feasibility of EDAPT as a strategy for 

active accumulation and retention of nanoparticles in tumors, which is non-reliant on the EPR 

effect discussed in Chapter 1. This process may be further enhanced if a suitable targeting 

ligand is grafted to the surface of the nanoparticles to instill active tumor penetration. Indeed, 

explorations in collaboration with the Proteogenomics Research Institute for Systems Medicine 

(PRISM) are ongoing on this front.  
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Chapter 3 
 

Enzyme-Responsive Nanomaterials for the 

Delivery of Immunotherapeutics 

 

3.1 Introduction 

 

 While Chapter 2 explores the utility of the EDAPT platform for the delivery of cytotoxins 

to tumor tissue (for an explanation of EDAPT, see Chapter 2.1), Chapter 3 serves as the first 

investigation of using enzyme-responsive nanomaterials to deliver small molecule immune 

agonists to tumors. While the goal of materials developed in Chapter 2 is to use EDAPT to 

tackle significant limitations facing traditional cytotoxic drug delivery, namely the frequently 

narrow therapeutic indexes and significant off-target toxicities, a problem inherent to nearly all 

chemotherapeutics is acquired resistance. Towards this end, immunotherapy has been 

proposed as a strategy to bypass acquired resistance by stimulation of a host immune 

response for long-lasting tumor destruction 1-2.  Thus, the goal of Chapter 3 is to utilize EDAPT 

to accumulate small molecule immune activators within tumor tissue at high concentrations 

and for extended periods of time following systemic administration (IV). The central objective 



 119 

of this work was to develop highly efficient, actively targeted nanoparticle immunotherapeutics 

with minimal systemic toxicity. 

Materials that activate the innate immune system against tumors have great potential 

as cancer therapeutics, as evidenced by the vast increase in the number of immunotherapy-

based treatments in clinical trials in recent years3-4. Despite this promise, immunotherapeutics 

face significant challenges. As is the case for numerous classes of drugs, many powerful 

immunostimulatory molecules suffer from solubility and stability issues that prevent their direct 

translation as clinical therapeutics.5-8 Further, as the field continues to develop potent 

immunotherapies, the risk of cytokine release syndrome (CRS) is vastly increased. CRS is a 

serious adverse event where high-level immune activation occurs within hours to weeks 

following administration of immunotherapeutics, which can have life-threatening 

consequences for the patient.9-11 Indeed, several immunotherapeutics have failed in clinical 

trials or have been removed from the market due to the severity of CRS toxicity.12-16 Thus, it is 

necessary to develop novel formulations that overcome immune related adverse effects 

(IRAEs)17 and poor solubility while maintaining therapeutic efficacy. In an effort to solve these 

problems, there has been an increased interest in recent years in the development of 

nanoparticle systems designed to enhance the action of immunotherapy.18-22 However, this 

field is still in its infancy with no synthetic nanoparticle delivery strategy having been translated 

to the clinic in this context. 

 To address the problems associated with solubility and CRS, we hypothesized that 

packaging an immunopharmacophore in a tumor-targeted nanocarrier could increase solubility 

and reduce the risk of IRAEs (immuno-EDAPT, Figure 3.1.1a). As discussed in Chapter 2, 

our laboratory has developed a polymeric nanoparticle delivery platform that utilizes 

endogenous enzymes associated with inflammation23-25 to localize and retain nanomaterials 

within diseased tissues.26-32 These materials are generated through the self-assembly of 
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amphiphilic diblock copolymers. The polymers are designed such that the hydrophilic polymer 

block, which ultimately forms the shell of the nanoparticle, is comprised of enzyme-responsive 

peptides, while the hydrophobic polymer block, which forms the core of the nanoparticle, 

contains the warhead of interest26. The key to the targeting of this nanoparticle system lies in 

the incorporation of enzyme-responsive peptides into the nanoparticle shell. Specifically, these 

hydrophilic peptides contain substrates for matrix metalloproteinases (MMPs), which are 

overexpressed in many cancers (Figure 3.1.1b).33-35 Notably, this enzyme-responsive platform 

has been used to safely intravenously deliver therapeutic doses of paclitaxel to tumor tissue 

with efficacy matching that of the parent compound at equivalent dose, but with a significantly 

higher maximum tolerated dose (MTD).26 Given these results, we hypothesized that we could 

exploit this technology to carry an immunopharmacophore and to reduce systemic cytokine 

release and subsequent IRAEs.  

 

 
 
Figure 3.1.1. Immunotherapeutic enzyme-responsive nanoparticles (immuno-EDAPT). a) 
Schematic representation of immuno-EDAPT, where the nanoparticle core, represented in blue, 
contains the immunotherapeutic of interest, while the nanoparticle shell, represented in orange, contains 
the enzyme-responsive peptide. b) Structure of MMP-responsive peptide. c) Structure of TLR7 agonist 
1V209. d) Structure of amphiphilic diblock copolymers containing norbornenyl-1V209 and MMP-
responsive peptide. 
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  Herein, 1V209 (Figure 3.1.1c), a small molecule agonist of Toll-like receptor 7 (TLR7) 

developed in the Carson laboratory,7 was chosen as a proof-of-concept for the delivery of 

immunotherapeutic pharmacophores using the enzyme-responsive platform. Toll-like 

receptors (TLRs) are part of the innate immune system that recognize Pathogen-Associated 

Molecular Patterns (PAMPs) and activate the adaptive immune system. TLR ligands promote 

maturation of myeloid derived suppressor cells (MDSC) to matured dendritic cells and 

activation of tumor associated suppressor macrophages (M2 macrophages) to tumoricidal 

macrophages (M1 macrophages). TLR ligands have also been shown to enhance tumor 

specific adaptive immune response, which in turn inhibits metastasis formation.36 TLR7, 

located in the endosomal compartments of immune cells, binds single-stranded RNA and is 

an established target for small molecules capable of reviving the immune system to act against 

tumor tissues.37-38 Though a potent immunostimulant, 1V209 is poorly water soluble and 

systemic administration can result in rapid systemic cytokine release and acute lethality (see 

Figure 3.5.3), presumably from CRS (vide infra). Clinical trials have been previously performed 

using TLR ligands but have failed for three primary reasons similar to those described above: 

1) serious adverse events, most notably CRS, occurring with systemic administration; 2) 

modes of administration had not been optimized, leading to immune tolerance; and 3) poor 

specificity of the previous agents led to a minimal type 1 interferon response 39-40. Thus, we 

hypothesized that covalently sequestering potent immunotherapeutics, using 1V209 as a 

model compound, in the core of enzyme-responsive nanomaterials, could address these 

issues.  
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3.2 Results and Discussion 

 Amphiphilic, diblock copolymers (Figure 3.1.1d) that incorporate both 1V209 and 

MMP-responsive peptides were generated through ring opening metathesis polymerization 

(ROMP) using a pyridine modified Grubbs’ second-generation initiator.41-44 ROMP enables the 

generation of highly reproducible polymers with narrow molecular weight dispersities, providing 

precise control over polymer block length and identity. Both 1V209 and the MMP-responsive 

peptide were modified with norbornenyl groups for polymerization (Figure 3.2.1).  

 

 

 
Norbornenyl-1V209 was polymerized as the hydrophobic block, followed by either an 

MMP-responsive peptide composed of all L-amino acids, or a nonresponsive peptide 

composed of all D- amino acids (for more in depth explanation of enzyme-responsive peptides, 

see Chapter 2.1), to afford two different amphiphilic diblock copolymer systems: immuno-

EDAPTL (composed of the L-peptides) and immuno-EDAPTD (composed of the D-peptides 

that are not recognized by MMPs as efficient substrates). Upon dialysis from DMSO against 

aqueous media, immuno-EDAPTL formed spherical nanoparticles visualizable by TEM and 

DLS (Figure 3.2.2a). Incubation of immuno-EDAPTL with MMP-9 at 37°C overnight confirmed 

the ability of the nanoparticle system to respond to enzymes (100:1 peptide:enzyme). As 

expected, a shift in morphology was observed, as evidenced by dynamic light scattering and 

Figure 3.2.1. Structure of ROMP 
monomers. a) structure of norbornenyl-
modified 1V209. Note: parent molecule had to 
be appended with an ethanolamine spacer (for 
parent molecule, see Figure 3.2.1b) to allow 
for efficient conjugation to the norbornenyl 
moiety. b) structure of norbornenyl-modified, 
enzyme-responsive peptide.   
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TEM. Upon dialysis from DMSO against aqueous media, immuno-EDAPTD also formed 

spherical nanoparticles visualizable by TEM and DLS (Figure 3.2.2b). However, no change in 

morphology was observed for immuno-EDAPTD when exposed to the same enzyme digestion 

conditions as immuno-EDAPTL This data indicates that MMP exposure is necessary for the 

shape change of these materials.  

 

 

Figure 3.2.2. Analysis of immuno-EDAPT systems before and after MMP. a) Prior to MMP 
incubation, immuno-EDAPTL forms spherical nanoparticles that are visualizable by DLS (dotted line on 
on graph) and dry-state TEM (top right panel). Exposure to MMP-9 overnight at 37°C induces a 
morphology change that is visualizable by DLS (solid line, left graph) and dry-state TEM (bottom right 
panel). b) immuno-EDAPTD forms spherical nanoparticles that are visualizable by DLS (dotted line on 
graph) and dry-state TEM (top right panel). Exposure to MMP-9 overnight at 37°C has no effect on 
particle morphology change by neither DLS (solid line on graph) nor dry-state TEM (bottom right panel). 
Scale bar = 500 nm. 

 

When appending moieties to molecules designed to interact with proteins based on 

their ability to fit into the target binding site, it is necessary to ensure that derivatization of the 

warhead does not negatively impact the therapeutic capability. Thus, we first examined the 

immunogenicity of norbornenyl-1V209 in comparison to the parent therapeutic. Importantly, 

derivatization did not affect its potency, as evidenced by its ability to stimulate TNFα production 

in RAW246.7 cells in vitro (Figure 3.2.4a). 

After confirming that derivatization of the parent molecule, the ability of immuno-

EDAPTL to function as an immune stimulator was then evaluated in vitro. Briefly, murine 

primary bone marrow derived dendritic cells (BMDCs) were incubated for 18 hours with 
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immuno-EDAPTL, with or without pre-treatment with MMP-9, and the subsequent production 

of IL-6 was measured (Figure 3.2.4b). Additionally, cells were incubated with immuno-

EDAPTD, with and without pre-treatment with MMP, to further examine the effect of MMP 

exposure and enzyme-driven morphology change on cytokine production. Minimal release of 

IL-6 was observed when cells were incubated with immuno-EDAPTL without MMP 

pretreatment. However, significantly higher levels of IL-6 were detected in the culture 

supernatant of cells incubated with immuno-EDAPTL that had been pre-treated with MMP-9. 

Conversely, no increase was observed when incubated with immuno-EDAPTL with MMP pre-

treatment, demonstrating that MMP did not affect IL-6 release and, further, that morphology 

change is necessary to generate the immunostimulatory effects. Taken together, these data 

indicate that these materials are poorly immunogenic as nanoparticles, but are potent as 

aggregates. 

 

Figure 3.2.4. In vitro cytokine upregulation. a) TNFα release was evaluated by ELISA after incubation 
with 1V209 and norbornenyl-1V209. No change in cytokine release levels was observed, indicating that 
modifying 1V209 with a norbornenyl moiety does not affect its potency. b) IL-6 release in the culture 
supernatant was measured after incubating 106/mL murine BMDCs with immuno-EDAPTL (with or 
without pretreatment with MMP), immuno-EDAPTD (with or without pretreatment with MMP), 1V209, or 
saline at 100 μM with respect to immunotherapeutic content. *P values were calculated by one way 
ANOVA with Dunnet’s post hoc testing and p<0.05 was considered as statistically significant. 
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The first evaluation of immuno-EDAPT in vivo was a pilot study to determine whether 

the delivery vehicle would inhibit the action of the conjugated immunotherapeutic in vivo. In 

this study, a syngeneic murine model of SCC-7 (squamous cell carcinoma) was employed, 

and animals (n=8 per group) were intratumorally administered either immuno-EDAPTL, 1V209 

(positive control), or saline (negative control). When tumors reached 3-5 mm in diameter, 

treatment was initiated as daily IT injections of 100 μg/animal for 5 days (qdx5) (Figure 3.2.5). 

Throughout the duration of the study, immuno-EDAPTL demonstrated equivalent efficacy to 

the parent compound, suggesting that the delivery vehicle should not inhibit 

immunotherapeutic performance. 

 

 

  
To further evaluate the safety and efficacy of immuno-EDAPT as an 

immunotherapeutic delivery vehicle, the therapeutic potency of immuno-EDAPTL was 

evaluated in syngeneic murine models of human breast cancer in vivo. These studies utilized 

an orthotopic 4T1 breast cancer model that is poorly immunogenic and highly metastatic, 

known to overexpresses MMPs,45-46 and has been shown to be responsive to 

immunotherapy.47 In this model, 4T1 cells implanted into mammary fat pads spontaneously 

produce lung metastases within 7-14 days post-implantation. Balb/C mice were inoculated with 

Figure 3.2.5. In vivo efficacy of immuno-
EDAPTL in SCC-7 primary tumor model. As a 
preliminary proof-of-concept, the efficacy of 
immuno-EDAPTL (blue curve) relative to that of 
the parent therapeutic (green curve) and saline 
(grey curve) following IT administration into mice 
bearing SCC-7 tumors once daily for 5 days 
(qdx5).  immuno-EDAPTL showed enhanced 
efficacy over saline and equivalent efficacy as 
1V209, suggesting that the delivery vehicle should 
not impact in vivo efficacy. Note: IT injections were 
employed to ensure that all the material for both 
groups was delivered to the tissue. 
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~106 4T1 cells in both inguinal mammary fat pads. On days 7 and 14 post-inoculation, mice 

were intravenously (IV) administered either immuno-EDAPTL, immuno-EDAPTD, 1V209, or 

saline through tail vein at a total dose equivalent to 30 μg 1V209 per animal (n=10 per group). 

Body weight and primary tumor growth were monitored throughout the duration of the study.   

To evaluate the efficacy of immuno-EDAPTL at inhibiting metastasis formation, 

animals were sacrificed at 28 days post-inoculation. Each animal’s lungs were perfused with a 

15% India ink solution, extracted, and number of lung nodules were counted as per published 

protocols.48 Mice administered immuno-EDAPTL had significantly fewer lung nodules (p<.05) 

than those administered saline, whereas minimal reduction in metastases was observed in 

animals administered immuno-EDAPTD or 1V209, relative to saline treated controls (Figure 

3.2.6).  

 

 

 
 

To assess the safety of immuno-EDAPTL, sera were collected at 2 hours following the 

initial IV injection and the levels of cytokines IP-10, MCP-1, and IL-6 in plasma were 

determined (Figure 3.2.7). No significant upregulation of these cytokines was observed in 

animals administered with either immuno-EDAPTL or immuno-EDAPTD. However, increased 

Figure 3.2.6. Efficacy of immuno-
EDAPTL in 4T1 metastasis model. 
Immuno-EDAPTL reduces the number of 
lung metastasis in the murine syngeneic 
breast cancer model in vivo. Top graph: 
Lung nodule count at 28 days post-
injection. Significant decrease in the 
average number of lung nodules is 
observed in animals treated with immuno-
EDAPTL, while 1V209 or immuno-
EDAPTD have minimal effect on 
controlling lung metastases. Each dot 
represents data from an individual mouse 
and the column indicates the mean ± 
SEM. Representative examples of lung 
nodules shown for each group below the 
plot. 
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levels of all three inflammatory cytokines assayed was observed in animals administered 

1V209. This shows that packaging the immunotherapeutic inside a nanocarrier sufficiently 

prevents it from stimulating the immune system upon systemic exposure, thus reducing the 

risk of CRS.  

 

 

Figure 3.2.7. Plasma cytokine level measurement post-injection. a) Plasma concentration of IL-6 at 
2 hours measured at 2 hours post-IV injection. Significant IL-6 production is observed only in animals 
administered 1V209. b) Plasma concentration of MCP-1, another proinflammatory cytokine, measured 
at 2 hours post-IV injection. Significant MCP-1 production is observed only in animals administered 
1V209. c) Plasma concentration of IP-10 at 2 hours post-IV injection. Significant IP-10 production is 
observed only in animals administered 1V209. *P values were calculated by one way ANOVA with 
Dunnet’s post hoc testing and p<0.05 was considered as statistically significant. 
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3.3 Study Conclusions 

Taken together, these results demonstrate the potential of actively targeted 

nanoparticle immunotherapeutics with minimal systemic cytokine induction. Appending a 

norbornenyl handle to 1V209 maintains its potency as a TLR7 agonist while making it 

amenable to incorporation into amphiphilic diblock copolymers with MMP-responsive peptides, 

and on into nanoparticle formulations. IV administration of immuno-EDAPTL significantly 

reduces the number of lung nodules observed at 28 days post-inoculation relative to negative 

control without eliciting an acute immune response. The method in which these nanoparticles 

are synthesized is modular, which means this approach could be expanded to incorporate 

other immunostimulatory small molecules. Further, there is great potential for the utilization of 

this motif to co-deliver chemotherapeutics alongside immunostimulatory molecules49-50 in a 

way that matches the activation and accumulation of both drugs to that of the nanocarrier. 

Indeed, certain chemotherapeutics, including oxaliplatin and paclitaxel, are known to elicit an 

immune response at the tumor post-injection 51-52 and induce immunogenic cell death 

promoting activation of antigen presenting cells (APCs) to enhance adaptive immune 

responses by releasing endogenous innate immune stimulators 53. Thus, this platform has the 

potential to impact how malignancies are treated and how other immunotherapeutics are 

formulated, targeted, and delivered. 
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3.4 Experimental Details 

In Vitro Studies, General Methods: All reagents were obtained from Sigma Aldrich or 

Fisher Scientific and used without further purification. Polymerizations were performed in a dry, 

nitrogen atmosphere with anhydrous solvents. Both L- and D-amino acids were purchased 

from AAPPTEC and NovaBiochem. MMP-9 (catalytic domain) was obtained from Enzo Life 

Sciences as a solution in 50mM TRIS, pH 7.5, containing 1mM calcium chloride, 300mM 

sodium chloride, 5μM zinc chloride, 0.1% Brij-35 and 15% glycerol. HPLC analyses of all 

products and peptides were performed on a Jupiter 4u Proteo 90A Phenomenex column (150 

x 4.60 mm) with a binary gradient, using a Hitachi-Elite LaChrom 2130 pump that was equipped 

with a Hitachi-Elite LaChrom L-2420 UV-Vis detector. Separation was achieved with a flow 

rate of 1 mL min-1 and the following mobile phase: 0.1% trifluoroacetic acid in H2O (A) and 

0.1% trifluoroacetic acid in ACN (B). Mass spectrometry (MS) of all synthesized compounds 

and peptides was performed at the Molecular Mass Spectrometry Facility (MMSF) in the 

Department of Chemistry and Biochemistry at the University of California, San Diego. Polymer 

dispersities and molecular weights were determined by size-exclusion chromatography 

(Phenomenex Phenogel 5u 10, 1K-75K, 300 x 7.80 mm in series with a Phenomenex Phenogel 

5u 10, 10K-100K, 300 x 7.80 mm) in 0.05 M LiBr in DMF, using a Shimatzu pump that was 

equipped with a multi-angle light scattering detector (DAWN-HELIOS, Wyatt Technology) and 

a refractive index detectors (Wyatt Optilab T-rEX) normalized to a 30,000 MW polystyrene 

standard. Hydrodynamic radius (Rh) was determined by dynamic light scattering (DLS), 

through a Wyatt Dynapro NanoStar. Transmission Electron Microscopy (TEM) was performed 

on an FEI Tecnai G2 Sphera at 200 KV. TEM grids were prepared with a 1% uranyl acetate 

stain on carbon grids from Ted Pella, Inc. Chemical shifts (1H) are reported in δ (ppm), relative 

to the residual proton peak of CDCl3 (7.27 ppm). 
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Figure 3.4.1 Synthesis of 1V209 monomer. The norbornenyl-immunotherapeutic compound is 
generated in two steps, after first modifying the 6-aminohexanoic acid norbornenyl moiety with 
ethanolamine for ease of conjugation to the immunotherapeutic through amide generation. 
  

Norbornenyl-1V209 Synthesis: Compound 1: To a solution of the norbornene hexanoic 

acid (500 mg, 1.80 mmol) and N-Boc-ethanolamine (436 mg, 2.70 mmol) in dichloromethane 

was added DMAP (88 mg, 0.72 mmol) followed by DCC (557 mg, 2.70 mmol). The solution 

was stirred under a nitrogen atmosphere overnight during which time a precipitate formed. The 

mixture was filtered and the filtrate concentrated to dryness. The residue was purified by flash 

chromatography (5% THF in DCM) to give a white solid that was subsequently treated with a 

1:1 TFA:DCM solution for 3 hrs to remove the Boc group. The solvent was removed under 

reduced pressure to give a gummy solid to which diethyl ether was added, mixed then removed 

under reduced pressure (x4). The resulting residue was purified by column chromatography, 

10% Methanol: DCM to give a clear oil as Compound 1. 1H NMR, CD3OD, 6.33 (m, 2H), 4.31 

(m, 2H), 3.48 (m, 2H), 3.25 (m, 2H), 3.17 (m, 2H), 2.72 (m, 2H), 2.40 (m, 2H), 1.70-1.20 (m, 

8H).13C NMR, CDCl3, 178.33, 173.60, 137.68, 60.21, 47.68, 45.00, 42.55, 38.18, 33.23, 27.08, 

26.00, 23.77. LRMS: 321.17 (M+H+), 343.24 (M+Na+). HRMS. 

Compound 2: To a solution of compound 1 in DMF (1.5 mL) was added DIPEA (36 μL, 

0.21 mmol) followed by HATU (79 mg, 0.21 mmol), this solution was stirred for 1 min then 

added to a solution of the norbornene amine in DMF (1.0 mL). This was stirred for under a 
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nitrogen atmosphere overnight. The reaction mixture was concentrated to dryness and the 

residue triturated with acetonitrile (x3), then ether was added and the mixture concentrated to 

dryness to give a tan solid. 1H NMR, DMF-d7,10.10 (s, 1H),8.58 (m, 1H), 7.89 (d, 2H), 7.48 (d, 

2H), 6.63 (m, 2H), 6.32 (m, 2H), 5.02 (s, 2H), 4.33 (m, 2H), 4.22 (m, 2H), 3.66 (m, 2H), 3.60 

(m, 2H), 3.38 (m, 2H), 3.33 (s, 3H), 3.12 (m, 2H), 2.72 (m, 2H), 2.31 (m, 2H), 1.60-1.10 (m, 

8H). LRMS: 662.30 (M+H+), 684.27 (M+Na+). HRMS. 

 

 

Figure 3.4.2 Synthesis of peptide monomers used in immuno-EDAPT. 
 

Peptide Synthesis: Peptides were synthesized using an AAPPTEC Focus XC 

automated synthesizer. Both L- and D-amino acids were purchased from AAPPTEC and 

NovaBiochem. N-(glycine)-cis-5-norbornene-exo-dicarboximide (NorGly) was prepared as 

described above. Peptide monomers were synthesized via standard FMOC-based peptide 

synthesis using Rink Amide MBHA resin (AAPTEC) in a standardized fashion. FMOC was 

deprotected using a solution of 20% 4-methylpiperidine in DMF. Amino acid couplings were 

carried out using HBTU and DIPEA (resin/amino acid/HBTU/DIPEA 1:3.5:3.4:4). The final 

peptide monomers were cleaved from the resin using a mixture of TFA/H2O/TIPS (95:2.5:2.5) 

for 90 minutes. The peptides were precipitated and washed with cold ether. For purification 

and analysis, the peptides were dissolved in a solution of 0.1% TFA in water and analyzed via 

RP-HPLC and purified via preparative HPLC. Peptide identities and purities were confirmed 

using ESI-MS and RP-HPLC monitoring at Iabs = 214 nm.  Peptide monomer sequence: NorGly-
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Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly-Glu-Arg-Asp-Gly.  L-amino acids were used exclusively for 

the preparation of 3 (Figure 3.4.2), and D-amino acids were used exclusively for the 

preparation of 4. RP- HPLC retention time was 13 minutes (linear gradient of 0-67% B over 30 

minutes). Preparative HPLC retention time was 33 minutes (linear gradient of 20-40% over 60 

minutes). ESI-MS(+): 1300.54 [M+H]+. 

 

 

Figure 3.4.3. immuno-EDAPT polymer synthesis.  

 

Polymer Synthesis: Compound 2 (19.51 mg, 2.95 x10-5 mol, 10 equiv) was dissolved 

in dry DMF (2800 μL) and stirred under N2. To this was added a solution of the catalyst 

((IMesH2)(C5H5N2)(Cl)2Ru=CHPh) (2.15 mg, 2.95 x10-6 mol, 1.0 equiv) in dry DMF (215 μL). 

The reaction was stirred under N2 for 30 minutes, after which an aliquot (10 μL) was removed 

and quenched with ethyl vinyl ether for SLS analysis. The remaining solution of 1 + catalyst 

was split into two separate reaction vessels. Compound 3 (11.50 mg, 8.85x10-6 mol, 3 equiv) 

was dissolved in in 200 μL dry DMF and added to one reaction vessel, to afford 5L after an 

additional 4 hours of stirring. To the second vessel, a solution of compound 4 (11.50 mg, 

8.85x10-6 mol, 3 equiv) in 200 μL dry DMF was added, to afford 5D after an additional 4 hours 
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of stirring. At the end of the polymerization, a small aliquot was removed from each reaction 

vessel (20 μL each) and terminated with ethyl vinyl ether for SLS analysis. To each of the 

remaining solutions, excess ethyl vinyl ether was added and stirred for an additional 20 minutes 

to ensure complete polymer termination. The fully terminated polymers were precipitated with 

cold diethyl ether to afford the block copolymers as brown, glassy solids (5L, 5D).  

 

Homopolymer of 5L and 5D: Mn = 8931, PDI = 1.013,  hydrophobic block length = 13 

Copolymer of 5L: Mn (whole polymer)= 13,720, PDI = 1.045, hydrophilic block length = 4 

Copolymer of 5D: Mn(whole polymer)= 10,060, PDI = 1.036, hydrophilic block length = 2 

 

Nanoparticle Preparation (immuno-EDAPTL and immuno-EDAPTD): 4L or 4D (5 mg 

of either polymer) was dissolved in 5 mL of DMF and stirred. To this, an additional 5 mL of 1X 

DPBS (Dulbecco’s Phosphate Buffered Saline, no Mg and no Na) was added over the course 

of 3 hours. This solution was transferred to a 3500 MWCO snakeskin dialysis tubing and 

dialyzed against 1L of 1X DPBS (pH 7.4). After 24 hours, the external solution was replaced 

with fresh DPBS.  After an additional 24 hours, the newly formed nanoparticles (immuno-

EDAPTL and immuno-EDAPTD) were removed from the dialysis tubing was analyzed by DLS 

and TEM. 

 

MMP-9 in vitro Nanoparticle Degradation: Two solutions, one of immuno-EDAPTL and 

one of immuno-EDAPTD (both at 500 μM with respect to peptide), were incubated with MMP-

9 (100 nU) overnight at 37°C, as per published protocols26-27. Enzyme-treated samples were 

analyzed by HPLC, DLS, and TEM following inactivation of MMP-9 at 65°C for 20 minutes. 
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In Vitro Cell Assay: TNF-α production in BMDCs by Norbornenyl-1V209: RAW246.7 

cells (1x104 cells/well) were plated and incubated with serially diluted 1V209 or norbornenyl-

1V209 for 18 hours. TNF-α released in the culture supernatants was determined through 

ELISA. Experiments were performed in triplicate with the data shown as mean +/- SEM.   

 

In Vitro Cell Assay: IL-6 production in BMDCs: immuno-EDAPTL and immuno-

EDAPTD were concentrated via spin-centrifugation (MWCO 3500) to final concentrations of 

100 μM with respect to 1V209 content. Appropriate volumes of each solution were removed, 

diluted to 90 μM with 1X DPBS in 1.5 mL Eppendorf tubes, and incubated with MMP-9 (100 

nM) at 37°C overnight. To serve as controls, additional aliquots of immuno-EDAPTL and 

immuno-EDAPTD were diluted to 90 μM and incubated without MMP-9 overnight, as well as 

a “blank” solution only containing DPBS and MMP-9. Murine BMDCs (2 × 105 cells/well) were 

incubated with the above compounds at 90 μM with respect to 1V209 content. Positive control 

cells were incubated with 1V209 at the same concentration as the test compounds. Negative 

control cells were treated with 1× DPBS.  IL-6 released in the culture supernatants was 

determined by ELISA. Experiments were performed in triplicate with the data shown as mean 

+/- SEM. Analysis of variance (ANOVA) was used to test for the variance among data points. 

One-way ANOVA with Dunnet’s post hoc test was utilized.  P values lower than 0.05 were 

considered statistically significant. 

 

In Vivo Studies, General Methods: The studies involving animals use were carried out 

in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory 

Animals of the National Institutes of Health. The protocol was approved by the Institutional 

Animal Care and Use Committee of University of California, San Diego (PHS Animal Welfare 

Assurance Number: A3033-01; Protocol Numbers: S00028, S05016 and S09331). Mice were 
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sacrificed by CO2 inhalation followed by cervical dislocation. All efforts were made to minimize 

suffering during the procedures in this project. 

 

 Preliminary IT Efficacy: Tumors grown from SCC-7 murine squamous cell carcinoma 

cells were used, as the Carson Lab has known this model to be responsive to treatment with 

1V209. Balb/C mice were obtained through Jackson Laboratories (Bar Harbor, MA). Animals 

(n=24) were inoculated with ~106 cells in the flank, and treatments with immuno-EDAPTL, 

1V209, or saline (8 animals per group) as daily intratumoral (IT) injections began 7 days post-

inoculation and continued for 5 days (qdx5). Animals were sacrificed at 21 days post-

inoculation. Calipers were used to record tumor volume 3 times per week over the course of 

the study.   

 

Metastasis Formation Analysis: Tumors grown from 4T1 murine breast carcinoma cells 

(ATCC) were used for the model system, as this cell line overexpress MMPs. Balb/C mice 

were obtained through Jackson Laboratories (Bar Harbor, MA). 40 female Balb/C mice were 

inoculated with ~106 4T1 cells in the inguinal mammary fat pads. At 7 days post-inoculation, 

animals were administered immuno-EDAPTL, immuno-EDAPTD, 1V209, or saline (10 

animals per group) as single intravenous (IV) injections at a dose of 30 μg with respect to 

1V209 content. These injections were repeated at 14 days post-inoculation, and animal body 

mass and tumor volume recorded for the duration of the study. At day 28, animals were 

sacrificed and lung nodules stained as per published protocol48. After staining, the lung nodules 

were counted and efficacy assessed as a significant reduction in lung nodule formation, relative 

to untreated controls.  
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Analysis of Systemic Cytokine Release: In the same experiment above, blood was 

collected from each animal’s retro orbital sinus 2 hours post-injection, and spun at 7,000 RCF 

for 7 minutes to separate the plasma. Plasma samples were then analyzed for cytokine 

production by Luminex® assay as per the protocol provided by EMD Millipore (cat # 

MCYTOMAG-70K).  

 

Statistical analysis: Biologic data were plotted on graphs using Prism software (version 

5.0, GraphPad Software, Inc., San Diego, CA). Each dot represents data from an individual 

mouse and the columns and error bars indicate the mean ± SEM. Analysis of variance 

(ANOVA) was used to test for the variance among data points. One-way ANOVA with Dunnet’s 

post hoc test was utilized.  P values lower than 0.05 were considered statistically significant. 
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3.5 Perspectives and Future Directions 

 

 Overall, Chapter 3 is a useful preliminary investigation into the utility of the EDAPT 

platform for the delivery of immunotherapeutics. The reduction in lung metastases in animals 

administered immuno-EDAPTL is statistically significant, relative to both positive and negative 

controls. However, the model employed requires animal sacrifice at a predetermined endpoint 

based on previous experience working with the model and physical counting of lung nodules. 

As is, there is no way to determine the lung metastasis production without sacrificing the 

animal, and, indeed, preliminary investigations failed because the saline-treated animals at the 

the time of sacrifice had few lung nodules to begin with (vide infra). Further, nodule counting 

requires staining of the lung and physical counting with the naked eye – a process that is prone 

to error, regardless of skill level and expertise. An alternative tumor model that our lab is 

currently investigating with the immuno-EDAPT system are 4T1 cells that are luminescent. 

Using live-animal imaging (similar to the methods described in Chapter 2), we are able to track 

the production of lung metastases following treatment in real-time by monitoring the increase 

in luminescence in the lungs. In this way, we can evaluate both primary tumor growth (via 

caliper measurement) and lung metastasis production (via luminescence) without sacrificing 

the animal to do so. 

One key missing piece from the work described in Chapter 3.2 is an additional control 

for the aggregated material post-enzyme exposure. Although the results of the in vivo study, 

as well as Figure 3.2.5 demonstrate that enzyme-induced morphology change is necessary 

for immuno-EDAPT to function as a therapeutic, there is no control that demonstrates that the 

aggregated scaffold itself is having no effect on the immune response. Although we have seen 

no evidence of immune response when similar EDAPT systems have been employed32, we 

feel it is valuable to establish, in this particular model, that the scaffold itself is inert. Thus, we 
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have synthesized an additional control nanoparticle system using an inert phenyl moiety as 

the hydrophobic block (Figure 3.5.1, purple shading) together with the enzyme responsive 

peptide as the hydrophilic block (Figure 3.5.1, blue shading) and are using this system as an 

additional control in our ongoing investigations of immuno-EDAPT in the luminescent 4T1 

model.		

 

Figure 3.5.1. Polymer structure of additional EDAPT control. To further demonstrate that the 
immunotherapeutic capabilities of immuno-EDAPTL are due to the immunotherapeutic being released 
from the aggregate post accumulation, and not due to the aggregated material itself elicting an immune 
response, polymers and nanoparticles that are enzyme responsive, but also contain an inert core, have 
been synthesized and are being evaluated in vivo.  
 

 Chapter 3.3 discussed the potential of using this platform to co-deliver 

chemotherapeutics alongside immunostimulatory molecules, and indeed the preliminary 

investigations into using EDAPT as a delivery platform for immunotherapeutics included this 

co-delivery strategy as a research aim. In these studies, we explored combination treatment 

with immuno-EDAPT alongside PTX-EDAPT (see Chapter 2) in animals bearing two 4T1 

tumors each (Figure 3.5.2). Balb/c mice were orthotopically implanted with 4T1 cells as 

described in Chapter 3.4, and treatment was initiated when tumors reached 3-5 mm in 

diameter. Animals were administered PTX-EDAPTL (IV) with or without immuno-EDAPTL (IV) 

at a PTX dose of 15 mg/kg and at immunotherapeutic doses of 10, 30, or 60 μg per animal, 

per injection, once weekly for a total of two injections (q7dx2, 4 total cohorts). In addition, sets 

of animals were administered either 10, 30, or 60 μg of 1V209 (q7dx2, 3 total cohorts). Upon 
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the first IV administration of 1V209, 4 out of 7 animals given the 60 μg dose died, as well as 2 

out of 7 given the 30 μg dose. Conversely, none of the animals administered immuno-EDAPT 

experienced evident drug toxicity (Figure 3.5.2a). Animals were sacrificed at 30 days post-

tumor implantation and assessed for lung metastases, revealing an extremely promising 

reduction (Figure 3.5.2b) in the number of lung nodules across all groups that were co-

administered immuno-EDAPT with PTX-EDAPT.   

 

Figure 3.5.3. Combination therapy of immuno-EDAPT with PTX-EDAPT. a) Survival curve of 
animals (n=7) IV administered either 1V209 at 10, 30, or 60 µg per animal, PTX-EDAPT at 15 mg/kg, 
or a combination of PTX-EDAPT at 15 mg/kg with immuno-EDAPTL at 10, 30, or 60 60 µg per animal. 
Acute lethality is observed only in animals administered 1V209 at elevated doses. b) Metastases count 
in lungs of 4T1 animals (n=6) administered immuno-EDAPTL at 10, 30, and 60 μg immunotherapeutic 
doses in combination with PTX-EDAPT sacrificed at 30 days, with saline treatment data as a reference.  
 

This was our first exploration of combination chemo- and immunotherapy, and although 

there was definite evidence that the combination enhanced the efficacy of treatment over 

monotherapy with PTX-EDAPT, there was no significant difference observed between any of 

the three treatment groups receiving combination therapy. However, this may be because the 

dose of both the immunotherapeutic and the chemotherapeutic need to be optimized 

simultaneously, yet independently 54. For these studies, we used a set dose of 15 mg/kg (with 

respect to PTX content) of PTX-EDAPT, because we observed efficacy at that dose in other 
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animal tumor models (see Chapter 2), and varied the dose of immuno-EDAPT from 10-60 μg 

per animal. Superior efficacy may be observed when the PTX-EDAPT dose is increased; 

however, the highest dose achievable may not be the best for combination therapy 55, as 

immunogenic cell death initiated by PTX-based treatment may increase overall toxicity of the 

immunotherapeutic. Further, the dosing schedule of the chemotherapeutic may be important, 

as the immunological impacts of chemotherapeutics depends on not only the dose given, but 

also when they are administered in relation to the immunotherapeutic55. This study co-

administered PTX-EDAPT at the same time as immuno-EDAPT, but superior effects may be 

observed if the animals are first primed with immuno-EDAPT, and then administered PTX-

EDAPT a few days later, or vice versa. Dose and treatment schedule aside, there may be a 

distinct advantage to packaging both immunotherapeutics and chemotherapeutics in identical 

carriers, such as they are in both the PTX-EDAPT and immuno-EDAPT systems. In this way, 

the pharmacokinetics and biodistribution of both therapeutics should be matched to that of the 

carrier, rather than the drugs themselves. In theory, this should translate to delivery of both the 

chemotherapeutic and immunotherapeutic to the same tissues, and should impart similar 

circulation half-lives to both molecules.   

Beyond combination therapy, we are actively investigating where and how the 

immuno-EDAPT system is having its therapeutic effect in vivo. The key outcome of the studies 

described in Chapter 3.2 is a significant reduction in the number of lung nodules in animals 

administered immuno-EDAPTL, relative to the parent immunotherapeutic (positive control), 

immuno-EDAPTD, and saline (negative controls). The model is set up such that a primary 

tumor is implanted in the mammary fat pad and animals are administered the compounds 

before the production of lung metastases begins. Thus, we hypothesize that the material is 

likely accumulating at the primary tumor and exerting a local effect, which has downstream 

consequences and reprograms the immune system to act against the cancerous cells before 
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they can establish as colonies in the lung. However, as the current immuno-EDAPT system 

is not visualizable in the tumor tissue (unlike its PTX-EDAPT and Pt-EDAPT counterparts in 

Chapter 2), we cannot say with certainty that this process is occurring locally. As such, we 

have begun the synthesis of an NIR-labelled immuno-EDAPT system (Figure 5.3.4) to enable 

tracking of the material in vivo and ex vivo for localization throughout the duration of the study. 

This, coupled with a dynamic analysis of lung metastasis production (by using luminescent 

4T1 cells), will provide a powerful insight on the mechanism by which immuno-EDAPT is 

having its therapeutic effect. 

 

Figure 3.5.4. Polymer structure of NIR-labelled immuno-EDAPT. To further elucidate where 
immuno-EDAPT is localizing to have its therapeutic effect, NIR-labelled polymers and nanoparticles 
are being synthesized and will be evaluated in luminescent 4T1 tumor models in vivo.  
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Chapter 4 

 

Dually-Responsive Nanomaterials 

 

4.1 Introduction 

 
 Chapters 2 and 3 assess the potential of EDAPT to deliver therapeutic payloads to 

tumor tissue and provide evidence to suggest that this platform is useful in vivo; however, the 

focus of these studies was the effect of EDAPT systems on tumor growth inhibition in animals 

without comorbidity. In an animal model designed specifically to look at tumor growth, there is 

little worry about upregulation of MMPs in other areas of the body. However, MMP upregulation 

is observed not only in cancer progression, but also in several other common diseases, 

including rheumatoid arthritis1-3, ulcerative colitis and Crohn’s disease4-5, lung diseases6 such 

as chronic obstructive pulmonary disease (COPD)7 and asthma8, and locally inflamed tissues 

as part of the wound healing response9-10. Thus, although the on-target accumulation of 

EDAPT materials discussed in Chapters 2 and 3 was sufficient for therapy and minimal 

accumulation observed in satellite organs, there remains the distinct possibility that EDAPT-

based materials could also accumulate in other areas of the body where MMPs are locally 

upregulated, resulting in unintended toxicity.  

 One way to mitigate potential off-target effects in other MMP-rich regions of the body 

is to develop a dually-responsive system, wherein two stimuli are needed to 1) accumulate the 
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material and then 2) release the payload, thereby providing a sort of in vivo “and” logic gate 

(Figure 4.1.1). As a proof-of-concept for this approach, Chapter 4 describes the design of an 

enzyme-responsive nanoparticle that carries a latent hydrophobic protease inhibitor, whose 

release, and thus activation, from the hydrophobic core of the micelle copolymer is triggered 

by reactive oxygen species (ROS)11. Dual-responsive systems and enzyme-responsive cargo 

release systems have been of increasing interest and have well-documented in the field12-18. 

This work is motivated by observations of coincident upregulation of both ROS, namely H2O2, 

and matrix metalloproteinases (MMPs) in the pathology of many inflammatory diseases, 

including myocardial infarction19, arthritis20-21, ischemia22-24, and atherosclerosis25, as well as 

during tumor cell invasion in certain cancers, including colon cancer26 and melanoma27. MMPs 

are expressed and excreted initially as zymogens and their activity is tightly regulated in normal 

physiology28. MMPs become activated in the presence of proteases, other MMPs, or by ROS29. 

Hence, the interplay between ROS and MMPs is linked to disease progression23, 29. 

 

  

Figure 4.1.1. Schematic 
representation of dual-
responsive nanoparticles. 
If only the first stimulus is 
present (in this case, 
MMPs), morphology switch 
is observable, but no cargo 
release occurs. If only the 
second stimulus is present 
(in this case, ROS), no 
morphology switch nor 
cargo release is observed. 
ONLY when both stimuli are 
present (MMPs and ROS), 
rapid morphology change 
and cargo release is 
observed.  
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4.2 Results and Discussion 

 

Figure 4.2.1. Structure of dual-responsive nanoparticles. a) Polymer structure and cartoon 
representation of resulting nanoparticles. The hydrophobic block (purple shading) contains a ROS-
reactive aryl boronic ester and forms the core of the nanoparticle. The hydrophilic block (blue shading) 
contains an MMP-responsive peptide and forms the shell of the nanoparticle. b) Peptide substrate PS 
containing a recognition sequence for MMP. c) Peptide substrate control PSC, synthesized from D-
amino acids. d) Prodrug PD1 monomer containing the ROS-responsive aryl boronic ester and MMP 
inhibitor PY-2. c) Prodrug control PD1C monomer, which contains a non-cleavable MMP inhibitor.  

 
Amphiphilic block copolymers were designed and synthesized using ring opening 

metathesis polymerization (ROMP), a robust polymerization technique30 that uses a highly 

functional group tolerant Ru-based initiator31-34 to generate well-defined, low dispersity polymer 

systems. These copolymers consist of an inactive MMP inhibitor as the hydrophobic block, 

coupled with a hydrophilic block consisting of a peptide MMP substrate. Hence, the latent MMP 

inhibitor is sequestered in the hydrophobic core, while the hydrophilic MMP substrate forms 

the shell of the resulting micellar nanoparticles (Figure 4.2.1a). Upon exposure to the enzyme, 

the peptide (PS, Figure 4.2.1b) is cleaved inducing aggregation.35-40 As a control, a d-amino 

acid version of the peptide substrate (PSC, Figure 4.2.1c) was synthesized, as a sequence 
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insusceptible to enzymatic degradation. The hydrophobic block of the polymer, which forms 

the micellar nanoparticle core, contains a H2O2-sensitive prodrug (PD1, Figure 4.2.1d) or a  

non-cleavable prodrug control (PD1C, Figure 4.2.1e). Specifically, an aryl boronic ester is 

covalently appended to an MMP inhibitor rendering the inhibitor inactive.  This moiety, 

containing a self-immolative linker, is optimized to be hydrolytically stable under normal 

physiological conditions.41 Nucleophilic attack on PD1 by H2O2 results in the expulsion of a 

phenolate intermediate, which spontaneously releases the MMP inhibitor (previously 

designated as PY-2)42 via an intramolecular cascade (Figure 4.2.2).  PY-2 was utilized in these 

studies, as it exhibits excellent potency against a variety of MMPs.42 

 

 

Figure 4.2.2. Intramolecular cascade following exposure of PD1 to H2O2. Nucleophilic attack by 
peroxide leads to liberation of a phenolate intermediate, norbornenyl product and free PY-2 in solution.  
 

Analytical HPLC was used to evaluate the sensitivity of PD1 to H2O2 under 

physiological conditions (50 mM HEPES, pH 7.4). HPLC confirmed quantitative conversion of 

PD1 to PY-2 after H2O2 treatment, which contained a single peak at the same retention time 

of an authentic sample of PY-2 (Figure 4.2.3). The control compound, PD1C, a direct analog 

of PD1 lacking the boronic ester motif, is completely unreactive toward H2O2, as evidenced by 

analytical HPLC. 
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Figure 4.2.3.  Analysis of peroxide response. a) HPLC traces of PD1 (top, blue), PD1 after treatment 
with H2O2 (20 equiv) for 2 h at 37 °C (middle, red), and PY-2 (bottom).  Retention times are 12.61 min 
for PD1 and 9.82 min for PY-2. b) HPLC traces of PD1C (green), PD1C after treatment with H2O2 (20 
equiv) for 2 h at 37 °C (blue), and PY-2 (red), and PY-2 after treatment with H2O2 (20 equiv) for 2 h at 
37 °C (black). Retention times are 11.25 min for PD1C and 9.82 min for PY-2. 
 

With these results in hand, amphiphilic copolymer systems incorporating different 

combinations of PD1, PD1C, PS, and PSC were generated via ROMP. As the 

hydrophobic:hydrophilic ratio of the polymer governs the ability to form nanoparticles, the block 

lengths for each system were optimized individually for both cargo loading and micellization 

ability. It is known that proteolytic susceptibility of peptide-containing polymers decreases as 

brush density increases43 thus a short hydrophilic block was most desirable. To maximize the 

cargo loading of the hydrophobic block while maintaining both the proteolytic susceptibility of 

the polymers and capability to form spherical micelles upon dialysis, each nanoparticle system 

was polymerized to a hydrophobic block length of ~6 and a hydrophilic block length of ~2 

(Table 4.2.1). As negative control nanoparticles, d-amino acid containing analogues of all 

systems were made (PSC), as well as systems with H2O2-inactive monomers (PD1C). 
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Table 4.2.1. Polymeric properties of all systems.  m and n represent the number of repeat units, Mn 
is the number average molecular weight, Mn/Mw is polymer dispersity, and R is hydrodynamic radius of 
nanoparticle systems made from the polymers, as determined by DLS. 
 

 m n Mn Mn/Mw R(nm) 

PD1-PS 6 2 7444 1.076 53.1 

PD1-PSC 6 2 7399 1.091 52.3 

PD1C-PS 5 2 11690 1.035 51.1 

 

From these polymers, a set of nanoparticle systems (PD1-PS, PD1-PSC, and PD1C-

PS) was prepared via dialysis in phosphate-buffered saline (DPBS) against DMSO. The 

hydrodynamic radii of all systems were determined by dry state TEM (Figure 4.2.4, top 

panels). All systems formed spherical nanoparticles with approximate hydrodynamic radii of 

20 nm. 

 
 

Figure 4.2.4. Effect of stimuli on nanoparticle structure. When no stimulus is applied, all polymer 
systems, PD1-PS, PD1C-PS, and PD1-PSC (top panels) form spherical micelles. All scale bars are 100 
nm. Upon exposure to MMP only, PD1-PS and PD1C-PS form micron-scale aggregates, while PD1-
PSC  does not. When only H2O2 is applied, all systems remain as spherical nanoparticles. When both 
MMP and H2O2 are introduced into the systems, again only PD1-PS and PD1C-PS form micron-scale 
aggregates, while PD1-PSC remains as spherical nanoparticles. 
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To address the effect of both MMP and H2O2 on the structure of the particles and the 

release of cargo, we probed the behavior of each system in response to three different 

conditions: i) MMP only, ii) H2O2 only, or iii) concurrent treatment of H2O2 and MMP. The 

concentrations used of H2O2 and MMP-12 were 6 mM and 100 nM, respectively. Each 

nanoparticle system (PD1-PS, PD1-PSC, and PD1C-PS) was subjected to each of the three 

treatments, with no stimulus added as a negative control (Figure 4.2.4). Catalytic amounts of 

MMP-12 were used, as it is known that that PY-2 is a potent inhibitor of MMP-12 (IC50 = 85 

nM)42.  The results of these experiments with respect to the efficacy of the particles to 

aggregate are shown in Figure 4.2.4. Upon exposure to MMP, both PD1-PS and PD1C-PS 

formed micron-scale aggregates. However, as PD1-PSC is MMP-inactive, no morphology 

change was observed upon MMP exposure. Importantly, none of the systems experienced a 

shift in morphology when treated with H2O2 alone, indicating that MMP is necessary. 

 

 

Figure 4.2.5. Stability of PD1-PS as a function of pH and temperature. a) DLS traces of PD1-PS at 
pH=7 (orange line), pH=4 (red dashed line) and pH=10 (yellow dotted line). The average hydrodynamic 
radius under all three conditions is ~35 nm. b) DLS traces of PD1-PS after 24 hours incubation at 25°C 
(green line) and 37°C (blue dashed line). The average hydrodynamic radius for both temperature 
conditions is ~35 nm. 
 



 156 

These materials are stable under a range of pH and temperatures if MMP and ROS 

are not present. This was confirmed through a series of DLS experiments were performed to 

probe for morphology change in response to changes in pH and temperature. For these 

studies, we utilized PD1C-PS, as the Cohen lab has previously demonstrated the boronic ester 

linkages are selectively sensitive to peroxide only.5,6 As expected, the average hydrodynamic 

radius of the nanoparticle system remained unchanged when the pH was adjusted from 7-4, 

nor when adjusted from 7-10 (Figure 4.2.5a). Additionally, the neutral nanoparticle system 

was incubated at 25°C and 37°C for 24 hours to probe for temperature sensitivity. As with the 

pH variation studies, there was no change in the hydrodynamic radius with elevated 

temperature (Figure 4.2.5b).   

 

Figure 4.2.6. Analysis of enzyme and peroxide treatment. a) DLS traces of PD1-PS before treatment 
with MMP-12 and H2O2 (blue) and after treatment with MMP-12 and H2O2 (green dash). The 
hydrodynamic diameter of PD1-PS before treatment is 85 nm by DLS, whereas a range of diameters is 
detected (5 nm, 256 nm, and aggregates >1000 nm) after treatment .b) Enzyme cleavage kinetics of PS 
in the presence of MMP-12. HPLC traces of PS (monomer) after treatment with MMP-12 at time 0 min 
(gray), 45 min (purple), 90 min (blue), 135 min (green), 4.5 h (orange), and 5.5 h (red) at RT. HPLC 
trace of PSC after treatment with MMP-12 for 5.5 h (black) at room temperature. The retention time for 
the cleaved product is 11.45 min. 
 

To explore the ability of these systems to release their cargo and inhibit MMP activity, 

the particles were first incubated in a 96-well plate at 37 °C in the presence of both MMP-12 

(1:1000 ratio PS:enzyme) and H2O2 (100:1 ratio H2O2:PS) (Figure 4.2.6a). After 4 hours, the 
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incubation time necessary to reach maximum cleavage of PS (Figure 4.2.6b), a fluorogenic 

substrate of MMP-12 was introduced to each well and the fluorescence intensity monitored for 

60 minutes. As PY-2 is liberated from the nanoparticle, the compound inhibits MMP activity. 

The greater the extent of release, the greater MMP inhibition will be. This is observed as a 

change in the rate of cleavage of a fluorogenic substrate (Figure 4.2.7). Indeed, the fastest 

relative increase in fluorescence is observed for PD1C-PS, where the drug core cannot be 

liberated by H2O2. Conversely, the fully degradable system, PD1-PS, shows inhibition of MMP 

activity nearly matching that of an authentic sample of PY-2 at the same concentration (300 

µM). Interestingly, some suppression of MMP activity is observed for PD1-PSC, which may 

indicate that H2O2 is able to penetrate the particle core, and that PY-2 can be liberated due to 

H2O2 triggering alone. 

 

Figure 4.2.7. Effect on enzyme activity after incubation with both MMP and H2O2. PD1-PS, PD1-
PSC, PD1S and an authentic sample of the MMPi PY-2 were incubated concurrently with MMP and 
H2O2 for 4 hours, at which point a fluorogenic substrate of MMP was introduced. Rate of increase in 
fluorescence is directly correlated to MMP activity.  
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4.3 Study Conclusions 

 

In summary, exposure of our micellar system to MMP results in a drastic shift in particle 

size and morphology. This change, together with the presence of H2O2, results in cargo 

release. Further, the payload released is itself an inhibitor of MMP enzymatic activity, giving 

this material the potential to not just respond to the inflammatory environment, but to directly 

address inflammation by release of MMP inhibitors. Absence of either of the two stimuli results 

in no cargo release, demonstrating the concept of this dual-responsive system. 
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4.4 Experimental Details 

 

General Experimental Details: All chemicals were purchased from commercial 

suppliers (Sigma-Aldrich, Fisher Scientific) and were used without further purification. All 

reactions were carried out under N2 in oven-dried glassware. Normal and reverse phase 

chromatography was performed using a CombiFlash Rf 200 automated system from 

TeledyneISCO (Lincoln, NE, USA). NMR spectra were recorded on a Varian FT 400 MHz NMR 

instrument. Mass spectrometry (MS) was performed at the Molecular Mass Spectrometry 

Facility (MMSF) in the Department of Chemistry and Biochemistry at the University of 

California, San Diego. Polymerizations were performed in a dry, N2 atmosphere with 

anhydrous solvents. MMP-12 (catalytic domain, human, recombinant) was obtained from Enzo 

Life Sciences as a solution in 50 mM TRIS, pH 9.5, containing 5 mM calcium chloride, 500 mM 

sodium chloride, 20 µM zinc chloride, 0.5% Brij-35, and 30% glycerol. HPLC analyses of 

peptides were performed on a Jupiter 4u Proteo 90A Phenomenex column (150´4.60 mm) 

with a binary gradient, using a Hitachi-Elite LaChrom 2130 pump, equipped with a Hitachi-Elite 

LaChrom L-2420 UV-Vis detector at a flow rate of 1 mL min-1 and the following mobile phase: 

0.1% trifluoroacetic acid in H2O (A) and 0.1% trifluoroacetic acid in acetonitrile (B). Starting 

with 100% A, a linear gradient was run for 30 min to a final solvent mixture of 33% A and 67% 

B, which was held for 5 min before ramping up to 100% B over the course of 2 min. This level 

was held for an additional 4 min, before ramping back to 100% A, with constant holding at this 

level for 4 additional min. Polymer dispersities and molecular weights were determined by size-

exclusion chromatography (Phenomenex Phenogel 5u 10, 1K-75K, 300´7.80 mm in series 

with a Phenomenex Phenogel 5u 10, 10K-100K, 300´7.80 mm) in 0.05 M LiBr in DMF, using 

a Shimadzu pump that was equipped with a multi-angle light scattering detector (DAWN-
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HELIOS, Wyatt Technology) and a refractive index detectors (Wyatt Optilab T-rEX) normalized 

to a 30,000 MW polystyrene standard. Hydrodynamic radius (Rh) was determined by DLS, 

through a Wyatt Dynapro NanoStar. Transmission Electron Microscopy was performed on an 

FEI Tecnai G2 Sphera at 200 KV. TEM grids were prepared with a 1% uranyl acetate stain on 

carbon grids from Ted Pella, Inc. In vitro fluorescence measurements were taken on a PTI 

QuantaMaster Spectrofluorometer. 

 

 
Figure 4.4.1. Synthesis of Compound 1. 
 
 
 2-(2,6-Bis(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane44 (0.70 g, 

1.8 mmol) was dissolved in MeCN (15 mL). To this was added K2CO3 (0.75 g, 5.4 mmol) and 

the reaction was heated to 60 ºC. After 30 min, a solution of PY-245 (0.29 g, 0.9 mmol) in DMF 

(15 mL) was added to the first mixture over the course of 10 min. Upon addition, the reaction 

was held at 60 ºC for 1 h. The reaction mixture was cooled to room temperature and the solvent 

was removed via rotary evaporation. The resulting crude product was purified by silica gel 

chromatography eluting 5-80% EtOAc in hexanes to afford the desired product in 36% yield 

(0.20 g, 0.3 mmol). 1H NMR (400 MHz, Acetone-d6): δ  8.30 (t, J = 6.0 Hz, 1H), 8.09 (d, J = 5.6 

Hz, 1H), 7.63 (d, J = 8.4 Hz, 2H), 7.47-7.33 (m, 8H), 7.18 (d, J = 8.4 Hz, 2H), 6.50 (d, J = 5.6 

Hz, 1H), 5.54 (s, 2H), 4.84 (s, 2H), 4.42 (d, J = 6.0 Hz, 2H), 1.37 (s, 12H). ESI-MS(+): m/z 

652.20 [M+Na]+. 
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Figure 4.4.2. Synthesis of Compound 2. 
 

Compound 1 (0.30 g, 0.5 mmol) was dissolved in DMF (15 mL). To this was added 

NaN3 (0.09 g, 1.4 mmol) and the reaction was held at room temperature for 18 h. The solvent 

was then removed via rotary evaporation and the resulting crude product was purified by silica 

gel chromatography eluting 70% EtOAc in hexanes to afford the desired product in 94% yield 

(0.27 g, 0.4 mmol). 1H NMR (400 MHz, DMSO-d6): δ  8.28 (t, J = 6.0 Hz, 1H), 8.09 (d, J = 5.6 

Hz, 1H), 7.63 (d, J = 7.2 Hz, 2H), 7.52-7.35 (m, 8H), 7.16 (d, J = 8.4 Hz, 2H), 6.50 (d, J = 5.6 

Hz, 1H), 5.57 (s, 2H), 4.55 (s, 2H), 4.40 (d, J = 6.0 Hz, 2H), 1.36 (s, 12H). ESI-MS(+): m/z 

593.21 [M+H]+, 615.20 [M+Na]+. 

 

 

Figure 4.4.3. Synthesis of Compound 3. 
 
 
Cis-5-norbornene-exo-2,3,dicarboxylic anhydride (2.30 g, 14.0 mmol) was dissolved in 

toluene (120 mL). To this was added propargylamine (0.99 mL, 15.4 mmol) and triethylamine 

(Et3N) (0.9 mL, 7.0 mmol) and the mixture was heated to reflux for 2 h. The mixture was cooled 

to RT and the solvent was removed via rotary evaporation. The resulting residue was brought 

up in CH2Cl2 (30 mL) and washed with 1 M HCl (3 ´ 30 mL). The organics were collected, dried 
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over MgSO4, and filtered rinsing with CH2Cl2 (50 mL). The solvent was removed via rotary 

evaporation to afford the purified product in 92% yield (2.61 g, 13.0 mmol). 1H NMR (400 MHz, 

CHCl3): δ  6.30 (t, J = 2.4 Hz, 2H), 4.24 (d, J = 2.0 Hz, 2H), 3.30 (t, J = 2.0 Hz, 2H), 2.73 (s, 

2H), 2.19 (t, J = 2.4 Hz, 1H), 1.52 (m, 1H), 1.28 (m, 1H). APCI-MS(+): m/z 202.10 [M+H]+. 

 

 

Figure 4.4.4. Synthesis of PD1. 
 
 
Compound 2 (0.26 g, 0.4 mmol) was dissolved in dry THF (15 mL) and DMF (15 mL). 

To this was added 3 (0.12 g, 0.6 mmol) and N,N-diisopropylethylamine (DIPEA) (0.12 mL, 0.7 

mmol) and the mixture was stirred at room temperature for 15 min. To this was added CuI (17 

mg, 0.09 mmol) and the reaction was held at 60 ºC for 24 h. The solvent was then removed 

via rotary evaporation and the resulting crude product was purified by silica gel 

chromatography eluting CH2Cl2 followed by 10% MeOH in CH2Cl2. The product was further 

purified by reverse phase prep HPLC eluting a gradient of 5-100% acetonitrile in water (both 

contain 0.1% formic acid) to obtain the purified product in 30% yield (0.11 g, 0.1 mmol). 1H 

NMR (400 MHz, Acetone-d6): δ  8.24 (t, J = 6.0 Hz, 1H), 8.10 (d, J = 5.6 Hz, 1H), 7.76 (s, 1H), 

7.64 (d, J = 7.2 Hz, 2H), 7.52-7.33 (m, 7H), 7.22 (d, J = 7.2 Hz, 1H), 7.14 (d, J = 8.0 Hz, 2H), 

6.50 (d, J = 5.6 Hz, 1H), 6.29 (t, J = 2.0 Hz, 2H), 5.68 (s, 2H), 5.56 (s, 2H), 4.61 (s, 2H), 4.36 

(d, J = 6.0 Hz, 2H), 3.10 (t, J = 2.0 Hz, 2H), 2.66 (s, 2H), 1.36 (s, 12H) 1.31 (m, 2H). 13C NMR 

(100 MHz, Acetone-d6): δ  176.9, 175.4, 158.8, 155.3, 147.8, 147.2, 142.6, 141.9, 140.8, 139.9, 
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138.0, 137.8, 130.8, 129.9, 129.5, 129.1, 128.1, 127.5, 127.1, 127.0, 123.1, 117.4, 85.0, 74.9, 

53.4, 47.8, 45.3, 42.7, 42.6, 33.6, 24.7.  HRMS (ESI) calcd for [C45H44BN5O8Na]+: 815.3211; 

Found: 815.3209. 

 

 

Figure 4.4.5. Synthesis of Compound 4. 

1,3-Bis(bromomethyl)benzene (0.74 g, 2.8 mmol) was dissolved in dry THF (15 mL). 

To this was added K2CO3 (0.26 g, 1.9 mmol) and the reaction was heated to 60 ºC. After 30 

min, a solution of PY-2 (0.30 g, 0.9 mmol) in DMF (15 mL) was added to the first mixture over 

the course of 2 h. Upon addition, the reaction was held at 60 ºC for 3 h. The reaction mixture 

was cooled to room temperature and the solvent was removed via rotary evaporation. The 

resulting crude product was purified by silica gel chromatography eluting 5-80% EtOAc in 

hexanes to afford the desired product in 54% yield (0.26 g, 0.5 mmol). 1H NMR (400 MHz, 

DMSO-d6): δ  9.19 (t, J = 6.0 Hz, 1H), 8.21 (d, J = 5.6 Hz, 1H), 7.63 (d, J = 7.2 Hz, 2H), 7.63 

(d, J = 8.4 Hz, 2H), 7.45 (t, J = 7.6 Hz, 3H), 7.49-7.33 (m, 4H), 7.30 (d, J = 5.2 Hz, 2H), 6.54 

(d, J = 5.6 Hz, 1H), 5.14 (s, 2H), 4.63 (s, 2H), 4.46 (d, J = 6.0 Hz, 2H). ESI-MS(+): m/z 526.19 

[M+Na]+. 
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Figure 4.4.6. Synthesis of Compound 5. 

 

Compound 4 (0.26 g, 0.5 mmol) was dissolved in DMF (30 mL). To this was added 

NaN3 (0.07 g, 1.0 mmol) and the reaction was held at room temperature for 18 h. The solvent 

was then removed via rotary evaporation and the resulting crude product was purified by silica 

gel chromatography eluting 70% EtOAc in hexanes to afford the desired product in 89% yield 

(0.21 g, 0.5 mmol). 1H NMR (400 MHz, DMSO-d6): δ  9.19 (t, J = 6.0 Hz, 1H), 8.21 (d, J = 5.6 

Hz, 1H), 7.62 (d, J = 7.2 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.45 (t, J = 7.2 Hz, 2H), 7.37-7.30 

(m, 7H), 6.54 (d, J = 5.6 Hz, 1H), 5.17 (s, 2H), 4.46 (d, J = 6.0 Hz, 2H) 4.39 (s, 2H). ESI-MS(+): 

m/z 489.15 [M+Na]+. 

 

 

Figure 4.4.7. Synthesis of PD1C. 

 

Compound 5 (0.30 g, 0.6 mmol) was dissolved in dry THF (15 mL). To this was added 

3 (0.17 g, 0.8 mmol) and DIPEA (0.17 mL, 1.0 mmol) and the mixture was stirred at room 
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temperature for 15 min. To this was added CuI (24 mg, 0.13 mmol) and the reaction was held 

at 60 ºC for 2 h. The solvent was then removed via rotary evaporation and the resulting crude 

product was purified by silica gel chromatography eluting CH2Cl2 followed by 10% MeOH in 

CH2Cl2. The product was further purified by reverse phase prep HPLC eluting a gradient of 5-

100% acetonitrile in water (both contain 0.1% formic acid) to obtain the purified product in 73% 

yield (0.31 g, 0.5 mmol). 1H NMR (400 MHz, Acetone-d6): δ  8.41 (t, J = 6.0 Hz, 1H), 8.02 (d, 

J = 5.6 Hz, 1H), 7.79 (s, 1H), 7.64 (d, J = 6.8 Hz, 2H), 7.59 (d, J = 8.0 Hz, 2H), 7.44 (t, J = 7.2 

Hz, 2H), 7.39 (d, J =8.8 Hz, 3H), 7.37-7.32 (m, 2H), 7.28 (t, J = 7.2 Hz, 1H), 7.23 (dt, J1 = 7.6 

Hz, J2 = 1.2 Hz, 1H), 6.44 (d, J = 5.6 Hz, 1H), 6.26 (t, J = 2.0 Hz, 2H), 5.48 (s, 2H), 5.30 (s, 

2H), 4.66 (s, 2H), 4.54 (d, J = 6.0 Hz, 2H), 3.10 (t, J = 2.0 Hz, 2H), 2.67 (s, 2H), 1.31 (m, 2H). 

13C NMR (100 MHz, Acetone-d6): δ  177.1, 175.5, 158.9, 155.4, 148.9, 146.2, 142.8, 140.8, 

140.1, 138.0, 137.9, 137.1, 136.4, 129.3, 129.2, 129.1, 128.9, 128.6, 128.5, 127.6, 127.2, 

127.0, 123.1, 117.4, 73.9, 53.3, 47.8, 45.3, 42.9, 42.7, 33.7. HRMS (ESI) calcd for 

[C39H33N5O6Na]+: 690.2323; Found: 690.2322. 

 

HPLC Analysis of Monomers:  Analytical HPLC was performed on a HP Series 1050 

System equipped with a Poroshell 120 reverse-phase column (EC-C18, 4.6´100mm, 2.7µm). 

Separation was achieved with a flow rate of 1 mL min-1 and the following mobile phase: 2.5% 

ACN + 0.1% formic acid in H2O (A) and 0.1% formic acid in ACN (B). Starting with 95% A and 

5% B, a linear gradient was run for 15 min to a final solvent mixture of 5% A and 95% B, which 

was held for 5 min before ramping back down to 95% A and 5% B over the course of 2 min, 

with constant holding at this level for an additional 4 min. All compounds were prepared in 

HEPES buffer (50 mM, pH 7.4) at a concentration of 200 µM. An authentic sample of PY-2 

was prepared to compare with reaction traces. To determine the efficiency of cleavage of the 

monomers, a 1 mM solution of test compound (1.0 mL) in HEPES buffer (50 mM, pH 7.4) was 
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prepared and treated with H2O2 (20 equiv, 20 mM). The sample was incubated at 37 ºC for 2 

h prior to analysis. 

 

Peptide (PS, PSC) Synthesis: Peptides were synthesized using an AAPPTEC Focus 

XC automated synthesizer. Both L- and D-amino acids were purchased from AAPPTEC and 

NovaBiochem. N-(hexanoic acid)-cis-5-norbornene-exo-dicarboximide was prepared 

according to published protocols46. Peptide monomers (PS, PSC) were synthesized via 

standard FMOC-based peptide synthesis using Rink Amide MBHA resin (AAPTEC) in a 

standardized fashion. FMOC was deprotected using a solution of 20% 4-methylpiperidine in 

DMF. Amino acid couplings were carried out using N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-

1-yl)uronium hexafluorophosphate (HBTU) and DIPEA (resin/amino acid/HBTU/DIPEA 

1:3.5:3.4:4). The final peptide monomers were cleaved from the resin using a mixture of 

Trifluoroacetic acid , H2O, and triisopropylsilane (95:2.5:2.5) for 40 min, where TFA is 

trifluoroacetic acid and TIPS is triisopropylsilane. The peptides were precipitated and washed 

with cold ether. For purification and analysis, the peptides were dissolved in a solution of 0.1% 

TFA in water and purified via preparative HPLC. Peptide identities and purities were confirmed 

using ESI-MS and HPLC monitoring at 214 nm.  

 

Polymer Synthesis: Monomers were polymerized via ROMP, using Grubbs’ modified 

second generation catalyst [(H2IMES)(pyr)2(Cl)2Ru=CHPh].4 The catalyst (1 equiv) was 

dissolved in DMF-d7 and added to PD1 or PDC1 (depending on which polymer was desired, 

10 equiv) in DMF-d7 to a final volume of 500 μL in a 1.5 mL Eppendorf tube under N2 and 

stirred for 2 h. 30 μL was removed for analysis via SEC-MALS. To generate two diblock 

copolymers whose hydrophobic blocks were identical, 235 μL of polymer solution was 

transferred to a new Eppendorf tube, and PSC (4 equiv) was added to the new aliquot, while 
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PS (4 equiv) was added to the original polymer solution, and stirred for an additional three 

hours. The resulting polymers were terminated with ethyl vinyl ether (2 equiv) and 

characterized via SEC-MALs. Fun fact: If you’re reading this, thank you! Tell me, and I will buy 

you a coffee – no statute of limitations imposed.  

 

Nanoparticle Formulation: Copolymers were dissolved separately in DMSO at 

concentrations of 1.0 mg/mL with respect to polymer, followed by addition of equivalent volume 

of Dulbecco’s phosphate buffered saline (DPBS, 1´, no calcium, no magnesium, pH 7.4). This 

solution was then transferred to Slide-A-Lyzer mini dialysis cups (500 μL capacity, 3.5K 

MWCO) and dialyzed to DPBS overnight, switching out the dialysis buffer for fresh DPBS after 

12 h. Nanoparticle formulation was confirmed by DLS using a Wyatt Dynapro NanoStar. 

 

Transmission Electron Microscopy (TEM): Small (3.5 μL) aliquots of nanoparticle 

sample were utilized via a standard procedure. Briefly, the sample was loaded onto carbon 

grids (Ted Pella Inc.) that had previously been glow-discharged, using an Emitech K350 glow 

discharge unit, and plasma-cleaned for 90 s in an E.A. Fischione 1020 unit. The sample grid 

was then transferred to a grid holder, and analyzed via an FEI Sphera microscope operating 

at 200 keV. Micrographs were recorded on a 2K x 2K Gatan CCD camera. Note: the diameters 

observed by TEM are smaller than those observed by DLS, which we attribute to the drying of 

the nanoparticles during TEM sample preparation.  

 

Peptide Cleavage by MMP-12: 300 uL (100 uM with respect to peptide concentration) 

of PS and PSC were each incubated with MMP-12 (100 nM) at 37 °C. At given time points, 

small aliquots (30 m L) were removed from each reaction vessel and analyzed by RP-HPLC 

(absorbance = 214 nm) to monitor for the presence of peptide cleavage fragment, whose 
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resulting sequence is LAGGERDG. ESI-MS was utilized for the peak that eluted at 11.45 

minutes to determine fragment MW. As there is no observable increase in peak area between 

4.5 and 5.5 h of incubation, it was determined that maximum peptide cleavage under these 

conditions occurs after 4.5 h. As a control, PSC was incubated with MMP-12 under the same 

conditions. No peak was observed, indicating PSC is not susceptible to enzymatic degradation.  

 

Nanoparticle Degradation Assays: To evaluate the capability of nanoparticles to 

respond to MMP and change shape, PD1-PS and PD1-PSC (100 uM with respect to peptide 

concentration in each sample) were treated with MMP-12 (100 nM) in a total reaction volume 

of 100 μL at 37 °C overnight. Dynamic light scattering (DLS) and TEM (dry state, negative 

uranyl acetate stain) were used to evaluate nanoparticle size before and after enzyme 

exposure.. 

 

MMP-Inhibition Assays: MMP-12 (catalytic domain, human, recombinant) was 

purchased from Enzo Life Sciences. The assays were carried out in 96-well plates using a 

PerkinElmer HTS 7000 Plus Bio Assay plate reader. PD1-PS, PD1-PSC, and PD1C-PS (100 

μM with respect to peptide, 300 μM with respect to MMP inhibitor) were incubated at 37 °C 

with MMP-12 (100 nM) in DPBS at a total volume of 50 μL for 4 h. To measure MMP activity, 

a fluorogenic substrate was introduced at 4 h (1 μL, 200 μM, Enzo Life Sciences, Mca-Pro-

Leu-Gly-Leu-Dpa-Ala-Arg-NH2 where Mca = (7 methoxycoumarin-4-yl)-acetyl and Dpa = N-3-

(2,4- dinitrophenyl)-L-diaminopropionyl)) and fluorescence intensity was measured every 

minute for 60 min with excitation and emission wavelengths at 328 nm and 393 nm, 

respectively. Measurements were performed in triplicate. Fluorescence intensity was plotted 

as a function of time, with the slope of the line being indicative of enzyme activity. As a negative 
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control, an authentic sample of PY-2 (300 μM) was incubated with MMP-12 and H2O2 under 

the same conditions.  

MMP activity in the presence of H2O2 was evaluated with MMP-12 and PD1-PS, PD1-

PSC, and PD1C-PS with a 4 h incubation of enzyme with nanoparticle and H2O2 at the same 

concentrations as the aforementioned experiment (100 μM with respect to peptide, 300 μM 

with respect to MMP inhibitor, 100 nM with respect to enzyme, 6 mM with respect to H2O2). A 

control sample containing 10 uL H2O2 (9 mM in DPBS) in DPBS was also prepared to confirm 

that H2O2 did not inhibit MMP-12. Enzyme activity with inhibitor was calculated with respect to 

the control experiment (no H2O2 added). Measurements were performed in triplicate in two 

independent experiments. 
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4.5 Perspectives and Future Studies 

 

The material in the first sections of Chapter 4 was published as a short communication 

as the first example of a dual MMP- and ROS-responsive nanoparticle system. However, in 

our investigations into dual-responsive systems, we originally sought to generate a 

“theranostic” system, wherein both a therapeutic and diagnostic agent would be released after 

exposure to both MMP and ROS. Thus, a third monomer, PF1, was generated by reacting 7-

hydroxycoumarin (7-HC) with the same boronic ester-containing norbornenyl moiety as 

described in Chapter 4.2 (Figure 4.5.1a)47. 7-HC was used as the pro-fluorophore in this motif, 

as it is not fluorescent when bound to the norbornenyl moiety, but is strongly fluorescent upon 

ROS-mediated cleavage. The PF1 monomer was probed for its ability to respond to ROS by 

monitoring for cleavage fragments by HPLC (Figure 4.5.1b) and generation of fluorescence 

signal post-cleavage (Figure 4.5.1c).  

 

 

Figure 4.5.1. Analysis of PF1. a) Structure of PF1 monomer. b) HPLC traces of PF1 (blue), PF1 after 
treatment with H2O2 (20 equiv) for 2 h at 37 °C (middle, red), and 7-HC (bottom).  Retention times are 
12.16 min for PF1 and 5.66 min for 7-HC. c) Fluorescent response of PF1 (1 µM) in HEPES buffer (pH 
7.4) to H2O2.  The dotted line represents the initial spectrum and subsequent spectra were recorded 
every 5 min after the addition of H2O2 (100 eq, 100 µM) (lexc = 370 nm). 
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Indeed, as a monomer PF1 performed quite well. However, the incorporation of this 

moiety into a dually responsive, triblock copolymer system with PD1 and PS was rife with 

difficulties. Although the polymer itself was accessible (Figure 4.5.2a), and was able to form 

nanoparticles that responded to MMPs as desired (Figure 4.5.2b-c), the release of 7-HC from 

the nanoparticle with and without MMP exposure was much harder to measure than 

envisioned. First, as is the case with many fluorophores, the fluorescence of 7-HC is highly 

influenced by the pH of the surrounding solvent system48. 

 

 

Figure 4.5.2. Analysis of PD1-PF1-PS triblock copolymer systems. a) Polymer structure of 
theranostic triblock copolymer. b) dry state, negative stain TEM image of PD1-PF1-PS nanoparticle 
system prior to MMP and H2O2 exposure. Scale bar = 100 nm. c) TEM image of PD1-PF1-PS following 
incubation with both MMP and H2O2. Scale bar = 100 nm. 

 

 Our initial attempts to monitor the fluorescence of the triblock nanoparticle system 

following H2O2 exposure was unsuccessful because the concentration of peroxide used in the 

studies was too high, which lowered the pH beyond the buffering capacity of the aqueous 

solution and thus altering the fluorescence of the 7-HC (vide infra). Further, H2O2 is a small 

molecule which we posit can penetrate the nanoparticles, even without MMP exposure, to 

cause the cascade reaction and release of PF1 from the nanoparticle backbone. Although 

peroxide exposure alone doesn’t induce a change in nanoparticle morphology (Figure 4.5.3a), 
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we did observe an increase in fluorescence intensity of the nanoparticles (Figure 4.5.3b) over 

the course of 48 hours. Together, these results indicated that 7-HC is being liberated from the 

backbone of the polymer, but is still sequestered noncovalently in the core of the nanoparticle. 

Interestingly, the fluorescence intensity increases further upon incubation of the triblock 

nanoparticle system with both MMP and H2O2 (Figure 3.5.3c), suggesting that the core is not 

completely accessible by H2O2 prior to enzyme exposure. However, as the PF1-PD1-PS 

system still generates a fluorescence signal with only one stimulus present, it was deemed to 

not be a useful theranostic agent, and thus scrapped from the manuscript. 

 

 
 
Figure 4.5.3. Analysis of PD1-PF1-PS triblock system after H2O2 exposure. a) After exposure of 
H2O2 alone, PD1-PF1-PS still forms micelles visualizable by TEM. Scale bar = 100 nm. b) Time course 
analysis of fluorescence generated by free 7-HC liberated from PD1-PF1-PS after exposure to H2O2 

without MMP. Blue line = 5 minutes, purple line = 6 hours, green line = 24 hours, red line = 48 hours. c) 
Time-course analysis of fluorescence generated by free 7-HC after incubation of PD1-PF1-PS with both 
MMP and H2O2. Blue line = 5 minutes, purple line = 6 hours, green line = 24 hours, red line = 48 hours. 
Black line is an overlay of the 48 hr time point in panel b. The increase in fluorescence is much higher 
when nanoparticles are incubated with both stimuli at all time points evaluated.  
 

Failure of the triblock system to function as a theranostic aside, this study was 

successful in demonstrating the feasibility of a dual-responsive system to ultimately inhibit 

MMP function. From a therapeutic perspective, sufficiently shutting down the proteolytic action 

of MMPs within the tumor microenvironment could inhibit metastasis formation. However, 

inactivating one of the stimuli needed for cargo release may not be the best strategy for treating 
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a “chronic” illness, such as cancer. However, this may be useful if administered following acute 

myocardial infarction (MI), where MMPs have been shown to weaken the infarct wall49-52 and 

play a significant role in negative left ventricle remodeling, which leads to increased wall stress 

in the remaining viable myocardium53-54. Unlike in cancer, where MMP expression is 

upregulated for prolonged periods of time, MMP upregulation following MI is transitory, making 

a strategy for inhibiting MMP function viable. 

 Of course, other drugs could be used in this dual-responsive motif (as discussed in 

Chapter 2.4), as well as other stimuli, as long as they are matched to the disease of interest. 

Thus, the true power of the EDAPT platform developed in Chapters 2-4 is that it is generated 

through modular synthesis, making it programmable and customizable.   
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Chapter 5 

 

Fatty Acid Conjugates for Albumin-Mediated 

Transport 

 

5.1 Introduction 

 
 Unlike the nanomaterials developed in Chapter 2-4, the work discussed in Chapter 5 

utilizes biomolecules, namely long chain fatty acids and HSA, for targeted drug delivery to the 

TME.  Although the materials developed are vastly different, the overall strategy remains the 

same – increased accumulation of therapeutic cargo in the tumor space by exploiting features 

of the TME. 

 As researchers continue the search for novel chemotherapeutic compounds, there 

remains a large-scale effort to improve the safety and efficacy of those already in the clinic. 

Many potent therapeutics suffer from severe solubility issues, with nearly 40% of all FDA-

approved drugs and more than 60% of all new chemical entities being poorly water soluble
1-3

. 

This necessitates either the packaging of these materials (BCS Class II and IV) in elaborate 

carrier systems, or the formulation with non-innocent excipients, which themselves can cause 
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serious adverse effects4 in patients. Thus, there remains a dire need for the development of 

better delivery vehicles for potent, but poorly soluble, chemotherapeutics. 

 One approach is to use human serum albumin (HSA) as a drug carrier. HSA is the most 

abundant serum protein, with normal physiological concentrations of 40 mg/mL in the blood 

and a half-life on the order of ~19 days5-6. HSA displays extraordinary ligand binding affinity, 

and a main function of HSA is to transport both endogenous and exogenous ligands throughout 

the body. Indeed, specific binding sites on HSA have been identified and characterized for 

both fatty acids and drugs7-13. Further, HSA has been identified as a nutrient source for growing 

tumors, potentially because the 67kD heart-shaped monomeric protein has 35 cysteine 

residues, as well as many glutamine residues, that tumors make use of in their metabolic 

processes14. 

 Because HSA is the primary transporter of long-chain fatty acids (LCFAs) throughout 

the body, the binding and interactions between the serum protein and fatty acids has been 

extensively studied. Indeed, as many as 7 specific binding pockets have been identified on 

HSA for LCFAs through nuclear magnetic resonance (NMR) and protein crystallography7-8, 10-

12. In five of these sites, the carboxylate moiety of the LCFA makes favorable electrostatic 

interactions with positively-charged arginine and lysine residues lining the base of the pocket 

of the protein. This interaction is responsible for the exceptionally high binding constants 

observed. In addition to HSA catabolism, it is becoming increasingly recognized that fatty acids 

are key nutrient sources in growing and metastasizing tumors15.  In normal physiology, LCFAs 

are utilized as fuel sources for ATP generation – a process that is exploited in cancer 

metabolism16-18.  

 Given the relationship between LCFAs, HSA, and tumor metabolism, we reasoned that 

utilizing the naturally evolved interaction of HSA with LCFAs to transport hydrophobic cargo 

may provide an elegant solution to chemotherapy’s drug problem. Previous development of 
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fatty acid-drug conjugates conjugate therapeutic cargo has been through the carboxylic acid 

moiety of the monoacid. The carboxylate is responsible for high-affinity binding to HSA, thus, 

conjugation at this site inherently diminishes the binding capability of the fatty acid-based 

material. Further, HSA-based carriers have been developed for paclitaxel5, 19-23 and other 

hydrophobic drugs, but the binding of these drugs to HSA is of significantly lower affinity than 

that of LCFAs. This lower binding affinity allows for these drugs to dissociate from the protein 

in the blood, which may be partially responsible for the modest increases in tolerability 

observed in the clinic. 

 

 
 
Figure 5.1.1. Materials utilized in Chapter 5. a) Chemical structure of octadecanedioic acid (ODDA). 
b) Chemical structure of PTX-ODDA ester (PTXFA). c) Modeling of PTXFA binding to human serum 
albumin (HSA) in the top 5 most likely binding sites to formulate VTX. 
 

 We hypothesized that mono-functionalizing the appropriate α,ω-dicarboxylic acid with 

a hydrophobic drug would preserve the high-affinity binding to HSA and produce a prodrug 

that is targeted by “hitchhiking” on albumin in the bloodstream. This, in turn, would result in 

better safety, efficacy, and pharmacokinetics that are more closely matched to that of albumin 

than of the parent drug. Towards this end, we designed a system where octadecanedioic acid 

(ODDA) (Figure 5.1.1a) is conjugated to paclitaxel (PTX) to produce a mono-functionalized 
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prodrug ester (PTXFA, Figure 5.1.1b). We then noncovalently complexed PTXFA with HSA 

at a mol ratio of 5:1 ligand:protein to generate a water soluble drug delivery system (VTX, 

Figure 5.1.1c) and evaluated its potential as a therapeutic in vivo.  
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5.2 Results and Discussion 

 
 PTXFA (Figure 5.1.1a) was first synthesized through mono-esterification of ODDA with 

PTX (see Chapter 5.3 for experimental details), and then combined with HSA in a 5:1 

drug:protein ratio to afford an HSA:PTXFA compound, herein denoted as VTX. This ratio was 

chosen based on literature demonstrating 5 high affinity binding sites for LCFAs on HSA7-8, 10-

12. Other ratios were also investigated, and it was found that all combinations led to soluble 

protein/drug complexes that did not crash out of solution, even after lyophilization and 

resuspension (Figure 5.2.1). 

 

 

The interaction of PTXFA with HSA was modeled through docking studies and 

molecular dynamic simulations. From these investigations, it was determined that sites 1, 2, 4, 

and 5 were the most likely binding locations (see Figure 5.2.1c). These results were compared 

to models of HSA with stearate, ODDA conjugated to PTX through an extended linkage, mono-

methylated ODDA conjugated to PTX through an extended linkage, and ODDA conjugated 

with methotrexate to serve as a different model compound (Table 5.2.1). In all cases, PTXFA 

bound HSA with the highest affinity. To corroborate the simulation results, the displacement of 

palmitic acid from HSA by PTXFA was investigated by 13C-NMR (Figure 5.2.2a). Titration of 

Figure 5.2.1. Formulation of PTXFA with HSA. a) 
combination of PTXFA in t-butanol with HSA in distilled 
water in 1:1, 2:1, 3:1, and 10:1 ratios (drug:protein), 
respectively. b) solutions of VTX after the materials in panel 
a are lyophilized (see Chapter 5.3 for details) and 
resuspended in 1C DPBS at 25 mg/mL with respect to PTX 
content. Note: solutions get more opaque as the ratio of 
drug:protein is increased, but all formulations remain 
completely dispersed in solution out to 45 days at a range 
of temperatures (vide infra). 
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methylated ODDA conjugated to PTX through an extended linkage, and ODDA conjugated 

with methotrexate to serve as a different model compound (Table 5.2.1). In all cases, PTXFA 

bound HSA with the highest affinity. To corroborate the simulation results, the displacement of 

palmitic acid from HSA by PTXFA was investigated by 
13

C-NMR (Figure 5.2.2a). Titration of 

PTXFA into a pre-equilibrated solution of HSA and 
13

C-palmitate elucidated the PTXFA binding 

site locations on HSA. 

 
Table 5.2.1. Binding site affinity of PTXFA to HSA vs. other conjugates. The calculated binding 

affinity of various fatty acid-drug conjugates to HSA using MMBGSA computational binding analyses 

(see Chapter 5.4 for methods). In HSA binding sites 1, 2, and 4 (see Figure 5.1.1c for locations on 

HSA), PTXFA has a significantly higher binding affinity to HSA than the native ligand stearate. To probe 

the effect on binding affinity, other compounds, based on a C18 chain length spacer, were evaluated, 

by changing the length between PTX and ODDA, the oxidation state of the carboxylic acid on ODDA, 

and by changing warhead. 

 
 

 The effect of PTXFA on HSA folding and stability was investigated through circular 

dichroism (CD) (Figure 5.2.2b-d). Importantly, PTXFA does not affect the folding of HSA up 

to mol ratios of 10:1 drug: protein, providing further evidence that the interactions of PTXFA 

with HSA mimic those with native LCFAs. Further, the presence of PTXFA in solution had no 

effect on the heating/cooling curve of HSA, indicating that the molecule does not destabilize 

the protein’s tertiary structure. 

The stability of PTXFA as a function of pH was also evaluated. As expected, PTXFA 

hydrolyzes under both acidic and basic conditions to afford free PTX in solution.  After 24h 

incubation, complete hydrolysis is observed when the conjugate is incubated at pH=8.0, 

demonstrating that PTXFA is a labile prodrug of PTX (Figure 5.2.3a). As the 2’-OH on PPTX 

through which ODDA is conjugated is necessary as a free hydroxyl for the cytotoxic activity of 
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Figure 5.2.2. Experimental Analyses of PTXFA-HSA interactions. a) NMR titration of PTXFA into a 
pre-equilibrated, saturated solution of palmitic-1-13C acid with HSA. PTXFA displaces palmitic acid in all 
sites at concentrations lower than that of the native ligand, demonstrating a high binding affinity of HSA 
in its binding pockets for LCFAs. b) Heating curve of HSA by circular dichroism from 35 to 90 °C. c) 
Heating curve of HSA in the presence of PTXFA. d). CD signal at 209 nm across the array of 
temperatures in the heating and cooling curves for HSA and HSA in the presence of PTXFA. Minimal 
divergence is observed over the entire temperature range.  
 

 The stability of PTXFA when associated with HSA (as VTX) was also examined to 

evaluate the propensity of the material to remain intact during circulation in the bloodstream. 

The stability of VTX was analyzed as a function of pH, temperature, and presence of serum 

proteins. No degradation of PTXFA was observed when incubated as VTX in DPBS at pH=7.4 

and pH=4.0 for 24h (Figure 5.2.3b), demonstrating that HSA protects the PTXFA prodrug from 

pH-based degradation as a drug carrier.  
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Figure 5.2.3. Stability of PTXFA and VTX to Changes in pH. a) Stability of PTXFA as a small molecule 

alone in solution as analyzed by HPLC, when incubated in acidic (red trace) or basic (yellow trace) 

conditions. PTXFA elution time is ~5.6 minutes prior to degradation, and major degradation product 

appears at ~2 min. Major degradation products appear at ~2 min upon incubation at elevated and 

depressed pH. Solid black trace is of PTXFA before any treatments, and control is PTXFA after 24 hrs 

incubation at room temperature in solution. b) Stability of PTXFA as formulated with HSA to form VTX 

in solution prior to incubation in acidic pH (solid black trace), after 24 hrs incubation at room temperature 

in acidic conditions (red trace), and after 24 hrs incubation in neutral solution. Note that no evidence of 

degradation is observed, unlike in panel a, suggesting that formulation with HSA protects the prodrug 

from pH-induced hydrolysis. 

 

 The cytotoxicity of PTXFA and VTX in comparison to PTX was evaluated in an array 

human cancer cell lines, including HeLa (cervical adenocarcinoma), HT-1080 (fibrosarcoma), 

H522 (lung carcinoma), PANC-1 (pancreas ductal carcinoma), HT-29 (colon colorectal 

adenocarcinoma), and Hep-G2 (hepatocellular carcinoma). IC50 values were obtained for all 

cell lines (Table 5.2.2). Interestingly, a cell-line dependent response for PTXFA is observed, 

with a range IC50 values consistent with those of other PTX prodrugs. However, when 

formulated as VTX, all cell lines respond within the same order of magnitude, suggesting that 

the formulation of the prodrug with HSA may allow for an alternative entry pathway of the drug 

into the cell.  

Table 5.2.2. Representative IC50 values in various cell lines. The IC50 of PTXFA, or PTXFA 

formulated with HSA at 1:1, 2:1, or 5:1 mol ratios. 
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 The therapeutic potential of PTXFA as an anticancer compound in vivo was evaluated 

and its effect on tumor growth and survival when formulated as VTX was determined. Initial 

studies were carried out in the HT-1080 model, as it is a fast-growing tumor and is known to 

be responsive to taxane therapy25. The therapeutic index (TI) of VTX, relative to Abraxane® 

and Cremophor-formulated PTX, where TI was defined as the ratio of maximum tolerated dose 

(MTD) to minimum effective dose (MED)26, was evaluated for one specific dosing schedule. 

MTD was defined as the highest dose that can be delivered without incidence of mortality27, 

and MED was defined as the lowest dose that shows a delay in tumor growth, relative to saline-

treated animals28. Additional efficacy studies were completed in HT-29 and PANC-1 xenograft 

models to demonstrate the generality of the VTX system in multiple tumor models.  

 

 
Figure 5.2.5. Dose-Response of VTX in HT-1080 xenografts. a) Effect of VTX on tumor growth in HT-
1080 fibrosarcoma xenografts as a function of dose. All doses were administered IV through tail vein, 
on a q7dx4 dosing schedule. NOTE: Efficacy graphs for each group are truncated once the survival 
dropped below 50%. 
 
 
 The dose-response of VTX was investigated in the HT-1080 model at 5, 20, 60, 125, 

and 250 mg/kg with respect to PTX content. Doses were IV administered through the tail vein 

once a week for a total of 4 weeks (q7dx4).  Animals responded to VTX in a dose-dependent 

manner (Figure 5.2.5a). Excitingly, complete tumor regression or dramatically suppressed 

progression was observed in most animals administered VTX at 250 mg/kg, with no evidence 



	 190 

of drug-associated toxicity observed throughout the course of administration (Figure 5.2.5b). 

Conversely, animals administered Abraxane® at 20 mg/kg with respect to PTX content 

experienced significant treatment-associated lethality (Figure 5.2.6a), so the highest dose of 

Abraxane® administered in this model was limited to 15 mg/kg. We note that this is contrary to 

what is reported in several studies19, 22-23, and associate it to model- and formulation-specific 

toxicity. Cremophor®-formulated PTX showed similar antitumor activity at 15 mg/kg to that of 

Abraxane® at 15 mg/kg, and VTX at 250 mg/kg (Figure 5.2.6b). However, this is the reported 

MTD of PTX25, 29 and higher doses in this model have previously resulted in acute toxicity25.   

 

 
 
Figure 5.2.6. Further in vivo analyses in HT-1080 xenografts. a) Survival curve of animals IV 
administered Abraxane® at 5 mg/kg (8 animals, brown trace), 15 mg/kg (8 animals, yellow trace), or 20 
mg/kg (4 animals, green trace) with respect to PTX content. Significant lethality is observed at the 20 
mg/kg dose (3/4 animals died within 24 hr of injection), limiting the MTD of Abraxane® in this model. b) 
Efficacy of VTX versus Abraxane® and Cremophor-formulated PTX as a function of MTD on tumor 
growth in HT-1080 fibrosarcoma xenografts as a function of dose. All doses were administered IV 
through tail vein, on a q7dx4 dosing schedule. c) Survival analysis of animals in panel b.  
 
 
 In addition to dose-response, the survival of animals treated with VTX was analyzed in 

comparison to Abraxane®, Cremophor-formulated PTX, and saline (Figure 5.2.6c) following 

a q7dx4 dosing schedule. From this, it is clear that the elevated doses of VTX do not cause 

acute lethality, and significantly extend survival time over that of non-treated controls, whereas 

the improvement of survival time for Abraxane® and Cremophor-formulated PTX on survival 

time was modest. Interestingly, while the lowest administered dose of VTX and Abraxane® 

had similar, negligible effects on median survival time, both were sufficient to suppress tumor 
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growth relative to saline over the course of the study (Figure 5.2.7), which we thus define as 

the MED for both VTX q7dx4 and Abraxane® in this model and at this dosing regime. 

 

 

 
 In evaluating the efficacy of survival of animals treated with VTX and Abraxane®, we 

conclude a distinct advantage of our formulation over the FDA-approved drug. In this model, 

VTX had an MED of 5 mg/kg and an MTD of >250 mg/kg with respect to PTX content. Higher 

doses were unable to be explored due to solubility constraints of HSA used in the formulation 

of VTX. Thus, the TI of VTX is >50 in the HT-1080 model at a q7dx4 dosing regime. 

Conversely, Abraxane®-treated animals experienced significant toxicity at all doses exceeding 

15 mg/kg with respect to PTX content (see Figure 5.2.6a) so though the MED of Abraxane® 

was determined to be 5 mg/kg in this model, the TI of Abraxane® in this study is calculated to 

be 3.  

The trends in efficacy observed in the HT-1080 model were also observed in both 

PANC-1 (pancreatic carcinoma, Figure 5.2.8a) and HT-29 (colorectal adenocarcinoma, 

Figure 5.2.8b) xenografts, and saw that VTX  at 250 mg/kg was well tolerated in both models, 

and also flat-lined tumor growth. Interestingly, Abraxane® showed no significant therapeutic 

effect at 15 mg/kg in the PANC-1 model. Thus, we explored a higher dose (30 mg/kg with 

respect to PTX content) and found that the animals tolerated this dose better than in the HT-

1080 model, albeit 2/8 mice did die from drug-associated acute lethality (vide infra). 

Figure 5.2.7. Efficacy analysis of VTX 
and Abraxane® at low dose. Both VTX 
and Abraxane® were administered at 5 
mg/kg with respect to PTX content via 
tail vein IV q7dx4. Both were capable of 
suppressing tumor growth, relative to 
saline, though the effect is admittedly 
modest. 
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Conversely, Cremophor-formulated PTX could suppress tumor growth quite well, though VTX 

was still superior, as 2 animals showed complete tumor regression. Intriguingly, in the HT-29 

model, VTX was able to be administered up to 300 mg/kg (due to the average animal mass 

being large enough to administer a large enough injection volume to reach 300 mg/kg without 

concern) without any toxicity observed, and with superior efficacy, relative to both Abraxane® 

and non-treated controls. 

 

 
 
Figure 5.2.8. Efficacy in additional tumor models. a) Effect of treatment on tumor growth in the 
PANC-1 model. b) Tumor growth in HT-29 model. 
 

In addition to efficacy and survival, the pharmacokinetics (PK) of VTX was investigated 

in healthy and tumor-burdened animals (HT-1080 xenografts), and compared to Abraxane®. 

For these studies, VTX was intravenously administered at 20 mg/kg to healthy and tumor-

burdened animals (to examine the effect, if any, of tumor mass on PK and BD), as well as at 

250 mg/kg to tumor-burdened animals. Abraxane® was administered at 20 mg/kg to healthy 

animals for comparison. Blood was drawn from retroorbital sinus prior to injection, and at 1, 2, 

4, and 24 hours post-injection, spun down, and plasma obtained for LC/MS/MS analysis to 

look for the presence of PTXFA and any free PTX in solution. 
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4, and 24 hours post-injection, spun down, and plasma obtained for LC/MS/MS analysis to 

look for the presence of PTXFA and any free PTX in solution. 

 
 
Figure 5.2.9. PK profiles of PTX and PTXFA. a) Blood plasma concentration of PTX in animals 

following treatment with VTX or Abraxane®. Key: VTX 20H = healthy animals administered VTX at 20 

mg/kg. Abx 20H = healthy animals administered Abraxane® at 20 mg/kg. VTX 20T = tumor-burdened 

animals administered VTX at 20 mg/kg. VTX 250T = tumor-burdened animals administered VTX at 250 

mg/kg. b) Blood plasma concentration of PTXFA in animals following treatment with VTX. 

 

At one hour post-injection, both PTX and PTXFA are found in plasma samples from 

animals administered VTX (Figure 5.2.9a-b), though PTXFA is present in much higher 

concentrations than PTX. Interestingly, the maximum concentration of PTX in animals 

administered Abraxane® at 20 mg/kg nearly matches that of those administered VTX at 250 

mg/kg (see Figure 5.2.9a). However, the half-life and AUC of PTX in animals treated with VTX 

is much higher than that of Abraxane®, indicating that VTX may be acting as a drug depot for 

the cytotoxin, and slowly releasing it into the bloodstream over time. Calculated PK parameters 

are shown in Table 5.2.3.  

Table 5.2.3. Calculated PK parameters. PK parameters were calculated based on the plasma 

concentrations of PTX and PTXFA shown in Figure 5.2.10. 
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In addition, the biodistribution of VTX at 250 mg/kg with respect to PTX content in HT-

1080 xenografts was analyzed in comparison to Abraxane® and Cremophor-formulated PTX 

in tumor, liver, and gallbladder at 1, 4, and 24 hours post-injection (Figure 5.2.10). The 

rationale behind the choice of organs is that Abraxane®, like most other nano-formulations, is 

known to accumulate in the liver
30-31

, and the gallbladder can act as a reservoir of fatty acids
32

, 

and we saw increased accumulation of a gadolinium (Gd)-based ODDA analog developed in 

our lab (see Chapter 5.6).  

 

 
Figure 5.2.10. Biodistribution of PTX in tumor, liver, and gallbladder. a) Concentration of PTX in 

HT-1080 tumors at 1, 4, and 24 hr post-injection with either VTX at 120 mg/kg (orange bars), Abraxane® 

at 20 mg/kg (green bars), or Cremophor®-formulated PTX (blue bars). b) Concentration of PTX in livers 

from animals bearing HT-1080 tumors. c) Concentration of PTX in gallbladders from animals bearing 

HT-1080 tumors. 

 

Though the highest tumor accumulation in all groups studied was in animals 

administered Cremophor®-formulated PTX (Figure 5.2.10a), the tumor concentration of free 

PTX in animals administered VTX steadily increased over the course of the study, whereas it 

steadily decreased for that of the Cremophor® formulation. Interestingly, minimal distribution 

in the liver was seen for VTX, whereas there was a high level of accumulation for both 

Abraxane® and Cremophor®-formulated PTX at early timepoints (Figure 5.2.10b). It has been 

proposed that the Cremophor® itself makes that PTX formulation nanoparticle-like in nature
4
, 

so the liver accumulation of this formulation is not surprising. As there is little VTX liver 
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accumulation, it suggests that our formulation is not behaving as a nanoparticle in the body. 

Finally, there is detectable gallbladder accumulation of PTX in animals administered VTX at 

two of the three timepoints (Figure 5.2.10c), which correlates with the accumulation observed 

of MRI contrast agents developed in our lab that utilize Gd-ODDA conjugates.  
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5.3 Study Conclusions 

 
 In conclusion, we have developed a carrier system for albumin-mediated delivery of 

PTX to tumor tissue, utilizing the natural interaction between HSA and LCFAs, by 

monofunctionalizing ODDA with PTX to generate PTXFA. PTXFA binds HSA in a manner like 

native LCFAs, and we can use this to deliver therapeutic payloads of PTX to tumor tissue well 

beyond the MTD of both Cremophor-formulated PTX and Abraxane®. We have demonstrated 

impressive efficacy of VTX in three xenograft models: HT-1080 (fibrosarcoma), PANC-1 

(pancreatic cancer), and HT-29 (colon cancer). Further, the overall survival of animals in the 

HT-1080 xenograft model is significantly extended when treated with VTX at a dose of 250 

mg/kg with respect to PTX content. The PK profile of VTX is significantly different from that of 

Abraxane®, as is the biodistribution relative to Abraxane® and Cremophor®-formulated PTX. 

 Given the relationship between HSA, fatty acids, and the TME (see Chapter 1.3), this 

is an especially interesting strategy for drug delivery, especially to cancers that have increased 

demands for HSA and fatty acids (see Chapter 1.3). Further, the mechanism of internalization 

of PTXFA may be different from that of PTX (see Chapter 5.2), which may be of importance 

in cancers that demonstrate multidrug resistance, where conventional PTX treatment is 

ineffective33-34. Together, the foregoing results represent an important departure from 

nanoparticle-based drug delivery approaches and takes advantage of nature’s own machinery 

to deliver drugs to tumors. 
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5.4 Experimental Details 

 
General Materials and Methods: All materials and reagents, unless otherwise noted, 

were purchased from Sigma Aldrich or Fisher Chemicals. ODDA was graciously provided by 

Elevance Renewable Sciences, Inc. (Woodridge, Illinois). Abraxane® and clinically formulated 

PTX as a suspension in 1:1 Cremophor® EL (polyoxyethylated castor oil) to ethanol were 

graciously donated by UCSD Moores Cancer Center (La Jolla, California). HPLC analyses of 

all materials were performed on a Jupiter 4u Proteo 90A Phenomenex column (150 x 4.60 mm) 

with a binary gradient, using a Hitachi-Elite LaChrom 2130 pump that was equipped with a 

Hitachi-Elite LaChrom L-2420 UV-Vis detector. Separation was achieved with a flow rate of 1 

mL min-1 and the following mobile phase: 0.1% trifluoroacetic acid in H2O (buffer A) and 0.1% 

trifluoroacetic acid in ACN (buffer B). All cell lines were obtained from an in-house sub-culture 

originally purchased from ATCC. Cells were incubated at 37˚C at 5% CO2 using DMEM (high 

glucose, no glutamine, Life Technologies/Gibco, Cat. 11960044) supplemented with 10% FBS 

(heat inactivated, Omega Scientific, Cat FB-02), and 1x of sodium pyruvate (100x = 100mM, 

Life Technologies, Cat. 11360070), non-essential amino acids (Life Technologies, Cat. 

11140050), GlutaMAX (Life technologies, Cat. 35050061) and antibiotics (Penicillin-

Streptomycin, Life Technologies Cat 15140122). Opti-MEM reduced serum medium (Life 

Technologies, 31985070) was used as is, and DMEM without phenol red (Life Technologies, 

Cat 31053028) was supplemented as in other DMEM. Cell cultures were maintained by sub-

culturing in flasks every 4-7 days when cells became confluent using trypsin-EDTA, 0.25% 

(Life Technologies, Cat 25200114). Mice (nu/nu) for in vivo studies were obtained through the 

in-house colony at the University of California, San Diego. All animal procedures were 

approved by UCSD’s institutional animal care and use committee (IACUC). 
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Figure 5.3.1. Synthesis of PTXFA. 

 

Synthesis of PTXFA: To a cold solution of PTX (2.00 g, 2.35 mmol) in 100 mL 

dichloromethane (DCM) was added 4-(dimethylamino)pyradine (DMAP,	573 mg, 4.69 mmol) 

and EDC (967 mg, 5.04 mmol). The resulting solution was stirred for 5 minutes, at which point 

ODDA (885 mg, 2.82mmol) in 6 mL N,N-dimethylformamide (DMF) was added, and the 

reaction stirred overnight under N2 and allowed to warm to room temperature. Reaction 

progress was monitored by thin layer chromatography (TLC) in 2:1 hexane:ethyl acetate. Upon 

complete consumption of PTX, the reaction was stopped and evaporated to dryness under 

vacuum by rotary evaporation. The crude was taken up in DCM and washed with 1M HCl, and 

dried over MgSO4.  

 

Preparation of PTXFA with HSA (VTX): To prepare stock solutions, PTXFA was 

dissolved in DCM at a concentration of 0.030075M, and HSA (essentially fatty acid free, 

lyophilized powder) was dissolved in distilled water at a concentration of 0.0006015M (40.0 

mg/mL). To a 50 mL centrifuge tube was added 3.74 mL of the clear colorless PTXFA stock 

solution, followed by rapid addition of 37.40 mL of the clear yellow HSA stock to generate a 

5:1 mol ratio of PTXFA:HSA solution. Upon initial addition of HSA, solution clouds, but 

immediately clears, to yield an off-yellow solution. Solution was then vortexed for 10 seconds, 



	 199 

snap frozen under liquid nitrogen, and lyophilized to afford a white powder (VTX), which is 

reconstituted as a clear to slightly turbid off-yellow solution in buffered water (DPBS, 

Dulbecco’s Phosphate Buffered Saline, no Ca and no Mg) to a concentration of 25.0 mg/mL 

with respect to PTX content.  

 

Dynamic Light Scattering (DLS) Analysis: PTXFA was formulated with HSA at mol 

ratios of 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, and 10:1 PTXFA:HSA in the same general 

manner as described above.  Solutions were lyophilized overnight, then resuspended in 1.0 

mL DPBS and analyzed by DLS to look for formation of precipitates or nanoscale structures.  

 

Circular Dichroism (CD) Studies: PTXFA was formulated with HSA at mol ratios of 

1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, and 10:1 PTXFA:HSA in the same general manner as 

described above. Solutions were lyophilized overnight, and then resuspended in 1.0 mL DPBS 

and analyzed by CD to probe the structure of HSA as a function of mols of PTXFA bound.  

 The effect of PTXFA on the stability of HSA was probed by analysis of protein folding as a 

function of temperature. VTX (5:1 mol ratio PTXFA:HSA) and HSA were heated from 35°C to 

90°C in 5°C increments and the change in their CD spectra was observed. The shift in peak 

heights at 192 nm and 209 nm were monitored at each temperature and compared to one 

another between groups (VTX vs. HSA).  

 

 Modeling Studies: Four conjugate ligands, and additionally stearate, were evaluated using 

computational binding affinity analysis. Five sites in the HSA protein were selected as the most 

likely binding locations based on inspection of the PDB:1E7I crystal structure of HSA 

complexed with stearate. The four conjugate ligands were manually inserted into each of the 

five HSA binding sites in an analogous manner to stearate binding. Thus four new models were 



	 200 

created, each with HSA complexed to five ligand molecules. Small molecule force field 

parameters were generated for each ligand using Amber16’s GAFF force field and the AM1-

BCC charge assignment scheme. The protein was modeled with the FF14SB force field. Each 

HSA-ligand complex was solvated in 28,000 TIP3P water molecules. Na+ and Cl- ions were 

added to bring the salt concentration to approximately 150 mM. Following preparation, 

molecular dynamics simulations were run for each system on GPU hardware using Amber16’s 

pmemd.cuda program. Production simulations consisted of 10 ns of NPT simulation using the 

Langevin thermostat, Monte Carlo barostat, and default PME parameters. Binding affinity 

calculation were performed with Amber16’s MMPBSA.py program using the simulation 

trajectories as input. For these calculations, the explicit solvent was removed and modeled 

implicitly using the igb=8 model and mbondi3 solute radii. 

 

NMR Binding Studies: The binding of PTXFA to HSA was investigated through 13C-

NMR analysis. First, a stock solution of 13C-palmitic acid mixed with HSA at a 5:1 mol ratio 

(palmitic acid:HSA) was prepared in 1:1 D2O:H2O at 30.0 mg/mL with respect to HSA. This 

solution was prepared by transferring a known amount of palmitic acid to a vial, then adding 

the appropriate volume of HSA in solution and stirring overnight at room temperature to allow 

the palmitic acid to associate with HSA and enter solution. After overnight incubation, a clear 

off-yellow solution was observed. Next, 1.0 mL of the HSA/palmitic acid conjugate was 

removed to a vial containing 6.18 mg PTXFA (to produce a 30:1 mol ratio of PTXFA:HSA). 

This new solution was equilibrated overnight. Both samples (palmitic acid/HSA and 

PTXFA/HSA) were analyzed by 13C-NMR to look for the disappearance of peaks characteristic 

of palmitic acid binding to HSA.  
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In Vitro Stability of PTXFA and VTX: The stability of PTXFA under acidic, basic, and 

neutral conditions was evaluated and analyzed by HPLC. PTXFA was dissolved in organic 

solvent with either acidic, neutral or basic water added at a low enough concentration such 

that the small molecule did not precipitate. The control solution in organic solvent did not 

contain water. The solutions were incubated for 24 hours at room temperature, then analyzed 

by HPLC for appearance of PTX and PTXFA. 

 A stock solution of VTX was prepared at 3x10-3M in distilled H2O. From this, three aliquots 

were prepared at 200 μL each (A, B, and C): A) pH adjusted to 4.0 with HCl; B) pH held at 7.4; 

and C) pH adjusted to 10.0. Each aliquot was further split into 3x 60 μL samples (1, 2, and 3). 

Sample 1 (A1, B1, and C1) of each was incubated at 4°C. Sample 2 (A2, B2, and C2) was 

incubated at 25°C. Sample 3 (A3, B3, and C3) was incubated at 37°C. The remaining 20 μL of 

each stock solution was diluted to 100 μL with “buffer B” (acetonitrile + 0.1% trifluoroacetic 

acid) to precipitate the HSA and extract PTX-FA from each sample. The organic phase was 

then analyzed via HPLC (80% buffer B, 20% buffer A isocratic) to serve as a baseline for 

degradation. Aliquots (20 μL each) of the test samples (A1, A2, A3, B1, B2, B3, C1, C2 and 

C3) were removed at 24 and 48 hours, diluted to 100 μL with buffer “B”, and analyzed by HPLC.  

 

Cell Viability: Cytotoxicity of PTXFA and VTX was evaluated using the CellTiter Blue 

(CTB) assay (Promega, cat G8081). Treatments of PTXFA were prepared as 1000x serial 

stock dilutions in DMSO, then diluted into media for 1X, 0.1% DMSO treatment solutions. VTX 

(5:1 mol ratio PTXFA:HSA) was prepared as a concentrated solution in DPBS, then diluted in 

media for treatment solutions. Cells were plated in 96-well plates, 1 day before treatment, at 

the following densities: HeLa at 3,000 cells/well, HT-1080 at 4,500 cells/well, HT-29 at 7,500 

cells/well, PANC-1 at 10,000 cells/well, H522 at 10,000 cells/well, and HepG2 at 4,500 

cells/well. After 24 hours, plating media was removed, then treatments of 100uL were added 
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to the wells. After 3 days, the media was removed and replaced with 100uL complete DMEM 

without phenol red. At this point, 20uL of CTB reagent was added, and the cells incubated for 

two hours at 37˚C. Fluorescence was measured at 590nm with excitation at 560nm using a 

Perkin Elmer EnSpire plate reader. Average background fluorescence of CTB reagent in media 

without cells was subtracted from average fluorescence readings of the experimental wells 

(three wells per treatment concentration). Viability was calculated as the average background-

subtracted signal in a well compared to that of a negative control well (treatment with vehicle, 

either 0.1% DMSO/media or media). Viabilities were fit in GraphPad Prism using a non-linear, 

dose-dependent inhibition curve. Values for IC50 reflect the concentration at which the cell 

death is 50% of the maximum response. The log (IC50) and error in logIC50 are reported, and 

reflects the standard error in the fit.  

 

Pharmacokinetics in HT-1080: For pharmacokinetic evaluation, nu/nu mice, some 

bearing HT-1080 xenografts (average tumor volume between 50-150 mm3), were intravenously 

(IV) administered VTX at doses of 250 and 20 mg/kg with respect to PTX (n=6/group). An 

additional set of 6 healthy animals was administered Abraxane® at 20 mg/kg. Blood samples 

were collected prior to treatment, as well as at 1, 2, 4, 7, and 24 hours post-injection. Plasma 

was isolated by centrifuging the blood and taking the supernatant. The plasma samples were 

extracted with DCM and analyzed by LC-MS/MS for presence of free PTX and PTXFA.  

 

Biodistribution in HT-1080: Nu/nu mice bearing HT-1080 xenografts were 

intravenously administered VTX at 250 mg/kg, Abraxane® at 20 mg/kg, or Cremophor®-

formulated PTX at 15 mg/kg (n=9 per group). All doses were calculated with respect to PTX 

content of the formulations. At 1,4,and 24 hours post injections, 3 mice per group were 

sacrificed, perfused, and organs collected. Tumor, liver, and gallbladder were snap-frozen 
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under liquid nitrogen. Samples of each organ (~100 mg of tissue per organ) was weighed out, 

cut up, and homogenized with homogenizing beads (~100 mg of beads per sample) by 8 cycles 

of vortexing for 30 seconds, followed by 30 seconds of rest. Organ samples were then further 

extracted with DCM and analyzed by LC-MS/MS by the UCSD MS Core facility for presence 

of free PTX and PTX-FA. 

  

Efficacy and Survival in HT-1080: Nu/nu were inoculated with ~106 HT-1080 cells on 

the right flank, and treatments began when average animal tumor burden was between 50 and 

150 mm3. Animals anesthetized with isoflurane with an induction dose of 3% and a 

maintenance dose of 1.5% in an oxygen gas stream and intravenously (IV) administered VTX, 

saline, Cremophor®-formulated paclitaxel, or Abraxane® via tail vein, as a single push over the 

course of 30 seconds, at a range of doses once weekly for a total of four injections (q7dx4). 

Absolute tumor volume was measured by calipers and approximated by the formula: 

V=
l*w2

2  

Where “V” is the absolute tumor volume on the day of measurement, “l” is the longest length 

of the tumor (in mm), and “w” is the shortest width across the center of the tumor (in mm). 

Tumor volume and animal mass ere measured three times weekly. Relative tumor volume was 

determined by the formula: 

!"#$%&'(# =
!
!'
∗ 100 

Where “V” is the absolute tumor volume on the day of measurement and “Vi” is the absolute 

tumor volume on the first day of treatment. Animals were sacrificed when they appeared 

moribund, lost greater than 20% of their weight at the start of the experiment, or when tumor 

burden exceeded 1500 mm3.  
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 Efficacy in HT-29 and PANC-1: Nu/nu were inoculated with either ~10
6
 HT-29 cells or 

~10
6
 PANC-1 cells on the right flank, and treatments began when average animal tumor burden 

was between 50 and 150 mm
3
. Animals were anesthetized with isoflurane as above and 

intravenously (IV) administered VTX, saline, Cremophor
®
-formulated paclitaxel, or Abraxane

®
 

via tail vein, as a single push over 30 seconds, at their respective MTD for a total of four 

injections (q7dx4). Absolute tumor volume and relative tumor volume was approximated by the 

equations above. Tumor volume and animal mass ere measured three times weekly. Animals 

were sacrificed when they appeared moribund, lost greater than 20% of their weight at the 

start of the experiment, or when tumor burden exceeded 1500 mm
3
.  
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5.5 Perspectives and Future Studies 

 Chapter 5 describes the design, synthesis, and evaluation of a novel nonparticulate 

drug carrier system based on naturally evolved interactions between long-chain fatty acids 

(LCFAs) and Human Serum Albumin (HSA). Mono-functionalizing octadecanedioic acid 

(ODDA) with paclitaxel affords a fatty acid-paclitaxel ester prodrug (PTXFA) that retains one 

carboxylic acid moiety to form strong, stable electrostatic interactions with HSA in its natural 

binding sites for LCFAs. This prodrug is capable of binding to HSA and shows differentiated 

pharmacokinetics, as well as remarkable tolerability and efficacy in vivo, relative to both 

Cremophor-formulated paclitaxel and Abraxane® in multiple tumor models. While this is a 

promising insight into the potential of this system, there are several other studies using this 

system that warrant investigation. 

 For example, as stated in Chapter 3.3, there is evidence to suggest that combination 

therapy of chemotherapeutics alongside immunotherapeutics may provide a greater anti-tumor 

efficacy than either therapy alone. One especially attractive aspect of the design described in 

Chapter 5 for drug delivery is that the association of the fatty acid to HSA should be warhead 

independent, as the warhead is designed to sit on the surface of HSA, while the fatty acid is 

buried in the protein. Therefore, it is possible to design other prodrugs using this motif. Indeed, 

we have synthesized an ODDA conjugate of the immunotherapeutic 1V209 that was utilized 

in Chapter 3 (for a discussion of the ODDA conjugate, see Chapter 5.6) which makes it 

possible to look at combination efficacy of PTX with 1V209, using this delivery mechanism. 

Additionally, because the MTD of VTX is much higher than Abraxane® and Cremophor®-

formulated PTX, this may provide a strategy for combination therapy with other 

immunotherapeutics, such as checkpoint inhibitors, using doses that are currently 

unachievable by either of the other formulations. Indeed, collaborative work is ongoing on this 

front. 
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 The studies detailed in Chapter 5.2 utilize a dosing schedule that is once a week for 4 

weeks, but there may be a more optimal schedule that has not yet been explored. We chose 

this schedule based on consultation with clinical oncologists to closely mimic the schedule 

used in the clinic. This provided exemplary efficacy, but it is possible that different dosing 

schedules may provide even faster tumor obliteration, and thus warrants investigation. 

 Further, the full toxicity profile of PTXFA and VTX warrants a full investigation. Although 

no acute, overt toxicity was observed at any of the doses examined, and at minimum, a more 

thorough histopathological analysis of the drug delivery system should be completed. 

Peripheral neuropathy and neurotoxicity is a main toxicological concern for paclitaxel35, thus 

this is an additional toxicological parameter that could be considered. Also, little attention has 

been paid by the field of cancer therapy in general to the effect of treatment on fertility and 

offspring viability, which makes this parameter an especially interesting pursuit. Indeed, 

collaborations to examine the effect of VTX on fertility are being currently proposed. 

 

 

Figure 5.5.1. Binding affinity of various fatty acid lengths. (top) Depiction of 25 evenly spaced 
snapshots from a 200 ns simulation of C18 fatty acids bound to each of the seven HSA binding sites. 
The HSA structure is the coordinate averaged structure from the simulation. Each site is labeled and 
the color corresponds the colored FAs. (bottom) The MMGBSA binding score for each FA carbon length 
(from C12 – C24) at each of the seven binding sites on HSA. The colored bars correspond to the site 
colors at top. The uncertainties are standard error of the mean. The more negative the binding score, 
the better binder the ligand is. 
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 Finally, although ODDA has proven to be an exemplary di-carboxylic acid for the 

conjugation of PTX and binding of HSA, it is possible that prodrugs of PTX with dicarboxylic 

acids of different carbon chain lengths may bind HSA better, or may provide different PK and 

BD parameters, based on their affinity to HSA. Indeed, modeling analysis by the Gilson lab 

have indicated that longer dicarboxylic acid-PTXFA conjugates should bind HSA even better 

(Figure 5.5.1). However, these ligands may bind HSA too well, and thus negatively impact the 

MED. Further, although shorter chain dicarboxylic acid-PTX complexes aren’t predicted to bind 

HSA as well as PTXFA, there may be a tradeoff between HSA-binding capability and efficacy. 

However, this will almost certainly alter the toxicity of the material, if the system is truly 

mediated by HSA transport. 
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5.6 Other Fatty Acid Conjugates 

Although the focus of the work detailed in Chapter 5 is based on development of PTX-

based ODDA conjugates, there are several other systems and areas of research surrounding 

the development of ODDA-based materials for HSA-mediated drug delivery to the TME that 

the dissertation author has been involved in.  

For example, the utilization of ODDA-immunotherapeutic conjugates have been 

explored. Briefly, 1V209 (the same immunotherapeutic utilized in Chapter 3) was conjugated 

to ODDa and evaluated for its capability to act as an immunotherapeutic after binding murine 

serum albumin (MSA). The goal of this work was to utilize the favorable interactions between 

serum albumin and the ODDA-1V209 conjugate (immuno-FA) to safely deliver small molecule 

immune activators to tumor tissue. We hypothesized that this approach may achieve higher 

intratumoral concentrations of 1V209 than the free drug could achieve on its own, potentially 

without activating the immune system nonspecifically. Towards this end, we evaluated 

immuno-FA in vitro in RAW 246.7 macrophages and saw that it had nearly identical 

immunotherapeutic capability as the parent molecule (Figure 5.6.1).  

 

 

 

Further, we have completed an initial in vivo study in healthy Balb-C animals, to 

examine the PD parameters of immuno-FA, post IV injection. From this study, we have found 

Figure 5.6.1. In vitro cytokine upregulation. 
TNFα release was evaluated by ELISA after 

incubation with 1V209 and immuno-FA. No 

change in cytokine release levels was 

observed, indicating that modifying 1V209 with 

ODDA does not affect its potency. 
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that administration of immuno-FA results in upregulation of IP-10, IL-6, and IL-12 (Figure 

5.6.2a). We have also completed an initial in vivo dose-finding study in C3H/HeOuJ mice with 

SCC-7 murine syngeneic head and neck squamous cancer model to examine the efficacy of 

immuno-FA at different dosages, when administered as conjugates with MSA, intratumorally 

daily for 5 days. From this, we found that 30 ng of compound was sufficient to potentiate tumor 

growth, relative to saline (Figure 5.6.2b). Additionally, preliminary efficacy studies in the 4T1 

model that mimic those in Chapter 3 demonstrated no evidence of toxicity at elevated doses 

of 1V209, unlike the parent molecule (Figure 5.6.2c).   

 

 
Figure 5.6.2. Pilot in vivo studies on immuno-FA. a) Results of cytokine upregulation assays for IP-
10, IL-6, and IL-12. b) Initial dose-response efficacy study following IT injection of immuno-FA in SCC-
7 syngeneic model. c) Mortality analysis following IV injection into mice bearing 4T1 tumors. 
 

Efforts to identify key transporters or effectors of uptake of nanoparticles and other 

materials have typically focused on a small number of known receptors. However, as many 

transport families (such as the solute carrier (SLC) family of membrane transport proteins) 

remain understudied, it is likely that such efforts will miss many novel uptake mechanisms36. 

Therefore, to identify the key factors controlling uptake of HSA in an unbiased, genome-wide 
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manner, we applied the recently described pooled CRISPR screening technique, which 

enables the creation of a pool of cells where each human gene is deleted.Using flourescein-

labeled HSA, we can then simply ask which gene deletions are no longer capable of proper 

uptake of HSA (measured by the lack of fluorescence in fluorescence-activated cell sorting 

(FACS)). Towards this end, fluorescein-conjugated HSA was generated through NHS-based 

chemistry and non-covalently conjugated with a Cy5-ODDA conjugate, HepG2 (liver cancer) 

cells were treated with this complex, and sorted based on their uptake of HSA, Cy5-ODDA, 

both, or neither. These populations are undergoing further analysis to identify the genes 

responsible for uptake of both of these materials. 

 

 
 
 
 

The utility of this system as a delivery vehicle has also been explored for MRI contrast 

agents. Specifically, a Gd-ODDA conjugate was synthesized, and evaluated in vivo in HT-1080 

xenografts (Figure 5.6.3). The fact that the highest accumulation of material is seen in the 

gallbladder is what spurred the BD investigations of VTX at the end of Chapter 5.2. Further, 

Figure 5.6.3. In vivo imaging of Gd-
ODDA. Imaging of Gd-ODDA at 4 hours 
post injection (bottom two panels), 
compared to pre-injection (top two 
panels). This is one mouse 
representative of the group receiving 
VT-Gd. Blue arrows indicate tumor, 
yellow circle highlights the signal 
intensity in gall bladder. 
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RNA-ODDA conjugates have shown promise in extending blood circulation half-lives, relative 

to their RNA counterparts (Figure 5.6.4). 

 

 

Figure 5.6.4. Analysis of RNA-ODDA conjugates. a) Schematic of fluorescently labelled ODDA-RNA, 
designated as ODDA-RNAFAM. The materials are designed to noncovalently bind HSA in the same 
manner as PTXFA. b) Plasma concentration of ODDA-RNAFAM in healthy, nu/nu mice, in comparison to 
the parent RNA. 
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