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Abstract
The central goal of this dissertation is to develop a drug carrier capable of retaining
the benefits of high molecular weight drug carriers but improving on the intratumoral
spatial distribution of drug by engineering the carrier to disassemble in response to the
tumor-specific endogenous signal of low pH. High molecular weight drug carriers
improve clinical outcomes for cytotoxic chemotherapeutics by preventing their
accumulation in healthy tissues, extending their circulation time, and allowing for gradual
accumulation in solid tumors due to the leaky tumor vasculature. These carriers increase
the maximum tolerated dose that can be administered, and as a result of these
characteristics can exhibit improved antitumor effectiveness with reduced toxicity
compared with free drug. One drawback of these formulations is that they exacerbate a
problem inherent to tumor drug delivery, the poor penetration of drug into the tumor
tissue due to the poor vascularization in many tumor regions coupled with the dense
extracellular matrix, dense cell packing, and high interstitial fluid pressure of the tumor
tissue. Therefore, a high molecular weight drug carrier that disassembles in response to a
tumor-specific stimulus could retain the benefits detailed above but release the highly
diffusive small molecule drug within the tumor site, improving its ability to penetrate into
the tumor and treat the whole tumor volume.
This work addresses this problem by synthesizing a pH-sensitive drug carrier capable
of disassembling in response to the low extracellular pH that exists in many solid tumors.
The drug carrier design is a polypeptide block copolymer with a histidine-rich
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hydrophobic block that self-assembles at pH 7.4 but disassembles at slightly low pH as
the histidine residues become charged and the hydrophobic block becomes increasingly
hydrophilic. Chapter 1 briefly establishes key features of cancer and solid tumors that
impact drug delivery, and then reviews the central findings of the field of tumor drug
delivery. After an extensive discussion of pH-sensitive drug carriers that have been
synthesized to date, an extended description of the proposed design is given.
Chapter 2 describes the synthesis and characterization of histidine-rich Elastin-Like
Polypeptides (ELPs), the pH-responsive component of the material design. These
polymers are synthesized using molecular biological methods and their transition
temperatures are characterized using absorbance spectroscopy, demonstrating remarkable
dependence on small pH changes in the physiological range of interest (pH 6-8). This
chapter further demonstrates that histidine-rich ELPs are sensitive to transition metal ions
known to coordinate with histidine, exhibiting a precipitous drop in transition
temperature in the presence of µM concentrations of these ions. Chapter 3 characterizes
histidine-rich ELP block copolymers (ELPBCs), demonstrating by dynamic light
scattering that these polymers form micellar nanoparticles at body temperature and pH
7.4 that disassemble at pH 6.4. These micelles are stabilized by ZnCl2 as demonstrated by
a reduced critical micelle temperature observed by light scattering and critical micelle
concentration shown by pyrene fluorescence. Static light scattering, Atomic Force
Microscopy, and freeze-fracture Transmission Electron Microscopy confirm the presence
of these particles and demonstrate that the ELPBCs form uniform spherical micelles.
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Chapter 4 attempts to develop these materials as drug delivery vehicles in several
different schemes. First, drug encapsulation experiments are conducted to serve the initial
design of pH-sensitive drug release, but these micelles have not yet demonstrated an
ability to encapsulate chemotherapeutic drugs. An alternative scheme of disassemblyinduced display of a ligand for cell entry is investigated by the inclusion of the LHRH
peptide in the micelle core. Disassembly at low pH indeed increases cell uptake of the
ELPBCs, but this effect does not depend on ligand presentation. Finally, based on the
hypothesis that metal coordination resulted in the formation of crosslinks between ELP
chains, histidine-rich ELPs are investigated as a depot formulation for intratumoral drug
delivery.
Chapter 5 returns to the original ELPBC micelle design and addresses the core
questions of this work: does the histidine-rich ELPBC retain the benefits of high molecular
weight drug carriers, and does low pH-induced disassembly enhance the intratumoral
spatial distribution? A low pH mouse tumor model is established to test the effects of pHsensitive materials, and then fluorescently and radioactively labeled pH-sensitive and pHinsensitive ELPBCs are injected to determine their pharmacokinetics, biodistribution, and
intratumoral spatial distribution. The histidine-rich ELPBCs exhibit extended blood
circulation and tumor accumulation typical of high molecular weight carriers, although
some healthy tissues take up significant amounts of both ELPBCs. The pH-sensitive
histidine-rich ELPBCs demonstrate a more even distribution throughout the tumor volume
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than their pH-insensitive counterparts, indicating that stimulus-responsive nanoparticles
can improve tumor penetration through a tumor-specific material response.
Finally, Chapter 6 summarizes the main findings of the work as noted here, and
discusses potential future directions. The main accomplishment of this work is the
demonstration that histidine-rich ELPs exhibit triple stimulus-responsiveness and achieve
an improved intratumoral spatial distribution.
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Chapter 1. Introduction
1.1 Cancer
1.1.1 Incidence
Cancer is a group of diseases in which inherited and accumulated mutations result in
the unregulated growth of the patient’s cells, and in some cases the uncontrolled spread
of those cells. Cancer accounts for one in eight deaths worldwide, representing the
second leading cause of death in the developed world and the third leading cause of death
in the developing world.(1, 2) Prostate, breast, lung, and colon cancers are the most
common, with solid tumors accounting for roughly 90% of cancers overall.(1) Five-year
survival rates vary widely according to site and stage at diagnosis, but overall survival
has increased significantly from 50% in 1975-77 to 68% in 1999-2006.(1) Cancer costs in
the U.S. were estimated to total $228.1 billion in 2008, divided as $93.2 billion for direct
medical costs, $18.8 billion for lost productivity due to morbidity, and $116.1 billion for
lost productivity due to mortality.(3)
1.1.2 Etiology
Tumorigenesis occurs through the accumulation of several mutations (activation of
oncogenes or inhibition of tumor suppressors) that overcome regulatory barriers to cell
growth. While every cancer is different and genetic heterogeneity even exists within a
single tumor, the characteristics that these mutations impart can be categorized to
facilitate understanding. This section briefly reviews these Hallmarks of Cancer as
defined by Hanahan and Weinberg(4, 5) to establish an understanding of the disease and
1

to trace the origins of tissue-level tumor properties that affect efforts to deliver drugs to
solid tumors.
Growth signaling: While normal cells require mitogenic growth signals to divide,
tumor cells exhibit reduced dependence on such signals. This is accomplished by a
variety of pathways including the expression of autocrine growth signals such as PDGF
and TGF- α, overexpression of growth factor receptors such as EGF-R/erbB and Her2/neu or alteration to enable constitutive signaling, alteration of integrin expression
toward pro-growth signaling integrins, alterations in signaling pathways such as the ras
pathway to become GF-independent, and inducing neighboring fibroblasts or endothelial
cells to release stimulatory signals. Insensitivity to anti-growth signals: Progress through
the cell cycle is normally controlled by a balance between stimulatory and inhibitory
pathways. pRb (retinoblastoma protein) is the key constituent in a major anti-proliferative
pathway induced by extracellular factors such as TGF- β. Any links on this pathway may
be mutated to evade anti-proliferative signaling, including loss of the TGF-β receptor,
deletions or inactivations of signal mediators, and mutation of pRb itself.
Evading apoptosis: Avoiding programmed cell death is another critical ability of
tumor-forming cells. Apoptosis occurs through the interaction of extracellular sensors
(such as Fas, responding to T-lymphocyte activity) and intracellular sensors (responding
to DNA damage, signaling imbalance, hypoxia, and the insufficient presence of survival
factors) with a suite of caspase effectors that destroy organelles and genomic material.
The complex apoptotic signaling pathway can be perturbed in many ways to favor cell
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survival. For example, Bcl-2 overexpression prevents mitochondrial release of the
apoptotic factor cytochrome C, interrupting normal apoptotic signaling. Functional
inactivation of p53 is a common and effective mechanism of evading apoptosis, as this
protein is involved in pathways sensing DNA damage, oncogene activation, and hypoxia.
Limitless replicative potential: The progression from rapid cell division to tumorigenesis
requires the acquisition of the additional characteristic of continuing division beyond the
normal number of cycles allowed by the telomere length. While telomeres (protective
DNA end caps) progressively shorten in normal cells until additional cell division leads
to chromosomal disarray, cancer cells can achieve actual or virtual immortality by
mechanisms such as upregulating telomerase to extend the telomere length. Further work
has shown that telomerase overexpression often arises in the late stages of tumorigenesis,
allowing the pre-malignant cancer cell to pass through a period of DNA damage induced
by shortened telomeres before acquiring immortality through telomerase activity.
Abrogating contact inhibition: Contact with other cells acts as an inhibitory signal to
cell division to maintain tissue architecture and represents a signal that cancer cells must
overcome to form a tumor mass. For example, the NF2 gene encodes for a protein that
couples cell adhesion molecules to growth factor receptors, thus limiting their ability to
stimulate cell division, and loss of this gene has been implicated in some cancers.
Reprogramming energy metabolism: Aerobic glycolysis is favored over mitochondrial
energy production in tumor cells, coupled with increased glucose uptake and utilization.
This shift to glycolysis is further increased in response to the hypoxia that typically arises
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within the tumor. One hypothesis is that this shift occurs because it favors the synthesis
of new molecules required for cell division rather than the optimal functioning of the
existing cell. It remains unclear whether these changes are byproducts of the increased
proliferative signaling or rather come about independently.
Angiogenesis: To grow beyond the size limitation imposed by oxygen and nutrient
diffusion from blood vessels, tumors must initiate angiogenesis to ensure sufficient
vascularization and blood supply. Like the processes discussed thus far, angiogenesis is
regulated by a balance of positive and negative regulators, affording multiple
opportunities for mutations to influence that balance. For example, upregulation of
angiogenesis inducers such as VEGF and FGF and downregulation of inhibitors such as
thrombospondin-1 are common mechanisms of tumor-initiated angiogenesis. These
changes can result from discrete events or as a result of interactions between mutations in
proliferative and apoptotic signaling networks and the angiogenic pathway. VEGF can
also be upregulated as a response to the hypoxic tumor microenvironment. Tissue
invasion and metastasis: Motile cells escape the tumor site, travel to adjacent or distant
tissues, and establish metastases, which cause 90% of tumor deaths. Interruption of the
function of cell adhesion molecules such as E-cadherin impair the anchoring of the tumor
cell to the extracellular matrix, allowing it to become motile. Upregulation of proteases
and downregulation of protease inhibitors aids cellular escape and invasion by enabling
digestion of the extracellular matrix as the metastatic cell travels through the tissue. Cell
become invasive and motile by co-opting the natural developmental process of the
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epithelial-mesenchymal transition, a series of cellular events that lead to the loss of
adherens junctions, morphological changes, expression of matrix-degrading enzymes,
and increased motility. The pathological version of this process may be partial, and is
often reversed once the pre-metastatic cell arrives in its new site and these characteristics
no longer provide an advantage. Invasion and escape may be facilitated by immune cells
secreting matrix-degrading enzymes. Establishment (colonization) and growth of the
metastasis can proceed rapidly or slowly depending on whether the colonizing cells
possess each of the features required for tumorigenesis. Growth of the micrometastases
can also be inhibited by the surrounding healthy tissue or immune surveillance.
Each of these defining characteristics of cancer cells comes about through genetic
mutation. The likelihood of these mutations occurring can therefore be increased by
mutations affecting the DNA damage repair machinery, namely inactivation of p53,
which initiates apoptosis in response to DNA damage. Multiple mutations must be
accumulated for tumorigenesis to occur, and can arise from some combination of
heredity, random chance, and environmental exposure to mutagens such as tobacco
smoke or mutagenic chemicals.
The immune system plays an important role in tumor development, with the potential
to promote tumorigenesis or abate tumor growth. For example, inflammation can lead to
the release of tumor-inducing signals such as growth factors and pro-angiogenic factors.
These tumor-promoting effects are largely mediated by constituents of the innate immune
system. Conversely, evasion of immune surveillance seems to be one barrier to tumor
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formation that developing cancer cells must overcome, although this evidence is still
preliminary. Some B and T cells can execute tumor cell-killing, and immunotherapy
approaches can recruit and stimulate immune cells to fight cancers.(6-8)
1.1.3 Treatment
Cancer treatment is currently carried out as an integrative undertaking combining
surgery, radiation, cytotoxic chemotherapeutics, and emerging molecularly targeted
therapeutics. This section will review standard treatments with an emphasis on cytotoxic
chemotherapeutics to understand their mechanism of action and the need for controlled
drug delivery strategies for these drugs. Surgery and radiation are beyond the scope of
this thesis but are integral tools in the oncologist’s repertoire. Surgical treatment
represents the most intuitive and oldest method of removing aberrant dividing cells, with
the earliest account of surgical tumor removal dating back to 1600 BC.(9) Upon finding
that surgical removal of a tumor did not lead to a lasting cure, surgeons performed
increasingly aggressive surgeries to remove as much tissue as possible in an effort to
eliminate every cancerous cell and prevent recurrence, but later work demonstrated that
in many cases, less aggressive operations lead to equivalent recurrence outcomes and less
morbidity. Surgery continues to be essential for removal of the primary tumor but cannot
address metastatic disease. Radiation oncology delivers ionizing radiation to the tumor
through external application of X-rays (teletherapy) or the placement of radioactive
sources near or within the tumor (brachytherapy), with the radiation inducing DNA
strand breakage and thus cell death.(9) X-rays primarily induce this damage indirectly by

6

ionizing cellular H2O molecules that generate free hydroxyl radicals that then damage
DNA, while proton and neutron-emitting radiation sources induce DNA damage through
direct interaction. These mechanisms impact all cells, so advanced techniques have been
developed to limit toxicity by focusing the externally applied radiation field or internally
delivered radiation sources to the tumor tissue. Radiation therapy can be curative alone
for some presentations, but is most often used in combination with surgery and/or
chemotherapy.
Anti-neoplastic agents generally target the one distinguishing characteristic of cancer
cells, their rapid division compared with normal cells. These drugs can be divided into
several categories that will be briefly noted here along with their principal mechanism of
action, which tends to be one component of the cell division process (DNA replication or
mitosis). Alkylating agents and platinum compounds exert their effects mainly by
forming a covalent complex between a reactive alkyl group and DNA, with the two alkyl
groups of many bifunctional agents inducing DNA cross-linking.(9) Other mechanisms
include DNA methylation and crosslinking DNA precursors, with all of these reactions
preventing DNA replication and thus cell division. This class of drugs includes nitrogen
mustards such as cyclophosphamide, nitrosoureas such as BCNU, ethyleneimines, alkane
sulfonates, tetrazines such as temozolomide, and platinum compounds such as cisplatin
and carboplatin. Antimetabolites are structural analogues of natural metabolic
intermediates that are recognized by metabolic enzymes and inhibit their activity. The
majority of these compounds are analogues of pyrimidine, purine, or folic acid and
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function by inhibiting the synthesis of DNA and RNA or folic acid. For example, the
pyrimidine analogue 5-fluorouracil is converted into fluorouridine triphosphate, which is
directly incorporated into RNA, and fluorodeoxyuridine monophosphate, which inhibits
thymidylate synthase, depleting the cell of TTP and thus preventing DNA synthesis.(9)
Other prominent antimetabolites include gemcitabine, which acts as a substrate for and
thus inhibits the activity of deoxycytidine triphosphate, terminating DNA elongation; and
the antifolate drug methotrexate, a folic acid analogue that inhibits dihydrofolate
reductase, halting folate metabolism and thus inhibiting purine synthesis.
Anthracyclines prevent DNA and RNA synthesis by intercalating with DNA,
although there is some debate over how this effect is mediated, with proposed
mechanisms including topoisomerase inhibition, free radical generation, and helicase
inhibition.(9) The anthracycline family includes doxorubicin, daunorubicin, idarubicin,
and epirubicin, and other intercalators function by similar mechanisms. Topoisomerase
inhibitors interrupt the function of topoisomerases I and II, enzymes that control the
supercoiling of DNA during transcription and replication. Topoisomerase I inhibitors
such as irinotecan and topotecan prevent this enzyme from cleaving a single DNA strand
to allow the supercoiled DNA structure to relax. Topoisomerase II inhibitors such as
etoposide form ternary drug-enzyme-DNA complexes that prevent the enzyme from
directing DNA strand movement during replication.(9)
The chemotherapeutics described thus far inhibit the process of DNA replication by
altering the DNA (alkylating agents and anthracyclines) or preventing its synthesis
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(antimetabolites). The next phase in the cell cycle required for cell division is mitosis,
and a variety of chemotherapeutics have been developed to inhibit this process as well.
Vinca alkaloids such as vincristine and viblastine and taxanes such as paclitaxel and
docetaxel all inhibit mitosis by binding to microtubules, which polymerize and
depolymerize to form the mitotic spindle and guide chromosome separation during cell
division. Vinca alkaloids bind to the tubulin subunits, preventing the individual proteins
from polymerizing into microtubules, while taxanes bind to and stabilize the tubulin
polymer, preventing microtubule depolymerization and thus chromosome segregation.(9)
These antineoplastic agents are effective against different cancers and present
different toxicities, with most drugs exhibiting significant hematological toxicities due
the significant cell division occurring in this population, and some drugs exhibiting
gastrointestinal toxicity, cardiotoxicity, or neuropathy. Note that while the heart is not a
proliferating organ, the cardiotoxicity of doxorubicin arises from its suppression of
oxidative phosphorylation coupled with free radical generation. These drugs are
commonly prescribed in combination to increase their effectiveness, with different
combinations performing better in the treatment of different cancers. While these drugs
are preferentially active against cancer cells due to their rapid division, their action
against central cellular processes such as DNA synthesis and mitosis necessarily leads to
a narrow therapeutic window, defined as the difference between the median effective and
toxic doses. This central limitation in cytotoxic chemotherapy is being addressed in two
ways: the development of a new generation of molecularly targeted therapies based on
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detailed knowledge of the nature of cancer cells, discussed next, and the controlled
delivery of traditional chemotherapeutics designed to artificially broaden the therapeutic
window by preferentially delivering the toxic drug to the tumor, reviewed in Section 1.3.
Increasing knowledge on the molecular characteristics of cancer cells has enabled the
development of molecularly targeted rather than broadly cytotoxic therapies. For
example, EGFR inhibitors prevent sustained proliferative signaling, cyclin-dependent
kinase inhibitors prevent evasion of growth suppression, and pro-apoptotic drugs such as
BH3 mimetics can induce cell death despite the cancer cell’s resistance to apoptosis.
Telomerase inhibitors prevent telomere extension and achievement of immortality, and
PARP inhibitors impair the cancer cell’s ability to repair DNA damage, which is lethal
only in cells that already have an impaired DNA repair machinery. Aerobic glycolysis
inhibitors can kill tumor cells by cutting off their main energy supply while having little
effect on normal, respiration-dependent cells. VEGF inhibitors and many other drugs
have been developed to prevent angiogenesis, and inhibitors of HGF/c-Met inhibit
invasion and metastasis. Other drugs have been developed to alter the interaction of the
immune system with the tumor, including immune-activating drugs to recruit the immune
system to fight the tumor and anti-inflammatory drugs to prevent tumor-promoting
inflammation.(5)
However, these drugs have generally yielded transitory responses, in part because
their specificity cannot contend with the plasticity of cancer cells and their heterogeneity
within the tumor – if one pathway is knocked out, there are usually redundant or
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networked pathways that can be activated instead to accomplish the same aberrant
function. Other tumors, instead of retaining the characteristic that the therapeutic attempts
to eliminate, can shift to make their survival depend more on another factor. For example,
anti-angiogenic therapy has been observed to accelerate invasiveness and metastasis - as
antio-angiogenic therapy blocks these cells from making their hypoxic environment
normoxic by recruiting blood vessels, these cells instead develop the capability to escape
to a normoxic environment.(5) These findings suggest that combinations of molecularly
targeted drugs may be more effective based on the concept of synthetic lethality,(10) but
also underline the continuing need for traditional cytotoxic chemotherapeutics for clinical
success.

1.2 Tumor physiology
Cancer cells are able to form tumors because of their acquired capabilities as
summarized in 1.1.2. The fact that the tumor forms outside of the normal developmental
process and is governed by the cancer cells’ singular drive to divide results in several
tissue-level physiological features that affect both the course of the disease and treatment
efforts. This section highlights those features with a particular emphasis on those that
affect the delivery of drugs to solid tumors. Key features of the tumor microenvironment
include inadequate vascularization and lymphatic drainage, a high interstitial fluid
pressure, and heterogeneously distributed low pO2 and pH values. This section will
review each of these aberrant tumor features with a focus on their effects on drug
delivery.
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Perhaps the most important tumor physiological feature that impacts drug delivery is
the poor and uneven vascularization of solid tumors. The blood vessels that grow through
the process of angiogenesis do not resemble normal blood vessels, and their aberrant
nature has important consequences for the delivery of drugs to tumors. While histological
or microscopic images of normal vessels show straight, orderly paths, tumor microvessels
appear tortuous and disorganized.(11, 12) The tumor vasculature is often highly
branched, features large vessel diameters, and exhibits arterio-venous shunt perfusion.
These differences in vessel features and architecture affect the blood flow through tumor
vessels. While the velocity of red blood cells traveling through normal vessels depends
on the vessel diameter, with the slope of this dependence differing between arterioles and
venules, the velocity through tumor vessels exhibits no such trend and is as much as an
order of magnitude lower than the velocity through normal vessels.(13) There are also
differences in the degree of vascularization and vessel characteristics between tumor
regions, with well-perfused peripheral tumor regions, poorly perfused intermediate
regions, and largely avascular tumor cores with inadequate access to oxygen, leading to
the developent of hypoxia and necrosis as described in more detail below. Blood flow in
peripheral, non-necrotic tumor regions is highly variable, sometimes in the range of
normal blood flow, while necrotic and semi-necrotic regions have low blood flow.(11)
This heterogeneity in blood vessel distribution, architecture, and blood flow results in
heterogeneous delivery of pharmaceutical agents to the tumor, with larger tumors
exhibiting more heterogeneity.
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Once a drug reaches the tumor vessel, it must extravasate across the vessel wall into
the tumor interstitium. This is one area in which the pathological growth pattern of
tumors benefits drug delivery, as the hydraulic conductivity and microvessel permeability
are both elevated in tumors as compared with normal tissues.(14) The enhanced
permeability of the tumor vessel arises from the discontinuous nature of the endothelial
cell layer lining the vessels as well as the influence of continuous exposure to angiogenic
factors including VEGF that increase vascular permeabilty.(11, 14, 15) The tumor vessel
wall was observed to have an enhanced permeability to macromolecules, and those
macromolecules were shown to be retained in the tumor over a prolonged period, termed
the enhanced permeability and retention (EPR) effect.(16) Tumors were shown to exhibit
transvascular permeability to bovine serum albumin (BSA),(16, 17) with one study
reporting a permeability of 1.2 ± 0.5 x 10-7 cm/s.(17) Minimal extravasation of liposomes
with a 90 nm diameter was observed in normal tissue, and the fluorescence observed in
normal tissue appeared to result from endocytosis by the endothelial cells rather than
permeation across the vessel wall. The same liposomes crossed the tumor vessel wall
with a permeability of 2.0 ± 1.6 x 10-8 cm/s, six times lower than that of BSA.(17)
A further study assessed the dependence of molecular weight and size on the tumor
permeability of macromolecules and liposomes.(18) The permeability of fluorescently
labeled proteins ranging from 25 to 160 kDa across tumor vessels was measured, with a
2-fold variation in permeability observed over this size range but no correlation between
permeability and size. Liposomes with diameters of 100, 200, 400, and 600 nm were then
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injected to obtain a rough estimate of the maximum pore size. The 400 nm liposomes
successfully extravasated across the vessel wall while 600 nm liposomes were excluded
from the tumor. This result suggests a maximum pore size of <600 nm, while other
studies have determined pore sizes ranging from 100-800 nm.(14)
Normal tissues exhibit a modest transvascular flow coupled with lymphatic drainage
of fluid, with pressure and osmotic gradients both driving the fluid flow into the tissue. In
contrast, tumors exhibit an elevated interstitial fluid pressure, with a reduced osmotic
gradient and a reduced or sometimes eliminated pressure gradient.(19) Several
pathological tumor features combine to give rise to this phenomenon. First, the leaky
vessel walls allow for plasma proteins to spill into the tumor, reducing the osmotic
gradient. Many tumors lack lymphatic vessels, removing the drainage flow and allowing
fluid to buildup. The increased density of collagen fibers in tumor tissue and the
increased number of associated fibroblasts leads to greater tissue rigidity, as does the
reduced contact inhibition of tumor cells. This elevated IFP inhibits convective flow into
the tumor, representing an additional barrier to tumor drug delivery.
After a drug crosses the vessel wall into the interstitial space, it must penetrate
through the tumor tissue to reach all target cells. Several of the tumor physiological
characteristics detailed above limit the penetration of drugs through tumor tissue, with the
result that the periphery is the only effectively treated region. The main limitation to
effective drug delivery to all cells in the tumor is the increased distance between tumor
cells and blood vessels in solid tumors discusses above, which is exacerbated in some
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cases by the collapse of existing blood vessels due to the elevated interstitial fluid
pressure. The high IFP also inhibits convective flow into the tumor, counteracting one of
the main transport mechanisms by which drugs reach healthy cells. Convection can
transport drugs across the vessel wall, but the less efficient diffusion is the dominant
mode of transport in non-perivascular regions.(18) Diffusive transport itself is limited by
the dense ECM in tumors. The increases collagen density in many tumors increases tissue
rigidity and provides a more extensive scaffold for glycosaminoglycans (GAGs).(20)
These dense concentrations of hydrophilic GAGs represent a significant barrier to
diffusion.
The tumor microenvironment is also characterized by the related features of hypoxia
and low pH. Hypoxia arises from a variety of factors, principally the inadequate
vascularization and irregular vascular architecture described above, and has important
consequences for tumor cells and radiation treatment.(12, 21, 22) In addition to the sparse
arteriolar supply, low vascular density, and inefficient vessel orientation, factors
contributing to hypoxia include the shunting of blood flow around the tissue, the high
oxygen consumption of the tumor, and the stiffening of red blood cell membranes in the
presence of hypoxia, which increases blood viscosity and thus makes oxygen transport
more inefficient.(22) Tumor pO2 is both spatially and temporally heterogeneous, with
complex cyclical behavior.(22)
The typical cellular metabolism is altered in cancer cells, with glycolysis occurring at
elevated levels even in the presence of oxygen despite the energetic inefficiency of this
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pathway (referred to as the Warburg effect), with anaerobic conditions further increasing
the reliance on glycolysis.(23) The lactic acid produced from this elevated glycolysis
together with the protons generated in respiration results in a low extracellular pH.
Recent work has also implicated ion channel disregulation in the establishment of the low
extracellular pH via constitutive pumping of protons out of the cell, and has related these
same ion channels to the commonly elevated intracellular pH in cancer cells.(24) In fact,
this event may precede and initiate the shift to glycolysis by increasing the intracellular
pH. The low extracellular pH is heterogeneously distributed within the tumor, with the
perivascular pH measured as 6.8 and lower pH (~6.5) observed in regions distant from
the vasculature.(25) Low pH has been observed in a wide variety of tumors, but this
property is heterogenous between individual patients and between tumor types.(26, 27) In
a large clinical sampling of human tumor extracellular pHs using a needle
microelectrode, the mean tumor pH was measured as 7.06 ± 0.05, with individual
measurements ranging from 5.66 to 7.78.(26) Differences in extracellular pH were
observed between tumor types, with adenocarcinomas and soft tissue sarcomas exhibiting
lower pH values than squamous cell carcinomas and malignant melanomas. The low pH
in solid tumors does not affect drug delivery directly, but it can affect the activity of some
drugs with ionizable groups,(11, 27) and it represents an opportunity for stimulusresponsive drug delivery systems as reviewed in Section 1.4.
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1.3 Drug delivery to solid tumors
While it is inherently difficult to develop chemotherapeutics with preferential toxicity
to tumor cells versus normal cells, controlled drug delivery strategies have the potential
to widen the narrow therapeutic window by directing a greater proportion of the
administered drug to the tumor and limiting the accumulation in healthy tissues. The
central finding of the field of tumor drug delivery is that conjugation to or encapsulation
in high molecular weight carriers improves outcomes due to the EPR effect arising from
the leaky vasculature discussed in Section 1.2. While these carriers are capable of
extravasating into solid tumors across the leaky vessel walls, they exhibit reduced uptake
in healthy tissues because they cannot cross the intact endothelia of those tissues. Large
drug carriers also exhibit prolonged circulation, which is important to allow for gradual
passive accumulation in the tumor. The reduced uptake in healthy tissues results in an
elevated maximum tolerated dose (MTD), which allows a larger amount of drug to be
administered and thus the efficacy to be improved.
Polymer-drug conjugates were among the first large carriers to be investigated as
improved chemotherapeutic formulations. Styrene-maleic acid, polyethylene glycol
(PEG), poly(L-glutamic acid), and poly(N-[2-hydroxypropyl] methacrylamide) (HPMA)
were used to deliver anticancer therapeutics including paclitaxel, doxorubicin,
camptothecin, and protein drugs.(28) HPMA-doxorubicin increased the circulation time,
tumor accumulation, and antitumor efficacy of doxorubicin compared with free drug.(29)
Camptothecin conjugated to poly(L-glutamic acid) exhibited greater antitumor activity
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than free drug in melanoma, colon, and lung cancers, and this activity was enhanced with
increased drug loading and polymer MW.(30) Camptothecin is an excellent example of
another important advantage of controlled drug delivery, the improved solubility that
these drug carriers provide for highly hydrophobic chemotherapeutics. Protein-drug
conjugates achieve similar results as polymer-drug conjugates, with albumin-bound
paclitaxel (Abraxane®) currently in clinical use as a breast cancer therapy due to its
decreased toxicity compared with free paclitaxel delivered in solvents such as
Cremophor-EL®.(31) Synthetic polymers with non-linear architectures such as
dendrimers can also be used as drug carriers. Dendrimers conjugated with doxorubicin
and camptothecin also demonstrated improved pharmacokinetics, biodistribution, and
antitumor efficacy compared with free drug.(32, 33)
Supramolecular assemblies such as liposomes and self-assembled nanoparticles
improve solid tumor drug delivery through the same mechanisms as high molecular
weight polymeric carriers. Many liposomal carriers have been developed and will not be
reviewed here in detail, but PEGylated liposomal doxorubicin (Doxil®) is one prominent
example of a liposomal carrier that is now in clinical use.(34, 35) Amphiphilic block
copolymers capable of self-assembly into micellar nanoparticles can encapsulate
hydrophobic chemotherapeutics in the core. For example, PEG-poly(aspartic acid) was
used to deliver doxorubicin and paclitaxel, PEG-poly(glutamic acid) micelles
encapsulated cisplatin and camptothecin, and styrene-maleic acid encapsulated
doxorubicin and pirarubicin, with each of these carriers achieving enhanced antitumor
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activity and reduced toxicity as compared with free drug.(36-40) Polypeptides with
doxorubicin conjugated specifically at the C-terminus self-assembled into nanoparticle
micelles that increased tumor accumulation, reduced heart accumulation, and increased
the MTD compared with free doxorubicin, leading to near-complete regression of C26
colon carcinomas in Balb/c mice.(41)
While the EPR effect remains the core mechanism of improved drug delivery to solid
tumors regardless of the specific material employed, several methods of enhancing drug
delivery beyond the EPR effect have been developed. Perhaps the most prominent of
these is the concept of specific targeting, whereby a high molecular weight carrier is
functionalized with a peptide, antibody, or aptamer ligand for a receptor molecule that is
preferentially overexpressed in the tumor site.(42, 43) Molecularly targeted carriers have
indeed demonstrated improved therapeutic effects, but it appears that this effect is
principally mediated by enhanced cellular uptake following extravasation into the tumor
rather than enhanced specificity of accumulation in the tumor.(44-46)
Stimulus-responsive carriers are being applied to improve drug delivery over the EPR
effect alone by increasing the accumulation of the drug carrier in the tumor, improving
the spatial distribution of the carrier or its released drug, and improving the cellular
uptake or intracellular fate of the drug.(47) For example, a thermally-responsive elastinlike polypeptide (ELP) with a Tt between body temperature and the temperature achieved
by external application of hyperthermia aggregates along the walls of the tumor
vasculature, increasing the concentration gradient across the vessel wall once the ELP
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resolubilizes as the heat is removed, and thus increasing the tumor accumulation of the
ELP and its attached drug.(48-51) Materials have been designed to exhibit tumorselective drug release in response to endogenous stimuli such as MMPs(52-54) and low
pH(55) and externally applied stimuli such as ultrasound(56, 57) and light,(58, 59)
although none of these systems has yet demonstrated an improvement in the spatial
distribution of drug within the tumor site. Enhanced cell uptake in the tumor site has been
accomplished by deshielding a ligand or cell penetrating peptide in response to the
protease-rich(60-63) or low pH(64) tumor environment, and by assembling a nanoparticle
for multivalent ligand presentation in response to externally applied hyperthermia.(65)
Drugs with specific intracellular targets must often be released from the drug carrier
inside the cell. Intracellular drug release can be designed to occur in response to the
reducing intracellular environment(66) or to the low endosomal/lysosomal pH.(41, 67,
68)
One significant limitation of EPR-based high molecular weight drug carriers is that
they exacerbate the previously discussed problem of penetration through the tumor tissue.
This limited penetration was observed in early work on polymeric and liposomal carriers,
as liposomes with a diameter of 90 nm successfully crossed the tumor vessel wall but
exhibited primarily perivascular accumulation,(17) and the penetration of fluorescent
dextran was observed to decrease with increasing MW in the range of 3-150 kDa.(15)
Intra-vital confocal microscopy of the accumulation and distribution of fluorescently
labeled dextran provided a quantitative characterization of the effect of molecular weight
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on tumor penetration.(69) Fluorescein-labeled dextran molecules with molecular weights
of 3.3, 10, 40, and 70 kDa and 2 MDa were tracked over time and their intensity was
quantified based on their distance from the nearest blood vessel. The apparent
permeability of tumor tissue to dextran decreased by two orders of magnitude as the
molecular weight was increased over this size range. However, the total extravascular
accumulation over time increased with molecular weight up to 70 kDa, with 40 and 70
kDa dextran demonstrating nearly equivalent and maximal tumor accumulation. Visually,
the 3.3 kDa polymer rapidly covered the entire field of view (homogenous penetration up
to 45% of the initial vascular intensity over a 35 µm distance from the blood vessels) but
then quickly diffused away from the tumor over 30 min. The 70 kDa polymer exhibited
slower tumor accumulation and more limited penetration (up to 40% of the initial
vascular intensity 10 µm away and 15% 35 µm away) but significant intensity remained
after 30 min. The 2 MDa polymer was present solely in the vasculature and in the
immediate perivascular region.
These findings have important implications for drug delivery using macromolecules
and multi-molecular assemblies. As polymeric carriers are typically in the range of the 40
and 70 kDa dextran polymers studied here, these results agree with experimentally
observed improved tumor accumulation and suggest that the polymers exhibit impaired
but not abrogated tumor penetration. Nanoparticles and liposomes are large assemblies of
macromolecules, and 2 MDa is not outside of the molecular weight range of these
assemblies. Therefore, the microscopy results suggest that while nanoparticles and
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liposomes display excellent tumor accumulation their tumor penetration is severely
limited, necessitating intratumoral drug release to achieve a more homogeneous tumor
spatial distribution. This suggests that antitumor outcomes could be improved by a
stimulus-responsive drug carrier that retains the benefits of traditional high molecular
weight carriers but undergoes a tumor-specific stimulus response to enhance drug
penetration by releasing the encapsulated or conjugated small molecule drug.

1.4 pH-responsive drug carriers
The first step in the development of such a stimulus-responsive system is the choice
of stimulus. As discussed above, drug carriers have been designed to respond to
externally applied stimuli such as heat, light, and ultrasound and endogenous stimuli
including proteases and low pH. The ability to respond to an endogenous stimulus makes
a stimulus-responsive material applicable to a wider range of tumors and enables
continuous stimulus-response rather than solely during the period of application.
Therefore, this thesis aims to develop a pH-responsive drug carrier sufficiently sensitive
to respond to the low extracellular pH in solid tumors. pH is controlled throughout the
body, with intracellular pH ranging from 7-7.2 and extracellular pH ranging from 7.27.4.(24) Notable regions of low pH in normal tissue include the GI tract, intracellular
endocytic and secretory compartments, the retina, and the kidneys. Kidneys have some
regions of low pH due to their physiological role in maintaining acid-base
homeostasis,(70) but the bulk of kidney tissue maintains a normal extracellular pH. MRIbased pH measurement of renal pH showed mean pH values for the cortex, medulla,
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calyx-ureter region, and urine of 7.3, 7.0, 6.3, and 5.9, respectively.(71) This suggests
that drug carriers designed to respond to low extracellular pH need not be concerned with
the potential for a significant response in the kidneys because the low pH regions are
confined to kidney regions where the carriers would be destined for excretion. The low
extracellular pH in the retina and brain are likewise not of concern because of the
impermeability of the blood-brain barrier and the fact that this low pH does not extend
below pH 7.(72) pH-sensitive drug carriers have been developed to respond to the pH
gradient in the GI tract (gradually increasing through the intestine from pH 1-2 in the
stomach to pH 7-7.5 in the colon)(73) to aid in optimal drug absorption and
bioavailability,(74) but these regions of low pH are not relevant for drugs that are not
administered through the oral route.
This section will review acid-sensitive drug carriers designed to respond to the low
pH of the tumor interstitium and the endocytic pathway. While individual tumor pH
measurements vary widely, drug carriers must be highly sensitive to respond to the
narrow window between tumor extracellular pH (6.2-6.9) and plasma pH (7.2-7.4). This
section reviews the wide range of pH-sensitive drug carriers tested to date, and
demonstrates that the majority of these carriers are insufficiently sensitive to respond to
the low tumor extracellular pH but rather undergo their stimulus response in acidic
endosomes (pH 5-6) or lysosomes (pH 4.5-5).(75) These endosomal responses are
beneficial to enable cytosolic delivery of drugs that must reach specific intracellular
targets, including chemotherapeutics and nucleic acid drugs,(67) but they do not allow for
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testing of the hypothesis that extracellular drug release can improve tumor spatial
distribution. Those carriers that are more sensitive have not yet convincingly
demonstrated extracellular stimulus-response or improved tumor spatial distribution.
pH-sensitive liposomes were first developed in 1980,(76) and their remarkable
sensitivity, with significant release observed at pH 6.5 and pH 6.0, held out the promise
of release in response to the low extracellular pH of the tumor site. The pH-sensitivity of
these liposomes arose from the inclusion of

N-palmitoyl L-homocysteine

(PHC), a

negatively charged head group that loses its charge when pH is decreased. This change in
charge state leads PHC to behave as a neutral lipid, destabilizing the lipid bilayer and
leading to drug release. Within 5 s of exposure to serum, ~10-20% of encapsulated
carboxyfluorescein was released at pH 7.4, ~50% at pH 6.5, and ~75% at pH 6. While
these results suggest the potential of extracellular release, further work showed the
promise of pH-sensitive liposomes for endosomal release by demonstrating acid-induced
fusion of PHC-containing liposomes.(77) This fusion resulted from the change in
liposomal surface characteristics in response to environmental pH and did not require
mediation by proteins. These authors speculated and then went on to show that these
liposomes could be used to achieve cytoplasmic delivery of liposomal cargo via fusion
with the endosomal membrane. The liposomes were functionalized with antibodies to
allow for cell entry, and pH-sensitive liposomes demonstrated more diffuse fluorescence
than their pH-insensitive counterparts, suggesting endosomal escape due to membrane
fusion at low pH.(78)
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pH-sensitive liposomes with different pH-sensitive constituents including oleic acid
(OA) and cholesterylhemisuccinate (CHEMS) also demonstrated endosomal escape
through enhanced distribution of fluorescence throughout the cell.(79, 80) CHEMS
stabilized liposomes at neutral pH but upon protonation catalyzed the formation of a
destabilizing hexagonal phase, leading to membrane fusion and content release.(81, 82)
CHEMS liposomes achieved cytoplasmic delivery of a variety of compounds including
calcein, dextran, polypeptides, and diphtheria toxin A chain.(79) OA liposomes also
destabilized the bilayer upon protonation at low pH, and yielded more diffuse
fluorescence than pH-insensitive controls.(80) Antibody-functionalized OA-based
liposomes containing the chemotherapeutic drug 1-β-D-arabinofuranosylcytosine (ara-C)
exhibited greater cytoxicity in vitro than free drug, pH-insensitive controls, and antibodyfree controls, demonstrating that both antibody binding to increase cellular uptake and
low pH-induced endosomal escape are critical to cytotoxic action.(83) Liposomal
encapsulation and pH-sensitivity had no effect on the cytotoxicity of methotrexate.
While these observations of successful coupling of a physiologically relevant low-pH
stimulus with therapeutically meaningful drug release were exciting, and some of the
reported pH-sensitivities were in a range suggesting the potential to respond to tumor
extracellular pH, further studies demonstrated the serum instability of these pH-sensitive
liposomal formulations.(84) As liposomes in general were coming under study as drug
carriers their in vivo stability was assessed, with many cholesterol-free liposomes
destabilized by plasma. Among pH-sensitive liposomes, some small liposomes were
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found to be stabilized by plasma but lost their pH-sensitivity, while larger liposomes were
destabilized, largely due to the extraction of charged components from the liposomes by
interaction with albumin.(85) A variety of approaches were developed to improve the
serum stability of liposomes in general and pH-sensitive liposomes in particular, and
while some methods of stabilization succeeded in preserving pH-sensitivity, the
responsiveness was reduced, making extracellular release impossible.(84, 86, 87)
All of the pH-sensitive liposomes reviewed thus far have utilized the mechanism of
protonation-induced destabilization, in which an ionizable, stabilizing lipid is added to a
lipid such as dioleoylphosphatidylethanolamine (DOPE) that is normally unable to form
stable liposomes on its own due to its propensity to fuse. The charged group increases the
surface hydrophilicity of the liposome, reducing the likelihood of fusion. As the
stabilizing lipid becomes protonated and uncharged, the stabilizing effect is abrogated
and liposomal fusion results. Further work led to the development of additional
mechanisms of liposomal pH-responsiveness.(88) Caged liposomes contain stabilizing
elements that are cleaved away at low pH, yielding an unstable surface that results in
fusion. pH-sensitive peptides can be placed on the liposome surface to induce liposomemembrane fusion at low pH. These peptides tend to be rich in glycines, alanines, and
lysines and undergo a pH-dependent transition to an α-helix at low pH that can then
insert into the membrane.(89) Virosomes, reconstituted viral membranes containing
native viral fusion proteins, mimic viral fusion with the plasma or endosomal membranes,
but suffer from immunogenicity and low drug loading. Polymer-liposome systems
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introduce pH-sensitivity to liposomes by presenting a pH-sensitive polymer (such as
those reviewed below) on the liposome surface. This approach has been taken with polylysine, poly-histidine, poly(acrylic acid) derivatives, or copolymers of NiPAAm.
Polymeric materials have also been explored as pH-responsive drug carriers, with a
variety of ionizable groups and in a variety of schemes. Common mechanisms of pH
response include cleavage of an acid labile linker, altered membrane interactions, and
solubility transition upon a change in charge state.(67) In an early example of an acidlabile linker, daunomycin conjugated to polyacrylamide beads with a cis-aconityl linker
demonstrated no release at pH 7, gradual release up to 20 % at pH 6, gradual release up to
60% at pH 5, and rapid release up to 60% at pH 4.(90) Daunomycin conjugated to polyL-lysine

with the pH-labile linker was cytotoxic to WEHI-5 leukemia cells, while the

non-labile maleic acid linker was not toxic, demonstrating that endosomal release from
the polymer carrier was critical for the drug to achieve its effect. A series of hydrazone
linkers with varying release rates at low pH were used to link doxorubicin to monoclonal
antibodies, and the conjugate cytotoxicity was found to be proportional to release
rate.(91) Acid-labile linkers such as hydrazones are also commonly used to release drugs
from nanoparticles within the endosome. In one example, conjugation of multiple
doxorubicin molecules to a peptide carrier through hydrazone linkers resulted in
nanoparticle formation and led to near-complete tumor regression by coupling the
beneficial effects of nanoparticle delivery with efficient endosomal release and thus
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trafficking to the nucleus, the site of action.(41) Other acid-labile linkers include ketals
and diorthoesters, which function through the same principles.
Several pH-sensitive polymers interact with lipid bilayers at low pH, accomplishing
cargo escape from the endosome or insertion into the cell membrane. GALA and KALA
are 30-amino acid peptides - the first rich in glutamic acid, alanine, and leucine and the
second with lysine in place of glutamic acid - that form amphipathic α-helices when the
pH is decreased to 6.0 or 5.0, respectively.(89) These helices have been shown to form
pores in lipid bilayers through self-association, with the hydrophobic portion of the helix
facing the hydrophobic lipids and the hydrophilic portion facing the interior of the pore.
GALA-functionalization increased the gene expression induced by dendrimer-DNA
complexes(92) and DNA-containing liposomes(93) by enabling endosomal escape, and
KALA was able to deliver DNA by itself, with DNA complexation and cell transfection
enabled by the peptide’s positive charge and endosomal escape enabled by pore
formation at low pH.(94) Poly(propyl acrylic acid) (PPAA), poly(ethyl acrylic acid)
(PEAA), and a copolymer of ethyl acrylate and acrylic acid were demonstrated to lyse
red blood cells specifically at low pH, an indication of the potential to induce endosomal
disruption.(95) These polymers facilitated the endosomal escape of delivered plasmid
DNA(96) and siRNA,(97, 98) with these effects again mediated by pore formation in the
lipid bilayer.
pHLIP, or pH (Low) Insertion Peptide, is a 37-amino acid peptide that forms an αhelix upon protonation of several aspartic acid and glutamic acid residues at pH 6.5.(99,
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100) This helix inserts into the cell membrane and can carry cargo conjugated to the Cterminus inside the cell, including fluorescent dyes, peptide nucleic acids,(100) and polar
and membrane-impermeable cyclic peptides.(101) While only small cargo can be
translocated inside the cell, nanoparticles can be tethered to the cell surface by
conjugation to the N-terminus of the peptide.(102) pHLIP-phalloidin exhibited selective
cytotoxicity at pH 6.2 but not at pH 7.4.(103) Conjugating pHLIP with in vivo imaging
agents has enabled tumor imaging based on the enhanced accumulation in regions of low
extracellular pH due to membrane insertion.(99, 104)
Another method of achieving pH-sensitive drug delivery is coupling drug release to a
transition in the solubility of an ionizable polymer upon the change in charge state.(105)
For example, the precipitation of nanoparticles at low pH can lead to drug release by
distorting the hydrophobic core. For example, random NiPAAm-(methacrylic acid)(octadecyl acrylate) copolymers formed micelles that aggregated below pH 5.7, leading
to the release of encapsulated photosensitizer and enhanced cytotoxicity in vitro and in
vivo.(106, 107) The solubility transition approach is more commonly used with block
copolymer micelles, where a hydrophobic-to-hydrophilic transition in the core block
leads to micelle destabilization and drug release. PEO-poly(2-vinylpyridine-b-ethylene
oxide) vesicles that are destabilized and release their contents below pH 5.(108) In
another study, vesicles were formed from α-helical polypeptide block copolymers with
PEG-modified lysine-rich hydrophilic blocks and leucine-rich hydrophobic blocks;
incorporation of lysines into the hydrophobic block led to a conformational change at pH
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3 that led to helix disruption and allowed for the release of encapsulated fluorescent
dye.(109) While this report is of particular interest to the current work as it accomplishes
pH-sensitive release from a polypeptide carrier, the low pH required to induce this effect
makes it unable to respond to the low extracellular or endosomal pH.
The remainder of this section highlights the in vivo effectiveness of two additional
polymeric micelles with altered hydrophobic block solubility leading to drug release at
low pH. A series of studies in the Amiji and Langer labs reported the development of a
polymeric nanoparticle with sufficient pH-sensitivity to respond to the signal of low
extracellular pH, but these authors were only able to demonstrate an endosomal and not
an extracellular response. These studies began with the synthesis of new poly( β-amino
ester) polymers (abbreviated PBAE) and the observation that one of these polymers was
water insoluble from pH 7.0-7.4 but soluble at pH 6.5 and below.(110, 111) Microspheres
prepared using this polymer encapsulated rhodamine-labeled dextran and demonstrated
rapid and quantitative release of their contents as the pH was decreased from 7.4 to
5.1.(110) Nanoparticles prepared by modifying this polymer with PEO encapsulated
paclitaxel and rhodamine and achieved a more diffuse fluorescence inside cells than
PCL-PEO,

demonstrating

endosomal

release.(112,

113)

Pharmacokinetic

and

biodistribution studies comparing pH-insensitive PEO-PCL nanoparticles with PEOPBAE nanoparticles demonstrated the extended circulation and increased tumor
accumulation typical of EPR-based drug carriers, but a troubling accumulation of the pHsensitive nanoparticles was observed in the lung.(114) The safety and efficacy of
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paclitaxel-containing nanoparticles was then evaluated, with results demonstrating no
change in body weight or hematological toxicity parameters upon treatment with
paclitaxel administered free or encapsulated in PEO-PCL or PEO-PBAE nanoparticles,
although the minimal toxicity of free paclitaxel demonstrates that this study was not
conducted at the maximum tolerated dose.(115) The PEO-PBAE nanoparticles induced a
statistically significant increase in growth delay as compared with PEO-PCL and free
paclitaxel formulations, with a 5-day increase in doubling time, although this study was
not extended until the tumors reached the allowable growth limit. The studies conducted
here do not clarify whether the increased therapeutic efficacy of the pH-sensitive
formulation is due to extracellular or endosomal release.
The Bae group has synthesized pH-sensitive poly(L-histidine)-PEG block copolymers
that exhibit therapeutic effects based on their pH-sensitivity. pHis-PEG block copolymers
formed micelles with a diameter of roughly 100 nm at pH 7.4, and the percentage of light
scattering signal derived from these 100 nm particles decreased as the pH was decreased
to 6.0.(116) These micelles encapsulated doxorubicin and exhibited accelerated release at
low pH.(55) The pH-dependence of the release by these micelles centered around pH 7.2,
so mixed micelles were prepared with pHis-PEG and pLLA-PEG. Increasing the pLLA
weight percentage decreased the pH required for destabilization and release, with
micelles containing 40 wt.% pLLA exhibiting 30% release at pH 7.4 and 70 % release at
pH 6.5 after 24 h.(55) The cytotoxicity of these micelles against MCF-7 cells increased as
the media pH was decreased, with a lower pH required to enhance the cytotoxicity of
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micelles with greater pLLA content. Folate conjugation increased the cytotoxicity of
these micelles due to enhanced internalization but abrogated the effect of extracellular
pH, demonstrating that these micelles could be used in alternative drug delivery strategies
to respond to the low tumor extracellular pH or to the endosomal pH following receptormediated internalization.
These mixed micelles with folate (here termed PHSM/f) were tested against drugresistant MCF-7 cells (MCF-7R), and doxorubicin-containing PHSM/f demonstrated a
cytotoxicity roughly equivalent to that of free doxorubicin against drug-sensitive
cells.(68) The cytotoxicity was significantly lower for the same concentrations of pHinsensitive micelles with folate (PHIM/f), PHSM, PHIM, and free doxorubicin. The
significant difference between the cytotoxicity of PHSM and PHSM/f demonstrates that
the mechanism of cytotoxicity is enhanced uptake and endosomal release, not
extracellular release. A separate study of the kinetics of uptake and release showed no
difference in uptake over a 30 minute exposure between PHSM/f and PHIM/f. PHIM/f
were eliminated more rapidly than PHSM/f, presumably due to elimination of PHIM/f via
endosomal recycling while PHSM/f escaped the endosomes.(117)
These four micelles and free doxorubicin were then used to treat MCF-7 and MCF-7R
tumors. For MCF-7 tumors, PHSM and PHSM/f showed improved regression compared
with PHIM and PHIM/f, which achieved regression similar to that of free doxorubicin.
All four micelle formulations exhibited significantly smaller decreases in body weight
than free doxorubicin. For MCF-7R tumors, the PHSM/f formulation achieved superior
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regression compared with PHSM, which induced a growth delay between those of
PHSM/f and free doxorubicin. The MCF-7R results clearly show that both enhanced
internalization and endosomal escape are required to accumulate a high enough drug
concentration despite the drug efflux occurring in these resistant cells. The fact that the
PHSM and PHSM/f micelles achieve similar growth delays of MCF-7 tumors indicates
the potential that extracellular release is the mechanism of enhanced activity for pHsensitive versus –insensitive micelles. However, it is also possible that the improved
PHSM results are due to endosomal escape, with the higher intracellular concentration
achieved by folate targeting not required for effectiveness against this drug-sensitive
tumor. An additional study on mice bearing A2780 ovarian carcinomas demonstrated that
PHSM exhibited a longer plasma half-life, greater tumor accumulation, and improved
tumor regression compared with free doxorubicin, but the lack of a PHIM control makes
it impossible to assess the effect of pH-sensitivity specifically.(118) An additional study
demonstrated that these mixed micelles inhibit metastasis by 4T1 tumors, but this effect
seems to be principally dependent on folate targeting rather than pH-sensitivity, and
results from the cell-killing effect on the primary tumor.(119) Similar micelles with
poly(His-co-Phe)-PEG block copolymers exhibited similar in vitro and in vivo
results.(120-122)
These results demonstrating in vivo efficacy, in some cases efficacy that depends on
pH-sensitivity, are impressive displays of the possible applications of pH-sensitive drug
carriers. However, these carriers have not demonstrated the ability to improve the

33

heterogeneity of tumor spatial distribution of delivered drug. The question of whether
pHis-PEG micelles respond to the tumor extracellular pH was addressed by performing in
vivo microscopy using intravital window chamber microscopy.(123) Doxorubicin
fluorescence was monitored, and the fluorescence was concentrated in the perivascular
region when delivered via PHIM. For the PHSM case, bright fluorescence was observed
over a larger region, but these images are overexposed and so little spatial information
can be gained. This experiment leaves unresolved whether pHis-PEG micelles improve
the tumor penetration of doxorubicin by releasing the drug in response to the low tumor
extracellular pH.
Further materials characterization of these mixed micelles also introduced doubt as to
the mechanism of the pH-induced material transition. Previous papers argued that the
block copolymers formed micelles that dissociated at low pH, supported by light
scattering data demonstrating a decreased signal arising from particles with a diameter of
100 nm. More detailed characterization, however, suggested that these particles are in
fact complexes of multiple micelles.(124) Decreasing the pH increases the particle size,
which according to the authors results from the core destabilization resulting from the
increased charge content present in the pHis block. A further decrease in pH led to a
decrease in particle size, which the authors propose is due to the diffusion of the newly
soluble pHis-PEG polymers away from the complexes. It remains unclear why
doxorubicin would be released with this transition, as it would seem more likely for
doxorubicin to remain in the hydrophobic pLLA core.
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The highly pH-sensitive pHis block has been employed in an alternative drug delivery
strategy of low pH-induced ligand deshielding, leading to a tumor-specific enhancement
of cellular uptake. For proof-of-principle, a mixed micelle was prepared from pHis-PEG
and a pLLA-PEG-pHis-biotin polymer with a longer chain length. At pH 7.4, the biotin is
buried in the hydrophobic core because the pHis block is uncharged, but as the histidines
become charged at low pH, the pHis block extends through the PEG corona and the
biotin is exposed.(125) These micelles were incubated with MCF-7 cells and
demonstrated a dramatic increase in uptake as the pH was lowered from 7.2 to 7.0.
Doxorubicin uptake and also cytotoxicity were increased with the same decrease in pH,
demonstrating that the low tumor extracellular pH can be used to present a ligand to
enhance cell uptake specifically in the tumor site.
This ligand deshielding approach was then used to present TAT (HIV transactivator
of transcription) specifically in response to low pH.(64) TAT is a widely used cellpenetrating peptide that is attractive because its uptake does not depend on expression of
a particular receptor, but it cannot be used effectively in a targeting context because of its
promiscuity, making it ideally suited for such an approach. These micelles were not taken
up at pH 7.4, with dramatic increases in uptake at pH 7.0 and again at 6.8. They retained
the ability to release encapsulated doxorubicin at low pH, and thus were tested for
cytotoxicity over a range of media pH. While PHSM with pop-up TAT induced cell death
at low pH but not at pH 7.4 and 7.2, PHSM with constitutively displayed TAT induced
cell death regardless of the media pH, and PHSM without TAT only induced cell death
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when the pH was low enough to achieve extracellular drug release (6.4). Similar results
were observed against various drug-resistant cell lines. In vivo tumor treatment studies
demonstrated the superior performance of PHSM with pop-up TAT compared with
PHSM, PHSM with constitutively displayed TAT, and free doxorubicin against three
tumor types (A2780, MCF-7, and A549). The superior performance of PHSM with popup TAT compared with PHSM/f against the A549 cell line, which does not express the
folate receptor, underscores the advantage of this receptor-independent approach.
Despite the wide variety of pH-sensitive drug delivery vehicles reviewed here, none
have demonstrated extracellular drug release in response to the low pH of solid tumors,
leaving the hypothesis that such release could improve the drug distribution and
therapeutic outcomes untested. Most of these drug carriers are only sensitive enough to
respond to the endosomal pH rather than the low extracellular pH. Those that seem to
exhibit sufficient sensitivity have failed to demonstrate extracellular release and
improved drug distribution in vivo. Therefore, while many highly pH-sensitive materials
have been synthesized, continued development of pH-sensitive drug carriers is warranted
to enable testing of the drug delivery strategy of improving tumor penetration by low pHinduced drug release.

1.5 Design of the histidine-rich ELP block copolymer
This chapter began by reviewing the pathological features of cancer cells and the
resulting tissue-level physiological features. Tumor drug delivery encounters many
obstacles including the poor blood flow to the tumor site and the low ability to penetrate

36

through tumor tissue. While anticancer outcomes have been improved and toxicity has
been reduced using high molecular weight drug carriers, these delivery vehicles exhibit
even more limited penetration and are isolated to the perivascular region. Therefore, we
propose the development of a pH-sensitive nanoparticle that retains the benefits of high
molecular weight carriers but disassembles in response to the tumor-specific stimulus of
low pH to release the highly diffusive small molecule drug that it carries. While a wide
variety of similar pH-responsive materials have been developed, this work is merited
because most of those materials are not sensitive enough to respond to this narrow pH
window, and those that are have not successfully demonstrated improved tumor spatial
distribution. The rapid release rate aimed for in this wok may not necessarily be desirable
in all cases. For example, antimetabolite drugs such as 5-FU require time to be
incorporated into the cellular metabolic pathway and exert their effect, so gradual
accumulation through gradual release may be preferable. Even in cases such as
doxorubicin where rapid exposure to the entire dose may be preferable, such rapid release
may result in rapid efflux of the release drug rather than improved delivery.
The remainder of this thesis describes the construction and testing of a histidine-rich
ELP block copolymer that is sensitive to low pH in the range encountered in solid
tumors. ELPs were chosen as the building blocks for this stimulus-responsive drug carrier
because of their temperature sensitivity,(126) previous results demonstrating the
modulation of their temperature-responsiveness by the charge state of ionizable
groups,(127, 128) and previous work showing that ELP block copolymers can self-
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assemble into micellar nanoparticles.(129) Histidine was chosen as the pH-responsive
component of the polymer because of its pKa of 6.0, which is the closest to 7.4 of any
amino acid, meaning that histidine will experience the greatest change in charged fraction
over the narrow range of pH between the plasma and the tumor extracellular space.
The material design shown in Figure 1 is an ELP block copolymer consisting of a
hydrophilic, pH-insensitive block (orange) and a hydrophobic, histidine-rich block. At
pH 7.4 the majority of histidine residues will be uncharged and the difference in
hydrophobicity between the two blocks will be sufficient to favor micelle formation over
a specific temperature range. As the pH decreases when the micelle reaches the tumor
site, the histidine residues will become increasingly charged, increasing the
hydrophilicity of the core block and reducing the driving force for micelle formation.
Low pH will thus lead to micelle disassembly, freeing encapsulated small molecule drugs
or individual polymers with conjugated drugs to diffuse more readily through the tumor
tissue, increasing tumor coverage and thus treatment efficacy. This figure also
summarizes the triple stimulus-responsive nature that will be described in subsequent
chapters: applying heat or ZnCl2 stimuli can drive micelle formation, while low pH,
removing heat, or adding EDTA can lead to micelle disassembly.
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Figure 1: Schematic depicting the proposed diblock copolypeptide drug carrier. The orange
block is a relatively hydrophilic ELP where the transition temperature is insensitive to pH over
the physiological range. The blue block is rich in histidines, with the result that its hydrophobicity
depends on pH. At pH 7.4, heating from room temperature to body temperature induces an
independent histidine-rich block transition, leading to micelle formation. These micelles can be
disassembled by low pH due to the evolution of charges and increased hydrophilicity of the
histidine-rich block. Later chapters will demonstrate that these micelles can alternatively be
assembled (or their stability increased) by ZnCl2, with this effect reversed by EDTA.

Chapter 2 describes the synthesis of histidine-rich ELPs and characterizes their pHand metal-responsive properties. Chapter 3 describes histidine-rich ELP block
copolymers, demonstrating micelle formation at pH 7.4 and 37 °C, rapid disassembly at
pH 6.4, and stabilization at µM concentrations of ZnCl2. Chapter 4 addresses a number
of issues related to the development of these materials as drug carriers: drug
encapsulation, application in an alternative scheme of pH-triggered ligand exposure, and
development of a Zn2+-crosslinked formulation for intratumoral injection. Chapter 5
characterizes the in vivo behavior of the pH-sensitive ELPBC formulation, including the
demonstration of a more homogeneous distribution within the tumor as compared to a
pH-insensitive ELPBC control. Finally, Chapter 6 summarizes the findings of this thesis
and discusses their significance, with the main contributions of this work being (1) the
demonstration that incorporation of histidine residues into ELPs renders them strikingly
pH- and metal-sensitive, (2) synthesis of a polypeptide nanoparticle that disassembles in
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response to physiologically relevant changes in pH, and (3) the successful improvement
of the intratumoral spatial distribution through an endogenous stimulus response. These
results suggest that further effort should be devoted to investigating the potential efficacy
of extracellular drug release to improve chemotherapeutic outcomes.
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Chapter 2. Synthesis and Characterization of Histidinerich ELPs
2.1 Introduction
2.1.1 Lower Critical Solution Temperature behavior
Elastin-Like Polypeptides become insoluble above a particular temperature, referred
to as the lower critical solution temperature (LCST) or transition temperature (Tt). This
section reviews the nature of LCST behavior to establish why ELPs and other LCST
polymers exhibit such behavior and how that behavior can be modulated. LCST behavior
can be conceptually explored in terms of the energetics governing solvation:
ΔG = ΔH - TΔS
A polymer is soluble in solution if the free energy of solvation ΔGS < 0, meaning that ΔH
< TΔS. ΔHS describes the energy due to polymer-solvent interactions, which will be more
negative for good polymer-solvent interactions. ΔSS > 0 for most systems, since the
separation of the polymer from solution by desolvation is inherently ordered, while the
distribution of the polymer throughout the solution is more random and disordered.
Therefore, polymers will generally have increased solubility (decreased ΔGS) when T is
increased, increasing the entropic contribution to the free energy of mixing. This
describes the behavior of standard polymers that are soluble above an upper critical
solution temperature (UCST).
The unique behavior of LCST polymers stems from their mixture of hydrophobic and
hydrophilic groups and the entropy associated with waters of hydrophobic hydration.
Water molecules exist as a dynamic hydrogen-bonded network that is constantly in flux.
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Exposed hydrophobic groups will not be able to establish hydrogen bonds or dipoledipole interactions with water molecules in an aqueous solution, thus forcing adjacent
water molecules into a specific orientation with more static hydrogen bonds to
neighboring water molecules. This represents a loss in the orientational entropy of water
molecules upon solvation, in contrast to the gain in configurational entropy due to the
distribution of polymer molecules throughout the solution. The decreased mobility of
water molecules extends far beyond the hydrophobic molecule to create a shell of
structured water molecules, with the result that the entropic penalty for the hydration of
hydrophobic groups becomes energetically significant.
For polymers with a mixture of hydrophobic groups such that the polymer is miscible
in water but solvation incurs the entropic penalty described above, ΔSS < 0. As ΔS is
scaled by T in the equation for ΔG, the entropic contribution to the free energy of
solvation will increase with temperature. As ΔH < 0 for good polymer-solvent
combinations, this means that at a certain transition temperature Tt, ΔGs will shift from
negative to positive, making desolvation thermodynamically favorable. Desolvation frees
the bound water molecules and allows the system to reach its lowest energy state.
Polymers that exhibit LCST behavior in aqueous solution include polymers with ether
groups, alcohol groups, and substituted amide groups.(130) poly(N-isopropyl acrylamide)
(pNIPAAm) and Elastin-Like Polypeptides (ELPs) are the most commonly applied LCST
polymers in biomedical applications due to the sharpness of their thermal transitions and
the fact that their Tts are near or can be engineered to be near body temperature.
Copolymers of pNIPAAm are often used to modulate the transition temperature(131) or
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introduce other functionalities such as electrical-optical activity(132) or pHresponsiveness (discussed in more detail in Section 2.1.2). Likewise, the Tt of ELPs is
controlled by the guest residue composition, with more hydrophobic guest residues
increasing the entropic penalty for solvation and thus reducing the Tt.(126)
LCST polymers have been incorporated into a variety of architectures including
hydrogels, polymer brushes, and nanoparticles for a variety of applications including
protein purification, lab-on-chip technology, and drug delivery. One early application of
LCST polymers was the construction of temperature-sensitive hydrogels.(130, 133)
pNIPAAm-based hydrogels exhibited temperature-controlled swelling behavior, enabling
pulsatile drug release from the gel.(134) Incorporation of an enzyme in the hydrogel
network yielded temperature-sensitive enzymatic activity, with the enzyme active only
when the gel was in the swollen state.(135) pNIPAAm-coated tissue culture dishes enable
the construction of cell sheets for tissue engineering.(136) At 37 °C the tissue culture
surface is hydrophobic, enabling normal cell spreading and growth. Once the cell sheet
has grown as desired the temperature is decreased below the LCST, releasing the cell
sheet as the surface becomes hydrophilic and the pNIPAAm polymer chains extend into
solution. This technique avoids proteolytic detachment of cell constructs and yields cells
with intact ECM, and has enabled the construction of a variety of tissue engineering
constructs including cornea, skin, bladder, heart, kidney, liver, and other tissues.(136)
In a technique exploited in this work for simple ELP purification and described in
detail in the methods section of this chapter, expression of a protein of interest as an ELP
fusion protein enables non-chromatographic protein purification of that protein from
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cellular proteins by reversibly triggering the ELP phase transition using salt.(137)
Thermally-responsive polymers also have the potential for application in lab-on-chip
technologies. For example, patterned ELP achieved spatially- and temporally-controlled
capture of an ELP fusion protein upon heating.(138) This technique could potentially be
used to achieve spatial and temporal control of cell attachment to the coated surface.
Of particular interest to this work, LCST polymers have been applied in drug delivery
approaches taking advantage of their thermal transition. For example, the ELP thermal
transition has been used to enhance the tumor accumulation of systemically administered
ELP and the tumor retention of locally administered ELP. An ELP designed to transition
between 37 °C and the temperature achieved by locally applied hyperthermia (~42 °C)
exhibited enhanced accumulation in the tumor site due to coacervate formation along the
tumor vessel walls, resulting in an elevated concentration gradient driving ELP diffusion
into the tumor following removal of heat.(49-51) This effect was enhanced by applying
several heat-cool cycles.(48) In an alternative approach, an ELP designed to transition
below body temperature was injected directly into the tumor site in soluble form such that
the phase transition was triggered upon injection. ELP coacervation resulted in prolonged
retention of the polymer in the tumor, with 20 % remaining at 72 h following injection,
and this retention led to a 7-day tumor growth delay when the ELP was used to deliver
131

I.(139)
2.1.2 pH-responsive LCST behavior
Charge state has the potential to influence LCST behavior because of the dependence

of the Tt on the hydrophobicity of the polymer. An LCST transition can be isothermally
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triggered by inducing a change in the hydrophobicity of the polymer (and thus the Tt)
through a variety of mechanisms, including chemical modification, absorption of light,
redox activity, ionic interactions, and ionization.(126) Changes in pH that lead to changes
in the charge state of ionizable groups affect the polymer hydrophobicity, with the
addition of a charged group decreasing the polymer hydrophobicity, thus decreasing the
entropic penalty for solvation and increasing the Tt.
Previous work has demonstrated that including ionizable groups in LCST polymers
can impart pH-sensitivity to the Tt. For example, acryclic acid groups have been
copolymerized with pNIPAAm as random copolymers and graft copolymers, yielding a
15 °C decrease in Tt when the pH was decreased from 7.4 to 4.0.(140) pNIPAAm-copropyl acrylic acid exhibited similar behavior, with a decrease in pH leading to a 15-40
°C decrease in Tt depending on the PAA content.(141) Attachment of these pNIPAAmco-PAA polymers to temperature-sensitive liposomes accelerated drug release upon
heating at low pH due to membrane fusion resulting from the polymer transition.(142)
Similarly, liposomes with surface pNIPAAm-co-methacrylic acid exhibited content
release at low pH (~5),(143) enhancing the cytotoxicity of ara-C by facilitating
endosomal release(144) but failing to improve antitumor effectiveness.(145) Preparation
of

hydrogels

using

pNIPAAm-co-methacrylic

acid

and

pNIPAAm-co-

(diethylamino)ethyl methacrylate yielded thermosensitive hydrogels that exhibited
swelling at high and low pH, respectively.(146, 147) The thermal transition behavior of
ELPs has also exhibited charge-dependence. Poly(IPGVG) was prepared with a
phosphorylation site, with phosphorylation leading to a 15 °C increase in Tt that was
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reversed upon dephosphorylation.(128) Deprotonation of lysine residues at extreme pHs
led to a 70 °C decrease in the Tt of lysine-containing ELPs.(127)
2.1.3 Histidine as a pH-responsive element
The above discussion establishes the nature of LCST behavior and the fact that
changes in pH can alter that behavior by affecting charge state. To construct an ELP with
LCST behavior modulated by changes in pH in the range of those experienced between
plasma and solid tumors, histidine residues were selected because of their pKa of 6.0, the
closest to 7.4 of any amino acid, and because of the natural pH-responsive functions of
histidine. For example, histidine residues have been identified as critical to the pHsensitivity of ion channels, with His226 in the Na+/H+ antiporter NhaA,(148) His 95 in
the cardiac gap junction protein connexin43,(149) and His321 in the pacemaker channel
HCN215 as three examples with important physiological consequences.(150) The master
transcriptional regulator ArsS of H. pylori is activated in the acidic environment of the GI
tract by the pH-response of His94, enabling survival in this harsh environment.(151)
Finally, exposed histidine residues in viral coat proteins trigger a change in protein
conformation that enables viral fusion to the endosomal membrane, a critical step in the
cellular infection process.(152) This Chapter hypothesizes that histidine-rich ELPs will
mimic the natural pH-responsiveness of histidine and exhibit pH-dependent LCST
behavior with changes occurring over the range of pH encountered in vivo.
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2.2 Methods
2.2.1 Elastin-Like Polypeptide gene synthesis
Elastin-Like Polypeptides (ELPs) are repeating pentapeptides of the sequence
VPGXG, where X is referred to as the guest residue. ELPs are referred to in this work as
[guest residue proportions]-number of pentapeptides. ELP libraries with guest residue
proportions [VH2GA] and [VH4] were synthesized using the method termed recursive
directional ligation (RDL).(153) The gene synthesis began with the design of 75 base pair
genes encoding for 5-pentapeptides, codon-optimized for expression in E. Coli according
to natural E. Coli codon usage.(154) These core oligonucleotides were flanked with
restriction sites to enable RDL and with sticky ends to facilitate ligation into the host
vector. The following oligonucleotides were ordered from Integrated DNA Technologies
(Coralville, IA) with 5’ phosphate groups to enable ligation:
[VH2GA]

sense:

5’-

AATTCATATGGGCCACGGCGTGGGTGTTCCGGGCCACGGTGTCCCAGGTGGC
GGCGTACCGGGCCACGGTGTTCCTGGTGCTGGCGTGCCGGGCTGGCA-3’
[VH2GA]

antisense:

5’-

AGCTTGCCAGCCCGGCACGCCAGCACCAGGAACACCGTGGCCCGGTACGCCG
CCACCTGGGACACCGTGGCCCGGAACACCCACGCCGTGGCCCATATG-3’
[VH4] sense: 5’- AATTCATATGGGCCACGGCGTGGGTGTTCCGGGCCACGGTG
TCCCAGGTCACGGCGTACCGGGCCACGGTGTTCCTGGTCACGGCGTGCCGGG
CTGGCA-3’
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[VH4] antisense: 5’- AGCTTGCCAGCCCGGCACGCCGTGACCAGGAACACCGTGG
CCCGGTACGCCGTGACCTGGGACACCGTGGCCCGGAACACCCACGCCGTGGC
CCATATG-3’
The oligonucleotides were annealed by slow cooling from 95 	
  °C in 1X ligase buffer
(Invitrogen, Carlsbad, CA) and then ligated into a pUC19 vector digested with EcoRI and
HindIII (these and all other restriction enzymes were obtained from New England
Biolabs, Ipswich, MA, with reaction conditions always according to the manufacturer’s
recommendations). The ligation products were transformed into top10 strain E. Coli cells
(made competent in-house by CaCl2 treatment)(155) by holding the cells and genetic
material on ice, heating at 42 °C for 30-45 s, and then placing the reaction back on ice for
5 min. The products of the transforming reaction were spread on ampicillin-containing
Terrific Broth (TB) agar plates and allowed to grow overnight at 37 °C. After colonies
were grown overnight at 37 °C with vigorous shaking in ampicillin-containing TB, the
DNA was obtained using a miniprep kit (Qiagen, Hilden, Germany) and a portion was
digested with EcoRI and HindIII to determine whether ligation was successful.
These 5-pentapeptide genes were then polymerized using RDL, a method of
increasing gene size through cycles of digestion and ligation.(153) RDL relies on
restriction enzymes with unspecified sticky ends such that the sticky ends produced by
two different enzymes can be made to be compatible. Thus, when two copies of the same
substrate gene are ligated, the interior ligation site is then no longer a recognition site for
either enzyme, such that the next round of digestion with the same enzymes leaves the
larger gene intact. Each round of RDL begins with two separate digests: PflmI only,
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generating a plasmid containing the substrate gene and a sticky end, and a double digest
with PflmI and BglI, where the fragments are separated electrophoretically and the
substrate gene is recovered by purification from the gel. These two products are then
reacted together, doubling the size of the substrate gene. The starting 5-pentapeptide
genes were doubled twice to 20-pentapeptides, and then additional RDL cycles were
performed to generate [VH2GA]-40,60,100,120 and [VH4]-40,80,100,120.
The RDL products were then digested from the pUC19 vector by a double digest with
PflmI and BglI, isolated electrophoretically, and ligated into a pET25b vector digested
with SfiI. The SfiI recognition site also has unspecified sticky ends that were designed to
be compatible with those of PflmI and BglI. The pET25b expression vector contained the
leader sequence MSKGPG and the trailer sequence WP, with the leader sequence
enabling initiation of transcription and optimizing expression, and the trailer sequence
enabling quantification of the protein concentration according to the absorbance of
tryptophan at 280 nm. Successful ligation products were transformed into BLR cells for
optimal expression.
2.2.2 Elastin-like polypeptide expression and purification
Starter 50 mL TB cultures were seeded with BLR cells containing ELP genes and
grown overnight at 37 °C with shaking. Cells were collected by centrifugation,
resuspended in PBS, and seeded into 1 L TB cultures for 24 h additional growth. The
cells were collected by centrifugation, resuspended in 25 mL PBS, and lysed by a probe
sonicator (Misonix, Farmingdale, NY). Polyethyleneimine (Sigma, St. Louis, MO) was
added to ~1% to precipitate DNA, and the solution was centrifuged at 16,100 RCF at 4
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°C for 10 min to remove insoluble cellular debris and precipitated DNA. The clear
supernatant was allowed to come to room temperature and then 1-3 M NaCl was added to
induce the ELP transition, beginning the process of ELP purification by Inverse
Transition Cycling (ITC).(137) The ELP was collected by centrifugation at 16,100 RCF
for 10 min at room temperature, the supernatant was discarded, removing soluble
contaminant proteins, and the ELP pellet was resuspended in cold PBS. This solution was
centrifuged at 4 °C for 10 min to remove insoluble contaminant proteins. This process
was repeated for 3-5 cycles, with the ELP phase transition most often triggered using heat
(by performing centrifugation at ~40 °C) rather than salt.
2.2.3 SDS-PAGE
Polyacrylamide gel electrophoresis was performed to verify the purity and size of the
purified histidine-rich ELPs. Purified ELPs were diluted at 4 µg in 15 µL of Laemmli
buffer (Bio-Rad, Hercules, CA) and heated at 95 °C for 5 min to denature the proteins
and ensure coating with SDS. The samples were loaded on a 4-20% Tris-HCl
polyacrylamide gel and run in SDS running buffer at 180 V for 35 min. The gel was
stained with 0.5 M CuCl2 for 5 min, rinsed with water, and an image was captured using
a Kodak gel imager.
2.2.4 MALDI-TOF
To accurately determine the protein molecular weight to verify the identity of the
purified proteins and ensure proper expression and purification, the ELPs were dialyzed
against DI H2O and then characterized using MALDI-TOF (Voyager-DE PRO, Applied
Biosystems, Carlsbad, CA). The ELPs were prepared in an aqueous solution of 50 %
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acetonitrile and 0.1 % trifluoroacetic acid using a sinapinic acid matrix, and the data were
filtered using a noise filter of 0.7 and a Gaussian smoothing value of 19.
2.2.5 UV-Vis Spectrophotometry
The ELP transition temperatures were determined by conducting temperature-linked
absorbance spectroscopy. To ensure adequate buffer exchange, the ELPs were dialyzed
overnight against 10 mM NaPO4 and 140 mM NaCl at the appropriate pH and then
diluted to the desired concentration. As described below, this 10 mM buffer lost buffering
capacity for some high ELP concentrations, so additional experiments were performed in
100 mM NaPO4 and 50 mM NaCl to generate a full dataset for model construction. For
experiments testing the effect of additional ions on the ELP Tt, the ELPs were dialyzed
against 10 mM HEPES and 140 mM NaCl at pH 7.4 and then the additional ions (NaCl,
KCl, CaCl2, MgCl2, MnCl2, FeCl2, CoCl2, CuCl2, NiCl2, ZnCl2) were added from
concentrated solutions in the same buffer. For all experiments described above, the
absorbance at 350 nm was monitored as the temperature was increased at a rate of 1
°C/min using a Cary 300Bio UV-Vis Spectrophotometer (Varian, Palo Alto, CA), and the
transition temperature (Tt) was taken as the point of the maximum derivative in the A350
vs. T curve.
2.2.6 Model fitting
The results section reports the development of a quantitative model to describe the
pH-dependence of the ELP transition temperature. All model fits were generated using a
non-linear regression in SPSS 19 (IBM, Armonk, NY).
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2.3 Results and Discussion
2.3.1 ELP synthesis and purification
The cloning procedure described in the Methods section yielded [VH2GA]20,40,60,100,120 and [VH4]-20,40,80,100,120, although the 20-pentapeptide ELPs were
too small to efficiently purify and so they are not addressed here. The lengths and
identities of these genes in pUC19 and pET25b were determined using diagnostic
digestion followed by gel electrophoresis and gene sequencing, respectively. Following
expression and purification, SDS-PAGE was performed to demonstrate adequate
purification of the ELP products and to roughly assess the size of the purified products
(Figure 2). SDS-PAGE demonstrates that ITC purification yields a pure, single-band
product that roughly corresponds with the expected molecular weight.

Figure 2: Representative SDS-PAGE of the histidine-rich ELPs synthesized in this
work. Lane 1: ladder with bands at 250, 150, 100, 75, 50, 37, 25, 20, 15, and 10 kDa; lanes 2-5:
[VH2GA]-40, 60, 100, and 120; lanes 6-9 [VH4]-40, 80, and 100; lane 9: [VG7A8]-80/[VH4]-100
(this block copolymer is described in Chapter 3).
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MALDI-TOF was conducted to provide a more accurate determination of ELP
identity and correct expression and purification (Table 1). The close correspondence
between measured and expected molecular weight confirms that the gene cloning
procedure led to the expected number of pentapeptide repeats and that the polymerization
did not introduce sequence errors.
Table 1: MALDI-TOF-MS characterization of the histidine-rich ELPs synthesized in this
work.
ELP
[VH2GA]-40
[VH2GA]-60
[VH2GA]-100
[VH2GA]-120
[VH4]-40
[VH4]-80
[VH4]-100
[VG7A8]-80/[VH4]-100

Measured (Da)
17230
25260
41706
49946
18265
33787
42506
74994

Expected (Da)
17268
25481
41907
50121
18437
36032
44830
74207

Error (%)
0.22
0.87
0.48
0.35
0.93
6.23
5.18
1.06

2.3.2 pH-dependence of the ELP transition temperature
Following synthesis, purification, and confirmation of identity, the pH-responsiveness
of the two histidine-rich ELP libraries was examined by testing the effect of pH on their
transition temperatures as measured by turbidimetry. As expected, decreasing the pH
increased the Tts of both the [VH2GA] and [VH4] ELPs (Figure 3). This effect was more
dramatic for the [VH4] library due to its greater histidine content, and the [VH4] library
also demonstrated a lower Tt than the [VH2GA] library at pH 7.4. This lower Tt should be
expected given the greater hydrophobicity of uncharged histidine compared with the
glycine and alanine residues in the [VH2GA] library, and it agrees with the
hydrophobicity scale reported by Urry.(126) The increase in Tt at low pH can be
understood according to the decrease in hydrophobicity of the histidine guest residues
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upon protonation at low pH. As discussed in the introduction to this chapter, decreasing
the hydrophobicity of an LCST polymer reduces the entropic penalty for solvation, thus
increasing the temperature required to induce the phase transition. The fraction of
charged histidine residues should be the same between the two polymers, so the effect on
hydrophobic hydration and thus Tt would be expected to be greater for the [VH4] polymer
due to the greater proportion of histidine residues.

Figure 3: Effect of pH on the transition temperatures of histidine-rich ELPs. Transition
temperatures were taken as the temperature at the maximum derivative of A350 vs. T. [VH2GA]
points represent single measurements, while [VH4] points represent the average of three
measurements. Error bars representing the standard error are plotted for the [VH4] datapoints but
are too small to be seen here.

Critically for the intended applications of these polymers, the pH-response of these
polymers occurs over the physiological range of interest, i.e., between pH 6 and 8. pH
affects Tt over this pH range because of the pKa of histidine (6.0). The dramatic
sensitivity over this pH range will enable these polymers to respond to changes in pH
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over this narrow range of interest, such as from plasma (7.2-7.4) to the tumor
extracellular space (~6.8) and the endosomal/lysosomal pathway (~4-6). This sensitivity
is notable given that previous pH-sensitive ELPs based on aspartic acid, glutamic acid,
and lysine have required extreme pH values to affect their transition state, rendering their
pH-sensitivity interesting but irrelevant for medical applications.(126, 127, 156, 157)
After noting the dramatic increase in Tt upon a physiologically relevant decrease in
pH, the Tts of the full ELP libraries were measured comprehensively over the ranges of
concentration, length, and pH to fully characterize the behavior of these polymers and
create a dataset that would enable the construction of a quantitative model to describe the
pH-sensitivity of the LCST. This dataset was initially constructed by dialyzing each ELP
against 10 mM sodium phosphate and 140 mM sodium chloride from pH 6-8 or 10 mM
sodium succinate and 140 mM sodium chloride below pH 6 (Figure 4). These data
confirm the basic findings noted above, namely that the [VH4] library has a lower Tt than
the [VH2GA] library and that the Tts of both libraries increase with low pH, with a more
dramatic increase observed for [VH4]. However, while the expected decrease in Tt with
increasing ELP concentration was observed, several polymers showed an increase in Tt at
higher concentrations (≥ 100 µM). This increase was more notable for longer ELP chains
and higher concentrations, suggesting that the histidine residues overwhelmed the
buffering capacity of the solution and thus altered the pH. This suspicion was confirmed
by calculating the histidine concentrations achieved in some of these samples (for
example, 400 µM [VH4]-80 represents 25.6 mM histidine in 10 mM buffer) and by the
observation that the pHs of concentrated ELP solutions were not maintained following
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dialysis. These data are still presented here because they represent the behavior of the
histidine-rich ELP polymers in a PBS-like buffer system.

Figure 4: Transition temperatures of [VH2GA] (L) and [VH4] (R) ELP libraries over
ranges of size, concentration, and pH. These Tt values were measured in 10 mM sodium
phosphate (pH 6-8) or 10 mM sodium succinate (<pH 6) and 140 mM NaCl.
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To avoid overwhelming the buffering system, a new dataset was constructed by
dialyzing the ELPs against 100 mM buffering agents with 50 mM NaCl (Figure 5).
Simply eliminating high concentration samples would not have yielded a sufficiently
comprehensive dataset to enable model construction, so the full set of experiments was
repeated in this stronger buffering system. These results lead to the same basic
conclusions about the material behavior of these polymers as outlined above, and they
exhibit limited increases in Tt with increasing concentration. These data were then used
for the development of the quantitative model as discussed in the next section, with
samples with calculated histidine concentrations above 15 mM excluded to avoid
considering samples where measurements were affected by histidine buffering.
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Figure 5: Transition temperatures of [VH2GA] (L) and [VH4] (R) ELP libraries over
ranges of size, concentration, and pH. These Tt values were measured in 100 mM sodium
phosphate (pH 6-8) or 100 mM sodium succinate (<pH 6) and 50 mM NaCl.
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2.3.3 Development of the quantitative model
The development of the quantitative model that describes the effect of pH on ELP Tt
was led by Dr. J. Andrew MacKay. The publication of this work highlighted the model’s
ability to describe the behavior of the glutamic acid-rich ELP synthesized and
characterized by JAM and the [VH2GA] ELP described here.(157) This thesis also
demonstrates that the model fits the [VH4] library.
The construction of a quantitative model of the Tts of ELPs with ionizable groups
began from the assumption that the transition temperature of an ELP depends on the
fraction of deprotonated ionizable groups, f depro , and the Tts of fully protonated and
deprotonated ELPs, Tpro and Tdepro , respectively:

€
Tt = f deproTdepro + (1 − f depro )Tpro

Eq. 1.

€
€
The protonated fraction can be determined from the Henderson-Hasselbalch equation:
€

⎡ Cdepro ⎤
⎥
pH = pK a + log ⎢
⎣ C pro ⎦

Eq. 2.

where Cdepro and C pro represent the concentrations of deprotonated and protonated

€
ionizable groups, respectively. Conservation of total ionizable residues dictates that:

€

€

Eq. 3.

Ctotal = Cdepro + C pro

Substituting Eq. 3 into Eq. 2 yields the protonated guest residue fraction:

€
f depro =

Cdepro
Ctotal

=

1
( pK a − pH )

1+10

Substituting Eq. 4 into Eq. 1 yields:

€
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Eq. 4.

Tt = Tpro +

Tdepro − Tpro

Eq. 5.

1+10( pK a − pH )

This equation describes the titration of an ELP between the Tt of the fully protonated ELP
€ deprotonated ELP T
Tpro and that of the fully
depro according to Henderson-Hasselbalch

behavior.
Prior to developing a single model incorporating the effects of pH, ELP length, and
concentration, we first verified that Eq. 5 is valid at fixed length by incorporating
concentration dependence based on the following previously reported relationship:(158)
Eq. 6.

Tt = T ref − bln[C ]

where T ref is the transition temperature at a reference concentration (1 µM here). Writing

€ protonated and deprotonated ELP and substituting into Eq. 5
Eq. 6 in terms of both
€

yields:
ref
pro

Tt = T

− bpro ln[C ] +

ref
ref
Tdepro
− Tpro
− (bdepro − bpro )ln[C ]

Eq. 7.

1+10( pK a − pH )

Eq. 7 was fit to the data in Figure 5 to determine whether the Henderson-Hasselbalch
€
interpolation
between two Tt values accurately describes the data and whether a single

pKa can be assumed across an ELP library regardless of length. The data presented in
Table 2 demonstrate the validity of basing the model on an interpolation between two Tt
values, as all R2 values are >0.97. The pKa shows little dependence on length, with higher
pKa values obtained for the smallest length ELPs, but with a small enough difference that
ref
the global model can assume a single pKa across each compositional library. The Tdepro
ref
ref
and Tpro
values in this fit are also interesting to compare between libraries: The Tdepro

€
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€

€

ref
values are dramatically lower for the [VH4] library, while the Tpro
values are higher for

[VH4] polymers of similar length. This finding contradicts the prediction of the
€ predict that substituting fully
hydrophobicity scale developed by Urry, which would

protonated histidine (Tt = 30 °C) for glycine and alanine (55 and 45 °C, respectively)
would decrease the Tt.(126)
Table 2: Non-linear regression fit parameters for fixed ELP length (fit to Eq. 7).
[Library]

L (pentapeptides)

pKa

ref
Tpro
(°C)

ref
Tdepro
(°C)

[VH2GA]

40
60
100
120
40
80
100

6.59 ± 0.09
6.26 ± 0.06
6.25€± 0.05
6.22 ± 0.05
6.60 ± 0.11
6.25 ± 0.06
6.28 ± 0.05

137 ± 12
116 ± 6.7
98.0
€ ± 4.6
95.1 ± 4.4
148.7 ± 18.8
132.3 ± 8.6
112.5 ± 6.0

103 ± 4
62.1 ± 2.8
38.5 ±€2.9
33.4 ± 2.8
66.1 ± 3.8
31.5 ± 4.0
24.9 ± 3.1

[VH4]

bpro

bdepro

(°C/ln µM)
8.4 ± 20
4.3 ± 1.1
2.9 ±€1.0
2.6 ± 1.0
10.6 ± 3.1
5.6 ± 1.9
2.4 ± 1.4

(°C/ln µM)
11.8 ± 0.9
6.3 ± 0.6
3.1 ± 0.7
2.8 ± 0.7
9.4 ± 0.9
4.0 ± 1.1
3.0 ± 0.8

R2
0.979
0.978
0.982
0.985
0.983
0.994
0.996

The fit to Eq. 7 for fixed ELP length is also presented in graphical terms in Figure 6
for the two 100-pentapeptide polymers, with full fit results presented in Figure 36 in the
Appendix. Together with the R2 values above, these figures demonstrate that the model
of interpolation between protonated and deprotonated polymers accurately represents the
observed pH-sensitivity of histidine-rich ELPs.
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Figure 6: Representative model fits for the fixed length ELPs [VH2GA]-100 (A) and [VH4]100 (B). All fits are plotted in Figure 36 and the fit parameters are provided in Table 2.

To develop a single equation to capture the pH, length, and concentration
dependence of the ELP transition, the length and concentration dependence of the
protonated and deprotonated ELP polymers was considered according to the following
previously developed equation:(158)
Tt = Tc +

k ⎡ Cc ⎤
ln
L ⎢⎣ C ⎥⎦

Eq. 8.

where Tc is referred to as the critical transition temperature and represents the
€
extrapolated intersection of the fit curves from various ELP lengths. Cc represents the
€

critical concentration at which this intersection occurs. The data in Figure 5 were fit to
Eq. 8 at fixed pH to determine whether histidine-rich ELPs €
can be described using the
same equation and whether Tc , k , and Cc depend on pH. The fit parameters presented in
Table 3 demonstrate that this model does accurately describe the length- and
€ € of €
concentration-dependence
the Tt of histidine-rich ELPs at fixed pH, with all R2 values

>0.95 except for pH 6.0 for the [VH4] library, potentially due to the buffer issues
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mentioned above. Similar to the discussion comparing the Tref values between the two
libraries, it is illuminating to compare the Tc values here. The [VH4] library has a lower

€
with [VH2GA] at pHs 6.4 and
Tc at pH 7.4 but an increasingly higher Tc compared
€
below. Further, these fits show that Tc and k depend on pH while Cc does not; therefore,
€

€
a single Cc value can be used in the final model while Tc and k will require different

€
€
€
protonated and deprotonated values. Figure 7 presents a graphical depiction of the model
€
€fit at the fixed pH of 7.4, with full results shown
€ in Figure
37 [VH2GA] and Figure 38
[VH4] in the Appendix.
Table 3: Non-linear regression parameters for fixed pH (fit to Eq. 8).
[Library]
[VH2GA]

[VH4]

pH
8.0
7.4
6.8
6.4
6.0
5.5
7.4
6.8
6.4
6.0

Tc (°C)
3.6 ± 1.2
8.5 ± 1.5
€
20.5 ± 1.2
30.9 ± 1.4
39.9 ± 1.5
58.7 ± 1.4
3.0 ± 1.6
19.2 ± 1.1
31.4 ± 1.7
53.2 ± 5.9

€

Cc (mM)

R2

10.9 ± 3.4
9.9 ± 3.6
16.5 ± 6.0
20.9 ± 8.3
42.0 ± 22.7
24.8 ± 9.8
2.8 ± 1.1
4.2 ± 1.3
5.4 ± 2.2
16.9 ± 35

0.978
0.968
0.972
0.964
0.958
0.958
0.974
0.984
0.971
0.885

k (°C

pentamers)
394 ± 24
403 ± 29
354 ± €
26
348 ± 29
308 ± 31
340 ± 30
375 ± 32
356 ± 27
387 ± 43
328 ± 68

Finally, to develop a single equation describing the length, concentration, and pH
dependence of ELPs with ionizable groups, Eq. 8 was written separately for protonated
and deprotonated ELPs (with a single Cc value based on the fixed pH fit) and substituted
into Eq. 5 (with a single pK a value based on the fixed length fit). Rearrangement yields:
€

k pro ⎡ Cc ⎤
€
Tt = Tc, pro +
ln
+
L ⎢⎣ C ⎥⎦

Tc,depro − Tc, pro +

1+10
63

€

(k

depro

− k pro
L

( pK a − pH )

) ln⎡ C ⎤
c

⎢⎣ C ⎥⎦

Eq. 9.

Figure 7: Representative model fits for a fixed pH of 7.4 for the [VH2GA] (A) and [VH4] (B)
libraries. Other pHs are plotted in Figure 37 and Figure 38 in the Appendix and the fit
parameters are presented in Table 3.

The full datasets for both libraries were fit to Eq. 9, with the results presented in
Table 4 and Figure 8. The model provides an excellent description of the observed
behavior, with R2 values of 0.98 and 0.99 for the two libraries. The model captures the
increased pH-responsiveness of the [VH4] library compared with the [VH2GA] library as
a slightly elevated pK a , elevated Tc, pro , and depressed Tc,depro . The final fit for the full
dataset is presented graphically in Figure 8, and the observed Tt values are plotted versus
€
€ in Figure 9, underscoring
€
the model predicted values
the fact that the model describes 98

% of the observed variance.
Table 4: Final model fit parameters describing the pH, concentration, and length dependence
of the Tt of histidine-rich ELPs.
[Library]

pK a

Tc, pro

Tc,depro

k pro (°C

kdepro (°C

Cc (mM)

R2

[VH2GA]
[VH4]

6.28 ± 0.03
6.36 ± 0.04

(°C)
68.4 ± 2.1
77.7 ± 3.6

(°C)
3.1 ± 1.2
-3.7 ± 1.9

pentamers)
309 ± 32
474 ± 70

pentamers)
376 ± 18
339 ± 22

16.1 ± 3.7
3.3 ± 0.8

0.98
0.99

€

€

€

€

€
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€

Figure 8: Final model fit describing the pH, concentration, and length dependence of
the Tt of histidine-rich ELPs. (L) [VH2GA]; (R) [VH4]. Datapoints represent measured Tt
values, and lines represent the non-linear regression to Eq. 9, with fit parameters reported in
Table 4.
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Figure 9: Observed Tt versus the Tt predicted by Eq. 9 for the [VH2GA] (A) and [VH4] (B)
ELP libraries. The black lines represent a 1:1 correspondence. Fit parameters are presented in
Table 4.

The principal value of this model is its demonstration that the effect of pH on the Tt
of ELPs with ionizable groups can be understood as a titration between protonated and
deprotonated ELPs. However, the model could also be used in a predictive manner, most
obviously to select the length or concentration of an ELP with a given composition that
should be used to give the desired pH-response characteristics. Another potential value of
the model is in clarifying the pH-responsive character of an ELP library and suggesting
alternative ELP compositions that could be synthesized to meet desired functions. For
example, consider the goal of this dissertation, developing an ELP with a pH-response
centered around pH ~6.8 to enable the material transition to occur in the narrow window
between plasma pH (7.2-7.4) and tumor extracellular pH (~6.2-6.9). The known pKa
values of the twenty amino acids suggested that histidine-rich ELPs would present the
best characteristics for this application, but characterization of the pKa of synthesized
histidine-rich ELPs could provide additional information on optimal library composition.
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This model could characterize the pKa of new histidine-rich ELP libraries to determine
whether the pKa can be modulated by additional amino acids.
2.3.4 Metal-sensitivity of the ELP transition temperature
Motivated by the knowledge that histidine naturally coordinates with the transition
metals zinc, nickel, copper, and cobalt, we tested the effects of these metals on the
transition temperature of histidine-rich ELPs. Initial experiments where mM
concentrations of NiCl2 were added to concentrated ELP solutions indicated that a strong
interaction took place as the ELP solution seemed to gel in the area where the NiCl2
solution was introduced and could not be mixed. Therefore, the effect of the four metal
ions known to interact with histidine were tested along with control salts and metal ions
to enable the nature of any observed effect to be determined.

Figure 10: Metal-sensitivity of the Tt of 20 µM [VH2GA]-60 in 10 mM HEPES and 140 mM
NaCl. The dashed line represents the Tt without additional ions.
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The results presented in Figure 10 demonstrate a precipitous reduction in the Tt of the
histidine-rich ELP [VH2GA]-60 (chosen for this experiment because of its high Tt in
buffer) upon the addition of µM concentrations of ZnCl2, NiCl2, CuCl2, and CoCl2, with a
higher concentration of cobalt required to exert the same effect as the other three metals.
The fact that molar concentrations of other salts are required to decrease the ELP Tt
demonstrates that this effect is not a non-specific salting out via the Hofmeister effect
(NaCl, KCl),(159) an effect of divalent cations (CaCl2, MgCl2, MnCl2), or an effect of
metals generally (FeCl2), but rather is due to the specific coordination between histidine
residues and Zn2+, Ni2+, Cu2+, and Co2+. The decrease induced by metal coordination is
likely due to two effects: crosslinking of multiple ELP chains due to coordination of a
single metal atom with multiple histidine residues, and an increase in the hydrophobicity
of the ELP due to charge shielding.
Just as the pH-responsive biological function of histidine is reflected in the material
properties of these histidine-rich polymers, the metal-responsive character of histidinerich ELPs represents an additional form of biomimicry. The metal coordination
interactions of histidines play an important role in protein structure, for example in zinc
finger motifs prevalent in transcription factors. The DNA binding region of the most
common zinc finger structure is stabilized by interactions between a Zn2+ atom, two
histidine residues, and two cysteine residues.(160) Hormone receptors and the loop-sheethelix motif are stabilized by Zn2+ coordination with histidine, cysteine, aspartate, and
glutamate residues.(161) The metal-binding functionality has been applied to de novo
protein designs, with between two and six histidine residues or two histidines together
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with two cysteines demonstrating zinc-binding activity.(162, 163) These natural
histidine-metal interactions are also exploited in biotechnology, with a His6 tag routinely
used to capture proteins on nickel or cobalt immobilized metal affinity chromatography
columns. A copper-presenting lipid was also used to capture proteins on a surface by
coordination with exposed histidine residues.(164)

2.4 Conclusion
This chapter has reported the successful synthesis and purification of histidine-rich
ELPs, demonstrated their remarkable pH-sensitivity over a physiologically relevant
range, developed a quantitative model describing the dependence of the thermal transition
temperature on pH, ELP length, and concentration, and further shown their sensitivity to
micromolar concentrations of transition metals known to coordinate with histidine. These
findings represent an important step towards the overall goal of this work, the
development of a drug carrier capable of responding to the slightly low tumor
extracellular pH. The novel triple-responsive character of these recombinant polymers
makes them attractive for the variety of other applications of LCST polymers as well.
Future work should exploit the recent discovery of the wide sequence space available for
thermally-responsive peptides to explore the effects of sequence structure and histidine
density on the pH-responsiveness of histidine-rich Elastin-Inspired Polypeptides.(165)
The rationale, mechanism, and expected outcomes of this approach are described in more
detail in Chapter 6.
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Chapter 3. Histidine-rich Elastin-Like Polypeptide Block
Copolymers
3.1 Introduction
Water is an organizing solvent, forcing the ordered assembly of amphiphilic
molecules such as proteins with amino acid side chains across the range of
hydrophobicity and lipids with polar head groups and and giving rise to the complex
molecular and supramolecular structures that make up the living organism. Over the last
decades, chemists and engineers have designed molecules with the capability of selfassembly into supramolecular structures with a wide variety of applications.(166) As this
work attempts to develop a self-assembled micellar nanoparticle, this section briefly
reviews the principles of micelle assembly, some key examples of materials that have
formed micelles, and their major applications.
The simplest and most-common self-assembling polymers are AB diblock
copolymers, where blocks A and B are constructed from different monomers and have
different hydrophilicities. These polymers are able to form self-assembled nanostructures
because of the propensity for phase separation of the hydrophobic block from the
aqueous solvent coupled with the covalent bond to the hydrophilic block, which prevents
complete phase separation.(167) Following the discussion of the entropic contribution to
LCST behavior in Chapter 2, the formation of micelles in aqueous solution (by
temperature-sensitive or temperature-insensitive polymers) can be understood as an
entropy-driven process.(168) The entropic penalty imposed by formation of ordered
micelle structures that limit the number of possible conformations is outweighed by the
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entropic gain from the release of water molecules associated with the hydrophobic block.
The hydrophobic block is therefore driven to self-associate to avoid these interactions
with water molecules, but phase separation cannot be achieved due to the presence of the
hydrophilic block. The result is the formation of interpolymer associations with the
hydrophobic blocks segregated from solution and the hydrophilic block exposed on the
surface of these structures. In essence, creation of a copolymer with hydrophilic and
hydrophobic monomers gives rise to the problem of solvation explored in Chapter 2;
segregation of those monomers as in an AB block copolymer enables micelle formation.
AB block copolymers experiencing the driving force discussed above can form a
variety of structures, including micelles, vesicles, and lamellae.(169) Theoretical and
empirical models have been developed to predict the structure formed and the dimensions
of that structure based on polymer characteristics including the relative sizes of the two
blocks. For example, Discher observed that polymers with hydrophilic mass fractions

f hydrophilic > 45 % tend to form micelles, those with 25 % < f hydrophilic < 45% can form
vesicles, and those with f hydrophilic < 25 % form inverted microstructures.(170) Israelachvili

€

€
described the shape of the formed structure as dependent on the volume occupied by the
€
hydrophobic polymer
chains, the optimal interfacial area, which is larger for polymers
where the repulsion between hydrophilic blocks due to electrostatic or steric interactions
outweighs the attractive interactions among hydrophobic blocks, and the chain
length.(171)
Examples of polymer components used to construct amphiphilic block copolymers
include uncharged hydrophilic blocks such as poly(ethylene oxide) (PEO, also referred to
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as PEG); positively charged hydrophilic blocks such as poly(2- or 4-vinylpyridine),
poly(L-lysine); negatively charged hydrophilic blocks such as poly(acrylic acid),
poly(styrene sulfonate), and poly(L-glutamic acid); and hydrophobic blocks such as
poly(styrene), poly(propylene oxide), poly(butylene oxide), and poly(L-lactic acid).(169)
For drug delivery applications the polymers must be biocompatible, with common
systems including FDA-approved polymers such as PEO-PPO, PEO-PLA, PEO-PLGA,
PEO-PCL, and PEO-poly(amino acids).(168)
In the first micelle systems investigated for drug delivery, the drugs were covalently
attached to the hydrophobic block to improve solubility and impart the benefits of high
molecular weight carriers reviewed in Chapter 1. For example, cyclophosphamide was
conjugated to PEO-b-poly(L-lysine)(172) and doxorubicin to PEO-poly(aspartic acid)
micelles.(39) This approach involves the limitation that the polymer must be specifically
designed to enable conjugation of each drug for delivery. The PEO-pAsp-DOX system
enabled the conjugation of many doxorubicin molecules to each polymer chain via the
carboxylic Asp moieties, and the conjugation of hydrophobic doxorubicin drove micelle
formation.(173) These micelles exerted a greater antitumor effect than free doxorubicin
against a variety of cell lines with reduced toxicity.(174)
Additional doxorubicin was encapsulated in the core of PEG-Asp-DOX micelles,
with more doxorubicin encapsulated in micelles with higher amounts of conjugated
doxorubicin.(175) Both conjugated and encapsulated doxorubicin exhibited an increased
IC50 against P388D1 mouse leukemia cells. While micelles with conjugated doxorubicin
exhibited little antitumor activity against C26 mouse colon adenocarcinomas, the system
72

with both conjugated and encapsulated drug exhibited more potent antitumor activity and
reduced toxicity compared with free drug,(175) and the antitumor activity depended on
the amount of encapsulated drug.(173, 175) This system achieved preclinical success
based on its extended circulation time, enhanced tumor accumulation, and resulting
antitumor efficacy.(39, 40, 173, 175) PEG-poly(β-benzyl-L-aspartate) polymers
encapsulated doxorubicin solely based on the preferential partition of doxorubicin into
the hydrophobic micelle core without any conjugated doxorubicin, with π-π interactions
between the benzyl group and the cyclic doxorubicin also potentially encouraging
encapsulation.(176, 177) This system exhibited extended circulation time and a
substantially greater antitumor activity than free drug against C26 tumors.(178)
PEG-pAsp with 4-phenyl-1-butanol-modified carboxylic groups encapsulated
paclitaxel by physical entrapment, with no effect on in vitro cytotoxicity, enhanced
antitumor efficacy, and reduced neurotoxicity in vivo.(179) A phase I clinical trial
demonstrated extended plasma circulation, minimal toxicity, and partial tumor responses
in several patients, warranting further study.(180) PEG-pGlu encapsulated SN-38, the
active form of irinotecan, and demonstrated extended circulation and enhanced activity in
combination with 5-FU compared with irinotecan/5-FU against a wide variety of cancers
in animal models including colorectal, renal, gastric, and pancreatic cancers as well as
gliomas.(181-183) Phase I clinical trials demonstrated acceptable toxicities and partial
tumor responses, and a phase II trial is underway.(39)
Specific drug-polymer associations have also been used to encapsulate drugs within
micellar nanoparticles, with metal complexation and ionic interaction as two prominent
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examples. Coordination of cisplatin with the carboxylic groups on PEG-poly(glutamic
acid) resulted in a stable micelle that exhibited extended circulation, enhanced tumor
accumulation, and reduced toxicity while demonstrating the same antitumor efficacy in
rats as free cisplatin.(184, 185) A phase I clinical trial demonstrated a reduction in the
severity of typical cisplatin symptoms but a worsened allergic reaction, and a phase II
study is planned.(39) Another effective class of micellar drug carrier is polyion complex
micelles consisting of PEG-polycation polymers complexed with DNA or siRNA.(186)
These carriers will not be discussed in detail here, but in one notable example, the
complex polymer PEG-pAsp(1,2-diaminoethane)-pLys condensed DNA and exhibited in
vitro transfection efficiency and in vivo gene expression in the stromal regions of
pancreatic tumors following systemic administration.(187) In another, PEG-pLys
complexed siRNA, formed micelles stabilized by disulfide crosslinking, released the
siRNA inside the cell in response to the reductive environment, and achieved nearcomplete knockdown in vitro.(188)
ELPs have been shown to form micellar nanoparticles through two mechanisms. In
one, analogous to the initial PEG-pAsp block copolymers that formed micelles upon
doxorubicin conjugation, doxorubicin was conjugated to cysteine residues placed at the
C-terminus of the polymer, and the resulting amphiphilicity led to nanoparticle
formation.(41) These nanoparticles preserved cytotoxicity, increased the cumulative drug
exposure (plasma AUC), reduced accumulation in the heart (the site of dose-limiting
doxorubicin toxicity), increased tumor accumulation, and led to near-complete regression
of C26 tumors in mice.(41)
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In an alternative approach to ELP micelle formation, ELP block copolymers were
synthesized with a large Tt difference between blocks such that the two blocks were able
to transition independently.(129) These ELPBCs existed in three states depending on the
solution temperature: at temperatures below both Tts they existed as soluble unimers, at
temperatures above the hydrophobic block Tt this block was driven to self-associate,
resulting in micelle formation, and above the hydrophilic block Tt the ELPBCs formed
micron-sized aggregates. ELPBCs with ligands for cell entry tailored to self-assemble
between body temperature and the hyperthermic temperature demonstrated increased
avidity and cell uptake upon heating due to multivalent ligand presentation.(65)
This chapter creates a new class of ELPBCs using the pH-sensitive histidine-rich ELPs
from Chapter 2 as the hydrophobic blocks. The goal, as stated in Chapter 1, is to create an
ELPBC that circulates in the micelle form but disassembles in response to the tumorspecific endogenous stimulus of low pH. These histidine-rich ELPBCs are screened for
micelle formation, and the micelle-forming ELPBC is tested for pH-sensitive disassembly.
Based on the result from Chapter 2 that histidine-rich ELPs are also metal-sensitive, this
Chapter also investigates the effects of transition metals on the material properties of
histidine-rich ELPBCs.

3.2 Methods
3.2.1 ELP block copolymer cloning
Genes encoding histidine-rich ELP block copolymers (ELPBCs) were prepared using
the same approach as the RDL method described in Chapter 2. Rather than doubling a
gene by reacting the insert and vector digest from the same substrate gene, two different
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ELP sequences were ligated using the same enzymes and procedures. The insert gene
becomes the N-terminal sequence while the vector gene becomes the C-terminal
sequence, and after confirmation of successful ligation the final block copolymer gene
can be digested and ligated into a pET25b vector for expression. A series of block
copolymers were created between [VG7A8] and either [VH2GA] or [VH4] (listed in Table
5), expressed and purified as described in Chapter 2, and then tested for their ability to
form nanoparticles upon heating by absorbance spectroscopy and dynamic light
scattering.
3.2.2 Dynamic light scattering
The size of ELPBC molecules in solution was characterized using Dynamic Light
Scattering (DLS) conducted over a range of temperature (DynaPro and DynaPro Plate
Reader, Wyatt Technology, Santa Barbara, CA). Prior to measurement the ELPs were
dialyzed overnight against the appropriate buffer, adjusted to 50 µM unless otherwise
specified, and filtered using a 20 nm filter (Whatman, Kent, UK). For experiments
including ZnCl2, 100 nm filters were used to avoid eliminating micelles. The light
scattering data were analyzed using a regularization fit and the Rayleigh spheres
algorithm within the Dynamics software provided with the instruments, and aberrant
peaks were only eliminated if they accounted for less than 2% of the sample by mass.
3.2.3 Pyrene fluorescence-based determination of the critical micelle
concentration
The micelle stability was characterized according to the critical micelle concentration
(CMC) using the pyrene fluorescence method. The fluorescence properties of pyrene
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depend on the hydrophobicity of its environment, making it a sensitive probe for micelle
formation. A 12 mM solution of pyrene (Sigma, St. Louis, MO) was prepared in EtOH,
and then 1 µL of this EtOH solution was added per 20 mL of buffer to create a 6 µM
pyrene solution. Serial dilutions of the ELP were prepared in the pyrene-containing
buffer. The intensity ratio of the first (370-373 nm) to third (381-384 nm) emission peaks
in the pyrene fluorescence curve (334 nm excitation) was measured over a range of
concentration at 37 °C using a temperature-linked fluorescence spectrophotometer (Cary
Eclipse, Varian, Palo Alto, CA). This ratio was plotted over concentration, and the
resulting curve was fit using a sigmoidal function in IGOR Pro (Wavemetrics, Portland,
OR). The CMC was taken as the inflection point of this curve, and this measurement was
repeated for at least three dilution series.
3.2.4 Static light scattering
Static Light Scattering (SLS) was conducted to gain additional information about the
size and shape of the ELPBC nanoparticles. SLS measures the Rg, and Rg/Rh = ρ, a shape
factor that describes the morphology of nanoparticles. For simultaneous dynamic and
static light scattering measurements, the samples were prepared in HEPES with or
without ZnCl2 as described above. The samples were then filtered through a 100 nm
Anotop 10 filter (Whatman) into a 10 mm disposable borosilicate glass tube (Fisher
Scientific, Waltham, MA) that was pre-cleaned by washing three times with filtered
ethanol prepared using a 0.2 µm cellulose acetate filter. SLS/DLS measurements were
obtained at 37 °C and 25 °C using a CGS-3 goniometer system (ALV, Langen, Germany)
at 5° angle increments from 30-150°, with three 10 s runs performed at each angle. Shape
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factors were calculated as Rg/Rh, the radius of gyration divided by the radius of hydration,
while aggregations numbers were calculated by dividing the mass of the particle by the
theoretical mass of the monomer. SLS measurements were conducted by Wafa
Hassouneh in the Chilkoti laboratory.
3.2.5 Atomic Force Microscopy
Atomic Force Microscopic Imaging was conducted by Minkyu Kim in the Piotr
Marszalek laboratory, Mechanical Engineering and Materials Science Department, Duke
University. [VG7A8]-80/[VH4]-100 was dialyzed overnight against 10 mM HEPES, 140
mM NaCl, and 1 mM ZnCl2 at pH 7.4, diluted to 50 µM, and then filtered using a 100 nm
filter. AFM imaging was conducted on the sample described above diluted to 25 µM as
well as ELP in the same buffer without ZnCl2 and buffer with and without ZnCl2. In each
case, a 50 µL sample was incubated on 1-(3-aminopropyl) silatrane (APS)-functionalized
mica at room temperature for 10 min. Images were collected with a Nanoscope IIIa
MultiModeTM Scanning Probe Microscope (Veeco Instruments, Santa Barbara, CA) using
the tapping mode with an E scanner and NP-S probes (Veeco) with resonance frequencies
of 30 kHz. All images were captured at a scan rate of 1.0-2.0 Hz with 512x512 pixel
resolution, with scan sizes ranging from 500 to 1000 nm.
3.2.6 Freeze-fracture cryo-Transmission Electron Microscopy
Freeze-fracture electron microscopy of the ELPBCs was carried out by Nanoanalytical
Laboratory (San Francisco, CA). A 100 nm-filtered sample of 50 µM [VG7A8]-80/[VH4]100 in 10 mM HEPES, 140 mM NaCl, and 1 mM ZnCl2 at pH 7.4 was sent for analysis.
The sample was quenched using the sandwich technique and liquid nitrogen-cooled
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propane, and the fixed sample was then stored in liquid nitrogen. The fracture process
was carried out using JED-9000 freeze-etching equipment (JEOL, Japan) and the exposed
fracture planes were shadowed with Pt for 30 sec at a 25-35° angle and then carbon for
35 s at 2 kV, 60-70 mA, and 1x10-5 Torr. The replicas produced in this way were cleaned
with concentrated, fuming HNO3 for 24 h followed by 5 cycles of agitation with
chloroform:methanol. The clean samples were then examined using a 1200 EX
transmission electron microscope (JEOL).

3.3 Results and Discussion
3.3.1 Selecting a micelle-forming ELPBC
Block copolymer ELPs were created using [VG7A8] as the hydrophilic block,
intended to be the micelle corona, and [VH2GA] or [VH4] as the hydrophobic coreforming block. A variety of length combinations were created (Table 5), generally
remaining within the 1:2-2:1 block length ratio previously found to result in micelle
formation for ELPBCs.(129) The candidate block copolymers were initially screened
Table 5: Histidine-rich ELP block copolymer sequences synthesized in this work.
[VH2GA]
[VG7A8]-32 / [VH2GA]-60
[VG7A8]-64 / [VH2GA]-60
[VG7A8]-128 / [VH2GA]-60
[VG7A8]-160 / [VH2GA]-60
[VG7A8]-64 / [VH2GA]-120
[VG7A8]-96 / [VH2GA]-120
[VG7A8]-64 / [VH2GA]-160
[VH2GA]-160 / [VG7A8]-96

[VH4]
[VG7A8]-32 / [VH4]-60
[VG7A8]-64 / [VH4]-60
[VG7A8]-128 / [VH4]-60
[VG7A8]-160 / [VH4]-60
[VG7A8]-64 / [VH4]-80
[VG7A8]-64 / [VH4]-100
[VG7A8]-80 / [VH4]-100
[VG7A8]-64 / [VH4]-120
[VG7A8]-96 / [VH4]-120
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using absorbance spectroscopy in accordance with the previous finding that ELPBC
micelle formation resulted in a small increased in absorbance.(129) Promising samples
identified by absorbance spectroscopy were further tested using DLS.

Figure 11: Representative absorbance screening of histidine-rich ELPBCs for micelle
formation. Notations indicate the [VG7A8]/[VH4] block lengths, except for one [VH2GA] sample.
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Figure 11 presents representative absorbance scans performed over a range of
concentration of histidine-rich ELPBCs. The upper-left sample, [VG7A8]-64/[VH4]-60, is
included to demonstrate the absorbance characteristics of an ELPBC that does not form
micelles (as later confirmed by DLS). The hydrophobicity of the histidine-rich block or
the difference between the two blocks is evidently insufficient to favor micelle formation,
so the ELP transitions as a single block from unimer to aggregate, observed on this plot
as a rapid increase in A350. In contrast, the remaining samples presented in Figure 11
exhibit a slow rise in absorbance prior to the bulk transition, consistent with those
observed for micelle-forming ELPBCs. All other ELPBCs without absorbance plots
presented here showed absorbance scans similar to the [VG7A8]-64/[VH4]-60 scan above.
Thus, these five ELPBCs were considered as candidates for further study as micelleforming BCs. Note that regardless of the block length ratio, large hydrophobic blocks
were required to elicit this micelle-like behavior. For [VH2GA], the more hydrophilic of
the two histidine-rich ELPs, 160 pentapeptides were required to make the polymer
sufficiently hydrophobic to associate and absorb light below the bulk transition
temperature. For the more hydrophobic [VH4], 100- and 120-pentapeptide hydrophobic
blocks elicited this behavior, while no absorbance plots suggestive of micelle formation
were observed for 60- and 80-pentapeptide [VH4] blocks.
The pH-sensitivity of two of these ELPBCs was also investigated by absorbance
spectroscopy, as shown in Figure 12. Both [VH2GA]-160/[VG7A8]-96 and [VG7A8]80/[VH4]-100 exhibited right-shifted absorbance traces at low pH. For [VH2GA]160/[VG7A8]-96, the entire curve shifted to the right, with the ‘foot’ region of low
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absorbance prior to the bulk transition preserved across pH 6-8. In contrast, the slow rise
in absorbance for [VG7A8]-80/[VH4]-100 gradually lessened as the pH was decreased
from 7.8 to 6.8 until it was no longer observed; over this range of pH the aggregation
temperature did not change with pH. Then, as the pH was decreased further, the
aggregation temperature increased.

Figure 12: Absorbance spectroscopy of histidine-rich ELPBCs over a range of pH in 10 mM
NaPO4 and 140 mM NaCl: (A) [VH2GA]-160/[VG7A8]-96; (B) [VG7A8]-80/[VH4]-100.
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While these absorbance scans suggest the formation of a structure or at least loose
associations between polymers resulting in an increase in the absorbance of light, and
further suggest that these particles or associations are sensitive to the solution pH,
dynamic light scattering is necessary to confirm the presence of nanoparticles and their
dimensions. Repeated DLS measurements of [VH2GA]-160/[VG7A8]-96 at various
concentrations failed to demonstrate micelle formation, even when the same samples
exhibited a two-stage increase in absorbance (Figure 13A). In contrast, Figure 13B
demonstrated three-stage temperature-responsive behavior as for previously characterized
ELPBC micelles: a low-temperature unimer region with an Rh < 10 nm, a micelle region
above the core-block Tt, in this case extending from 32-40	
  °C and exhibiting an Rh of ~35
nm, and finally a micron-sized aggregate region above the second Tt representing the
transition of the corona-forming hydrophilic block. Note that in all DLS scans the
aggregate region is not plotted due to the inaccuracy of DLS measurement in this size
range. The aggregation temperature can thus be noted as 1 °C above the temperature of
the final plotted point.
On reflection, the DLS results agree well with the absorbance scans conducted over a
range of pH. For the [VH2GA]-160/[VG7A8]-96 polymer, which evidently transitions as a
single block despite the suggestion of an initial unimer-to-micelle transition by the initial
increase in absorbance, decreasing the pH increases the hydrophilicity of the polymer and
thus the Tt, similar to the behavior observed in Chapter 2. For the micelle-forming
[VG7A8]-80/[VH4]-100 polymer, the initial decrease in pH has no effect on the
aggregation temperature because micelles are still able to form. This means that the
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aggregation temperature is governed by the high local concentration of the hydrophilic
corona block, which is insensitive to pH. In this region the slow rise in absorbance
becomes less prominent, indicating a decreased propensity to form micelles or a smaller
range in temperature over which micelles are observed. When the pH becomes

Figure 13: Dynamic light scattering of histidine-rich ELPBCs at pH 7.4 in 10 mM NaPO4 and
140 mM NaCl: (A) 25, 50, and 100 µM [VH2GA]-160/[VG7A8]-96; (B) 50 µM [VG7A8]80/[VH4]-100. Error bars represent the polydispersity of single measurements.

84

sufficiently low to prevent micelle formation, the polymer begins to transition as a single
block and the aggregation temperature again becomes sensitive to pH. Thus, both
absorbance and DLS experiments suggest that [VG7A8]-80/[VH4]-100 forms micelles in a
temperature- and pH-sensitive manner, as will be explored in more detail in the next
section.
3.3.2 The His-rich ELPBC is temperature and pH-sensitive
Following selection of the micelle-forming ELPBC [VG7A8]-80/[VH4], the
temperature and pH-responsive character of these micelles were tested. First, DLS was
repeated from pH 6-7.4, demonstrating exquisite pH-sensitivity (Figure 14). While
micelle formation was observed over a 9 °C range at pH 7.4, micelles were only stable
over a 5 °C range at pH 6.8. A slightly higher temperature is required to induce the
histidine-rich block transition at pH 6.8 given the increased proportion of charged
histidine residues compared with pH 7.4. No micelle region was observed at pH 6.4 and
6.0, with the polymer instead exhibiting a single unimer-to-aggregate transition. As the
histidine-rich block becomes increasingly hydrophilic due to the increased charged
fraction the Tts of the two blocks approach one another, leading to a single transition.
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Figure 14: DLS of 50 µM [VG7A8]-80/[VH4]-100 at pH 7.4, 6.8, 6.4, and 6.0 in 10 mM
NaPO4 and 140 mM NaCl. Error bars are omitted for clarity.

These data clearly suggest that from 32 °C to 39 °C, decreasing the pH from 7.4 to
6.4 would disassemble preformed micelles. Isothermal pH cycling confirmed the rapid
and reversible disassembly of micelles in response to a decrease in pH (Figure 15). This
finding is critical for the proposed drug delivery scheme in which the block copolymers
circulate as assembled nanoparticles and then dissociate upon encountering the low pH
region of solid tumors. The rapidity of the transition is advantageous to enable rapid
release of encapsulated contents in response to the endogenous stimulus of low pH.
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Figure 15: DLS of 50 µM [VG7A8]-80/[VH4]-100 in 10 mM NaPO4 and 140 mM NaCl at 37
°C. The pH was cycled between pH 7.4 and 6.4 by adding HCl and NaOH and measuring the
solution pH. Error bars represent the polydispersity of single measurements.

Figure 16: DLS of histidine-free [VG7A8]-64/[V]-120 ELPBCs: (A) DLS in 10 mM NaPO4
and 140 mM NaCl at pH 7.4, 6.8, 6.4, and 6.0; (B) DLS at 37 °C with the pH altered by adding
HCl and NaOH.
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The histidine-free ELPBC [VG7A8]-64/[V]-120 was chosen as a control based on the
similarity of its temperature-responsive characteristics to those of [VG7A8]-80/[VH4]100.(129) As shown in Figure 16, changing the pH between 6 and 7.4 exerts no effect on
the temperature-sensitive self-assembly of histidine-free ELPBC nanoparticles. This result
confirms that the pH-sensitivity observed for the histidine-rich ELPBC does arise from the
natural pH-responsive behavior of histidine residues.
3.3.3 The His-rich ELPBC is stabilized by ZnCl2
Next, based on the metal-sensitivity observed for single-block histidine-rich ELPs,
the metal-sensitivity of the His-rich ELPBC was investigated. These experiments focus on
the effect of Zn2+ due to its reduced toxicity compared with Cu2+ and Ni2+. The
physiological concentration of Zn2+ is roughly 20 µM (189) and its tolerable upper intake
level is 40 mg/day, compared with 10 mg/day for Cu2+ and 1 mg/day for Ni2+.(190) DLS
of [VG7A8]-80/[VH4]-100 in HEPES revealed that µM concentrations of ZnCl2 broaden
the range of temperature over which the ELPBC exists in the micelle state (Figure 17A).
This effect can be captured by the Critical Micelle Temperature (CMT), or the lowest
temperature at which micelle formation is observed. Adding 25 µM ZnCl2 led to a
significant decrease in the CMT from 32 to 20 °C. Further increasing the ZnCl2
concentration to 100 µM and 1 mM extended the micelle region all the way to 5 °C, the
lowest temperature measured in this experiment. These effects are in accordance with the
proposed mechanism for the decrease in the single-block ELP Tt induced by metal
coordination. Crosslinking of the micelle core would be more likely to occur than
crosslinking of individual ELP chains due to their proximity, and would yield reversible
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Figure 17: The effect of ZnCl2 on histidine-rich ELPBCs as determined by DLS: (A) 50 µM
[VG7A8]-80/[VH4]-100 in 10 mM HEPES, 140 mM NaCl, and 0-1 mM ZnCl2, where data are
presented as the mean ± SE of three wells; (B) 50 µM [VG7A8]-64/16-60 in the same buffer,
where error bars represent the polydispersity of single measurements.

micelle stabilization. The decrease in the Tt of the histidine-rich ELP could also occur
due to charge shielding resulting in an increased hydrophobicity. By this mechanism, the
increase in Zn2+ concentration would make the histidine-rich ELP block more
hydrophobic, reducing the Tt of the hydrophobic block and increasing the temperature
range over which micelle formation is thermodynamically favored. By the same
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mechanism, ZnCl2 can induce micelle formation in a His-rich ELPBC that does not exhibit
micelle formation in the absence of ZnCl2 (Figure 17B).

Figure 18: Reversibility of [VG7A8]-80/[VH4]-100 micelle stabilization by ZnCl2. (A) DLS
at 50 µM in 10 mM HEPES and 140 mM NaCl at pH 7.4 and 25 °C. The red line represents the
addition of 50 µM ZnCl2 and the blue line represents the addition of 50 µM NaEDTA. (B) DLS at
50 µM in the same buffer with 25 µM ZnCl2 from pH 6.0-7.4. Error bars on both figures
represent the polydispersity of single measurements.
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In Figure 18A, addition of ZnCl2 to a solution below the unimer-to-micelle transition
temperature resulted in rapid micelle formation. Further, chelation of the Zn2+ by EDTA
induced a micelle-to-unimer transition, confirming that Zn2+ coordination with histidine
residues accomplishes reversible stabilization of ELPBC micelles. This reversibility is
important for the proposed drug delivery scheme. One of the critical drawbacks of
micellar drug delivery systems is their disassembly below their critical micelle
concentration (CMC). While other researchers have developed methods of permanent
micelle stabilization,(168) such methods would abrogate the rapid stimulus-responsive
assembly exhibited by this new micelle-forming polymer. Therefore, reversible noncovalent stabilization has the potential to improve drug delivery by extending the time
over which the micelle remains stable in the circulation while allowing for disassembly
within the tumor. To address this same point more directly, DLS in 25 µM ZnCl2 from
pH 6-7.4 demonstrates that Zn2+-stabilized ELPBC micelles retain their pH-sensitivity,
with the micelle regions at pH 7.4 and 6.8 extended by ZnCl2 but no micelle formation
observed at pH 6.4 and 6.0 (Figure 18B).
Thus far the stabilizing effects of ZnCl2 for histidine-rich ELPBC micelles have been
demonstrated in terms of a decreased CMT. While this is clear evidence of a stabilizing
effect, the more commonly characterized and directly relevant parameter for micellar
drug delivery vehicles is the CMC. Among the variety of methods used to characterize
the CMC, pyrene fluorescence is a sensitive indicator of micelle formation due to the
dependence of its fluorescence characteristics on the hydrophobicity of the surrounding
environment. This method has been previously used to characterize the CMC of ELPBC
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micelles.(129) Note that while the previous study measured pyrene fluorescence over a
range of temperature, the measurements reported here were conducted at 37 °C, so the
CMC values are specific to that temperature. Pyrene fluorescence measurements were
taken over a range of ELP concentration for various ZnCl2 concentrations. The intensity
ratio of the first to third peaks in the pyrene fluorescence curve were plotted against ELP
concentration as shown in the sample curves presented in Figure 19. A sigmoid fit was
generated, and the CMC was taken as the inflection point of this curve. Three dilution
series were measured in this way, and the average values are reported in Table 6.

Figure 19: Sample curves of the pyrene fluorescence ratio I1/I3 vs. ELP concentration for
CMC determination. The CMC was taken as the inflection point of the sigmoid fit and averaged
among three dilution series.

Increasing the pH from 7.4 to 8.0 yields an appreciable but statistically insignificant
decrease in the CMC (from 32.6 ± 3.8 to 23.7 ± 4.2; p>0.05, t-test). ZnCl2 exerted a much
greater effect on the CMC than pH, with a four-fold decrease at 100 µM ZnCl2 and a
nine-fold decrease at 1 mM ZnCl2 (p<0.01 for both ZnCl2 concentrations and both pHs, ttest). Once again, the increased stability of Zn2+-loaded micelles is consistent with the
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increased hydrophobicity of the histidine-rich core-forming block in the presence of Zn2+.
The decreased CMC in the presence of ZnCl2 affords an opportunity to increase micelle
stability and thus improve drug delivery outcomes by injecting these ELPBCs in a highZnCl2 solution. A decreased CMC would increase the time over which the polymers
remain above the CMC and circulate in nanoparticle form, thus increasing the plasma
circulation and exclusion from healthy tissues and most critically extending the time over
which the drug remains encapsulated within the micelle. However, the drawback of such
a non-covalent stabilization strategy is that the injected ZnCl2 could quickly distribute
through the plasma and bind to other proteins.
Table 6: Critical Micelle Concentrations of [VG7A8]-80/[VH4]-100 measured using pyrene
fluorescence.*
0 µM ZnCl2

100 µM ZnCl2

1 mM ZnCl2

pH 8.0

23.7 ± 4.2

6.4 ± 1.8

**

pH 7.4

32.6 ± 3.8

8.9 ± 3.0

4.5 ± 0.3

*: Values represent the mean ± SE of three dilution series at 37 °C in 10 mM HEPES and 140 mM
NaCl.
**: The CMC could not be measured under these conditions because 1 mM ZnCl2 precipitated in
HEPES at pH 8.0.

Finally, DLS of a histidine-free ELPBC confirms the expected result that the Zn2+sensitivity of the material properties of self-assembled ELP nanoparticles depends on the
presence of histidine residues. Therefore, the pH- and metal-sensitivity of these ELPBC
micelles both arise from the natural pH-sensitive and metal-binding properties of
histidine reviewed in Chapter 2.
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Figure 20: DLS of [VG7A8]-64/[V]-120 in 10 mM HEPES, 140 mM NaCl, and 0-1 mM
ZnCl2. The open circles represent ~100 µm peaks that were present in all wells and always
accounted for < 15 % of the sample by mass. Data are presented as the mean ± SE of three well
measurements.

3.3.4 The His-rich ELPBC forms spherical micelles of uniform size
The goal of this final portion of this study of histidine-rich ELPBC micelles was to
substantiate their presence through imaging and gain information on their morphology
through imaging and static light scattering (SLS). While DLS at a single angle provides
the radius of hydration (Rh), a function of the diffusion of the particle in solution, SLS at
multiple angles provides the radius of gyration, a function of the distribution of mass
within the particle. Therefore, simultaneous measurement of the Rh and Rg provides
morphological information through the shape factor (ρ = Rg/Rh).
Table 7: Static Light Scattering results for 50 µM [VG7A8]-80/[VH4]-100 in 10 mM HEPES
and 140 mM NaCl.
ρ
Temperature (°C) [ZnCl2] (µM)
Dapp
Rh (nm) Rg (nm)
MW (kDa)
-7
37
0
1.03•10
31.9
19.9
0.623
3269
37
25
1.11•10-7
29.6
14.7
0.495
5366
25
25
7.67•10-8
31.1
16.1
0.517
5271
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Z
44
73
70

The SLS results (Table 7) indicate ρ values less than the ideal value of 0.775 for
spherical particles but still consistent with a spherical morphology.(191) We hypothesize
that the low ρ values could be related to the non-uniform distribution of mass throughout
the sphere, with even lower ρ values observed for Zn2+-stabilized micelles due to the core
contraction resulting from crosslinking or increased hydrophobicity. The Z value (the
number of polymer chains per particle, calculated by dividing the measured particle mass
by the theoretical monomer mass) also increased in the presence of Zn2+, consistent with
the increased stability of the micelles under those conditions as already demonstrated by
the decreased CMT and CMC values.
AFM imaging was conducted in buffer in the presence and absence of ZnCl2 to
confirm particle formation and assess the particle morphology. ZnCl2 was required to
induce micelle formation because AFM could not be conducted at elevated temperature.
The resulting images demonstrate the formation of uniform spherical micelles with a
diameter of roughly 60 nm, consistent with DLS results (Figure 21). Images in the
absence of ZnCl2 show a lack of appreciable structure at 25 	
  °C in the absence of ZnCl2,
as expected based on DLS results showing that micelle formation requires heating to 32
°C. Higher ELP concentrations were not able to be imaged to visually demonstrate
micelle formation in the absence of ZnCl2. Images of the buffers were clear,
demonstrating that the observed structure clearly represents the ELP (Figure 39).
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Figure 21: 2D (A, C) and 3D (B, D) AFM images of [VG7A8]-80/[VH4]-100 in 10 mM
HEPES and 140 mM NaCl with 1 mM ZnCl2 (A, B) and without ZnCl2 (C, D) at room
temperature.

The micelles were further imaged with the alternative method of freeze-fracture cryoTEM. These images show two populations of particles; some with diameters in the 50100 nm range suggested by DLS and AFM and several larger particles in the range of 200
nm. These larger particles could result from the rather involved sample preparation
method required for ff-TEM or could indicate that the particles are more polydisperse
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than suggested by DLS and AFM. Nevertheless, the imaging and light scattering results
together demonstrate that histidine-rich ELPBCs form uniform spherical micelles with
diameters in the range of 50-100 nm.

Figure 22: Freeze-fracture TEM of [VG7A8]-80/[VH4]-100 supplied in 10 mM HEPES, 140
mM NaCl, and 1 mM ZnCl2. Scale bars represent 100 nm.

3.4 Conclusions
This chapter has demonstrated that histidine-rich ELPBCs form micellar nanoparticles
in dependence on the three orthogonal stimuli of temperature, pH, and metal
concentration. This triple stimulus-responsive behavior is summarized in Figure 23. Selfassembly of the polymer into micelles can be triggered by heating from room temperature
to body temperature, low pH induces rapid micelle disassembly, and ZnCl2 stabilizes preformed micelles or triggers their assembly at low temperature. This result represents a
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fulfillment of the goal presented in Figure 1, and is significant from the perspective of
materials science and as a potential drug delivery vehicle.

Figure 23: Summary of the triple-responsive character of [VG7A8]-80/[VH4]-100, depicting
the state of the polymer (unimer, micelle, or aggregate) across the range of temperature, pH, and
[ZnCl2]. All points represent DLS observations at 50 µM. Note that measurements in the absence
of ZnCl2 are plotted at 1 µM ZnCl2 to enable presentation on a logarithmic scale.

Many previous pH-responsive nanocarriers have been synthesized as detailed in
Chapter 1, but the pH-responsive character of this polymer is unique in its high
sensitivity, exhibiting rapid and complete disassembly at pH 6.4, and the clarity of the
supporting data. Additionally, the finding of reversible micelle stabilization in the
presence of µM concentrations of ZnCl2 represents a significant advance over previous
methods of micelle stabilization that would abrogate any potential for disassembly; an
advantage for some applications but a roadblock for the intended application of tumor98

specific drug release. The most common method of micelle stabilization is photocrosslinking of the micelle core or corona.(168) In an alternative chemical cross-linking
approach, PEO-poly(methacrylate) formed micelles in the presence of divalent cations
that neutralized the negative charge on the PMA block. The cores of these micelles were
then crosslinked in a condensation reaction between the carboxyl groups of PMA and the
amine groups of 1,2-ethylenediamine.(192) In contrast, the non-covalent reversible
stabilization method developed here reduces the CMT and CMC but enables stimulusresponsive disassembly.
The work presented in this Chapter establishes histidine-rich ELPBCs as potential drug
delivery vehicles based on their formation of micellar nanoparticles at body temperature
and pH 7.4, their low pH-induced disassembly, and the potential for stabilization by
injection in the presence of ZnCl2. Subsequent chapters will attempt to develop these
materials as drug delivery vehicles and study their ability to disassemble within the tumor
to improve the spatial distribution of delivered drug.
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Chapter 4. Development towards drug delivery vehicles
4.1 Introduction
The materials data presented thus far indicate that histidine-rich ELPs hold promise as
drug delivery vehicles capable of responding to physiologically relevant changes in pH.
This chapter reports three separate studies designed to further the development of these
materials towards drug delivery vehicles. First, drug encapsulation experiments are
presented in an effort to test whether the low pH-induced disassembly can be coupled to
drug release. Next, an alternative strategy of low pH-induced disassembly leading to the
unshielding of a ligand for cell entry is developed and tested in vitro. Finally, the metal
coordination properties of histidine-rich ELPs are exploited to form a viscous material
intended to achieve an extended residence time following intratumoral administration.
Due to the separate nature of these three investigations, this chapter is divided into
thematic sections.

4.2 Drug encapsulation
Many self-assembling block copolymer micelles have successfully encapsulated
drugs by hydrophobic segregation. The most common methods of encapsulation involve
simple mixing procedures: the block copolymer and drug are mixed in a common solvent
and then some change is introduced to induce micelle formation; as the micelle forms the
hydrophobic drug is captured in the hydrophobic micelle core. Micelle formation can be
induced by slow dialysis to exchange an organic block copolymer – drug solution to a
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micelle-inducing aqueous solution, or by rapid rehydration of lyophilized polymer and
drug.
The ELPBCs described in Chapter 3 were co-dissolved in DMSO with doxorubicin,
irinotecan, and topotecan, and then lyophilized. The ELP-drug powder was resolvated in
buffer and then the free drug was separated through either dialysis or by passing the
sample through a PD-10 column (GE Healthcare). Table 8 reports initial promising
results for the number of drug molecules per ELP molecule after the following procedure:
codissolution of ELP and drug in DMSO, lyophilization, resuspension in buffer,
centrifugation and 0.2 µm filtration, and finally passing the solution through a PD-10
column.
Table 8: Molar drug loading: mol drug / mol ELP for resuspension-based encapsulation
followed by PD-10 separation.
[VH2GA]-80/[VH4]-100
Doxorubicin
Irinotecan
Topotecan
[VG7A8]-64/[V]-120
Doxorubicin
Irinotecan
Topotecan

Phosphate buffer

HEPES buffer

HEPES + 1 mM ZnCl2

0.7 ± 0.1
7.4 ± 3.4
0.1

8.3 ± 1.9
6.9 ± 2.1
--

7.2 ± 1.7
3.9 ± 0.3
3.7

0.3
8.8
--

6.3 ± 0.8
3.8
0.2

8.1 ± 2.8
1.4
0.04

These results were highly satisfactory, with loading of up to 8 drug molecules per
ELP in both pH-sensitive and –insensitive ELPBCs. However, a hydrophilic linear ELP
control run through the same procedure retained an equivalent amount of drug in solution
(both for doxorubicin and irinotecan), demonstrating that the measured drug amount does
not represent encapsulated drug but rather an artifact of the preparation procedure.
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Suspecting that the principal problem was overloading of the PD-10 column, dialysis
was used instead of column-based separation for another set of experiments. These
experiments included pH-sensitive micelles, pH-sensitive micelles with a single
conjugated doxorubicin molecule to encourage encapsulation of additional doxorubicin
(conjugation was performed by Jonathan McDaniel according to the previously reported
method (41)), pH-insensitive micelles, and a hydrophilic linear ELP control. The ELPs
were co-solubilized with the drugs in DMSO, and then dialyzed against 10 mM HEPES,
140 mM NaCl, and 1 mM ZnCl2 or lyophilized, resuspended, and dialyzed (denoted by
lyo in Table 9). The fact that at best the micelle samples exhibit a 2-fold higher drug
‘encapsulation’ than the single block ELP control suggests that these micelles do not
efficiently incorporate such hydrophobic drugs into the micelle core. It remains possible
that drug can be encapsulated in ELPBCs once the right method is identified; however, if
it is the case that encapsulation is not favorable, it will be easily understood due to the
relatively hydrophilic nature of transitioned ELP.
Table 9: Molar drug loading for mixed or mixed-lyophilized-resuspended ELP-drug
combinations (lyo) after 24 and 48 h of dialysis.

[VG7A8]-80/[VH4]-100
[VG7A8]-80/[VH4]-100-DOX
[VG7A8]-64/[V]-120
[VG7A8]-160

Doxorubicin
24 h 48 h
4.2
2.0
4.0
2.6
1.5
0.0
1.9
0.6

Doxorubicin (lyo)
24 h
48 h
1.2
3.2
2.9
2.8
1.0
0.0
2.2
0.9

Irinotecan
24 h 48 h
1.0
---0.9
-0.4
--

Irinotecan (lyo)
24 h
48 h
0.7
---0.5
-0.2
--

In an alternative approach, a histidine-rich peptide was ordered to determine whether
Zn2+ crosslinking between histidines in the ELP micelle core and histidines on a protein
drug could be used as an alternative method of encapsulation. The peptide
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HHHHHHGGGGGGHHHHHHGGGGGGWC was ordered from Eton Bioscience
(Durham, NC) based on the reasoning that His6 is known to coordinate well with metal
atoms, with a cysteine residue included to enable fluorescent labeling and quantification.
Alexa-488 was conjugated to the cysteine residue by dissolving 1 mg of the dye in
DMSO and adding it to a 900 µL peptide solution. After 2 hrs of reaction time the
peptide was separated from free unreacted dye by passing the solution through a PD-10
column. The resulting dilute solution was lyophilized and then resolubilized in buffer.
The fluorescently-labeled peptide was then mixed with [VG7A8]-160, [VG7A8]64/[V]-120, or [VG7A8]-80/[VH4]-100 at 200 µM peptide per 50 µM ELP. The mixtures
were then dialyzed against 10 mM HEPES and 140 mM NaCl with or without 1 mM
ZnCl2, and an ELP-free control peptide sample was included as well. The fluorescence
was monitored over time and is reported in Table 10 as the percentage of the initial
fluorescence for that sample. If histidine-Zn2+-histidine interactions led to the
encapsulation of the peptide within the micelle core then the [VG7A8]-80/[VH4]-100
sample should exhibit greater retention of fluorescence than all other samples.
Table 10: Time course of Alexa 488-labeled H6G6H6G6WC in the presence of a variety of
ELP samples. Intensities are expressed as the percentage of the initial intensity.
Sample
HEPES
HEPES + ZnCl2
[VG7A8]-160
[VG7A8]-160 + ZnCl2
[VG7A8]-64/[V]-120
[VG7A8]-64/[V]-120 + ZnCl2
[VG7A8]-80/[VH4]-100
[VG7A8]-80/[VH4]-100 + ZnCl2

0h
100 %
100
100
100
100
100
100
100

1.5 h
81.9 %
68.3
80.0
79.8
81.3
59.2
78.9
75.9
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4.5 h
67.6 %
72.0
67.2
69.2
66.9
47.3
66.0
71.9

24 h
31.0 %
17.3
30.2
35.3
30.7
13.2
30.5
50.5

72 h
3.1 %
0.0
3.9
20.8
4.1
0.0
3.5
23.1

These results demonstrate that the [VG7A8]-80/[VH4]-100 ELP in the presence of
ZnCl2 did in fact lead to the greatest retention of fluorescently labeled peptide at 24 and
72 h, but [VG7A8]-160 also exhibited high retention for unknown reasons. This casts
doubt on the possibility that the high retention in the presence of Zn2+ results from
peptide encapsulation in the histidine-rich micelle core.

4.3 Low pH-induced ligand display for enhanced cell uptake
4.3.1 Introduction
While this work has focused on the problem of tumor penetration, cell entry is
another important barrier to drug delivery. Most chemotherapeutic drugs act on
intracellular targets and thus must enter the cell to exert their effects. Therefore, a variety
of drug delivery strategies couple macromolecular delivery with a means to facilitate cell
entry, either a specific ligand to promote receptor-mediated endocytosis or a non-specific
cell penetrating peptide (CPP). Both of these approaches suffer from significant off-target
binding, making tumor-specific exposure of the ligand or CPP an attractive strategy to
improve effectiveness. This need inspired the application of the pH-responsive ELPBC for
a different purpose based on the idea that low pH-induced disassembly could expose a Cterminal ligand that was previously buried inside the micelle as depicted in Figure 24.
This ligand would thus be exposed only in response to the tumor-specific stimulus of low
pH, and once exposed, it could facilitate the entry of the polymer and its conjugated drug
into the cell.
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Figure 24: Schematic depicting the strategy of low pH-induced ligand display. The green
asterisk represents a peptide ligand expressed at the C-terminus of the ELP, and the red circle
represents a chemotherapeutic drug conjugated to the polymer. When the micelle is assembled the
ligand is buried in the micelle core, but when the micelle disassembles in response to low pH the
ligand is exposed and can initiate cell entry.

To test the viability of this strategy, leutenizing hormone releasing hormone (LHRH)
was selected as the ligand based on the overexpression of its receptor in several cancer
types, its previous successful use as an active targeting agent for nanoparticle drug
delivery systems,(193-195) and our supposition that the sequence (QHWSYGLRPG) was
sufficiently short and not excessively charged to allow the LHRH-ELPBC to self-assemble
and disassemble unperturbed.
4.3.2 Methods
pET25b vectors were modified to express C-terminal LHRH (QHWSYGLRPG) and
scLHRH (HQSWGYRLGP), preceded by a cysteine residue for fluorescent dye
conjugation. scLHRH represents a scrambled LHRH sequence made up of the same
amino acids but without any binding specificity. The [VG7A8]-64/[V]-120 and [VG7A8]80/[VH4]-100 ELPBC genes were ligated into these new pET vectors, and LHRH and
scLHRH proteins were expressed and purified as previously described. These polymers
were conjugated with Alexa-fluor 488 c5 maleimide (Invitrogen) according to the
manufacturer’s instructions, with the ELP separated from free dye by inducing the ELP
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transition, resuspending the ELP, and passing the solution through a PD-10 column. The
self-assembly characteristics were then monitored using DLS as in Chapter 3.
HEC-1-A endometrial carcinoma cells (ATCC number HTC-112) were obtained from
ATCC (Manassas, VA) through the Duke University Cancer Center Cell Culture Facility
(Durham, NC) and cultured in McCoy’s 5a medium supplemented with 10 % Fetal
Bovine Serum and 1 % penicillin-streptomycin. 1.5•105 cells were plated per well on a
12-well plate, and a day later the medium was replaced with PBS at pH 7.4 or 6.4
containing 25 µM ELP for a 1 h incubation. The ELP-containing medium was removed
and the cells were rinsed with PBS. Cell dissociation buffer was applied to the cells for
~10 min to facilitate gentle cell removal, with trypsin (1/4 volume) added for the last two
minutes to ensure cell collection. The cells were collected by centrifugation at ~1,000
RPM and washed by resuspension in PBS with gentle vortexing. The wash procedure was
repeated three times and then the cells were analyzed using an LSRII Flow Cytometer
(BD Biosciences, San Jose, CA). A minimum of 10,000 live cells were analyzed per
sample and viable cells were gated based on the forward scatter and side scatter of a nonfluorescent cell sample.
4.3.3 Results and Discussion
Following gene cloning, ELP purification, and Alexa 488 conjugation, [VG7A8]80/[VH4]-100-LHRH was tested using DLS from pH 6-7.4. The LHRH-containing, dyelabeled polymer preserves micelle assembly at pH 7.4 but exhibits no micelle formation
at 6.4, demonstrating that these modifications preserved the stimulus-responsive behavior
of the ELPBC (Figure 25).
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The fluorescently labeled ELPBCs were then incubated with HEC-1-A cells for 1 h in
PBS at either 7.4 or 6.4 and the fluorescence per cell was quantified by flow cytometry.
The pH-sensitive ELPBC exhibited a ~2-fold greater uptake at pH 6.4 than 7.4 regardless
of whether LHRH or scLHRH was presented. The pH-insensitive ELPBC exhibited no
such increase in uptake. These results show that disassembled histidine-rich ELPBCs
penetrate across cell membranes more efficiently than their assembled counterparts. This
could result from the transition from a large, bulky material to a smaller polymer chain,
or it could derive from the exposure of charged histidines on disassembly. Additional
experiments could follow up on this line of investigation by comparing the uptake of
linear histidine-rich and histidine-free polymers to determine the effect of charge. These
results do also suggest that regardless of ligand exposure, micelle disassembly as
proposed in the original drug delivery design could allow for enhanced cell uptake of the
polymer and any drug it carries, conferring an additional advantage for applications with
conjugated drug molecules.
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Figure 25: DLS of [VG7A8]-80/[VH4]-100-LHRH-Alexa488 in 10 mM NaPO4 and 140 mM
NaCl from pH 6.0-7.4.

Figure 26: Median fluorescence of HCT-15 cells following a 1 h incubation with ELPBCs.
PHS: pH-sensitive; PHI: pH-insensitve. The error bars represent the SE from three wells.
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4.4 Development of a Zn2+-crosslinked formulation for
intratumoral drug delivery
4.4.1 Introduction
Intratumoral (i.t.) drug delivery is an attractive alternative delivery strategy because it
avoids the problems of low tumor drug delivery, poor penetration, and delivery of toxic
drugs to healthy tissues. Successful i.t. drug delivery requires a long residence time in the
tumor following injection. The simplest approach is brachytherapy, the direct
administration of radioactive depots, but the implantation is invasive and the
brachytherapeutic seeds can sometimes migrate, posing a safety issue.(196, 197)
Therefore, ELPs have been studied as a safe alternative for durable delivery of
radionuclide to solid tumors based on their thermal transition upon injection as the
solution increases from room temperature to body temperature. The thermal transition of
the ELP led to a retention of 40 % of the injected dose of radioactivity 24 h after injection
and about 20 % 72 h after injection.(49) This thermally triggered depot formation has
induced tumor growth delays in several tumor types when conjugated with the
therapeutic radionuclide 131I.(49)
This research proceeds on the hypothesis that Zn2+ crosslinks or metal associations
with the histidine-rich ELP can stabilize the ELP coacervate beyond the stability afforded
by thermal interactions alone. A longer residence time achieved by combining thermal
and metal-crosslinking interactions could improve antitumor activity.
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4.4.2 Methods
The viscosity of ELP-Zn2+ solutions was characterized using [VG7A8]-80/[VH4]-100
because addition of ZnCl2 to [VH4]-100 resulted in collapse out of solution and formation
of a white, non-hydrated precipitate. [VH4]-100 is used for in vivo experiments due to its
low Tt and dense distribution of histidine residues available for Zn2+ interaction. The
viscosities of concentrated ELP solutions were measured using an AR-G2 rheometer (TA
Instruments, New Castle, DE). The viscosity (η) was measured using a rotational stress
applied with a cone and plate geometry. η was calculated as the relationship between
rotational sheer stress (τ) and shear rate, or angular velocity (γ).
For animal experiments studying the effect of Zn2+ on the i.t. retention of histidinerich ELPs, FaDu human squamous cell carcinoma cells (ATCC designation HTB-43)
were obtained from ATCC (Manassas, VA) through the Duke University Cancer Center
Cell Culture Facility and cultured in Eagle’s Minimum Essential Medium supplemented
with 10 % fetal bovine serum and 1 % penicillin/streptomycin. 1•106 cells in 30 µL
phenol red-free media were inoculated s.c. in the right leg of female balb/c nude mice and
allowed to grow to ~150 mm3. ELPs were expressed with C-terminal tyrosine residues
and radiolabeled with
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I using Iodo-gen tubes (Pierce). ELPs were infused into tumors

at a rate of 4 µL/min using a syringe pump (Harvard Apparatus, MA). Tumors were
collected at the appropriate timepoints and the radioactivity was counted using a gamma
counter.
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4.4.3 Results and Discussion
The effect of ZnCl2 on the material properties of highly concentrated histidine-rich ELPs
was characterized in terms of the viscosity of the ELP solution. 30 wt. % [VG7A8]80/[VH4]-100 was mixed with trypan blue for visualization and inverted in an eppendorf
tube; photos from the video recording of the solution flow are presented in Figure 27A
and demonstrate that while the ELP solution in the absence of ZnCl2 slowly flows down
the tube, the solution in the presence of 10 mM ZnCl2 remains stationary. The viscosity
of this ELP was measured over a range of ZnCl2 concentration, with the results in Figure
27B showing an increase in viscosity across the range of shear. Further, the viscosity of
the histidine-rich polymer was compared with that of the thermal coacervate currently
used for i.t. delivery, [V5]-120 (Figure 27C). This comparison demonstrates a greater

viscosity for the histidine-rich ELPBC in the presence of ZnCl2 than thermally
transitioned [V5]-120. Note that the proposed drug delivery strategy would involve
simultaneous thermal coacervation and metal coordination so this effect could be
even more dramatic.
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Figure 27: ZnCl2 increases the viscosity of [VG7A8]-80/[VH4]-100. (A) 30 wt. % in 10 mM
HEPES and 140 mM without (left) and with (right) 19 mM ZnCl2. These solutions were prepared
in the presence of trypan blue for visualization, and the eppendorf tubes were simultaneously
inversted. Time flows from top to bottom on these images. (B) Viscosity profiles of the same
ELPBC in 0, 2.5, 5, and 10 mM ZnCl2 at 37 °C. (C) The viscosity at 37 °C of 30 wt. % [V5]-120,
[VG7A8]-128, and the same ELPBC without and with 10 mM ZnCl2 at a shear rate of 10/s. Error
bars represent the SE of three measurements.

Initial in vivo experiments in which [VH4]-100 was injected i.t. via a gradual injection
from a syringe pump demonstrated widely variable and incomplete injection of the ELP
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solution when ZnCl2 was present, with very few animals receiving an appreciable dose.
The syringe had already been placed on ice for the duration of the experiment, but we
hypothesized that the ELP had such a low Tt in the presence of ZnCl2 that it still formed
aggregates and adhered to the wall of the syringe tubing during the slow injection
process. The slow injection (20 µL at 4 µL/min) was chosen deliberately fot i.t. injection
to ensure that the tumor was not challenged with a rapid, high pressure injection that
could result in damage to the tumor tissue and immediate efflux of the entire injected
solution out from the tumor. However, we decided to alter the injection conditions to
determine whether [VH4]-100 in the presence of ZnCl2 could be injected reliably into
mouse tumors.
Decreasing the injection time from 5 min to 10 s demonstrated a significant improvement
in the amount of material successfully injected into the tumor (Figure 28A). Decreasing
the pH seemed not to have an effect, at least for the fast injection condition. The 10 s
injection time was adopted for further experiments, and a dual needle setup was tested in
which the ELP solution was injected concentrically within a ZnCl2 solution to promote
mixing within the tumor site rather than prior to injection, thus avoiding injection
reliability issues. The injections with the house-made dual needle failed to improve the
initial amount delivered to the tumor compared with the single needle (Figure 28B).
Further, the failure of the ZnCl2 sample to achieve an extended retention compared with
Zn-free sample suggests that the dual needle setup may not provide adequate mixing.
Finally, we tested the single vs. dual needle setups side by side in the presence and
absence of ZnCl2. The single needle setup exhibited almost 2-fold greater retention at 24
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h in the presence of 2.5 mM ZnCl2 as compared to the Zn-free case, while the dual needle
setup exhibited no dependence on ZnCl2 (Figure 28C).

Figure 28: Altering injection conditions for i.t. delivery of [VH4]-100. (A) The 20 µL dose
was injected over 1 min or 10 s at pH 7.4 or 6.0 and the time zero tumor radioactivity was
measured to determine whether these conditions increased the reliability of injection. (B) A dual
needle injection setup was tested with 0 mM and 2.5 mM final ZnCl2, and tumor radioactivities
were measured at 0 and 24 h. (C) 24 h tumor retention of [VH4]-100 following injection with a
single or dual needle in the presence or absence of 2.5 mM ZnCl2.

The increased retention of [VH4]-100 at 24 h when injected in the presence of ZnCl2
was promising enough to warrant a small-scale retention study comparing the retention of
this formulation with the standard i.t. formulation of [V]-120 (Figure 29). The results
show similar retention at early timepoints up to 72 h and then better retention for the [V]120 polymer at 96 h and 1 wk. One reason for the reduced retention for [VH4] compared
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with [V] could be the destabilizing presence of charged groups. This would fit with the
anecdotal finding that ionized ELPs are notably easier to resuspend than non-ionized
ELPs. Thus, these results could suggest that at first, the stabilization of the coacervate by
Zn2+ allows for similar retention to that of [V]-120, but as the Zn2+ gradually diffuses
away, the clearance of the [VH4] polymer becomes more rapid due to the presence of
charged groups aiding solvation and dissolution.

Figure 29: Retention of [V]-120 and [VH4]-100 following i.t. injection in FaDu tumors in
Balb/c nude mice. Both polymers were injected in a solution containing 5 mM ZnCl2 from a
single needle with 20 µL injected over 10 s. These values represent the whole animal
radioactivity and are reported as the mean ± SE of 3-12 mice.
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Chapter 5. In vivo performance of histidine-rich ELP
block copolymers
5.1 Introduction
Chapter 2 demonstrated that histidine-rich ELPs are sensitive to physiologically
relevant changes in pH and the introduction of µM concentrations of transition metals
such as Zn2+. Chapter 3 further showed that incorporating histidine-rich ELPs as the
hydrophobic block of an ELPBC yields a self-assembling polypeptide micelle that
disassembles at low pH in the range encountered in the tumor interstitium and that is
reversibly stabilized by Zn2+. Chapter 4 showed that these ELPBCs are thus far unable to
encapsulate hydrophobic drugs as envisioned in the original scheme (Figure 1), making
direct assessment of whether these polymers can enhance the intratumoral spatial
distribution of encapsulated drug impossible at this time. Nevertheless, this final
experimental section of the dissertation addresses the original question posed by this
work: can a stimulus-responsive nanoparticle retain the benefits of high molecular weight
drug carriers while enhancing tumor penetration? Rather than testing the spatial
distribution of released drug within the tumor, the ELP itself is imaged within the tumor
to determine whether the pH-sensitive ELPBC developed here exhibits improved
penetration compared with a pH-insensitive ELPBC control.
First, a low-pH tumor model was established to ensure that the ELPBCs will encounter
a sufficiently low pH for disassembly to occur. Next, the pharmacokinetics of the ELPBC
were tested to determine whether stabilization with ZnCl2 yielded a discernible effect on
plasma circulation by extending the amount of time over which the polymer existed in
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micelle form. Radiolabeled ELP was then prepared to enable biodistribution and
intratumoral spatial distribution studies.

14

C labeling was first attempted but was

unsuccessful, so eventually the ELPs were labeled with

125

I for these studies. The

radiolabeled ELP was then injected systemically into mice bearing the low pH tumors
selected previously. Organs were collected to determine the biodistribution of the
polymer and tumors were taken for sectioning and autoradiographic imaging. The result
is a comprehensive examination of the in vivo characteristics of histidine-rich ELPBCs as
drug delivery vehicles to solid tumors, demonstrating that they retain some benefits of
high molecular weight carriers and exhibit an improved intratumoral spatial distribution.

5.2 Methods
5.2.1 Establishment of a low-pH tumor model
The tumor pH was tested to determine the experimental conditions encountered by
the ELPBCs. This step was considered particularly important because tumor pHs tend to
cluster at and above pH 6.8, while this ELPBC requires a stimulus of 6.4. If no effect of
pH-sensitivity was observed then we could not have determined whether this was because
this drug delivery strategy was ineffective or simply because the ELPBC did not encounter
a sufficiently low pH to undergo disassembly. Following previous studies indicating that
co-injection of glucose and m-iodobenzylguanidine (MIBG) reduces tumor extracellular
pH,(198) we inoculated mice with six tumor cell lines and measured the pH with and
without glucose/MIBG treatment.
FaDu human squamous cell carcinoma cells (ATCC designation HTB-43), HCT-15
human colorectal adenocarcinoma cells (HTB-43), SKOV-3 ovarian adenocarcinoma
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cells (HTB-77), Caco-2 human colorectal adenocarcinoma cells (HTB-37), and PC-3
human prostate adenocarcinoma cells (CRL-1435) were all obtained from ATCC
(Manassas, VA) through the Duke University Cancer Center Cell Culture Facility
(Durham, NC). FaDu and Caco-2 cells were cultured in Eagle’s Minimum Essential
Medium, HCT-15 cells in RPMI-1640 medium, and SKOV-3 and PC-3 cells in McCoy’s
5a medium, all supplemented with 10 % fetal bovine serum (except for Caco-2,
supplemented with 20% FBS) and 1 % penicillin/streptomycin. C26 murine colorectal
carcinoma cells were obtained from the laboratory of Francis C. Szoka, Jr., and were
cultured in RPMI-1640 medium supplemented as above along with 4.5 g/L glucose, 10
mM HEPES, and 1 mM sodium pyruvate. These cell lines were selected based on their
common use in cancer research, with adenocarcinoma cell lines selected preferentially
based on the previous clinical finding that these tumors exhibit a lower pH than
squamous cell carcinomas and melanomas.(199)
For tumor inoculation, female balb/c nude mice obtained from the Duke University
Cancer Center Isolation Facility (Durham, NC) were inoculated s.c. in the right hind leg
with 2•106 (HCT-15, SKOV-3, Caco-2, PC-3) or 1•106 cells (c26, FaDu) that had been
trypsinized, washed once, pelleted, and then resuspended at 2•106 or 1•106 cells per 30-40
µL of phenol red-free medium. This and all animal experimentation described in this
work was conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals under protocols approved by the Duke University IACUC. For
tumor pH measurement, the mice received i.p. injections of 5 g/kg glucose (in a 20%
solution) and 30 mg/kg MIBG (dissolved in PBS with 20 % EtOH), or an equivalent
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volume of PBS. Four hours later, the mice were anesthetized with 82 mg/kg nembutol,
and a pH electrode with a beveled stainless steel tip (1.7 mm diameter; Thermo 9863BN)
capable of piercing tumor tissue was inserted as close to the center of the tumor as
possible. The electrode was allowed to equilibrate (15-30 min) and the stable reading was
recorded as the tumor extracellular pH.
5.2.2 Pharmacokinetic testing
[VG7A8]-64/[V]-120 and [VG7A8]-80/[VH4]-100 were expressed with C-terminal
cysteine residues to enable conjugation of fluorescent dyes. Labeling with Alexa 488 c5
maleimide (Invitrogen) was performed by dissolving 1 mg of the dye in 100 µL DMSO
and adding it to 900 µL of 250 µM ELP in 10 mM NaPO4 and 140 mM NaCl, pH 7, with
3 mM tris(2-carboxyethyl) phosphine (TCEP) included to prevent disulfide formation.
The dye was allowed to react for at least 2 hours at room temperature, and then free dye
was removed by triggering the ELP phase transition, collecting the ELP by
centrifugation, and then adding the resuspended ELP solution to a PD-10 column. After
equlibration with 25 mL of buffer, 1 mL ELP solution was added followed by 2.5 mL of
buffer. The next 3.5 mL were collected as the labeled protein product while free dye
remained trapped in the column. These ELPs were endotoxin-purified prior to injection
using Detoxi-gel resin (Pierce) according to the manufacturer’s instructions. The final
ELP solutions for injection were prepared by dialysis against 10 mM HEPES and 140
mM NaCl at pH 7.4, with or without 1 mM ZnCl2. ELP injection volumes were chosen to
achieve an initial plasma concentration of approximately 50 µM as determined by the
following equation:
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Vinjection = [(cf /ci)*Vplasma]/[1- cf /ci]
where cf and ci represent the final and initial ELP concentrations, respectively, and Vplasma
represents the plasma volume and was approximated as Vplasma (µL) = body weight in
grams * 51.
Female balb/c nude mice bearing HCT-15 tumors (~150 mm3) were pre-treated with
5 g/kg glucose and 30 mg/kg MIBG and then injected i.v. with the ELP solutions
described above. Blood samples were collected from the tail vein 40 s, 5 min, 15 min, 2
h, 4 h, 8 h, 24 h, and 48 h after injection into pre-weighed heparinized eppendorf tubes.
Each sample group ([VG7A8]-64/[V]-120 ± 1 mM ZnCl2, [VG7A8]-80/[VH4]-100 ± 1
mM ZnCl2) consisted of four mice. These tubes were weighed and then centrifuged for
10 min at 16,100 RCF to remove blood cells. The supernatant was diluted 10-fold for
reading on a fluorescence plate reader (Victor; PerkinElmer, Waltham, MA).
Fluorescence readings were corrected for dilution and weighted according to the sample
weights to obtain raw fluorescence per g of blood collected. Note that the data are not
expressed as a percentage of the initial administered fluorescence reading because the 40
s readings were inconsistent, suggesting that these samples were collected too close to the
injection site.
5.2.3 ELP radiolabeling: 14C
Radiolabeled ELPs were required to enable a biodistribution study as well as
autoradiographic imaging of tumor sections following ELP administration. The first
approach to producing radiolabeled ELP was to prepare
minimal medium with

14

14

C-labeled ELP by culture in

C-labeled glucose as the main energy source. This labeling
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scheme would be preferable to alternatives requiring conjugation by a reactive amino
acid because of the certainty that

14

C labeling would not affect self-assembly and

disassembly.
The labeling procedure was carried out according to previously published
methods.(200) The first step for 14C labeling is adaptation of E. Coli cells to enable their
growth in the minimal medium with glucose as the predominant energy source. M9
minimal medium consisted of 6 g/L Na2HPO4, 3 g/L KH2PO4, 1 g/L NH4Cl, 0.5 g/L
NaCl, 4 g/L glucose, and 100 mg/L ampicillin. This medium was supplemented with 1
mg/L thiamine, 120 mg/L MgSO4, 33.3 mg/L CaCl2, and trace elements consisting of
0.016 mg/L MnCl2, 8.3 mg/L FeCl3, 0.84 mg/L ZnCl2, 0.13 mg/L CuCl2, 0.1 mg/L
H3BO3, and 0.1 mg/L CoSO4, with the supplemented medium referred to throughout as
modified M9. BLR E. Coli cells containing the plasmids of interest were grown in 100 %
terrific broth medium, and then cells at the stationary phase were inoculated 1:100 into 90
% modified M9 medium with 10 % TB. This process was repeated into 99 % modified
M9 / 1 % TB, and finally 100 % modified M9. These cells were plated on a modified M9
agar plate containing ampicillin and incubated at 37 °C for ~ 40 h. Single colonies were
selected and propagated in 100% modified M9 medium and a DMSO stock was prepared
for storage and later growth. The yield and identity of the proteins expressed from these
stocks was characterized using ITC purification and subsequent SDS-PAGE as described
in Chapter 2.
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5.2.4 ELP radiolabeling: 125I
Because

14

C radiolabeling was unsuccessful as described in the results section,

125

I-

labeled ELPBCs were prepared by expressing the ELPs with C-terminal tyrosine residues.
These ELPs were then reacted with

125

I using IODO-Gen tubes (Pierce) according to the

manufacturer’s instructions. Following endotoxin removal (Detoxi-gel resin, Pierce), the
polymers were diluted to 100 µM in 10 mM HEPES and 140 mM NaCl, pH 6.0 (low pH
was used to encourage disassembly of the pH-sensitive ELPBCs to ensure that the reactive
groups were accessible to solution), and 100 µL of ELP was added to the IODO-Gen tube
along with 125I. The tubes were placed on ice and gently agitated over 15 min to allow the
reaction to occur.

125

I-labeled ELP was then separated from free

125

I by passing the

sample through a spin desalting column (Pierce).
5.2.5 Biodistribution
Female Balb/C nude mice were inoculated with 2•106 HCT-15 cells as described in
5.2.1. Approximately 7-10 days later, when their tumors measured ~150-200 mm3, the
mice were injected i.p. with 5 g/kg glucose and 30 mg/kg MIBG (dissolved in PBS with
20 % EtOH) and then i.v. with a 500 µM solution of

125

I-labeled ELP [VG7A8]-64/[V]-

120 or [VG7A8]-80/[VH4]-100 in 10 mM NaPO4, 140 mM NaCl, and 1 mM ZnCl2. The
radiolabeled ELP solutions were prepared by mixing labeled ELP with unlabeled ELP to
3 µCi ([VG7A8]-64/[V]-120) or 5 µCi ([VG7A8]-80/[VH4]-100) per 100 µL. The pHinsensitive polymer had to be injected at this lower level of radioactivity because of a
lower degree of labeling, likely because of the inability of the low pH buffer to make the
core accessible to the solution and enable an efficient reaction. In retrospect the pH122

sensitive polymer should have been injected at the same 3 µCi per 100 µL, but we
believe that this discrepancy does not affect our results and will address this issue in the
results section. The injection volume was determined according to the formula in 5.2.2 to
yield a final plasma concentration of 50 µM ELP.
For each timepoint of 4 h, 8 h, 24 h, and 48 h, 10 mice were injected with [VG7A8]64/[V]-120 and 10 with [VG7A8]-80/[VH4]-100. At these timepoints the mice were
anesthetized with an i.p. injection of 82 mg/kg nembutol and for 7 mice the blood, tumor,
thyroid, heart, lungs, liver, kidneys, spleen, muscle, and skin were collected and weighed.
The radioactivity of these organs were counted using a gamma counter along with serial
dilutions of the injection solution for normalization. For the remaining three mice per
group, only the tumors were collected for sectioning and autoradiography as described in
5.2.6.
5.2.6 Autoradiography
Tumors collected from three mice per group as described above were placed in
mounting medium and snap frozen in liquid nitrogen. The 48 h tumor samples were later
disregarded based on the negligible amount of either polymer in the tumor at this time
according to the biodistribution results. The other tumors were submitted to the Duke
University Medical Center Pathology Laboratory (Durham, NC) for sectioning. Tumor
sections (three serial sections per mouse) were exposed to Kodak autoradiography film
for 1 wk and then imaged using a Typhoon imager (GE Healthcare, Piscataway, NJ).
To quantify the homogeneity of ELP distribution in terms of the coefficient of
variation (CV) of the histogram of pixel intensities, ROIs were manually drawn around
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the tumor sections in ImageJ (NIH, Bethesda, MD). Histograms of the pixel intensities
within these ROIs were generated, and their CVs were calculated and compared between
polymer groups at each timepoint using a two-sided t-test from the general linear
repeated measures model. This model takes into account the high correlation of CVs
within sections from the same mouse.

5.3 Results and Discussion
5.3.1 Establishment of a low-pH tumor model
While low pH is discussed as a general feature of tumor physiology, clinical pH
values vary significantly across the clinical population, and clearly mouse models
introduce another level of unpredictability. In all of the in vivo studies performed using
these histidine-rich ELPBCs we wish to determine the effect of their pH-sensitivity on in
vivo outcomes. Accurate interpretation of the results therefore requires knowledge of the
extracellular tumor pH, and this pH must be closer to 6.4 to enable the material response
than the 6.8 value that is typical of most clinical tumors. Therefore, a range of tumorforming cell lines were inoculated in nude mice and their extracellular pH was tested with
a pH-meter capable of puncturing tumor tissue. The cell lines c26, FaDu, HCT-15,
SKOV-3, Caco-2, and PC-3 were chosen for analysis due to their availability, common
use as tumor models, and the fact that many of these lines are derived from
adenocarcinomas, which have been shown to exhibit a lower pH than some other tumor
types.(199) The tumor pHs were measured 4 h after i.p. injection of either PBS or the
combination of glucose and MIBG, which has previously been shown to reduce tumor
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extracellular pH due to the induction of an elevated metabolism and a shift towards
anaerobic metabolism.(198)

Figure 30: pH values measured in tumors formed from c26, FaDu, HCT-15, SKOV-3, Caco2, and PC-3 cells in Balb/C nude mice following i.p. injection of PBS (open circles) or 5 g/kg
glucose and 30 mg/kg MIBG (filled circles). The red points represent the mean (±SE) of each
group. Note that the PBS-treated Caco-2 and PC-3 groups only contain two measurements each
but are plotted here nonetheless, while all other groups have n ≥ 3.

PBS-treated tumor pHs ranged from 6.6-7.0, and some but not all tumors exhibited
decreases in pH following glucose/MIBG treatment (Figure 30). FaDu and HCT-15
tumors showed the clearest reduction in pH upon treatment and the lowest pH values,
ranging from 6.0-6.7 for FaDu and 6.3-6.6 for HCT-15. Based on their more narrow pH
distribution, HCT-15 tumors with glucose/MIBG administration were chosen as the low
pH tumor model for the remaining in vivo experiments in this work.
Note that administration of MIBG to human patients would necessitate toxicity
considerations, as MIBG exhibits cytotoxicity and affects renal function at high
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doses.(201, 202) Toxicity studies in mice demonstrated that the adverse effects were
minimal and reversible at doses (40 mg/kg) above those tested here (30 mg/kg),
suggesting that pH-decreasing treatments could be successful in humans.(203)
Nevertheless, this procedure is used here solely to enable testing of the hypothesis that
low pH-triggered disassembly improves tumor penetration and not as an intended clinical
protocol. Ideally, the pH-response would be engineered to occur at pH 6.8 to ensure an
effective response in unaltered human tumors.
5.3.2 Pharmacokinetics
One critical beneficial property of high molecular weight drug carriers is their
extended plasma circulation time due to their slow clearance. This extended circulation
allows for the gradual passive accumulation of the carrier in the tumor to reach
therapeutic levels. Therefore, a pharmacokinetic experiment was conducted using Alexa
488-labeled ELPBCs in the presence or absence of ZnCl2 to determine whether ELPBCs in
general and histidine-rich ELPBCs in particular exhibit this extended circulation. The
results demonstrate slower clearance from the plasma for [VG7A8]-64/[V]-120 compared
with [VG7A8]-80/[VH4]-100 and no effect of ZnCl2 co-injection on either polymer
(Figure 31). The results show the typical two-phase behavior observed for large
molecules and assemblies, representing a rapid distribution phase and then a slow
elimination phase. The faster elimination of [VG7A8]-80/[VH4]-100 likely results from its
lower stability, with a CMC in the absence of ZnCl2 stabilization of 32.6 µM as
compared with 7.9 µM for [VG7A8]-64/[V]-120. This low CMC means that the polymer
will circulate longer in the micelle form and thus will be cleared more slowly. Evidently,
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the ZnCl2 stabilization is not durable in vivo as the decreased CMC of [VG7A8]80/[VH4]-100 in ZnCl2 (4.5 µM) does not translate into slowed clearance and lengthened
circulation.

Figure 31: Plasma fluorescence over time from ELPBCs injected i.v. into HCT-15 tumorbearing Balb/C nude mice. Error bars represent the SE from four mice.

5.3.3 ELP radiolabeling
Radiolabeled ELPs were required to enable biodistribution and autoradiography
experiments. The first efforts were directed towards synthesizing

14

C-labeled ELPBCs

through adaptation of the cells to a minimal medium where glucose was the main energy
source. The adaptation procedure described in the methods section was initially
successful for [VG7A8]-64/[V]-120 but not for [VG7A8]-80/[VH4]-100, which could only
grow in 99 % modified M9 medium and 1% TB medium. Growth of these cells in the
presence of 14C-glucose yielded barely radioactive ELP on the order of 10 mCi/mg ELP,
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less than 1/10th of the previous labeling efficiency, suggesting that these cells grew with
TB as the primary energy source, preventing the

14

C-glucose from being incorporated

into the ELP chain through the cellular metabolism.

Figure 32: SDS-PAGE of ELPBCs expressed in minimal M9 medium. (A) Lane 1: protein
ladder with bands at 250, 150, 100, 75, 50, 37, 25, 20, 15, and 10 kDa; lane 2: [VG7A8]-64/[V]120 expressed in TB; lanes 3-10: [VG7A8]-64/[V]-120 expressed by colonies A-H grown in M9
medium. (B) Lane 1: ladder; lane 2: [VG7A8]-80/[VH4]-100; lanes 3-10: [VG7A8]-80/[VH4]-100
expressed by colonies A-H grown in M9 medium. (C) Lane 1: ladder; lanes 2-4: [VG7A8]80/[VH4]-100 expressed in TB and by colonies I and J; lanes 5-7: [VG7A8]-64/[V]-120 expressed
in TB and by colonies I and J.
Table 11: Yields (mg/L) of ELPBCs expressed in modified M9 medium with 0.4% glucose
and 0.25 mM IPTG induction.
Colony name
[VG7A8]-64/[V]-120
[VG7A8]-80/[VH4]-100

A
8.9
5.7

B
5.1
8.9

C
13.9
8.8

D
14.9
7.1

E
14.3
0.3

F
16.9
1.0

G
16.1
6.0

H
12.1
8.0

I
10.1
10.0

J
7.6
8.3

A second attempt at adaptation successfully produced ELPBC-expressing stocks that
grew in 100% modified M9 medium. For each ELPBC, 10 colonies were chosen and the
yields and identities of their protein products were assessed using UV-Vis spectroscopy
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(Table 11) and SDS-PAGE (Figure 32), respectively. These results were obtained for
growth in the presence of 0.4 % non-radioactive glucose and 0.25 mM IPTG induction,
identified as producing the optimal yield in a pilot experiment for a single colony. Based
on these results colonies F and I were selected for the growth of

14

C-labeled ELP

[VG7A8]-64/[V]-120 and [VG7A8]-80/[VH4]-100, respectively, but both stocks failed to
grow in 100 % M9 despite their previous successful growth. The continued obstacles to
production of

14

C-labeled ELPs led us to instead create tyrosine-containing ELPs to

enable 125I labeling as detailed in the methods section.
5.3.4 Biodistribution
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I-labeled ELPBCs were injected i.v. into balb/C nude mice bearing HCT-15 tumors

treated with glucose and MIBG. The amount of polymer present in 10 organs from 4-48 h
after injection is presented in Figure 33, demonstrating that both ELPBCs demonstrate
several key properties of high molecular weight drug carriers. First, accumulation in
healthy tissues is limited with the exception of the thyroid, which is an artifact of this
organ’s preferential uptake of iodine. Second, the persistence of significant amounts of
both polymers in the blood at 8 and 24 h following injection (Figure 33C) demonstrates
once again that both ELPBCs exhibit extended circulation time as is typical of high
molecular weight carriers. Finally, the tumor accumulation (Figure 33D) peaking at ~4 %
ID/g is within the range of values expected for high molecular weight drug delivery
vehicles. The troubling aspect of these results is that many healthy tissues contain greater
amounts of polymer per gram of tissue than the tumor, raising significant doubt as to the
viability of ELPBCs as drug delivery vehicles.
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Figure 33: Biodistribution of [VG7A8]-64/[V]-120 (A) and [VG7A8]-80/[V]-100 (B) in HCT15 tumor-bearing balb/c nude mice. The blood (C) and tumor (D) timecourses are presented for
direct comparison between the two polymers. All data represent the mean ± SE of 7 mice.
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5.3.5 Intratumoral spatial distribution
Finally, the central hypothesis of this work was tested by collecting autoradiographic
images of tumor sections following injection of pH-insensitive [VG7A8]-64/[V]-120 or
pH-sensitive [VG7A8]-80/[V]-100 ELPBCs. If disassembly does in fact occur in the tumor
site in response to the low pH of glucose/MIBG-treated tumors then we would expect to
see a more homogeneous distribution of the pH-sensitive polymer due to the increased
diffusivity of a single polymer chain versus the assembled nanoparticle. The imaging
results do in fact demonstrate a more even distribution within the tumor for pH-sensitive
ELPBCs compared with the pH-insensitive control (Figure 34). Note that the two
polymers had different degrees of labeling so the intensities cannot be compared. While
the pH-insensitive polymer is concentrated in a small region, generally at the periphery of
the tumor, the pH-sensitive histidine-rich ELPBC exhibits a more diffuse distribution
extending through the tumor volume. This difference is most obvious at 4 h, but persists
over the time course studied here.
The homogeneity of tumor distribution was quantified as the coefficient of variation
(CV) of pixel intensity across the tumor section and compared between the two polymers.
The pH-sensitive [VG7A8]-80/[VH4]-100 polymer had a lower CV at all three time points
tested here (Table 12), and this difference was statistically significant (p = 0.05) at 4 h
post-injection, with a ~30% lower CV of 0.216 ± 0.018 for the pH-sensitive ELPBC
versus 0.279 ± 0.033 for the pH-insensitive ELPBC. Comparing the CVs accounts for the
difference in intensity between the two polymers, and the normal distribution of
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Figure 34: Autoradiographic imaging of HCT-15 tumor sections 4, 8, and 24 h following
injection of [VG7A8]-64/[V]-120 (L) and [VG7A8]-80/[V]-100 (R). Each row presents three
sections from a single mouse.
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intensities observed for both polymers suggests that this analysis is not affected by subthreshold signal for the lower-intensity polymer (Figure 35).
Table 12: Homogeneity of intratumoral spatial distribution as characterized by the coefficient
of variation (CV) of the histograms of pixel intensities (mean ± SE of 3 mice).
time
4h
8h
24 h

CV [VG7A8]-64/[V]-120
0.279 ± 0.033
0.331 ± 0.071
0.320 ± 0.032

CV [VG7A8]-80/[VH4]-100
0.216 ± 0.018
0.281 ± 0.015
0.276 ± 0.028

p-value
0.05
0.33
0.20

Figure 35: Histograms of pixel intensities for the 4 h tumor sections in Figure 34.

These results suggest that as the nanoparticles accumulate in the tumor at early time
points, the pH-insensitive particles encounter a barrier to diffusion and concentrate in the
perivascular space while the pH-sensitive particles rapidly dissociate, allowing the
individual polymers to freely diffuse through the tissue. In essence, the penetration
characteristics of the histidine-rich polymer switch from those of 2 MDa dextan to those
of the 70 kDa polymer in the study of tumor penetration highlighted in Chapter 1.(69)
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Over time, the pH-insensitive micelles disassemble to some extent due to the dynamic
nature of self-assembly and due to the decrease in local concentration below the CMC,
and this disassembly coupled with gradual diffusion allows these polymers to distribute
better throughout the tumor volume, although focal sites of concentration remain.
Meanwhile, the pH-sensitive polymer develops some concentrated regions over time,
potentially because the rate of accumulation in the perivascular space in those regions
exceeds their rate of diffusion into the tumor. Note that these data will be quantified in
terms of the percentage of intensity present in bins a given distance from the tumor
periphery to further confirm these conclusions. Additionally, based on the observation
that some tumor sections display significant polymer accumulation in the tumor core,
blood vessel staining will be performed to compare vessel density between sections.

5.4 Conclusions
The most significant conclusion of this work is the finding that the intratumoral
disassembly of stimulus-responsive nanoparticles improves their spatial distribution
within the tumor. This is the first successful reduction of this concept to practice that we
are aware of, and this result will hopefully show others that this approach to improving
the under-addressed limitation of tumor penetration holds promise. However, the in vivo
studies presented here also raise significant concerns about the viability of this particular
stimulus-responsive nanoparticle as a drug delivery vehicle. Aside from the inability of
this polymer to encapsulate drug thus far, the pharmacokinetic and biodistribution results
raise the possibility that the micelle may not remain assembled in the bloodstream over a
sufficient length of time to accumulate intact in the tumor. Drug encapsulation or
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conjugation could modify the micelle characteristics, but the reversible crosslinking
scheme seems not to stabilize the micelle in vivo, at least at physiological zinc
concentrations. These considerations represent the core difficulty of this approach to drug
delivery, as if the micelle is made more stable then it will be less likely to disassemble
within the tumor. Future possibilities for this line of investigation are discussed in more
detail in Chapter 6, but conjugated or liposomal stimulus-responsive systems may be
preferable due to their ability to stably carry drug while retaining pH- or other stimulusinduced instability.
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Chapter 6. Conclusions and Future Directions
The histidine-rich ELPs synthesized here exhibit remarkable pH-responsiveness over
a narrow pH range, mimicking the pH-responsive function of histidine in vivo. These
polymers represent a particularly interesting case of the ∆Tt effect described by Urry
whereby a change in an orthogonal characteristic (pH in this case) drives an LCST
transition isothermally by changing the polymer’s Tt (126) because the ∆Tt here occurs
within a physiologically interesting range of stimulus.
The most obvious goal for continued research on histidine-rich ELPs would be to
develop a more sensitive polymer with either larger shifts in Tt over the same pH range
(accomplished by increasing the density of histidines) or with a pKa closer to 7.4 (by
changing the hydrophobicity of amino acids neighboring histidine in the ELP sequence);
as the two polymers synthesized here have pKas of 6.28 and 6.36 there is significant room
to bring the pKa closer to the response range of interest. These two methods of altering
pKa had until recently been difficult to consider within the fixed VPGXG sequence. The
original cloning procedure dictated that at least one guest residue would be valine,
making it impossible to create a 100% histidine guest residue ELP. Our group recently
reported the development of two new cloning methods that not only remove the sequence
constraints but also accelerate the production of new ELP libraries.(165, 204) We used
one of these methods to create a third histidine-rich ELP library with 100% histidine
guest residues but found little difference in pH-responsiveness between the [H] and
[VH4] libraries.
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However, our group has also reported that the sequence space over which LCST
behavior can occur is wider than previously thought; the family of Elastin-Inspired
Peptides is far more diverse than the canonical VPGXG Elastin-Like Polypeptides.(165)
The possibilities afforded by this discovery include phase-responsive hexapeptides with
two histidines per repeat, or peptide families where the amino acids neighboring histidine
can be varied to determine their effect on pKa where previous pKa modulation efforts
were limited to altering the residue five amino acids away. This greater flexibility can be
harnessed to create new families of pH-sensitive EIPs that span the pKa range of interest.
The neighboring amino acids would be expected to alter the pKa of the histidine residues
through the effect of electronic induction, i.e., in accordance with the electron-donating
or –withdrawing character of the neighboring group. An electron-donating group would
increase the electron density of the acidic form, thus lowering its stability and increasing
the pKa of histidine, while an electron-withdrawing group would conversely be expected
to decrease the pKa.(205) By far the strongest electron-donors are glutamic and aspartic
acids,(206) but introducing additional ionizable residues with opposing charge behavior
would not be desirable for the intended application. Nevertheless, methionine,
tryptophan, isoleucine, tyrosine, alanine, phenylalanine, leucine, and valine all have
greater electron-donating character than the glycines currently neighboring the histidine
residues,(206) so EIPs with any of these amino acids neighboring the histidine residues
would be good candidates for an elevated pKa and greater sensitivity.
The metal coordination ability of histidine-rich ELPs also represents a significant
addition to the properties exhibited by this family of peptide polymers. Previous reports
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of such specific binding have included calmodulin-ELP fusions where calcium altered the
phase transition of the ELP by inducing a conformational change in the calmodulin
fusion partner.(207) The histidine-(Zn/Ni/Cu/Co) interaction reported here is unique in
that the binding occurs within the ELP sequence itself. This should open up the thinking
of ELP engineers to use ELPs as a bridge between the organic and inorganic worlds,
mimicking the metal-binding by proteins in nature. Histidine, cysteine, and amino acids
with carboxylic side chains all have some natural metal-binding activity that can be
exploited. For example, pAsp was used to incorporate cisplatin into micelles,(184)
underscoring the fact that metal-binding amino acids within ELPs have great potential as
components of drug carriers.
The histidine-rich ELPBCs developed and characterized in Chapter 3 represent just
one potential application of these triple-responsive polymers. The block copolymers
synthesized here exhibit striking stimulus-responsiveness in accordance with the
properties of the single block histidine-rich ELPs, with micelle formation and stability
depending on temperature, pH, and transition metal concentration. The new histidine-rich
ELPs proposed in this Chapter could of course be incorporated into new ELPBCs that
would hopefully show even more sensitive disassembly at pH 6.8 instead of 6.4, bringing
their intended use as drug delivery vehicles closer to practice.
The histidine-rich ELPBCs developed in this work demonstrated an ability to improve
the intratumoral spatial distribution, a significant achievement with important
implications for tumor drug delivery. The problem of tumor penetration is often ignored
in favor of cell entry or avoidance of healthy tissues, but clearly in human tumors if the
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drug cannot penetrate a significant distance from the vasculature then it will exert little
long-lasting effect. Many researchers have proposed stimulus-responsive systems that
would disassemble within the tumor, many specifically in response to the low tumor pH,
but we believe that the results reported here represent the most convincing demonstration
to date that this approach can be used to improve the tumor spatial distribution. Two
critical points should be made about these results: first, it would be interesting to see
whether a greater effect on distribution is observed when small molecule drug is released
rather than individual polymer chains. Second, these results suggest that disassembly of
polymeric structures into individual polymers with conjugated drugs represents a viable
approach, meaning that this strategy to enhance distribution does not need to be
exclusively reserved for encapsulated systems.
The evidence for improved spatial distribution provided in Chapter 5 could be
strengthened in several ways. First, similar autoradiographic imaging should be
conducted on several healthy tissues (chosen from among the tissues exhibiting
significant ELPBC accumulation in the biodistribution study) to determine whether the
enhanced distribution is a result of a tumor-specific low pH response by the histidine-rich
ELPBC or rather because of non-specific disassembly due to its lower stability. Next, the
experiment should be repeated in the absence of glucose/MIBG treatment or using a
different tumor model with a higher measured pH. If the enhanced distribution truly
results from a specific low-pH response, then the improved distribution for the histidinerich ELPBC should lessen or disappear under these conditions.
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The most disappointing result regarding the development of these histidine-rich
ELPBCs as drug delivery vehicles was their inability to encapsulate drug. Another
researcher may be able to accomplish this task, but future work should consider
investigating conjugated systems that retain the pH-responsive behavior since we have
demonstrated that extracellular release of the small molecule drug is not necessary for
enhanced distribution. In fact, moving to a conjugated system would present several
distinct advantages, most importantly the lack of concern that disassembly and drug
release would occur in the plasma. Even if the nanoparticle disassembled, the drug would
remain conjugated to the polymer in the bloodstream, preventing severe toxicity from
occurring. Additionally, if the drug remains attached to a polymer following the release
event then that polymer can be engineered to confer other beneficial properties for drug
delivery, principally enhanced cell entry and endosomal escape, as widely documented in
the literature and discussed in Chapter 1. If the original scheme featuring encapsulation
was made to work, the small molecule drug would be without assistance in traversing
these additional barriers to effectiveness. If this path of investigating conjugated systems
is to be taken, then drugs over a range of partition coefficients should be investigated to
develop a system that retains micelle formation at body temperature and low pH-induced
disassembly.
Concerns regarding the pharmacokinetic and biodistribution results have already been
expressed in Chapter 5, but note also that the properties of the drug carrier will be altered
significantly by drug encapsulation or conjugation. The critical outcomes will thus be the
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comparison between pharmacokinetic and biodistribution parameters of the free drug and
encapsulated/conjugated drug.
In summary, this thesis has described the development of novel temperature-, pH-,
and metal-responsive peptide polymers that have great potential as drug delivery vehicles
to solid tumors based on their ability to enhance the intratumoral spatial distribution.
Regardless of whether future developments are based on this particular polymer, we hope
that this work provides motivation for those working to enhance tumor penetration and
spatial distribution and demonstrates that stimulus-responsive drug carriers can be
engineered to accomplish this task.
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Appendix
Table 13: List of clone identifications. Naming convention is: notebook owner-notebook
number-page number-sample number; in this way, future users of these samples will be able to
reference the source notebook. DJC: Daniel J. Callahan.
L
20

[VH2GA]
pUC19
DJC-I-12-8

40
60
80
100
120
160

DJC-I-13-7
DJC-I-15-2B
DJC-I-15-3B
DJC-I-17-1B
DJC-I-39-23
DJC-I-17-2B

pET25bDM2
DJC-I-30-3
DJC-I-25-3

DJC-I-30-17
DJC-I-39-23E

[VH4]
pUC19
DJC-I-13-4

pET25bDM2
DJC-I-30-15

DJC-I-13-4B
DJC-I-22-156A,16A
DJC-I-18-1B
DJC-I-22-17B

L
32

[VG]
pUC19
DJC-I-33-4

64
128

DJC-I-33-8
DJC-I-40-22

DJC-I-42-42

Table 14: List of block copolymer clone identifications, with the guest residue composition
replaced here by ELP number, where ELP2 = [VG7A8], ELP16 = [VH4], and ELP17 = [VH2GA].
ADS: Andrew D. Sobel; JP: John Pura.
Name
2-32/17-60
2-64/17-60
2-96/17-60
2-128/17-60
2-160/17-60
2-64/17-100
2-96/17-100
2-64/17-120
2-32/17-160
2-64/17-160
17-160/2-64
2-96/17-160
17-160/2-96
2-128/17-160
2-160/17-160
2-32/16-60
2-64/16-60
2-96/16-60
2-128/16-60
2-160/16-60
2-96/16-80
2-64/16-100
2-64/16-120
2-96/16-120

puc19

ADS-I-27-2
ADS-I-18-1
ADS-I-18-6
JP-I-28-2
JP-I-28-7
JP-I-19-24
DJC-II-2-5,6
DJC-I-40-5
DJC-II-2-12
DJC-II-2-17
DJC-II-2-21
ADS-I-25-4
ADS-I-25-11
ADS-I-25-13
ADS-I-25-18
ADS-I-25-22
JP-I-22-1
JP-I-21-6
JP-I-25-2
JP-I-25-10
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pet25bDM2
ADS-I-16-4
ADS-I-16-7
ADS-I-28-3
ADS-I-22-1
ADS-I-21-6

JP-I-21-17
DJC-II-3-1
DJC-I-42-11
DJC-II-3-8,12
DJC-I-41-43
DJC-II-3-13,14,17
DJC-II-3-4
ADS-I-26-3
ADS-I-26-6
ADS-I-26-11
ADS-I-26-13
ADS-I-26-18
JP-I-21-9
JP-I-25-3
JP-I-25-12

Table 15: List of clone identifications for LHRH and scLHRH experiments; note here that
ELP1 = [V5G3A2].
ELP
2-96/16-80
2-64/17-160
1-150
1-180
2-160
17-120
17-160

pet25bDJCIII (LHRH)
ADS-I-34-4
DJC-III-45-6
DJC-III-39-7,44a-12,45-19
DJC-III-44a-15

pet25bDJCIV (scLHRH)
ADS-I-37-1
DJC-III-88-33
DJC-III-41-5
DJC-III-41-9
DJC-III-42-5
DJC-III-39-42

DJC-III-45-31
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pet25bSV2
DJC-III-88-15
DJC-III-41-17
DJC-III-41-20
DJC-III-44-8
DJC-III-41-26
DJC-III-41-28

Figure 36: Fit results for fixed ELP length. Datapoints represent measured transition
temperatures; lines represent the results of a non-linear regression to Eq. 7. The fit parameters are
provided in Table 2.
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Figure 37: Fit results for the [VH2GA] library at fixed pH. Datapoints represent measured
Tt values and the lines represent the non-linear fit to Eq. 8 at fixed pH. The fit parameters are
provided in Table 3.
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Figure 38: Fit results for the [VH4] library at fixed pH. Datapoints represent measured Tt
values and the lines represent the non-linear fit to Eq. 8 at fixed pH. The fit parameters are
provided in Table 3.
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Figure 39: 2D (A, C) and 3D (B, D) images of 10 mM HEPES and 140 mM NaCl at pH 7.4
with (A, B) and without (C, D) 1 mM ZnCl2.
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