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Abstract
There is a critical need to target tumor hypoxia as patients with hypoxic tumors
have worse prognosis due to aggressive phenotypes and resistance to radiotherapy and
chemotherapy. The overall goal of this work is to improve response to conventional
cancer therapies by targeting tumor hypoxia. This has been carried out and evaluated
through the use of polymersome-encapsulated myoglobin (PEMs) with the hypothesis
that O2-releasing PEMs will increase tumor oxygenation, and thereby improve response
to radiotherapy. Mb was chosen as an O2 carrying protein to deliver to tumors because it
has a strong association to O2, providing a mechanism to deliver O2 only within the
hypoxic regions of the tumor. Mb was loaded within nanoscale polymeric vesicles that
were expected to accumulate within solid tumors due to the enhanced permeability and
retention (EPR) effect. This hypothesis has been tested through the following aims:
1. Develop NIR imaging techniques for studying the biodistribution and
pharmacokinetics of polymersomes
2. Establish the effects of Mb-containing polymersomes on tumor physiology
3. Modify tumor growth through delivery of Mb polymersomes in combination with a
cytotoxic therapy specific to aerobic tumors
These aims have been evaluated through numerous in vivo studies. First,
polymersomes of various polymer formulations and diameters ranging from 110-550 nm
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were prepared with a near-infrared (NIR) -emissive fluorophore. Using live animal
fluorescence imaging, I was able to study the biodistribution of the polymersomes
following i.v. administration, demonstrating significant polymersome accumulation in
orthotopic 4T1 mammary carcinomas. In addition, a novel method for measuring
pharmacokinetics was developed, using serial small volume blood draws from
individual mice. The plasma fluorescence in microcapillary tubes was used to quantify
polymersome concentrations, demonstrating long circulation half-lives that varied from
6-23 h. Toxicity of various polymersome formulations were also studied in vitro and in
vivo, revealing negligible toxicities.
For the second aim, PEMs were administered i.v. in tumor-bearing mice.
Unexpectedly, we observed a dramatic gross tumor effect within hours of treatment in
both orthotopic 4T1 tumors and flank Renca renal cell carcinomas. Histological analysis
revealed endothelial cell apoptosis as early as 1 h following treatment, with scattered
tumor cell death throughout the tumor by 4 h. Hematoxylin and eosin staining showed
significant necrosis 24 h following PEM treatment. Vascular effects and polymersome
distribution were studied in 4T1 window chamber tumors. Following i.v. treatment with
PEMs, intravital microscopy was used to image polymersome fluorescence, brightfield
transmission was imaged for vessel morphology and blood flow, and a tunable filter
was used for determining hemoglobin (Hb) oxygen saturation. Tumor hemorrhaging
was observed within hours of PEM treatment, which was not seen with empty
v

polymersomes. This was consistent with the gross tumor effects observed initially. Hb
saturation decreased in both the PEM and empty polymersome groups, but not in
saline-treated mice. While we expected to observe an increase in tumor oxygenation by
using Mb as an oxygen carrier, we actually observed hemorrhage, decreased
oxygenation, and central tumor necrosis. In vitro studies using human endothelial cells
demonstrated dramatic changes in cell morphology and increased permeability due to
Mb and PEM treatments, which appear to be enhanced in an oxidative environment.
These in vitro and in vivo observations are similar to what is seen with tumor vascular
disrupting agents.
For the third aim, I combined radiotherapy (RT) and PEM treatment with a new
hypothesis. I originally expected the PEMs to increase tumor oxygenation, thus making
the tumor more susceptible to RT. However, considering the results from the second
aim, this hypothesis was modified: the PEMs would result in necrosis of the tumor core,
while RT would target the more oxygenated rim of the tumor, thus leading to improved
tumor growth delay compared with PEM or RT alone. This hypothesis was tested in
both orthotopic, syngeneic 4T1 tumors as well as flank FaDu xenografts. 4T1 tumor cells
were surgically implanted within the dorsal mammary fat pad of mice and grown until
~200 mm3. A CT microirradiator with a square collimator was used in order to locate
and specifically irradiate the tumor. Within 1 h following RT, the PEMs were
administered i.v.. Mice receiving PEMs with no RT showed a significant decrease in
vi

tumor growth compared with saline-treated mice (p = 0.0001 for time to 3x original
tumor volume). In addition, the combination of RT plus PEMs reduced tumor growth
compared with RT alone (p = 0.0144 for time to 3x original tumor volume). However,
this effect was not seen with FaDu tumors. This may have been due to excessive
radiation dose or other compounding factors: the timing between RT and PEM
treatment was not optimized, and the number of mice per group was small (3-4).
Thus, the conclusions for each aim are as follows:
1. Develop NIR imaging techniques for studying the biodistribution and
pharmacokinetics of polymersomes
NIR imaging techniques were optimized for studying polymersomes,
demonstrating long plasma circulation times and accumulation within tumors.
2. Establish the effects of Mb-containing polymersomes on tumor physiology
While the hypothesis was that PEMs would accumulate within hypoxic tumors
and subsequently increase O2 tension, we observed a rapid decrease in tumor
oxygenation followed by a dramatic hemorrhagic effect of Mb polymersomes, which
appear to be due to both endothelial cell apoptosis and morphological changes, resulting
in central tumor necrosis.
3. Modify tumor growth through delivery of Mb polymersomes in combination with a
cytotoxic therapy specific to aerobic tumors
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Combination therapy of PEMs with RT results in enhanced tumor growth delay
in aggressive 4T1 mammary carcinomas compared with RT or PEMs alone.

These studies have led to a proposed mechanism for the PEM anti-tumor effect
in combination with RT. Prior to PEM administration, RT is administered, resulting in
tumor cell kill of the well-oxygenated tumor periphery. Mb polymersomes are then
injected i.v. and begin to accumulate within tumors due to the EPR effect. As shown in
Aim 1, this accumulation occurs over a short time scale. Within 30 min of PEM
treatment, the Mb is believed to act on tumor vessels, resulting in morphological
changes and apoptosis of endothelial cells. These effects are expected to increase
permeability of the vessels and expose the basement membrane, which leads to clotting
and decreased blood flow. Both decreased perfusion and increased permeability are
believed to have a catastrophic effect on interior tumor vessels. Hemorrhage results as
the endothelial cells die, resulting in tumor core necrosis. Therefore, the result is tumor
cell kill at the periphery due to RT and central tumor necrosis due to PEM treatment.
PEMs have potential in cancer therapy as a new class of VDAs. While the
mechanism requires further investigation, this work has demonstrated that PEM
treatment results in tumor vessel destruction and central necrosis. PEMs accumulate
within tumors, thus minimizing the systemic toxicity of treatment commonly seen with
VDAs. By combining PEMs with a therapy that kills the better perfused tumor
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periphery, PEMs show promise in improving tumor response. Future mechanistic
studies will be needed in order to maximize vessel damage and optimize combination
dosing schedules to improve outcome.
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1. Introduction
1.1 Cancer
Cancer is the progression of normal cells into a neoplastic state. It is the #2 killer
in the United States behind heart disease, and the #1 killer of Americans ages 40-79
(Siegel, Ma et al. 2014). 25% of deaths in the U.S. are due to cancer. It is projected that
585,720 Americans have died from cancer in 2014. Breast cancer is the most common in
women and prostate cancer the most common in men, with lung and bronchus cancers
being the most deadly in both sexes. While cancer deaths have decreased 20% since 1991
due to prevention, early detection, and improved therapy, there is still an obvious need
to improve upon current cancer therapies (Siegel, Ma et al. 2014).

1.1.1 Hallmarks of Cancer
In 2000, Hanahan and Weinberg published their seminal paper proposing that
the majority of cancers are a result of six changes in cell physiology necessary for
malignant growth (Figure 1) (Hanahan and Weinberg 2000, Hanahan and Weinberg
2011). Normal cells become cancerous as they progress through these capabilities due to
genome instability. These six hallmarks of cancer are: 1) sustaining proliferative
signaling, 2) insensitivity to anti-growth signals, 3) evasion of programmed cell death, 4)
replicative immortality, 5) sustained angiogenesis, and 6) activation of tissue invasion
and metastasis. In their more recent published update, Hanahan and Weinberg add the
potential hallmarks of reprogramming of energy metabolism and evading immune
1

destruction to the list (Hanahan and Weinberg 2011). The tumor survives not just due to
the cancer cells present, but due to complex interactions between various cell types and
the extracellular matrix (Betof and Dewhirst 2010, Hanahan and Weinberg 2011). The
normal cells involved in tumor progression form what is termed the “tumor-associated
stroma.”

Figure 1: Six hallmarks of cancer.
Figure from (Hanahan and Weinberg 2011).

Normal cells precisely control progression through the cell cycle, thus
maintaining normal tissue function. However, cancer cells are able to sustain
proliferation through growth factor-triggered tyrosine kinase signaling pathways that
2

promote mitosis and cell cycle progression (Hanahan and Weinberg 2011). Cancer cells
do this through production of growth factors themselves or through signaling normal
cells within the stroma to produce growth factors. Proliferation-related cell surface
receptors can also be upregulated on cancer cells, making them more sensitive to
proliferative signals. Another possible mechanism for increased proliferation is the
constitutive activation of components within these signaling pathways (Hanahan and
Weinberg 2011). Tumor cells must also evade growth suppressing signals. This is done
through inactivation of tumor suppressors, such as RB (retinoblastoma-associated) and
TP53 proteins. These tumor suppressors can stop cell division or trigger senescence and
apoptosis.
This is where the third hallmark comes in: resisting cell death (Hanahan and
Weinberg 2011). Apoptosis, programmed cell death, can be induced within tumors by
several mechanisms, such as the imbalance in oncogene (i.e., Myc) signaling leading to
increased proliferation and DNA damage, or by TP53 activation. Activation of
proteolytic caspases within the cell leads to apoptosis and the resultant disassembly of
the cell. The most common mechanism for apoptosis evasion is loss of TP53 function.
Tumor cells can also increase anti-apoptotic factors or down-regulate pro-apoptotic
factors. Necrosis is another form of cell death which, unlike apoptosis, leads to proinflammatory signaling and thus recruitment of immune cells. This can lead to tumor
promotion through angiogenesis, proliferation, and invasion. Another important cellular

3

response is autophagy, or the break-down of organelles for cell self-survival in nutrient
deficient cells. Cancer cells can go through autophagy following radio- and
chemotherapy as a mechanism for cell survival (Hanahan and Weinberg 2011).
Another hallmark of cancer is the ability for cancer cells to pass through a
limitless number of cell cycles. In normal cells, telomeres shorten as the cells propagate,
and proliferation is halted once the telomeres have shortened to the extent that they can
no longer protect the DNA from end-to-end fusions, leading to cell crisis and death.
However, telomerase, the polymerase responsible for adding telomere repeat segments
to the end of telomeric DNA, is expressed in the majority of cancer cells, thus protecting
the cells from entering into crisis (Hanahan and Weinberg 2011).
An important aspect of tumor progression, as will be discussed further
throughout this dissertation, is the induction of angiogenesis, the growth of new vessels
from existing vasculature (Hanahan and Folkman 1996). Angiogenesis is controlled by
both pro-angiogenic proteins (i.e., vascular endothelial growth factor, VEGF) and antiangiogenic proteins (thrombospondin-1) that bind either stimulatory or inhibitory
receptors on endothelial cells, respectively. Hypoxia, low oxygen tension typically found
in solid tumors, can cause upregulation of VEGF through stabilization of hypoxia
inducible factor 1 (HIF-1) (Betof and Dewhirst 2010). VEGF can also be upregulated
through oncogene signaling. Angiogenesis is observed very early in cancer progression.
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The final of the original six hallmarks of cancer is invasion and metastasis. The
invasion-metastasis cascade involves local invasion, intravasation of cancer cells into
blood and lymphatic vessels, transport of cells, and extravasation into distant tissues,
followed by the formation of micrometastases and resultant tumors (Talmadge and
Fidler 2010). As carcinoma cells progress, they can lose their expression of E-cadherin, a
protein important in epithelial cell-cell adhesions. In addition, these cells begin to
express N-cadherin, an adhesion protein associated with cell migration. It has been
found that transcriptional factors related to embryogenesis are involved in the epithelialto-mesenchymal transition (EMT) mechanism. The study of EMT and the subsequent
colonization of metastases has become a growing field of research, revealing a complex
progression involving the tumor microenvironment and several cell signaling pathways
(Hanahan and Weinberg 2011).
These hallmarks of cancer are made possible by genomic instability of cancer
cells and the involvement of the immune system. The inflammatory conditions in
tumors lead to tumor-promoting signaling by immune cells, including growth factors
for proliferation, pro-angiogenic proteins, signals for EMT activation, and reactive
oxygen species involved in mutagenesis (Hanahan and Weinberg 2011). Two emerging
hallmarks presented in the updated Hanahan and Weinberg publication are:
reprogrammed metabolism and evasion of immune destruction. It has been
demonstrated that cancer cell metabolism can differ drastically from that seen in normal
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cells, with tumor cells capable of aerobic glycolysis. It seems that this metabolic switch is
important in activating oncogenes and promoting cell proliferation. Recent studies have
demonstrated that the immune system can prevent tumor formation and progression.
However, some cancer cells are able to avoid immune destruction by T and B
lymphocytes, macrophages, and natural killer cells, and thus progress into solid tumors
(Hanahan and Weinberg 2011).

1.1.2 Tumor Vasculature
As tumor growth is limited by the diffusion distance of oxygen, pro-angiogenic
signals have been observed as early as when the tumor contains only 100 cells (Li, Shan
et al. 2000, Dewhirst, Cao et al. 2008). This leads to several vascular characteristics that
are specific to tumors. Because the vessels grow quickly and are immature, they tend to
have poorly developed vessel walls, discontinuous endothelial cell (EC) coverage,
inadequate smooth muscle cell support, poor pericyte – EC connections, and abnormal
basement membrane (Tozer, Kanthou et al. 2005, Siemann 2011). This vessel immaturity
corresponds to increased vessel permeability, or “leakiness”. In addition, as the tumor
grows, the lymphatic drainage is poor, resulting in high interstitial pressure, especially
in the tumor core (Thorpe 2004, Tozer, Kanthou et al. 2005, Siemann 2011). The tumor
vascular network is irregular, containing blind ends as well as dilated, engorged vessels.
Therefore, tumors have areas of poor perfusion, leading to decreased delivery of oxygen,
nutrients, and drugs.
6

1.1.3 Tumor Hypoxia
Areas of low oxygen tension, hypoxia, within tumor tissue are caused by an
imbalance in oxygen delivery and consumption (Dewhirst, Cao et al. 2008). The
mechanisms commonly observed in tumors which contribute to hypoxia are provided in
Figure 2. These include physical differences in vascular architecture which limit oxygen
(O2) delivery to tumor tissue, such as shunt flow, chaotic orientation, and low vascular
density. In addition, small increases in O2 consumption greatly affect tissue pO2 due to
decreased O2 diffusion through the tissue and steep intravascular O2 gradients.
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Figure 2: Regulation of tumor oxygenation.
Characteristics commonly found in tumors leading to hypoxia. a) As red blood cell
hemoglobin releases its O2 to surrounding tissue, the oxygen partial pressure (pO2)
drops. b) Tissue surrounding vessels with low oxygen pO2 will be more hypoxic. c)
Shunt flow is commonly seen in tumors, resulting in loss of O2 and nutrient delivery to
the tumor. d) Tumors have fewer vessels, resulting in hypoxia due to limited diffusion
of O2. e) Chaotic vascular geometry leads to inefficient O2 supply to all regions of the
tumor. f) Small increases in O2 consumption can significantly affect hypoxia as O2 cannot
diffuse as far into the tissue, and longitudinal O2 gradients are increased. g) Hypoxia
leads to increased blood viscosity and resistance to flow, thus decreasing O2 transport.
Figure from (Dewhirst, Cao et al. 2008).
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Patients with hypoxic tumors (< 10 mm Hg) tend to have worse prognoses than
those with well oxygenated tumors, as shown in the head and neck cancer example in
Figure 3. This is due to several characteristics of hypoxic tumors. For one, radiation
therapy relies on the presence of oxygen for the creation of reactive oxygen species
(ROS) in order to kill cancer cells and to stabilize the DNA damage resulting from
radiation (Dewhirst, Cao et al. 2008). There is a 2-3 time increase in sensitivity to
radiation in oxygenated versus hypoxic environments, termed the “oxygen effect” (Yu,
Dai et al. 2007). Also, sensitivity to chemotherapy may be dependent on the presence of
O2 for several possible reasons: the drug may rely on the cell cycle, which is affected by
hypoxia, O2 may increase DNA damage, and hypoxia upregulates genes involved in
drug resistance (Yu, Dai et al. 2007). A major complication with current therapies is that
the tumor cells that survive treatment are more resistant to future therapy. In addition to
the difficulties in treating these tumors, hypoxic tumors tend to be more aggressive and
metastatic (Semenza 2011). This is due to the phenotypes of hypoxic tumors which rely
heavily on the presence of hypoxia inducible factor 1 (HIF-1).
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Figure 3: Disease-free survival in head and neck carcinoma patients receiving
radiation therapy, demonstrating correlation with hypoxia status.
Figure from (Brizel, Sibley et al. 1997).

As shown in Figure 4, HIF-1 is a transcription factor for several proteins
associated with more aggressive tumor characteristics, including angiogenesis, invasion,
cell survival, metabolic adaptation, and stem cell maintenance (Semenza 2011). The
protein is composed of alpha and beta subunits. While the expression and degradation
of the beta subunit is independent of oxygen, HIF-1α is stabilized by hypoxia, nitric
oxide (NO), and ROS, and is rapidly degraded in normoxic conditions (Semenza 2011).
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Figure 4: Genes that HIF-1 transcriptionally activates.
Figure from (Semenza 2003).
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Another important characteristic of hypoxia is that it tends to be cycling
(Dewhirst, Cao et al. 2008). There are both low and high frequency cycles of low oxygen
tension within tumor tissue. This cycling hypoxia may influence HIF-1 more than
chronic hypoxia. An important motivation behind the present work is to create a
mechanism for buffering these cycles of hypoxia. If the oxygen concentration can be
raised throughout the tumor while also preventing areas of cycling hypoxia, it is
expected that the tumors will be more susceptible to radiation and chemotherapies.

1.1.4 Unmet Need, Objective, and Specific Aims
There is a critical need to target tumor hypoxia in order to improve response to
therapy and minimize aggressive hypoxic tumor phenotypes. Current attempts to
modify oxygenation of tumors include hyperthermia (Song, Park et al. 2005), antiangiogenic therapies (Jain 2005), and O2 carriers (Winslow 2000). However, antiangiogenic therapies and O2 carriers present systemic toxicity concerns (Winslow 2000,
Jain 2005), and hyperthermia treatments are limited by the ability to access the tumor for
heating.
The overall goal for this work is to improve response to conventional cancer
therapies by targeting tumor hypoxia. The objective is to modify oxygenation of tumors
using myoglobin (Mb) polymersomes (PEMs). Mb is an O2 -binding protein able to bind
and release O2 with a P50 < 10mm Hg, which is the O2 tension considered hypoxic in
tissue. This strong association of Mb with O2 was expected to provide a mechanism for
12

delivering O2 to tissues of very low O2 tension. By combining near-infrared (NIR)
imaging with Mb delivery, these PEMs have potential in the field of theranostics. The
underlying rationale of the proposed research is that by oxygenating hypoxic tumors,
they will be more susceptible to treatment. Another potential mechanism for tumor
therapy of PEMs that has arisen since this primary hypothesis was investigated, is that
Mb could lead to tumor vascular damage due to its NO scavenging and/or oxidative
effects. Both possibilities could have potential in cancer therapy.
The central hypotheses for this work are: 1) O2-releasing PEMs will modify O2
tension in hypoxic tumors and 2) the use of PEMs with radiotherapy will result in
enhanced tumor growth delay.
I have tested my central hypotheses by pursuing the following specific aims:

1. Develop NIR imaging techniques for studying the biodistribution and
pharmacokinetics of polymersomes
Hypothesis: Polymersomes will have long plasma circulation times and accumulate
within tumors, as determined in vivo with NIR imaging.
Summary of Results: The work presented here demonstrates that polymersomes
formed from various degradable and non-degradable polymers can be loaded with
hydrophobic multiporphyrin near infrared-emissive fluorophores for in vivo
noninvasive biodistribution, revealing significant tumor accumulation following i.v.
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administration. In addition, a novel technique for animal-sparing, minimally
invasive pharmacokinetics analysis taking advantage of the polymersome
fluorescence demonstrates long plasma circulation dependent on particle size.

2. Establish the effects of Mb-containing polymersomes on tumor physiology
Hypothesis: PEMs will accumulate within hypoxic tumors and subsequently
increase O2 tension.
Summary of Results: This hypothesis was disproven. PEMs accumulate within
tumors, but result in rapid decrease in tumor blood flow and decreased oxygenation.
Systemic PEM treatment caused hemorrhagic necrosis in the tumor core surrounded
by a viable tumor rim.

3. Modify tumor growth through delivery of Mb polymersomes in combination with a
cytotoxic therapy specific to aerobic tumors
Hypothesis: Combination of PEMs with radiotherapy (RT) will result in enhanced
tumor growth delay compared with RT or PEMs alone.
Summary of Results: As anticipated, combination of PEMs with RT enhanced tumor
growth delay in 4T1 tumors. However, this was not due to increased oxygenation
improving radiation response. It is expected that the observed result was due to
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radiation causing tumor cell kill in the better perfused outer rim of the tumor while
PEMs target the tumor core.

Before presenting my approach and results for these specific aims, I will first
discuss the relevant background, including related cancer therapies. I will provide an
overview of the various approaches to treating tumor hypoxia, focusing on blood
substitutes and the potential role of Mb. In addition, I will discuss the use of vascular
disrupting agents to destroy hypoxic tumor cores. Next, I will present background on
nanoscale polymersomes for drug delivery, as this delivery vehicle has been chosen to
deliver Mb to solid tumors. Finally, I will provide a background on imaging techniques
for monitoring tumor treatment.

1.1.5 Approaches to Treat Tumor Hypoxia
There are several methods that have been studied for targeting hypoxic tumors
(Table 1), mostly in combination with radiotherapy (RT). These include hyperthermia,
which has been shown to improve oxygenation with RT (Brizel, Dewhirst 1996). This
improvement can be attributed to improved blood flow, and thus more oxygen delivery
to the tumor (Overgaard and Horsman 1996). In addition, hyperthermia activates HIF-1,
which results in enhanced tumor perfusion and decreased oxygen consumption due to a
switch to anaerobic metabolism, which leads to increased oxygen delivery to the tumor
(Moon, Sonveaux et al. 2010). Anti-angiogenic therapies were originally designed for
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cutting off nutrients and oxygen supply to tumors, but have actually been shown to
normalize the chaotic vasculature of tumors in some cases, thus increasing efficiency of
the blood supply (Jain 2005). This approach will be discussed in more detail later.

Table 1: Approaches to treating tumor hypoxia.
Hyperthermia
-

Increases blood flow

-

Decreases O2 consumption

Anti-angiogenic therapies
-

Cause vessel normalization

High O2 gas breathing
-

Hyperbaric or normobaric

-

Increases O2 in blood

Hypoxic radiosensitizers
-

Mimic O2

-

Nitroimidazoles

Erythropoietin
-

Increases Hb production

Targeting HIF-1
-

Signal-transduction pathway inhibitors

-

Small molecule HIF-1 inhibitors

Sickle erythrocytes
-

Occlude hypoxic microvessels

-

Combine with prooxidant metalloporphyrin

Blood substitutes
-

Hb-based O2 carriers

-

PFCs

Vascular disrupting agents
-

Cause rapid vessel damage

-

Tumor core necrosis and viable tumor rim
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Another approach to increasing tumor oxygenation to enhance response to RT is
to have the patient breathe oxygen or carbogen (95% O2 5% CO2) under hyperbaric
conditions (Overgaard and Horsman 1996). Carbogen treatment has commonly been
combined with nicotinamide, a drug shown to prevent the fluctuations in blood flow
that are associated with acute tumor hypoxia, thus enhancing radiation damage
(Overgaard and Horsman 1996). The combination of RT, carbogen, and nicotinamide has
shown promise in regional but not local control of hypoxic head and neck tumors in
phase III clinical trials (Janssens, Rademakers et al. 2012). Hyperbaric treatments have
mostly been abandoned due to problems with patient compliance and the introduction
of hypoxic radiosensitizers (Overgaard and Horsman 1996). These radiosensitizers act as
O2 mimics that can penetrate into the hypoxic regions of the tumor because they are not
metabolized by the cells as they diffuse. Commonly studied agents are nitroaromatic
compounds with high electron affinity. However, these agents tend to have increased
toxicity with increased activity, resulting in somewhat disappointing clinical trials.
Overall gains of 5-10% improvement in local control have been observed in clinical trials
with nitroimidazoles together with RT, with most significant effects in head and neck
cancers.
Hemoglobin (Hb) concentration has also been correlated with better local tumor
control of the irradiated field. Therefore, studies have been carried out to increase the
Hb concentration in the blood before RT. A small cervical cancer study demonstrated

17

improvement in local control by preceding RT with a blood transfusion (Overgaard and
Horsman 1996). Another approach is to stimulate Hb production with erythropoietin.
However, clinical studies of erythropoietin demonstrated worse progression-free
survival compared to controls. This was associated with increased erythropoietin
receptor expression on cancer cells, which can stimulate proliferation and apoptosis
inhibition (Hardee, Arcasoy et al. 2006).
Targeting HIF-1 is another approach that has gained interest (Semenza 2011). As
shown earlier, HIF-1 regulates a large number of genes. However, for a specific tumor,
HIF-1 will only be involved in regulating a subset of these targets. Therefore, this
approach may need to be tumor-specific based on the particular patient. Several drugs
have been studied for inhibition of HIF-1 activity, including topotecan and cardiac
glycosides, which have shown promise in animal studies. However, low tolerated doses
may limit these treatments in the clinic (Semenza 2011).
A recent study has demonstrated the use of sickle erythrocytes for targeting
hypoxic tumor microvessels as well as tumor cells (Terman, Viglianti et al. 2013). This
therapy takes advantage of several unique properties of hypoxic tumors. The tumor
environment activates HIF-1α, which stimulates TNFα. In response, the
microvasculature of hypoxic tumors upregulates vascular adhesion molecules. Sickle
red blood cells (RBCs) injected into the vasculature of mice then adhere and occlude
tumor microvessels. In addition, leukocytes form microaggregates, adding to the
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vascular injury. Terman et al postulate that in addition to the physical occlusion of the
vessels, this therapy results in cell injury due to hemolysis of the sickle RBCs which
release hemichrome, hemoglobin S, and ROS. By combining the sickle RBC treatment
with ZnPP metalloporphyrin, a heme oxygenase inhibitor, delayed tumor growth was
observed, due to toxicity of the free heme (Terman, Viglianti et al. 2013).
In addition to the approaches listed above, blood substitutes, which have been
studied for almost a century for several applications, have been applied as a mechanism
to oxygenate tumors. I will discuss these cancer therapy approaches in further detail
following a review of the various types of blood substitutes.
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1.2 Blood Substitutes
While blood substitutes, also termed oxygen carriers, have been studied since the
1940s, the major need was initiated in the 1980s due to the HIV epidemic (Winslow
2000). Alternatives to RBC transfusion are desired due to increased demand for blood
transfusions with decreasing supply, safety concerns, such as those relating to infectious
diseases or transfusion reactions, and the cost of blood (Scott, Kucik et al. 1997). There
are many applications for oxygen carrying blood alternatives, such as shock, trauma,
surgery, and, as in our case, cancer (Winslow 2000). Here, I will introduce the various
types of blood substitutes, followed by a review of O2 carriers applied to cancer therapy.

1.2.1 Free Hemoglobin
Initial artificial transfusion attempts began with solutions of hemoglobin (Hb) in
the 1940s (Scott, Kucik et al. 1997). Hb is the oxygen carrying protein found in RBCs. It is
a tetramer, consisting of two alpha and two beta subunits. Hb can bind 4 molecules of O2
in a cooperative fashion, meaning that as more O2 binds, the next molecule can bind
more easily. This results in the O2 binding curve seen in Figure 5. In contrast, myoglobin
(Mb) can bind one O2 molecule with high affinity, as shown in Figure 5. The properties
of Mb will be examined in further detail later.
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Figure 5: Hemoglobin and Myoglobin oxygen binding curves.
Y axis: O2 saturation fraction of the protein. Figure from Principles of Biochemisty,
Horton, Prentice-Hall, Inc., NJ, 2002, p.118.

Due to the O2 carrying abilities of Hb, it was the natural choice for an early blood
substitute. However, the patients treated with Hb solutions suffered renal toxicity,
hypertension, and anaphylaxis (Scott, Kucik et al. 1997). The renal toxicity was
determined to be due to the alpha and beta subunits of the protein dissociating and
precipitating within the loop of Henle (Bunn and Jandl 1968, Scott, Kucik et al. 1997,
Winslow 2006). Anaphylactic symptoms were caused by reaction to residual
phospholipid from the RBC stroma (Scott, Kucik et al. 1997). Due to these dangerous
effects of free Hb, “first generation” blood substitutes included recombinant Hb or
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purified stroma-free Hb that was crosslinked or polymerized in order to prevent renal
toxicity and prolong the half-life. There have been several approaches to circumventing
the vasoconstrictive characteristics of Hb, depending on the many possible mechanisms
of action, as will be discussed later.

1.2.2 Recombinant Hemoglobin
To prevent the anaphylactic reactions to RBC-derived Hb, recombinant Hb (rHb)
generated by E. coli was introduced (Winslow 2000). In addition to synthesizing
recombinant human Hb, various modifications could be made to the rHb. For example,
dialpha Hb fused the two alpha chains head-to-tail to prevent the toxic dissociation of
the subunits. Also, O2 affinity of the protein can be modified through genetic
engineering. However, these techniques are limited by the scale of production using
bacteria for protein synthesis. In addition, clinical trials revealed gastrointestinal side
effects (Winslow 2000).

1.2.3 Polymerized or Crosslinked Hemoglobin
The first generation blood substitutes based on Hb included crosslinked Hb and
Hb polymer. By crosslinking the protein, the dissociation of subunits is prevented, thus
overcoming renal toxicity. However, early studies demonstrated increased blood
pressure, decreased tissue perfusion, and unexpected toxicity. Polymerized Hb has
much longer circulation half-lives in animals, but inconsistent results in human trials
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(Scott, Kucik et al. 1997). While some of these products have made it to clinical trials,
none are FDA approved (Winslow 2006).

1.2.4 Vasoconstriction Due to Hemoglobin
A common trend in all Hb-based O2 carriers is the occurrence of transient
vasoconstriction. There are several possible causes for this effect, the most commonly
accepted being nitric oxide (NO) scavenging (Winslow 2006).
NO is a free radical with important functions physiologically (Doctor and
Stamler 2011). NO+ can covalently bind thiols to regulate protein function. In addition,
NO activates soluble guanylate cyclase in vascular smooth muscle cells, thus inducing
G-kinase-dependent vasodilation. NO bioactivity is also dependent on
transnitrosylation to other proteins important in vasodilation. Therefore, if a treatment
results in NO scavenging, the result would be vasoconstriction.
Physiologically, Hb is found in RBCs, where it carries O2, NO, and carbon
dioxide (CO2) (Doctor and Stamler 2011). NO can bind Hb in two possible locations per
subunit: the iron heme, or an available cysteine (typically on the beta subunit: βCys93).
NO binds the Cys thiol through a reaction termed S-nitrosylation. This form is called
SNO-Hb, which is believed to exist as a delivery vehicle for NO, where NO release is
restricted to hypoxic regions with steep O2 gradients, resulting in hypoxic vasodilation
(see Figure 6). SNO-Hb has been delivered to tumors to prevent vasoconstriction
following Hb treatment, as discussed later (Sonveaux, Kaz et al. 2005). NO is more likely
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to bind the Cys when the protein is oxyHb, while the heme binding is favored in
deoxyHb. This provides a mechanism of transfer of NO from the heme to the Cys when
O2 binds Hb, thus forming SNO-Hb in the lungs. Endothelium-derived NO is scavenged
by Hb by several mechanisms involving both ferrous and ferric forms of Hb (See Doctor
and Stamler Review). However, Hb packaging within RBCs limits NO consumption by
about 1000x (Doctor and Stamler 2011), which helps explain why free Hb has such a
significant vasoconstrictive effect that is not seen with RBC transfusion.
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Figure 6: Hb binding and release of NO in RBCs depends on the oxygen
tension.
(A) NO is delivered at low pO2 as SNO, while NO is taken up by Hb at high pO2. (B)
NO binds deoxyHb at the heme iron, which then translocates to the Cys to form SNOHb. When O2 is released from the Hb, NO is also delivered. (C) Due to this mechanism
of NO and O2 release, RBCs are able to cause vasodilation in poorly oxygenated vessels.
Figure from (Doctor and Stamler 2011).
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Chemists have found it difficult to modify Hb to prevent NO binding without
affecting O2 binding, as NO and O2 share the same binding pocket in the protein
(Winslow 2006). Since NO exhibits physiological activity on the basal side of the
endothelium, it has been suggested that one mechanism of preventing this
vasoconstriction effect is to limit the extravasation of the O2 carrier past the endothelium
(Scott, Kucik et al. 1997). Oxidation of Hb (Scott, Kucik et al. 1997) can result in free
radical formation and oxidation of lipids, causing endothelial stress. Therefore, another
approach to minimize vasoconstriction is incorporation of antioxidants such as catalase
and superoxide dismutase, which are both found in RBCs.
Hb may also cause vasoconstriction due to local effects of O2 on the arteriolar
vascular wall (Winslow 2006) and direct effects on peripheral nerves. Autoregulation of
O2 supply causes the vessels to constrict when local O2 concentration is too high (Scott,
Kucik et al. 1997). These characteristics support the need for an O2 carrier that releases
O2 at a lower pO2 and that is larger in size to prevent leakage through the endothelium
(Winslow 2006). This has led to polymer-Hb conjugates and vesicle-encapsulated Hb, as
well as Hb with modified P50s.

1.2.5 Hemoglobin-Polymer Conjugates
A common approach to improving the circulation times of macromolecules and
nanoparticles is to attach poly(ethylene glycol) (PEG) to the structures. PEGylation
increases the size of the protein to which it is attached, thus decreasing renal toxicity,
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and also minimizes the antigenicity of the molecule. The hydrophilic polymer creates a
water barrier that reduces recognition by the mononuclear phagocytic system (MPS).
Hb-PEG has shown promise in delivering O2 to hypoxic tissues without resulting in
vasoconstriction as observed in hamster window chambers (Winslow 2006).
Hemospan®, a Hb-PEG conjugate of human Hb with 6 strands of 5kDa PEG, has
progressed to Phase II clinical trials for elective surgery patients (Winslow 2006).

1.2.6 Hemoglobin Vesicles
The liposome is a nanoscale drug carrier composed of phospholipids that has
been used for a variety of applications. Creating a delivery vehicle for Hb which makes
it larger and increases circulation time is desired in order to overcome some of the
adverse effects of free Hb. Therefore, PEGylated liposomes were a natural next step.
Sakai et al compared Hb liposomes (HbVs) with two different P50s and found that the
lower P50 of 8 mm Hg was able to oxygenate ischemic tissue in a hamster window
model (Sakai, Cabrales et al. 2005).
In addition to liposomes, polymersomes have been utilized as potential O2
carriers. A polymersome is a nano-scale vesicle composed of a block copolymer which
can encapsulate hydrophilic components within its aqueous core. Polymersomes of PEG
as the hydrophilic block and polycaprolactone (PCL), polylactic acid (PLA), or
polybutadiene (PBD) as the hydrophobic block have been successfully used to
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encapsulate Hb (Rameez, Alosta et al. 2008, Rameez, Banerjee et al. 2012). These vesicles
are capable of binding and releasing O2 with equilibrium curves similar to free Hb.

1.2.7 Perfluorocarbons
Hb-free O2 carriers have also been studied, the most common being
perfluorocarbons (PFCs). This is due to their high gas solubility, allowing for a high
concentration of O2 to be dissolved within the material (Winslow 2006). However, since
it is lipid soluble, it must be emulsified into a treatment formulation, leading to short
half-lives (Winslow 2006). In addition, PFCs release O2 linearly with O2 tension, resulting
in oxygenation that is not comparable to the natural physiology, where O2 is released in
highly oxygenated tissues. Clinical trials with PFCs have resulted in increased incidence
of stroke (Winslow 2006).

1.2.8 Blood Substitute Applications in Cancer Therapy
These various approaches to synthesizing O2 carriers have also been applied to
cancer therapy. Some studies have been carried out more as a method to better
understand tumor oxygenation while others have the goal of treating hypoxic tumors. In
addition, the combination of blood substitutes plus therapy, usually RT, has been
studied. Cancer treatment with O2 carriers is not a very developed field as there is still a
lot that is unknown about tumor oxygenation and cycling hypoxia. Also, the blood
substitutes still require optimization.
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Hahn et al studied the effects of stroma-free Hb on rat mammary
adenocarcinomas through the use of cutaneous window chambers (Hahn, Braun et al.
1997). Blood pressure was measured via femoral artery and lateral coccygeal vein
cannulas. pO2 measurements were made using microelectrodes inserted into the tissues,
and laser Doppler flowmetry was used for blood flow measurements. Consistent with
early blood substitute studies, they found that Hb acts as a vasoconstrictor, with mean
arterial pressure increasing 5-10% and arterioles supplying the tumor reducing in
diameter by 10%. Due to this decrease in arteriole size, the tumor blood flow and pO2
both decreased significantly immediately following treatment and was sustained for at
least 60 min. They attributed these effects to NO quenching by systemic Hb (Hahn,
Braun et al. 1997).
SNO-Hb has been studied for its ability to deliver O2 and NO to tissue of low
oxygenation. Sonveaux et al studied the effects of systemic SNO-Hb on rats bearing
mammary adenocarcinomas through the use of dorsal skin flap window chambers
(Sonveaux, Kaz et al. 2005). Hb saturation was measured using both an oximeter and
hyperspectral imaging. Laser Doppler flowmetry was used for measuring blood flow.
Tumor perfusion was preserved following treatment with SNO-Hb in rats breathing
100% O2 while oxyHb reduced tumor perfusion independent of O2 concentration
inhaled. Therefore, SNO-Hb may provide more control over NO bioactivity compared
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with Hb alone. While this approach prevented the hypoxic effects observed in Hahn’s
study, it still did not successfully raise the pO2 in tumors.
By combining blood substitutes with RT or chemotherapy, anti-tumor effects
have been demonstrated. For example, treatment of rodent tumors with purified bovine
Hb solutions in combination with RT resulted in tumor growth delay (Yu, Dai et al.
2007). Similar results were shown with PEG-Hb. In addition, Hb solutions combined
with carmustine, cyclophosphamide, cisplatin, and several other anti-tumor drugs have
demonstrated delay in tumor growth (Yu, Dai et al. 2007). However, as shown in the
Sonveaux paper, these mechanisms are complicated, resulting in inconsistencies
between studies. Therefore, the mechanisms of tumor oxygenation following treatment
must be examined closely.
Another approach is to specifically target the blood substitute to the tumor. This
would overcome the challenge of systemic and peripheral effects that result in decreases
in tumor blood flow and oxygenation. For example, it is postulated that the results seen
with SNO-Hb at ambient breathing conditions are due to NO-mediated dilation of the
normal blood vessels upstream of the tumor, which results in shunts diverting blood
flow away from the tumor (Sonveaux, Kaz et al. 2005). Large molecules and
nanoparticles have a unique ability to accumulate within tumors due to the enhanced
permeability and retention effect (EPR) caused by the leaky vasculature of tumors. For
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instance, PEGylated liposomes and polymersomes remain in the circulation for a long
period of time and accumulate within tumors (Iyer, Khaled et al. 2006).
Yamamoto et al studied the effects of liposomal Hb (HbV) on Lewis lung
carcinoma tumor response to radiation therapy in C57BL/6 mice (Yamamoto, Izumi et al.
2009). They found that tumor O2 tension increased transiently 15-30 min following i.v.
HbV treatment. In addition, there was a small, but significant decrease in tumor growth
following single dose 20 Gy irradiation of tumors in mice that had been treated 10 min
prior with HbV. However, the authors emphasize that the mechanism of action and the
cause of transient O2 tension increases require further investigation. In addition, they did
not thoroughly study non-tumor tissue to determine if these effects were seen elsewhere.
There is limited literature on O2 carrying vesicles for tumor oxygenation, but the studies
are promising so far and this area has a lot of room for growth.
Tumor studies have also been carried out using PFCs as possible O2 delivery
vehicles. For example, PFC treatment in combination with carbogen inhalation resulted
in significant tumor growth delay in C57BL/6J mice with Lewis lung carcinomas
following single fraction radiation, with a dose modifying factor of 2.8 +/- 0.6 (Teicher
and Rose 1984). These and similar results with PFCs have been attributed to increased
tumor perfusion and decreased tumor hypoxic fractions (Yu, Dai et al. 2007). While
initial clinical trials showed some promise, this therapy has not been pursued
commercially. PFCs have also been combined with chemotherapeutics in order to
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overcome complications of several drug therapies in treating hypoxic tumors. This
approach has shown promise with nitrosoureas, cisplatin, carboplatin, and several other
anti-tumor drugs in animal studies (Yu, Dai et al. 2007).
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1.3 Myoglobin as a Cancer Therapy
The work in this dissertation involves the delivery of myoglobin (Mb) to solid
tumors. Mb was chosen as an O2 carrying protein for several reasons, as presented
below. While it was initially expected that Mb would behave as an O2 delivery vehicle, it
is also possible that the oxidative and NO scavenging characteristics of this protein
could prove critical in vivo. This section discusses these varying properties of Mb and
how they may affect tumor treatment.

1.3.1 Myoglobin Structure and Function
Mb is the O2 carrying protein found in myocytes, which functions to supply O2 to
mitochondria during muscle contraction (Dou, Maillett et al. 2002). It is similar in
structure to Hb, but consists of a single subunit with an iron heme, and thus can only
bind one O2 molecule per protein molecule. Mb is especially appealing as an O2 carrier
for tumor treatment because it has a much lower P50 of 2-3 mm Hg compared with Hb
(Figure 5). Blood substitute research has demonstrated the need for left-shifted binding
curves to prevent vasoconstriction complications due to local vascular effects. In
addition, for hypoxic tumor treatment, the left-shifted curve provides a mechanism to
deliver O2 to the poorly oxygenated regions of the tissue. The ability of Mb to deliver O2
to areas of low pO2 has been termed “facilitated diffusion” (Kamga, Krishnamurthy et al.
2012).

33

Similar to Hb, Mb can exist in various forms (Witting, Douglas et al. 2001). The
ferrous state of Mb can bind O2 to form oxyMb. However, Mb oxidizes to the ferric state
(metMb) very easily. Therefore, it is necessary to reduce Mb for it to be capable of
binding and releasing O2. Ferric Mb can further be oxidized to ferryl (Fe4+) Mb, which
behaves as a potent oxidant (Alayash, Patel et al. 2001, D'Agnillo and Alayash 2002).
Table 2 summarizes the oxidative states of the protein.

Table 2: Terminology of Mb Forms Depending on Oxidative State of the Iron Heme.
Heme Iron Oxidative State

Myoglobin Form

Ferrous heme (Fe )

deoxyMb

Ferrous heme (Fe2+)

oxyMb, MbO2

Ferric heme (Fe3+)

metMb

Ferryl heme (Fe )

ferrylMb

2+

4+

1.3.2 Myoglobin and Cancer
A very exciting study by Galluzzo et al demonstrated the dramatic effects that
Mb may have on tumor growth and metastasis (Galluzzo, Pennacchietti et al. 2009)
(Figure 7, Figure 8, and Figure 9). Using A549 lung carcinoma cells that ectopically
express Mb, the group observed delayed tumor engraftment, slower tumor growth
(Figure 8), and fewer metastases in a mouse xenograft. They found that the Mb
expressing tumors had almost 4 times greater O2 concentration (21.6 +/- 9.9 mm Hg) than
the control tumors (5.5 +/- 2.7 mm Hg) (Figure 9A), using a ruthenium probe inserted
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into multiple sites within the tumors. The Mb tumors also had about 10 times fewer HIF1α positive cells, less hypoxic cells (Figure 9B), and more organized vessel architecture
as measured by immunofluorescence. By comparing with Mb mutants, they found that
the ability of Mb to transport O2 is necessary for these effects (Galluzzo, Pennacchietti et
al. 2009). Possible mechanisms of action of Mb on tumor cells are presented in Figure 7.
These results serve as motivation to create a method of delivering Mb for treatment of
hypoxic tumors.

Figure 7: Mb interactions within cancer cells that may lead to the decreased tumor
growth and metastases found in Galluzzo et al’s study.
Figure from (Flogel and Dang 2009).
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Figure 8: Tumor growth results from Galluzzo’s study of Mb expression.
Tumor-free survival (A) and tumor burden (B) for empty lentiviral vector (black) and
Mb expressing (green) A549 lung carcinomas in CD1 nu/nu mice. Figure from (Galluzzo,
Pennacchietti et al. 2009).
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Figure 9: Oxygenation of Mb-expressing tumors.
(A) Intratumoral O2 tension about 5 weeks post injection as measured using a ruthenium
probe, demonstrating increased oxygenation of Mb-expressing tumors. (B)
Pimonidazole staining of tumor sections for hypoxia quantification. Percentage of PIMO
positive area is shown in parentheses. Figure from (Galluzzo, Pennacchietti et al. 2009).

1.3.2.1 Endogenous Myoglobin in Cancer Cells
Recently, Kristiansen et al have discovered that Mb can be endogenously
expressed in breast cancer (Kristiansen, Hu et al. 2011). The tumors with higher Mb
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expression were more differentiated and correlated to better prognosis. Normal breast
tissue was also shown to express Mb, but to a lesser extent (Kristiansen, Rose et al. 2010).
However, the concentrations of Mb found in breast cancer tissues were low (picomoles
in millions of cells), and not expected to have a significant role in oxygenation. This is
why they explored the idea of fatty acid transport and metabolism, where they found
colocalization of Mb and the fatty acid synthase gene (FASN) in normal and malignant
breast tissue. Kristiansen et al have also shown that cultured breast cancer cells, but not
normal breast cells, express Mb following exposure to hypoxia. This expression is
dependent on HIF-1/2 activation, with Mb transcribed through a novel alternative start
site with a hypoxia responsive element (HRE). Silencing Mb produced the opposite
effect as expected: the cells became more oxygenated and mitochondrial enzyme
activities increased (Kristiansen, Hu et al. 2011). Therefore, the mechanism of Mb in
tumor cells is complex. Nonetheless, these results support the idea of supplying Mb to
tumors as their studies revealed better prognosis with higher Mb concentrations.

1.3.3 Potential Vascular Effect of Myoglobin
A concern about treating animals systemically with Mb is that we would see
similar effects that were found with free Hb solutions, as discussed earlier. While the Mb
has a low P50 that should prevent some of the vasoconstrictive reactions seen with Hb,
due to both control of NO scavenging and local O2 delivery, it is still a small protein that
could cause systemic toxicity. It is well known that high levels of Mb can cause renal
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failure, as is observed with severe muscle injury. This is because it is small enough to be
filtered by the kidneys, where it was originally thought that the free iron released from
heme was toxic to the renal tubular epithelium (Zager 1996). More recent studies have
demonstrated that renal toxicity is due to the presence of ferryl Mb initiating lipid
peroxidation, as demonstrated by the presence of F2-isoprostanes in the urine of patients
(Alayash, Patel et al. 2001).
1.3.3.1 NO Binding and Scavenging
It is important to consider Mb’s NO binding capabilities here, as this
characteristic of Hb has been shown to be critical to the physiological reaction following
treatment in human and animal studies, as discussed above. Human Mb binds NO
using mechanisms very similar to Hb. As with Hb, in anaerobic conditions, the ferrous
heme binds NO. However, in aerobic conditions, NO binds the Cys110 residue on the
apoprotein (SNO-Mb). Therefore, the S-nitrosylation of Mb relies on the oxidative state
of the heme as well as the presence of O2 (Witting, Douglas et al. 2001). However, this
Cys110 is unique to human Mb. In the studies presented within this document, horse
skeletal Mb is used as it is more readily available and affordable. Horse heart Mb is able
to form NO-heme in anaerobic conditions, but cannot be S-nitrosylated to form SNOMb. As described in the Hb section above, the release of NO from SNO-Hb relies on the
molecule remaining in the SNO form. This mechanism of NO delivery is therefore not
possible with horse Mb.
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Figure 10: Iron binds and reacts with nitric oxide.
Ferrous iron (Fe(II)) can bind NO or O2. Fe(II)-NO can then react with O2 or Fe(II)-O2 can
react with NO to form nitrate (NO3-) and ferric iron (Fe(III)). Fe(III) can bind NO, but in
Mb, this is autoreduced back to Fe(II), releasing nitrite (NO2-). Figure from (Cooper
1999).

Iron can bind and react with NO as shown in Figure 10. While ferrous oxyMb is
not able to bind NO, it is able to react with NO, forming nitrate and metMb. NO is
brought into the heme pocket of oxyMb, where formation of a peroxynitrite
intermediate is catalyzed by the Fe. Finally, nitrate dissociates, leaving metMb behind
(Dou, Maillett et al. 2002). Ferric Mb is also able to bind NO which then undergoes
autoreduction to form ferrous Mb and nitrite in the presence of water or hydroxide
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(Cooper 1999). This metMb-NO complex is not expected to be of much significance in
vivo as it is formed at a slow rate with low affinity.
The various forms of NO are provided in Table 3. The NO scavenging property
of Mb may lead to vasoconstriction. NO is a free radical involved in a variety of
biological processes, promoting angiogenesis, leukocyte interactions, vascular
permeability, and cell proliferation (Fukumura, Kashiwagi et al. 2006). It is especially
important to keep these NO interactions in mind when using Mb in tumors that have
immature and irregular vasculature which may be more susceptible to collapse
(Siemann 2011).

Table 3: Oxidative states of NO.
NO

Nitric oxide

NO2-

Nitrite

ONOO-

Peroxynitrite

NO3-

Nitrate

1.3.3.2 Mb as an Oxidant
It is also essential to consider the oxidative effects of Mb and how these may play
a role when Mb is used as a cancer therapy. Studies have demonstrated that Mb has a
cytotoxic pseudoperoxidase activity (Alayash, Patel et al. 2001). In an oxidative
environment, Mb(Fe2+) and Mb(Fe3+) are oxidized to the ferryl (Fe4+) form (Figure 11).
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Ferryl Mb is formed when ferrous or ferric Mb reacts with H2O2, lipid peroxides, or
peroxynitrite (Alayash, Patel et al. 2001). Ferryl Mb is a strong oxidant that can damage
lipids, nucleic acids, and amino acids (Alayash, Patel et al. 2001, D'Agnillo and Alayash
2002). It has been indicated in cardiac ischemia/reperfusion injury due to oxidation of
arachidonic acid that can accompany its reaction with H2O2 (Alayash, Patel et al. 2001). It
has been shown that oxidation of lipid membranes alters membrane integrity and leads
to cell lysis. This oxidation can also modulate cellular signaling, affecting apoptosis,
inflammatory response, and vascular tone (Alayash, Patel et al. 2001). In addition, Mb
reaction with H2O2 can lead to a covalent change in the heme, forming a crosslinked
protein-prosthetic group adduct that behaves as a H2O2-producing oxidase (Alayash,
Patel et al. 2001). The presence of this crosslinked Fe-Mb has been observed in
rhabdomyolysis patients.
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Figure 11: Redox cycle of myoglobin, showing possible damage caused by ferryl Mb.
Figure modified from (Yang and de Bono 1993).

Cellular studies have been carried out to better understand how this oxidant
behaves in living systems (Yang and de Bono 1993, D'Agnillo and Alayash 2002). It is
expected that ferryl Mb would damage cells, leading to cell death as described above.
This cytotoxicity was not observed when a bolus solution of H2O2 was administered to
endothelial cells (ECs) in the presence of Mb. Instead, a protective effect was seen (Yang
and de Bono 1993). This protective characteristic of Mb has been explained by the redox
cycle as shown in Figure 11. When Mb is exposed to H2O2 as a bolus treatment, the Mb is
quickly oxidized to its ferryl form. However, once H2O2 is consumed, the Mb returns to
its ferric state, thus eliminating the harmful oxidants (D'Agnillo and Alayash 2002). In
contrast, when H2O2 is produced slowly and held at a steady concentration, ferryl Mb is
maintained in the system (Figure 12), and EC apoptosis results. D’Agnillo and Alayash
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have demonstrated that when glucose oxidase (GOX) is used as a source of H2O2, Mb
has cytotoxic effects on ECs, as shown by increased cleaved caspase 3,
phosphatidylserine externalization, and nuclear condensation (D'Agnillo and Alayash
2002). Confirming that the effect was due to the oxidative environment, addition of
extracellular ascorbate and catalase nullified these effects. In addition to the presence of
apoptotic markers, EC morphological changes were observed following treatment with
Mb and GOX as shown in Figure 13 (D'Agnillo and Alayash 2002). Cells treated with Mb
alone showed elongated morphology and treatment with GOX and Mb resulted in EC
blebbing and decreased confluency. D’Agnillo and Alayash noted that the release of
H2O2 using GOX is most likely a more accurate mimic of in vivo conditions of
rhabdomyolysis or myocardial ischemia compared with bolus H2O2 treatment.
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Figure 12: GOX used as a source of H2O2 in EC culture, demonstrating the production
of ferryl Mb over time.
A) ECs were incubated with 50 uM Mb and 5 mU/mL glucose oxidase (GOX). H2O2 was
produced quickly and held at a constant concentration of 3-4 uM over time. B) Mb was
oxidized from its ferric (Fe3+) form to the ferryl form (Fe4+) over time. Figure from
(D'Agnillo and Alayash 2002).
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Figure 13: Endothelial cell morphology changes due to treatment with Mb with or
without glucose oxidase.
Glucose oxidase (GOX) was added as a source of H2O2. Cells treated with Mb alone
demonstrated elongated morphology. Mb + GOX revealed loss of confluency and
membrane blebbing. Figure from (D'Agnillo and Alayash 2002).

In the work presented here, we are studying the effects of Mb delivery on solid
tumors. It is important to note that tumors have increased oxidative stress compared
with normal tissue (Oberley and Oberley 1997, Halliwell 2007). Therefore, the tumor
microenvironment may provide the ROS necessary to form the potent oxidant ferryl Mb.
Based on the previous studies described within this chapter, Mb may behave as
an O2 delivery vehicle, resulting in improved tumor oxygenation, or it may behave as an
oxidant that damages tumor vasculature, resulting in decreased tumor oxygenation.
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Another possibility is that Mb could scavenge NO, resulting in tumor vessel collapse.
Any of these mechanisms could prove valuable in the development of cancer therapies.
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1.4 Vascular Disrupting Agents
Over 30 years ago, Denekamp proposed a new approach to treating hypoxic
tumors (Denekamp 1984). Instead of improving oxygenation, she suggested that by
targeting the tumor vasculature and thus cutting off blood supply, tumor cell kill would
result. She noted that differences in properties of tumor vasculature versus normal
tissue may make tumor vessels more susceptible to treatment, as had been demonstrated
by hyperthermia. Denekamp et al demonstrated that vessel occlusion for 15 h or more
was required for tumor control (Denekamp, Hill et al. 1983). As pictured in Figure 14,
Denekamp showed that a single endothelial cell subtends thousands of tumor cells.
Thus, if an entire vessel is cut off, there would be an avalanche of tumor cell death
(Denekamp 1984). This idea has since been used to create a new class of drugs termed
vascular disrupting agents (VDAs).
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Figure 14: Cutting off blood supply from a small vessel segment leads to death of
thousands of tumor cells.
Denekamp’s proposed mechanism for tumor cell death as described in 1984. Figure from
(Denekamp 1984).

As opposed to increasing tumor oxygenation as described previously, VDAs
completely cut off blood supply. It is possible that Mb could behave as a VDA, resulting
in tumor vascular damage due to its NO scavenging and oxidant properties. Therefore, a
thorough understanding of VDA therapies could prove beneficial in understanding the
tumor effects of Mb in vivo.
Treatment with VDAs results in decreased tumor blood flow immediately
following administration, typically with almost complete shutdown of flow within
hours, resulting in ischemia and tumor necrosis (Thorpe 2004, Tozer, Kanthou et al.
2005, Siemann 2011). Blood flow must be diminished for at least 60 minutes to result in
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hemorrhagic necrosis (Tozer, Kanthou et al. 2005). This sustained shutdown in flow is
essential to the VDA mechanism. While decreased blood flow is also observed in normal
tissue, flow is still present and returns to baseline by 24 hours (Clémenson, Chargari et
al. 2013).
The tumor-specificity could be due to several characteristics of tumor
vasculature, as discussed earlier. New and rapid tumor vessel growth leads to poorly
developed vessels, often with discontinuous endothelial layers, fewer smooth muscle
cells and pericytes, and abnormal basement membrane. This results in increased
vascular permeability and increased interstitial fluid pressure. The chaotic vascular
network causes high resistance to blood flow (Tozer, Kanthou et al. 2005, Siemann 2011).
Therefore, additional decreases in perfusion due to VDA treatment could lead to
shutdown of tumor blood flow (Tozer, Kanthou et al. 2005).
In addition, tumor endothelium is a desirable target for several reasons. First, it
is possible to specifically target proliferating tumor ECs due to certain cell markers.
Also, tumor ECs have increased permeability and rely on tubulin to maintain their
shape (Thorpe 2004, Tozer, Kanthou et al. 2005). Therefore, tumor vessels are more
susceptible to increases in permeability. Also, tubulin can be targeted in order to cause
changes in EC morphology, thus affecting the vascular structure. By targeting the
vasculature as opposed to the tumor cells themselves, tumors are less likely to acquire
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resistance to therapy. This is because ECs are stable, homogeneous, and don’t mutate
(Clémenson, Chargari et al. 2013).

1.4.1 Antiangiogenic Agents vs. VDAs
Angiogenesis inhibiting agents (AIAs) are similar to VDAs in that they both
target tumor vasculature. However, they have different targets, require different dosing,
and result in very different outcomes (Table 4). AIAs target the rapidly proliferating ECs
of angiogenic tumor vasculature. In this way, they prevent growth of new vessels and
lead to vascular normalization. This vessel normalization results in improved
oxygenation and perfusion, for enhanced efficacy of RT and chemotherapeutic drug
delivery (Clémenson, Chargari et al. 2013).
Vessel normalization is described in Figure 15. The most common target for
antiangiogenic therapy is vascular endothelial growth factor (VEGF), as it is critical to
angiogenesis and the survival and proliferation of ECs (Jain 2005, Clémenson, Chargari
et al. 2013). In normal tissue, the expression of pro- angiogenic and anti- angiogenic
signals are balanced (left column of Figure 15). However, when angiogenesis is triggered
during tumor growth, the balance shifts, and the tumor vasculature becomes abnormal,
with poor pericyte coverage, unusual basement membrane, leaky vessels, and
heterogenous vascular density (second column Figure 15). By treating with an antiangiogenic agent such as an anti-VEGF antibody, the balance between pro- and antiangiogenesis is returned, leading to normalized vasculature (third column of Figure 15).
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Blocking the VEGF pathway leads to pruning of immature and leaky vessels and
remodels the remaining vasculature into a more normalized network. This counterintuitive effect results in improved perfusion and decreased interstitial pressure with
better drug penetration and oxygenation, as well as decreased vessel permeability.
However, if the balance is tipped towards anti-angiogenesis signals, the vasculature
becomes fragmented with little to no pericyte and basement membrane coverage.
Vascular density is low and the tumor becomes hypoxic with poor drug penetration
(right column of Figure 15) (Jain 2005).
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Figure 15: Vessel normalization due to antiangiogenic therapy.
A) Normal tissue vasculature is shown on the left, with the typical chaotic tumor
vasculature (“Abnormal”) shown to the right. Following tumor treatment with
antiangiogenic therapy, the abnormal structure becomes “Normalized” as the pro- and
anti- angiogenic signals balance. However, if there is an imbalance with more
antiangiogenic signals, the vessel network becomes inadequate. B) On the left is a twophoton image of normal skeletal muscle blood vessels. The subsequent 3 images are
following anti-VEGFR2 treatment of a human colon carcinoma in a mouse at days 0, 3,
and 5, respectively. C) Renderings showing the changes in pericyte (green) and
basement membrane (blue) coverage during normalization. D) Balance of pro- and antiangiogenic signals. Figure from (Jain 2005).

This final, vessel destroying result may seem ideal for tumor killing, but has
proven difficult to carry out in vivo. At the doses required for vascular damage leading
to tumor regression, antiangiogenic therapy is toxic to cardiovascular, endocrine, and
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neural systems (Jain 2005). Therefore, there must be optimization of AIA treatment to
favor the “normalization window”. This is where oxygenation and drug delivery are
maximized, making the tumor more susceptible to radiation and chemotherapies. If the
balance tips towards vascular regression, the tumor will become more resistant to these
therapies (Jain 2005).
Bevacizumab is an anti-VEGF therapy that was approved by the FDA in 2004
(Clémenson, Chargari et al. 2013). It has proven successful in increasing survival of
patients with colorectal cancer. However, this therapy can have some systemic effects, as
demonstrated by increased risk of arterial thromboembolism (Jain 2005). Metastatic
breast cancer indication for bevacizumab was removed by the FDA in 2010, citing that
life expectancy and quality of life were not improved and treatment was not worth the
safety risks (Montero, Escobar et al. 2012).
A summary of the differences between AIAs and VDAs is provided in Table 4.
In contrast to AIAs, VDAs target already established vessels, with immediate loss of
tumor blood flow. This allows for acute administration of VDAs while AIAs require
treatment over time. The two therapies are very disparate in mechanism: VDAs
completely cut off blood supply to the tumors, causing tumor cell death within the
tumor core; AIAs normalize vasculature, thus improving blood supply (Siemann 2011,
Clémenson, Chargari et al. 2013). Finally, VDAs tend to be more effective against large
tumors due to the immaturity of the vasculature. AIAs tend to be more effective in the
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periphery of the tumor where new vessels are forming. Despite these differences, both
approaches benefit from combination therapy. For AIAs, an increase in tumor perfusion
allows for improved response to radiation and chemotherapies (Jain 2005). For VDAs,
while the tumor core necroses, the surviving viable tumor rim must be targeted with
additional treatment, as described later. These physical differences following the two
vascular-targeting therapies are depicted in Figure 16.

Table 4: Preclinical Differences between VDAs and AIAs.
Tumor Vascular Disrupting Agents

Antiangiogenic Agents

Administered acutely

Administered chronically

Disrupt the established tumor vasculature

Inhibit neovascularization

Cause vessel occlusion and inhibition of
blood flow

Induce vascular normalization with initial
improved tumor blood flow

Cause extensive tumor necrosis

Prevent or limit tumor growth

Particularly active in peripheral tumor
locations where nascent vessels are more
predominant
Table taken from (Siemann 2011).

Particularly active against large tumor
masses, causing extensive central necrosis
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Figure 16: Vascular and tumor effects following treatment with vascular disrupting
agents (VDAs) and anti-angiogenic agents (AIAs).
VDAs disrupt existing tumor vasculature, resulting in central tumor necrosis
surrounded by a viable rim. AIAs target neovascularization, inducing vessel
normalization. Figure from (Siemann 2011).

1.4.2 Ligand-Based VDAs
One approach to disrupting tumor vasculature is to target upregulated vessel
markers, such as those listed in Table 5. These can be targeted through the use of
antibodies, peptides, or growth factors (Thorpe 2004, Clémenson, Chargari et al. 2013).
These targeting ligands can then be conjugated to toxins or pro-coagulants in order to
cause vascular damage.
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Table 5: Tumor vessel markers.
Class
Angiogenesis/vascular remodeling

Examples
VEGF receptors
VEGF:receptor complexes
αvβ3 integrin
PSMA
CD44-related antigen (TES-23)
Fibronectin ED-B domain
Collagen IV HUIV26 epitope
Endoglin
Endosialin
MMP2, MMP9
Cell Adhesion
VCAM-1
E-selectin
Prothrombotic change
Phosphatidylserine
Tissue factor
Infiltrating leukocyte-acquired
Eosinophil peroxidase
VEGF: vascular endothelial growth factor, PSMA: prostate-specific membrane antigen,
MMP: matrix metalloproteinase, VCAM: vascular cell adhesion molecule.
Table from (Thorpe 2004).

For example, targeting the extracellular domain of tissue factor to tumor vessels
induces thrombosis with the accumulation of platelets, red blood cells, and fibrin
(Thorpe 2004). This effect has been observed using antibodies and peptides against
VCAM-1, the ED-B domain of fibronectin, and PSMA. 72 h following treatment, central
tumor cells have died, leaving an amorphous, necrotic tumor core. Another possible
target for treatment are VEGF receptors, which are upregulated on tumor vessels. VEGF
– toxin conjugates have induced tumor regression in mice due to EC toxicity (Thorpe
2004). In addition to coagulants and toxins, anti-tumor cytokines can be targeted to
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tumor vasculature. This has been carried out through fusion proteins comprised of IL-2
or IL-12 and the L19 scFv against the ED-B domain of fibronectin. This therapy was
effective against mouse primary tumors as well as lung metastases, and corresponded to
increased tumor levels of lymphocytes, macrophages, and natural killer cells due to the
cytokines stimulating an immune response (Thorpe 2004).
Another strategy is to use targeting nanoparticles to deliver a drug. PEGylated
liposomes coated with the L19 scFv against the ED-B domain of fibronectin were used to
encapsulate a cytotoxic drug for delivery to tumor vessels. This therapy resulted in
decreased tumor growth in mice (Thorpe 2004).

1.4.3 Small Molecule VDAs
Several small molecules have been discovered that have vascular disrupting
effects on tumors. These have been demonstrated in a variety of tumor types, including
orthotopic and ectopic implantation, and xenograft as well as syngeneic animal models
(Tozer, Kanthou et al. 2002). The small molecule VDA area is more developed than the
ligand-based VDAs, with several being studied clinically (Clémenson, Chargari et al.
2013). There are two types of small molecule VDAs: cytokine-inducing VDAs that cause
EC apoptosis, and tubulin-targeting agents that cause EC morphological changes. A
diagram of the possible mechanisms involved in the vascular shutdown and anti-tumor
effect of small molecule VDAs is provided in Figure 17.
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In vitro studies have been carried out in order to better understand why these
small molecules can shut down tumor blood flow. Following treatment in vitro, both
cytokine-inducing and tubulin-targeting VDAs can cause EC cytoskeletal changes,
resulting in changes in cell shape, as observed by fluorescence imaging. These changes
include the appearance of membrane blebbing. A bleb is an actin-lined membrane
protrusion that is associated with malformed focal adhesions (Tozer, Kanthou et al.
2005). In addition, by growing monolayers of ECs on permeable membranes, changes in
permeability could be studied, demonstrating that VDAs increase permeability, which
could lead to protein leakage in vivo. These possible effects are all shown in Figure 17.
If these EC changes occur in vivo, they could explain several effects observed
following tumor treatment. EC morphology changes and blebbing could increase
vascular resistance, thus decreasing tumor perfusion. In addition to morphological
changes, EC apoptosis has also been demonstrated with the cytokine-inducing small
molecule DMXAA, which could contribute to vascular shutdown in vivo. It is not
expected that this would be seen with tubulin-binding CA-4-P, as it would require long
drug exposure times to cause tubulin-dependent mitotic arrest (Tozer, Kanthou et al.
2005).
Figure 17 also depicts platelet activation and serotonin release. As the basement
membrane is revealed following EC changes, platelets are activated, releasing serotonin.
This may enhance the anti-vascular effects as serotonin behaves as a VDA, inducing
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actin stress fiber formation and reduction in tumor blood flow (Tozer, Kanthou et al.
2005). In addition, increased vascular permeability is associated with both classes of
small molecule VDAs. This leads to changes in the oncotic pressure gradient, which can
increase interstitial fluid pressure. Tozer et al suggest that the increased interstitial fluid
pressure can result in vessel collapse. However, Boucher and Jain have demonstrated
that as interstitial fluid pressure increases, the microvascular pressure increases as well,
preventing collapse. In addition, the high permeability of the vessels should maintain an
equilibrium between the two pressures (Boucher and Jain 1992). Nonetheless, this
increased permeability results in increased blood viscosity, slowing blood flow and
leading to RBC stacking (rouleaux). This triggers a positive-feedback process, as shown
in the figure, leading to further reduced blood flow. Active vasoconstriction is also
included as a contributing factor, as tumor-feeding arteriolar vasoconstriction has been
observed following treatment with CA-4-P (Tozer, Kanthou et al. 2005).
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Figure 17: Vascular changes following small molecule VDA treatment.
Endothelial cells undergo several changes following VDA treatment, including shape
change and blebbing, increasing vascular resistance. Vascular permeability increases,
leading to protein leakage and thus high interstitial fluid pressure. Water is lost from the
blood, increasing viscosity and causing RBC stacking. This creates a positive-feedback
loop that continues to reduce blood flow. Figure from (Tozer, Kanthou et al. 2005).

1.4.3.1 Cytokine-Inducing VDAs
Flavonoids are a class of compounds that have been used as cytokine-inducing
VDAs that cause EC apoptosis following treatment (Siemann 2011). Flavone acetic acid
(FAA) was the first flavonoid studied for its anti-tumor effects when it unexpectedly
demonstrated hemorrhagic necrosis in mouse tumors. The cytotoxicity was attributed to
shutdown of tumor blood flow (Tozer, Kanthou et al. 2005). However, this compound
showed clinical toxicity, and more active analogues were developed (Thorpe 2004,
Tozer, Kanthou et al. 2005).
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Figure 18: A) Structure of flavone acetic acid (FAA) and B) 5,6-dimethylxanthenone-4acetic acid (DMXAA).
Figure from (Tozer, Kanthou et al. 2005).

5,6-dimethylxanthenone-4-acetic acid (DMXAA) is a flavonoid with 16x more
dose-potency than FAA (Tozer, Kanthou et al. 2005). The two structures are shown in
Figure 18. The mechanism of action for DMXAA is still unclear. However, it has been
shown that DMXAA treatment results in tumor EC apoptosis within 30 minutes of
treatment (Siemann 2011) and subsequent tumor necrosis (Thorpe 2004). Neutrophils,
which induce EC damage during inflammation, are recruited to tumors. Activated
neutrophils have increased myeloperoxidase activity, resulting in damaging free
radicals, thus killing tumor ECs (Tozer, Kanthou et al. 2005, Siemann 2011). DMXAA
may also stimulate the production of tumor necrosis factor (TNF) from activated
macrophages, which can modify EC actin and permeability (Thorpe 2004). In addition, a
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burst of nuclear factor кB may lead to cytoskeletal changes in ECs (Thorpe 2004).
Nevertheless, the effect is complex and the mechanism requires further investigation.
1.4.3.2 Tubulin-Binding VDAs
Tubulin-binding compounds are also being applied as VDAs. These compounds
bind cytoskeletal tubulin, thus preventing tubulin polymerization. Depending on the
drug, this will result in morphological changes in the EC, or can kill tumor cells by
inhibiting mitosis. Tubulin-binding drugs that kill tumor cells are considered
chemotherapeutic agents, while the drugs that affect EC structure are VDAs
(Clémenson, Chargari et al. 2013). The distinction is made based on the primary
mechanism of tumor cell death. It seems that if the drug binds tubulin quickly and
reversibly, it is more likely to be a vascular disrupting agent. This is because sustained
concentrations of the agent aren’t required for EC cytoskeletal changes, but are
necessary for cytotoxic effects of mitotic arrest (Clémenson, Chargari et al. 2013).
As early as the 1930s, the tubulin-binding agent colchicine was found to cause
tumor hemorrhage and necrosis in both animals and humans, but has since proven too
toxic for clinical use (Tozer, Kanthou et al. 2002, Tozer, Kanthou et al. 2005).
Combretastatins are structurally related to colchicine, as shown in Figure 19.
Combretastatin A-4 (CA-4) is a potent tubulin-binding compound, but demonstrates
poor solubility. The sodium phosphate salt, CA-4-P is presented in Figure 19B. It is
cleaved to CA-4 in vivo and binds tubulin at or by the colchicine binding site. AVE8062
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and ZD6126 are two other commonly studied compounds that bind tubulin around the
colchicine site.

Figure 19: Structure of tubulin-binding A) colchicine and B) combretastatin A-4-P
(CA-4-P)
Figure from (Tozer, Kanthou et al. 2005).

Tubulin binding prevents tubulin polymerization, leading to changes in ECs,
including cytoskeletal rearrangement, actin stress fibers, and cell morphology changes.
Tumor blood flow is decreased, blood flow shuts down, and hemorrhagic necrosis is
observed. This effect also corresponds with increased vascular permeability (Tozer, Prise
et al. 2001, Tozer, Kanthou et al. 2002, Thorpe 2004, Tozer, Kanthou et al. 2005).
Histology as well as intravital imaging has provided insight into the progression
of events following treatment with CA-4-P. Histology has revealed that within hours of
treatment, vessels are filled with RBCs, indicating coagulation. Peripheral hemorrhaging
is also observed. In addition, as is seen with all VDAs, central tumor necrosis results
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(Tozer, Kanthou et al. 2002). In order to study the effects in real time, P22 tumors were
grown in dorsal skin fold window chambers of rats. Within 5 min of CA-4-P treatment,
blood flow reduced significantly, with velocity dropping to less than 5% of the starting
flow by 1 h, as measured using fluorescently-labeled RBCs (Tozer, Prise et al. 2001).
Small blood vessels disappeared quickly after treatment (Figure 20), with those that
returned by 1 h demonstrating little or no flow. There appeared to be fluid loss, as the
hematocrit increased, leading to RBC stacking. This could be related to the increased
vascular permeability (Tozer, Prise et al. 2001), which would cause changes in oncotic
pressure. Taken together, these vascular effects would enhance resistance to blood flow.
In addition, peripheral hemorrhage was observed, suggesting that primary vascular
damage of CA-4-P may be around the periphery, with secondary shut-down in the
tumor core (Tozer, Kanthou et al. 2002).
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Figure 20: Window chamber tumors demonstrating vasculature changes following
CA-4-P treatment.
P22 tumor-bearing rats were treated with CA-4-P and imaged over time. a)
pretreatment, b) 10-20 min post-treatment, c) 60 min post-treatment. Figure from (Tozer,
Prise et al. 2001).

The anti-tumor result of tubulin-binding VDAs consists of both direct and
indirect effects. The direct effects involve vascular damage due to EC changes; however,
this may be accompanied by several other events. Following treatment with CA-4-P,
leukocytes are recruited, similar to an inflammatory response. This includes neutrophils,
which produce damaging oxidants through myeloperoxidase, as mentioned earlier,
causing vascular damage and tumor cell death (Tozer, Kanthou et al. 2002).
In addition, NO may play an important role in the VDA mechanism. In the same
window chamber studies discussed above, a nitric oxide synthase (NOS) inhibitor, LNNA was administered continuously starting at 15 min prior to CA-4-P treatment. This
combination enhanced the vascular damage observed in rat P22 tumors (Figure 21). 1 h
following treatment, vessels were dilated and RBC stacking was observed (Tozer, Prise

66

et al. 2001). This involvement of NO is likely to be very complex: NO has been shown to
inhibit neutrophil activity, it may be involved in important redox reactions associated
with CA-4-P treatment, NO can interact with tubulin, and NO affects tumor blood flow
(Tozer, Kanthou et al. 2002).

Figure 21: Vascular effects of CA-4-P plus a NOS inhibitor in rat tumor window
chambers.
P22 tumor-bearing rats were treated with L-NNA followed by CA-4-P and imaged over
time. d,g) pretreatment, e,h) 10-20 min post-treatment, f,i) 60 min post-treatment. Figure
from (Tozer, Prise et al. 2001).

Window chamber studies have also been carried out in 4T1 tumor-bearing mice
treated with CA-1-P (Wankhede, Dedeugd et al. 2010). Using HbO2 saturation (HbSat)
mapping as described later (see 1.6.3), Wankhede et al were able to study the changes in
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tumor vascular oxygenation following VDA treatment. As seen in Figure 22, tumor
vessels begin to disappear within hours, corresponding to decreased oxygenation in the
HbSat images. Dark areas emerge in the brightfield images (stars), corresponding to
avascular regions. Similar imaging was carried out in the window chamber studies
presented in the experimental sections of this dissertation (see 3.3.7).

Figure 22: Window chamber images of 4T1 tumor-bearing mice treated with CA-1-P.
Brightfield images (left side of each panel) show the structural vessel changes following
treatment. The tumor border is outlined in A. Hb oxygen saturation is shown in the right
side of each panel. Arrows in G and H point to disintegrating vasculature and arrows in
I and J indicate a vessel that persists throughout all frames. The stars indicate avascular
regions. Figure from (Wankhede, Dedeugd et al. 2010).
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CA-4-P has also been shown to disrupt the signaling pathway of EC junctional
protein VE-cadherin, which contributes to the regression of young vessels (Siemann
2011). Additionally, the Rho signaling pathway has been implicated in the vessel
collapse observed with CA-4-P. This pathway increases actin polymerization, stabilizes
stress fiber formation, drives focal adhesion assembly, and redistributes junctional
proteins (Tozer, Kanthou et al. 2005). Inhibiting this pathway reduces the characteristic
increase in EC permeability following CA-4-P treatment in vitro, suggesting its
important role in the tumor response to tubulin-binding VDAs (Tozer, Kanthou et al.
2005).
Another consequence of tubulin-binding VDAs is the accumulation of RBCs at
the periphery of the tumor. 2-3 h following treatment with AVE8062, these RBCs have
been shown to lyse, resulting in thrombosis (Clémenson, Chargari et al. 2013).
It is important to emphasize that this therapy works primarily through vascular
effects. For instance, tumor cells raised to be resistant to tubulin-binding VDAs are still
susceptible to CA-4-P or AVE8062 treatment (Tozer, Kanthou et al. 2005, Clémenson,
Chargari et al. 2013). Using a CA-4-P derivative, Nihei et al demonstrated antivascular
effects and hemorrhagic necrosis in both VDA-resistant and wild type colon
adenocarcinomas in mice (Nihei, Suzuki et al. 1999).
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1.4.4 Nanoparticle VDAs
Another approach that is less widely used is delivery of VDAs by nanoparticles.
By packaging the drug into nanoscale delivery vehicles, potential systemic toxicities may
be avoided, as described in more detail in the following chapter. TNF is a potent VDA
that results in hemorrhagic necrosis and coagulation (Tozer, Kanthou et al. 2002). While
it has proven effective in isolated limb perfusion therapy, its maximum tolerated dose in
humans is too low for adequate response (Tozer, Kanthou et al. 2002, Shenoi, Iltis et al.
2013). Therefore, nanoparticle formulation for tumor-specific delivery would be ideal for
TNF therapy. Several approaches have been taken, including TNF-polymer conjugation,
liposomal encapsulation, and metallic nanoparticle conjugation (Shenoi, Iltis et al. 2013).
One example with demonstrated success in vivo is TNF conjugated to gold
nanoparticles (NP-TNF) (Paciotti, Myer et al. 2004, Shenoi, Iltis et al. 2013). Clinical trials
have demonstrated that this nanoparticle conjugation increases the maximum tolerated
dose of TNF by more than 3 times (Shenoi, Iltis et al. 2013). Animal studies have shown
that NP-TNF accumulates within MC38 colon carcinomas and LNCaP prostate
adenocarcinomas. The dramatic tumor effect seen in MC38 tumors is shown in Figure
23. Mice were treated with a control nanoparticle bound with albumin, or the NP-TNF.
The tumors treated with TNF nanoparticles had rapid and significant color change. The
authors emphasize that the control mice also experienced color change, but much more
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slowly (Paciotti, Myer et al. 2004). The mice treated with NP-TNF demonstrated delayed
tumor growth with less toxicity than free TNF.

Figure 23: Tumor color change following treatment with TNF nanoparticles.
MC38 tumor-bearing mice were treated systemically with control nanoparticles and
TNF bound gold nanoparticles. Dramatic tumor color change is observed within an hour
of treatment with TNF nanoparticles. Figure from (Paciotti, Myer et al. 2004).

Further studies into the mechanism of these particles revealed increased vascular
permeability within the first 2 h of treatment and decreased perfusion at 2-6 h in LNCaP
tumors in mice (Shenoi, Iltis et al. 2013). Fibrinogen was observed at 4 h following
treatment, suggesting thrombus formation. Unexpectedly, they did not see neutrophil
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recruitment associated with NP-TNF. This demonstrates that TNF has a direct effect on
tumor vasculature without requiring an acute inflammatory response (Shenoi, Iltis et al.
2013).

1.4.5 Combination Therapy
While VDAs have demonstrated dramatic tumor effect within minutes to hours
following treatment, none of these therapies have led to complete tumor response in
single doses on their own (Tozer, Kanthou et al. 2005, Clémenson, Chargari et al. 2013).
This is due to the remaining live tumor cells surrounding the necrotic core that continue
to grow.
1.4.5.1 Rationale for Combination Therapy
The viable rim is the population of tumor cells that survive VDA treatment,
forming a rim that surrounds the necrotic core (Figure 24). Following tumor vascular
shut-down, the center of the tumor is starved and necrosis occurs within hours. Up to
95% of the tumor can be eradicated this way (Clémenson, Chargari et al. 2013). The
reason that the rim survives is still unclear, but there are some possible explanations.
One likely contributing factor is that the surrounding normal tissue supplies oxygen and
nutrients to these cells. However, it seems that the periphery of the tumor is also less
sensitive to vascular disruption. There are smaller and fewer vessels in the center of
tumor, which would make it more sensitive to vascular damage (Tozer, Kanthou et al.
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2005). Nevertheless, the surviving viable rim will continue to grow, resulting in possible
delayed tumor growth, but not tumor cure.

Figure 24: H&E images of central necrosis and viable tumor rim following
VDA therapy.
A) Calu-6 lung cancer xenograft treated with ZD6126 and B) vehicle control. C) 100x and
D) 400x magnifications showing viable rim. N: necrotic, V: viable tissue. Figure from
(Siemann 2011).

For this reason, VDAs must be combined with a therapy that will eliminate this
peripheral area of the tumor. This area is better perfused and therefore has better oxygen
and drug delivery than the center of the tumor. Therefore, it is susceptible to more
conventional therapies such as radiation and chemotherapy. In this way, combination
therapy with VDAs is ideal: the VDA will kill the center, more therapy-resistant,
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hypoxic core, while the conventional therapy can target the better vascularized outer
rim. Another advantage to VDA combination therapy is that the side effects of the two
treatments are unlikely to overlap, as they have varying mechanisms of action
(Clémenson, Chargari et al. 2013).
1.4.5.2 Thermal Therapy + VDAs
VDAs have been shown to enhance response to thermal therapy. Horsman et al
have demonstrated delayed murine C3H mammary carcinoma growth with 41.5°C
hyperthermia (HT) in combination with CA-4-P, FAA, and DMXAA given 30 min – 6 h
prior to heating (Horsman and Murata 2002). This benefit is expected to be due to
decreased tumor blood flow following VDA treatment, as blood flow has been
correlated with response to HT.
NP-TNF therapy has also been combined with thermal therapy to show
enhancement of tumor necrosis and growth delay (Shenoi, Iltis et al. 2013). LNCaP
tumors showed increased areas of vascular stasis following both cryosurgery and HT.
VDA treatment was administered 4 h prior to thermal therapy.
1.4.5.3 Chemotherapy + VDAs
VDAs have most commonly been studied in combination with chemotherapy.
The motivation for this combination is that the VDA destroys the core of the tumor,
which is more resistant to chemotherapy due to low oxygenation, poor drug
penetration, and reduced tumor cell proliferation. The chemotherapy should be applied
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before or very shortly after VDA treatment so that drug delivery is not compromised
due to vascular damage (Siemann 2011). With the shut-down of tumor blood flow, the
drug can become entrapped within the tumor space, increasing tumor cell exposure,
potentially improving tumor cell kill (Siemann 2011).
Various studies have demonstrated the improvement of chemotherapeutics in
combination with the flavonoid DMXAA (ASA404) in MDAH-MCa-4 mouse mammary
tumors (Figure 25). Synergistic benefit and tumor cure has been shown with the
combination of paclitaxel and DMXAA in human xenografts. ZD6126 and CA-4-P have
also shown promise in combination with chemotherapeutic agents, demonstrating
reduction in viable rim and additive or synergistic tumor effects (Siemann 2011). It is
important to note that the benefit of chemotherapy plus VDA treatment generally does
not enhance the systemic toxicity of the drug (Siemann 2011).
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Figure 25: Dose modification factor of DMXAA in combination with chemotherapy.
Dose modification factor (DMF) = effect of (DMXAA + chemo) / effect of chemo alone.
The effect studied here was median growth delay (Siim, Lee et al. 2003). Therefore, a
DMF of 4.7 denotes that DMXAA increased median growth delay 4.7 times. Figure from
(Siemann 2011).

1.4.5.4 Radiation + VDAs
The combination of radiation therapy (RT) and VDAs has also shown promise in
enhancing RT anti-tumor effect. RT is more effective in oxygenated tissue areas, so by
treating with VDAs to destroy the center, hypoxic areas of the tumor, plus RT to target
the more perfused outer rim, potentially the entire tumor could be treated. However, it
is important to consider other effects of RT, including improvements in tumor blood
flow, which could decrease intratumoral pressure and affect tumor response to VDAs.
RT can also activate HIF-1 and VEGF, leading to increased angiogenesis. Taken together,
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these points emphasize the importance of optimizing the dose and schedule of RT plus
VDA combination therapy (Clémenson, Chargari et al. 2013).
Horsman et al demonstrated improved response of C3H mammary carcinomas
following combination therapy of RT plus various VDAs. The TCD50s were reduced
when mice were treated with CA-4-P, DMXAA, or FAA 30-60 min following single dose
radiation (Horsman and Murata 2002). The TCD50 is the dose at which there is 50%
tumor control. Therefore, if TCD50 is reduced, less drug is required for the same effect.
KHT sarcomas in mice demonstrated an additive effect when treated with CA-4-P 0-1 h
following radiation, as determined by an in vivo / in vitro clonogenic assay and tumor
growth studies (Clémenson, Chargari et al. 2013). KHT tumors were more sensitive to
this therapy than C3H tumors, demonstrating that not all tumors are equally susceptible
to VDA treatment. Timing between RT and DMXAA treatment proved important in
various studies, revealing a more than additive effect in mouse fibrosarcomas and
mammary tumors when DMXAA was administered 5 min following radiation. If
DMXAA was given prior to RT, a negative effect was observed. ZD6126 has also been
studied extensively in combination with RT, demonstrating that KHT tumor response is
best when RT is followed1 h later by the VDA. These studies demonstrate the
importance of timing between RT and VDA treatment. Typically, best results are
observed when the VDA is administered within a few hours following RT. Worse
outcomes were seen when VDAs were given prior to RT. This could be due to hypoxia
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following vascular shut-down, which causes radioresistance (Clémenson, Chargari et al.
2013).
In addition, the tumor size is important in predicting outcome. Rat
rhabdomyosarcomas were treated with RT 24 h following CA-4-P treatment. Large
tumors demonstrated at least an additive effect of the combination therapy while the
smallest tumors revealed no difference between RT alone and the combination. This is
an exciting result, in that large tumors are typically more resistant to RT (Clémenson,
Chargari et al. 2013). Fractionated radiation has also been studied with VDAs, as this is
more clinically relevant. The typical dosing regimen includes VDA delivery 1 h
following the last dose of RT, with at least 24 h between VDA treatment and the next
fraction. Importantly, none of these studies report increases in RT-induced normal tissue
damage (Clémenson, Chargari et al. 2013).
It has also been suggested that triple combination therapy could be beneficial to
tumor response. Horsman et al demonstrated further decreased TCD50s in mouse
tumors treated with RT plus VDA as discussed earlier, followed 4 h later by 1 h of
41.5°C HT (Horsman and Murata 2002). Another approach could be combining RT and
VDAs with antiangiogenic therapy, as it is known that RT triggers HIF-1 and some
research has demonstrated HIF-1 accumulation following VDA therapy (Clémenson,
Chargari et al. 2013).
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1.4.6 Clinical Studies
Clinical studies have been carried out on several VDA therapies. These are
primarily in combination with chemotherapy. A summary of clinical trials as of 2013 is
provided in Table 6.

Table 6: List of clinical studies with vascular disrupting agents.

Taken from (Clémenson, Chargari et al. 2013).
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While many demonstrate promise, several studies have been terminated due to
side effects. Dose-limiting side effects of CA-4-P include cardiotoxicity and motor
neuropathy while DMXAA treatment has shown significant neurological effects (Tozer,
Kanthou et al. 2005). ZD6126 clinical trials were stopped due to cardiotoxicity. Trials of
DMXAA in combination with docetaxel or paclitaxel for non small cell lung cancer
(NSCLC) were halted due to no evidence of benefit (Clémenson, Chargari et al. 2013).
Nevertheless, the therapeutic benefits of CA-4-P and DMXAA have both been
confirmed clinically (Tozer, Kanthou et al. 2005). DMXAA in combination with
docetaxel for metastatic prostate cancer resulted in improved tumor response. DMXAA
in combination with standard therapy for NSCLC improved tumor response rate and
median survival compared with carboplatin and paclitaxel treatment. In addition, CA-4P has shown improvement in survival when in combination with carboplatin, paclitaxel,
and bevacizumab for NSCLC (Clémenson, Chargari et al. 2013).
CA-4-P has also been combined with RT in phase Ib clinical trials for NSCLC,
prostate adenocarcinoma, and head and neck squamous cell carcinoma. The
combination therapy does not significantly increase RT toxicities, but has not yet been
studied for efficacy (Ng, Mandeville et al. 2011, Clémenson, Chargari et al. 2013).
Another study was started with CA-4-P in combination with RT, doxorubicin, and
cisplatin to treat anaplastic thyroid cancer, but has since been terminated (Clémenson,
Chargari et al. 2013).
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Clinical trials demonstrate the potential for VDAs in combination with various
therapies. However, there are significant toxicities, and inconsistent treatment outcomes.
A better understanding of the mechanisms of VDAs will lead to better design of
treatment regimens.

1.4.7 Predicting and Monitoring Response to VDA Therapy
Monitoring vascular properties may prove important in predicting outcome to
VDA therapy. Indeed, it has been shown that tumors with high permeability prior to
treatment have better response (Tozer, Kanthou et al. 2005). Clinically, tumor
permeability and perfusion can be studied by DCE-MRI. Contrast is enhanced in tumors
with high permeability, interstitial space, and perfusion (Thorpe 2004). Contrast
decreases within minutes to hours following VDA treatment, and is dose-dependent
(Thorpe 2004, Siemann 2011). A larger decrease in contrast correlates with improved
tumor response (Thorpe 2004). PET is another potential technique for measuring tumor
perfusion. In addition, tumor oxygenation can be imaged using 19F MRI and nearinfrared Hb saturation in order to monitor treatment effects (Thorpe 2004).
As VDAs result in significant tumor vascular damage, blood draws could be
beneficial in treatment monitoring. Serotonin is released by platelets, and its metabolites
can be measured in blood samples. Also, circulating ECs have been shown to increase
following treatment with ZD6126. ECs in the blood more than double 4-6 h following
treatment in a phase I trial (Thorpe 2004).
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As demonstrated by varied VDA treatment outcome depending on initial tumor
vessel permeability, it is important to note that not all tumors are equally sensitive to
VDA therapy. For example, treatment with the combretastatin OXi4503 demonstrated
significant vessel disruption, decreased tumor oxygenation, and subsequent tumor core
necrosis in 4T1 mammary carcinomas in mice (Wankhede, Dedeugd et al. 2010).
However, the same treatment in Caki-1 human renal cell carcinomas revealed very little
vessel damage and no central necrosis. These results emphasize the need to better
understand the mechanism of the various types of VDAs, and how treatment can be
tuned to tumor stage and type.
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1.5 Polymersomes
In the work presented here, polymersomes are used as nanoscale vehicles for
delivery of Mb to tumors. The polymersomes are also loaded with hydrophobic
fluorophores in order to study their pharmacokinetics and tumor accumulation. As
discussed in this section, polymersomes provide the flexibility to be engineered to meet
a variety of needs. They demonstrate accumulation within tumors and can deliver both
hydrophilic and hydrophobic compounds. These characteristics make them ideal for
delivery of Mb to tumors with simultaneous imaging.

1.5.1 Enhanced Permeability and Retention Effect
Selective tumor targeting of chemotherapeutics reduces systemic toxicity
associated with conventional chemotherapy by minimizing exposure of normal tissue to
the drug, while also increasing accumulation of drug within the tumor (Iyer, Khaled et
al. 2006, Alexis, Pridgen et al. 2010, Wang, Langer et al. 2012). Additionally, targeting
imaging agents to solid tumors could advance early diagnostics (Alexis, Pridgen et al.
2010). One approach is to passively target tumors by taking advantage of the enhanced
permeability and retention (EPR) effect observed in most solid tumors (Figure 26). The
EPR effect is a consequence of tumor angiogenesis, which produces tumor vasculature
with irregular architecture and fenestrated endothelium (Iyer, Khaled et al. 2006). The
tumor vessels are therefore permeable, allowing for extravasation of macromolecules
and nanoparticles out of the circulation and into the tumor interstitium, where they
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remain due to insufficient lymphatic drainage and slow venous return (Iyer, Khaled et
al. 2006, Peer, Karp et al. 2007, Alexis, Pridgen et al. 2010, Wang, Langer et al. 2012).
Table 7 lists anatomical and chemical factors responsible for the EPR effect in solid
tumors.
Since the EPR effect was first discovered (Matsumura and Maeda 1986),
nanoscale delivery systems have been engineered to take advantage of this unique
characteristic of the tumor vasculature. These diagnostic and therapeutic nanomaterials
include liposomes, micelles, and polymeric nanoparticles, which ideally display
prolonged circulation times to facilitate tumor accumulation (Peer, Karp et al. 2007).
Studies have demonstrated that particles as large as 400 nm or larger can accumulate
within tumors, dependent on tumor type and location, due to the large pores in tumor
vasculature (Yuan, Dellian et al. 1995, Hobbs, Monsky et al. 1998). The ideal
nanoparticles for tumor delivery will be within 20-100 nm in diameter. Particles smaller
than this will be filtered by the kidneys, and can also leak back into the tumor
vasculature to be cleared from systemic circulation (Duan and Li 2013). Larger particles
can be caught in the splenic sinusoids and liver fenestrations, which are about 150 – 200
nm (Duan and Li 2013).
A common method of enhancing nanoparticle circulation is the attachment of
poly(ethylene glycol) (PEG) to the surface of the particles, termed “PEGylation”
(Klibanov, Maruyama et al. 1990, Allen and Hansen 1991, Wu, Da et al. 1993).
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PEGylation and the invention of the “stealth” liposome are the result of decades of
research to improve the circulation and tumor accumulation of macromolecules and
nanoparticles (Klibanov, Maruyama et al. 1990, Allen and Hansen 1991, Wu, Da et al.
1993). PEG minimizes protein adsorption to the surface of particles, which would
otherwise tag them for cellular uptake by the mononuclear phagocytic system (MPS)
(Torchilin 2005, Torchilin 2011, Wang, Langer et al. 2012). The resulting increased
circulation times allow for enhanced accumulation of macromolecules and nanoparticles
within tumors, where they can remain for days to weeks (Iyer, Khaled et al. 2006).
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Figure 26: Representation of the enhanced permeability and retention (EPR) effect.
(i) Low molecular weight drugs (black dots) freely diffuse between the tumor
vessels and interstitium. As the drug is cleared quickly from the plasma, the tumor drug
concentration declines by 1 h. (ii) High molecular weight drugs and nanoparticles
(yellow/green circles) do not diffuse back into the blood stream, thus providing a
mechanism for tumor accumulation over time. Figure from (Iyer, Khaled et al. 2006).
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Table 7: Factors contributing to the EPR effect of macromolecules and nanoparticles
in solid tumors.

Table from (Iyer, Khaled et al. 2006).

1.5.2 Polymersomes as Drug Delivery Vehicles
A long-circulating delivery vehicle is the polymersome, a polymeric bilayer
vesicle (Meng and Zhong 2011). Amphiphilic block copolymers can self-assemble in
aqueous conditions into a variety of structures, including micelles, worm-like micelles,
and bilayer vesicles (polymersomes). The formation of vesicles depends primarily on the
hydrophilic fraction (f) of the copolymer. Larger hydrophilic fraction leads to micelles
while intermediate values produce vesicles (f ~ 0.3-0.4) (Bermudez, Brannan et al. 2002).
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Polymersomes are typically formed by the standard film rehydration methods used for
liposomes. A solution of polymer dissolved in organic solvent is placed on a surface,
such as glass or roughened Teflon. The solvent is evaporated, leaving behind a thin film
of polymer. An aqueous solvent is then added and the polymer swells, forming
lamellae, as it becomes hydrated (Battaglia and Ryan 2005). Depending on the polymer
structure, the temperature, and the amount of aqueous solvent added, the polymer
continues to swell, forming an interconnected sponge phase that transforms into vesicles
(Figure 27). These vesicles tend to have a bimodal size distribution, with rather
monodisperse small vesicles accompanied by larger vesicles (Battaglia and Ryan 2005).
They can be manipulated further by extrusion through porous membranes to create
polymersomes of a desired size with monodisperse distributions.
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Figure 27: Hydration of a thin film of amphiphilic polymer, resulting in formation of
dispersed vesicles.
Phase transition of PEO-block-poly(oxybutylene) in water. Wcopolymer is the weight
percentage of copolymer in solution. Figure from (Battaglia and Ryan 2005).

As shown in Figure 28, the vesicle structure allows for loading of both
hydrophilic and hydrophobic compounds, the loading of which can be a limitation of
other nanomaterials (Alexis, Pridgen et al. 2010). While polymersomes have a vesicle
structure similar to liposomes, polymersomes also have several advantages over
conventional liposomes that derive from the polymer design. For instance, polymersome
shape and membrane thickness can be controlled by the structure and molecular weight
of the polymer (Antonietti and Förster 2003). Membrane thicknesses of up to 50 nm have
been reported; these are significantly greater than the 3-5 nm membranes achievable
through liposomal formulation, and facilitate the incorporation of large, hydrophobic
compounds (Antonietti and Förster 2003, Ghoroghchian, Frail et al. 2005, Ghoroghchian,
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Frail et al. 2005, Ghoroghchian, Lin et al. 2006, Ghoroghchian, Frail et al. 2007, Meng and
Zhong 2011). Furthermore, the degradation, fluidity, and stability of the vesicles, all of
which are limited in liposomes, can be engineered in polymersomes based on copolymer
composition (Bermudez, Brannan et al. 2002, Antonietti and Förster 2003, Meng and
Zhong 2011).

Figure 28: Comparison of liposome and polymersome structures.
Liposomes are composed of a bilayer of phospholipids while polymersomes contain
amphiphilic block copolymers. Liposomes must be PEGylated for “stealth” properties,
while polymersome copolymers may include PEG, providing a 100% dense PEG brush.
Both vesicle structures can encapsulate hydrophilic compounds within their aqueous
cores. Polymersomes have thicker hydrophobic membrane cores, providing a space for
loading of hydrophobic compounds.
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1.5.3 Types of Polymersomes
There are limitless possible types of polymersomes just by their definition. They
are typically composed of synthetic polymers, but can also be made from naturallyoccurring compounds. They can be made of more crystalline or more fluid polymers,
and their molecular weights can vary widely. They tend to be formulated with a
hydrophilic block of PEG, as this is a commonly used polymer for macromolecule and
nanoparticle delivery in vivo, as described earlier. Polymersomes can also be classified as
degradable or non-degradable, as presented here.
1.5.3.1 Non-Degradable Polymersomes
The two most commonly studied non-degradable polymersome formulations are
those composed of block copolymers of PEG plus poly(ethylethylene) (PEO-b-PEE) or
poly(butadiene) (PEO-b-PBD). Bermudez et al compared non-degradable polymersome
formulations composed of polymers of varying molecular weight. Using cryogenic
transmission electron microscopy, they found that as the molecular weight of the
hydrophobic block increased to over 10 kDa, the polymersome membrane core thickness
increased to over 20 nm. This is significantly greater than the 3-5 nm thickness observed
with liposomal formulations and provides a mechanism for loading large hydrophobic
compounds within polymersome structures (Bermudez, Brannan et al. 2002). Indeed,
large (2.1-5.4 nm) hydrophobic multiporphyrin fluorophores have been loaded into
these polymersome membranes for applications in in vivo near-infrared imaging
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(Ghoroghchian, Frail et al. 2005, Ghoroghchian, Lin et al. 2006, Ghoroghchian, Therien et
al. 2009).
1.5.3.2 Degradable Polymersomes
For many drug delivery applications, the ability of the vesicle to degrade is
desirable. As the nanoscale vesicles accumulate within the tumor, the polymersome can
be engineered to release therapeutic agent(s) over time, providing sustained drug
exposure. Also, if the degradation products on non-toxic, degradable polymersomes
provide the advantage of eventual complete removal from the body, as opposed to the
non-degradable formulations.
Polyesters are commonly used for biomaterial applications as they are easily
degradable via hydrolysis of the ester linkage. Diblock copolymers of PEG and
polyesters can self-assemble into polymersomes, as has been demonstrated with
poly(lactic acid) (PEO-b-PLA) and poly(caprolactone) (PEO-b-PCL) (Ahmed and Discher
2004) (Discher and Ahmed 2006). Ahmed et al demonstrated loading of the
chemotherapeutic doxorubicin within polymersomes using an ammonium sulfate
method commonly used for loading liposomes. By loading the polymersomes with
fluorescently labeled dextrans, the release of the encapsulants, dependent on vesicle
composition, could be studied. These studies demonstrated fast release kinetics for both
formulations and suggested that blends of degradable PEO-b-PLA or PEO-b-PCL and
non-degradable PEO-b-PBD may provide for more tunable properties (Ahmed and
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Discher 2004). They presented a hydrolysis-driven mechanism for release of
encapsulants, as shown in Figure 29 and Figure 30, where hydrolysis leads to poration of
the vesicles within hours, followed by disintegration of the polymersomes after days
(Ahmed and Discher 2004). The hydrophobic polymer is preferentially hydrolyzed from
the chain end, forming detergent-like amphiphiles that induce PEG-lined pores (Discher
and Ahmed 2006).

Figure 29: Mechanism of membrane hydrolysis and resultant poration, release of
encapsulants, and polymersome disintegration.
Blue: hydrophilic block of the copolymer, red: hydrolysable hydrophobic block. Figure
from (Ahmed and Discher 2004).
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Figure 30: Pore creation and subsequent worm-like micelle formation of PEO-b-PLA
polymersomes due to PLA hydrolysis.
Figure from (Discher and Ahmed 2006).

Doxorubicin loading within PEO-b-PCL polymersomes revealed two
mechanisms for release, dependent on pH. The first of these, dominating early in the pH
7.4 conditions, relied on drug permeation through the membrane. The second phase of
release, dominating at later time points at pH 7.4, but acting as the primary source of
drug release at pH 5.5, was due to polymer matrix erosion (Ghoroghchian, Li et al. 2006).
Polymersomes formulated from PEO-b-PCL and PEO-b-poly(methyl
caprolactone) (PEO-b-PMCL) have been shown to efficiently load both large
hydrophobic compounds within their membranes and hydrophilic molecules within
their aqueous cores (Ghoroghchian, Li et al. 2006, Ghoroghchian, Frail et al. 2007). Large
multiporphyrin fluorophores (Ghoroghchian, Frail et al. 2005) have been successfully
loaded within these polymersome membranes, revealing excellent optical properties as
discussed later (Ghoroghchian, Frail et al. 2007).
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In addition to polyesters, polymersomes composed of polypeptides have been
used as degradable vesicles. As peptides are naturally occurring compounds, they have
the advantage of being completely biocompatible and biodegradable. For example,
poly(L-lysine)-b-poly(L-pheynlalanine) polymers are able to self-assemble into bilayer
vesicles (Sun, Chen et al. 2007, Levine, Ghoroghchian et al. 2008).
Polymersomes can also be engineered for triggered dissolution in specific
conditions, such as the acidic and reductive environment of an endosome. For example,
polymersomes formulated from PEG and poly(2-vinylpyridine) (P2VP-b-PEO) dissolve
in acidic conditions due to protonation of the P2VP, as shown by optical microscopy of
single giant vesicles (Borchert, Lipprandt et al. 2006). Cerritelli et al were able to trigger
burst release within endosomes by linking the hydrophobic (poly(propylene sulfide))
and hydrophilic (PEG) components of a diblock copolymer with a disulfide bond. By
loading the vesicles with a hydrophilic dye at concentrations where the fluorescence was
quenched, they were able to image cellular uptake, disruption, and release of
encapsulants within 10 min of exposure to macrophages (Cerritelli, Velluto et al. 2007).

1.5.4 In vivo Polymersome Studies
As discussed earlier, there is a need for tumor-specific delivery of drugs that
show systemic toxicity. Polymersomes have shown promise as drug delivery vehicles,
providing for long circulation times, tumor-specific therapy, and improvements in
maximum tolerated doses.
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Photos et al compared the pharmacokinetics (PK) of polymersomes of various
compositions in order to study how the PEG molecular weight affects circulation times
(Photos, Bacakova et al. 2003). PEO-b-PEE and PEO-b-PBD polymersomes demonstrated
longer circulation times (τ1/2 ~ 15-28 h) than typically reported for PEGylated liposomes.
They attribute this to the dense PEG brush, providing more PEG content, thus increasing
their “stealthiness”. Circulation times tended to increase with increased PEG length.
Nevertheless, the polymersomes were still opsonized, leading to clearance through the
liver and spleen.
Levine et al demonstrated improvement over free doxorubicin in treating T6-17
xenograft tumors in mice by encapsulation within PEO-b-PCL polymersomes. The
tumor growth delay results were comparable to liposomal DOXIL® treatment (Levine,
Ghoroghchian et al. 2008).
Biodegradable polymersomes formulated by blending PEO-b-PLA and PEO-bPBD have been studied for paclitaxel and doxorubicin delivery to solid tumors (Ahmed,
Pakunlu et al. 2006). Doxorubicin was loaded into the aqueous core of the vesicles via a
pH-gradient method using citrate buffer. Paclitaxel, a hydrophobic compound, was
loaded within the polymersome membrane by addition of a methanol solution following
vesicle formation. Following i.v. treatment, these polymersomes exhibited long
circulation times and accumulated within xenograft MDA-MB231 mammary carcinomas
due to the EPR effect, with peak tumor accumulation at around 1 day. Treated tumors
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demonstrated increased apoptosis and decreased tumor size compared with free drug
controls. Loading within the polymersomes also increased the maximum tolerated dose
as compared with free drug due to encapsulation of the drug within the vesicles
(Ahmed, Pakunlu et al. 2006).
In addition to diblock copolymers, other interesting formulations have been
studied for in vivo applications of polymersomes. Jain et al have created an amphiphilic
polymer composed of three PEG chains attached to a single PLA chain (PEG3-PLA) that
self-assembles into polymersomes (Jain, Jatana et al. 2010). Amphotericin B, an antifungal drug with difficult formulation properties due to its amphiphilic nature, was
loaded within these vesicles. In vivo studies demonstrated improved toxicity profiles
and efficacy in immunosuppressed mice infected with Candida albicans compared to the
marketed micelle formulation (Jain, Jatana et al. 2010).
Polymersomes from naturally-derived compounds including polypeptides and
polysaccharides have been effective in vivo as well. Upadhyay et al studied the
antitumor activity of doxorubicin-loaded poly(γ-benzyl L-glutamate)-block-hyaluronan
polymersomes (Upadhyay, Mishra et al. 2012). The hyaluronan on the polymersome
triggers CD44 receptor-mediated endocytosis into CD44+ cancer cells. Therefore, this
formulation provides both passive accumulation due to the EPR effect in solid tumors,
as well as targeted uptake within the tumor cells. The doxorubicin-loaded
polymersomes demonstrated increased circulation compared with free doxorubicin, and
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accumulated with Ehrlich ascites tumors in mice. Mice treated with doxorubicin
polymersomes showed less toxicity, delayed tumor growth, and 6x increased survival
over free doxorubicin treatment (Upadhyay, Mishra et al. 2012). This study
demonstrates the effectiveness of polymersome drug delivery for tumor therapy and the
potential for targeted delivery and tumor cell uptake.

1.5.5 Polymersomes for Protein Encapsulation
As mentioned earlier, polymersomes have successfully been used to encapsulate
Hb for use as RBC substitutes. Rameez et al has studied both degradable (PEO-b-PCL
and PEO-b-PLA) as well as nondegradable (PEO-b-PBD) formulations, demonstrating
their efficient loading of Hb. Loading of proteins within the aqueous core of vesicles can
be difficult due to the large size of the compounds as well as their ability to denature.
Rameez et al found that the encapsulation efficiency of Hb decreased as the molecular
weight of the PEO increased, but did not differ between PCL and PLA polymers
(Rameez, Alosta et al. 2008). They also demonstrated that Hb was still able to bind and
release O2 within the vesicles, with slower kinetics than free Hb. By increasing the
membrane thickness of PEO-b-PBD polymersomes, the O2 offloading rate was decreased
(Rameez, Banerjee et al. 2012). This was attributed to increased membrane thickness
increasing resistance to O2 diffusion through the membrane. The encapsulated Hb was
also able to bind NO, demonstrating decreased NO dioxygenation rates compared with
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free Hb. This decrease was believed to be due to increased intravesicular diffusion
barrier (Rameez, Banerjee et al. 2012).
In the work presented in this dissertation, PEO-b-PBD polymersomes have been
loaded with Mb for tumor therapy in vivo. These studies by Rameez et al provide
precedent for delivering O2 binding proteins within polymeric vesicles.
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1.6 Imaging Nanoparticles and the Tumor Microenvironment
The overall goal of this project is to modify the tumor microenvironment through
the delivery of Mb via nanoscale polymeric vesicles. In order to monitor the delivery of
polymersomes and the effects of treatment, various imaging techniques will be used. In
addition to delivering Mb, delivery of polymersomes to tumors and concurrent imaging
may prove beneficial in cancer diagnosis. As vascular changes are observed early on in
tumor development (Cao, Li et al. 2005, Hanahan and Weinberg 2011), the accumulation
of polymersomes within tumors due to the EPR effect may be taken advantage of for
cancer diagnosis before other commonly used diagnostics may be sensitive enough for
detection. The current methods for cancer diagnosis can be improved upon: functional
positron-emission tomography (PET) tracers are limited by the physiological use of the
agent, and magnetic resonance imaging (MRI) is limited by low sensitivity (Pichler, Kolb
et al. 2010, Ryu, Koo et al. 2012).

1.6.1 Nanoparticle Biodistribution and Pharmacokinetics
There is a need for easy, cost-effective, animal-sparing techniques for measuring
nanoparticle biodistribution and pharmacokinetics (PK).
1.6.1.1 Radioisotopes
Typically, the biodistribution and PK of nanoparticles are studied through the
use of radioisotopes. Particles are labeled before treating the animals. For PK
measurement, blood samples are taken at various time points. Following a multi-step
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procedure to dissolve blood cells and prepare the samples for measurement, the
radioactivities of the samples are measured to create a curve of blood concentration over
time (Liu, Dreher et al. 2006). For biodistribution studies, the animals must be sacrificed
at various time points, the organs collected, and tissues homogenized and measured for
radioactivity in order to quantify nanoparticle concentrations over time.
In the Upadhyay study described above, rabbits were used to measure PK with
radiolabeled (99mTc) free doxorubicin, doxorubicin polymersomes, and empty
polymersomes (Upadhyay, Mishra et al. 2012). By using larger animals, larger blood
volumes could be collected at several time points. The radioactivity in whole blood was
measured and PK curves were created. In order to measure biodistribution, a large
number of animals were studied. Mice were sacrificed at 4 different time points
following treatment, organs were collected, and radioactivities measured (Upadhyay,
Mishra et al. 2012). This study demonstrates the typical methods used for studying
biodistribution and PK in animals: several animals must be sacrificed at several time
points in order to acquire sufficient data. Radioisotopes provide a reliable method for
measuring polymersome concentrations, but come with their own concerns of
radiotoxicity.
1.6.1.2 Positron-Emission Tomography (PET) Imaging of Nanoparticles
PET is another option for monitoring nanoparticle distribution. However, this is
an expensive tool, has limited resolution, and once again requires the use of
101

radioisotopes. In addition, long term imaging is limited by the lifetime of the PET agent
(Smith 2009). Nevertheless, PET has high sensitivity and can be used for quantitative in
vivo imaging. Copper chelating agent DOTA has been grafted to poly(acrylic acid)block-polystyrene (PAA-b-PS) to form micelles. These micelles were crosslinked to
provide nanoparticle stability, and labeled with 64Cu for PET imaging, resulting in
efficient radiolabeling of nanoparticles (Sun, Xu et al. 2007). The same group has used
PEGylated PAA-b-PS micelles for PET imaging of nanoparticle biodistribution in vivo in
mice, demonstrating improved circulation with increasing PEG content (Sun, Hagooly et
al. 2008).
1.6.1.3 Computed Tomography (CT) Imaging of Nanoparticles
Another imaging technique is CT, which provides three dimensional imaging
with high resolution. By incorporating the contrast agent iodixanol into PEGylated
liposomes, the tumor vasculature has been imaged (Ghaghada, Badea et al. 2011). This
technique could be used for tumor diagnosis due to accumulation from the EPR effect,
and also provides for imaging of nanoparticle extravasation due to tumor “leakiness”
(Ghaghada, Badea et al. 2011).
1.6.1.4 Magnetic Resonance Imaging (MRI) Imaging of Nanoparticles
MRI has low sensitivity compared with PET and fluorescence imaging. However,
magnetic nanoparticles have been applied to image the liver and lymphatic system
clinically, demonstrating safety and effectiveness (Sosnovik, Nahrendorf et al. 2008).
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Iron oxide nanoparticles are especially popular, with hypointense images to monitor
delivery in vivo, and potential use in theranostics by combining imaging, drug delivery,
and hyperthermia (Choi, Liu et al. 2012). Iron oxide nanoparticles are being optimized to
improve stability and circulation times in vivo through the use of polymer coatings
(Choi, Liu et al. 2012).
In addition, magnetic nanoparticles can be incorporated into other nanoscale
delivery vehicles to monitor biodistribution in vivo. For example, 100- 400 nm
poly(trimethylene carbonate)-block-poly(L-glutamic acid) polymersomes have been
loaded with maghemite nanoparticles and doxorubicin for MRI monitoring and
triggered drug release (Sanson, Diou et al. 2011).
1.6.1.5 Optical Imaging of Nanoparticles
Another approach that is especially useful in small animal studies is optical
imaging. In the Ahmed study described earlier, where tumor accumulation of
doxorubicin / paclitaxel polymersomes peaked at around 24 h, the biodistribution was
determined by sacrificing the animals at various time points and looking at doxorubicin
fluorescence of tumor sections (Ahmed, Pakunlu et al. 2006). This method requires a
large number of animals and limits the number of time points that can be studied. In
contrast, PK was studied using animal-sparing small volume blood draws from the tails
of the mice. The plasma samples were then imaged on a slide under a microscope to
measure changes in fluorescence over time (Ahmed, Pakunlu et al. 2006).
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Photos et al used a similar method by labeling PEO-b-PEE and PEO-b-PBD
polymersomes with a commercially available membrane dye. Rats were treated i.v. with
polymersomes and orbital vein or tail vein blood draws were collected at various time
points. Plasma was then placed on a slide and fluorescence quantified using a
fluorescence microscope (Photos, Bacakova et al. 2003).

In vivo Near-Infrared Imaging
Near-infrared (NIR) labeling of polymersomes allows for imaging
biodistribution over time in vivo, without the requirement of animal sacrifice and organ
collection at various time points. The NIR window (650-900 nm) is ideal for relatively
deep tissue imaging of up to centimeters compared with the millimeter range of UV or
visible light. This is because as wavelength increases, tissue scatter decreases
significantly and photon absorption by endogenous hemoglobin diminishes (Weissleder
and Ntziachristos 2003). In addition, tissue autofluorescence is low, resulting in excellent
signal-to-noise ratio. By taking advantage of this inexpensive, easy to use imaging
modality, mice can be imaged through their entire tissue, allowing for critical studies in
polymersome biodistribution in vivo, non-invasively.
Christian et al demonstrated in vivo imaging of near-infrared (NIR) emissive
PEO-b-PBD polymersomes in mice (Christian, Garbuzenko et al. 2010). By blending an
anionic acrylic acid – PBD polymer with neutral PEO-b-PBD, the authors were able to
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compare biodistributions of ~100 nm polymersomes dependent on vesicle charge.
Polymersomes were labeled with a commercially-available DiR membrane stain.
Biodistribution was imaged in vivo over time, and at 24 h, the organs were removed and
fluorescence intensities were compared. They found that the neutral polymersomes
accumulated within the liver, spleen, and lungs of the mouse following i.v.
administration. The anionic polymersomes had significantly more uptake in the liver,
but much less accumulation in all other organs. This study also confirmed that there was
no dye transfer from the NIR-labeled polymersomes to RBCs, demonstrating that any
measured fluorescence in vivo was due to polymersome accumulation (Christian,
Garbuzenko et al. 2010).
In the work presented in this dissertation, polymersomes are labeled with a NIRemissive mutiporphyrin fluorophore (PZn3) for in vivo imaging. Previous studies have
demonstrated that up to 10 mol % of these large fluorophores can be easily loaded
within polymersome membranes, with minimal effect on the structure and mechanical
properties of the vesicles (Ghoroghchian, Lin et al. 2006, Ghoroghchian, Frail et al. 2007).
PZn3 and related ethyne-bridged oligo(porphinato)zinc(II)-based supermolecules (PZnn
compounds) possess large NIR emission dipole strengths, substantial radiative rate
constants, and low-energy high oscillator strength absorptive transitions that are ideally
suited for facile NIR excitation, while manifesting negligible photobleaching (Duncan,
Susumu et al. 2006, Duncan, Ghoroghchian et al. 2008, Ghoroghchian, Therien et al.
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2009). PZn3-loaded polymersomes define a family of organic-based, soft matter
nanoscale structures ideally suited for sensitive diagnostic applications and in vivo
optical imaging, because even modest PZnn loading (e.g., 5 mol %) of a nanosized vesicle
corresponds to dispersion of thousands of fluorophores, and they are derived from
natural biodegradable pigments (i.e., porphyrins) (Ghoroghchian, Frail et al. 2005,
Ghoroghchian, Frail et al. 2005, Wu, Lee et al. 2005, Ghoroghchian, Li et al. 2006,
Ghoroghchian, Lin et al. 2006, Christian, Milone et al. 2007, Ghoroghchian, Frail et al.
2007, Levine, Ghoroghchian et al. 2008, Ghoroghchian, Therien et al. 2009, Katz,
Eisenbrown et al. 2012).
PZnn-loaded polymersome compositions have been studied in vivo, supporting
their potential use in animal imaging (Levine, Ghoroghchian et al. 2008). Tatfunctionalized PEO-b-PBD polymersomes loaded with PZn3 have been used to track
dendritic cells (DCs) in vivo (Christian, Benencia et al. 2009). DCs were incubated with
NIR-emissive polymersomes and then injected into mice. In vivo whole body optical
imaging correlated well with ex vivo fluorescence of excised organs, demonstrating that
NIR fluorescence can be used to noninvasively study cell trafficking. Levine et al have
used whole body optical imaging to study the biodistribution of PZnn-loaded PEO-bPBD polymersomes over time. Following i.v. administration, the polymersomes can be
seen in the mouse liver and spleen, and within a subcutaneous tumor (Levine,
Ghoroghchian et al. 2008).
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1.6.2 Theranostics
Theranostics, the combination of therapy and diagnostics in a single device, is an
exciting new field that has gained a lot of attention in nanoparticle research (Kelkar and
Reineke 2011, Ryu, Koo et al. 2012). For example, MRI has been combined with various
treatments, including delivery of anticancer drugs, nucleic acids, and heat (Kim, Piao et
al. 2009, Kelkar and Reineke 2011). PET agents have also been loaded in multifunctional
nanoparticles for imaging the delivery of therapeutics with high sensitivity (Bartlett, Su
et al. 2007, Caldorera-Moore, Liechty et al. 2011, Kelkar and Reineke 2011). However, the
field of theranostics is still young and there is limited in vivo research. The polymersome
has promise in the future of theranostics as a device that can passively target tumor
tissue to deliver imaging agents as well as therapeutic compounds, potentially allowing
for diagnosis, monitoring, and treatment of cancer.

1.6.3 Window Chambers
Window chambers have been used for decades to study small animal tumors
(Palmer, Fontanella et al. 2011). An example of a dorsal skin fold window chamber is
presented in Figure 31. By removing the skin over the tumor and replacing it with a
glass coverslip, the scientist can observe changes in tumor vasculature and oxygenation
in real time. In addition to brightfield imaging of tumor vessels, the circulation and
extravasation of fluorescently labeled molecules and nanoparticles can be monitored.
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These studies allow for long-term monitoring as window chambers can be studied for
weeks on the same animal.

Figure 31: Dorsal skin fold window chamber, with tumor outlined by yellow circle.
Figure from (Sorg, Moeller et al. 2005).

1.6.3.1 Fluorescence Imaging for Nanoparticle Tracking
Window chambers allow for the microscopic imaging of tumor vessels and
administered fluorescent agents. Manzoor et al demonstrated that the delivery,
extravasation, and drug release from liposomes could be imaged in real time in vivo
(Manzoor, Lindner et al. 2012). FaDu human squamous cell carcinomas were grown in
the windows of nude mice. PEGylated temperature-sensitive liposomes were labeled
with FITC and loaded with doxorubicin. Mice were treated i.v. with a fluorescently
labeled dextran (2 MDa) in order to image the vasculature. They were then treated with
free doxorubicin or temperature-sensitive liposomes (TSL). Confocal imaging of the
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window chamber revealed that hyperthermia (HT) enhanced extravasation of free
doxorubicin. It also demonstrated that doxorubicin was released intravascularly due to
HT, and that this provided a mechanism for deeper drug penetration into the tumor
interstitium (Figure 32) (Manzoor, Lindner et al. 2012).

Figure 32: Window chamber fluorescent imaging of doxorubicin from temperaturesensitive liposomes (Dox-TSL).
Confocal images of FaDu tumors before and following i.v. administration of Dox-TSL.
TSLs were labeled with FITC (green), doxorubicin has autofluorescence (red). Top row:
no hyperthermia, bottom row: intravascular release of doxorubicin due to hyperthermia
of the window chamber. Scale bar 100 µm. Figure from (Manzoor, Lindner et al. 2012).

1.6.3.2 Hemoglobin Saturation
Hb spectral properties change depending on the oxygenation status of the
protein (Figure 33). Taking advantage of this, the Dewhirst lab has developed a
hyperspectral imaging technique for mapping the Hb content and O2 saturation
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throughout the window chamber (Sorg, Moeller et al. 2005). The window chamber is
illuminated with white light. The light that transmits is dependent on absorbance of the
blood and tissue, as well as tissue scattering. Within the 500-650 nm wavelength range,
the dominant absorber in blood is Hb. Therefore, by using a tunable filter, the
absorbance of oxyHb and deoxyHb can be measured at desired wavelengths. By using
the known extinction coefficients due to each absorber, the fraction of each can be
determined. This is done by solving the following model with a linear least-squares
regression:

Where Aλ is the absorbance at wavelength λ, I0 is the value of the reference light, I is the
value of the measured light, ελHbO2 and ελHbO-R are the extinction coefficients at
wavelength λ of oxyHb and deoxyHb, respectively, [HbO2] and [Hb-R] are the
concentrations of each Hb, L is the pathlength, and S is the pathlength-dependent
scattering term (Sorg, Moeller et al. 2005).
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Figure 33: Example of oxy and deoxyHb spectra used for calculating blood Hb
components.
Figure from (Sorg, Moeller et al. 2005).

By analyzing each pixel in the image over the range of wavelengths, a map of
HbSat can be created. An example of this is provided in Figure 34. When the mouse is
breathing air, the tumor vasculature tends to contain Hb with ~25-55% O2 saturation.
However, when the mouse breathes pure O2, the HbSat increases to ~70-100%. Thus, this
technique provides a tool for dynamically studying the oxygenation of tumor vessels
(Sorg, Moeller et al. 2005, Palmer, Fontanella et al. 2011).
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Figure 34: Tumor window chamber HbSat maps of a mouse breathing air and 100%
O 2.
Figure from (Sorg, Moeller et al. 2005).
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2 Specific Aim 1: Develop NIR imaging techniques for
studying the biodistribution and pharmacokinetics of
polymersomes
The goal for this project was to deliver Mb to tumors using nanoscale polymeric
vesicles. Therefore, tumor accumulation of polymersomes was studied. For this reason,
in vivo imaging of polymersomes has been optimized in the first aim. The hypothesis
was that polymersomes would have long plasma circulation times and accumulate
within tumors, as determined in vivo with near-infrared (NIR) imaging. Indeed,
polymersomes of various biodegradable and non-degradable formulations were shown
to circulate for extended periods, with half-lives ranging from 6 – 23 h. In addition,
polymersomes accumulated within solid tumors, with PEG-b-TCL polymersome
accumulation peaking at around 48 h following i.v. administration. These studies were
carried out using noninvasive NIR imaging to monitor biodistribution.
Pharmacokinetics (PK) analyses were carried out using a novel minimally invasive
method which allowed for several measurements of individual mice over time.
Therefore, this first aim supports the hypothesis that NIR imaging can be used to
demonstrate long plasma circulation and tumor accumulation of polymersomes.
This is the first comprehensive study of biodistribution and PK of both
degradable and non-degradable polymersomes. These polymersome formulations were
also studied for in vitro toxicity. It is also the first time that tumor accumulation of
polymersomes has been studied noninvasively over time in mice using NIR imaging. In
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addition, a novel PEG-b-TCL polymersome formulation was evaluated for tumor
delivery and in vivo toxicity.

2.1 Introduction
The goal of the first aim presented here was to study the biodistribution and PK
of NIR-emissive polymersomes using minimally invasive methods. This is important for
several reasons. First, conventional methods require large numbers of animals for
sacrifice at various time points. It would be ideal to minimize the number of animals
required for biodistribution and PK studies. In addition, studying a single animal over
time provides less variability in the data. Second, it is important to understand where
the polymersomes are distributed following i.v. administration, as the goal for this
project is to specifically target Mb to tumors. Finally, plasma circulation of
polymersomes will influence the tumor accumulation, as longer circulation leads to
enhanced nanoparticle tumor uptake (Iyer, Khaled et al. 2006). Therefore, a minimally
invasive technique for studying PK must be created.
Various polymersome formulations were studied for application as theranostic
materials. The polymer structures are provided in Figure 35. These include the
biodegradable polymers poly(ethylene oxide)-block-poly(ε-caprolactone) (PEO-b-PCL),
PEO-block-poly(γmethyl-ε-caprolactone) (PEO-b-PMCL), PEO-block-poly(trimethylene
carbonate) (PEO-b-PTMC), and the block copolymer composed of PEG and randomized
polymerization of caprolactone and trimethylene carbonate (PEG-b-TCL). These
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polymers are susceptible to hydrolysis, and thus can be degraded in vivo. The nondegradable polymer PEO-block-poly(butadiene) (PEO-b-PBD) was also studied.

Figure 35: Polymer structures for various polymersome formulations.

Poly(caprolactone) (PCL) is a degradable semi-crystalline polymer commonly
used in tissue engineering. It has been shown to be biocompatible and
nonimmunogenetic (Han, Branford-White et al. 2010). When bound to PEG as a block
copolymer, PEO-b-PCL forms bilayer vesicles. Various polymersome formulations were
studied in this dissertation as the polymer structure influences vesicle properties. For
instance, PEO-b-PCL creates vesicles with crystalline membranes, while PEO-b-PMCL
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polymersomes have fluid bilayers (Ghoroghchian, Frail et al. 2007). Poly(trimethylene
carbonate) (PTMC) is an amorphous, flexible polymer with good biocompatibility and
potential in tissue engineering scaffolds (Chapanian, Tse et al. 2009, Han, BranfordWhite et al. 2010). Notably, the degradation products of PTMC are non-acidic, which
may prove important in the tissue response to degradation and the stability of acidsensitive drugs, such as proteins, loaded within PTMC-derived polymersomes
(Chapanian, Tse et al. 2009). For these reasons, PEO-b- PTMC and the diblock tripolymer
PEG-b-TCL were studied here.
As described earlier, polymersomes were labeled with NIR-emissive multiporphyrin fluorophores for in vivo imaging. The PZn3 structures shown in Figure 36
were used for these experiments due to their proven optical properties when loaded
within a variety of polymersome structures (Ghoroghchian, Frail et al. 2007). Porphyrin
trimer fluorophores were chosen for their NIR emission around 800 nm. The short PEG
chains in PZn3 provide fluorophore solvation and stability within more polar block
copolymer membranes (i.e., PEO-b-PCL), while the more hydrophobic properties of
PZn3B provide ideal solvation and improved emission in apolar PEO-b-PMCL vesicles
(Ghoroghchian, Frail et al. 2007). These multiporphyrins can be efficiently loaded within
polymersome membranes, with thousands of fluorophores within each vesicle
(Ghoroghchian, Frail et al. 2007). The porphyrin-loaded polymersomes are highly
emissive with absorbance and emission in the NIR range for in vivo imaging.
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Figure 36: Schematic of polymersome structure, including membrane-loading of
porphyrin trimer. Structures of PZn3 and PZn3B are provided.

NIR-emissive polymersomes composed of these different polymers were
examined for toxicity as well as for biodistribution and PK in mice. The majority of the
work was carried out with PEG-b-TCL polymersomes, as these provided ease of vesicle
formation, demonstrated controlled release of hydrophilic encapsulants, and showed
promise for tumor delivery.

2.2 Materials and Methods
2.2.1 Polymer Synthesis
PEO-b-PBD (poly(butadiene (1,2 addition))-b-poly(ethylene oxide)) polymers
were purchased from Polymer Source, Inc (Dorval, Quebec). PEO-b-PMCL was
synthesized as described previously (Zupancich, Bates et al. 2006). PEO-b-PCL was
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synthesized by ring-opening polymerization as described below or purchased from
Advanced Polymer Materials (Dorval, Quebec).
2.2.1.1 PEO-b-PCL and PEO-b-TCL
ε-Caprolactone (CL, 1.9 g, Aldrich) was dried over calcium hydride (CaH2) at
room temperature for 48 h and distilled under reduced pressure. Monomethoxyl
poly(ethylene oxide) (MePEO, 2KDa, Fluka), featuring a terminal -OH group, was
purified by dissolution in tetrahydrofuran (THF), followed by precipitation into ether
and subsequent drying at 40 °C under reduced pressure (10 mm Hg) for 24 h. Polymer
grade 1, 3-trimethylene carbonate (TMC, Boehringer Ingelheim), stannous octoate
(SnOct2, stannous 2-ethylhexanoate, Sigma), and 1,6-hexanediol (Aldrich) were used as
received.
Ring-opening polymerization: MePEO was delivered to a flamed-dried flask
under argon. A known mass of each CL (5.7 mL) and / or TMC monomer (2.25 g) were
injected into the flask via a syringe. Two drops of SnOct2 were then added to the reaction
mixture. The flask was evacuated and immersed in an oil bath at 130 °C. An increase in
viscosity of the homogeneous mixture was evident as the polymerization reaction
progressed. After 24 h, the volatiles were removed; the recovered solid residue was
dissolved in methylene chloride (DCM), precipitated with cold methanol/hexane (4 °C),
and dried under vacuum. The resulting PEG-b-TCL copolymers were size fractioned by
HPLC and characterized by GPC and 1H-NMR spectroscopy in CDCl3.
118

2.2.2 Porphyrin Synthesis
The meso-to-meso ethyne-bridged tris[(porphinato)zinc]-based fluorophore
(5,15-bis[[5’,-10’,20’-bis[3,5-di(3,3-dimethyl-1-butyloxy) phenyl] porphinato) zinc(II)]
ethynyl]-10,20-bis[3,5-di(9-methoxy-1,4,7-trioxanonyl) phenyl]porphinato) zinc(II))
(PZn3) and 5,15-bis[[(5’,-10’,20’-bis[3,5-di(3,3-dimethyl-1-butyloxy) phenyl] porphinato)
zinc(II)]ethynyl]-10,20-bis-[(3,5-di(3,3-dimethyl-1-butyloxy) phenyl) porphinato] zinc(II)
(PZn3B) were synthesized as in (Susumu and Therien 2002) and (Wu, Lee et al. 2005).

2.2.3 Polymersome Formation
Polymersomes were created using established thin film hydration methods
(Ghoroghchian, Frail et al. 2005). Briefly, the diblock copolymer and porphyrin
fluorophore were dissolved in DCM at a molar ratio of 40:1. The polymer/porphyrin
solution was then placed on roughened Teflon and dried under vacuum overnight. The
films were hydrated with phosphate buffered saline (PBS, pH 7.4, 290 mOsm/kg). The
conditions for vesicle formation of each block copolymer used here are provided in
Table 8. Following hydration, the films were sonicated to facilitate removal from the
Teflon. The polymersomes were then subjected to 10 freeze/thaw cycles by submerging
in liquid nitrogen followed by sonication at elevated temperature. For monodisperse,
nano-scaled vesicles, the polymersomes were extruded (Lipex™ 10 mL thermobarrel
extruder) under elevated pressures and temperatures through polycarbonate
membranes (Nuclepore™, Whatman). Finally, the nanoscale polymersomes were
119

sterilized by filtration through a 0.45 µm syringe filter, concentrated to 5 mg/mL using
Millipore Amicon® Ultra centrifugal filter units (10k MWCO), and stored as aliquots at 20 °C. The OB18 and OB29 polymersome samples were provided by Vindico.

2.2.4 Polymersome Characterization Techniques
2.2.4.1 Dynamic Light Scattering
Dynamic light scattering (DLS) (DynaPro Titan; Wyatt Technologies) was used to
measure the hydrodynamic radius of PEG-b-TCL polymersomes. Using the Dynamics®
software, at least 60 measurements were made for each sample, and repeated once. The
histogram results were then averaged and the data are presented as percent intensity
versus hydrodynamic radius.
2.2.4.2 Absorbance
Aqueous suspensions (in PBS) of PZn3-loaded polymersomes were placed in 2 or
10 mm quartz optical cells and electronic absorbance spectra were collected for the
membrane-incorporated PZn3 fluorophore using a Shimadzu spectrophotometer. The
extinction coefficients of the PZn3-loaded polymersomes at 497 and 777 nm were
determined from known concentrations in PBS using Beer’s Law. Using the absorbance
spectra of PZn3-loaded polymersomes and the calculated extinction coefficients, the
polymersome concentrations (mg/mL) in unknown samples could be determined, based
on the initial loading ratio of polymer to PZn3. This could be done because, at these
molar ratios, approximately 100% of the PZn3 fluorophore is loaded within the
120

membranes of these vesicles (Ghoroghchian, Lin et al. 2006, Ghoroghchian, Frail et al.
2007). A correction factor was applied to remove scatter.
2.2.4.3 Fluorescence
Fluorescence spectra were measured on an Edinburgh FLSP920 equipped with a
Hamamatsu R2658 PMT; a Xe900 xenon arc lamp was utilized as the excitation source.
All spectra were corrected for spectral throughput and detector sensitivity based on
calibrations from a NIST calibrated light source provided by Edinburgh Instruments.
2.2.4.4 Cryo-Transmission Electron Microscopy
Aqueous polymersome suspensions (~3µL) were deposited onto Quantifoil R2/1
holey carbon TEM grids (Electron Microscopy Sciences, Q225-CR1) and blotted to create
a thin film (100-300 nm) within the humidity-controlled environment of an FEI Mark III
Vitrobot. The samples were then vitrified by plunging into liquid ethane. The grids were
stored in liquid nitrogen before being transferred to the Gatan cryogenic holder. The
samples were then imaged on a TEM (FEI Tecnai G2 TWIN, 200kV).

2.2.5 Release Studies
Polymersomes were loaded with carboxyfluorescein (CF, Sigma) for release
studies. PEG-b-TCL polymer/PZn3 films were made as described above, and then
hydrated with a solution of CF (80 mM, ~290 mOsm/kg adjusted with NaCl) for 1 h at 40
°C. At this concentration, the CF fluorescence is quenched within the polymersomes
(Meng, Engbers et al. 2005), but recovers upon CF release. Next, the hydrated films were
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sonicated to form vesicles, followed by 10 freeze/thaw cycles as described above. The
hydrodynamic radius, as measured by DLS, was approximately 100 nm. The
polymersomes were then diluted with PBS and concentrated by Millipore Amicon®
Ultra centrifugal filters (10k MWCO) to approximately 5 mg/mL. The suspensions were
finally passed through a ZebaTM desalting column (Thermo Scientific, 7k MWCO) to
remove free CF.
The CF polymersomes were immediately diluted 50x in PBS (pH 7.4) and
incubated at 37 °C. Polymersome solutions were sampled at various time points over 18
days and transferred into a 96-well black clear bottom plate. The fluorescence was
measured on a SpectraMax M5 plate reader (λex= 485 nm, λem= 517 nm, 495 nm emission
cutoff filter). CF concentrations were calculated based on a linear standard curve. At the
end of the study, the polymersomes were dissolved in 50% acetone to destroy the
particles and release any remaining CF and the fluorescence of each solution was
measured. The CF concentrations of the lysed polymersomes were considered 100%
release, to which all measurements were normalized. Results are presented as the
average percent release of 3 samples +/- standard deviation.

2.2.6 Cell Toxicity Studies
Human mammary epithelial cells (HMEC, Lonza CC-2551) were cultured in
MEGM (Lonza; +0.5% antibiotic/antimycotic, Sigma). Human umbilical vein endothelial
cells (HUVEC, Lonza CC-2517) were cultured in EGM-2 (Lonza; +1% antibiotic/
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antimycotic). 4T1 mammary carcinoma cells were cultured in DMEM (Gibco®; +1%
antibiotic/ antimycotic and +10% fetal bovine serum, Sigma). THLE-2 human normal
liver cells (ATCC, CRL-2706) were cultured in BEGM (Lonza; -gentamycin/
amphortericin, -epinephrine, +5 ng/mL epithelial growth factor, +10 ng/mL
phosphoethanolamine, +10% fetal bovine serum, +0.5% antibiotic/anitmycotic). Cells
were maintained at 37 °C with 5% CO2.
2.2.6.1 WST-1 Assay
The WST-1 reagent is cleaved to form soluble formazan by metabolically active
cells. Therefore, by measuring the absorbance of formazan in the cell media, cell
proliferation and viability can be assessed. Cells were plated in 24 or 48 well plates. 24 h
later they were treated with 25, 125, 250, or 450 µg/mL of polymersome solutions at 10%
of the total media volume. For 24 well plates, this was done by adding 100 µL of the
appropriate concentration of polymersomes in DPBS to 900 µL of media. 100 µL of DPBS
was added to the media for the control group. Cells were treated for 24 or 48 h. The cells
were then rinsed and new media added. 24 h later the tetrazolium salt WST-1 (Roche)
was added at 10% of the media volume. Following 0.5 – 4 h incubation, the absorbance
at 440 nm was measured, with a reference wavelength of 650 nm using a plate reader.
The background absorbance of media plus WST-1 reagent was subtracted from the
sample data, the data were normalized to the DPBS control, and the averages of 5 wells
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+/- standard deviation are presented. MatLab was used to carry out a Wilcoxon rank
sum test for significance between the DPBS control and each treatment group.
2.2.6.2 Clonogenic Assay
A modified clonogenic assay was used to study the toxicity of PZn3-loaded PEOb-TCL polymersomes. Cells were seeded in 12-well plates (3x104 HUVECs, 105 HMECs,
or 2x104 4T1s) and allowed to attach overnight. At 50-70% confluency, cells were treated
with 0, 25, 125, 250, or 450 µg/mL of 190 nm-diameter PEG-b-TCL polymersomes or 20
µg/mL cisplatin, a control known to kill cells, in media with 10% Dulbecco’s PBS (DPBS,
Gibco®). Following a 24 h treatment, the cells were rinsed with DPBS and trypsinized.
Trypsinized cells were collected, along with the cells in the initial media and the DPBS
rinse for each treatment, and then pelleted by centrifugation. All cells were resuspended
in media, counted, and plated into 6-well plates at lower density (300 HUVECs, 1000
HMECs, and 750 4T1s per well), then allowed to grow for 4-10 days. Colonies were
defined as containing at least 20 cells for HMECs and HUVECs, and 50 cells for 4T1s.
Cells were fixed (10% methanol and 10% acetic acid) and stained (2% crystal
violet in 20% ethanol for HMECS and HUVECs, and 0.4% crystal violet for 4T1s), and
then counted by hand or with a ColCount (Oxford Optronix) instrument. The resulting
colony numbers were normalized to the plating efficiency of each cell line (DPBS
control). Clonogenic assays were repeated for a total of 3 experiments, with 5-6
measurements for each experiment. Results are reported as average surviving fraction
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+/- standard error. One-way ANOVA was carried out to determine if there was any
polymersome dose-dependence for each cell line. An unpaired, 2-sided t-test was then
used to determine significance between each treatment and the DPBS control.

2.2.7 In Vivo Toxicity Studies
Animal studies were approved by the Duke University Institutional Animal Care
and Use Committee. Female BALB/c mice were used for all in vivo studies. Tail veins
were catheterized using 30G needles and heparinized saline. PZn3-loaded (2.5 mol%;
em(max) = 804 nm) PEG-b-TCL polymersomes (150 µL of 5 mg/mL polymer in PBS)
were administered i.v. (n=6 animals per formulation – i.e. 110 and 190 nm-sized
polymersomes). Mice were monitored for signs of toxicity (i.e., lethargy, absence of
grooming, weight loss). At 7 and 30 days post-treatment, 3 mice from each treatment
group were randomly selected and sacrificed. Organs were harvested and fixed with
formalin. Spleens, livers, and kidneys were then imaged for NIR fluorescence using the
IVIS® Kinetic (see below). Livers and spleens were embedded in paraffin, sectioned,
stained with hematoxylin and eosin (H&E), and histologically analyzed by a board
certified pathologist. Controls included an untreated mouse, as well as 2 mice treated
with 150 µL PBS.

2.2.8 In Vivo Imaging
Mice were studied for biodistribution and PK analysis using whole-animal NIR
optical imaging. Mice were imaged under 1.5-3% isoflurane at 2 L/min via nosecone.
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Two different systems were used throughout the course of this dissertation work: the LiCor Pearl® Impulse, and the Perkin Elmer IVIS® Kinetic. Female BALB/c mice were
shaved and hair was removed using Nair®.
2.2.8.1 Li-Cor Pearl® Impulse
Mice were anesthetized using isoflurane within the Pearl® Impulse small animal
imaging system. A catheter was inserted into the tail vein of the mouse, and fed out
through the door of the imaging system. Single mice were imaged at a time. While
collecting images using the 800 nm channel (λex= 785 nm, λem= 820 nm), mice were
treated i.v. with 100 or 150 µL of PEO(2 kDa)-b-PCL(14.6 kDa) polymersomes loaded
with 20:1 (polymer : porphyrin) PZn3. Mice were imaged while in the prone and supine
positions. Images were analyzed with the accompanying Image Studio Software. An
elliptical ROI was drawn within both the liver and spleen and fluorescence was
monitored over time.
2.2.8.2 Perkin Elmer IVIS® Kinetic
NIR imaging was conducted with an IVIS® Kinetic (Perkin Elmer, λex= 745 nm,
λem= 810-875 nm) equipped with a Xenogen XGI-8 Gas Anesthesia system. Fluorescence
images were analyzed with the Living Image® 4.2 software by measuring radiant
efficiency of regions of interest (ROIs). Radiant efficiency ([photons/s]/[µW/cm²])
corrects for non-uniform excitation and differences in exposure times, providing a
consistent measurement between samples (Corporation 2011).
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2.2.8.3 Ex Vivo Biodistribution
Mice were sacrificed with 50 µL intraperitoneal (i.p.) Euthasol®, and tissues were
removed for NIR fluorescence imaging. The tissues (bladder, bone, brain, cecum, colon,
eye, fat, heart, kidneys, liver, lungs, ovary and duct, small intestine, spleen, and
stomach) were placed directly on the imaging bed of the Pearl® Impulse or IVIS®
Kinetic. ROIs were drawn around each organ to quantify average fluorescence (Pearl®)
or radiant efficiency ([photons/s/cm2/sr][µW/cm2]) (IVIS®). An untreated mouse or a
mouse treated with DPBS was used as a control for these biodistribution studies. The
ratios of spleen/liver radiant efficiencies for each treatment were analyzed using an
unpaired, 2-sided t-test.

2.2.9 Pharmacokinetics Analysis
Mice received subcutaneous saline (5 mL/kg) at 1.5 h after treatment to avoid
dehydration from anesthesia and blood collection. Blood was collected at 1, 2.5, 4, 6, and
24 h post polymersome administration. Using a 5.5 mm lancet (Goldenrod), blood was
drawn (15-100 µL) from the submandibular vein and collected directly into heparinized
capillary tubes (Kimble). The capillary tubes were centrifuged for 3 min and
immediately imaged by placing them directly on the imaging bed of the IVIS® Kinetic.
The total radiant efficiency of the plasma in each capillary tube was measured in a ROI
of consistent dimensions.
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The standard curve for radiant efficiency versus polymersome concentration was
first determined by adding solutions of known concentrations of porphyrin-loaded
emissive polymersomes to untreated plasma and measuring fluorescence from the
capillary tubes. Polymersome concentrations in plasma samples were then calculated
based on this standard curve. PK results are plotted as plasma polymersome
concentration versus time.

2.2.10 Tumor Accumulation
2.2.10.1 Syngeneic Orthotopic 4T1 Mammary Carcinomas
Wild type 4T1 mouse mammary carcinoma cells or 4T1 cells constitutively
expressing RFP and inducible hypoxia-inducible factor 1 (HIF-1)-coupled GFP (Cao, Li
et al. 2005) were cultured in DMEM supplemented with 10% FBS and 1%
antibiotic/antimycotic. Cells were trypsinized and rinsed 3 times with DPBS and then
resuspended in serum-free DMEM. 100 µL of 5.5 x 106 cells/mL were injected into the
mammary fat pad of female BALB/c mice to generate the orthotopic mammary
carcinoma model.
The tumors reached 5-8 mm in diameter after 5-7 days, at which time the mice
were administered the nanoscale PZn3-loaded polymersomes i.v. and imaged as
described in the biodistribution study above. An ROI was drawn around the tumor at
each time point, with each mouse imaged in three different orientations, and the average
tumor radiant efficiency was plotted versus time. Mice were monitored for weight loss,
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tumor size, and mobility. Mice were sacrificed when weight loss exceeded 15%, tumors
inhibited mobility, or at the termination of the imaging study. Following sacrifice, the
organs and tumors were removed and imaged for fluorescence as described above. An
unpaired, 2-sided t-test was used to compare the ex vivo tumor/liver radiant efficiencies.
2.2.10.2 Fluorescence of Frozen Sections
4T1 tumors were harvested and frozen in optimum cutting temperature (OCT)
compound in the vapor phase of liquid N2. Frozen tissues were sectioned to 14 µm using
a cryotome and stored at -80 °C. Sections were thawed and imaged with the Li-Cor
Odyssey using the 800 nm channel with 21 µm resolution and the highest quality
setting.

2.3 Results
2.3.1 Polymersome Characterization
2.3.1.1 Polymersome Formulation
The polymers listed in Table 8 were used to formulate polymersomes. The
conditions used to create nano-scale vesicles are listed in the table as well. As can be
seen, PEO-b-PCL required the most severe conditions, with hydration temperatures over
65°C. In addition, these polymersomes could not be easily extruded through 100 nm
pore membranes, with extrusion through 200 nm pores requiring 500 psi and 65°C. PEOb-PMCL required somewhat milder conditions, with 50-60°C for hydration and
extrusion. PEO-b-PTMC can form nano-scale polymersomes without extrusion under
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mild conditions. PEO-b-TCL forms ~200 nm diameter polymersomes following
hydration, sonication, and freeze/thaw cycles at ~40°C. Finally, PEO-b-PBD easily forms
~200 nm vesicles without extrusion at 35°C.

Table 8: Conditions for forming polymersomes of various polymer compositions.
Polymer

Temperature (°C)

Extrusion
Pressure (psi)

PEO(2 kDa)-b-PCL(14.6 kDa)

Hydrate: 65-75, 8 h
Sonicate: 60-65
Extrude: 65-70
Hydrate: 65-75, 8 h
Sonicate: 60-65
Extrude: 65-70
Hydrate: 65-75, 8 h
Sonicate: 60-65
Extrude: 65-70
Hydrate: ~60, 1-2 h
Sonicate: 45-50
Extrude: ~50
Hydrate: ~50, 1-2 h
Sonicate: 45-50
Extrude: ~50
Hydrate: ~55, 1 h
Sonicate: 45-50
Extrude: N/A
Hydrate: 40, 1-2 h
Sonicate: 40
Extrude: ~40
Hydrate: 40, 1 h
Sonicate: 45
Extrude: ~40
Hydrate: 35, 3 h
Sonicate: 40, 1-2 h

200-250,
500 for 200 nm
pores
200-250,
500 for 200 nm
pores
150,
150 for 200 nm
pores
200-300,
500 for 200 nm
pores
200-300,
500 for 200 nm
pores
N/A

~150 nm

200

~300 nm

150 for 100 nm
pores

~200 nm

100,
250 for 100 nm
pores

~200 nm

PEO(1.1 kDa)-b-PCL(6.3 kDa)

PEO(1kDa)-b-PCL(4 kDa)

PEO(1.9 kDa)-b-PMCL(8.4 kDa)

PEO(2 kDa)-b-PMCL(9.7 kDa)

PEO(1.1 kDa)-b-PTMC(5.1 kDa)

PEO(1.1 kDa)-b-PTMC(6.2 kDa)

PEO(2 kDa)-b-TCL(11.2 kDa)

PEO(1.3 kDa)-b-PBD(2.5 kDa)

Diameter
prior to
extrusion

BD, PK

~500 nm

~500 nm

BD, PK

~400 nm

BD, PK

BD: biodistribution, PK: pharmacokinetics, tumor accum: tumor accumulation
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In vivo
studies

BD, PK,
tumor
accum.

2.3.1.2 Dynamic Light Scattering
Dynamic light scattering (DLS) was used to monitor vesicle size during
polymersome formation. Mean diameters for each polymersome formulation prior to
extrusion are listed in Table 8. Example DLS distributions are shown in Figure 37. In this
experiment, PEO-b-TCL polymersomes of 2 different diameters were formed in order to
compare their biodistributions and PK in vivo. The larger size was formed by extrusion
through a 400 nm pore membrane 5 times, resulting in an average hydrodynamic radius
of 95.5 nm (190 nm diameter formulation). A portion of this was then extruded 10 times
through a 200 nm pore membrane, followed by 3 times through a 100 nm pore
membrane, resulting in an average radius of 57.0 nm.

Figure 37: Dynamic light scattering (DLS) of the hydrodynamic diameter distributions
of PZn3-loaded PEG-b-TCL polymersomes following extrusion through a 400 nm
membrane (5 times) and a 100 nm membrane (3 times).
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2.3.1.3 Nuclear Magnetic Resonance
1

H-NMR confirmed the successful polymerization of PEG-b-TCL, as

shown in Figure 38. The polymer had a PEG:CL:TMC ratio of 45:72:26.

Figure 38: 1H-NMR of PEG-b-TCL polymer dissolved in CDCl3.
Distinguishable 1H peaks are labeled.
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2.3.1.4 Absorbance
An example absorbance spectrum of a suspension of PZn3-loaded polymersomes
is provided in Figure 39. Vesicle light scattering was subtracted from the spectrum. This
demonstrates the strong absorbance at ~490 nm and the NIR absorbance at ~780 nm.
These peaks shift slightly depending on the polymer formulation used, as shown
previously (Ghoroghchian, Frail et al. 2007); however, all emissive polymersomes
studied here had significant absorbance in the NIR region, which can be used for in vivo
imaging.

Figure 39: Absorbance of PZn3-loaded PEG-b-TCL polymersomes.

2.3.1.5 Fluorescence
An example fluorescence spectrum of PZn3-loaded polymersomes is given in
Figure 40. While this peak shifts slightly depending on the polymer used
(Ghoroghchian, Frail et al. 2007), all NIR-emissive polymersomes studied here had
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emission around 805 nm, which is ideal for in vivo optical imaging due to minimal light
scattering, tissue absorbance, and tissue autofluorescence. (Ghoroghchian, Frail et al.
2005).

Figure 40: Fluorescence of PZn3-loaded PEG-b-TCL polymersomes PBS (λex = 492 nm).

2.3.1.6 Cryo-Transmission Electron Microscopy

Cryogenic transmission electron microscopy (cryo-TEM) was used to
study the morphology of the nanostructures, confirming the generation of stable
vesicles in aqueous suspension. Two example cryo-TEM images are provided in
Figure 41, Figure 42, and Figure 43. Figure 42 especially demonstrates the thick

membranes of PEO(2 kDa)-b-PMCL(9.7 kDa) polymersomes, which were measured
to be around 17 nm. It is important to demonstrate that PEG-b-TCL forms nanoscale vesicles, as shown in Figure 43, since this is the first time this formulation
has been studied.
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Figure 41: Cryogenic transmission electron micrograph (cryo-TEM) of PEO(2 kDa)-bPCL(14.6 kDa) polymersomes.
The high molecular weight polymer formed vesicles with thick membranes. Scale bar
100 nm.

Figure 42: Cryogenic transmission electron micrograph (cryo-TEM) of PZn3B-loaded
PEO(2 kDa)-b-PMCL(9.7 kDa) polymersomes following extrusion through 200 nm
pores, confirming nano-scale vesicle structure.
Measurements from cryo-TEM images revealed a membrane thickness of ~17 nm. Scale
bar 500 nm.
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Figure 43: Cryogenic transmission electron microscopy (cryo-TEM) image of PEG-bTCL polymersomes, demonstrating vesicular structure.
Scale bar 500 nm.

2.3.2 Release Studies
Carboxyfluorescein (CF) was successfully loaded within PZn3-loaded PEG-b-TCL
polymersomes at 1-1.5 wt % of CF to polymer. As shown in Figure 44, CF was released
over 18 days in pH 7.4 PBS at 37 °C. Fluorescence measurements demonstrate a burst
release of approximately 13% of the encapsulated CF followed by a gradual release of
the water-soluble compound. By fitting an exponential decay curve, a half-life of release
of 9.8 days was found.
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Figure 44: Carboxyfluorescein (CF) release from PEG-b-TCL polymersomes in
PBS at 37 °C.
Data presented as average +/- standard deviation, n=3. Dotted line: y = Aexp(-kt) fit.

2.3.3 Cell Toxicity Studies
2.3.3.1 WST-1 Assay
Endothelial, epithelial, and liver cells were treated with PEO(2 kDa)-b-PCL(14.6
kDa), PEO(2 kDa)-b-PMCL(9.7 kDa), PEO(1.1 kDa)-b-PTMC(6.2 kDa), or PEO(2 kDa)-bTCL(11.2 kDa) at varying concentrations for 24 h or 48 h. The WST-1 results are
presented in Figure 45. The epithelial cells (HMECs) were the most sensitive to
treatment, with up to 30% reduction in metabolic activity observed with PEO-b-PMCL
treatment. However, none of these studies demonstrated dose-dependent toxicity of any
polymersome formulation.
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Figure 45: WST-1 proliferation assay results for 3 cell lines treated with 4 different
polymersome formulations.
HUVEC: human umbilical vein endothelial cells, HMEC: human mammary epithelial
cells, THLE: human normal liver cells. Data are normalized to DPBS control and
presented as mean of 5 wells +/- standard deviation. Each treatment group was
compared to the DPBS control using a Wilcoxon rank sum test. * p < 0.05.
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2.3.3.2 Clonogenic Assay
Clonogenic assays were carried out to determine cellular toxicity of PZn3-loaded
PEG-b-TCL polymersomes. As shown in Figure 46, slight toxicity was observed for
HUVECs (~79% surviving fraction for ≥125 µg/mL PEG-b-TCL vesicles, p<0.05), but this
was not significantly dose-dependent (p=0.17). Toxicity was not observed for 4T1 cells or
HMECs. Only the 190 nm PEG-b-TCL polymersome formulation was studied because
the goal was to evaluate biocompatibility; there was no anticipated effect of size on cell
toxicity in vitro. This negligible cytotoxicity was not expected to have a significant effect
in vivo; thus, animal experiments were subsequently conducted.

Figure 46: Clonogenic assays demonstrate minimal toxicity of 190 nm diameter
PZn3-loaded PEG-b-TCL polymersomes on three cell lines.
Cells were treated with polymersomes for 24 h, plated at low density, and allowed to
grow colonies for 4-10 days. Colonies were then counted. Data presented as average
surviving fraction +/- standard error. 4T1: mouse mammary carcinoma cells, HMEC:
human mammary epithelial cells, HUVEC: human umbilical vein endothelial cells. *
p<0.05, unpaired, 2-sided t-test compared to PBS control, n=3.
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2.3.4 In Vivo Toxicity Studies
Following i.v. treatment with 150 µL of 5 mg/mL 190 or 110 nm PZn3-loaded
PEG-b-TCL polymersomes, animals were monitored for weight loss as an indicator of
toxicity. None of the mice lost greater than 10% initial body mass following either
treatment (Figure 47). In addition, the mice did not show other signs of toxicity, such as
lethargy or lack of grooming.

Figure 47: Percent change in animal weight following treatment with 100 nm or 190
nm PZn3-loaded PEG-b-TCL polymersomes.
Plots of mouse weight for 7 or 30 days following polymersome treatments demonstrate
that weight-loss-inducing toxicity was not observed.
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Since the spleen and liver are known to demonstrate the greatest amount of
polymersome accumulation (as we confirm below), hematoxylin and eosin sections of
these organs were examined for signs of toxicity. Light microscopy of representative
tissue sections from 15 mice (3 controls and 3 each of 110 and 190 nm diameter PZn3loaded PEG-b-TCL polymersome treatments at 7 and 30 days) were evaluated by a
pathologist and showed no histologic abnormalities in treated animals compared to
untreated controls. At the resolution of light microscopy, there was no overt evidence of
acute or chronic toxicity manifested by apoptosis, necrosis, inflammation, or fibrosis.

2.3.5 In Vivo Imaging
2.3.5.1 Li-Cor Pearl® Impulse
In vivo imaging over 24 h demonstrated that nanoscale polymersomes could be
noninvasively observed in the circulation, with significant fluorescence in the
vasculature, particularly the femoral artery (Figure 49 and Figure 50). The Li-Cor Pearl®
Impulse was used to study the biodistribution of ~280 nm diameter PEO(2 kDa)-bPCL(14.6 kDa) and ~200 nm PEO(1 kDa)-b-PCL(4 kDa) polymersomes. The higher
molecular weight polymer could not form vesicles smaller than ~280 nm, and thus the
lower molecular weight formulation was used in order to compare two different sizes of
PEO-b-PCL polymersomes.
The setup of the Pearl® Impulse allowed for a single mouse to be imaged at a
time. The animal was placed inside the instrument and imaged during i.v. injection of
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PZn3-loaded PEO-b-PCL polymersomes. An example time course of NIR-emissive PEOb-PCL polymersome biodistribution upon injection is shown in Figure 48. Immediately
upon injection, the polymersome fluorescence can be observed throughout the mouse
vasculature. Liver and spleen accumulation is evident within 4 minutes of treatment. By
drawing ROIs within the liver and spleen, the change in fluorescence could be measured
over time, as shown in Figure 49. These measurements revealed faster accumulation
within the liver compared with the spleen. However, it is possible that the strong
fluorescence from the major vessels in proximity of the liver could be contributing to this
effect. After 1 h, the mouse was allowed to wake up from anesthesia before being
imaged again. Consequently, the orientation of the animal was not consistent, making
measurements more variable. Also, it was observed that the spleen intensities were
higher when the mouse was first put under isoflurane before leveling off.
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Figure 48: Time course of i.v. injection of ~280 nm PEO-b-PCL polymersomes.
Images taken with the Pearl® Impulse (λex= 785 nm, λem= 820 nm). Polymersome
fluorescence is pseudo-color green. The first 4 rows of images were taken over 40
minutes.
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Figure 49: Change in liver and spleen fluorescence over 6 h following i.v. treatment
with ~280 nm PZn3-loaded PEO-b-PCL polymersomes.
Top: Representative image of mouse fluorescence, with spleen and liver ROIs labeled.
Bottom: Plot of liver and spleen signal intensities over time. Image taken with the Pearl®
Impulse (λex= 785 nm, λem= 820 nm).

2.3.5.2 IVIS® Kinetic
All other polymersome formulations were studied using the IVIS® Kinetic. Once
again, in vivo fluorescence imaging revealed that the majority of polymersome
accumulation occurred within the spleens and livers of these animals (Figure 50). The
liver and spleen are part of the mononuclear phagocytic system (MPS), which is
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responsible for removing contaminants from the blood (Torchilin 2005, Torchilin 2011,
Wang, Langer et al. 2012). Thus, this distribution was not unexpected. However,
significant fluorescence was observed above background in all organs, most likely due
to polymersomes that were still present in the circulation at 24 h.

Figure 50: Whole body NIR optical imaging of mice following treatment with PZn3loaded PEG-b-TCL polymersomes.
NIR optical images at 10 min (left) and 1.5 h (right) after treatment with 190 nm
diameter, PZn3-loaded PEG-b-TCL polymersomes, demonstrating accumulation of
particles in the spleen and liver. Fluorescence from the femoral artery is also observed,
consistent with high blood concentrations of PZn3-loaded PEG-b-TCL vesicles. Mice
were treated with 0.5 mg polymersomes i.v. and imaged with the IVIS® Kinetic (λex= 745
nm, λem= 810-875 nm).
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2.3.5.3 Ex Vivo Biodistribution
Mice were treated i.v. with polymersomes of various sizes and polymer
formulations. All polymersomes accumulated preferentially in the liver and spleen,
organs of the MPS, as shown by in vivo imaging. At 24 h following treatment, mice were
sacrificed and organs collected. The organs were placed on the imaging bed and imaged
for fluorescence. Ex vivo fluorescence corresponded well with in vivo imaging,
demonstrating strong fluorescence emission from the accumulated polymersomes
within the livers and spleens, as shown in Figure 51, Figure 52, and Figure 53.
For each polymer studied, two particle sizes were prepared. The larger vesicles
had more spleen accumulation than the smaller polymersomes, while the smaller
polymersomes demonstrated more liver uptake. This was observed for all three
polymers tested: PEO-b-PCL, PEO-b-PMCL, and PEG-b-TCL. This size-dependent organ
accumulation for is consistent with previous studies showing greater accumulation of
larger particles within the spleen (Moghimi, Porter et al. 1991, Liu, Mori et al. 1992). The
spleen/liver ratio was calculated for the PEG-b-TCL formulation, revealing a greater
spleen/liver fluorescence ratio in animals treated with the larger polymersomes (average
0.78 vs 0.42, p=0.024).
An important outcome of this study was the observation that the PZn3B-loaded
PEO-b-PMCL results changed over time, as each mouse was treated and imaged on
different days. The later treatments showed less spleen accumulation and more liver
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accumulation, which suggested that the particle size may have been decreasing over
time due to degradation of the polymersomes in storage. Therefore, for all subsequent
studies, polymersome solutions were aliquoted and stored at -20 °C until needed.
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Figure 51: Ex vivo organ fluorescence 24 h following i.v. treatment with PZn3-loaded
PEO-b-PCL polymersome.
Top: ~280 nm diameter PEO(2 kDa)-b-PCL(14.6 kDa) polymersome treatment, Bottom:
~200 nm PEO(1 kDa)-b-PCL(4 kDa) polymersome treatment. Organs imaged with the
Pearl® Impulse (λex= 785 nm, λem= 820 nm). Data provided as mean fluorescence
intensity over the organ area +/- standard deviation.
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Figure 52: Ex vivo organ fluorescence 24 h following i.v. treatment with PZn3B-loaded
PEO-b-PMCL polymersome.
Top: ~240 nm diameter PEO-b-PMCL polymersome treatment, Bottom: ~190 nm PEO-bPMCL polymersome treatment. Organs imaged with the IVIS® Kinetic (λex= 745 nm,
λem= 810-875 nm). Data provided as average radiant efficiency over the organ area +/standard deviation.
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Figure 53: Average radiant efficiency from harvested organs 24 h after treatment with
PZn3-loaded PEG-b-TCL polymersomes.
Measured by the IVIS® Kinetic (λex= 745 nm, λem= 810-875 nm). N=4 for PZn3-loaded
PEG-b-TCL polymersome treatments, n=1 for control. Radiant efficiencies were
averaged over all animals per group, error bars represent SEM.

There was very little accumulation in the kidneys and lungs following
polymersome treatment. The alfalfa in the rodent chow contributed to some fluorescence
observed in the gastrointestinal organs.
The organs of mice used for the toxicity study were imaged ex vivo. As seen in
Figure 54, significant fluorescence from both the 110 and 190 nm diameter PEG-b-TCL
polymersomes remained within the spleens and livers at 7 and 30 days after treatment.
Fluorescence was also observed in the kidneys of treated mice relative to controls.
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Figure 54: Representative fluorescence images of spleens, kidneys, and livers (top to
bottom) of mice sacrificed 7 and 30 days after PZn3-loaded PEG-b-TCL polymersome
treatment.
Imaged with the IVIS® Kinetic (λex= 745 nm, λem= 810-875 nm).

2.3.6 Pharmacokinetics Analysis
Initial trials for studying PK were carried out by measuring fluorescence from
the femoral artery and eye in vivo over time. As seen in Figure 55, this was not a reliable
method for determining PK as the surrounding tissue contributed to the measured
fluorescence. Therefore, I developed a minimally invasive technique for measuring PK
in the same mouse over time. Small volumes of blood were collected in capillary tubes.
The tubes were then centrifuged and imaged in the IVIS® Kinetic. The polymersomes
remained in the plasma supernatant, with no fluorescence from the cell pellet, as shown
in Figure 56A. Standard curves were created using known concentrations of NIR151

emissive polymersomes in plasma. As an example, Figure 56 shows that the radiant
efficiencies ([photons/s]/[µW/cm²]) from PZn3-loaded PEG-b-TCL polymersomes
correlated linearly with their concentrations (R2=0.985 and 0.997 for 110 and 190 nm
diameter particles, respectively). Using such standard curves, polymersome
concentrations in plasma samples over time could be calculated, which were then used
for PK analysis. Figure 55 demonstrates the significant variability between the eye and
artery fluorescence measurements and this plasma measurement technique.

Figure 55: Representative PK analysis of a PZn3B-loaded PEO-b-PMCL
polymersome-treated mouse, comparing in vivo eye and femoral artery fluorescence
with measurements from blood draws.
Presented on a semi-log scale with corresponding uni-exponential curve fits. Data were
normalized so that the eye, artery, and plasma data overlapped at 1 h.
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Figure 56: Novel method of measuring polymersome pharmacokinetics.
A) Image of polymersomes in the plasma of centrifuged blood within heparinized
capillary tubes, demonstrating no polymersome fluorescence from the cell pellet. In
addition, the blue rectangles depict how total radiant efficiencies were measured in
consistent ROIs. B) Standard curves showing linear correlation between fluorescence
and concentration for PZn3-loaded PEG-b-TCL polymersomes in plasma. Known
concentrations of polymersomes were added to plasma, collected into heparinized
capillary tubes, and imaged with the IVIS Kinetic® (λex= 745 nm, λem= 810-875 nm). C)
Capillary tubes for standard curve determination of 110 nm diameter PZn3-loaded PEGb-TCL polymersomes in plasma. Color scale corresponds to fluorescence intensity.

Polymersomes composed of various polymers and of different hydrodynamic
diameters were studied for PK in mice. Following i.v. administration, submandibular
blood draws were taken at various time points and plasma fluorescence was used to
calculate polymer concentrations based on previously determined standard curves.
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Mice were treated with either 110 or 190 nm diameter PEG-b-TCL polymersomes
(n = 4 per treatment). Two sizes of particles were studied to ascertain size-dependent
differences in PK and biodistribution, as the smaller polymersomes would be expected
to afford longer circulation times while larger vesicles would allow for delivery of
greater amounts of encapsulated compounds.
The PK curves for PEG-b-TCL treated mice are provided in Figure 57. The
plasma concentrations of 110 nm diameter polymersomes in mouse 1 were lower than
the others because this mouse unintentionally received a lower dose than the rest of the
mice in this treatment group. Nonetheless, plots for both the 110 and 190 nm diameter
PZn3-loaded PEG-b-TCL polymersome treatment groups demonstrate the consistency in
PK properties between mice. These results also demonstrate that a large amount of
polymersomes remain in the circulation 24 h after treatment. In order to quantify the
circulation characteristics of these polymersomes, exponential decay curves were fit to
the data for each mouse (Figure 57). By selecting this curve fit, we assumed first order
kinetics. The results of these curve fittings are shown in Table 9. Surprisingly, there were
no significant differences in the PK profiles between polymersomes of differing sizes;
the average circulatory half-lives for 110 and 190 nm diameter PEG-b-TCL
polymersomes were determined to be 15.5 +/- 1.9 (standard deviation) and 15.3 +/- 3.1 h,
respectively.
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Figure 57: Change in plasma concentration over time for each mouse after
treatment with 110 and 190 nm PZn3-loaded PEG-b-TCL polymersomes.
Measured by the fluorescence of plasma samples using the IVIS® Kinetic (λex= 745 nm,
λem= BP 810-875 nm). Excel was used to fit exponential decay curves to the data: Cplasma(t)
= C0exp(-kt). Inset: Capillary tubes of blood after addition of PZn3-loaded PEG-b-TCL
polymersomes, and centrifugation, indicating that no polymersomes are in the cell
pellet.
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Table 9: Results of PK curve fitting for mice treated i.v. with 110 and 190 nm
diameter PZn3-loaded PEG-b-TCL polymersomes.
C0 (mg/mL)
Mouse
1

k (days-1)

R2

Half-lives (h) AUC (mg*h/mL)

110 nm 190 nm 110 nm 190 nm 110 nm 190 nm 110 nm 190 nm 110 nm 190 nm
0.241

0.302

1.445

1.015

0.990

0.959

11.5

16.4

0.167

0.298

2

0.330

0.332

1.176

0.869

0.976

0.920

14.1

19.1

0.281

0.382

3

0.352

0.321

0.939

1.211

0.873

0.922

17.7

13.7

0.376

0.265

0.956

0.895

14.7

11.9

0.309

0.199

α

4

0.349

0.277

1.129

1.393

α

0.344

0.308

1.081

1.122

15.5

15.3

0.322

0.286

Std Dev α

0.012

0.024

0.126

0.229

1.9

3.1

0.049

0.076

Average

p-value α

0.067

0.794

0.915

0.512

C=C0 exp(-kt)
α: Mouse 1 from 110 nm treatment was not included in calculations due to
inadequate dosing.
The elimination half-lives were determined for each mouse based on the data fit
from Figure 4: t1/2 = ln(2)/k. Areas under the curve (AUCs) were calculated from: AUC =
C0/k. Statistics were carried out using unpaired, 2-sided t-tests.

PZn3B-loaded PEO-b-PMCL polymersomes demonstrated long plasma
circulation with a significant amount of polymersomes still present 24 h following
treatment, as shown in Figure 58. By fitting exponential decay curves to the data,
circulation half-lives were calculated. The larger 240 nm polymersomes had an average
t1/2 of 6.6 +/- 1.6 h, while the smaller 190 nm PEO-b-PMCL polymersomes showed a
significantly longer average t1/2 of 9.9 +/- 1.2 h (p = 0.02, 2-sided t-test).
PK of PZn3-loaded polymersomes composed of PEO-b-PBD polymers OB18 (10.4
kDa) and OB29 (3.8 kDa) were studied in tumor-bearing mice. This study was carried
out to compare the two PEO-b-PBD polymers to aid in choosing the ideal formulation
for Mb polymersomes in the second two aims. The larger molecular weight OB18
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formed vesicles with a hydrodynamic diameter range of 125 – 550 nm while the OB29
polymer formed vesicles of 120 – 160 nm in diameter. Blood samples were taken as
described and the plots of plasma radiant efficiencies over time are provided in Figure
59. Fitting an exponential decay curve to each animal provided a t1/2 of 18.1 +/- 6.7 h for
the larger OB18 polymersomes and t1/2 of 22.9 +/- 4.9 h for the smaller OB29
polymersomes, with no significance between the two groups. The lack of significance
could be due to the small number of animals (n=3 for each treatment) used in this study
or the polydisperse particle size of the OB18 vesicles. It must be noted here that for the
PEO-b-PBD studies, PK was evaluated over 2 days, while the other polymersome
formulations were only studied until 24 h.
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Figure 58: PK curves of mice treated with 240 nm and 190 nm PZn3B-loaded PEO-bPMCL polymersomes.
Plasma concentrations were calculated based on standard curves using the IVIS®
Kinetic (λex= 745 nm, λem= BP 810-875 nm). Data are presented on a semi-log scale with
corresponding uni-exponential curve fits.
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Figure 59: PK curves of mice treated with OB18 or OB29 polymersomes.
Radiant efficiencies of plasma samples collected in capillary tubes over time were
measured using the IVIS® Kinetic (λex= 745 nm, λem= BP 810-875 nm). Data are presented
on a semi-log scale with corresponding uni-exponential curve fits.
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A summary of the PK studies with various polymersome formulations is
provided in Table 10. These results demonstrate that vesicle circulation displays large
changes depending on the polymer, with the PEO-b-PBD polymersomes displaying the
longest circulation half-lives of any formulation tested.

Table 10: Circulation half-lives of polymersomes of increasing diameter.
Hydrodynamic
Diameter (nm)

Polymer

t1/2 (h)

110

PEG(2 kDa)-b-TCL(11.2 kDa)

15.5 +/- 1.9

120 - 160

PEO(1.3 kDa)-b-PBD(2.5 kDa) (OB29)

22.9 +/- 4.9

125 - 550

PEO(3.9 kDa)-b-PBD(6.5 kDa) (OB18)

18.1 +/- 6.7

190

PEG(2 kDa)-b-TCL(11.2 kDa)

15.3 +/- 3.1

190

PEO(2 kDa)-b-PMCL(9.7 kDa)

9.9 +/- 1.2

240

PEO(2 kDa)-b-PMCL(9.7 kDa)

6.6 +/- 1.6

2.3.7 Tumor Accumulation
4T1 tumors were grown in the mammary fat pad of mice. Once tumor diameters
had reached at least 5 mm in diameter, the mice were treated via tail vein with NIRemissive polymersomes.
Using in vivo NIR optical imaging, polymersome distribution was observed in
real time. As seen in Figure 60, the PZn3-loaded PEG-b-TCL polymersomes were
distributed throughout the systemic vasculature upon injection. The polymersomes
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began to accumulate at high levels in the tumor tissue and liver, and at lower levels in
the spleen, within 3.5 h of administration. The strongest fluorescent signal was observed
in the tumor, due both to high polymersome accumulation, and to the superficial
location of the tumor tissue. By plotting the average radiant efficiency of the tumor
versus time, we demonstrated that polymersome accumulation within the tumors
continued over days, and fluorescence from the particles peaked at ~ 48 h irrespective of
particle size.
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Figure 60: Tumor accumulation following treatment with PZn3-loaded PEG-b-TCL
polymersomes.
A) Representative overlay of photographic and fluorescence images of 4T1 tumorbearing mice treated i.v. with 110 (top) and 190 nm (bottom) diameter PZn3-loaded PEGb-TCL polymersomes over 72h. Whole body imaging with the IVIS® Kinetic (λex= 745
nm, λem= 810-875 nm) shows the accumulation of fluorescent polymersomes within the
mammary fat pad tumors (yellow arrows), livers, and spleens (n = 4 for each treatment).
B) Change in average radiant efficiencies of tumors over time following treatment with
PZn3–loaded PEG-b-TCL polymersome, as measured in vivo. Thick black line represents
the average, error bars +/- SEM.

Organs were collected at the time of sacrifice and imaged with the IVIS® Kinetic
(Figure 61). The strongest signals were observed in the tumor tissue and liver of each
mouse, regardless of treatment. These ex vivo results strongly support the in vivo
imaging data. There was no significant difference in average tumor radiant efficiency
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normalized to liver fluorescence between mice treated with the two different particle
sizes (p = 0.82). While the ratio of spleen/liver fluorescence was not significantly
different between treatment groups (p = 0.15), it did follow the same trend as seen in
non-tumor bearing mice.

Figure 61: Ex vivo biodistribution of 4T1-tumor bearing mice following treatment
with PZn3-loaded PEG-b-TCL polymersomes.
A) Ex vivo fluorescence quantification of organs from tumor-bearing mice harvested at
48 or 72 h after i.v. treatment with 110 and 190 nm diameter PZn3-loaded PEG-b-TCL
polymersomes. Data presented as average radiant efficiency over the ROI +/- standard
deviation. B) Representative fluorescence image of excised organs at 48 h after treatment
with 190 nm diameter vesicles, as imaged with the IVIS® Kinetic (λex= 745 nm, λem= 810875 nm).
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Tumor accumulation was also studied using PEO-b-PBD polymersomes, as this
polymer was chosen for Mb encapsulation in the next 2 specific aims discussed in this
dissertation. The PK study discussed above was carried out in 4T1 tumor-bearing mice
for concurrent study of biodistribution. Mice were treated i.v. with OB18 or OB29
polymersomes and imaged in vivo (Figure 62). Animals were sacrificed at 53 h and
organs were removed and imaged ex vivo. These results are provided in Figure 63 and
reveal significant accumulation within 4T1 tumors. Normalizing to liver fluorescence,
the tumor fluorescence was significantly higher in mice treated with OB29
polymersomes (p = 0.04). The tumor fluorescence was stronger than liver or spleen
fluorescence for all mice treated with both PEO-b-PBD polymersome formulations.
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Figure 62: Whole body imaging of 4T1 tumor accumulation following i.v. treatment
with PZn3-loaded PEO-b-PBD polymersomes.
IVIS® Kinetic (λex= 745 nm, λem= 810-875 nm) imaging shows the accumulation of
fluorescent polymersomes within the mammary fat pad tumors (arrows), livers, and
spleens (n = 4 for each treatment).
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Figure 63: Biodistributions of two different PEO-b-PBD polymersome formulations in
4T1 tumor-bearing mice.
Top: average radiant efficiencies from organs harvested 53 h following OB18 (125-550
nm diameter) and OB29 (120-160 nm diameter) polymersome treatments as measured by
the IVIS® Kinetic (λex= 745nm, λem= BP 842.5/65nm). Bottom: average ratio of
tumor/liver radiant efficiencies for OB18 and OB29 polymersomes (n=3 per group, st dev
error bars, p = 0.04, unpaired t-test).
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Frozen sections of 4T1 tumors from PZn3-loaded PEO-b-PBD polymersometreated mice were imaged with the Li-Cor Odyssey to study polymersome intratumoral
distribution. These images are provided in Figure 64, revealing nano-scale vesicles
distributed throughout the tumors. However, the distributions are very heterogeneous,
a common issue with nanoparticle delivery as the particles cannot penetrate through the
extravascular interstitium.

Figure 64: PEO-b-PBD polymersome distributions within 4T1 tumor sections.
Li-Cor Odyssey 800 nm fluorescence imaging of tumor sections, demonstrating the
distribution of larger OB18 (top) and smaller OB29 (bottom) polymersomes.
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2.4 Discussion
2.4.1 Polymersome Formulations
The goal of this first aim was to evaluate biodistribution and PK of various
polymersome formulations using optimized imaging techniques. This was done by
loading the hydrophobic membranes of polymer vesicles with NIR-emissive
multiporphyrin fluorophores, PZn3 or PZn3B. PEO-b-PCL, PEO-b-PMCL, PEO-b-TMC,
PEO-b-TCL, and PEO-b-PBD were all used to form nano-scale polymersomes. PEO-bPCL diblock copolymers required the harshest conditions for vesicle formation, with
elevated hydration temperatures and high extrusion pressures. This was especially true
for the highest molecular weight formulation studied. This could be due to the
crystalline membrane structure of PEO-b-PCL, limiting the flexibility of the vesicles
during extrusion. The large membrane thicknesses also likely limited the minimum
vesicle size that could be stably created. The more fluid polymers of PEO-b-TMC, PEOb-TCL, and PEO-b-PBD were able to form nano-scale polymersomes under milder
conditions.
This work studied both degradable and non-degradable polymersome
formulations. Degradable formulations are ideal for controlled drug release from the
polymeric vesicles. Non-degradable vesicles may be beneficial if small molecule
diffusion through the polymersome membrane is desired (Battaglia, Ryan et al. 2006).
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Cryo-TEM was used to confirm vesicle formation. The thick polymersome
membranes as shown in Figure 41 and Figure 42 provide a large hydrophobic
environment for loading of multiporphyrins. Indeed, porphyrin trimers of about 3.2 nm
(Ghoroghchian, Lin et al. 2006) were efficiently loaded within polymersome membranes,
resulting in NIR-emissive polymersomes.

2.4.2 Dual Loading of Water-Soluble and Hydrophobic Compounds
Moreover, we are able to successfully encapsulate the water-soluble compound
carboxyfluorescein (CF) within PEG-b-TCL vesicles, validating the ability to
simultaneously load hydrophobic and hydrophilic compounds. The CF demonstrates
controlled release from the polymersomes over two weeks at pH 7.4. While the in vivo
drug release profile is likely to be different than that observed in PBS, the half-life of
release of CF is an order of magnitude longer (~10 days) than the in vivo circulation halflife of PEG-b-TCL polymersomes (~15 h). Therefore, it is expected that these vesicles will
demonstrate minimal loss of their encapsulant payloads during intravascular transit and
may afford the simultaneous delivery of a variety of both water soluble and insoluble
drugs and/or imaging agents. With the NIR-emissive PEG-b-TCL polymersome
formulation used here, it is expected that after complete degradation of the polymer, the
polymersome fluorescence would be quenched due to aggregation of the PZn3. I have
demonstrated that the fluorescence from PZn3 is still present in various organs at least 30
days after treatment, indicating slow in vivo degradation.
169

2.4.3 Polymersomes Exhibit Negligible Toxicity
In order to study potential in vivo toxicities of polymersome treatments, human
endothelial, epithelial, and liver cells were treated with PEO-b-PCL, PEO-b-PMCL, PEOb-TMC, and PEO-b-TCL polymersomes. Liver cells were chosen as nanoparticles are
known to accumulate within organs of the MPS, including the liver (Torchilin 2005,
Torchilin 2011, Wang, Langer et al. 2012). Negligible toxicity was observed with all
polymers studied through the use of a proliferative assay. The PEG-b-TCL formulation
was also studied with a clonogenic assay, demonstrating no dose-dependent growth
inhibition in endothelial, epithelial, or mouse mammary carcinoma cells. These results
support the use of polymersomes in animal studies.
Balb/c mice were treated i.v. with PEG-b-TCL polymersomes and studied over 30
days. No signs of toxicity were observed, and body weight did not decrease following
polymersome treatment. In addition, livers and spleens, two organs of the MPS known
to accumulate nanoparticles, demonstrated no histologically-observable toxicities at 7 or
30 days. This polymer was tested for toxicity as it is a novel polymersome formulation
that showed promise for further development due to its biodegradability and ease of
vesicle formation.

2.4.4 Near-Infrared Imaging Provided Noninvasive In Vivo
Biodistributions of Polymersomes
Mb polymersome delivery to tumors relies on polymersome accumulation
within tumors due to the EPR effect. For this reason, imaging of polymersomes in vivo
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had to be validated. As discussed earlier, NIR imaging provides many advantages to
conventional techniques: it is easy and inexpensive, the long wavelength provides for
deeper tissue penetration compared with UV or visible light, and it provides an animalsparing mechanism to study biodistribution over time. Two instruments with whole
body NIR imaging capabilities were used in this study: the Li-Cor Pearl® Imager and
the Perkin Elmer IVIS® Kinetic. Biodistribution studies were carried out in vivo and
confirmed by fluorescence imaging ex vivo. In vivo imaging demonstrated significant
liver and spleen accumulation of NIR-emissive PEO-b-PCL, PEO-b-PMCL, PEO-b-TCL,
and PEO-b-PBD polymersomes following treatment. These results were confirmed by ex
vivo imaging of the organs following sacrifice. Fluorescence from the mouse vasculature
and various organs due to NIR-emissive polymersomes could be imaged over time.
Therefore, this in vivo NIR imaging technique is a suitable method for noninvasively
studying polymersome biodistribution without the need to sacrifice animals at various
time points.
A possible mechanism for more macrophage phagocytosis with larger particle
size is that protein adhesion (opsonization) is geometrically easier on these particles
compared to adhesion to the highly curved surfaces of small particles (Duan and Li
2013). It is known that particle uptake by the spleen increases with particle size
(Moghimi, Porter et al. 1991, Liu, Mori et al. 1992). Polymersome biodistribution studies
supported this, demonstrating that larger polymersomes accumulate preferentially in
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the spleen while smaller vesicles have more liver uptake. Physical properties of the
spleen may lead to enhanced filtration of the larger particles out of the circulation
(Moghimi, Porter et al. 1991). Both the sinusoids of the spleen and fenestrations of the
liver are about 150 – 200 nm (Duan and Li 2013). For this reason, the ideal particle size
for drug delivery tends to be less than 200 nm. This allows for decreased MPS uptake for
improved circulation (Peer, Karp et al. 2007).
In addition, rigid particles tend to be filtered more readily by the spleen than
flexible particles (Moghimi, Porter et al. 1991). This could explain why the PEO-b-PCL
polymersomes demonstrated more splenic accumulation than PEG-b-TCL or PEO-bPBD vesicles. However, PEO-b-PMCL polymersomes demonstrated the most significant
spleen uptake, and these vesicles are more fluid than the PEO-b-PCL formulation
(Ghoroghchian, Frail et al. 2007). This discrepancy suggests that the chemical structure
of the vesicles could play an important role in biodistribution as well.

2.4.5 Animal-Sparing Novel Minimally-Invasive Pharmacokinetics
Methods Reveal Long Polymersome Circulation Half-Lives Dependent
on Polymer Chemistry and Particle Size
A novel technique for measuring PK was developed in the course of this work.
Initially, fluorescence measured in vivo from the femoral artery or eye of the mouse was
used to study changes in blood fluorescence over time. The eye was chosen as there
should be little to no extravasation out of the vessels into the eye tissue due to the bloodretinal barrier. However, both of these measurements were always obscured by the
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surrounding tissue fluorescence, and couldn’t provide reliable data on the amount of
polymersomes in the circulation.
For this reason, blood draws were used for analyzing PK of the different
polymersome formulations. Drawing blood at various time points is a common
technique for measuring PK. However, it can be difficult to obtain several samples from
a single mouse due to the small blood volume (~1.5mL). For this reason, I developed a
method of collecting blood from submandibular punctures into heparinized capillary
tubes. As little as 15 µL volumes were sufficient for accurate plasma measurements. The
capillary tubes were centrifuged and the polymersomes remained within the plasma, as
observed by fluorescence imaging. Plasma polymersome concentration could be
determined by measuring the fluorescence directly from the tubes. Using this technique,
PK curves were created for individual mice. This novel method for measuring PK of
fluorescent nanoparticles has the potential to make a significant impact on preclinical
research.
While submandibular blood draws are commonly used for blood collection in
mice (Golde, Gollobin et al. 2005), future studies can be carried out to validate this
method by comparing blood collected from the submandibular vein with that collected
from the central circulation at sacrifice. It has been shown that blood collection from tail
vein bleeding provides PK parameters similar to those obtained by collection from the
femoral artery (Rangaraj, Vaghasiya et al. 2014). However, there can be over-estimation
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of drug exposure, most likely due to low blood flow rate in the tail. It is expected that
the submandibular blood draw results should be comparable to those obtained from
central circulation collection. Nonetheless, it will be useful to validate this method for
nanoparticle PK analysis.
PK studies revealed circulation half-lives that ranged from 6.6-23 h, depending
on the polymer used (Table 10). In the studies presented here, PEO-b-PBD formulations
displayed the longest circulation half-lives. Differences in pharmacokinetics between
formulations could be for a variety of reasons. Previous studies have shown that
polymersome circulation times increase with PEG length (Photos, Bacakova et al. 2003).
This likely influenced the polymersome studies shown here; however, PEO-b-PBD
formulations with both 1300 Da and 3900 Da PEG demonstrated long circulation times.
Due to the high molecular weight of the hydrophobic components of amphiphilic
copolymers used for polymersome formulations, the vesicles are incredibly stable in
very dilute conditions (Discher and Eisenberg 2002, Won, Brannan et al. 2002).
Therefore, it is not expected that the polymersomes disassemble in vivo. However, the
degradability of the PCL, PMCL, and TCL formulations could influence
pharmacokinetics. If some degradation occurs prior to or soon after animal treatment,
the polymersomes may transform into micelles (Discher and Ahmed 2006), affecting
polymer circulation measurements. These micelles could be cleared quickly due to poor
retention in the tumor and filtration by the kidneys if the particle size is small enough (<
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20 nm) (Duan and Li 2013). If the micelles are larger (due to high polymer molecular
weight), they may show enhanced circulation times compared to the original large
bilayer vesicles. The studies here demonstrate that PEO-b-TCL polymersomes slowly
release carboxyfluorescein with a half-life of around 10 days, which is presumed to be
due to polymer degradation. While the half-life of release is an order of magnitude
slower than the circulation half-life, about 20% was released within a day at 37 °C; thus,
it is possible that some of the vesicles have degraded enough within the first 24 h to
affect particle size and thus plasma circulation. Future studies could examine how
particle size changes over time due to degradation. Previous studies have demonstrated
that similar molecular weight PEO-b-PCL polymersomes have comparable half-lives of
release on the order of days (Ghoroghchian, Li et al. 2006). These kinetics are on the
same time scale or slower than those observed with liposomes, dependent on the
formulation studied (Harashima, Hiraiwa et al. 1995, Peschka, Dennehy et al. 1998).
As discussed in the biodistribution section above, rigid particles are more readily
taken up by the spleen compared with flexible nanoparticles. This may lead to enhanced
circulation of polymersomes with more fluid membranes. It has been shown that PEO-bPCL forms crystalline membranes (Ghoroghchian, Li et al. 2006) while PEO-b-PBD
forms vesicles with fluid membranes (Ghoroghchian, Lin et al. 2006). The resulting
flexibility PEO-b-PBD polymersomes may contribute to the long circulation half-lives.
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The polymersome circulation times may also depend on particle size. For the
PEO-b-PMCL formulation, smaller particle sizes demonstrated prolonged circulation
compared to larger vesicles. The enhanced circulation of smaller vesicles has been
reported before and is most likely due to minimized clearance by the MPS, as discussed
earlier. The ideal size for maximized circulation times tends to be between 20 and 100
nm. This is because very small nanoparticles can cross endothelial junctions and are
excreted through the glomeruli of the kidneys (Duan and Li 2013), while very large
particles are cleared by the MPS.

2.4.6 Polymersomes Accumulate within Tumors as Studied by In Vivo
Near-Infrared Imaging
To our knowledge, this is the first time that tumor accumulation of
polymersomes has been studied noninvasively over several days. It was expected that
polymersomes having diameters of 200 nm or less would take advantage of the EPR
effect for tumor accumulation (Peer, Karp et al. 2007); indeed, we observed significant
and rapid accumulation of both PZn3-loaded PEG-b-TCL and PEO-b-PBD
polymersomes within orthotopic syngeneic 4T1 tumors in mice. In vivo fluorescence
measurements of the breast carcinoma following i.v. treatment revealed that the
polymersomes continue to accumulate within the tumor tissue for at least 48 h, most
likely due to the long circulation half-life of these vesicles. This tumor accumulation
occurs over longer periods of time than what has been shown with conventional
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liposomal formulations, where the concentration in the tumor decreased after 24 h
(Gabizon 1992, Charrois and Allen 2003).
While the PEG-b-TCL polymersome did not show a size-dependent tumor
accumulation, the two PEO-b-PBD polymersome formulations had significantly
different tumor accumulation. This is likely due to a combination of polymer molecular
weight and polymersome particle size effects. The smaller ~140 nm OB29 polymersomes
showed significantly higher tumor accumulation, as expected due to the physical
properties of the tumor vasculature. Smaller particle size leads to prolonged circulation
(t1/2 ~ 23 h), providing greater opportunity for tumor accumulation (Maeda, Nakamura
et al. 2013). Also, the smaller size allows for enhanced filtration out of the fenestrated
tumor endothelium.
The polymersome distribution throughout the tumors was also studied using
tissue sections. PEO-b-PBD polymersomes distributed heterogeneously throughout the
tumor tissue. This heterogeneity is due to limited penetration of nanoparticles through
the extravascular space. This is a common limitation of nanoparticle therapy (Jain and
Stylianopoulos 2010). Therefore, encapsulating something small, such as O2, that can be
released from the vesicle to diffuse throughout the tissue, has potential to overcome this
obstacle. Another possibility is to encapsulate a therapy within the polymersomes that
target tumor vasculature, since this is where the particles accumulate.

177

2.4.7 Conclusions
The results of this aim demonstrate that NIR imaging techniques can be used to
noninvasively study polymersome biodistribution as well as study PK using a
minimally invasive novel approach. In addition, as these imaging methods have
demonstrated long circulations and tumor accumulation of various polymersome
formulations, they validate polymersomes as nano-scale vehicles for intratumoral
delivery of both water soluble and/or insoluble molecules for cancer imaging and
therapy.
There are several novel aspects to the work in this first aim. First, this is a
comprehensive PK study of various degradable and nondegradable polymersome
formulations and particle sizes. To our knowledge, this is the first time that toxicity of
polymersomes has been studied in vitro and over time in vivo. Of course, novel PK
methods were also developed in order to study polymersome circulation in individual
mice. This is also the first time that polymersome tumor accumulation has been studied
by in vivo imaging over time. In addition, a novel polymersome formulation, PEG-b-TCL
was studied for controlled release, toxicity, and in vivo biodistribution and PK.
The next two aims utilize PEO-b-PBD polymersomes for encapsulation and
delivery of Mb to solid tumors. While the OB29 formulation demonstrated higher tumor
accumulation, the OB18 polymer was chosen for the polymersome-encapsulated Mb
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(PEM) formulation. This is because higher Mb loading could be generated with these
larger vesicles.
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3 Specific Aim 2: Establish the Effects of Mb-Containing
Polymersomes on Tumor Physiology
The second aim presented here focuses on how polymersome-encapsulated Mb
(PEM) affects tumor physiology. The original hypothesis was that PEMs would behave
as O2-delivery vehicles, releasing O2 in the hypoxic regions of tumors, where pO2 < 10
mm Hg. However, the results of PEM delivery to tumors disproved this hypothesis.
Mice bearing 4T1 mammary carcinomas or Renca renal cell carcinomas were treated
with systemically administered PEMs. Within hours of treatments, tumors turned dark
red, consistent with hemorrhage. Histology revealed necrosis within the centers of these
tumors. Window chamber studies demonstrated that 4T1 tumor oxygenation actually
decreased following treatment with systemic PEMs. These data suggest a vascular
disrupting effect resulting from tumor accumulation of PEMs. Clots form within tumor
vasculature, blood flow stops, and hemorrhage occurs within hours, leading to central
tumor necrosis. Based on histology and cell studies presented here, it is believed that
these vascular effects are due to endothelial cell morphological changes and apoptosis in
the presence of Mb. This is the first time that Mb has been delivered to tumors using
nanoparticle technology. This is also the first time that Mb delivery has been shown to
have tumor vascular disrupting effects.
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3.1 Introduction
Nanoscale polymeric vesicles have been shown to accumulate within tumors, as
presented in Aim 1. Therefore, by encapsulating Mb within polymersomes, the protein
should accumulate in or near the target hypoxic tumor tissue. Mb is a heme protein that
carries and delivers O2 in myocytes (Dou, Maillett et al. 2002). O2 binds the iron heme
with a significantly stronger association than hemoglobin (P50 2 - 3 mm Hg vs. 26 mm
Hg for Hb). This provides a potential mechanism for Mb to release O2 only in low pO2
environments.
PEO-b-PBD was chosen for the PEMs as it demonstrated the best loading
efficiency of any polymer tested. In Aim 1, the two PEO-b-PBD polymers OB18 and
OB29 were tested for circulation and tumor accumulation in 4T1 mammary carcinomas.
The smaller vesicles formed from OB29 demonstrated prolonged circulation and
enhanced tumor accumulation compared with OB18 polymersomes. However, as the
larger OB18 vesicles provide more aqueous volume for Mb encapsulation, and thus
higher Mb/polymer accumulation within tumors, the OB18 formulation was chosen for
PEM treatments in vivo.
As discussed earlier, liposomal Hb has shown promise in transiently increasing
tumor oxygenation at 15 – 30 min following treatment (Yamamoto, Izumi et al. 2009),
resulting in decreased HIF-1α and improved radiation response. This was only observed
with reduced, oxygenated Hb. The lower P50 version of these vesicles did not show
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improved oxygenation as would be expected due to increased delivery of O2. Therefore,
the mechanism of action requires further investigation. Nevertheless, such studies
demonstrate the potential of vesicles for delivery of O2-bound proteins. Also, as the
ultimate goal for this project is to improve radiation response by modifying the tumor
microenvironment, these liposomal Hb studies provide precedent for this work.
As presented within this aim, the original hypothesis of increased tumor
oxygenation following PEM treatment was invalidated. The observed effects were more
consistent with vascular disruption, resulting in hemorrhagic necrosis within 24 h
following treatment. As discussed earlier, Mb is a complex supermolecular compound
with endothelial-damaging characteristics. These properties could override the O2delivery effects, resulting in catastrophic tumor vascular damage. Here I present the
unexpected results of systemic PEM treatment on tumors and offer some potential
mechanisms for the observed anti-tumor effect, supported by in vitro studies.

3.2 Materials and Methods
3.2.1 Formulation of Polymersome-Encapsulated Myoglobin (PEM)
The Mb polymersomes (PEMs) were supplied by Vindico Pharmaceuticals.
Unlabeled PEMs
Unlabeled PEMs were prepared using a modified direct hydration method
(O'Neil, Suzuki et al. 2009). 10 mg of poly(butadiene (1,2 addition))-b-poly(ethylene
oxide) (OB18, Polymer Source) or 4-hydroxy benzoic ester terminated poly(butadiene
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(1,2 addition))-b-poly(ethylene oxide)) OB29 polymer (OB29-Bz, Polymer Source) and 10
mg PEG500 were heated at 98°C for 1 h. The mixture was thoroughly mixed,
centrifuged, and cooled to room temperature.
PZn3 and DiD-labeled PEMs
10 mg polymer, 10 mg PEG500, and dye (either PZn3 or DiD, 40:1 molar ratio)
were dissolved in DCM and dried as described earlier (2.2.3).
Loading of Mb
10 µL of a reduced Mb solution (150 mg/ml) was added to the polymer and
mixed thoroughly, followed by 30 min sonication at room temperature. 10, 20, 50, and
100 µL of the Mb solution were serially added to the solution followed by thorough
mixing and 30 min sonication after each addition step. The samples were sonicated for
an additional 30 min at room temperature. The samples were dialyzed with a 1000 kDa
MWCO dialysis membrane for at least 48 h at 4°C. These samples are termed PEM-SE,
for both surface-associated and encapsulated Mb.
Another set of PEMs was treated with pronase to remove any surface-associated
Mb. This was done to determine whether the surface Mb is necessary for the tumor
effects observed with PEMs. The samples above were diluted and treated with 0.4%
pronase for 2 h. These samples are termed PEM-E.
Mb-loading (before and after proteolysis) was determined using UV-Vis
spectroscopy and the known extinction coefficient for Mb. For samples that contained
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PZn3 or DiD for fluorescence, UV-Vis absorbance could not be used to determine Mb
concentration. These samples were processed for ICP-OES determination of iron content.
PEM particle size was determined using DLS.
3.2.1.1 Quantification of Mb in PEM Samples using ICP-OES
5-10% (v/v) of TritonX-100 was added to PEM samples to permeabilize the
polymersome membrane. The mixture was then digested in aqua regia for 3 - 4 h at 98
°C. The solution was diluted to the desired concentration in deionized water and
measured using ICP-OES. Iron content was determined based on an iron standard
calibration curve. The Mb concentration in the starting sample was then calculated.

3.2.2 Preparation of NIR-Emissive Mb
In order to compare the effects of free Mb to those of polymersome-encapsulated
Mb, NIR-emissive Mb (NIR-Mb) was prepared. This allowed for study of tumor
accumulation as well as pharmacokinetics of free Mb.
0.5 mg of IRDye® 800cw NHS ester (Li-Cor) was dissolved in 25 µL
dimethylsulfoxide (DMSO). 2 mg of Mb (horse skeletal, Sigma) was dissolved in 400 µL
of pH 8.5 PBS. 4 µL of the 20 mg/mL IRDye800 solution was added to the Mb and
incubated for 2 h at room temperature. This solution was then placed on ice with argon
flow. Sodium dithionite (Na2S2O4) was dissolved in PBS to a concentration of ~20 mg/mL
and immediately added to the NIR-Mb solution at 20x molar excess. The excess
IRDye800 was removed using a Sephadex G-25 column.
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The absorbance spectra before and after desalting were taken using a NanoDrop
spectrophotometer (Thermo Scientific). Using a previously collected standard curve, the
resulting Mb concentration was determined. Samples were aliquoted, frozen on dry ice,
and stored at -80 °C until use.

3.2.3 Reduction of Mb
Mb was reduced prior to in vitro and in vivo studies to ensure that the protein
could bind O2. Mb was dissolved in PBS to a concentration of 25 mg/mL. This solution
was then placed on ice with argon flow. Na2S2O4 was dissolved in PBS to a concentration
of 20 mg/mL and immediately added to the Mb solution at 20x molar excess. Depending
on the study, the Na2S2O4 was left in the solution but deactivated by bubbling O2, or the
Na2S2O4 was removed by a Zeba desalting column (7000 MWCO, Thermo Scientific). A
NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE) was then used to
measure the absorbance spectra of the Mb solutions. 2 µL of sample solution was placed
on the NanoDrop pedestal and compared to a PBS blank.

3.2.4 Mb Stability Study
Solutions of oxyMb were aliquoted into 2 vials each stored at 37ºC, room
temperature, and on ice at 4ºC. Sample spectra were taken over time to study the
stability of Mb at the varying conditions.
Stability was also tested in rat plasma. A 50 mg/mL solution of Mb was prepared
in PBS. 20x molar excess Na2S2O4 was added on ice and under argon, as described above.
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This solution was purified with a G25 Sephadex column. 20 µL of this solution was
added to 80 µL of rat plasma. Samples were stored at 37ºC, room temperature, or 4ºC.

3.2.5 MatLab Linear Unmixing of Absorbance Spectra Deconvolution
Using the metMb, deoxyMb, and oxyMb spectra collected during the Mb
reduction protocol described above, MatLab was used to deconvolve spectra of Mb
samples of unknown composition. This was done by assuming a linear combination of
the three components, as well as a baseline scatter constant, as shown below, and
solving the model with a least squares fit. The spectra used for linear unmixing are
provided in Figure 66.
εsample = Aoxyεoxy + Adeoxyεdeoxy + Ametεmet + Ascatter
Where Ax is a constant representing the amount of contribution of that
component, and εx is the absorbance of each component. The percent metMb was
calculated using the equation: Amet/(Aoxy + Adeoxy + Amet).

3.2.6 Reduction of PEMs
In order to confirm successful reduction of encapsulated Mb, spectra of PEMs
were studied following treatment with Na2S2O4. PEMs without any fluorophore
incorporated were provided by Vindico. To 200 µL of a 50 mg/mL polymer
concentration of PEMs, 4 uL of 100 mg/mL Na2S2O4 was added on ice under argon flow.
PEMs were then sonicated in a bath sonicator for 1 min, followed by incubation on ice
for 1 min. This was repeated for a total of 3 times. The PEMs were then purified with a
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G25 Sephadex column. MatLab Curve Fitting Tool was used to fit a decay curve (Abs =
Cλ-k , where 2 < k < 3) to the baseline light scatter from the NanoDrop spectra. The
contribution of light scatter was chosen by excluding the Mb peaks from the spectra
using the option “exclude outliers”. The light scatter was then subtracted from the
sample spectra.
PEMs were reduced as described for all in vivo studies. Initial animal
experiments demonstrated a dramatic tumor effect following PEM treatment. To ensure
that this was not due to residual Na2S2O4, the following samples were prepared: PEMs +
Na2S2O4 bubbled with O2 for 30-60 sec, PEMs + Na2S2O4 followed by dialysis with isoosmolar PBS at 4ºC for 1.5 h to remove Na2S2O4, and empty polymersomes + Na2S2O4
bubbled with O2 for 30-60 sec (not purified). 4T1 tumor-bearing mice were treated i.v. as
described below.
All following samples for in vivo studies were reduced with Na2S2O4 as described
above, followed by 30-60 sec bubbling of O2 in the solution. The PEMs were then stored
on ice and used as soon as possible (within 5 h).

3.2.7 Oxygen Binding Studies
Red blood cell (RBC) lysates were prepared from human blood samples. 100 µL
of packed RBCs were mixed with 200 µL of water to lyse the cells. They were then
vortexed, incubated at room temperature for 5 min protected from light, and centrifuged
to collect the Hb from the supernatant.
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An Al cell for gas exchange was loaded with thin films of RBC lysate and Mb
samples and placed in a plate reader (Figure 70A). N2 gas was bubbled through ice-cold
water and flowed into the chamber at 100-200 mL/min in order to deoxygenate the
protein. Spectra were then taken as a gas mixer was used to slowly exchange the
environment with 100% O2. MatLab was used to deconvolve the spectra using the
spectra of oxy, deoxy, and met proteins.

3.2.8 Tumor Inoculation
3.2.8.1 4T1 Ventral Mammary Fat Pad Carcinomas
4T1 mammary fat pad tumors were grown as described earlier (see 2.2.10.1
Syngeneic Orthotopic 4T1 Mammary Carcinomas)
3.2.8.2 Renca Flank Tumors
Renca renal adenocarcinoma cells (ATCC, p. unknown) were grown in RPMI
1640 + pyruvate (1 mM extra) + HEPES + glucose + 10% FBS + NEAA + L-glutamine (1
mM extra). 106 Renca cells in 100 uL of PBS were injected subcutaneously into the right
flank of female nude mice.

3.2.9 Window Chamber Surgeries
Balb/c mice were anesthetized with i.p. ketamine / xylazine (100/10 mg/kg). Hair
was removed as described previously. Dorsal skin fold window chamber surgeries were
performed as described in (Palmer, Fontanella et al. 2011). Briefly, the dorsal skin of the
mouse was pulled up into a titanium frame and one side of the skin was removed by
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cutting out a ~1 cm circle. 20 µL of 1-5 x 106 4T1 cells/mL in PBS were injected into the
fascia and a circular glass cover slip was placed to cover the opening, allowing for high
resolution microscopy. Following surgery, mice were treated subcutaneously with 100
µL of 15 µg/mL buprenorphine. Mice were monitored for weight change and tumor
growth. Mice were imaged beginning at 6-8 days following surgery.

3.2.10 NIR-Mb and PEM Treatment
Treatment samples were prepared as above. Nude mice with Renca flank tumors
or BALB/c mice with 4T1 ventral mammary fat pad tumors were anesthetized under 80
mg/kg Nembutal or 100/10 mg/kg ketamine/xylazine and a 30 G tail vein catheter was
inserted. Mice were treated i.v. with 100-200 µL of saline, NIR-Mb, empty
polymersomes, or PEMs. Gross tumor changes were imaged with a Sony Alpha A77
DSLR Camera.

3.2.11 IVIS Kinetic Imaging
Biodistributions of NIR-Mb and PEMs in 4T1 tumor-bearing balb/c mice were
studied using IVIS® Kinetic whole body imaging as described earlier (2.2.8.2).

3.2.12 Pharmacokinetics
Blood samples were drawn from mice following treatment with empty
polymersomes, NIR-Mb, and PEMs as described previously (3 per group). Plasma was
imaged for fluorescence and polymersome or NIR-Mb concentration was determined
based on standard curves.
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3.2.13 Window Chamber Imaging
Window chambers were imaged at 30, 15, and 0 min prior to treatment, during
treatment, and at 5, 15, 30, 45, and 60 min following treatment. Additional time points
included ~3.5 h, 24 h, and 48 h post treatment.
A Zeiss Axio Observer inverted microscope equipped with a halogen lamp white
light source and a mercury fluorescence source was used to image the window
chambers with a 2.5x objective. A QV2 multichannel imager (Photometrics) was used to
separate sample transmitted and emitted light into 4 quadrants on a Hamamatsu Orca
Flash4 CMOS camera by passing the light through a sequence of beamsplitters (30/70,
40/60, 50/50). Light directed towards each camera quadrant was filtered at < 482 nm, 500
+/- 12 nm, 528 +/- 10 nm, and 560 +/- 12 nm. The first beamsplitter also reflects light at
higher wavelengths around 800-900 nm, providing for imaging of NIR fluorophores. A
DVC-1500M CCD camera was connected to the microscope as well, and used with a
tunable filter for HbSat and blood flow imaging.
3.2.13.1 Animal Setup
The animal was anesthetized under isoflurane via nose cone during imaging. Eye
ointment was placed on the eyes to prevent drying. Mice that were anesthetized longer
than 1 h were given 100 µL subcutaneous saline to prevent dehydration. Body
temperature was maintained using a warming pad set to 37°C. The window chamber
was attached to a plexiglass frame and placed in the slide holder of the microscope for
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tumor imaging. Tail vein injections were carried out via catheter while imaging the
window.
3.2.13.2 PZn3 Fluorescence for Polymersome Imaging
A 515 nm excitation / 605 nm long pass filter was used to measure the NIR
emission of PZn3- loaded polymersomes.
3.2.13.3 Hemoglobin Oxygen Saturation
Hemoglobin saturation (HbSat) was determined as described in (Sorg, Moeller et
al. 2005) and (Palmer, Fontanella et al. 2011). Briefly, a halogen lamp source was used to
acquire transmission images of the window chamber at sequential wavelengths with a
tunable filter over the range of 520-620 nm in 10nm increments. MatLab was used to
calculate the relative concentrations of oxy- and deoxyhemoglobin using a least-squares
fit of intensity across all wavelengths, thus providing HbSat throughout the window
chamber vasculature.
3.2.13.4 Quantification of Hemoglobin Saturation
In order to quantify the level of HbSat in a given image, a histogram of the
distribution of HbSat levels in vessels either internal or external to a tumor was
generated. A Gabor filter was applied to an image of the total Hb to create a mask of the
vessel regions, which was in turn applied to the HbSat image. The region of the image
corresponding to the tumor was manually selected. Two blinded scientists drew masks
to account for human measurement variability, which was determined to be much
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smaller than between-sample variability. Thus, histograms of the O2 saturation
distribution could be computed for vascular regions either within or outside of the
tumor as well as for non-vascular regions. The average value of the histogram was used
to compare HbSat across experimental groups. Values were averaged over treatment
groups and the percent change from pre-treatment average HbSat is presented.
3.2.13.5 Blood Flow Analysis
3 -6 s videos of blood flow within the window chambers were taken at various
time points prior to and following treatments. This was done using a halogen white light
source and imaging transmission at 560 nm, as set by a tunable filter. The images were
binned at 2 x 2 and sampled at a rate of 40 MHz. MatLab speed and direction maps were
created using the methods described previously in (Fontanella, Schroeder et al. 2013).

3.2.14 EF5 and Hoechst Treatment
80 mg/ kg of 10mM EF5 was injected i.p. into mice with orthotopic 4T1 tumors 3
h prior to sacrifice. 10 min prior to sacrifice, the mouse was anesthetized with ketamine /
xylazine and a tail vein catheter was placed. 5 min prior to sacrifice, 100 µl of 2 mg/mL
Hoechst solution was injected into the tail vein. Mice were sacrificed with 50 µL of
Euthasol® i.p. and tumors were collected. Tumors were sliced in half, with one half
placed in 4% formaldehyde and the other placed sliced-side down in a plastic mold,
filled with OCT, and frozen in the gaseous phase of liquid nitrogen. Frozen samples
were stored at -80 °C.
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3.2.15 Histology
Frozen OCT tissue samples were sectioned on a cryotome to a thickness of 10-14
µm. Histologic imaging was carried out on either a Zeiss AxioSkop2 Plus with
accompanying MetaMorph software or a Zeiss Axio Observer inverted microscope with
accompanying Zen Pro software unless otherwise stated. A 10x objective was used, and
the microscope software was used to move the scanning stage across the entire tissue
region. The tiles were stitched with the accompanying software.
3.2.15.1 EF5 and Hoechst Staining and Imaging
Frozen tumor sections were thawed in the fume hood at room temperature. The
tissue was then outlined with a PAP pen. Sections were fixed in 4% formaldehyde
(VWR) for 30 min followed by 3 rinses in PBST (0.3% Tween-20 in PBS). The tissue was
then blocked in 10% donkey serum in PBST for 1 h at room temperature. A Cy5conjugated EF-5 antibody solution (1mL PBST + 0.5mL of 75 µg/mL ELK3-51) was added
to the sections and incubated for 1 h at room temperature protected from light. The
samples were then rinsed 3x with PBST and transferred to a 1% paraformaldehyde
solution and stored at 4ºC. Samples were imaged within 24 h. Sections were imaged
using a 5x objective, with Hoechst identified with a DAPI filter and EF5 with a Cy5 filter.
3.2.15.2 Hematoxylin and Eosin Staining and Imaging for Necrosis
A regressive H&E staining protocol was performed on frozen tissue sections.
Samples were fixed in 4% formaldehyde for 30 min. Sections were rinsed 2x in PBS
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followed by a running water rinse for 1 min. Sections were then stained with Harris
Hematoxylin (VWR) for 12 min. Hematoxylin was removed with a 3% acid wash
(560mL ethanol, 240 mL water, 2.4 mL HCl), dipping the sections 3-4 times. Sections
were rinsed with running water for 1 min, followed by 3-6 dips in Bluing Reagent
(VWR) until the desired color was reached. Once again, sections were rinsed in running
water for ~1 min, followed by 1 min in 95% ethanol, 30-120 s in Eosin (VWR), and
another 30 s in 95% ethanol. Finally, the sections were incubated in fresh 100% ethanol
for 1 min, 3x, followed by CitriSolv™ (VWR). Cytoseal (Thermo Scientific) was placed
on top of the sections and covered with a coverslip.
H&E sections were imaged with a 4x objective on a Nikon Eclipse TE2000-U
equipped with a scanning stage using a Nikon Digital Sight DS-2Mv Digital Camera
(Nikon Inc., Melville, New York). Images were stitched using the accompanying NISElements AR Analysis 3.2 software.
3.2.15.3 Necrosis Quantification
The same frozen tumor sections used for EF5 and Hoechst staining were
subsequently stained with H&E for necrosis quantification. These tumor samples were
taken 24 h following PEM treatment.
The Magic Wand Tool in Photoshop was used to draw around the necrotic
region of the stitched H&E tumor section images. Necrotic areas were conservatively
chosen as more eosinophilic and/or areas with obvious tissue structure damage.
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Eosinophilic dermal layers were not included in the necrotic quantification. The percent
area of necrosis was calculated by dividing the necrotic pixel area by the total tumor
pixel area as measured in Photoshop.
3.2.15.4 Polymersome Distribution
Polymersome distribution of DiD-labeled PEMs was imaged using the Zeiss
Axio Observer inverted microscope equipped with a mercury lamp. Frozen tumor
sections were thawed at room temperature and imaged immediately without a coverslip
with an AlexaFluor660 filter.
3.2.15.5 CD31 +/- Caspase Staining and Imaging
CD31 staining was carried out in order to study changes in microvessel density
following treatment. In addition, tumor sections were co-stained for CD31 and cleaved
caspase-3 in order to study endothelial cell apoptosis.
Mice were sacrificed at 1 or 4 h following treatment. Frozen sections were
thawed under air flow at room temperature for 30-40 min. They were fixed in acetone
for 20 min and then dried for 40-60 min under air flow. Tissue sections were then
outlined with a PAP pen. Tumor tissue was hydrated with 3 x 5 min PBS washes. A
stock solution of 10 mg/mL bovine serum albumin (BSA) was prepared in PBS. A 200
mg/mL saponin stock solution was prepared in PBS. Saponin was used to permeabilize
the cells. A blocking solution was made containing 10% donkey serum and 1% of the
saponin solution in the BSA stock solution. The tumor tissues were then blocked for 30
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min at room temperature. Following the blocking step, the sections were incubated for 1
h at room temperature with a 1:25 rat anti-mouse CD31 antibody (BD Pharmingen,
550274, San Jose, CA) in the blocking solution. The sections were washed 3 x 5 min in a
saponin wash solution (1% saponin solution in PBS), then incubated with 1:100 Alexa488
AffiniPure Donkey Anti-Rat IgG (Jackson ImmunoResearch, 712-545-153) in blocking
solution for 30 min at room temperature, protected from light. Finally, the sections were
rinsed 5 min with PBS and counterstained with Hoechst (0.04 mg/mL in PBS) for 5 min
at room temperature. Samples were stored in PBS at 4 °C and imaged within 48 h.
Sections were imaged using a 10x objective, with Hoechst identified with a DAPI filter
and CD31 with the GFP filter.
A modified version of the above CD31 protocol was used to co-stain for cleaved
caspase 3 and CD31. For co-staining, the rat anti-mouse CD31 antibody and the rabbit
anti-mouse cleaved caspase 3 antibody (Cell Signaling Technologies, 9661, Danvers,
MA) were combined in the blocking solution at 1:25 and 1:100, respectively, and
incubated on the sections overnight at 4 °C. The protocol above was then carried out,
with the Alexa488 anti-rat IgG combined with AlexaFluor594 donkey anti-rabbit
IgG(Jackson ImmunoResearch, 711-586-152) in blocking solution for 45 min at room
temperature. Sections were imaged using a 10x objective, with Hoechst identified with a
DAPI filter, CD31 with the GFP filter, and caspase with a Texas Red filter.
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3.2.15.6 CD31 Quantification
Microvessel count was determined using ImageJ. The CD31 image was
thresholded to include only obvious microvessel fluorescence. After applying the
threshold, a median filter of 3.0 pixels was applied to smooth disrupted vessels. The
image was then binarized. Random areas of 1000 x 1000 pixels were chosen throughout
the tumor area. For each square chosen, a note was made as to whether it was within a
necrotic region as seen in the corresponding H&E image. The Analyze Particles Tool was
used to count the number of microvessels. This tool also reports the total area of
microvessels. As many separate 1000 x 1000 pixel areas were collected as possible. Data
are reported as average microvessel count, size, and % area, both including and
excluding necrotic regions.
3.2.15.7 Neutrophil Staining and Imaging
Mice were sacrificed at 1 or 4 h following treatment. Frozen sections were
thawed under air flow at room temperature for ~10 min. They were fixed in acetone for
20 min and then dried for 40-60 min under air flow. Tissue sections were then outlined
with a PAP pen. Tumor tissue was hydrated with 3 x 5 min PBS washes. A blocking
solution was made containing 5% donkey serum in PBS. The tumor tissues were then
blocked for 30 min at room temperature. Following the blocking step, the sections were
incubated for 1 h at room temperature with a 1:50 rat anti-mouse Ly6G antibody (BD
Pharmingen, 551459, San Jose, CA, USA) in the blocking solution. The sections were
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washed 3 x 5 min with PBS, then incubated with 1:100 Alexa488 AffiniPure Donkey
Anti-Rat IgG (Jackson ImmunoResearch, 712-545-153) in blocking solution for 45 min at
room temperature, protected from light. Finally, the sections were rinsed 5 min with PBS
and counterstained with Hoechst (0.04 mg/mL in PBS) for 5 min at room temperature.
Samples were stored in PBS at 4ºC and imaged within 24 h. Sections were imaged using
a 10x objective, with Hoechst identified with a DAPI filter and Ly6G with a GFP filter.
3.2.15.8 Neutrophil Quantification
An automated digital cell counting method was developed utilizing the Hoechst
nuclear stained images and the Alexa488 stained neutrophils. The signal from nuclearstained cells typically appears elliptical with a local maximum peak. In order to count
the number and mark the positions of each cell in a given image, the following MatLab
processing algorithm was used.
The image of the nuclear stain signal was first spatially averaged using a
Gaussian filter (typically 5x5 pixels) that could be adjusted according to the optimal size
of the nucleus. An intensity threshold was applied to exclude regions with low signal
from analysis. Next, a local gradient-search method was used to find pixels
corresponding to local intensity maxima. This resulted in the ability to detect the
location of each nuclear-stained cell, and hence automate the counting process. In order
to determine whether the nuclei corresponded to neutrophils, a binary mask based on
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the signal level of the antigen-specific stain was created. Nuclear signals that overlapped
with this binary mask were counted as neutrophils.
In addition, the MatLab code allowed for the user to mask for the tumor region
of interest. In this way, the AlexaFluor488-rich outer rim of the tumor could be avoided
in the analysis. Results are presented as average percentage of neutrophils per total
number of cells as determined by Hoechst staining, +/- SEM.

3.2.16 Cell Treatments
Cells were cultured as described earlier (2.2.6). Glucose oxidase (GOX) was
included as a treatment group in order to provide a flux of H2O2, as discussed in the
Introduction chapter (see 1.3.3.2). This is expected to mimic the in vivo conditions, and
may provide a mechanism for Mb oxidation to ferryl Mb. Experiments were carried out
without ascorbate in the endothelial cell media, as the anti-oxidant would affect GOX
activity.
3.2.16.1 Apoptosis Annexin V / PI Assay
To determine whether Mb induces apoptosis in ECs, a flow cytometry apoptosis
assay was carried out. Pooled HUVECs were plated on 6 well plates and grown to ~8090% confluence. Media was replaced with 2 mL fresh EGM2-MV media for controls or
1.8 mL media for experimental groups. 3 wells were prepared per group. Treatment
groups were prepared by adding Mb, GOX, Hb, and H2O2 solutions as follows:
1 mg/mL Mb: 100 µL of 20 mg/mL Mb + 100 µL DPBS
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5 mU/mL GOX: 100 µL of 100 mU/mL GOX + 100 µL DPBS
Mb+GOX: 100 µL of 20 mg/mL Mb + 100 µL of 100 mU/mL GOX
0.92 mg/mL Hb: 100 µL of 18.4 mg/mL Hb
Hb+GOX: 100 µL of 18.4 mg/mL Hb + 100 µL of 100 mU/mL GOX
4 mM H2O2: 74 µL of 108 mM H2O2
Cells were treated for 18 h based on the rate of H2O2 and ferryl Mb production as
described (D'Agnillo and Alayash 2002).
Media from the 3 replicate wells was removed and combined into single tubes
for each treatment group. Cells were rinsed with DPBS, which was next added to the
corresponding tube. 1 mL 0.05% EDTA-trypsin was added to each well. Once cells
rounded up, the trypsin was neutralized with 1 mL of media and collected into the
corresponding tube. Wells were rinsed with DPBS to remove any remaining adherent
cells. Cells were then rinsed with DPBS once followed by a 1 mL rinse with 1x Annexin
Binding Buffer (eBioscience). Cells were resuspended in 100 µL Binding Buffer. 5 µL
Annexin V-FITC (eBioscience) was added to tubes and incubated at room temperature
10-15 min. Cells were rinsed once with Binding Buffer and then resuspended in 200 µL
Binding Buffer. 5 µL propidium iodide (PI, eBioscience) was added to each tube.
Samples were stored on ice and protected from light until analyzed by flow cytometry.
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Flow cytometry was carried out, gating and compensating based on PI only and
Annexin V only controls. Single cells were chosen based on the forward and side scatter
plots.
3.2.16.2 Imaging Cell Morphology
To determine if changes in cell morphology could be the cause of in vivo vascular
effects following PEM treatment, actin and membrane stains were used to study
HUVEC and 4T1 morphology. PEMs were provided by Vindico Pharmaceuticals.
Typical Mb concentrations in PEM samples ranged from 1.5-4 mg/mL.
Pooled HUVECs were plated on 24 well plates and grown to ~100% confluence.
Media was replaced with 400 µL fresh EGM2-MV media. 2 wells were prepared per
group. Mb and PEMs were reduced as described earlier. Treatment groups were
prepared by adding Mb, GOX, and PEM solutions as follows:
Control: 100 µL DPBS
1 mg/mL Mb: 50 µL of 10 mg/mL Mb + 50 µL DPBS
5 mU/mL GOX: 50 µL of 50 mU/mL GOX + 50 µL DPBS
Mb+GOX: 50 µL of 10 mg/mL Mb + 50 µL of 50 mU/mL GOX
PEMs: 50 µL of DiD-labeled OB18 or OB29 PEMs + 50 µL DPBS
PEMs+GOX: 50 µL of PEMs + 50 µL of 50 mU/mL GOX stock
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Cells were treated with GOX first for 15 h, followed by Mb / PEM addition for
another 3 h. This was done to better mimic in vivo conditions where the oxidative stress
is present prior to Mb treatment.
Actin Staining
Cells were rinsed with DPBS and fixed in 1 mL 4% paraformaldehyde for 15
min. Cells were then rinsed 3 x 5 min with PBS. 500 µL of 0.2% TritonX-100 diluted in
PBS was added for 5 minutes to permeabilize the cells. Wells were then rinsed 3 x 5 min
with PBS. 200 µL AlexaFluor488-phalloidin solution (5 µL methanolic stock + 200 µL
PBS per well, Life Technologies) were added and cells were incubated for 10 minutes
protected from light. Cells were rinsed 3 x 5 min with PBS. Nuclei were stained 5 min
with 200 µL of 4 µg/mL Hoechst. Cells were rinsed with PBS and then stored in PBS
until imaged. A Zeiss Axio Observer inverted microscope was used to image the cells at
10x and 20x using the DAPI filter for Hoechst, GFP for Phalloidin, and AlexaFluor660
for DiD-labeled PEMs.
Quantification of Morphological Effects
ImageJ was used to analyze Phalloidin and Hoechst stained images. “Analyze
Particles” was used to count the total number of nuclei in the Hoechst images with a size
range of 20 – infinity pixels, thus determining the total cell count. Next, the Phalloidin
stained images were opened and the threshold set to include whole cells. “Analyze
Particles” was once again used, setting the size range to 1000 – infinity pixels, including
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holes, and setting a non-dark background. The percent confluency was calculated by
subtracting the percent area determined in ImageJ from 100%. Cell size was calculated
by multiplying the percent confluency by the total number of pixels in a cell image and
dividing by cell count. Blebbing cells were manually counted using the Phalloidin
images. Percent blebbing was calculated as the number of blebbed cells divided by the
total cell count.
3.2.16.3 HUVEC Transwell Permeability
Permeability of HUVEC monolayers was studied to provide insight into whether
PEM treatment could increase the leakiness of tumor vessels. This was done by growing
HUVECs on a permeable membrane and adding a fluorescently-labeled large molecule
(dextran) to one side of the membrane. The fluorescence intensity of the dextran on the
opposite side of the membrane was then measured.
Pooled HUVECs were grown on Corning Transwell inserts (24 mm diameter, 0.4
um pore size) in 6 well plates and grown to ~100% confluence (at least 4 days after
plating). The media was replaced with 1.0 mL media in the insert and 2.5 mL in the
bottom well for all groups (1 well per group). Mb and PEMs were reduced as described
earlier. Cells were treated as follows with Mb, GOX, and PEMs. All cells were also
treated with 200 µL of 375 µg/mL 37 kDa RITC-dextran in DPBS (50 µg/mL) in the top
well.
Control: 300µL media
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1 mg/mL Mb: 150 µL of 10 mg/mL Mb + 150 µL DPBS
5 mU/mL GOX: 150 µL of 50 mU/mL GOX + 150 µL DPBS
Mb+GOX: 150 µL of 10 mg/mL Mb + 150 µL of 50 mU/mL GOX
PEMs: 150 µL of DiD-labled OB18 or OB29 PEMs + 150 µL DPBS
PEMs+GOX: 150 µL of PEMs + 150 µL of 50 mU/mL GOX
Immediately following addition of RITC-dextran, 15 µL from the bottom well of
each group was collected 3 times and added into 3 separate wells on a 384-well opaque
white plate. Fluorescence was measured using a SpectraMax M5 plate reader at 570 nm
excitation and 595 nm emission with a 590 nm cutoff. Samples were taken and
fluorescence was measured over time, up to 17 h following treatment. A standard curve
of RITC-dextran in EGM2-MV was used to calculate dextran concentrations.

3.2.17 Toxicity
The following studies were carried out in order to study whether free Mb or
PEM treatment results in animal toxicity.
3.2.17.1 Free Mb in vivo Toxicity
Three mice were treated i.v. with 35 mg/kg of reduced, purified Mb in PBS.
Weights were monitored 4 times a week for 2 weeks. This dose of Mb was about twice as
much as that administered in the PEM studies.
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3.2.17.2 Blood Panels
At sacrifice, blood was collected via cardiac puncture using a heparinized 22 G
needle into heparinized tubes. Whole blood samples were centrifuged for 10 min at 1500
x g and the plasma was collected. Plasma samples were frozen in liquid nitrogen and
stored at -80 °C until analyzed. Samples were submitted to the Veterinary Diagnostics
Laboratory at Duke University for analysis.
3.2.17.3 Histology
Livers from mice 24 h following treatment were collected upon sacrifice and
frozen with OCT in the gaseous phase of liquid nitrogen. Samples were stored at -80 °C.
Liver sections were stained with H&E and imaged to study the effects of Mb treatments.

3.3 Results
3.3.1 Formulation of Polymersome-Encapsulated Myoglobin (PEM)
3.3.1.1 DLS
PEM hydrodynamic diameter averaged around 230 nm, depending on the
polymersome batch. A representative particle size distribution of OB18 PEMs is shown
in Figure 65. The OB29 PEMs used in later cell studies formed smaller vesicles (~125 nm)
compared to OB18, consistent with the previous aim.
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Figure 65: Dynamic light scattering (DLS) distribution of OB18 PEMs.
Mb polymersomes of PEO-b-PBD polymer OB18 formed nano-scale vesicles with
average hydrodynamic diameter around 230 nm.

3.3.1.2 Myoglobin Concentration
PEM samples were prepared at a polymer concentration around 50 mg/mL. Mb
concentrations were generally between 1.5 – 4 mg/mL in the PEM solutions, as
determined by ICP-OES.

3.3.2 Reduction of Mb
Mb solutions were successfully reduced using Na2S2O4, as shown in Figure 66.
The NanoDrop was used to measure the metMb spectrum prior to addition of Na2S2O4.
By flowing argon over the solution during addition of the reducing agent, the deoxyMb
curve was produced. Finally, the Na2S2O4 was removed via desalting purification or by
bubbling O2 through the solution, producing oxyMb. Spectral differences are shown in
206

both the Soret bands and Q bands of the three Mb solutions. These demonstrate that the
oxidation and oxygenation status of Mb can be determined spectrally. They also confirm
that the sodium dithionite reduction method was successful in reducing Mb in solution.
The spectra correspond well to the literature data (Schenkman, Marble et al. 1997).
In addition, NIR-emissive Mb was successfully reduced, as shown in Figure 67A.
Conjugation to the IRDye800 did not affect the ability of Mb to bind O2, and the resulting
compound was fluorescent at around 800 nm (Figure 67B).

Figure 66: Absorbance spectra of metMb, deoxyMb, and oxyMb.
Typically, the Q bands are used to distinguish the oxidative state of Mb, as these have
considerable differences between met (ferric) Mb and deoxy and oxy (ferrous) forms of
Mb. However, the absorbance within this region of the spectra is very low, so for the
majority of the work presented here, the Soret peaks were used to distinguish the three
forms of Mb.
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Figure 67: A) NanoDrop absorbance spectrum of oxyNIR-Mb, showing the Soret band
at 413nm, Q bands, and NIR absorbance. B) NIR-Mb fluorescence emission.

3.3.2.1 Mb Stability
The stability of Mb solution was studied in order to determine how samples
should be stored over time. Solutions were incubated at room temperature, 4°C, or 37°C
and samples were taken at various time points. Using the spectra in Figure 66, the
sample spectra were deconvolved with MatLab in order to determine the fraction of
metMb in each sample. These curves are shown in Figure 68. The solutions oxidized to
metMb within hours when incubated at 37°C. However, by incubating the samples on
ice at 4°C, the Mb solutions were stable for days, with about 20% oxidized at 7 days
following dissolution.
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Figure 68: Stability curves of Mb solutions in PBS at different temperatures.
Mb was dissolved in PBS, reduced with Na2S2O4, and oxygenated to form oxyMb.
Solutions were stored at room temperature, 37 °C, or on ice at 4 °C. Samples were taken
over time and UV-Vis spectra were taken. Using MatLab, these spectra were
deconvolved into their metMb and oxyMb components. The fraction of metMb was then
calculated and plotted with time. These results show that oxyMb is oxidized quickly at
37 °C, but is stable for days at 4 °C.

Similar studies were carried out in rat plasma in order to better understand what
may occur to Mb following administration in vivo. The spectra could not be deconvolved
into met and oxyMb components because of the small amount of rat Hb that was still
present in the plasma (Figure 69A). However, the spectral changes can be seen in Figure
69, demonstrating that Mb is more stable in plasma than in PBS. The room temperature
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plasma sample was still primarily oxyMb at 47 h following dissolution, while the
corresponding PBS sample was almost 60% metMb (Figure 68) at the same time point.

Figure 69: Absorbance spectra of Mb solutions in rat plasma at varying temperatures
over time.
A) Spectrum of rat plasma before addition of oxyMb, demonstrating absorbance of
residual Hb at the Soret band of ~400 nm. Spectra of Mb in rat plasma stored at B) 4 °C,
C) room temperature, and D) 37 °C at various time points over 78 h are provided. Q
bands around 550 nm clearly show the oxidation of oxyMb to metMb at 37 °C. The
sample stored at room temperature appears to display improved stability in rat plasma
versus PBS, as demonstrated by the two separate Q band peaks associated with oxyMb.
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3.3.2.2 Oxygen Binding Curves
Through a collaboration with Dr. Timothy McMahon’s lab, O2 binding curves
were determined for free Mb and human RBC lysate Hb. O2 binding curves are shown in
Figure 70B. These curves correspond well to those found in the literature (Figure 5). The
O2 binding curves for the RBC lysates are shifted to the right compared with what is
expected for free Hb due to the age of the blood samples and the additional components
found in cell lysates vs. stroma-free Hb. This method worked well for highly
concentrated solutions of protein. However, the polymersome formulations contained
too low of concentrations of Mb to be measured in this manner.

Figure 70: O2 binding studies carried out with RBC lysates and Mb solutions.
(A) An Al cell used for gas exchange required small volumes of solution to be placed
between Saran wrap films. This was then placed in a plate reader for absorbance
measurements. (B) O2 binding curves for Mb and red blood cell lysate Hb as determined
using MatLab.
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3.3.2.3 Reduction of PEMs
In order to confirm Mb reduction and the ability of PEMs to bind O2, absorbance
spectra were measured for PEMs containing no fluorophore. The Soret bands were
compared before and after reduction in order to confirm the reaction. MatLab was
successfully used to subtract nanoparticle light scattering from the spectra (Figure 71).
The Soret band peak of PEMs before reduction corresponds to metMb (411 nm). The 428
nm peak following reduction corresponds to the deoxyMb (ferrous) Soret band. The
peak at 416 nm corresponds to oxyMb, and is present in the sample following reduction
and purification of the polymersomes, thus confirming successful reduction and O2binding capability of the protein within PEMs.
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Figure 71: Absorbance spectra of PEMs before and following reduction by Na2S2O4.
PEM absorbance spectra after subtraction of the light scattering component. The Soret
peak shifts depending on the form of the Mb within the polymersomes: 411nm for met
Mb (before), 428nm for deoxyMb (after Na2S2O4), and 416nm for oxyMb (after G25).

3.3.3 IVIS Kinetic Imaging
4T1 ventral mammary fat pad carcinoma -bearing mice were imaged following
treatment with empty polymersomes, NIR-Mb, or PEMs (Figure 72). Loading
polymersomes with Mb did not affect gross tumor accumulation, as can be seen by
comparing the top and bottom rows of Figure 72. The free Mb did not accumulate
within tumors, and was cleared by the kidneys to the bladder.
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Figure 72: Accumulation of empty polymersomes and PEMs in ventral 4T1 mammary
carcinomas.
IRdye800-labeled myoglobin (NIR-Mb) is cleared quickly from the circulation into the
bladder. Empty polymersomes and PEMs accumulate in tumors (red arrows) following
tail vein injection. Imaged with the IVIS® Kinetic (λex= 745 nm, λem= 810-875 nm).

3.3.4 Pharmacokinetics
Blood samples were collected from the mice in Figure 72 to study PK of free Mb
and Mb loaded within polymersomes. Empty polymersomes and PEMs had very similar
PK curves, as seen in Figure 73A. PEMs and NIR-Mb were compared by calculating the
concentration of Mb in the plasma based on the Mb dose of each treatment, and by
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assuming that all Mb associated with the PEMs remains with the PEMs. This
assumption was important because PEM concentration was determined based on the
PZn3 fluorescence, not the Mb encapsulated within the vesicle. As seen in Figure 73B, the
Mb remains in the circulation much longer once loaded within polymersomes compared
to free Mb in solution.

Figure 73: Pharmacokinetics curves of empty polymersomes, PEMs, and NIRMb following tail vein injection.
A) Polymer concentration in plasma as calculated by fluorescence in centrifuged
capillary tube blood samples. B) Mb concentration in plasma based on initial
concentration of 3.0 mg/mL Mb in PEMs, assuming that no Mb leaks from the
polymersomes over 24 hours. NIR-Mb concentration was also calculated based on
fluorescence in plasma samples. N=3 per group, average +/- standard deviation.

3.3.5 Tumor Effect of PEMs
Following i.v. treatment with PEMs at a dose of about 0.3 mg of Mb per mouse, a
dramatic tumor effect was observed. Within 3 hours of treatment, tumors became red in
color. By 6 h following treatment with PEMs, all 5 mice had dark red tumors (Figure 74).
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This effect was not observed in the NIR-Mb or empty polymersome –treated control
groups. This was an unexpected effect that required further investigation.

Figure 74: Dramatic tumor effect following i.v. treatment with PEMs.
4T1 tumor-bearing mice were treated via tail vein catheter with PEMs, at a dose of ~0.3
mg of Mb per mouse. Top: color change observed at 6 h following treatment. Bottom: all
5 mice in this PEM treatment group demonstrated a color change at 24 h.

Renca renal cell carcinomas were grown in the flank of nude mice in order to
determine if this same effect occurs in a human tumor xenograft, where the immune
system is compromised. As seen in Figure 75, more tumor color change was observed in
PEM-treated mice versus those treated with empty polymersomes. While the change
wasn’t as dramatic as that seen in the initial 4T1 tumor study, there was still an obvious
tumor effect, especially in Mouse 2.
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Figure 75: Tumor color change observed in Renca tumor-bearing nude mice.
Renca tumors were grown in the right flank of nude mice. Once the tumors reached ~10
mm in diameter, the mice were treated i.v. with PEMs or empty polymersomes. Images
were taken 28 h following treatment.

3.3.6 Na2S2O4 Study
The rapid change in tumor color due to PEM treatment was unexpected. Thus,
possible other causes for this effect were evaluated. As shown above, the tumor
darkening was observed in PEM-treated mice but not those given empty polymersomes.
However, another difference between these two treatment groups was that the PEMs
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were treated with Na2S2O4 in order to reduce and oxygenate the Mb prior to tail vein
injection. Therefore, in order to study whether the presence of Na2S2O4 was necessary to
observe the tumor color change, controls of PEMs purified following reduction and
empty polymersomes containing Na2S2O4 were prepared for i.v. administration. As
shown in Figure 76, 24 h following treatment, only those mice given PEMs demonstrated
4T1 tumor color change. While the effect was only observed in 50% of the mice in this
experiment, it has been shown that the effect is PEM-dependent, not Na2S2O4-dependent.
It is suspected that the dose of Mb was lower in this experiment than in the initial study.
Therefore, Mb concentrations in PEM samples were measured in all future experiments.
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Figure 76: 24 h photographs of 4T1 tumor-bearing mice treated i.v. with PEM solution
containing Na2S2O4, PEM solution purified of Na2S2O4, and empty polymersome
solution containing Na2S2O4.
PEM-treated mice experienced more tumor color change following treatment,
regardless of the presence of Na2S2O4. Mouse 3 in the empty polymersome group shows
some ulceration, but no significant tumor color change.

3.3.7 Window Chamber Imaging
In order to better understand the mechanism of the tumor effect observed
following PEM treatment, mouse window chambers containing 4T1 tumors were
studied. This allowed for monitoring of blood flow, vessel diameter, Hb O2 saturation
(HbSat), and polymersome distribution. As shown in Figure 77, tumor color change
following PEM treatment was also observed in small window chamber tumors. Window
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chamber studies revealed that the color change is due to tumor vessel hemorrhaging.
This hemorrhaging was not observed in empty polymersome -treated mice.
As these experiments were carried out with separate batches of PEMs, the effects
of two different Mb doses could be compared. The two mice treated with 0.63 mg of Mb
(150 µL of 4.2 mg/mL) both demonstrated tumor hemorrhage following i.v. treatment
with PEMs. However, only one of the two mice treated with 0.36 mg of Mb (200 µL of
1.8 mg/mL) showed obvious hemorrhaging.
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Figure 77: 4T1 tumor hemorrhaging observed grossly in window chambers.
Hemorrhaging of tumor microvessels was observed following tail vein treatment with
PEMs. Preliminary analysis is consistent with greater hemorrhage in tumors treated
with higher Mb dose. Empty polymersomes did not have a hemorrhagic effect on the
tumors. Window diameter is 12 mm.

3.3.7.1 Brightfield Imaging
Brightfield imaging of the window chamber tumors revealed a progression of
vascular changes following PEM treatment. Figure 80 provides images of a 4T1 window
chamber tumor over time prior to and following i.v. PEM administration. This tumor
had the most dramatic effect of the four PEM-treated tumors studied. Within minutes of
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treatment, clots could be seen forming within tumor vessels (yellow circles). These were
identified by the RBCs flowing around the white areas. Within 30 minutes of treatment,
blood flow slowed and RBC stacking (rouleaux) was observed within several tumor
vessels, as indicated by the blue arrows. Flow in these vessels stopped by 1 h. By the 4 h
time point, signs of tumor hemorrhaging can be seen (red arrowheads). At 24 and 47 h
following treatment, the tumor can no longer be imaged due to significant
hemorrhaging.
As a comparison, images of window chamber tumors from control mice are
provided as well. An untreated tumor is shown in Figure 78. The brightfield images are
rather consistent over the first hour. By 23 h, the images become more blurry, a common
observation in window chamber tumors, as imaging becomes more difficult as the
tumor grows. An example of a tumor treated with empty polymersomes is shown in
Figure 79. There appears to be some loss of blood flow in one vessel, but this change
could be normal tumor vascular remodeling. It is important to note that tumor
hemorrhage, which was seen with PEMs, does not occur following treatment with
empty polymersomes.
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Figure 78: Brightfield window chamber images of untreated mouse over time.
The 4T1-tumor bearing mouse was positioned on the Zeiss inverted microscope and
imaged. While this mouse was untreated, “injection” is used to indicate when
corresponding treated mice were injected with polymersomes. Orange dotted arc
indicates the approximate location of the tumor. Scale bar 1000 µm.
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Figure 79: Brightfield window chamber images of empty polymersome -treated
mouse over time.
The 4T1-tumor bearing mouse was imaged prior to treatment (pre) and following i.v.
treatment with empty PEO-b-PBD polymersomes. Orange dotted arc indicates the
approximate location of the tumor. Blue arrow points to a vessel that appears to be cut
off at later time points. Scale bar 1000 µm.
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Figure 80: Brightfield window chamber images of a PEM-treated mouse over time.
The 4T1-tumor bearing mouse was imaged prior to treatment (pre) and following i.v.
treatment with Mb polymersomes (PEMs.) Orange dotted arc indicates the approximate
location of the tumor. Yellow circles indicate apparent clot formation. Blue arrows point
to areas of decreased blood flow and associated RBC stacking (rouleaux). Red
arrowheads designate early signs of hemorrhage. Significant tumor hemorrhage is
observed by 5.25 h following treatment. Scale bar 1000 µm.
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3.3.7.2 Polymersome Imaging
Polymersomes were loaded with multiporphyrin NIR-emissive fluorophores for
in vivo imaging. As polymersomes are ~230 nm in diameter, they provide insight into
changes in vascular permeability. Tumor pores tend to range from 100-600 nm in
diameter (Yuan, Dellian et al. 1995). As shown in Figure 81 and Figure 82, at early time
points following i.v. treatment, the polymersomes are confined to the vasculature. There
are areas that may correspond with vesicle aggregation within vessels, where the
fluorescence appears to be localized. In the PEM-treated mouse, it appears that this
aggregation corresponds to areas of decreased blood flow (blue arrows). This is less
obvious in the empty polymersome-treated mouse, but flow maps (Figure 87, yellow
circle) do show decreased flow in a vein with significant PZn3 fluorescence. By 3.5 h
following treatment, both empty polymersomes and PEMs appear to extravasate from
the vessels. At 24 h, the PEMs were so concentrated within the tumor that the image is
saturated when set to the same brightness scale as the earlier time points (Figure 82). For
the empty polymersome-treated mouse shown in Figure 81, by 48 h, more fluorescence
is seen peri- or extravascularly than within the vessels.
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Figure 81: Window chamber imaging of PZn3-labeled empty polymersomes
following i.v. treatment in a 4T1 tumor-bearing mouse.
Empty ~230 nm diameter PEO-b-PBD polymersomes were labeled with a NIR
fluorophore (PZn3) and administered i.v. to a mouse with a dorsal window 4T1 tumor.
A) Fluorescence was measured over time. Early time points show fluorescence mainly
contained within the vasculature, while extravasation can be seen at 3.5 h and later. By
48 h, vessel fluorescence is much lower, with the majority of polymersome fluorescence
observed extra or peri-vascularly. B) Overlay of brightfield and PZn3 fluorescence.
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Figure 82: Window chamber imaging of PZn3-labeled PEMs following i.v.
treatment in a 4T1 tumor-bearing mouse.
Mb-loaded ~230 nm diameter PEO-b-PBD polymersomes were labeled with a NIR
fluorophore (PZn3) and administered i.v. to a mouse with a dorsal window 4T1 tumor.
A) Fluorescence was measured over time. Early time points show fluorescence mainly
contained within the vasculature, while extravasation can be seen at 4 h and later. By 26
h following treatment, the accumulation was so great that the fluorescence was
saturated throughout the field of view at the same brightness scale used for the earlier
time points. Therefore, the brightness was scaled 3x for the 26 h figure and 4x for the 47
h. B) Overlay of brightfield and PZn3 fluorescence, demonstrating areas of polymersome
accumulation that appear to correspond to areas with shut down blood flow (blue
arrows).
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3.3.7.3 Hemoglobin Saturation and Quantification
Hyperspectral imaging was carried out to determine Hb O2 saturation (HbSat)
within window chamber tumors. As shown in Figure 83, there are some anesthesia
effects on measured oxygenation. As the mouse was imaged under isoflurane
(vaporized with 21% O2), the HbSat increased (compare pre-injection 0 min with preinjection 30 min). For this reason, the later time points (~3.5, 24, 48 h) should be
compared with the 0 min pre-injection images for all treatment groups.
HbSat images of an untreated 4T1 tumor-bearing mouse are shown in Figure 83.
As can be seen, the oxygenation within tumor or tumor-adjacent vessels doesn’t appear
to change significantly over time. In contrast, the empty polymersome-treated mouse
shown in Figure 84 experienced decreases in HbSat in both tumor and tumor-adjacent
vessels at 3.5, 23, and 48 h following treatment. PEM-treated mice also experienced
decreased oxygenation as shown in Figure 85. This figure also shows the significant
tumor hemorrhage that followed i.v. PEM-treatment, as seen by the Hb absorbance
throughout the upper right of the field of view.
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Figure 83: Hb saturation images of an untreated window chamber tumor.
Hyperspectral imaging was carried out to calculate Hb O2 saturation in dorsal window
4T1 tumors. While this mouse was untreated, “injection” is used to indicate when
corresponding treated mice were injected with polymersomes. Orange dotted arc
indicates the approximate location of the tumor.
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Figure 84: Hb saturation images of a window chamber tumor treated i.v. with empty
polymersomes.
Hyperspectral imaging was carried out to calculate Hb O2 saturation in dorsal window
4T1 tumors. The mouse was treated i.v. with empty PEO-b-PBD polymersomes and
imaged over time. Orange dotted arc indicates the approximate location of the tumor.
Decreased Hb sat can be seen 23 h following treatment. Scale bar 1000 µm.
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Figure 85: Hb saturation images of a window chamber tumor treated i.v. with PEMs.
Hyperspectral imaging was carried out to calculate Hb O2 saturation in dorsal window
4T1 tumors. The mouse was treated i.v. with Mb polymersomes (PEMs) and imaged
over time. Orange dotted arc indicates the approximate location of the tumor. Tumor
hemorrhage can be seen beginning at 4 h following treatment, as shown by the Hb
absorbance outside of intact vessels. Scale bar 1000 µm.

Hb saturation was quantified using the HbSat images generated for untreated,
empty polymersome, and PEM-treated mice. The percent changes in HbSat over time
compared to HbSat at pre-treatment are shown in Figure 86. Controls include a salinetreated and an untreated mouse. These mice both experienced slight decreases in HbSat
in both tumor and tumor-adjacent vessels, which returned to baseline. These changes
can be attributed to normal hypoxic cycling. However, both empty polymersome (n=2)
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and PEM-treated (n=4) mice displayed decreased oxygenation in all vessels within the
window chambers. Neither treatment group returned to baseline oxygenation by 48 h.

Figure 86: Quantification of percent change in Hb saturation in tumor and
tumor-adjacent vessels following treatment with empty polymersomes, PEMs, or
saline/untreated mice.
MatLab was used to select the 4T1 tumor area. HbSat images that were generated from
hyperspectral images of the window chamber tumors were then used to quantify Hb O2
saturation within tumor vessels or tumor-adjacent vessels. Results demonstrate
decreased oxygenation within both empty polymersome (Empty, n=2, n=1 for 48 h time
point) and Mb polymersome (PEMs, n=4)-treated mice. Controls (saline or untreated
mice, n=1 each) showed relatively steady HbSat over time. Data presented as mean +/SEM.
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3.3.7.4 Blood Flow Analysis
Videos of window chamber tumors were taken using a white light source and
560 nm filter for imaging, as this wavelength has strong Hb saturation for imaging
RBCs. Maps of blood flow speed throughout the window chambers following treatment
with empty polymersomes and PEMs are provided in Figure 87 and Figure 88,
respectively. Large vessels appear black as the RBCs are flowing too fast for
measurement and the strong absorbance within these vessels made them difficult to
image with reasonable lamp voltages. The yellow circle in Figure 87 points to a vein that
appears to lose flow within 5 min of treatment with empty polymersomes. However, by
3.5 h following treatment, the flow has returned. This is in contrast to the PEM-treated
mouse shown in Figure 88. Within minutes, flow stops in several vessels within the
tumor (yellow arrows and brackets), and does not recover by 4 h.
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Figure 87: Maps of blood flow speed over time following treatment with empty
polymersomes.
Mice bearing dorsal window chamber 4T1 tumors were treated i.v. with PEO-bPBD empty polymersomes. Videos were collected at 560 nm wavelength and MatLab
was used to create blood flow speed maps (Fontanella, Schroeder et al. 2013). Yellow
circle indicates a vessel that loses flow immediately following treatment, with flow
regained by 3.5 h following treatment. Color scale in mm/s. Scale bar 1000 µm.
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Figure 88: Maps of blood flow speed over time following treatment with PEMs.
Mice bearing dorsal window chamber 4T1 tumors were treated i.v. with PEO-b-PBD
Mb-loaded polymersomes. Videos were collected at 560 nm wavelength and MatLab
was used to create blood flow speed maps. Blue star indicates artifact from bubble
within the window. Yellow arrows and bracket point to areas of lost blow flow
following treatment. Color scale in mm/s. Scale bar 1000 µm.

3.3.8 Histology
Histologic analyses were carried out on PEM-treated tumor sections. These
experiments include the initial 4T1 study with unexpected tumor color change following
treatment. These mice were sacrificed around 24 h post treatment. A follow-up
histologic study was then carried out with mice sacrificed at 1 h and 4 h following
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treatment. These time points were chosen based on vascular changes observed in the
window chamber studies. Hemorrhaging is observed by 4 h and early effects on blood
flow are seen around 1 h after PEM treatment. An additional aspect of this histologic
study was to compare different forms of PEMs. This includes comparing metPEMs with
oxyPEMs. If the reduced form of Mb, which is able to bind O2, is not necessary for the
observed tumor effect, then the initial oxidative state is not important to the mechanism.
Also, PEM-SE is compared with PEM-E. This would help to elucidate whether the
surface-associated Mb is necessary for the hemorrhagic effect of PEMs.
Looking at the tumor tissue and tumor sections grossly, all PEM-treated mice
appeared to have some hemorrhage by 4 h, as demonstrated by pink / red tissue (Figure
89), regardless of oxidative state or presence of Mb on the polymersome surface. Most of
the oxyPEM tumors appeared pink by 1 h following treatment, while the rest of the PEM
treatments did not seem to change color until the 4 h sacrifice time point.
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Figure 89: Frozen 4T1 tumor sections 1 and 4 h following PEM treatment, revealing
pink color consistent with hemorrhage.
Tissues were thawed at room temperature and photographed. Red arrows point to pink
color in the tumor section. Samples shown here include mice treated with oxyPEMs that
were sacrificed at 1 and 4 h, metPEMs that were sacrificed at 1 and 4 h, encapsulated Mb
only PEMs (PEM-E) that were sacrificed at 4 h, and empty polymersomes and saline that
were sacrificed at 1 h.

3.3.8.1 Necrosis
Mice from the initial PEM study in 4T1 tumors were sacrificed around 24 h
following treatment. 100% of the mice treated with PEMs in this study demonstrated
significant change in gross tumor color, turning dark red within hours of treatment.
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H&E imaging of PEM-treated tumors revealed considerable necrosis within the tumor
cores with viable tumor rims. Representative images of 4T1 tumors treated with empty
polymersomes, NIR-Mb, and PEMs are shown in Figure 90.

Figure 90: Representative images of H&E stained 4T1 tumors 24 h following
treatment.
Mice were treated i.v. with A) empty polymersomes, B) free NIR-Mb, or C) PEMs.
Necrotic areas stain more eosinophilic (pink) and have a lacy appearance.
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Percent necrotic area was calculated for each tumor in this 24 h study. This
quantification is shown in Figure 91. The PEM-treated tumors had significantly more
necrosis, with an average of 68% of the total tumor area appearing necrotic (p < 0.0001).
These results confirm a rapid tumor effect of i.v. treatment with PEMs.

Figure 91: Percent of total tumor area that was necrotic 24 h following Mb treatments,
as determined from H&E stain.
4T1 tumor- bearing mice were treated via tail vein catheter and sacrificed at 24 h. Frozen
sections were stained for H&E. Necrotic and tumor areas were manually outlined in
Photoshop by a blinded scientist. N=5 per group, reported as mean +/- SEM.
p < 0.0001 between PEMs and either control group (one-way ANOVA with Tukey’s
multiple comparisons test).
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Renca renal cell carcinoma -bearing nude mice were also treated with PEMs in
order to determine whether the response was 4T1-specific or dependent on the mice
being immunocompetent. Tumors demonstrated a slight color change following PEM
treatment, as discussed earlier. H&E histology of tumors collected at 28 h post treatment
revealed more necrosis within tumors of PEM-treated mice compared with empty
polymersome controls, as can be seen in Figure 92. These results confirm that the
necrotic effect of PEM treatment is not tumor- or mouse strain-specific.
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Figure 92: Representative images of H&E stained Renca tumors 28 h following i.v.
treatment with empty polymersomes (top) and PEMs (bottom).
PEM-treated tumors display widespread necrosis (N) throughout the tumor core with
areas of viable tumor (V) at the periphery.

3.3.8.2 EF5 and Hoechst
Since the original hypothesis for this study was that PEMs would increase tumor
oxygenation, EF5 was stained as a hypoxia marker in the initial PEM study. 3 h prior to
sacrifice, mice were treated i.p. with EF5 in order to stain for hypoxia. 5 min prior to
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sacrifice, the mice were treated i.v. with Hoechst to stain nuclei of cells in perfused
tissue. The mice were sacrificed around 24 h following treatment with empty
polymersomes, NIR-Mb, or PEMs. Representative images of the hypoxia / perfusion
staining are presented in Figure 93. The empty polymersome-treated tumors reveal
scattered areas of hypoxia surrounded by perfused tissue. This is expected for 4T1
tumor hypoxia distribution (Moeller, Cao et al. 2004). The free Mb –treated tumors have
similar stain distributions, corresponding to no effect on tumor oxygenation following
treatment. The PEM-treated tumors, however, have necrotic cores as shown by H&E.
Necrotic tissue stained non-specifically with the EF5 antibody, as can be seen in the
bottom center of the tumor section of Figure 93C. However, a hypoxic rim is observed
around the necrotic core of the tumors. This rim is surrounded with more viable tumor
tissue containing similar scattered hypoxia and perfusion that is seen throughout the
tumors in the two control groups.
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Figure 93: Representative images of EF5 (hypoxia) and Hoechst (perfusion)
staining 24 h following treatment.
Mice were treated i.v. with A) empty polymersomes, B) free NIR-Mb, or C) PEMs.
Control mice have patchy areas of hypoxia dispersed between areas of perfusion. The
necrotic core of the PEM-treated tumor (C) is surrounded by a hypoxic rim, while the
outer viable tumor rim is more perfused.

3.3.8.3 Polymersome Distribution
4T1 tumor bearing mice treated with DiD-labeled empty polymersomes or PEMs
were sacrificed at 1 and 4 h following treatment. The tumors were harvested and
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sections imaged for polymersome distribution. As shown in Figure 94, polymersomes
are distributed heterogeneously throughout the tumors, as expected for nanoparticle
delivery (Jain and Stylianopoulos 2010). It appears that the PEMs are more widely
distributed by the 4 h time point compared with the 1 h. It also appears that both the
empty polymersomes and PEMs have extravasated further into the tumor tissue at 4 h
than at 1 h when comparing images at higher magnification (Figure 95). These images
show vessel lumens lined with fluorescent polymersomes, as well (yellow arrows).
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Figure 94: Polymersome tumor distribution at 1 and 4 h following treatment.
4T1 tumors were harvested 1 and 4 h following treatment. Images revealed
heterogeneous distributions of empty polymersomes as well as PEMs. There appears to
be more accumulation at 4 h following PEM treatment than at 1 h. Saline treated mouse
is included to demonstrate minimal autofluorescence of the tumor. Treatment groups
include saline, metPEMs, empty polymersomes, oxyPEMs, oxyPEM-Es (containing only
encapsulated Mb), and oxyPEM-SEs (same as oxyPEM, but at the same Mb
concentration as PEM-E). Scale bar 1000 µm.
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Figure 95: Polymersome extravasation in 4T1 tumors at 1 and 4 h following treatment.
By looking more closely at the images in Figure 94, extravasation of the polymersomes
into the tumor tissue can be seen. It is assumed here that the bright fluorescence
corresponds to tumor vessels and the streaks radiating from these bright spots are
extravasated polymersomes (seen at 4 h time points). Vessels lined with fluorescent
polymersomes are indicated with yellow arrows. The top images are from mice treated
with empty polymersomes and the bottom two are from PEM-treated mice. Scale bar
200 µm.

3.3.8.4 CD31 Microvessels
Window chamber studies revealed significant 4T1 tumor hemorrhaging within
hours of PEM treatment. We therefore sacrificed 4T1 ventral mammary carcinoma bearing mice at 1 and 4 h following treatment and stained for CD31 for ECs.
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Representative images of CD31 staining are provided in Figure 96. There are no obvious
differences in microvessel density, morphology, or distribution following PEM
treatment at the scale of the entire tumor or at 10x magnification (Figure 97).
Microvessels were quantified with the expectation that if vessels are damaged,
they may break up into smaller pieces that can be imaged histologically. Microvessel
density was quantified by counting the stained areas within random 1000 x 1000 pixel
(738 x 738 µm) samplings of the tumor images. Each sampling area was designated as
necrotic or viable tumor tissue. There was no significant difference in microvessel counts
between any of the treatment groups, whether including necrotic areas or not (Figure
98). In addition, vessel size was analyzed by the average pixel area of each vessel
counted, as well as by the percent area of the entire field. Once again, there were no
differences between treatment groups. So while it is expected that the tumor-specific
hemorrhaging observed following PEM treatment is due to a vascular effect, tumor
tissue staining did not provide any insight into the mechanism of this. Perhaps the effect
is more microscopic than can be seen on tumor sections. This is why possible cellular
effects were studied in vitro.
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Figure 96: CD31 stained 4T1 tumor sections.
PEM-treated 4T1 tumors were stained for endothelial cells. Tumors were harvested at 1
and 4 h following treatment. No differences in vessel density or distribution are
observed between groups. Treatment groups include saline, metPEMs, empty
polymersomes, oxyPEMs, oxyPEM-Es (containing only encapsulated Mb), and oxyPEMSEs (same as oxyPEM, but at the same Mb concentration as PEM-E). Blue – Hoechst,
Green – CD31, scale bar 500 µm.
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Figure 97: High magnification of CD31 staining.
PEM-treated 4T1 tumors were stained for endothelial cells. Tumors were harvested at 1
and 4 h following treatment. No differences in vessel morphology are observed between
groups. Treatment groups include saline, metPEMs, empty polymersomes, oxyPEMs,
oxyPEM-Es (containing only encapsulated Mb), and oxyPEM-SEs (same as oxyPEM, but
at the same Mb concentration as PEM-E). Blue – Hoechst, Green – CD31, scale bar 200
µm.
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Figure 98: Microvessel counts of PEM-treated 4T1 tumors.
The number of microvessels within random areas of treated tumors were counted in the
CD31 stained images. There were no significant differences in vessel counts between
control groups (saline and empty polymersomes) and PEM groups. There were also no
differences between the various PEM groups (metPEMs, oxyPEMs, oxyPEM-Es and
oxyPEM-SEs). Depending on the size and condition of the tumor section, 2-9 different
1000 x 1000 pixel (738 x 738 µm) areas were sampled. Necrotic samples were designated,
and the analysis was carried out with or without these samples included. Presented as
average microvessel count +/- standard deviation.
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Figure 99: Average microvessel area of PEM-treated 4T1 tumors.
The average size of microvessels within random areas of treated tumors was measured
in the CD31 stained images. There were no significant differences between control
groups (saline and empty polymersomes) and PEM groups. There were also no
differences between the various PEM groups (metPEMs, oxyPEMs, oxyPEM-Es and
oxyPEM-SEs). Depending on the size and condition of the tumor section, 2-9 different
1000 x 1000 pixel (738 x 738 µm) areas were sampled. Necrotic samples were designated,
and the analysis was carried out with or without these samples included. Presented as
average microvessel size in pixels +/- standard deviation.
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Figure 100: Area percentage of microvessels within 1000 x 1000 pixel fields of
CD31-labeled PEM-treated 4T1 tumor sections.
The total number of pixels stained with CD31 was divided by the total pixels within
each field that was analyzed. There were no significant differences between control
groups (saline and empty polymersomes) and PEM groups. There were also no
differences between the various PEM groups (metPEMs, oxyPEMs, oxyPEM-Es and
oxyPEM-SEs). Depending on the size and condition of the tumor section, 2-9 different
1000 x 1000 pixel (738 x 738 µm) areas were sampled. Necrotic samples were designated,
and the analysis was carried out with or without these samples included. Presented as
average microvessel size in pixels +/- standard deviation.

3.3.8.5 CD31 +/- Caspase Imaging
The sections used above for DiD polymersome imaging were subsequently
stained for CD31, cleaved caspase 3, and Hoechst. The cleaved caspase 3 is an indicator
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of apoptosis. The goal of this work was to determine whether ECs undergo apoptosis
following PEM treatment. As seen in Figure 101, PEM-treated tumors appear to have
more caspase staining scattered throughout the sections compared with controls as
indicated by the magenta pseudo-color (yellow arrows). This is observed more in the
tumors collected 4 h following treatment compared with the 1 h time point.
By zooming in on these sections, co-localization of CD31 (green) and caspase
(magenta) can be analyzed (Figure 102). It appears that the majority of cleaved caspase 3
staining occurred in tumor cells. However, there are some areas of co-localization of
apoptosis with microvessels (yellow arrows and arrowheads). Vessels that were sliced
orthogonally and show apoptotic ECs are indicated by yellow arrows, demonstrating
that EC apoptosis occurred as quickly as 1 h following treatment with PEMs. Once
again, there does not appear to be a difference in effect between the different PEM
treatment groups. Apoptosis is observed without surface-associated Mb (PEM-E).

254

Figure 101: Cleaved caspase 3 and CD31 co-staining of PEM-treated 4T1 tumors.
Yellow arrows indicate areas of positive apoptosis staining. These images demonstrate
that PEM-treated mice had scattered apoptosis throughout their tumors by 4 h after
treatment. Treatment groups include saline, metPEMs, empty polymersomes, oxyPEMs,
oxyPEM-Es (containing only encapsulated Mb), and oxyPEM-SEs (same as oxyPEM, but
at the same Mb concentration as PEM-E). Blue – Hoechst, Green – CD31, Magenta –
cleaved caspase 3 (apoptotic marker).
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Figure 102: PEM-treated 4T1 tumors show co-localization of apoptotic marker and
vessel marker.
Yellow arrows indicate orthogonally sectioned vessels with positive apoptosis staining.
Yellow arrowheads point to co-localized CD31 and cleaved caspase 3. PEM-treated
tumors display apoptosis of both ECs and tumor cells, with more significant cell death at
4 h following treatment. Treatment groups include saline, metPEMs, empty
polymersomes, oxyPEMs, oxyPEM-Es (containing only encapsulated Mb), and oxyPEMSEs (same as oxyPEM, but at the same Mb concentration as PEM-E). Blue – Hoechst,
Green – CD31 (ECs), Magenta – cleaved caspase 3 (apoptotic marker).
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3.3.8.6 Neutrophil Staining and Quantification
Since the rapid tumor effects observed in vivo following PEM treatment appear to
mimic what is seen with vascular disrupting agents (VDAs), we decided to explore a
possible indirect vascular mechanism in the recruitment of neutrophils (Tozer, Kanthou
et al. 2005, Siemann 2011).
4T1 tumor-bearing mice were treated with empty polymersomes, saline, or
various forms of PEMs and sacrificed at 1 and 4 h. Harvested tumors were frozen,
sectioned, and stained using an anti-Ly6G antibody for granulocytes. Representative
images are shown in Figure 103. Neutrophils are spread throughout the tumors, with no
obvious difference between treatment groups. The neutrophils don’t appear to be
recruited to the tumor core where subsequent necrosis is expected to occur following
PEM treatment.
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Figure 103: Representative images of 4T1 tumor sections stained for neutrophils.
Tumors were harvested at 1 and 4 h following treatment. Treatment groups include
saline, metPEMs, empty polymersomes, oxyPEMs, oxyPEM-Es (containing only
encapsulated Mb), and oxyPEM-SEs (same as oxyPEM, but at the same Mb
concentration as PEM-E). Blue – Hoechst, Green – Ly6G, scale bar 500 µm.
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Using the Ly6G stained sections, neutrophils within the tumors were counted.
These results are provided in Figure 104 and expressed as the fraction of all cells within
the tumor sections. The very outer tumor rim, containing connective tissue and some
dermal layers, were not included in this analysis as these areas tended to have higher
concentrations of granulocytes. There were no significant differences between treatment
groups. Unexpectedly, the saline groups had greater numbers of neutrophils, but this
was not significant.
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Figure 104: Percent neutrophils in treated 4T1 tumors.
Neutrophils were counted by co-localization of the Hoechst nuclear stain and positive
Ly6G staining. Empty: empty polymersomes, metPEM: Mb polymersomes that were not
reduced prior to i.v. treatment, oxyPEM: reduced and oxygenated PEMs, oxyPEM-E:
reduced and oxygenated PEMs with the surface-associated Mb removed by pronase,
oxyPEM-SE: reduced and oxygenated PEMs at the same Mb concentration as oxy-PEME. Presented as average +/- SEM. There were no significant differences between saline
and any treatment group with alpha = 0.05 one-way ANOVA.

3.3.9 Cell Treatments
Cell studies were carried out using human umbilical vein endothelial cells
(HUVECs) as a model of the tumor vasculature. Glucose oxidase (GOX) was introduced
as a source of H2O2 in order to mimic oxidative stress within tumors. It has been shown
that Mb can behave both as an antioxidant (Yang and de Bono 1993) and pro-oxidant
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(D'Agnillo and Alayash 2002), depending on the culture conditions. For these studies,
polymersomes were labeled with DiD membrane stain instead of PZn3 for ease of
imaging using conventional fluorescence microscopy.
3.3.9.1 Apoptosis
As shown in Figure 105, apoptosis was not induced following 18 h treatment
with free Mb or Mb plus GOX. As Mb on its own, at much higher concentrations than
possible with PEM treatments, did not show apoptotic effects on HUVECs, PEMs were
not studied with this assay. Hb treatment was also studied to determine whether the
effects were specific to Mb. However, neither protein induced apoptosis.
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Figure 105: Results of Annexin V / PI apoptosis assay for HUVECs.
Cells were treated 18 h with H2O2 as an apoptotic control, free Mb (1 mg/mL), Hb (0.92
mg/mL), glucose oxidase (GOX, 5mU/mL), or combinations of Mb or Hb + GOX. Only
the H2O2 treatment induced significant apoptosis.

3.3.9.2 Imaging
HUVECs were treated with various combinations of GOX, free Mb, PEMs, and
empty polymersomes and imaged for morphological changes. The PEMs used in these
studies were formulated with OB29-Bz, as the OB18 polymer was no longer available
from Polymer Source. Cells were stained with phalloidin to identify actin, and Hoechst
for nuclear staining. Representative images are shown in Figure 106. Quantification of
these effects are provided in Figure 107. The most detrimental treatment appears from
the images to be Mb plus GOX, consistent with the work of D’Agnillo et al (see Figure
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13) (D'Agnillo and Alayash 2002). Image analysis shows loss of confluency, decreased
cell number, and cell blebbing following Mb plus GOX treatment. Empty polymersomes
plus Mb also unexpectedly demonstrated loss of confluency, decreased cell count, and
increased blebbing. However, it is important to note that the Mb concentration (1
mg/mL) in this group was much higher than that in the PEM groups (~0.25 mg/mL) due
to the limited loading of Mb within polymersomes. Nonetheless, PEM treatment showed
increased cell size compared with the control, and decreased confluency. Results were
similar when cells were pre-treated with GOX. Empty polymersome treatment also
appears to affect cell morphology on its own. These results demonstrate the complexity
of EC reactions to Mb, polymersomes, and oxidative stress. They also demonstrate that
HUVEC morphology changes significantly under these varying conditions, consistent
with the observed in vivo vascular effects.
As can be seen in Figure 106, PEMs adhere to or are taken up into HUVECs
following 3 h incubation (pink pseudo-color). It is possible that this could be important
to the vascular effects of PEMs. Empty polymersomes show much less uptake within
HUVECs.
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Figure 106: Actin staining of HUVECs treated with GOX, Mb, and polymersomes,
demonstrating changes in cell morphology.
ECs were treated 15 h with glucose oxidase (GOX, 5 mU/mL) to mimic the oxidative
environment within tumors, followed by 3 h with the various treatments. Cells were
treated with empty polymersomes, Mb (1 mg/mL), or Mb-loaded polymersomes (PEMs).
20x objective.
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Figure 107: Quantification of HUVEC morphological characteristics following
treatment with Mb, PEMs, empty polymersomes, and GOX.
Human umbilical vein endothelial cells (HUVECs) were treated 15 h with glucose
oxidase (GOX, 5 mU/mL) to mimic the oxidative environment within tumors, followed
by 3 h with the various treatments. Cells were treated with empty polymersomes (PSs),
Mb (1 mg/mL), or Mb-loaded polymersomes (PEMs). Cells were stained for actin and
nuclei and images analyzed for A) cell count, B) percentage of cells blebbing, C) average
cell size, and D) percent confluency. Data presented as average of 2 experiments +/SEM. * p < 0.05 compared with PBS control, 2-tailed t-test.
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3.3.9.3 HUVEC Permeability Transwell Assay
HUVECs were grown on a transwell membrane until confluent and treated with
Mb or PEMs with or without GOX. 37 kDa fluorescently-labeled dextran was added to
the top well and samples were taken from the bottom well to determine the amount of
dextran that could diffuse through. More dextran passage through the membrane
corresponds to higher permeability through the EC monolayer. Results are presented in
Figure 108. PEMs plus GOX treatment resulted in the highest permeability, consistent
with loss of the confluent EC monolayer. However, this effect was not seen with free Mb
plus GOX.
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Figure 108: Permeability of 37 kDa RITC-Dextran through HUVEC monolayers 17 h
following treatment.
HUVECs were grown on permeable transwell membranes and treated as described. The
upper wells contained 37kDa RITC-dextran as a probe for permeability. Percent passage
was calculated by determining RITC-dextran concentration in the bottom well based on
a standard curve. This concentration was then divided by the concentration of RITCdextran in the bottom well of the untreated control. Treatment groups included 5
mU/mL glucose oxidase (GOX) plus or minus Mb (1 mg/mL) or PEMs (~0.25 mg/mL
Mb). Average of 3 experiments +/- SEM. * p < 0.05 vs. control, one-way ANOVA with
Dunnett’s multiple comparison test.

3.3.10 Toxicity
3.3.10.1 Free Mb Toxicity
Balb/c mice were treated i.v. with 35 mg/kg of reduced, purified free Mb. This
dose was about twice that given to mice with PEM treatment. No significant decreases in
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animal weight were observed over 2 weeks. In addition, the mice showed no signs of
toxicity, such as lethargy or hunched posture.
3.3.10.2 Blood Panels
Terminal blood draws were performed on 4T1 tumor-bearing mice 24 h
following treatment with free NIR-Mb, empty polymersomes, or PEMs. In addition,
blood was collected 6 or 9 days following treatments from the Na2S2O4 study. These
samples were analyzed using a comprehensive chemistry panel and results are
presented in Table 11. Liver analytes alanine transaminase (ALT), gamma glutamyl
transpeptidase (GGT), and bilirubin displayed the most discrepancies from the normal
ranges. As the alkaline phosphates (ALP) levels appear normal, elevated GGT is not
believed to signal liver toxicity. ALT may spike at 24-48 h following acute hepatocyte
necrosis, peaking at around 5 days. Here, we observed very high levels of serum ALT in
two of the 6 PEM-treated mice at 6 and 9 days following treatment. Slight elevation in
ALT was observed in all treatment groups at 6 and 9 days. These results suggest some
liver damage due to polymersome treatment (Ozer, Ratner et al. 2008). Observed
bilirubin increase could be due to accumulation of Mb in the liver, as it is made from the
breakdown of hemoglobin. The previous aim demonstrated that polymersomes can
remain in the liver for weeks. However, increased bilirubin can also signal liver toxicity
due to bile accumulation. Another possible explanation for increased bilirubin is
hemolysis that occurred during blood draws. It is interesting to note that the mice
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treated with PEM samples containing Na2S2O4 had increased bilirubin while those
treated with dialyzed PEMs had normal bilirubin levels. So while the presence of the
reducing agent didn’t seem to affect tumor response, it may be important in treatment
toxicity.
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Table 11: Comprehensive chemistry analysis of plasma samples from 4T1 tumorbearing mice at 1, 6, or 9 days following treatment with NIR-Mb, empty
polymersomes, and PEMs with or without Na2S2O4.

BUN: blood urea nitrogen, ALT: alanine transaminase, GPT: glutamic pyruvic
transaminase, ALP: alkaline phosphatase, GGT: gamma glutamyl transpeptidase

3.3.10.3 Histology
Livers were harvested from the mice used in the Na2S2O4 study described earlier.
Frozen sections were stained for H&E and representative images are provided in Figure
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109. Significant freezing artifact was observed. Nonetheless, a board certified pathologist
did not observe any obvious signs of toxicity within the different treatment groups.

Figure 109: H&E of liver sections from PEM-treated mice.
Frozen liver sections from mice treated with Mb polymersomes (PEMs) were stained in
order to look for signs of toxicity. PEMs were reduced using Na2S2O4 and administered
i.v. or purified by dialysis first for the Na2S2O4 study described earlier. Mice were also
treated with empty polymersomes plus Na2S2O4 in order to study the effects of Na2S2O4.
Livers were collected at 6 or 9 days following treatment. A pathologist observed no
obvious signs of toxicity in any treatment group. Imaged with 20x objective.
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3.4 Discussion
3.4.1 PEM Treatment Results in Hemorrhagic Necrosis
The goal for this study was to increase the oxygenation of hypoxic tumors by
delivering the oxygen-carrying protein Mb encapsulated within nanoscale polymeric
vesicles (PEMs). As presented here, PEMs were able to bind O2 and accumulate within
tumors upon i.v. administration. An unexpected effect was observed following
treatment, wherein tumor-specific hemorrhaging and decreased tumor oxygenation
resulted within hours following i.v. administration of PEMs. The tumors experienced
significant necrosis by 24 h following treatment. This anti-tumor effect was observed in
both 4T1 mammary carcinomas in balb/c mice as well as in Renca renal cell carcinomas
in immunodeficient nude mice (Figure 90 and Figure 92).
This demonstrates that the PEM therapy could be applied to different cancer cell
types. It also supports that immunocompetency isn’t necessary for the hemorrhagic
effect. However, the effects were not consistent between the two tumor types, with
Renca tumors demonstrating less necrosis than the 4T1 tumors. One explanation for the
decreased response in the Renca tumor study is that the PEM samples provided were of
varying concentrations, thus there were inconsistencies in dosing. In addition, the
porosity of tumor vasculature may differ between tumor types, as has been
demonstrated in the work of Hobbs et al, where the MCa IV murine mammary
carcinoma had large pores sizes up to 1.2 µm (Hobbs, Monsky et al. 1998). If 4T1 murine
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mammary carcinomas are more leaky than Renca renal cell carcinomas, they could be
more susceptible to a vessel damaging treatment.

3.4.2 Tumor-Specific Effect of PEMs
There are multiple explanations as to why this is a tumor-specific effect. First, the
delivery vehicle for Mb, the polymersome, accumulates within tumors via the EPR
effect. This was confirmed by whole body imaging, as optimized in the previous chapter
(Figure 72). In addition, tumor accumulation could be seen in window chamber tumors
and histologically following PEM treatment. By packaging the Mb within
polymersomes, the plasma circulation of Mb was increased (Figure 73), and the amount
of Mb delivered to the solid tumor was increased. Treatment with free Mb did not result
in the same tumor effect, suggesting that increased circulation, tumor-specific uptake,
and/or the combination of Mb plus polymer is necessary for the vascular damage
observed following treatment with PEMs.
Another explanation for the tumor-specific effect is that the tumor vasculature is
more prone to damage. While polymersome uptake is significant within the liver, no
overt hemorrhage or necrosis was observed within liver tissue (Figure 109). It has been
shown that vascular disrupting agents (VDAs) also cause tumor-specific damage. This is
believed to be due to characteristics of tumor vasculature, including discontinuous
endothelial layers, fewer smooth muscle cells, poor EC-pericyte connections, and
abnormal basement membrane. These properties, along with the chaotic tumor vascular
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network, lead to increased resistance to flow, increased vascular permeability, and
increased interstitial fluid pressure (Tozer, Kanthou et al. 2005, Siemann 2011). This
results in vessels that are more susceptible to damage following increased permeability
and decreased perfusion observed with VDA treatment.
While liver endothelium is also discontinuous and highly fenestrated (Bergers
and Song 2005), we do not see destruction of liver vasculature and hemorrhage
following PEM treatment. Plasma panel results suggest that there may be some stress to
hepatic cells, as revealed by elevated alanine transaminase, which is expected due to the
high accumulation of PEMs within the liver. A possible explanation for the survival of
liver tissue following PEM treatment is the presence of liver pericytes, termed hepatic
stellate cells (Bergers and Song 2005). Pericytes are known to be important in vessel
stability and EC survival (Franco, Roswall et al. 2011). Pericytes directly communicate
with ECs through gap junctions, providing communication important in vessel
maintenance and formation. In the liver, hepatic stellate cells are also involved in
recruitment of inflammatory cells for tissue repair (Bergers and Song 2005). It has been
shown that tumors with little to no pericyte coverage are more susceptible to anti-EC
drugs (Bergers and Song 2005, Franco, Roswall et al. 2011). Therefore, contributing
factors to tumor-specific necrosis may include abnormal pericyte-EC interactions in
addition to structural irregularities.
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Finally, PEM treatment may be enhanced by the oxidative environment within
tumors (Halliwell 2007). If the formation of ferryl Mb is important in the mechanism of
vascular damage, then the increased flux of ROS within the tumor microenvironment
may improve response to Mb treatment.

3.4.3 Mb Polymersomes as Vascular Disrupting Agents
Unexpectedly, PEM treatment resulted in tumor-specific hemorrhage with
resulting central necrosis and a viable tumor rim. The progression of tumor damage and
subsequent tumor effect were similar to what is observed with VDA treatment (Thorpe
2004, Tozer, Kanthou et al. 2005, Siemann 2011). By imaging window chamber tumors
over time following PEM treatment, we observed decreased blood flow within minutes,
possibly associated with clot formation, followed by complete blood flow shutdown
within about an hour, with hemorrhage apparent by about 4 h (see Figure 80 and Figure
88). While there may have been slight decreases in blood flow with empty polymersome
treatment, the flow was recovered quickly enough to prevent hemorrhagic necrosis,
which results after at least 60 min of diminished flow (Tozer, Kanthou et al. 2005). These
window chamber images are similar to those presented in Wankhede et al’s work with
CA-1-P-treated 4T1 tumors (Figure 22), with the PEM treatment demonstrating more
dramatic hemorrhagic and hypoxic effects.
In addition to window chamber imaging, histologic studies were carried out to
study the tumor effects of PEM treatment. Hypoxia and perfusion histology of 4T1
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tumors 24 h following treatment demonstrated that free Mb and empty polymersomes
don’t appear to affect the typical scattered hypoxia distribution (Figure 93). However,
PEM treatment resulted in central necrosis surrounded by a rim of low perfusion and
significant hypoxia. This is consistent with a vascular effect of PEMs causing decreased
perfusion and increased hypoxia in the tissue adjacent to the necrotic core.
In contrast, window chamber studies demonstrated decreased oxygenation in
both empty polymersome and PEM-treated mice (Figure 86). This may be related to the
small decreases in blood flow observed with empty polymersomes. Perhaps the
nanoparticles are able to aggregate within vessels, as shown with polymersome imaging
in the window chambers (Figure 81), leading to decreased flow and thus decreased O2
delivery. This suggests that the mechanism of vessel damage may be a combination of
physical vessel obstruction as well as a chemical effect of Mb that results in increased
vessel leakiness and resulting hemorrhage. It is unclear why the histology and window
chamber tumor oxygenation results are inconsistent, and further analysis of HbSat
images may be necessary to distinguish the oxygenation differences between PEM and
empty polymersome-treated tumors.
As the tumor effects appear to be due to vessel damage, microvessels were
stained in 4T1 tumor sections. At 1 and 4 h following treatment there were no significant
differences in vessel counts between saline or empty polymersome controls and the PEM
groups. To further study vascular effects, tumor sections were co-stained with CD31 for

276

ECs and cleaved caspase 3 for apoptosis (Figure 101 and Figure 102). These studies
revealed EC apoptosis as early as 1 h following PEM treatment. Both tumor cells and
ECs stained positive for apoptosis by 4 h post treatment. As described by Denekamp, if a
small number of ECs are killed by a vascular-targeting treatment, we would expect to
see cell death in a large number of tumor cells (Denekamp 1984). This has been
demonstrated here, where only a few apoptotic ECs are observed, but there is scattered
tumor cell death throughout the tumors. It is also possible that tumor cells directly
exposed to Mb, due to PEM accumulation, undergo apoptosis through the same
mechanism that kills ECs.
While several VDA studies have demonstrated the involvement of neutrophil
recruitment in an indirect tumor vascular effect, consistent with an inflammatory
response (Tozer, Kanthou et al. 2005, Siemann 2011), we did not observe any significant
difference in tumor neutrophil counts following treatment with PEMs. However, this
isn’t a consistent finding in all VDA studies (Shenoi, Iltis et al. 2013). Also, the number of
neutrophils may not change following treatment, but the activation and production of
ROS could be affected. To better study this, myeloperoxidase could be quantified, or
neutrophil activity in vivo could be altered, as described in the Future Directions section.
The PEM anti-tumor effect also appeared to be dose-dependent. In window
chambers, the animals treated with ~0.63 mg of Mb (7.5 mg polymer) experienced more
significant hemorrhage than those given ~0.36 mg (10 mg polymer). In orthotopic
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tumors, a dose of 0.3 mg Mb resulted in rapid hemorrhage. This decrease in effective
dose observed in window chamber tumors may be due to the location of the tumor, but
most likely it is due to the size of the tumor. Larger tumors have higher interstitial
pressure as well as greater impaired blood flow, which makes them more susceptible to
vessel damage, as demonstrated by VDA treatments (Clémenson, Chargari et al. 2013).
Therefore, while small window chamber tumors still experienced vascular damage
following PEM treatment, they required higher doses of Mb than the larger tumors.

3.4.4 Different PEM Treatments
The mechanism for this dramatic tumor effect is still unclear; there are several
possible factors that could be working alone or in combination. In order to confirm that
the effect is due to delivery of Mb and not the polymersome or sodium dithionite
(Na2S2O4), PEMs purified of Na2S2O4 and empty polymersomes containing Na2S2O4 were
compared. Only those treatment groups containing Mb demonstrated a hemorrhagic
tumor effect, confirming that Mb is necessary (Figure 76).
It is important to note that several forms of PEMs were studied in 4T1 tumors.
Histological analyses have not shown any significant differences between oxyMb PEMs
and metMb PEMs, or between PEMs with Mb removed from the surface versus PEMs
with Mb encapsulated within and associated with the vesicle surface (PEM-E vs. PEMSE). The only difference between these groups is that the oxyPEMs appear to have a
more rapid hemorrhagic effect based on gross color change (Figure 89). This is a
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subjective observation that has not been quantified. No histologic evidence of
differences in hemorrhage onset has been seen. It is possible that by delivering Mb in the
reduced, oxygenated form, the protein is able to react with NO to form nitrate. This
could lead to vessel constriction and may activate neutrophils (Tozer, Kanthou et al.
2002), thus leading to more rapid hemorrhage. Nonetheless, all PEM treatment groups
demonstrated tumor color change by 4 h, as observed grossly within tumor sections.
These results suggest that the oxidative state of Mb within the PEMs, and the presence
of Mb on the surface of the polymersomes, are not fundamental to the tumor effect.
However, it is important to note that the metPEMs most likely contained a significant
amount of oxyMb due to the formulation process used. Therefore, for a more accurate
comparison in the future, tumor-bearing mice must be treated with metPEMs prepared
with metMb.

3.4.5 Cell Studies to Mimic Tumor Vasculature
To investigate the PEM effects further, in vitro studies using endothelial cells
(ECs) have been carried out. Incubation of ECs with PEMs demonstrated cellular uptake
or adhesion of PEMs, while empty polymersomes were taken up to a much lesser extent
(Figure 106). Perhaps this uptake occurs in vivo and provides a mechanism for the Mb
effects on tumor vessels. However, cells incubated with empty polymersomes and free
Mb (at high concentration) demonstrated significant morphological changes. This could
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be due to an effect of the polymersomes on HUVEC cell membranes that makes them
more susceptible to Mb damage.
It has been demonstrated that Mb can have damaging effects on ECs in oxidative
environments (D'Agnillo and Alayash 2002). Therefore, it followed that perhaps the
vascular damage observed in vivo could be due to the presence of ferryl Mb causing EC
apoptosis and/or morphological changes. While the cell studies presented here did not
demonstrate apoptosis due to Mb treatment in the presence of GOX, changes in
morphology were observed. Within 3 h of treatment with PEMs or Mb with or without
GOX, HUVECs demonstrated blebbing, changes in cell size, and decreased confluency
(Figure 106). Cells treated in the presence of GOX, and thus a more oxidative
environment, tended to have more significant changes in morphology. It is logical that
these changes in morphology could lead to catastrophic damage in vivo, as discussed
earlier in the VDA background (Figure 17). Morphological changes can increase vascular
resistance as well as vessel permeability. Histological studies suggest EC apoptosis
following PEM treatment. The discrepancy with in vitro studies is likely due to the
inability to accurately mimic in vivo conditions, including possible involvement of other
cell types, such as neutrophils. Nonetheless, the anti-tumor effects observed in mice are
potentially due to a combination of both morphology and apoptosis -driven vascular
damage.
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The studies presented here revealed increased EC monolayer permeability
following treatment with PEMs plus GOX. Interestingly, this effect was not seen with
free Mb plus GOX, which is inconsistent with the imaging data. However, this result
indicates that polymersome encapsulation may aid in the mechanism of increased
permeability. This is supported by the imaging studies that show PEM adhesion and/or
uptake by HUVECs.

3.4.6 Possible Mechanism and Progression for Tumor Hemorrhagic
Necrosis Following PEM Treatment
Based on the studies presented here, I will propose a mechanism for the dramatic
and rapid effect observed in tumors following systemic administration of PEMs. The
polymeric vesicles accumulate within tumors quickly due to the EPR effect, increasing
the local concentration of Mb. Within the tumors, Mb is exposed to oxidizers, thus
forming the potent oxidant ferryl Mb. It has been demonstrated that ferryl Mb is
involved in rhabdomyolysis and ischemia/reperfusion injury due to oxidation of cell
membrane arachidonic acid (Alayash, Patel et al. 2001). Thus, it is likely that as ferryl Mb
builds up in the tumor, it acts on the ECs directly or indirectly, causing morphological
changes and/or apoptosis. As the ECs change shape or die, the basement membrane is
exposed, leading to clot formation and decreased tumor blood flow within minutes. As
long as blood flow is shut down for an extended period of time, necrotic hemorrhage
results.
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By targeting the tumor vasculature, PEMs overcome drug delivery limitations of
nanoparticles. Central tumor necrosis kills the bulk of the tumor, leaving a viable rim.
Thus, PEMs have potential in combination therapy where radiation or chemotherapy
targets the better perfused tumor rim, and the PEMs destroy the more treatmentresistant core. This strategy is explored in the following aim with combination
radiotherapy and PEM treatment.
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4 Specific Aim 3: Modify Tumor Growth through Delivery
of Mb Polymersomes in Combination with a Cytotoxic
Therapy Specific to Aerobic Tumors
The original goal of this dissertation was to increase tumor oxygenation in order
to improve response to conventional therapy through the delivery of Mb polymersomes
(PEM). The hypothesis for this final aim was that combination of PEMs with
radiotherapy (RT) will result in enhanced tumor growth delay compared with RT or
PEMs alone. While the result of PEM treatment unexpectedly decreased tumor
oxygenation, this combination could still prove beneficial. PEM treatment results in
central tumor necrosis, leaving a viable tumor rim that could be targeted with RT. As
shown here, this combination showed promising results in dorsal mammary fat pad 4T1
tumors, with significant differences in tumor growth between mice treated with RT
alone and combination therapy (p = 0.0144 for time to 3x original tumor volume). This is
the first time that Mb delivery and RT have been combined for improved tumor
response.

4.1 Introduction
As demonstrated in the previous aim, PEM treatment results in hemorrhagic
necrosis of the tumor core, surrounded by a viable rim, similar to vascular disrupting
agents (VDAs) (Tozer, Kanthou et al. 2005, Siemann 2011, Clémenson, Chargari et al.
2013). This outer rim of surviving tumor cells that can continue to grow following VDA
treatment motivates the use of a combination therapy that would allow the PEMs to
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target the hypoxic tumor center while a cytotoxic therapy would target the more
perfused tumor rim.
Radiation (RT) is a good candidate for this combination therapy in that it is most
effective in the peripheral tumor region within which PEMs and VDAs are ineffective
(Clémenson, Chargari et al. 2013, Boss, Bristow et al. 2014). RT relies on the presence of
O2 in order to create reactive oxygen species and to stabilize DNA damage (Dewhirst,
Cao et al. 2008). For this reason, RT is less effective in the hypoxic tumor core, where
PEMs demonstrate the most damage. The cells of the tumor rim are better oxygenated
due to larger, more mature vasculature and the vicinity to normal tissue vessels (Tozer,
Kanthou et al. 2005, Boss, Bristow et al. 2014). Because vascular disruption results in
hypoxia, as demonstrated with VDAs and with the PEMs in the previous chapter, the RT
must be given prior to PEMs (Clémenson, Chargari et al. 2013). In this aim, we
demonstrate the potential of PEMs in combination therapy with radiation.

4.2 Materials and Methods
4.2.1 Tumor Cell Culture
Human pharynx squamous cell carcinoma cells (FaDu, ATCC HTB-43) were
cultured in Eagles Minimum Essential Medium (MEM) plus non-essential amino acids,
Na pyruvate, and 10% fetal bovine serum at 37 °C with 5% CO2.
4T1 mouse mammary carcinoma cells were cultured as described earlier (2.2.6).
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4.2.2 Tumor Cell Inoculation
4.2.2.1 FaDu Flank Tumors
FaDus were rinsed with DPBS, trypsinized (0.25% trypsin + EDTA), and
collected. The cells were then rinsed 3x with DPBS and brought to a concentration of ~25
x 106 cells/mL. 100 µL of the cell suspension were injected subcutaneously into the right
rear flank of 19 female nude mice.
4.2.2.2 4T1 Dorsal Tumor Surgeries
4T1s were rinsed with DPBS, trypsinized (0.25% trypsin + EDTA), and collected.
The cells were then rinsed 3x with DPBS and brought to a concentration of ~4.5 x 106
cells/mL. Cells were stored on ice until mice were ready for inoculation.
Female BALB/c mice (~8 weeks old) were anesthetized with 100/10 mg/kg
ketamine/xylazine administered i.p. Hair was removed from the upper back using an
electric razor followed by Nair®. The skin was then cleaned with exidine and isopropyl
alcohol 3x. The mouse was then transferred to a sterile field. As shown in Figure 110, a
small incision (1 - 2 cm) was made along the length of the animal between the shoulder
blades (#10 blade). The mammary fat was identified as white/pink tissue compared with
the red/brown muscle. 100 µL of cell suspension was injected into the mammary fat
using a 27 G needle. This created a visible bubble in the tissue. The skin was sutured
with a single over-and-over stitch. Triple antibiotic ointment was applied. 100 µL of 15
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µg/mL buprenorphine was provided subcutaneously for pain. Mice then recovered on a
heating pad.

Figure 110: Schematic of dorsal mammary fat pad tumor cell injection.
A small incision was made in order to distinguish the mammary tissue (pink) from the
muscle (red). 100 µL 4T1 tumor cell suspension was injected into the mammary fat.
Mammary fat pads are numbered. Figure modified from
http://tvmouse.ucdavis.edu/bcancercd/22/mouse_figure.html.

4.2.3 Radiation and PEM Treatment
4.2.3.1 FaDu Xenograft Radiation and PEM Treatment
Once tumors reached 7-8 mm in diameter, they were treated with 20 Gy X-ray
radiation using a Precision X-RAD 320 Orthovoltage Irradiator (1.81 Gy/min, 11 min, 320
kV, 10 mA). Mice were anesthetized with isoflurane (100% O2, 2-3% isoflurane), shielded
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with lead shields, and the tumor-bearing leg was pulled outside of the shield and taped
down (Figure 111). Two mice could be irradiated at once. Mice in the non-irradiation
groups were placed under isoflurane for 11 min to account for any anesthesia effects.

Figure 111: Irradiation setup for FaDu flank tumor-bearing mice.
Mice were treated with 20 Gy X-ray radiation using a Precision X-RAD 320 Orthovoltage
Irradiator. Two mice could be irradiated at once. Mice were anesthetized with isoflurane
and their bodies were block with lead shields. The tumor-bearing right flank was pulled
outside of the shield and the foot was taped down.
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3-4 h following radiation, mice were treated i.v. with either saline or PZn3-loaded
PEMs. PEMs were reduced as described earlier. This batch of PEMs contained 1.8
mg/mL of Mb. Each mouse was treated with 200 µL of PEM suspension or saline while
under restraint (dose of 0.36 mg / mouse). The groups for this study were: saline control,
PEMs alone, RT plus saline, and RT plus PEMs.
4.2.3.2 MouseOx for Heart Rate Measurements
Prior to PEM treatment, pulse was measured in FaDu tumor-bearing mice (n = 3
each in the saline and PEM-treated groups) to study whether there were cardiac effects
of PEMs. A throat cuff was placed around the necks of isoflurane-anesthetized mice and
pulse was measured for 60-180 s using the MouseOx system (Starr Life Sciences). Only
non-irradiated mice were measured. However, all mice were placed under isoflurane for
at least 2 minutes to account for any anesthesia effects. Pulse was taken prior to
treatment, as well as at around 1, 3, and 24 h following PEM treatment.
4.2.3.3 FaDu Tumor Accumulation of PEMs Following Radiation
FaDu tumor-bearing mice were imaged for PZn3-labed PEM tumor accumulation
48 h following treatment as described earlier (2.2.8.2) using the IVIS® Kinetic. ROIs were
drawn around the tumors in order to compare average radiant efficiencies between
treatment groups as described earlier.
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4.2.3.4 4T1 Dorsal Mammary 4T1 Carcinoma Irradiation and PEM Treatment
Mice bearing dorsal mammary fat pad 4T1 tumors were treated with radiation
using the Precision X-RAD225 Cx microCT irradiator. Once tumors reached ~ 200 mm3,
with no dimension larger than 10 mm, the mice were anesthetized under isoflurane. The
tumors were palpated and a barium slurry was placed at the cranial and caudal ends of
the tumor using the wooden stick of a cotton swab. Mice were placed on the stage of the
irradiator. Fluoroscopy was used to image the tumor and the stage was aligned for each
mouse so that the tumor was within the area of a 10 x 10 mm square collimator as shown
in Figure 112.
Mice were treated with 15 Gy X-ray radiation. This was done by treating both
lateral sides of the tumor with 7.5 Gy at a dose rate of 2.57 Gy/min. Mice not receiving
radiation were anesthetized under isoflurane for 15 min to account for any anesthesia
effects. The animals were then allowed to wake up and were returned to their cages.
Mice were put back under isoflurane anesthesia for treatment injection. Either
saline or reduced DiD-labeled PEMs with 2 mg/mL Mb and 50 mg/mL polymer were
injected via tail vein within 30-60 min following radiation at a dose of 20 µg/g Mb. The
groups for this study were: saline control, PEMs alone, RT plus saline, and RT plus
PEMs.
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Figure 112: Representative images of dorsal mammary fat pad radiation collimator
alignment.
Right: 0° and 90° fluoroscopy images. Left: alignment of the stage. The mouse was
aligned so that the tumor (red bracket) was within the radiation field. The blue arrows
point to barium dots that were placed on the back of the mouse to identify the tumor.

4.2.4 Tumor Growth Delay Study
Tumor length and width were measured using calipers and volumes were
calculated using the formula V = l * w2 * π / 6. FaDu tumors were measured every other
day or 3 times a week. 4T1 tumors were measured daily. Mice were sacrificed when
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tumors reached 1500 mm3 or ulcerated, or due to moribund signs: greater than 15%
weight loss or loss of use of legs. Survival curves were analyzed for significance using
GraphPad Prism.

4.3 Results
4.3.1 FaDu Xenograft Tumor Growth Delay
4.3.1.1 MouseOx
VDAs commonly have cardiac toxicities associated with them due to their vesselspecific damage (Tozer, Kanthou et al. 2005). As we observed tumor vascular effects
similar to VDAs following PEM treatment, mouse pulse was monitored prior to, and at
several time points following PEM administration in order to study cardiac response.
These results are presented in Figure 113. While the pulse tended to increase after PEM
treatment, these results were not significant, and the average pulse returned to baseline
by 24 h.
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Figure 113: Change in mouse heart rate following treatment with saline or PEMs.
Presented as average difference from pre-treatment heart rate +/- standard deviation.
Heartrate was averaged over 50-150 s, depending on how steady the measurements
were. There was no significance between groups, based on 2-tailed t-test. N=3 per group.

4.3.1.2 FaDu Radiation plus PEM Growth Delay
Flank FaDu xenografts were treated with 20 Gy radiation followed 3-4 h later
with i.v. administration of PEMs. Individual tumor growth curves are shown in Figure
114. As demonstrated here, there was a lot of variability in tumor growth within groups.
One mouse in the saline group had delayed tumor growth compared to the others, and
one mouse treated with RT alone responded completely up to 60 days post treatment.
One mouse in the RT + PEMs group was sacrificed early due to weight loss (Figure 116).
Another mouse from this group appeared to have complete response, but had to be
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sacrificed 44 days after treatment due to weight loss. For this tumor model, there was no
significant improvement in tumor growth delay due to the combination therapy
compared to RT alone.

Figure 114: Growth delay curves for FaDu flank tumors treated with PEMs and/or 20
Gy RT.
Individual tumor volumes are plotted. Treatment groups included saline only (n = 4),
PEMs only (n = 4), radiation only (RT, n = 5), and radiation plus PEMs (RT+PEMs, n = 4).

A Kaplan-Meier plot of time to 1500 mm3 tumor volume is shown in Figure 115.
Once again, it is shown that combination of radiation and PEMs did not improved
tumor response compared to RT alone. In the end, only 3 mice were included in the RT +
PEMs group due to significant weight loss in two mice.
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Figure 115: Time to 1500 mm3 for FaDu flank tumors treated with PEMs and/or 20 Gy
RT.
Treatment groups included saline only (n = 4), PEMs only (n = 4), radiation only (RT, n =
5), and radiation plus PEMs (RT+PEMs, n = 3).

This was the first study in which mice were monitored past 9 days following
treatment with PEMs. As shown in Figure 116, PEM treatment does not appear to affect
animal weight. The combination of PEMs with RT may have led to some weight loss, but
this was not consistent throughout mice in this treatment group. This potential affect
could be investigated further in future studies.
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Figure 116: Weight changes of FaDu tumor-bearing mice following PEM and/or 20 Gy
RT treatment.
Treatment groups included saline only (n = 4), PEMs only (n = 4), radiation only (RT, n =
5), and radiation plus PEMs (RT+PEMs, n = 5).

4.3.1.3 FaDu Tumor Accumulation of PEMs with and without RT
FaDu tumor-bearing mice were imaged using the IVIS® Kinetic 48 h following
treatment with PZn3-loaded PEMs. Figure 117 shows that PEMs accumulate within the
livers (yellow arrows) of mice and within the flank xenografts (red arrows), consistent
with the results of the previous two aims. In order to study whether RT 3-4 h prior to
PEM treatment might enhance accumulation, ROIs were drawn around the tumors and
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average radiant efficiencies were compared (Figure 118). While there does appear to be
increased tumor accumulation within the combination group, this was not significant.

Figure 117: PZn3-loaded PEMs accumulate within FaDu xenografts following i.v.
treatment.
Whole body imaging with the IVIS® Kinetic (λex= 745 nm, λem= 810-875 nm).
Treatment groups included saline only (n = 5), PEMs only (n = 4), radiation only (RT, n =
5), and radiation plus PEMs (RT+PEMs, n = 5). Fluorescence is observed in the liver
(yellow arrows) and the right flank FaDu tumor xenografts (red arrows) of nude mice 48
h following PEM treatment.
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Figure 118: Quantification of FaDu tumor fluorescence following PEMs +/- RT.
ROIs were drawn around the right flank tumors in Figure 117 and average radiation
efficiencies were compared in order to determine if RT affected PEM uptake within
FaDu tumors. Differences were not significant (n = 4 for PEMs alone, n = 5 for RT +
PEMs).

4.3.2 4T1 Orthotopic Syngeneic Tumor Growth Delay
Balb/c mice bearing dorsal mammary fat pad 4T1 tumors were treated once they
reached ~200 mm3. 15 Gy RT was given 30-60 min prior to i.v. administration of PEMs.
The individual tumor growth curves are presented in Figure 119. The curves
demonstrate separation of all treatment groups: saline, PEMs alone, RT alone, and RT
plus PEMs. In both RT groups, there are appears to be heterogeneity in treatment
response: 3 mice treated with RT alone and 2 mice treated with combination RT plus
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PEMs appear to show no treatment effect, while the rest show significant inhibition of
tumor growth between days 7-15, followed by regrowth. Statistical analysis of the
growth curves was carried out by Dr. Kingshuk Roy Choudhury. If assuming a constant
growth rate, the saline group grew the quickest, with 23% growth per day. The PEMtreated group grew significantly slower, at 17% per day. Both the RT and RT plus PEMs
groups grew significantly slower at 7% per day. However, the RT groups obviously did
not have constant tumor growth, with dips around 12 days following treatment. Plotting
growth rate over time (Figure 120) reveals that the combination therapy group
experienced slower initial tumor growth up to day 15. Growth rates of both RT groups
appear identical after this.
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Figure 119: 4T1 tumor growth delay curves of mice treated with PEMs and/or 15 Gy
RT.
Individual tumor volumes are given as points and connected lines show means for each
group. Treatment groups included saline only (n = 8), PEMs only (n = 8), radiation only
(RT, n = 8), and radiation plus PEMs (RT+PEMs, n = 8).
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Figure 120: 4T1 tumor growth rates over time following treatment with PEMs and/or
15 Gy RT.
Treatment groups included saline only (n = 8), PEM only (n = 8), radiation only (RT, n =
8), and radiation plus PEMs (RT+PEM, n = 8). 3 mice from the RT group and 2 mice from
the RT+PEM group did not show treatment response. These data have been removed
from the “RT select” and “RT+PEM” select plots.

A Kaplan-Meier curve for time to 3x original tumor volume was generated as
another approach to compare treatments in 4T1 tumor-bearing mice. By choosing this
analysis method, the data from all but one mouse could be included. Several mice in the
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RT and RT+PEMs groups had to be sacrificed prior to tumors reaching 1500 mm3 due to
weight loss, hind leg paralysis, or tumor ulceration. The majority of animals reached an
endpoint of 3x original tumor volume, so this was selected for analysis. As shown in
Figure 121, all 4 treatment groups separated significantly when plotted for time to 3x the
original tumor volume. PEMs significantly enhanced survival over saline alone (p =
0.0001, Mantel-Cox log-rank). Importantly, combination therapy of RT plus PEMs
significantly enhanced the effect of RT alone (p = 0.0144, Mantel-Cox log-rank).

Figure 121: Kaplan-Meier survival curve for time to 3x original tumor volume.
Treatment groups included saline only (n = 8), PEMs only (n = 8), radiation only (RT, n =
8), and radiation plus PEMs (RT+PEMs, n = 8). One mouse in the RT+PEMs group was
censored due to significant weight loss prior to tumor reaching endpoint. There were
significant differences between saline and PEMs alone (p = 0.0001) and RT and RT+PEMs
(p = 0.0144) as determined by Mantel-Cox log-rank test.
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4.4 Discussion
4.4.1 Combination Radiation plus PEM Therapy Results in Delayed
Tumor Growth in Orthotopic Syngeneic 4T1 Mammary Carcinomas
As presented in the previous aim, Mb polymersomes (PEMs) behave similarly to
vascular disrupting agents (VDAs), resulting in tumor-specific hemorrhagic necrosis
following systemic administration. The shutdown of blood flow within tumors leads to
central tumor necrosis surrounded by a viable rim. It well believed that this viable rim
can continue to grow following VDA therapy, resulting in only slight tumor growth
delay with VDA treatment alone (Clémenson, Chargari et al. 2013). Indeed, 4T1 tumor
growth decreased from 23% per day for the saline group to 17% per day following
systemic treatment with PEMs (Figure 119 and Figure 120). Comparing time to 3x tumor
volume at treatment, the PEMs significantly enhanced tumor growth delay over the
saline group (p = 0.0001). Nevertheless, tumor growth rate only decreased slightly over
time, and the tumors reached the 1500 mm3 endpoint within 2 weeks of treatment.
Due to the viable rim that continues to grow following tumor vascular
disruption, combination therapy was expected to improve response. For this reason,
PEM treatment was combined with RT. Previous studies have demonstrated the
importance of timing between RT and VDA treatment, with the best outcomes occurring
when VDAs are given within a few hours following RT (Clémenson, Chargari et al.
2013). In the 4T1 study presented here, PEMs were administered 30-60 min following 15
Gy radiation. Both the RT alone and RT + PEMs groups delayed tumor growth
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compared with saline or PEMs alone, with tumor growth rates decreasing between 7-15
days following treatment. More importantly, the combination therapy showed enhanced
4T1 tumor growth delay compared with RT alone, as shown when comparing the time
to 3x original tumor volume (p = 0.0144, Figure 121). These results support the
hypothesis that PEMs plus RT would improve tumor response compared to either
therapy alone. The mechanism for this enhancement is believed to be due to: 1) RT
causing tumor cell kill in the more perfused, oxygenated tumor rim followed by 2) PEMs
killing tumor cells within the RT-resistant hypoxic tumor core.

4.4.2 Discrepancy in Response between FaDu and 4T1 Tumors
These results were very exciting, but did not repeat in the small FaDu study
presented here. This discrepancy could be due to the high radiation dose in the FaDu
study. The goal was to irradiate with a dose that would not result in complete tumor
response, as we wanted to see an effect of the combination therapy. However, the 20 Gy
used here resulted in significant tumor growth delay, with 2 of the 5 RT alone mice still
remaining after 60 days.
Other possible confounding factors could be the small size of the FaDu study,
timing of PEM treatment following RT, or differences in mouse strains. The FaDu study
was carried out with only 3-5 mice per group. As shown in the 4T1 study, not 100% of
the tumors responded to RT or RT plus PEMs. This could have been due to issues
irradiating the entire tumor mass. It is possible that this could have affected the FaDu
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study as well, and since the animal numbers were so small, the differences in RT
responders could not be separated.
In addition, the PEMs were given at around 4 h following RT. Based on a priori
studies with VDAs and RT, this timing is very important to an additive or synergistic
response to combination therapy. The shorter 30-60 min delay for 4T1 treatment may
have been more effective for the FaDu tumors as well.
Another explanation for the different tumor response between 4T1 and FaDu
tumors could be due to the different mouse strains used. FaDu xenografts had to be
grown in immunodeficient nude mice, which don’t contain functioning T cells. While
the previous aim demonstrated PEM tumor effect in both balb/c and nude mice, perhaps
the RT plus PEMs combination effect requires a competent immune system. If the nude
mice are more radiosensitive, then the added effect of PEM delivery might not be
significant. It has been shown that scid mice, deficient in both T and B cells, are more
radiosensitive due to their inability to repair DNA damage following RT (Fulop and
Phillips 1990, Boss, Bristow et al. 2014).
Finally, the differences in tumor response between 4T1 and FaDu tumors could
be due to inherent differences in the tumor microenvironment. As discussed earlier,
vascular permeability differs between tumor types (Yuan, Dellian et al. 1995, Hobbs,
Monsky et al. 1998). For example, Wankhede et al demonstrated significant variations in
tumor response between 4T1 and Caki-1 tumors following treatment with
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combretastatin VDA OXi4503 (Wankhede, Dedeugd et al. 2010). The moderately sized
4T1 tumors responded significantly due to treatment, with vessel loss, decreased tumor
oxygenation up to 6 h following treatment, and central necrosis. However, Caki-1
tumors treated at the same size did not experience extensive vessel damage and only
showed transient changes in oxygenation, with no resulting tumor core necrosis. Due to
the complex mechanisms of action, this study supports the idea that vascular disruption
is dependent on tumor type. This could explain the discrepancies observed between
FaDu and 4T1 tumors following PEM treatments.
As shown by whole body imaging, PEMs accumulate within FaDu tumors
(Figure 117). An interesting possible effect of radiation would be enhancement of
nanoparticle delivery to tumors due to the increased perfusion and decreased
intratumoral pressure commonly observed after RT (Dewhirst, Cao et al. 2008, Hori,
Furumoto et al. 2008, Clémenson, Chargari et al. 2013). As shown in Figure 118, there
was a tendency towards more polymersome accumulation in the irradiated tumors, but
this was not significant. PEM treatment in this study was given about 4 h following RT
and studies on RT effects on perfusion typically look at time points later than this
(Moeller, Cao et al. 2004, Hori, Furumoto et al. 2008). This is an interesting concept that
could be studied further for combination RT and nanoparticle therapy. For the therapy
described here, a balance may need to be determined: by waiting longer after RT for
nanoparticle delivery, the accumulation may be enhanced due to increased perfusion
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and decreased interstitial pressure; however, these RT effects would make the tumor less
susceptible to vascular damage caused by the PEMs.

4.4.3 Toxicity Analysis of PEM Therapy
PEM toxicity was studied in the previous aim and further addressed during the
growth delay studies presented here. FaDu tumor-bearing mice were monitored for
heart rate prior to and following PEM treatment (Figure 113). These results demonstrate
a slight increase in pulse 3 h post treatment, but this was not significant. Pulse returned
to baseline by 24 h. These data do not indicate cardiotoxicity.
As the FaDu tumors grew slowly, the mice could be monitored for an extended
period of time following PEM treatment. Mice treated with PEMs did not show any
weight loss or other signs of toxicity, such as lethargy or hunched posture (Figure 116).
Several mice in the 4T1 growth delay study had to be sacrificed prior to reaching
the 1500 mm3 tumor volume endpoint. These mice showed tumor ulceration, weight
loss, or loss of function of their hind legs. These signs are not expected to be due to PEM
treatment, and were observed in both the RT alone and RT plus PEM groups. These
groups survived much longer after tumor inoculation than the saline or PEM alone
groups. For this reason, it is believed that the morbidity of these mice was due to
metastatic disease and/or tumor infiltration into the spinal cord.
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4.4.4 Development of a Novel Tumor-Targeting Therapy
To the best of my knowledge this is the first time that Mb therapy has been
combined with radiation to enhance tumor growth delay. As the polymersomes
passively target tumors, systemic toxicity that is seen with many VDAs is minimized.
This therapy takes advantage of PEMs targeting the tumor core while RT targets the
better-perfused tumor rim. The RT should first enable tumor cell kill of the better
perfused, more oxygenated tumor rim. PEMs are then administered before the vascular
effects of RT (improved perfusion, decreased interstitial pressure) haven taken
significant effect. As described in the previous aim, it is believed that the PEMs then
accumulate within the tumor, exposing the endothelium to Mb, resulting in EC
morphological changes and apoptosis. The blood flow is shutdown, hemorrhage results,
and the central tumor cells necrose. This combination has significant potential in cancer
therapy.
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5 Conclusion
5.1 Summary
The goal of this project was to improve tumor response to radiation (RT) through
modification of the tumor microenvironment due to delivery of myoglobin
polymersomes (PEMs). This was studied with the following aims and hypotheses:

1. Develop NIR imaging techniques for studying the biodistribution and
pharmacokinetics of polymersomes
Hypothesis: Polymersomes will have long plasma circulation times and accumulate
within tumors, as determined in vivo with NIR imaging.
Imaging methods were developed to monitor biodistribution and
pharmacokinetics of fluorescently labeled polymersomes. This is the first comprehensive
study of degradable and non-degradable polymersome biodistribution and
pharmacokinetics in mice. These studies demonstrate the advantage of near-infrared
imaging to minimize animal numbers. In addition, a novel technique was created in
order to study pharmacokinetics through the measurement of plasma fluorescence
within capillary tubes using small volume blood draws. Polymersomes were formulated
from biodegradable poly(ethylene oxide)-block-poly(ε-caprolactone) (PEO-b-PCL), PEOblock-poly(γmethyl-ε-caprolactone) (PEO-b-PMCL), PEO-block-poly(trimethylene
carbonate) (PEO-b-PTMC), and the block copolymer composed of PEG and randomized
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polymerization of caprolactone and trimethylene carbonate (PEG-b-TCL) and the nondegradable polymer PEO-block-poly(butadiene) (PEO-b-PBD). Pharmacokinetics
analyses revealed long circulation of these polymeric vesicles with half-lives ranging
from 6-23 h dependent on particle size, with smaller vesicles producing longer
circulation times. In addition, whole body imaging demonstrated polymersome
accumulation within the spleens and livers of mice. PEG-b-TCL and PEO-b-PBD
polymersomes accumulated within 4T1 tumors, as monitored noninvasively over time.
Cell and animal toxicity studies were also carried out, showing negligible toxicity of
various polymersome formulations.

2. Establish the effects of Mb-containing polymersomes on tumor physiology
Hypothesis: PEMs will accumulate within hypoxic tumors and subsequently
increase O2 tension.
Previous studies have suggested that Mb would act as an O2 delivery vehicle,
decreasing tumor hypoxia (Galluzzo, Pennacchietti et al. 2009, Yamamoto, Izumi et al.
2009). Here, I have shown that the opposite occurs following PEM treatment. Window
chamber studies demonstrated that as the polymersomes accumulate within tumors,
clots are formed within tumor vessels, blood flow shuts down, and tumor hemorrhage
occurs within hours. This leads to central tumor necrosis as assessed histologically. The
mechanism for this is unclear. Based on in vitro studies, Mb treatment can result in
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morphological changes in endothelial cells. It appears that Mb could be oxidized to its
ferryl form, a potent oxidant that can cause cellular damage, including morphological
changes and apoptosis. If the endothelial cells change morphology or die as a result of
Mb in vivo, then the vessels could clot and blood flow would shut down, as
demonstrated with VDAs. Another possible contributing factor is that Mb works to
scavenge nitric oxide, resulting in vasoconstriction and further damage due to
neutrophil activation. To the best of my knowledge, this is the first time that Mb has
been used as a vascular disrupting agent (VDA). It is important to note that
polymersomes passively target tumors, minimizing systemic toxicity that is seen with
many VDAs. Following PEM treatment, a viable tumor rim remains, which can continue
to grow. For this reason, it is suggested that this treatment be combined with a therapy
that would target these surviving peripheral tumor cells.

3. Modify tumor growth through delivery of Mb polymersomes in combination with a
cytotoxic therapy specific to aerobic tumors
Hypothesis: Combination of PEMs with radiotherapy (RT) will result in enhanced
tumor growth delay compared with RT or PEMs alone.
This is the first time that Mb therapy has been combined with RT to enhance
tumor growth delay. I have shown that orthotopic syngeneic 4T1 mammary tumors in
balb/c mice respond to combination PEM plus RT treatment, with improved delay to 3x
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original tumor volume compared with saline, PEMs alone, or RT alone (p = 0.0144 vs. RT
alone). PEMs alone also demonstrated significant anti-tumor effect compared with saline
treated mice (p = 0.0001 time to 3x original tumor volume).

PEMs have significant potential in cancer therapy. Polymersomes provide the
advantage of loading both hydrophobic and hydrophilic compounds within the vesicle
structure. In this way, they can be used for theranostics, with in vivo imaging as well as
drug delivery, as demonstrated here. This also provides a potential mechanism for
simultaneous delivery of a chemotherapeutic. Here, we have demonstrated the potential
of Mb as a VDA in combination with RT at single doses. As discussed in the Future
Directions section, a variety of experiments can be carried out to better understand the
mechanism of PEMs and to improve their anti-tumor effect.

5.2 Future Directions
5.2.1 Cell Studies
To further investigate the possible oxidative stress effects of Mb on ECs in vitro,
several additional cell studies are suggested. In the D’Agnillo et al study of Mb and
glucose oxidase (GOX) damage on ECs, they found that the effects could be inhibited by
ascorbate or catalase, which act to prevent ferryl Mb formation (D'Agnillo and Alayash
2002). Therefore, it would beneficial to repeat the permeability and cell morphology
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studies with PEMs and GOX treatment in the presence of ascorbate or catalase. This
would help determine whether the flux of H2O2 is important to the effects observed here.
The engorged morphology of ECs observed with PEM treatment (Figure 106) is
consistent with cellular senescence (compare with Figure 122). While senescence, the
irreversible arrest of cell growth, is typically observed in cultured cells, it has recently
been shown to occur in vivo (Krouwer, Hekking et al. 2012). It is believed that ECs can
become senescent in vivo at areas of high shear that cause chronic injury. While it’s
unclear why PEMs might lead to EC senescence, if it is demonstrated in culture, it could
be an important factor in the vascular damage observed in vivo. Recent studies have
demonstrated that the presence of senescent ECs disrupt tight junctions and lead to
increased permeability (Cheung, Ganatra et al. 2012, Krouwer, Hekking et al. 2012). In
addition, cultured senescent ECs demonstrate decreased nitric oxide synthase (eNOS)
activity and thus less NO production (Krouwer, Hekking et al. 2012). Both increased
vascular permeability and decreased NO could be involved in vessel damage observed
with PEM treatment. In order to study senescence, HUVECs could be stained following
PEM and GOX treatments using a commercially-available kit for β-galactosidase, an
enzyme elevated in senescent cells.
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Figure 122: Images of β-galactosidease staining of non-senescent and senscent human
umbilical vein endothelial cells (HUVSCs).
Non-senescent cells show typical HUVEC morphology while senescent cells appear
more engorged and 60-70% stained positive for β-galactosidase. Senescence was defined
as 3 weeks of proliferative arrest. Scale bar 250 µm. Figure from (Krouwer, Hekking et
al. 2012).

Another proposed cell study would be to more thoroughly look at cellular
uptake of PEMs and empty polymersomes. While initial studies suggest that PEMs are
more readily taken up into HUVECs than empty polymersomes, this needs to be
repeated and studied with higher resolution to determine whether the polymersomes
are taken up or just adhered to the cell surface. In addition, it would be interesting to
compare PEMs with Mb on the surface versus PEMs with only encapsulated Mb. This is
important to study since the polymersomes used in these second 2 aims utilized a
nondegradable polymer. Therefore, it has been assumed that the Mb is not released from
the vesicles. This leads to questions as to how the Mb acts on the tumor vessels. There
could be diffusion of small molecules through the polymersome membrane (Battaglia,
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Ryan et al. 2006, Le Meins, Sandre et al. 2011), or perhaps the polymersomes are
endocytosed by the ECs, where they are degraded and the Mb is released.

5.2.2 Other Mechanisms for Delivery of Mb to Tumors
While the PEMs formulated with PEO-b-PBD proved effective, it may be worth
studying other polymers that show promise for tumor delivery, such as degradable
PEG-b-TCL. It is unclear how the nondegradable PEO-b-PBD formulation here
effectively shuts down tumor vasculature if Mb remains encapsulated within the
vesicles. As stated earlier, there may be small diffusible molecules involved, or perhaps
the polymersomes are broken down after being taken up by endothelial cells. In
addition, the anti-vascular effect is very rapid, which is unexpected if Mb release is
necessary. A thorough study of different formulations could maximize the response to
therapy. In addition, future studies could look at window chambers of mice treated with
fluorescently-labeled Mb encapsulated within polymersomes to determine whether the
protein is released from the vesicles.
Since the PEM formulation used in these studies contains only three components:
polymer, Mb, and dye, it is also important to make sure that the observed effect is due to
delivery of Mb and not because of the dye or polymer, or the combination of the three.
For this reason, mice were treated with empty polymersomes loaded with the dye. These
studies showed that Mb was necessary for tumor hemorrhagic necrosis. Another useful
study would be to deliver PEMs and empty polymersomes without any dye (PZn3 or
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DiD), to make sure that the incorporation of the dye does not contribute to the antitumor effect. Orthotopic 4T1 tumors will be grown in balb/c mice as described here, and
mice treated i.v. once the tumors reach ~8 mm in diameter as these tumors demonstrated
the most dramatic effect due to PEM treatment in previous studies. Tumors will be
harvested at 24 h to stain and image for necrosis.
In order to study whether encapsulation of Mb within polymersomes is
important to the vascular disrupting effect observed here, Mb could be delivered to
tumors in other ways. For example, Mb could be encapsulated within liposomes.
Successful liposomal encapsulation of Hb has been demonstrated (Yamamoto, Izumi et
al. 2009), and therefore the loading of Mb, a much smaller protein, should be
straightforward.
Another approach to targeting Mb to tumors is attachment of a PEG or PEG-like
polymer to the protein. Gao et al have demonstrated that poly(oligo(ethylene glycol)
methyl ether methacrylate) can be grown off of the N terminus of Mb, creating a long
circulating conjugate (Mb-POEGMA) (Gao, Liu et al. 2009). The polymer can be grown
to the desired molecular weight to control pharmacokinetics, demonstrating that a 26
nm conjugate has an elimination circulation half-life of 18 h (Figure 123). It is expected
that this long circulation would result in tumor accumulation. Indeed, a similar protein
conjugate consisting of green fluorescent protein (GFP) conjugated to POEGMA
demonstrated accumulation within C26 tumors in mice following i.v. administration
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(Gao, Liu et al. 2010). These studies should help determine whether vesicle
encapsulation is necessary for the anti-tumor effect.

Figure 123: Enhanced circulation and tumor accumulation of POEGMA protein
conjugates.
A) Nude mice were treated i.v. with radiolabeled Mb or Mb-POEGMA and blood
samples were taken over time. Biexponential decay curve fitting revealed elimination
half-lives of 3.0 and 18.0 h respectively. Figure from (Gao, Liu et al. 2009). B)
Radiolabeled GFP and GFP-POEGMA were injected i.v. into C26 tumor-bearing nude
mice. Tumor accumulation increased following polymer conjugation to the protein.
Figure from (Gao, Liu et al. 2010).

5.2.3 Load Polymersomes with Apoprotein or Heme Alone
Additional cell and in vivo studies should be carried out to determine whether
the Mb plus its prosthetic group are essential to the anti-tumor effect. In order to do this,
two new formulations of polymersomes should be formed: one loaded with the
apoprotein, and one containing just the heme. If the damage is due to the formation of
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ferryl Mb, then the apoprotein formulation will not be effective. However, it is possible
that the heme alone could form a potent oxidizer within the tumor, and these studies
would help to distinguish these mechanisms. These studies could also provide insight
into whether NO binding might be involved in this effect, as NO cannot bind the
apoprotein (Witting, Douglas et al. 2001). Another option would be to treat tumors with
Hb-loaded polymersomes in order to determine if this effect is specific to Mb. Hb
liposomes have been studied to deliver O2 to tumors, and a vascular damaging effect has
not been reported (Yamamoto, Izumi et al. 2009).

5.2.4 Study Nitric Oxide and Neutrophil Involvement
It has been shown that tumors with higher nitric oxide synthase (NOS) activity
are more resistant to vascular damage by CA-4-P (Parkins, Holder et al. 2000). These
results, along with studies demonstrating that NOS inhibition with L-NNA leads to
enhanced tumor response (Tozer, Prise et al. 2001), suggest that NO can protect tumors
against VDA damage. Similar studies could be carried out with our PEM treatment. 4T1
tumors could be grown again in dorsal skin fold windows and mice treated with L-NNA
or diethylamine NO, a NO donor, prior to PEM administration in order to determine if
NO modification affects tumor response.
Another interesting approach could be to study the effects of PEM treatment on
aortic ring segments. Aortic rings can be removed from rats and hung on stainless steel
stirrups connected to force transducers (Day, Patel et al. 1999). The rings will be
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incubated in a bath containing Krebs-Henseleit buffer plus Mb or PEMs and bubbled
with oxygen at the desired concentration at 37 °C. It is expected that if the Mb or PEMs
are able to scavenge NO, then the tension in the aortic ring will increase. By
subsequently stimulating NO production with acetyl choline, the aortic ring should
relax. These tension curves can then be compared between treatment groups.
It is well known that NO inhibits neutrophil activity (Tozer, Kanthou et al. 2005).
Neutrophil tumor infiltration following VDA treatment leads to increased
myeloperoxidase (MPO) activity, which generates free radicals believed to contribute to
vascular damage. If PEM treatment leads to decreased NO within the tumor, neutrophils
may be activated, leading to increased EC damage. While the histological analysis
presented here did not demonstrate an increase in neutrophil numbers, this analysis did
not address neutrophil or MPO activity.
Tumor MPO activity could be quantified following PEM treatment using a
technique described in (Parkins, Holder et al. 2000). The tumors would be harvested,
homogenized, and assayed spectrophotometrically at varying time points. Another
option is to study MPO activity in vivo using luminol luminescence as described in
(Gross, Gammon et al. 2009).
Another approach to studying neutrophil involvement would be to diminish
systemically circulating neutrophils by treating mice with an anti-Ly6G antibody 24 h
prior to PEM treatment (Shenoi, Iltis et al. 2013, Schwab, Goroncy et al. 2014). If the
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effect of PEMs is mitigated due to antibody treatment, then neutrophils are involved in
the tumor vascular damage.

5.2.5 Treat Additional Tumor Lines
As demonstrated by Wankhede et al, response to VDAs can vary by tumor type
(Wankhede, Dedeugd et al. 2010). This is most likely due to inherent differences in
tumor vasculature and microenvironment. For instance, it is believed that the high
permeability and low perfusion of tumors are what make them susceptible to vascular
targeting therapies (Tozer, Kanthou et al. 2005). Therefore, if these characteristics are
more pronounced in a certain tumor line, they may demonstrate better response
compared to another.
By utilizing the window chamber model, a variety of tumors could be studied
following treatment with PEMs. Tumor perfusion and blood flow can be monitored
using fluorescently-labeled red blood cells (Kimura, Braun et al. 1996). Permeability can
be measured through the use of fluorescent dextrans (Dreher, Liu et al. 2006) and also by
imaging the extravasation of polymersomes. By quantifying perfusion and permeability
prior to treatment and monitoring vascular changes following treatment, the influence
of tumor type and inherent vascular properties on PEM treatment response could be
studied. Preliminary studies have suggested that 4T1 tumors are more permeable than
FaDu tumors, which would support the better response demonstrated in the growth
delay studies shown here.
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The vascular properties of various tumors will especially be important in PEM
therapy, as the accumulation of PEMs relies on the EPR effect. This means that tumors
with more permeable vessels should have more significant PEM accumulation
compared with less leaky tumors (Iyer, Khaled et al. 2006).

5.2.6 Optimize RT and PEM Combination Therapy
It has been shown that VDAs exhibit enhanced effect with larger tumors, and
that combination therapy results in additive effects with a tendency towards synergistic
effects when large tumors are treated (Clémenson, Chargari et al. 2013). Tumor size may
have influenced the window chamber studies presented here, which demonstrated less
response with the same dose used in larger, orthotopic tumors. For this reason, it would
be important to study whether tumor size influences treatment response. As 4T1s have
shown response to PEM therapy, mice bearing 4T1 tumors of varying sizes (< 100 mm3,
200-300 mm3, and > 500 mm3) could be treated with PEMs and response monitored by
percent necrosis at 24 h. In addition, the growth delay studies could be repeated using
these tumors. The dorsal mammary tumor model might not work with the larger tumors
due to the limitations of the microCT irradiator. However, there is a larger collimator
that could be used in order to irradiate the entire tumor. Another option would be to
grow the tumors in the flank instead of orthotopically.
It has also been clearly demonstrated that the timing of VDA plus RT
combination therapy is important to tumor response (see 1.4.5) (Clémenson, Chargari et
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al. 2013). For this reason, it would be beneficial to study whether RT and PEM treatment
timing affects tumor growth. In the studies presented in this dissertation, 4T1 tumors
were treated with RT followed 30-60 min later by PEMs. According to VDA studies, this
should be an optimal schedule. However, if RT improves perfusion and decreases
interstitial pressure within the tumor, PEM accumulation may improve with
administration at later timepoints. Therefore, there is most likely an optimal timing that
can take advantage of increased PEM accumulation while the tumor vasculature is still
susceptible to damage. The FaDu study presented here showed no enhanced effect of
PEMs plus RT, and may have even showed a slightly decreased effect compared with
RT alone. In this study, RT was given 3-4 h prior to PEM treatment. Therefore, it would
be interesting to repeat the 4T1 study, which has demonstrated effect, with PEMs given
just before RT, 3-4 h post RT, and perhaps around 24 h after RT, as 24 h has been shown
to be beneficial in VDA studies (Clémenson, Chargari et al. 2013). In addition,
fractionated dosing could be studied as this is more relevant clinically. Based on the
optimization of RT plus PEM dosing schedule, the PEMs could be administered
following the last fraction at the optimized time. Example dosing schedules of VDAs
plus RT are provided in Figure 124.
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Figure 124: Example dosing schedules for single dose and fractionated dose
irradiation of tumors in combination with VDA therapy.
a) Based on literature review, optimal scheduling for RT plus VDA therapy appears to
be RT followed 0-4 h by VDA treatment, with the best response observed at an interval
of 1-2 h. b) Fractionated radiation has also shown promise in combination with VDA
therapy. Once again, the optimal timing appears to be VDA treatment 1 h after the last
fraction of RT. A comprehensive study of timing of radiation plus PEM therapy should
be carried out in order to maximize benefit. Figure from (Clémenson, Chargari et al.
2013).

Taken together, these studies demonstrate the potential of polymersomes for
cancer imaging and therapy. An unexpected but exciting anti-tumor effect is observed
with systemic administration of polymersome-encapsulated Mb. The results presented
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here will lead to important future studies in order to understand the mechanism and
optimize the therapeutic benefit.
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