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Abstract
Over the past 30 years, advances in nanotechnology have generated a multitude of nanostructures
exhibiting a breadth of physical, chemical, and biological properties that have tremendous potential to
improve the detection and treatment of disease. Despite this progress, biomedical nanotechnologies have
yet to approach the same level of complexity as biological systems, which produce higher-order functions
through coordinated interactions between multiple nanoscale components. This thesis aims to explore the
potential of nanoparticles to interface with the host biology to perform systems-level applications that
benefit disease sensing and treatment.
First, we engineered nanoparticles to sense dysregulated protease activity associated with
thrombosis and generate reporters that can be noninvasively quantified in the urine. These nanoparticles
exploit the vascular transport of the circulatory system and the size filtration function of the renal system
to emit reporters into the urine following proteolytic cleavage events. The reporter levels in the urine
differentiate between healthy and thrombotic states and correlate with clot burden in a mouse model of
pulmonary embolism.
Next, we developed nanoparticles that homeostatically regulate the biological cascade
responsible for haemostasis to prevent the aberrant formation of clots. These nanoparticles form a
negative feedback loop with thrombin, a key enzyme in the coagulation cascade, to regulate their release
of the anticoagulant heparin. In mice, they inhibited the formation of pulmonary embolisms without an
associated increase in bleeding, the primary side-effect of antithrombotic therapy in the clinic.
Finally, we investigated a two-component system whereby the first therapeutic entity induces the
upregulation a molecular signal within a malignant environment to amplify the local recruitment of a
secondary population of targeted nanoparticles. Here, the interaction between the initial therapeutic and
the targeted nanoparticles occurred indirectly through a biological stress pathway. This cooperative
targeting system delivered up to five-fold higher nanoparticle doses to tumors than non-cooperative
controls, leading to delayed tumor growth and improved survival in mice.
Together, these systems highlight the potential for interactive nanoparticle systems to perform
highly complex functions in vivo by leveraging and modulating the host biology. In contrast to the current
strategy of injecting large populations of nanoparticles that carry out identical, pre-defined tasks with
little to no feedback from the in vivo environment, this work supports the construction of nanoparticle
systems that leverage both synthetic and endogenous components to produce emergent behaviors for
enhancing diagnostics and therapeutics.
Thesis Supervisor: Sangeeta N. Bhatia
Title: John J. and Dorothy Wilson Professor of Health Sciences and Technology & Electrical Engineering
and Computer Science
Thesis Supervisor: Robert S. Langer
Title: David H. Koch Institute Professor of Chemical Engineering
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Chapter 1: Introduction
1.1 Nanotechnology in Medicine
Our bodies are driven by biological processes, including events that are essential for life
and those that lead to disease, which occur at the nanoscale. We are composed of biological
nanoscale components, and the ability to manipulate materials at this scale opens tremendous
opportunities to impact biological discovery and medicine. In particular, nanoparticles possess
unique combinations of physical, chemical, and biological properties that are highly tunable
compared to their synthetic or natural protein and small molecule complements. These properties
include superparamagnetism, surface plasmon resonance, quantum confinement, self-assembly,
high surface areas for drug loading, catalytic activity, multivalent presentation of ligands, tunable
surface chemistries, extended pharmacokinetic profiles, and many others.1 5 The most advanced
systems to date can even respond to external stimuli such as ultrasound, light, magnetism,
electricity, and heat, or endogenous stimuli such as pH, chemical reduction, and enzymes. 6-8
Indeed, engineering of these properties has already yielded a spectrum of applications for
improving the diagnosis and treatment of diseases. Nevertheless, despite operating on the same
length scales as biological components, these nanoparticle approaches still lack the system-scale
complexity of biological systems. As our understanding of nanoengineering and biology
continue to grow in parallel, new biomedical nanosystems will emerge that are capable of
interacting and even integrating with the endogenous biological nanomachinery to perform
highly complex tasks in vivo. The overall goal of this thesis is to engineer nanoparticle systems
that interact with and exploit the host biology to produce higher-order emergent functions that
enhance the diagnosis and treatment of thrombosis and cancer.
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1.2 Thrombosis
Thrombosis, the formation of a blood clot within a vessel, is associated with numerous
life threatening conditions, including myocardial infarction (heart attack) and strokes, which are
collectively the most common cause of death not only in the developed world, but globally.9-1 1
Furthermore, thrombosis is also the second leading cause of death in patients with cancer.10 Our
growing understanding of the underlying mechanisms of thrombus formation has enabled novel
technologies to impact the development of more effective methods to diagnose, prevent, and
treat thrombosis.
Thrombosis is closely linked to haemostasis, the biological process that maintains the
integrity of blood vessels after vascular damage, sharing the principal pathways of platelet
activation and blood coagulation. Platelets are small (- pm) anucleate cells produced by
megakaryocytes in the bone marrow that circulate in the blood and serve as sentries of vascular
integrity. When vascular damage occurs, platelets are rapidly recruited to the site of injury
through the interaction of specific platelet cell-surface receptors with the exposed subendothelial
matrix proteins, collagen and von Willebrand factor to provide provisional wound closure. The
platelets adhere to the vessel wall and become activated, releasing the contents of their granules
to promote further platelet activation and receptor-mediated binding of additional platelets
(termed platelet aggregation). This continual process of platelet adhesion, activation, and
aggregation promotes the rapid growth of the thrombus. 9' 11
In parallel with platelet recruitment, the coagulation cascade, which consists of a group of
zymogens that latently circulates through the bloodstream, is triggered at the site of injury as
well. Briefly, vascular damage exposes the protein tissue factor (TF) that is expressed on
extravascular cells, which initiates the activation of Factor X in conjunction with Factor VIIa and
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features. Arterial thrombosis is triggered by the rupture of atherosclerotic plaque that develops
through the deposition of lipid and foam cells in the artery wall over time. This event exposes the
blood to collagen in the extracellular matrix and previously sequestered TF in the plaque,
initiating the thrombotic event that is the major pathogenic process underlying myocardial
infarction, stroke, and other conditions. Platelet recruitment preferentially occurs in regions of
high shear and disturbed flow, such as at the site of plaque rupture in the artery, which leads to
9
the formation of platelet-rich thrombi referred to as 'white clots'. '

10, 14

During the 19th century, the physician Virchow elucidated a triad of physiological
alterations that contribute to venous thrombosis: circulatory stasis, hypercoagulable state, and
activation of the endothelium. Reduced blood flow and stasis may explain the increased rate of
venous thrombosis associated with surgery, hospitalization, paralysis, travel, obesity, age, and
pregnancy. A hypercoaguable state refers to procoagulant changes in the blood constitution that
may be associated with genetic disorder, age, major surgery, cancer, pregnancy, hormone
contraceptives, and obesity. Finally, vessel wall injury caused by numerous potential sources,
including trauma, surgery, venepuncture, or indwelling catheters, downregulates endogenous
endothelial-associated anticoagulants and activates TF and various adhesion molecules that
promote coagulation. In contrast to arterial thrombosis, venous thrombosis occurs under lower
shear stress on the largely intact endothelium and is characterized by thrombi that are rich in
fibrin and trapped red blood cells, typically referred to as 'red clots'. The most common clinical
manifestations are deep vein thrombosis (DVT), which mostly occurs in the legs, and potentially
fatal pulmonary embolism (PE), the migration of a dislodged blood clot to the lung.9 '915

15

1.2.1 Diagnosis and Monitoring
While much progress has been made towards quickly and accurately diagnosing
conditions associated with arterial thrombosis, such as myocardial infarction (e.g.
electrocardiogram, cardiac biomarkers in blood) and stroke (e.g. computed tomography,
magnetic resonance imaging), diagnosis of venous thrombosis remains a medical challenge
because symptoms and signs of the condition are highly nonspecific and tools capable of
differential diagnosis are not yet available. The specific steps to identifying the presence of
venous thrombosis vary by subtype of disease, however the general approach is as follows:
initial evaluation with a clinical prediction test in conjunction with laboratory assays,
noninvasive imaging of suspected thrombus, and venography if imaging is equivocal.
Unfortunately, the available laboratory assays suffer from low specificity for diagnosing
thrombosis. Imaging techniques are more expensive, require established hardware infrastructure,
and rely on substantial technical expertise to accurately acquire and interpret results, and may
still deliver varying degrees of accuracy for diagnosis. Thus, there remains a strong need to
develop rapid, definitive, and cost-effective methods for diagnosing venous thrombosis.

1.2.1.1 Deep Vein Thrombosis
Diagnosis of DVT begins with a physical exam of the involved extremity for associated
-

symptoms - a palpable cord (reflecting a thrombosed vein), edema, warmth, and vein dilation
and an assessment of clinical risk factors that comprise the pretest probability of thrombosis
known as the Wells score. The Wells score is most typically used in conjunction with a

laboratory measurement of D-dimer, which is a degradation product of cross-linked fibrin in the
blood. Analysis of D-dimer is most commonly carried out using enzyme-linked immunosorbent
assays (ELISA), however rapid whole blood agglutination assays are also available. A major
16

limitation of the measurement is that the presence of elevated D-dimer concentrations is
insufficient to diagnose venous thrombosis because elevated levels are non-specific and
commonly present in hospitalized patients (particularly the elderly), cancer patients, recent
surgery patients, and numerous other conditions including the second and third trimester of
pregnancy. However, the negative predictive value of the D-dimer assay is high (94%), and a
combination of a negative D-dimer assay and Wells score is used to rule out DVT in many
patient populations.16,
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Noninvasive imaging of the lower extremity is recommended for patients with
intermediate to high Wells score and/or positive D-dimer. The two most common methods for
diagnosing DVT are compression ultrasonography and impedance plethysmography. While
ultrasound is considered superior (positive predice value of 94% versus 83%) and more widely
available, it is unable to resolve thrombi is certain anatomical locations (e.g. iliac vein) and less
useful for monitoring recurrent DVTs. Impedance plethysmography is less expensive and
preferred for evaluation of suspected recurrent DVT, but is limited by its requirement that
patients lie still for several minutes in correct positioning to avoid data artifacts and its
susceptibility to false positives in patients with prior venous diseases. Magnetic resonance
venography (MRI) and computed tomography (CT) are also emerging modalities for diagnosing
DVT, however their higher costs may preclude them from becoming the noninvasive tests of
choice. If noninvasive testing is clinically infeasible, or results are equivocal or in disagreement
with strong clinical suspicion of DVT, contrast venography may be required. However, while
contrast venography has long been considered the reference test for diagnosis of DVT, it is an
invasive technique associated with higher costs, morbidity, patient discomfort, as well as other
technical limitations.16, 17
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1.2.1.2 Pulmonary Embolism
Over 90% of cases of acute PE are due to emboli emanating from a DVT. Since the
symptoms of PE are also highly variable and non-specific, the diagnostic approach is similar to
that of DVTs is used to confirm or exclude the condition. Although the tests employed depend
on availability at a particular medical institution, evaluation usually begins with a clinical pretest
probability, called the modified Wells criteria for PE, in conjunction with the D-dimer assay; this
combination has negative predictive value when used appropriately. For patients with moderate
to high probability, imaging is performed to support the diagnosis of PE. While pulmonary
angiography is considered the 'gold standard' for the diagnosis of PE, this technique has fallen
out of favor because its increased risk of morbidity and mortality - usually related to catheter
insertion, contrast reactions, cardiac arrhythmia, or respiratory insufficiency - as well as
18
increased radiation exposure relative to noninvasive imaging techniques. '19

CT pulmonary angiography (CT-PA) has emerged as the preferred noninvasive modality
because of its ability to detect alternative pulmonary abnormalities that may explain a patient's
symptoms. The PIOPED II study, the largest of its kind to date, demonstrated that CT-PA has a
sensitivity and specificity of 83% and 96% in diagnosing PE, though other studies have reported
sensitivities ranging from 53 to 87%.20 At institutions without CT-PA or for patients who cannot
undergo the procedure (e.g. renal insufficiency or morbid obesity), the ventilation/perfusion
(V/Q) scan, an imaging technique used to evaluate the circulation of air and blood in the lungs,
can be used instead. Unfortunately, the lung scan result most commonly observed in patients has
a diagnostic accuracy of only 15-86%, which is insufficient to confirm or exclude PE. 8 ' 19
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1.2.2 Nanomaterials for Imaging Thrombosis
The use of nanomaterials to improve the diagnosis of thrombosis is a growing field of
research. Studies to date have primarily leveraged two properties through which nanoparticles
can improve the detection and diagnosis of thrombosis, particularly for imaging applications.
First, nanomaterials can incorporate various novel materials, signaling modalities, and/or
amplification strategies to improve signal-to-noise ratio. Second, these nanomaterials can be
decorated with affinity ligands (e.g. antibodies, antibody fragments, peptides, small molecules)
that recognize specific molecular or cellular targets associated with the condition of interest. A
number of studies have developed nano-based imaging agents targeting thrombin, which has the
potential to facilitate signal amplification through its proteolytic activity.
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Weissleder et al have

developed a series of thrombin-activated, dequenching near-infrared probes that can differentiate
between acute and subacute thrombi in vivo,22, 23 a characteristic that is important for fibrinolytic
therapy because efficacy decreases with thrombus age.2 4 Tsien et al have developed similar
thrombin-sensitive cell-penetrating probes for detecting thrombin activity in atherosclerotic
plaques. While optical imaging is an established research tool for preclinical small animal
models, it is still an emerging modality for clinical practice and questions remain about whether
the signal penetration depth is sufficient for imaging applications deeper than surface vessels.
Fibrin is a promising imaging target because it forms the structural basis of clots and is
present in both venous and arterial thrombosis.2 The most clinically advanced probe to date is a
fibrin-targeted peptide MRI agent, called EP-2104R, coupled with four gadolinium molecules to
increase thrombus-to-background ratio through multivalency. Extensive preclinical work with
this agent has demonstrated MRI enhancement of PE, atrial thrombi, and coronary stent
thrombosis. 26-30 The use of EP-2104R in humans has been investigated in several Phase I/II
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trials. A nanoparticle consisting of a lipid shell encapsulating perfluorocarbon and gadoliniumdiethylenetriaminepentaacetic acid (Gd-DTPA) complexes embedded in the shell was targeted to
clots using anti-fibrin antibodies. These particles demonstrated strong binding to the thrombus
surface and enhanced signal contrast, although in vivo usage has yet to be tested.3 1' 32 Other
groups have also synthesized fibrin-targeted nanoparticles for CT and ultrasound imaging of
thrombi. 33' 34 Rather than target fibrin directly, other nanoagents are decorated with substrates for
Factor XIII, the transglutaminase that cross-links fibrin in vivo. These multimodal agents are
incorporated into acute thrombi and detected by near-infrared fluorescence imaging or MRI.35,36
In addition to more accurate diagnosis, these fibrin-targeted agents may also improve
management of fibrinolytic therapy by providing information about the age, amount, and activity
of clots.
In addition to diagnosis and management of therapy, another emerging application of
diagnostic nanomaterials is stratification of risk. This application relies on the identification of
molecular entities that reveal biological and clinical insights with regard to disease state in order
to leverage our ability to target and image them with probes. For example, current imaging
modalities used to image plaque anatomy in atherosclerosis do not identify high-risk lesions for
rupture and subsequent arterial thrombosis in the form of myocardial infarction or stroke.
Identification of these lesions in important vascular beds could be used to manage systemic
therapy regimens and even guide local therapy in high-risk patients. 1 Potential markers are cells
or proteins that play a role in plaque destabilization, such as inflammatory cells (e.g.
macrophages), apoptotic cells (e.g. annexin V), and proteases (e.g. MMP2, MMP9, cathepsins). 37
While all the aforementioned strategies have exclusively leveraged imaging modalities as the
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readout, little effort has been focused on developing non-imaging-based diagnostics that retain
the ability to reveal important biological and clinical information about the in vivo environment.
1.2.3 Synthetic Biomarkers for Urinary Monitoring of Disease
Our lab has recently pioneered the concept of 'synthetic biomarkers,' which are
exogenously administered nano-based probes that leverage features of human disease and
physiology to enable noninvasive urinary monitoring. This technology has emerged to address
the challenge of identifying new clinical biomarkers, a process which is limited by our
dependence on endogenous molecules. These protease-senstive agents perform three primary
functions in vivo: targets sites of disease, sample dysregulated protease activities, and release
encoded reporters into hose urine for detection by various methods including mass spectrometry
and antibody-based assays. In mouse models of liver fibrosis and cancer, these agents can
noninvasively monitor fibrosis and resolution without the need for biopsies and substantially
improve early detection of cancer relative to clinical blood biomarkers. 38
In this Chapter 1 of this thesis, the synthetic biomarker technology is applied to the
detection of thrombosis, a protease-driven disease that is readily accessible to the nanoprobes
that circulate throughout the vasculature. The approach of synthetic biomarkers has the potential
to enable point-of-care testing, which could benefit patients at risk for recurrent thrombosis who
require frequent monitoring, patients who need to monitor anticoagulant levels long-term, and
developing nations where thrombosis-associated conditions such as cardiovascular disease and
cancer are on the rise, but medical infrastructure (e.g. imaging hardware) for inexpensive and
rapid diagnosis is still unavailable.
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1.2.4 Treatment and Prevention
Since a previous episode is one of the biggest risk factors of thrombosis, prevention of
future events is a critical part of treatment. The primary pharmacological classes used to treat
thrombosis are anticoagulants, antiplatelets, and thrombolytics.
1.2.4.1 Anticoagulants
Anticoagulants, drugs that block the coagulation cascade, are a critical component of
treatment and prevention for both arterial and venous thrombosis. The primary side effect and
fundamental challenge of anticoagulant therapy is bleeding (Table 1.1). The ideal anticoagulant
is an agent that inhibits thrombosis but not haemostasis, however this 'holy grail' of
antithrombotic therapy has yet to be found. Substantial progress has been made in understanding
the biology and pathophysiology of thrombosis, and translation of this knowledge to
pharmaceutical development may lead to safer, more effective drugs in the future. Currently, the
types of anticoagulants available can broadly be divided into two main segments: parental and
oral drugs.

Parenteral anticoagulants
Parenteral anticoagulants are administered intravenously (IV) or subcutaneously (SC),
and are thus better suited for short-term use in the hospital setting, particularly for acute care
when immediate onset of action is crucial. Unfractionated heparin (UFH), a heterogeneous
mixture of branched glycoaminoglycans ranging from 3000-30000 kDa, was discovered to have
potent antithrombotic properties in 1916 and is the oldest anticoagulant used in the clinic.3 9 UFH
forms a complex with endogenous antithrombin-III, which then inactivates thrombin, and
Factors Xa, IXa, Xia, and XIIa. Thrombin and Factor Xa are most sensitive to inhibition by the
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Table 1.1 Bleeding Rates for Selected Anticoagulants. 40
Agent
UFH

Indcation

Incidence of major bleeding, %

VTE prophylaxis

3.5(9/1992)
2.0 (17/748)
4.5 (38 606)

Freedman at at(2000)"
Mismetti et a (2005)Petersen at at (2004)21

1.7 (63/3621)
2.1(16/754)
4.7(3801/8044)
1.5 (15/983)
3.3(34/1049)
2.0 (6/304)

Tuple et at (2002)u
Mismetti et at (2005)2
Poereen ft at (2004)
HuIl et al (2000)2
FRISC11 kttsolgaora (1990)3
Simonneau at at (1997)-

2.7 (96/3616)
1.2 (12/1098)
2.2 (217/10,057)

Turple at al (2002)1
Butler at at (2004)3
Yusuf et at (2006)"

VE treatment
ACS
LMWH
Enoxapaln

Dalteparin
Tinzaparin
Factor Xa Inhibior
Fondaparinux

VE prophylaxis

VTE treatment
ACS
VTE prophylaxis
ACS
VTE treatment
VE prophylaxis
VTE

trealmeat

ACS
DTI
Lepirudinb
Argatroban
Bivalirudin

18.8(21/112)
6.1 (14229)
3.5c (82/2318)

HIT

HIT
ACS with PCI

Refernce

Greinacher et at (2000)
LewIs sat t (2003)
Ebrahiml et al (2005)
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UFH indicates unfractionated heparin; VrE, venous thromboembollsm; ACS, acute coronary syndrome; LMWH, low-molecular-weight heparin; DTI, direct thrombin
inhibltors; HIT, heparin-Induced thrombocytopenla; PCI, percutaneous coronary intervention.
leeding rates were obtained from meta-analyses or pivotal cliical trials. A major bleed was most often defined as Intracranial, fatal, retroperftoneal, intraocular, or
needing surgical intervention, with or without the need for transfusion. Individual trials used different definitions of major bleeding.
3
bme dosing regimen previously used in the approval trials for Iepnrudn for treatment of HIT Is now considered too hlgh,w- 3 and currently dosing less than that stated In the
package insert Is recommended.'
CPatlents undergoing PCI are at additional risk for bleeding compared with patients treated with antithrombotlc therapy alone.
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heparin/ATIII complex. Inactivating thrombin not only stops further fibrin formation, but also
blocks thrombin-induced activation of platelets and Factors V and VIII. The preferred routes of
administration for heparin are IV or SC, although SC administration requires a higher dose
because of reduced bioavailability. In the bloodstream, UFH binds to various proteins, including
endothelial cells and macrophages, which reduces anticoagulant activity and contributes to its
nonlinear clearance kinetics and variability in treatment among patients with thrombotic
disorders. Therefore, the anticoagulant effect of heparin must be monitored using the activated
partial thromboplastin time (aPTT), a test that measures the time it takes blood to clot as an
indicator of coagulation function, or Factor Xa activity and adjusted to remain within the
therapeutic range - 1.5 to 2.5 the control aPTT time or 0.3 to 0.7 U/mL by Factor Xa inhibition.
Another limitation of UFH outside its well-known bleeding risk is its ability to induce immunemediated platelet activation, known as heparin-induced thrombocytopenia (HIT), which actually
puts the patient at risk for thrombosis. Despite its drawbacks, UFH is one of the only
anticoagulants with a clinical antidote, protamine, which can be administered intravenously to
rapidly reverse its anticoagulant effects. This benefit, in addition to decades of clinical
experience, accounts for UFHs permanence for hospital use, particularly in critical care
applications such as cardiology procedures.
The development of low molecular weight heparin (LMWH) has led to several
improvements on the pharmacology of heparin therapy. LMWHs (enoxaparin, dalteparin,
tinzaparin) are typically prepared by chemical or enzymatic depolymerization of UFH, although
related synthetic forms have also been developed (i.e. fondaparinux), and have a mean molecular
weight of 4000-5000 kDa. LMWHs demonstrate reduced binding to protein and cells, which
leads to more predictable pharmacokinetics and anticoagulant activity relative to UFH. This

24

reduced binding to endothelial cells contributes to a longer plasma half-life, whereas reduced
binding to platelets may explain the lower incidence of HIT. Like UFH, LMWHs still produce
their anticoagulant effect by complexing with ATIII. The shorter chain length limits their ability
to directly inactivate thrombin, but does not affect their ability to mediate Factor Xa inhibition.
Unfortunately, the shorter chains may also underlie the ineffectiveness of protamine as an
antidote for LMWHs; in fact, no clinically-approved antidotes currently exist. LMWHs have
been evaluated in a large number of clinical trials and are generally at least as safe and effective
as UFH for the indications tested. Additionally, the predictable dose-response relationship
typically precludes the need for monitoring blood levels. This feature combined with their near
complete bioavailability when administered SC has facilitated the switch from UFH to LMWHs
in many hospital applications where immediate reversibility is not critical. LMWHs are also
contraindicated in select patient populations, including obesity and renal failure, where the
disease physiology interferes with the clearance of the drug.
While UFH and LMWHs comprise the class of indirect thrombin inhibitors, direct
thrombin inhibitors (DTI), which have the ability to independently block thrombin without the
aid of any cofactors, are an emerging class of anticoagulants. Unlike heparin which cannot
inhibit fibrin-bound thrombin, DTIs can inhibit both soluble and fibrin-bound thrombin, although
the clinical importance of the characteristic is unclear. 42, 43 DTIs also have several other
advantages over heparins including more predictable dose-response due to their lack of binding
to plasma proteins, little to no platelet interactions, and absence of immune-mediated
thrombocytopenia. 44' 45 There are currently four clinically-approved parental DTIs: lepirudin,
desirudin, argatroban, and bivalirudin. Lepirudin and desirudin are recombinant derivatives of
hirudin, a peptide found in the salivary glands of medicinal leeches. Bivalirudin is a synthetic
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polypeptide analog of hirudin, while argatroban is a small molecule (527 kDa) inhibitor; both
these drugs reversibly inhibit thrombin. DTIs are primarily used in patients with or at risk for
HIT, however their indications continue to expand as more clinical studies are completed. While
some of these studies have shown incremental improvements in efficacy over heparins, risk of
major bleeding remains a significant risk, especially because none of the DTIs have a clinical
antidote.42 ,43
A number of other coagulation factors from the intrinsic pathway have emerged as
interesting candidates for anticoagulant therapy. Blocking FIXa may be an important step in
preventing thrombosis because formation of the FVIIIa/FIXa complex is an upstream and ratelimiting step of several positive feedback loops that drive the propagation of thrombin
generation. 46 The REGI/REG2 anticoagulation systems are the most advanced FIX/FIXa
inhibitors in development and have progressed to clinical trials. 47' 48 These systems are derived
from aptamers, or short oligonucleic molecules that bind specific molecular targets, which have
the attractive feature of readily available control antidotes in the form of the complementary
oligonucleotide to the anticoagulant strand. 49-51 FXIa and FXIIa have become targets of
anticoagulant therapy following studies demonstrating thromboprotection against different
experimental models of thrombosis in mice lacking either factor.-

5

In humans, FXI deficiency

(hemophilia C) is associated with a mild bleeding phenotype, while FXII deficiency does not
exhibit a clinically relevant phenotype; the relationship between these deficiencies and
thrombosis needs to be further studied. 56,

57

Though targeted disruption of intrinsic coagulation is

untested in clinical medicine and may exert physiological effects beyond coagulation, these
observations provide hope that inhibiting FXIa and FXIIa may prevent thrombosis while
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minimizing the interference with haemostasis. Several pharmacological agents that inhibit FXIa
58
and FXIIa are currently in preclinical development. '59

Oral anticoagulants
Long-term anticoagulation is necessary for thrombosis prevention following numerous
conditions, including myocardial infarction, stroke, DVT/PE, and atrial fibrillation. For chronic
use, patients typically transitioned from parenteral to oral anticoagulants, given the clear
advantage in ease of administration. Vitamin K antagonists (VKAs), namely warfarin, have been
the mainstay of oral anticoagulation for over 60 years. 60 Warfarin interferes with the
interconversion of Vitamin K and Vitamin K epoxide, impairing the Vitamin K-dependent
synthesis of thrombin and Factors VII, IX, and X and resulting in the production of inactive
forms of these proteins. Warfarin also affects the synthesis of regulatory anticoagulant proteins
C, S, and Z and may temporarily act as a procoagulant, though the anticoagulant effect is
dominant under most circumstances.61 Achieving optimal levels of anticoagulation is challenging
because of its narrow therapeutic index, slow onset of action, variable pharmacologic effects, and
multiple drug and diet interactions. Studies have shown that 44% of bleeding complications with
warfarin therapy were associated with supratherapeutic levels of anticoagulation and that 48% of
thromboembolic events occurred with subtherapeutic levels.60,62 Therefore, monitoring

anticoagulation intensity (most commonly using the prothrombin time assay) and dose titration is
critical and may necessitate frequent visits to outpatient clinics for patients who are not in the
hospital. 0 In cases of excessive anticoagulation or bleeding, the effects of warfarin can be
reversed with oral or intravenous administration of Vitamin K. If immediate reversal is
necessary, supplementation of clotting factors with fresh frozen plasma or prothrombin complex
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concentrate is more effective.63 The limitations of warfarin have greatly affected its safety,
compliance, and efficacy.
The multitude of challenges associated with the usage of warfarin has fueled the
extensive research and development of a new generation of oral anticoagulants. The first group
of drugs to receive approval for clinical use includes a DTI (dabigatran) and several direct Factor
Xa inhibitors (rivaroxaban, apixaban, edoxaban).64 ' 65 These drugs offer improved safety,
efficacy, and ease of use compared to warfarin because of their favorable pharmacological
properties. Unlike warfarin, which takes four to five days to reach its peak effect, these drugs
reach their peak effects on the order of one to three hours. More predictable pharmacokinetics
and dose response allows patients to follow fixed dosing regimens without the need for
monitoring. The chemistry of these new drugs also results in fewer drug and dietary interactions.
These novel anticoagulants have several disadvantages including the current lack of reliable
monitoring methods in cases of suspected toxicity, lack of antidotes for life-threatening bleeds or
urgent surgery, and contraindications for specific patient groups such as those with chronic
kidney disease or prosthetic heart valves.66 Though these drugs continue to gain approval for
broader indications, clinicians have approached their use with caution because of their associated
risk of bleeding and current lack of reversal methods - clinical studies of these drugs have shown
equal to significantly higher risk of bleeding relative to the standard-of-care.67 69

1.2.4.2 Antiplatelets
Antiplatelets are drugs that target molecules involved in platelet activation or
aggregation; they are used for both the prevention and acute treatment of arterial thrombosis. 9
Aspirin is the most commonly used antiplatelet drug, having been utilized in the clinic for over
40 years. By inhibiting cyclooxygenase-I enzymes, aspirin blocks the synthesis of thromboxane
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A2 , a potent activator of platelets. Aspirin reduces the incidence of first myocardial infarction in
men at risk of cardiovascular disease as well as patients who have had a myocardial infarction.
However, taking aspirin does not guarantee prevention of thrombotic events, with substantial
cohorts of patients display 'aspirin resistance', and can cause stomach ulcers and bleeding. 9
Several other classes of antiplatelet drugs have been studied and developed in since the
discovery of aspirin. Adenosine 5'-diphosphate (ADP) receptor antagonists target the receptor
P2YI 2, which prevents ADP from activating platelets. Clopidogrel (PlavixTM) and prasugrel
(EffientTM) are the most widely used drugs in this class and have been shown to be more
effective than aspirin. 9' 70 Dual antiplatelet therapy combining ADP receptor antagonists and
aspirin are being explored for their potential synergistic effects. 71 Another class of drugs are
ctIMP3

integrin inhibitors reduce platelet aggregation by blocking the binding of activated platelets

to fibrinogen and other ligands. Unlike the other antiplatelet drugs that are administered orally,
the

U11bp3

inhibitors that are current used in the clinic, such as abciximab (ReoProTM), eptifibatide

(IntegrilinTM), and tirofiban (AggrastatTM), are delivered intravenously. They are used for shortterm treatment of patients with acute coronary syndromes who are undergoing percutaneous
coronary intervention.

71,72

Numerous other oral and intravenous antiplatelet drugs are currently in various phases of
development, some of which focus novel targets such as protease-activated-receptor-1 (PAR1),
phosphatidylinositol 3-kinase (P13K), and glycoprotein VI or lb.73 Safer and more effective
drugs will undoubtedly continue to arise as researchers continue to understand the biology
underlying platelet activation. Nevertheless, these therapeutics are designed the block platelet
activities that are critical pathways in haemostasis as well as thrombosis, therefore similar to
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anticoagulants, the risk of potentially fatal bleeding remains one of the adverse effects of primary
concern for all antiplatelet drugs.

1.2.4.3 Thrombolytics
Thrombolytic agents, also referred to as 'clot busters', are agents that activate
plasminogen to form plasmin, which lyses existing thrombi, in order to limit the damage caused
by occlusion of a blood vessel.9 ' 74 They are used to treat severe manifestations of thrombotic
disorder, including acute myocardial infarction, stroke, DVT, and acute PE. Since these drugs
activate the fibrinolytic system, which does not distinguish between haemostatic and thrombotic
clots, thrombolytic agents also greatly increase the risk of major bleeding. Therefore, the
indications and potential benefits must be carefully weighed against the risk of adverse events
before undergoing this therapy. Thrombolytic agents currently used in the clinic include
recombinant tissue type plasminogen activator (alteplase, reteplase, tenecteplase), streptokinase,
and urokinase.74 ' 5 The success of these agents heavily depends on the timing of the intervention,
with earlier treatment generally leading to better outcomes. For example, thrombolytic therapy
for stroke is most beneficial when used within three hours and can lead to severe brain
hemorrhage. 76 Therefore, strategies that protect the vasculature with a lower incidence of
bleeding are highly important.

1.2.5 Nanomaterials for Treating Thrombosis
The application of nanotechnology to the treatment of thrombosis is a rapidly growing
field of interest and a number of approaches addressing various limitations of anticoagulant
therapy have been demonstrated in the literature. Much effort has been directed towards
improving alternative non-partental routes of administration for UFH and LMWH by improving
30

oral bioavailability through encapsulation in polymeric or solid lipid nanoparticles, 77' 78 or
reformulating with dendrimer carriers for nasal/pulmonary delivery. 79 Others have utilized the
capacity of nanoparticles for multivalent presentation to improve anticoagulant binding to their
targets, thereby potentially lowering the required dosage and improving their therapeutic index.
Such strategies also have the added effect of increasing the circulation half-life of small
molecular species, which may be beneficial for prophylactic usage. Direct thrombin inhibiting
peptides, bivalirudin and PPACK, conjugated to the surface of liposomes or perfluorocarbon
nanoparticles demonstrated improved binding efficiency to thrombin and longer circulation times
relative to their free peptide forms. 80' 8 When conjugated to gold nanoparticle scaffolds,
thrombin-targeted aptamers also showed improvement in binding and inhibition.82-84 Finally, the
addition of affinity ligands that direct anticoagulant nanoparticles to potential high-risk
thrombotic sites, such as atherosclerotic plaques, and increase their local concentration could
further improve their efficacy and therapeutic index. 85
Nanomaterials have been utilized in thrombolytic therapy for targeted delivery of
therapeutic moieties to sites of action in order to reduce the dose required for efficient clot lysis
and off-target effects with the hopes of decreasing deleterious side effects such as bleeding.
Indeed, intracerebral hemorrhage is among the most serious and potentially fatal bleeding
associated with thrombolysis, and occurs in 1% of treated patients with myocardial infarction
and 6% of treated patients for stroke. 86 Iron oxide nanoagents attached to plasminogen activators
have been targeted to thrombi using external magnetic fields and demonstrate increased
thrombolytic potential relative to their free counterparts. 87'88 Nanoparticles bearing plasminogen
activators have also been actively targeted to thrombi using affinity ligands such as anti-fibrin
antibodies or FXIlIa-sensitive peptides. 89' 90 Another notable strategy is the development of

31

shear-activated nanoparticles, coated with plasminogen activator, that are designed to deliver
drugs to blood vessels obstructed by thrombosis, which have abnormally high fluid shear
stress.91 This biophysical targeting approach demonstrated rapid clot dissolution in mouse
models of thrombosis with lower required doses and fewer side effects than free plasminogen
activator. While these technologies offer promising improvements to antithrombotic care, as of
this writing, none have yet reached clinical testing, which suggests that further preclinical studies
may be needed.

1.3 Cancer
In 2012, cancer accounted for 8.2 million deaths worldwide, placing it among the top
three causes of death. The projected number of annual cancer cases is projected to rise from 14
million in 2012 to 22 million within the next two decades.92 Cancer is a term for a large group of
diseases that can affect any part of the body. The disease can arise from single cells that progress
from normal to malignant states through a multistage process. 93 The defining feature of most
cancers is the unchecked growth of the abnormal cells that can then invade adjoining regions of
the body and spread to other organs. Cancer is caused by the interaction of numerous factors,
including one's genetics, external carcinogens, and aging. Well-documented risk factors include
tobacco use, obesity, unhealthy diet, alcohol use, and air pollution. Overcoming the rising rates
of cancer will require population-wide changes in behavior, improved technologies for early
detection, and more effective treatments.
Diagnosis of cancer generally progresses from a macro-scale assessment of patient wellbeing towards more accurate, yet potentially invasive, diagnostic assays for confirming disease
presence. Patients suspected of having cancer, either through cancer screening tests or a physical
exam revealing common symptoms (e.g. weight loss, fatigue, nausea, pain), undergo blood
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testing and imaging to probe physiological and structural changes in the suspected region of
disease. 94 Serological analysis of cancer-associated biomarkers continues to evolve as our
molecular understanding of cancer improves, however these tests generally cannot provide a
definitive diagnosis in isolation. 95 Imaging modalities used for cancer, including x-ray, MRI,
single-photon computed tomography, positron emission tomography, and optical imaging,
provide structural and physiological information that may guide subsequent biopsies of
suspected lesions. 96 These present detection threshold for solid tumors is approximately 109 cells,
which limits the ability of imaging methods to detect early stage disease. Finally, a biopsy is
used to remove tissue from the suspected site of disease as well as neighboring lymph nodes for
a direct molecular diagnosis of cancer. Histopathological methods are used to 'grade' and 'stage'
the disease by detecting molecular cancer markers, identifying the tissue of origin, and assessing
evidence of metastasis, the main cause of cancer-associated death. These factors play an
important role in formulating a treatment plan.
Surgery, radiation, and chemotherapy are the most common forms of cancer treatment
and are often used in combination. Surgical removal of tumor masses can be highly effective in
preventing further spread of disease, especially if performed before metastasis has occurred. In
situations where surgery is unsuitable, radiation and chemotherapy have served as the primary
tools for fighting cancer. Radiation therapy uses ionizing radiation, administered
extracorporeally or internally via brachytherapy, to locally kill tumor cells while minimizing
damage to the surrounding normal tissues. 97 The limitations of radiation are well-documented
and include a range of side effects related to exposure of healthy tissue/organs and the inability
to treat highly disseminated disease. Chemotherapy generally refers to the administration of
cytotoxic agents that target rapidly dividing cells, one of the main properties of cancer. The main
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classes of chemotherapeutics include alkylating agents, anti-metabolites, anti-microtubules, and
topoisomerase inhibitors.98 However, rapid cell division is not an exclusive feature of tumors and
systemic exposure of these compounds leads to a range of off-target effects including hair loss,
decreased bone marrow proliferation, infertility, nausea, fatigue, and impaired digestive function.
Despite the immense progress in fundamental cancer biology over the past quarter
century, comparable advances in clinical treatment have yet to emerge. Molecular approaches
such as targeted therapies and cancer immunotherapy have shown great promise in treating
certain cancer types, but a majority of our pharmacological arsenal still relies on small molecule
chemotherapeutics. 99-101 A key challenge limiting the efficacy of systemic agents for cancer
therapy is that as little as 1% or less of an injected drug reaches its target in vivo; the remaining
99% distributes in normal tissues, causing adverse effects that frequently restrict dosing to subefficacious levels and lowering the barriers to drug resistance.' Nanotechnology may offer the
tools needed to one day overcome this challenge.

1.3.1 Transport in Solid Tumors
Over 80% of cancers are solid tumors that grow as a mass of cells in a particular organ or
tissue. The abnormal structure and composition found in these tumor microenvironments has a
profound impact on cancer treatment. The rapid proliferation of cancer cells forces vessels apart,
reducing vascular density and creating a population of cells distant from blood vessels. This
process is exacerbated by the poorly organized vasculature architecture, heterogeneous and
irregular blood flow, and the compression of blood and lymphatic vessels. Furthermore, the
disorganized vasculature and lack of functional lymphatics causes increased interstitial fluid
pressure (IFP), which opposes convective transport of agents from blood to tumor. Finally, the
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composition and structure of the extracellular matrix (ECM) can slow the movement of
0
molecules within tumors. 2,

103

One of the primary barriers to the delivery of a blood-borne molecule is the extravastion
of the molecule from blood vessel to tumor interstitium. This process is governed by diffusion,
convection, and presumably transcytosis. Diffusion is proportional to vessel surface area (S) and
the difference between plasma (C) and interstitial (C) concentrations. Convection is
proportional to S and the difference between the vascular (P,) and interstitial (Pi) hydrostatic
pressures, minus the osmotic reflection coefficient (a) times the difference between the vascular
(7,) and interstitial (7r) osmotic pressures. The diffusion flux is related to the concentration
gradient by the vascular permeability coefficient (P) and the convection is related to the pressure
gradient by the hydraulic conductivity (LP). 13

D1LffusLn = PSC, - Ct)
Conrection = LS(A. - P') - a(.

- WX]

In normal tissues, convection is the dominant mode of transport for macromolecules,
whereas diffusion is more important for small molecules.1 04 However, the situation in tumors can
be significantly different because of vascular leakiness and interstitial hypertension. Larger pore
sizes in tumors may represent wider interendothelial junctions. 105' 106 Despite increased overall
permeability, not all blood vessels are leaky. Not only does vascular permeability vary from one
tumor another, but also spatially and temporally within the same tumor.103 Several studies have
indicated that convection is not the dominant mode of transport in non-peripheral regions of solid
tumors, where the microvascular pressure is nearly equal to the interstitial fluid pressure. 104'107
108 Convection may still play a crucial role in drug delivery to peripheral tumor tissues, where a
significant drop in interstitial tumor pressure occurs.109 This pressure gradient facilitates

35

extravasation of macromolecules in the periphery; consequently, higher accumulation of
103
macromolecules may be observed at the interface between tumor and normal tissues. ' 109

Tumor vessel permeability may be increased by enhancing the local concentration of
vasopermeability cytokines such as VEGF, IL-2, or TNF. These signaling molecules increase the
physical permeability of the vasculature by inducing the formation of fenestrations within
endothelial cells or increasing the size of intercellular gaps.' 1-1

2 Systemic

administration of IL-

2 peptides fused with tumor targeting antibodies can specifically increase permeability of the
tumor vasculature leading to increased tumor uptake and therapeutic efficacy of subsequently
administered drugs.13,

114

Many physical methods of modulating vessel permeability have been

demonstrated, including intravascular infusion of hyperosmolar solutions
hyperthermia."1 1 -

104

and

However, one potential danger of increasing vascular permeability is the

possible increase in metastasis as tumor cells may be able to intravasate more easily."19,

120

Another approach to increasing transvascular flux involves increasing perfusion or
convection rather than macromolecular permeability. Pharmacological agents can be used to
increase blood pressure, which has been shown to increase perfusion by opening collapsed
vessels and convective flow into tumors; these responses are typically short-lived as tumor and
vessel pressures rapidly equilibrate. 121-124 Others have increased convection into tumors by
reducing tumor IFP through radiation, PDGF inhibitors, and other pharmacological agents. 125-128
The reduced IFP has been shown to increase tumor uptake of co-administered small molecules
and antibodies, although the effect is also transient.
Enhanced tumor perfusion and convection may also be achieved by vascular
'normalization' with anti-angiogenic drugs. 129,130 Inhibiting pro-angiogenic signaling molecules
in tumors causes tumor vasculature to take on a more normal physiology including reduce hyper-
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permeability, reduced IFP, increased vessel perfusion, and increased transcapillary convection.
131-133

These changes have led to increases in tumor penetration and therapeutic efficacy of

subsequently administered small molecules.132,

134

But due to decreases in vessel permeability,

'normalization' may be less effective at increasing uptake of larger macromolecules such as
antibodies.

133 , 135

1.3.2 Nanoparticles for Cancer Therapy
For nanodelivery vehicles to be effective, they must escape renal and reticuloendothelial
clearance, home to the site of disease, and extravasate out of the blood vessel and into the tumor
interstitial space, before binding to the cellular target. Nanoparticles offer unique properties that
enable cancer-specific delivery of therapeutic and imaging agents. They exhibit minimal renal
filtration and favorable pharmacokinetic profiles, have large surface area to volume ratios which
allows functionalization with targeting moieties, and can be constructed from different materials
to either encapsulate therapeutics or to provide optical, magnetic, and electrical properties for
diagnostics. Many nanomaterials have been successfully utilized for drug delivery, including
liposomes, polymeric nanoparticles, dendrimers, and micelles.2 ,136,137 While a number of these
and therapy,138-141
nanoparticle-based systems have been approved for cancer imaging
developing biocompatible and well-characterized systems that demonstrate significant
differential uptake efficiency in malignant tissue over normal tissue remains an ongoing
challenge to rapid and effective clinical translation.
Several nanoparticle-based therapeutics, including DoxilTM, DaunoXomeTM, and
Abraxane TM, are currently FDA-approved for clinical use in oncology.3 Doxil utilizes pegylated
liposomes to increase the stability of doxorubuin and prolong its release; similarly, DaunoXome
is a liposomal formulation of the drug daunorubicin. Abraxane uses nanoparticulate albumin to
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increase the half life of paclitaxel. Since liposomes are formed through the self-assembly of
individual lipids, they can be decorated with tumor targeting ligands or imaging contrast agents
142.

Biodegradable polymers such as poly(lactic-co-glycolic acid) (PLGA) and polymerosomes

can be engineered into nanoparticles that slowly releases the encapsulated drug overtime.'43, 144
Various lipid-based polymers can also be combined into a "nanocell" to achieve temporally and
spatially controlled release of multiple drugs.1 45 Dendrimers, polymers with repeatedly branching
structures surrounding an inner core, are yet another nanoparticle formulation for drug delivery
applications. They can be functionalized and encapsulate drugs for cancer cancer targeting,
imaging and treatment. 146-150
The intrinsic therapeutic properties of nanomaterials have also been harnessed in cancer
therapy. Examples include gold nanoshell and nanorod-mediated heat generation upon nearinfrared irradiation, which damages the tumor tissue via local hyperthermia. 5 1',

152

Despite

innovations in nanoparticle-based drug delivery, a comparatively small number of passivelytargeted nanomaterials have been successfully translated to the clinic. To achieve the tumor
specific delivery with no off-target effects, new delivery paradigms and more selective targets
are required.
The ability to target therapeutics to sites of disease while avoiding uptake by healthy
organs could dramatically improve treatment efficacy and minimize side effects.-53 15 5 By
encapsulating cargoes that are otherwise rapidly cleared by the body, nanoparticles can function
as useful carriers to increase the cargo size above the renal filtration limit, prolong circulation
time, and maximize tumor uptake. Furthermore, the unique molecular signature of the tumor
microenvironment, including cell-surface receptors, blood vessel and tumor lymphatic markers,
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extracellular matrix, soluble factors, and tumor transport characteristics may be exploited for
targeting. 156-159

Nanoparticle targeting to tumors is achieved through passive or active targeting
mechanisms. Passive targeting utilizes the unique structural and transport characteristics of the
tumor vasculature, a phenomenon known as the enhanced permeability and retention (EPR)
effect 160. In this mode of targeting, nanoparticles extravasate out of the vasculature into the
tumor interstitium through large, poorly-formed pores and are retained at the site of disease due
to a lack of functional lymphatics in solid tumors.' 6,157,

160-162

Therefore, by extending the

circulation half-life of a nanoparticle, one can improve passive accumulation by affording the
particles more time to escape from the leaky vasculature into the tumor. 163-165
Active targeting exploits ligand-directed binding of nanoparticles to unique receptors in
the tumor microenvironment.166-168 These ligands include small molecules, 169 antibodies,149'170

and aptamers.1 39 , 171 Novel screens using bacteriophage-displayed peptide libraries have also
identified peptides that have extraordinary tumor homing specificity.138, 172 The efficacy of
actively targeted delivery is still heavily debated as recent studies have suggested that particle
accumulation is largely governed by EPR, while tumor-specific ligands direct binding of
nanoparticles to cancer cells and alter intra-tumoral distribution after they have extravasated
from the tumor endothelium.173-176 However, this hypothesis may not apply to active targeting of
the tumor vasculature as extravasation from vessels is not required. Vascular targets for
nanoparticle systems have included vascular endothelial growth factor receptors (VEGFRs), avp3
integrins, matrix metalloproteinases receptors (MMPs), and vascular cell adhesion molecule-I
(VCAM-1).

177 Another

promising solution is the recent discovery of a class of tumor-specific

and tissue penetrating peptides. 178' 179 These peptides contain a tumor targeting motif (e.g.
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WvP 3

integrin RGD sequence) and an arginine/lysine-X-X-arginine/lysine (RXXR) motif that is
unveiled through proteolytic processing on the C-terminus, which then binds to neuropilin- 1 and
facilities a subsequent increase in tumor tissue permeability and enhancement in cargo delivery.
A further limitation of active targeting strategies that is applicable even to vascular
targeted systems is the number of accessible target receptors or antigens. As the dosage of a
targeted nanocarrier is increased, the number of available receptors or targets will eventually
become saturated, and additional increases in dosing will not result in further targeted
delivery. 180 The remaining nanocarriers must selectively accumulate in tumor tissue based solely
on passive targeting, potentially leading to a smaller proportion of the administered dose
reaching the desired site.181

1.3.3 Systems of Nanoparticles for Amplified Delivery
A common characteristic in both passive and active targeting approaches is that
nanoparticle designs are engineered at the scale of individual particles by tuning properties such
as particle shape, size, surface chemistry, and ligand type and abundance. 2 4 In contrast,
biological systems in nature generate complex behaviors through interactions between multiple
components across molecular, cellular, organismal, and/or even populational length scales to
enable emergent functions such as computation, communication, and amplification. The rapid
tissue repair response initiated by blood coagulation is a representative example of higher-order
coordination of countless nanoscale interactions that culminates in the targeted formation of a
platelet-fibrin plug at the site of injury.9 Inspired by these natural biological systems, our
laboratory has pursued a systems engineering approach to designing interaction, communication,
and cooperativity between nanoparticles and other biological or synthetic components to amplify
delivery to tumors (Figure 1.2).
40

Figure 1.2. Nanoparticle communication for amplified tumor targeting.182
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In the first formulation of this cooperative strategy, intravenously-injected gold nanorods
that passively target xenograft tumors in mice were remotely heated by an external near-infrared
laser, which activated the coagulation cascade in tumor vessels to generate an abundant
biochemical signal for a second population of clot-targeting nanoparticles., 5 1

182

In the second

formulation, external heating of gold nanorods was again utilized to heat the tumor
microenvironment, in this case to induce the expression of a tumor-specific stress receptor called
p32.183, 184 This receptor then served as an abundant protein signal for a second population of
p32-targeting nanoparticles.1 85 These cooperative strategies amplified the tumor delivery of
drug-loaded nanoparticles by 10-40 times and significantly reduced the growth of tumor
xenografts in a preclinical therapeutic trial.
These systems demonstrate the immense potential of a systems approach to nanoparticle
targeting, however the use of gold nanorod-mediated heating requires an exogenous light input
and precise knowledge of the tumor location, which precludes application of these approaches to
the treatment of metastatic cancer. The objective in Chapter 3 of this thesis is to build upon this
cooperative targeting approach to amplify nanoparticle delivery by using a more clinically
relevant, systemically-administered inducer of target receptors: a vascular disrupting agent.

1.3.4 Vascular Disrupting Agents
The growth and survival of cancer cells depends on the establishment and expansion of
the tumor blood vessel network to deliver oxygen and nutrients. Consequently, the tumor
vasculature has become an attractive target for new approaches to cancer therapy. Much attention
has been given to the development of anti-angiogenic approaches, which aim to curtail the
process of neovascularization, which has resulted in the clinical approval of the first antiangiogenic therapeutics: bevacizumab (Avastin), sorafinib (Nexavar),and sunitinib (Sutent). 186
42

An alternative strategy, based on the recognition of unique vascular characteristics and
abnormalities in structure of tumors, aims to rapidly and selectively shutdown established
vasculature, leading to secondary tumor-cell death through depletion of oxygen and nutrients and
build-up of waste products.1 87 These agents have aptly been named vascular disrupting agents
(VDAs).
Small molecule VDA's can generally be divided into two subclasses: agents related to
flavones acetic acid (FAA) and 5,6-dimethylxanthenene-4-acetic acid (DMXAA) and tubulinbinding agents related to combretastatin. While the mechanism of action of FAA and DMXAA is
still poorly understood, their main effect on vascular endothelial cells is thought to involve a
cascade of effects, including the induction of cytokines, such as TNF-a, leading to the induction
of hemorrhagic necrosis in tumors as a result of vascular collapse.'

88

Tubulin-binding agents are

believed to selectively disrupt the cytoskeleton and cell-to-cell junctions of proliferating
87
endothelial cells, resulting in endothelial cell shape changes that lead to loss of blood flow.1 '
190

189,

Loss of cell-to-cell contact leads to increased vascular permeability to proteins and increased

interstitial fluid pressure, which may be sufficient to reduce vessel diameter.1 90-192 Plasma
leakage leads to increased blood viscosity, resulting in decreased blood formation and roulaux
formation.187 Exposure of the already often abnormal basement membrane results in platelet
activation and the induction of the coagulation cascade with subsequent thrombus formation.'89
This cascade of events promotes vascular shutdown more selectively in tumor endothelium than
normal endothelium. The lead combretastatin compound is disodium combretastatin A-4 3-0phosphate, the prodrug of combretastatin A-4 that has advanced the furthest into clinical trials of
93 97
all small molecule VDAs thus far.1 -1
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87
Numerous VDAs have already entered Phase I through Phase III of clinical trials.1 ' 198

As a single treatment modality, VDA-treated tumors consistently display massive central
necrosis marked by the survival of a thin viable rim around the tumor periphery. This viable
peripheral rim is attributed to areas at the edge of the tumor being nutritionally supported to
some extent by vessels in the neighboring normal tissues.1 8 6 The greatest potential of VDAs lies
in their combination with conventional therapies, and trials on these combination regimes are
already underway. Conventional chemotherapeutics and radiation are effective against highly
proliferating and well-oxygenated cells, which are more evident at the periphery of tumors.
Additionally, blood flow is more effective at the periphery, allowing greater access to systemic
anticancer agents. Thus, the rationale for combining VDAs with conventional treatments is clear
and preclinical studies provide evidence of efficacy for combretastatin-A4-P, DMXAA, and
99 2 05
other VDAs with a range of agents from radiation to platinum drugs and taxanes.1 -

Scheduling is an important consideration in these combination treatments in light of the
rapid tumor vascular shutdown that occurs after VDA treatment. It was initially considered best
to avoid administering radiotherapy or chemotherapy shortly after VDA administration when
blood flow to tumor regions that will likely survive VDA treatment is reduced. These areas may
be hypoxic, and therefore more resistant to radiotherapy, as well as less-accessible to bloodborne chemotherapeutics. These considerations were elaborated in preclinical trials and applied
to clinical trials involving combretastatin-A4-P.1

99 2 02 2 05

,

,

However, more recent studies have

highlighted the potential benefit of administering chemotherapy after VDA pretreatment in order
to leverage the enhanced vascular permeability to increase tumor delivery of drugs as well as
avoid the antagonizing effects that certain drug classes (e.g. microtubule-stabilizing agents like
paclitaxel) may have on VDA efficacy.216,

217

Identifying the optimal sequence and timing for
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administering VDAs in combination therapy remains a critical component that must be further
refined in order to realize the potential of this novel class of therapeutics.

1.4 Scope of the Dissertation
The aim of this thesis is to engineer nanoparticle systems that interact and exploit aspects
of the host anatomy and biology in vivo to perform novel functions that ultimately improve the
diagnosis and treatment of thrombosis and cancer. In Chapter 2, nanoparticles are engineered to
sense dysregulated protease activity associated with thrombosis and generate reporters that can
be noninvasively quantified in the urine. Chapter 3 describes the development of nanoparticles
that homeostatically regulate the biological cascade responsible for haemostasis to prevent the
aberrant formation of clots. And finally, Chapter 4 investigates a two-component system
whereby the first therapeutic entity upregulates a molecular signal within a malignant
environment to amplify the local recruitment of a secondary population of targeted nanoparticles.
Together, these systems highlight the potential for interactive nanoparticle systems to perform
highly complex tasks in vivo by leveraging and modulating endogenous biological processes.
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Chapter 2: Nanoparticles that Sense Thrombin Activity as
Urinary Biomarkers of Thrombosis
2.1 Abstract
Thrombin is a serine protease and regulator of haemostasis that plays a critical role in the
formation of obstructive blood clots, or thrombosis, that is a life-threatening condition associated
with numerous diseases such as atherosclerosis and stroke. To detect thrombi in living animals,
we design and conjugate thrombin-sensitive peptide substrates to the surface of nanoparticles.
Following intravenous infusion, these 'synthetic biomarkers' survey the host vasculature for
coagulation and in response to substrate cleavage by thrombin, release ligand-encoded reporters
into the host urine. To detect the urinary reporters, we develop a companion 96-well
immunoassay that utilizes antibodies to bind specifically to the ligands, thus capturing the
reporters for quantification. Using a thromboplastin-induced mouse model of pulmonary
embolism, we show that urinary biomarker levels differentiate between healthy and thrombotic
states and correlate closely with the aggregate burden of clots formed in the lungs. Our results
demonstrate that synthetic biomarkers can be engineered to sense vascular diseases remotely
from the urine and may allow applications in point-of-care diagnostics.

2.2 Introduction
Urine analysis has a rich and longstanding clinical history as a tool for monitoring health
and disease, and remains an integral component of a medical examination.2 08-210 Well over one
-

hundred tests can be performed to indicate conditions as diverse as pregnancy,2,22 diabetes, 2 13
216

kidney diseases,217-219 metabolic disorders, 2 20 ,2 2 and others. Recently, the discovery of

urinary analytes that were previously thought to be present mainly in circulating blood because
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of their large hydrodynamic radii (e.g. enzymes, exosomes and others) has expanded the
diagnostic repertoire to include urinary biomarkers against diseases of distant organs such as
breast and brain cancer.222,223 Inspired by the elegant physiology of the renal system-which has
evolved the capacity to selectively filter liters of blood to remove byproducts of biological
processes within minutes-we recently developed a class of protease-sensitive nanoparticles,
called 'synthetic biomarkers', that in response to dysregulated protease activity at the sites of
disease, release reporters into the circulation that are then concentrated into the host urine for
noninvasive monitoring.38 In murine models of liver fibrosis and cancer, we showed that
synthetic urinary biomarkers have the potential to noninvasively monitor solid organs and
improve early stage detection of cancer compared to tumor-secreted blood biomarkers.
Here we hypothesized that synthetic biomarkers could be tailored to survey intravascular
sites for acute thrombosis, the activation of a cascade of protease activity that orchestrates the
formation of obstructive blood clots within vessels (Figure 2.1A). Thrombi are a critical
pathophysiological feature of numerous vascular diseases including acute coronary syndrome,
stroke, and venous thromboembolism. 224 The most important serine protease in the coagulation
cascade is thrombin, which not only catalyzes the conversion of fibrinogen to fibrin that serves
as the structural scaffold of a clot, but also regulates haemostasis through positive and negative
feedback circuits.225,226 To date, a number of studies have described the use of near-infrared
fluorogenic probes to detect thrombin activity in the setting of thrombus formation as well as
other thrombin-dependent diseases such as atherosclerosis.22,23,227 More recently, these probes
have been modified to include cell penetrating mechanisms that are activated after cleavage to
improve the retention of the imaging agent and maintenance of the detection signal.2 27

22 8

In the

clinic, blood biomarkers such as prothrombin fragment 1.2 (a byproduct of prothrombin cleavage
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Figure 2.1. (A) Schematic of approach. Synthetic biomarkers composed of NWs conjugated
with a thrombin-sensitive substrate in tandem with a ligand-encoded reporter. These agents
survey the vasculature for the sites of clot formation where thrombin activity cleaves and
releases the reporters into urine for analysis by ELISA. (B) Schematic of fluorogenic NW assay
for detecting protease activity. (C) Kinetics of fluorogenesis produced by the activity of thrombin
(red) and other coagulation proteases (n = 3 per condition). Thr, thrombin; Bival, bivalirudin. (D)
Kinetics of fluorogenesis in plasma after the addition of CaC 2 to activate coagulation (n = 3 per
condition).
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into thrombin) and D-dimer (a byproduct of fibrin degradation) are often used as indicators of
thrombosis; however, these tests are highly susceptible to artifacts introduced by a blood draw,
have poor specificity, and more accurately reflect upstream or downstream cleavage events (i.e.
Factor Xa activation of prothrombin or plasmin activity during fibrinolysis, respectively) rather
than thrombin activity. 229-231 In this report, we engineer nanoparticles that survey the host
vasculature for thrombi and in response to thrombin activity, release reporters into the urine as an
integrated measure of the aggregate burden of systemic clots.38,232 We describe a method to
encode these reporters with structurally distinct ligands that allow antibody-based detection by
enzyme-linked immunosorbent assay (ELISA) in standardized 96-well plates that makes this
platform readily amenable for use in clinical laboratories.

2.3 Results and Discussion
Engineeringthrombin-sensitivesynthetic biomarkers. The construction of synthetic

biomarkers for thrombosis involves modifying the surface of iron oxide nanoworms (NW), a
nanoparticle formulation previously developed by our collaborators,233,234 with substrate-reporter
tandem peptides that are cleavable by thrombin and detectable by ELISA (Figure 2.1A). NWs
were chosen for their safety profile and large hydrodynamic diameter (~40 nm, Figure 2.2A),
which prevents surface-conjugated peptides from filtering directly into the urine (-5 nm
glomerulus size-exclusion limit) before cleavage. 17,28 To first develop a suitable substrate, we
extended the thrombin cleavable sequence fPR-x-S (x = site of cleavage, kcat/Km ~ 9.33 x
10

235-238

to include glycine spacers and a C-terminal cysteine to allow coupling to NWs via

sulfyhydryl chemistry.234 To test substrate specificity, we conjugated fluorophore-labeled
derivatives onto NWs (sequence = (K-Flsc)GGfPRSGGGC, Figure 2.3A) at a valency (-40
peptides per NW by absorbance spectroscopy, Figure 2.2B) sufficient to reduce fluorescence by
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time as determined by dynamic light scattering (n = 3 per condition, s.d.). (E) Average
fluorescence of NWs incubated in 10% serum at 37"C over time (Excitation: 485 nm; emission
538 nm; cutoff: 530 nm). NWs do not appear to dequench under these conditions (n = 3 per
condition, s.d.).
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over 90% via homoquenching (Figure 2.2C) and then incubated the NWs (200 nM by peptide, 5
nM by NW) with purified thrombin (2 pM) or a panel of blood clotting proteases (FXa (160
nM), APC (60 nM), FIXa (90 nM), FVIIa (10 nM), FXIa (31 nM)) each present at its maximal
physiological concentration (Figure 2.1B). Freely emitting peptide fragments that were released
by thrombin activity rapidly increased sample fluorescence (red, Figure 2.1C). By contrast,
negligible proteolysis was observed from the panel of non-cognate proteases, as well as by
thrombin in the presence of bivalirudin (Bival), a clinically-approved direct thrombin inhibitor.
To further investigate the ability to sense thrombin activity from blood, we spiked NWs into
human plasma samples inactivated with sodium citrate (an anticoagulant that chelates the cofactor calcium) and monitored plasma fluorescence after the addition of excess calcium chloride
(CaCl 2 ) to trigger coagulation, or phosphate buffered saline (PBS) as a control. Aligned with our
previous observations with purified enzymes, plasma fluorescence markedly increased upon
activation of the clotting cascade but not in control samples or in the presence of bivalirudin
(Figure 2.1D). To test stability, we incubated fluorogenic NWs in 10% serum at 37 0 Covernight
and did not detect any significant differences in size (Figure 2.2D) that would indicate
precipitation or increases in sample fluorescence (Figure 2.2E) that would indicate non-specific
substrate cleavage. Collectively, these results established the ability of our NWs to specifically
sense the proteolytic activity of thrombin within the complex milieu of plasma, consistent with
previously described thrombin-specific fluorogenic probes.2 3
Detection of ligand-encodedreporters by ELISA. We next set out to build a system of

ligand-encoded reporters that would allow quantification of protease activity in a 96-well format
by ELISA, the primary detection platform for many clinical tests. Conventional ELISAs detect a
target analyte via a sandwich complex composed of two affinity agents that bind to distinct
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epitopes on the analyte (Figure 2.4A). To build a synthetic reporter, we modified the proteaseresistant peptide Glutamate-Fibrinopeptide B (Glu-fib, sequence = eGvndneeGffsar, lower case
D-isomer)-which we selected for its high renal clearance efficiency239-at the termini with
structurally-distinct ligands (i.e. Flsc or AF488) and biotin (labeled R1 and R 2 respectively;
Figure 2.4A). To test the immunoassay, these reporters were then spiked into urine and applied
to 96-well plates pre-coated with capture antibodies (a-Flsc or a-AF488) before the presence of
R1 or R2 was detected by the addition of neutravidin-horseradish peroxidase (HRP) and its
catalytic development of 3,3',5,5'-tetramethylbenzidine (TMB). As predicted from the
specificities of the antibodies, a significant change in color appeared only in wells containing
matched antibody-ligand pairs (+/- or -/+ wells, Figure 2.4B) and was not affected by the
presence of non-cognate reporters (+/+ wells). Identical trends were observed at the limits of
detection for both capture antibodies (-3 pM, Figure 2.4C, Figure 2.5), indicating that our
synthetic reporters were detected with high specificity and sensitivity comparable with proteinbased ELISAs.240 With an optimized thrombin substrate and a reporter system in place, we then
incubated NWs decorated with our final tandem peptide construct (sequence = biotineGvndneeGffsar(K-Flsc)GGfPRSGGGC, Figure 2.3B) with increasing levels of thrombin and
found that the amount of cleavage products released into solution (isolated by size filtration) was
dose dependent, reaching a plateau due to cleavage of all available substrates and establishing
our ability to monitor thrombin activity by ELISA (Figure 2.4D). Collectively, these results
indicate that the specificity of ligand-antibody interactions can be used to build panels of
orthogonal reporters for monitoring protease activity by standardized 96-well assays.
Characterizationof thromboplastin-inducedpulmonary embolism. We next investigated
the ability of our synthetic biomarkers to detect thrombosis in living mice induced via
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intravenous (i.v.) administration of thromboplastin. This model has been used in the hematology
literature to explore the role different vascular receptors play in host susceptibility to thrombosis
and to probe the efficacy of new antithrombotic agents.241-243 Thromboplastin triggers the
clotting cascade through the extrinsic pathway via complexation of tissue factor and factor VII,
and blood clots embolize to the lungs in this model, recapitulating the life-threatening clinical
condition of pulmonary embolism (PE). To quantify PE formation, we co-injected mice with
thromboplastin and the clot precursor fibrinogen labeled with the near-infrared fluorophore
VT750 so that the formation of fibrin clots by thrombin-mediated proteolysis of fibrinogen could
be quantified by fluorescent analysis of whole organs (Figure 2.6A). Within 30 minutes of
administration, we observed a more than 6-fold increase in the level of fibrin(ogen) deposited
within the lungs and significant decreases in the kidneys and liver (P< 0.005 by Student's t-test,
n = 3 mice; Figure 2.6B), consistent with venous blood flow patterns that transport thrombi
formed upon i.v. administration directly to the lungs from the heart, leading to depletion of
VT750-fibrinogen in the other organs. Histochemical analysis of tissue sections corroborated
these findings by revealing the presence of blood clots in lung sections (blue arrow, Figure
2.6C) that were absent in the other major organs (brain, heart, kidney, liver and spleen; Figure
2.7) and in control animals. Animals given escalating but sublethal doses (observed LD50 ~ 3 Pl
per g b.w.) of thromboplastin accumulated fibrin(ogen) in the lungs in proportion to the dosage,
and PEs were readily prevented in animals pretreated with bivalirudin (P< 0.005 by one-way
ANOVA with Tukey post test, n = 3-5 mice; Figure 2.6D, Figure 2.8), confirming that clot
formation is largely driven by the activity of thrombin. Altogether, these results established our
ability to precisely control total clot burden in a model that resembles the clinical pathology of
venous thrombosis. 9, 242
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Figure 2.6. Induction of thrombosis by thromboplastin. (A) Near-infrared fluorescent scans of
excised organs to monitor the deposition of VT750-labeled fibrinogen following intravenous
administration of thromboplastin (2 ptL/g body weight) or PBS. (B) Quantification of the level of
VT750-fibrin(ogen) deposited in organs harvested from thrombosis and control mice (*P< 0.05,
**P< 0.01, ***P< 0.005, Student's t-test; n = 3 per group, s.d.). (C) Hematoxylin and eosin
staining of lungs harvested from thrombosis and healthy mice (scale bar = 100 tm). Blue arrow
denotes fibrin clot. (D) Quantification of fibrin deposited in the lungs in response to escalating
doses of thromboplastin. Bival, bivalirudin (*P< 0.05, **P< 0.01, ***P< 0.005, one-way
ANOVA with Tukey post test; n = 3-5 mice, s.e.).
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Figure 2.7. Hematoxylin and eosin staining of organ sections excised from mice following
intravenous injection of thromboplastin (2 pL/g b.w.) or PBS (scale bar = 100 pm). No fibrin
clots were observed in any of the organ sections.

57

Max

Min

Figure 2.8. Near-infrared fluorescent scans of the level of VT750-fibrin(ogen) deposited in the
lungs in response to increasing doses of thromboplastin and its inhibition by bivalirudin (Bival).
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Detection ofpulmonary embolism from urine. Next, we characterized the

pharmacokinetics of our synthetic biomarkers in the context of thrombosis. We injected mixtures
of VT750-labeled NWs and thromboplastin into mice and observed no significant differences in
NW distribution between the thromboplastin and control groups in all of the excised organsincluding the lungs-indicating that thrombosis did not alter the biodistribution of the NW
scaffold (P> 0.05 by Student's -test, n = 3 mice; Figure 2.9A, Figure 2.10). To monitor peptide
cleavage and trafficking of the cleaved fragments, we co-administered NWs conjugated with
fluorescently-quenched substrates and observed significant increases in fluorescence in the lungs
and kidneys by ~1.8 and ~2.5 fold over healthy animals respectively (P< 0.01 by Student's (-test,
n = 3 mice; Figure 2.9B, Figure 2.11). Paired with our earlier observations showing that
thromboplastin did not alter the biodistribution of the NWs and induced blood clots that were
localized to the lung (i.e. clots were not found in the kidneys), this finding provided evidence of
peptide cleavage in the lungs and kidney accumulation of freely-emitting fluorescent fragments.
Immunofluorescent staining of lung sections further showed NW (green) localization with fibrin
(red) at the sites of coagulation, that was absent in control sections (Figure 2.12), supporting our
hypothesis that circulating NWs can access local thrombi. To visualize the clearance efficiencies
of the peptide fragments, we monitored mice by in vivo fluorescence imaging and observed a
strong increase in fluorescent signal that was localized to the bladder of thrombotic mice relative
to controls (Figure 2.9C). Taken together, our data illustrated that our synthetic biomarkers can
systemically survey the vasculature for thrombin activity and release reporters at sites of
thrombosis which are then cleared efficiently into the host urine.
In considering clinical translation, we sought to develop a method to account for
variations in the production rate of urine expected in individuals that could affect the urine
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Figure 2.10. Near-infrared fluorescent scans of excised organs to assess VT750-NW distribution
following intravenous injection of thromboplastin (2 ptL/g b.w.) or PBS.
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Figure 2.11. Near-infrared fluorescent scans of excised organs to monitor substrate-NW
cleavage in response to thromboplastin (2 ptL/g b.w.) or PBS.
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Figure 2.12. Immunofluorescent staining of lung sections following intravenous injection of
thromboplastin or PBS. Staining of fibrin clots (red), NWs (green), and nuclei (blue) in the lung
(scale bar = 100 pm).
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equivalent of PBS injected subcutaneously, two hours after administration (***P < 0.005,
Student's t-test; n = 5 mice.). (B) Quantification of R2 in urine collected from control versus
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concentration of our reporters. Urinary production rates are mainly dependent on the hydration
state of the host (ranging from 50-1200 mOsm/kg H20 in humans)

244

and affected by many

external factors (e.g. circadian rhythm, diet, activity, and others). Approaches to determine the
concentration of urine include measuring the level of creatinine, 245, 246 a byproduct of muscle
metabolism that filters into the urine at a steady state when at rest, or i.v. administration of
inulin,247-249 a polysaccharide that is not actively absorbed or secreted by the kidneys and whose
appearance in urine is directly related to the rate of urine production. Motivated by the clinical
precedent set by inulin, we hypothesized that because our free reporters (R1 , R2) are built from
Glu-fib which is likewise biologically inert, 239 their filtration into urine following i.v.
administration would be indicative of the concentration of urine. To test this, we excessively
hydrated a cohort of mice with a subcutaneous bolus of saline equivalent to 10% of their body
weight followed by i.v. administration of free R 2 . Compared to control mice infused with R2
only, hydrated mice produced over 2.5 fold more urine within 2 hours (P<0.005 by Student's ttest, Figure 2.13A) and their urinary concentration of R2 decreased by -50% (P< 0.005 by
Student's t-test, Figure 2.13B), showing that our free reporters could be used to monitor the
hydration state and urine concentration of the animals. We next sought to monitor
thromboplastin-induced PEs by urine analysis of the response of our synthetic biomarkers to
thrombin activity. To simulate serial monitoring that frequently occurs in inpatient settings, we
first determined the basal activity in healthy cohorts of animals each receiving thrombinsensitive NWs and a free reporter (R 2) for urine normalization (Figure 2.9D). After five days to
allow NWs to fully clear (half-life -6 hours),38 we administered a mixture of thromboplastin,
NWs, and R 2 into the same mice and quantified reporter levels by ELISA. When compared to
their healthy state (Day 0), the induction of PEs (Day 5) resulted in significant elevations in the
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level of urinary cleavage fragments by up to three fold (P<0.005 by two-way ANOVA with
Bonferroni post test, n = 5 mice; Figure 2.9D). In mice treated with bivalirudin prior to
thrombotic challenge (dose = 2 d per g b.w.), reporter levels were abrogated, consistent with our
earlier findings showing the ability of bivalirudin to inhibit thrombin activity and prevent the
formation of PEs. When the urinary biomarker marker levels from thromboplastin-challenged
mice were directly compared to the amount of fibrin(ogen) deposited at identical doses of
thromboplastin (Figure 2.6D), we found a striking correlation to the disease burden with a
correlation coefficient of 0.99 (Pearson's r, Figure 2.9E). Collectively, our findings showed that
synthetic biomarkers can monitor thrombin activity in living mice and quantitatively measure the
aggregate burden of sublethal PEs from the urine by ELISA.

2.4 Conclusion
By harnessing the capacity of peptide-decorated NWs to circulate and sense their local
vascular microenvironment, we have engineered synthetic biomarkers that can detect thrombin
activity in vivo and noninvasively quantify the aggregate amount of active clots. Unlike other
nanoparticle sensors that function by producing a localized signal,22 23 227 228' 250-252 our NWs
sense protease activity by releasing reporters locally at the sites of thrombus formation but are
then filtered and detected remotely from the urine. Interestingly, in imaging studies using
fluorogenic thrombin-cleavable probes, this 'washout' of the cleaved fragments was also directly
observed by monitoring the attenuation of the strength of the detection signal localized at the
thrombi. 22 Similar to circulating biomarkers, our approach can reveal thrombosis at sites deep
within the body, such as the lungs, that are difficult to detect with fluorogenic probes due to
tissue absorption and scattering of light. 253 This property allows urine analysis to integrate and
quantitatively assess the burden of vascular clots, which would otherwise require systemic
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exploration by imaging. In addition, we developed a panel of heterobifunctional reporters that
can be detected by standardized 96-well plate assays, removing the need for mass spectrometry
as described in our previous study. 38 This reporter system is readily extensible by incorporating
additional ligand-capture agent pairs and is amenable for detection by other methods including
paper-based tests at the point of care. 254-256 Potential improvements to this platform include the
use of new thrombin-sensitive substrates that are significantly more specific to reduce
background activities from other plasma proteases, 238,257 and further functionalizing NWs, which
are super-paramagnetic,234 with fibrin-targeted ligands to allow contrast-enhanced magnetic
resonance imaging (MRI) of individual clots simultaneously with urine analysis.27,37, 172 To

allow clinical translation, we chose to use NWs because we previously showed that they are
well-tolerated by mice and similar FDA-approved formulations of iron oxide nanoparticles (e.g.
Ferridex ®) are already used in patients; 38,258-263 however, thrombin substrates may also be

attached to other long-circulating nanoparticles, such as dextran or liposomes, to prevent peptide
filtration into urine until cleavage by proteases.
Looking forward, several clinical applications warrant further investigation with this
approach. Because sensing thrombin activity requires NWs to access the sites of coagulation, the
local architecture of the vessels, clotting kinetics of the thrombi and degree of occlusion would
all likely influence the rate of peptide cleavage and clearance efficiencies of the reporters. 22,227,
228

Therefore, additional studies that utilize specific clinical models, such as deep vein

thrombosis (DVT), would be important to determine the type of clots this approach could be
used to detect. Further, whereas MRI or ultrasound can resolve anatomical features of clots, they
cannot discriminate stable from extending thrombi without serial imaging. Related studies in
atherosclerosis showed that thrombin activity could be used to differentiate stable from severe
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plaques, highlighting the potential benefits of an activity-based measurement compared to
imaging alone. 227 In summary, we believe this work further broadens the repertoire of
nanomedicines that could be used for noninvasive monitoring of disease, and we anticipate
generalization to additional clinical settings in which dysregulated thrombin activity is
prominent.
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2.5 Materials and Methods
Peptide nanoworm synthesis. Aminated iron oxide NWs were synthesized according to
previously published protocols. 234 Peptides (biotin-eGvndneeGffsar(K-Flsc)GGfPRSGGGC,
lower case = D-isomer) were synthesized by the Tufts University Core Facility peptide synthesis
service. To conjugate peptides to NWs, NWs were first reacted with succinimidyl iodoacetate
(Pierce) to introduce sulfhydryl-reactive handles. Cysteine terminated peptides and 20 kDa
polyethylene glycol-SH (Laysan Bio.) were then mixed with NWs (95:20:1 molar ratio) for one
hour at room temperature (RT) and purified by fast protein liquid chromatography. Stock
solutions were stored in PBS at 4'C. The number of fluorescein-labeled peptides per NWs was
determined by absorbance spectroscopy using the absorbance of fluorescein (490 nm) and its
extinction coefficient (78,000 cm-IM-1).For pharmacokinetic studies, NWs were first reacted
with NHS-VT750 (PerkinElmer) prior to PEGylation as above. For fluorogenic assays, thrombin
substrates were synthesized with a terminal fluorescein or VT750 in lieu of a reporter.

In vitro stability assays. NWs (1 pM by peptide, 25 nM by NW) were incubated in 10% fetal
bovine serum at 370 C. At selected timepoints, the particle size was measured by dynamic light
scattering (Malverin Zetasizer Nano Series) and the fluorescence intensity was measured by
microplate reader (SpectroMax Gemini EM).

In vitro protease assays. NWs (200 nM by peptide, 5 nM by NW) were mixed with human
thrombin (2 pM), FVIIa (10 nM), FIXa (90 nM), FXa (160 nM), FXIa (31 nM), and activated
protein C (60 nM) all purchased from Haematologic Technologies in a 384-well plate at 370 C in
activity buffers according to the manufacturer's instructions and monitored with a microplate
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reader (SpectroMax Gemini EM). For plasma studies, NWs were mixed with 50 ViL of control
human plasma (Thermo Scientific) and 50 [pL of 80 mM CaCl 2 (Sigma) or PBS. For thrombin
inhibition experiments, bivalirudin (Anaspec) was added to a final concentration of 5 mg/mL and
pre-incubated for two minutes prior to addition of NWs. For the ELISA studies, NWs (100 nM
by peptide, 2.5 nM by NW) were incubated with thrombin for 10 min. at 37'C and cleaved
reporters (R 1) were purified from NWs by centrifugal size filtration (3 kDa MWCO).

ELISA detection of bifunctionalizedreporters. The bottom of 96-well plates (Thermo Scientific)

were coated with either 0.8 ptg/mL of anti-Flsc (GeneTex, GTX19224) or 0.4 ug/mL of anti-Alex
Fluor 488 (Invitrogen, A 11094) diluted in PBS overnight at 4'C. Plates were blocked with 1%
w/v bovine serum albumin (Sigma) in PBS for 1 hr before 100 pL of samples were added.
Reporters captured on the plate were then detected by adding 100 pL of 0.2 pig/mL neutravidinHRP (Pierce), developed with 50 ptL TMB solution (Thermo Scientific) for 5-15 minutes and
quenched with 50 uL of HCl before the absorbance of the wells was determined by microplate
analysis (SpectraMax Plus, Molecular Devices) at 450 nm. Plates were washed 3x with PBST
between each steps and incubation occurred at RT unless otherwise stated.
Characterizationof thromboplastin-inducedthrombosis. Each vial of thromboplastin containing

3-4 mg (from rabbit brain, Sigma) was dissolved in 2 mL of PBS. To quantify fibrin deposition,
bovine fibrinogen (Sigma) was reacted with 3-fold molar excess of VT750 for 1 hr at RT, and
purified by centrifugal size filtration (100 kDa MWCO, Millipore). Swiss Webster mice
(Taconic) were lightly anesthetized with isofluorane and administered mixtures of VT750fibrinogen (1 nmol by VT750) with thromboplastin (n = 3 mice per dose) via tail vein injections.
After 30 minutes, mice were euthanized by CO 2 asphyxiation and organs were scanned on the
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LI-COR Odyssey Infrared Imaging System. Fluorescence in each organ was quantified using
ImageJ software (NIH). To test thrombin inhibition, mice were intravenously administered
bivalirudin (10 mg/kg) five minutes prior to co-injection of thromboplastin. For histology, lungs
were inflated with 4% paraformaldehyde while all other organs were incubated in 4%
paraformaldehyde for 1-2 hours at RT. All organs were stored in 70% ethanol until paraffinembedding, sectioning, and staining (Koch Institute Histology Core).

NWpharmacokinetics. To analyze NW and peptide pharmacokinetics, mice were given either
VT750-labeled NWs (5 tM by VT750) or NWs conjugated with VT750-labeled peptides (600
nM by peptide) in conjunction with thromboplastin. To analyze tissue sections by
immunostaining, NWs (600 nM by peptide, 15 nM by NW) and thromboplastin (2 paL/g b.w.)
were administered to mice and major organs were harvested after 30 minutes. Representative
lung sections were stained for NWs (anti-Flsc primary, Invitrogen, A 11090), fibrin (Nordic,
GAM/Fbg/Bio) and Hoechst (Invitrogen, H3569) before analysis by fluorescence microscopy
(Nikon Eclipse Ti).

Effect of hydration state on urine concentration.The free reporter R2 (biotin-eGvndneeGffsar(K-

AF488)) was synthesized by the Tufts University Core Facility peptide synthesis service. Mice
(n = 5 mice) were anesthetized and injected subcutaneously with a PBS bolus equivalent to 10%
of their body weights. After two hours, R 2 (125 nm) was administered to mice via a tail vein
injection. Mice were placed over 96-well plates surrounded by cylindrical sleeves for 30 minutes
post-NW injection to allow mice to void. Urine samples were stored at -80'C until ELISA
analysis.
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Urinarymonitoring of thrombosis. Experiments were conducted in a paired setup. Thrombinsensitive NWs (600 nM by peptide, 15 nM by NW) and R 2 (125 nM) were co-injected into
healthy mice (n=5-10 mice) to determine background protease activity and placed over 96-well
plates to collect urine. Five days later, mice were again dosed with NWs, R 2 and thromboplastin
before urine was collected from mice 30 minutes post-NW injection. For thrombin inhibition
experiments, mice were intravenously administered bivalirudin (10 mg/kg) five minutes prior to
NW/R 2 injections. Urine samples were stored at -80'C until ELISA analysis.

Statistical analyses. ANOVA analyses and Student's t-test were calculated with GraphPad 5.0
(Prism). Pearson's r coefficient was calculated with Excel (Microsoft Office).

All animal work was approved by the committee on animal care (MIT, protocol #0411-036-14).
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Chapter 3: Self-Titrating Anticoagulant Nanocomplexes that
Restore Homeostatic Regulation of the Coagulation Cascade
3.1 Abstract
Antithrombotic therapy is a critical portion of the treatment regime for a number of lifethreatening conditions, including cardiovascular disease, stroke, and cancer; yet proper clinical
management of anticoagulation remains a challenge because these agents increase the propensity
for bleeding in patients. Here, we describe the development of a bioresponsive peptidepolysaccharide nanocomplex that utilizes a negative feedback mechanism to self-titrate the
release of anticoagulant only in response to pathological levels of coagulation activity. This
nanoscale self-titrating activatable therapeutic, or nanoSTAT, consists of a cationic thrombincleavable peptide and heparin, an anionic polysaccharide and widely used clinical anticoagulant.
Under non-thrombotic conditions, nanoSTATs circulate inactively, neither releasing
anticoagulant nor significantly prolonging bleeding time. However, in response to lifethreatening pulmonary embolism, nanoSTATs locally release their drug payload and prevent the
formation of thrombosis. This autonomous negative feedback regulator may improve
antithrombotic therapy by increasing the therapeutic window and decreasing the bleeding risk of
anticoagulants.

3.2 Introduction
Homeostatic regulation plays a critical role in human health and underlies diverse
biological processes, including hormone release, 2 64 ionic balance,265,

266

and cell-mediated

immunity.267, 268 In particular, living systems employ negative feedback circuits to maintain
processes within physiologic limits, preventing unrestricted amplification cascades or positive
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feedback cycles.269-27

1

A key homeostatically regulated process with significant medical

relevance is blood coagulation, the protease-driven positive-feedback cascade by which clots are
formed to stop blood loss from injured vessels.

Dysregulation of this process, whether

pathological or drug-induced, leads to adverse outcomes: insufficient coagulation promotes lifethreatening hemorrhage, while uncontrolled coagulation drives thrombosis - or intravascular
clotting - the potentially fatal medical condition underlying pulmonary embolism, stroke, and
organ infarction.9 Clinical prevention of thrombosis revolves around the administration of
anticoagulants, the levels of which must be tightly controlled within a narrow therapeutic
window to prevent coagulation and limit life-threatening bleeds that are their primary side
effect.272 Consequently, anticoagulants require strict dose titration and monitoring,273' 274 and
there remains a pressing need for safe, yet effective agents to improve the treatment of
thrombosis.
The advent of nanotechnology has enabled a plethora of engineering approaches for
improving the efficacy and safety profiles of drugs.' 3 A number of these nanoscale drug
delivery schemes have drawn inspiration from the ability of biological systems in nature to
coordinate multiple molecular components to produce emergent behaviors in order to design
nanosystems that communicate across multiple length scales, form positive feedback loops, and
drive accumulation of drugs at disease sites. 1 72 ,

182, 275

Here, inspired by the human body's

capacity to precisely orchestrate and control biological reaction networks, we sought to engineer
nanoagents that could autonomously regulate coagulation by self-titrating the release of a
systemically administered anticoagulant, thereby improving its safety profile. Existing delivery
strategies for anticoagulants have explored the use of biodegradable polymers for controlled
release,276-278 multivalent presentation to increase potency,83, 85 or reformulated drugs to enable

73

alternative routes of administration. 77 While anticoagulants have previously been packaged in
nanoparticle form, these open-loop systems deliver their cargo without any form of feedback
regulation and cannot autonomously titrate the release of drugs in response to dynamic
circulatory conditions within the body.
In this study, we reformulate unfractionated heparin (UFH), the prototypical clinical
anticoagulant, 39 into a self-assembled nanocomplex that is responsive to thrombin, a key protease
of the coagulation cascade, by leveraging the charge interaction of cationic peptides composed of
thrombin-cleavable substrates with the naturally anionic heparin (Figure 3.1A). The resultant
complexes release heparin in response to thrombin activity, which then interacts with
endogenous antithrombin (ATIII) to inhibit thrombin, the initial trigger of drug release, thereby
creating a negative feedback control circuit (Figure 3.1B). This thrombin-activated release
mechanism deploys more anticoagulant during thrombosis, when the generation of thrombin
outpaces endogenous regulatory checkpoints, compared to healthy coagulation that is normally
tightly regulated. We explore the composition of pegylated nanocomplexes and characterize their
in vitro and in vivo release of heparin, efficacy in a pulmonary embolism model of thrombosis,
and impact on systemic bleeding time. This nanoscale self-titrating activatable therapeutic
(nanoSTAT) has the potential to prevent thrombosis with fewer bleeding side effects than its free
counterpart.

3.3 Results
Synthesis and characterizationof nanoSTATs. Unfractioned heparin is a mainstay drug

used in the hospital setting, yet it is particularly difficult to dose due to its unpredictable
pharmacokinetics, thus its use requires clotting time measurements and dose re-adjustment every
3-4 hours to maintain drug levels within the therapeutic range. 41,
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Figure 3.1. Schematic of self-titrating activatable therapeutic. (A) Self-assembly of cationic
PEG-Peptide and anionic heparin to form nanoSTATs. (B) Negative feedback system for selftitrating release of heparin in response to thrombin activity.
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anionic, heparin is readily sequestered by cationic peptides, 28 1 such as its clinical antidote
protamine, which is characterized by a very high net positive charge.282 Therefore, we designed
a cationic peptide sequence with multiple arginine/lysine-rich regions separated by thrombincleavable substrates (LVPR.RK4 sequence = rkrk-(LVPRG-rkrk) 3 , lower case = D-isomer) that
is capable of inhibiting heparin activity while intact, yet releases active heparin following
degradation by thrombin. 283 To further stabilize the nanocomplexes in ionic solutions, prevent
non-specific protein interactions, prolong circulation time, and improve biodistribution, we
conjugated the FDA-approved polymer, poly(ethylene glycol) (PEG, 5 kDa), to a subset of the
lysine residues using amine-reactive ester chemistry.4, 284 When the heparin (18

kDa) and PEG-

LVPR.RK4 conjugate were mixed together, they self-assembled into spherical nanoscale
complexes, or nanoSTATS, as confirmed by transmission electron microscopy (Figure 3.2A).
To explore the impact of component ratios on complex formation, we varied
PEG:LVPR.RK4 reaction ratios between 0:1 to 5:1 (mol/mol) and LVPR.RK4:heparin mixing
ratios between 5:1 to 10:1 (mol/mol) and measured the resultant nanoSTAT particle size and zeta
potential in phosphate-buffered saline (PBS) or 10% exosome-free fetal bovine serum via
dynamic light scattering (DLS).

In both solutions, increasing the LVPR.RK4:heparin mixing

ratio from 5:1 to 10:1 caused the nanoSTAT hydrodynamic diameter to aggregate in size from
the nano- (150

nm) to the micro-scale (-2-3 microns), while increasing the PEG:LVPR.RK4

reaction ratio decreased the complex size (Figure 3.2B). The zeta potential of nanoSTATs was
generally negative, particularly in 10% serum, with the addition of PEG bringing the charge
closer to neutrality (Figure 3.2C). A component ratio of 25:5:1 PEG:LVPR.RK4:heparin
generated the smallest particles (hydrodynamic diameter -70

nm) and was used for the

remainder of in vitro and in vivo experimentation. Finally, since some charged nanomaterials are
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Figure 3.2. In vitro characterization of nanoSTATS. (A) Transmission electron microscopy
image of nanoSTATs (scale bar = 100 nm). (B) Mean hydrodynamic diameter of nanoSTATs at
varying PEG:LVPR.RK4:Heparin ratios in PBS and 10% serum (n = 3 per condition, s.d.). (C)
Zeta potential of nanoSTATs at varying PEG:LVPR.RK4:Heparin ratios in PBS and 10% serum
(n = 3 per condition, s.d.).
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known to produce cytotoxic profiles,281, 211 we incubated human endothelial cells (HUVECs)
with nanoSTATs at representative therapeutic heparin concentrations and established that no
toxicity was observed up to 10 U/mL, which corresponds to a ~1000 U/kg heparin dose in the
bloodstream, or an order of magnitude higher than standard dosing regiments (Figure 3.3).
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Veiling and unveiling of nanoSTATs in vitro. Next, we assayed whether nanoSTATs

could regulate the release of heparin in response to clotting activity. We exploited the serine
protease thrombin as the drug release trigger on the basis of its critical role in catalyzing the
formation of fibrin clots, regulating haemostasis through positive and negative feedback circuits,
and sensitivity to inhibition by heparin.2 25 To characterize thrombin-triggered disassembly, we
incubated nanoSTATs with or without thrombin (500 nM) at 37'C and assayed the samples by
analytical FPLC.

The control sample chromatogram exhibited a sharp peak at ~7mL

corresponding to intact nanoSTATs, which was absent in the presence of thrombin and instead
replaced by a broad peak from

I 1-I7mL, corresponding to the profile of free heparin (Figure

3.4). To determine the accessibility of heparin when complexed, we mixed nanoSTATs with
Azure 1I, a metachromatic dye that exhibits a shift in absorbance upon electrostatic interaction
with heparin. We observed that intact nanoSTATs exhibited little interaction with Azure II while
nanoSTATs incubated with thrombin (500 nM) were capable of initiating a significant increase
in absorbance at 530nm (Figure 3.5).77 Taken together, these data demonstrate that heparin is
shielded from external charge interactions when complexed, and that thrombin cleavage of the
PEG-LVPR.RK4 causes the dissociation of the charge-based nanoSTATs and results in the
release of heparin.
To investigate whether the complexation of heparin modulates its anti-clotting activity,
we performed an anti-Factor Xa (FXa) assay on samples of intact and thrombin-cleaved
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80

nanoSTATs. This assay measures heparin activity based on its capacity to inhibit the enzymatic
activity of FXa, one of several serine protease targets of heparin, using a chromogenic substrate.
Intact heparin-containing nanoSTATs reduced heparin activity by ~80% relative to free heparin,
while heparin activity was fully restored when nanoSTATs were incubated with thrombin
(Figure 3.6A).

Heparin activity did not differ between pre-formed complexes incubated with

thrombin and free heparin mixed with peptides that had been previously cleaved by thrombin,
confirming that peptide cleavage sites remain accessible while embedded in nanoSTATs, and
that cleaved LVPR.RK4 fragments are unable to inhibit anticoagulant activity. Furthermore,
incubation of nanoSTATs formed with D-stereoisomers of LVPR.RK4 (which confers resistance
against protease cleavage) with thrombin led to minimal unveiling of heparin activity, supporting
the interpretation that thrombin cleavage of LVPRG sites is responsible for the functional
unveiling of heparin. These experiments show that our peptide-heparin nanoSTATs veil heparin
activity when intact but release fully functional heparin in response to thrombin cleavage.
Coagulation is a dynamic process where as little as ~10-30 nM of activated thrombin is
needed to form a fibrin clot and up to 300-1000 nM of total thrombin can be generated within
minutes. 12 To investigate the kinetics of heparin release under physiologically relevant
conditions, we incubated nanoSTATs with different concentrations of thrombin (1-1000 nM)
and monitored heparin release following defined periods (2, 5, and 10 min) by the anti-FXa
assay. As anticipated, the observed elevation in heparin release followed the track of increasing
thrombin concentration, reaching a plateau of nearly complete release (>95%) in response to 180
nM thrombin for all incubation times tested (Figure 3.6B). Similarly, heparin release increased
over time in response to thrombin exposure across the range of concentrations tested. These data
indicate that heparin release is a function of thrombin activity and time at physiologically
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relevant concentrations and timescales, behavior which reflects the self-titrating properties of
nanoSTATs.
nanoSTA Ts do not prolong clotting time in vitro. To test the effect of nanoSTATs on
plasma, we performed an activated partial thromboplastin time (aPTT) clotting assay, which is
used clinically to monitor heparin levels in patients by measuring the time it takes a plasma
sample to clot when coagulation is triggered by an activator such as silica or ellagic acid. Current
clinical guidelines for heparin treatment recommend dose ranges that yield aPTTs ~1.5-2.3 fold
above the control bleeding time, which yields a relatively narrow therapeutic window that is
further complicated by the need for each laboratory to internally standardize and validate their
own reference ranges.274 , 287 In human plasma samples spiked with free heparin, the clotting time
increased dramatically in a dose-dependent manner from ~29 s in the absence of heparin (0
U/mL) up to ~44s (1.5

fold over control) with exposure to only 0.4 U/mL, and as long as ~136

s (-5 fold over control) for 2.0 U/mL (Figure 3.6C). In contrast, plasma samples spiked with
identical doses of heparin nanoSTATs exhibited significantly shorter increases in clotting time,
reaching 46 s (~1.5 fold over control) only at a dose of 2 U/mL (P< 0.001 by Student's t-test, n
= 3-4 per condition). Our results indicate that relative to the free form, an equivalent dose of
heparin sequestered within nanoSTATs does not significantly prolong the aPTT, a marker that is
clinically associated with higher risk of bleeding,288, 289 and suggests that nanoSTATs may offer
a wider therapeutic window with reduced risk of bleeding than with traditional UFH treatment.
nanoSTATs remain veiled in the absence of thrombosis and do not increase bleeding. In
the bloodstream, nanoSTATs must navigate a complex milieu of proteins and plasma
components without experiencing premature release of their cargo until exposed to sites of
thrombus formation. To validate whether anticoagulant activity of nanoSTATs remains
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suppressed in vivo under healthy conditions, we performed two sets of circulation time
experiments. First, using fluorescently-labeled heparin, we sampled the blood of mice injected
with either nanoSTATs or free heparin (100 U/kg, n = 3 mice) and measured the plasma
fluorescence over time (Figure 3.7A). These results indicated that nanoSTATs exhibited a rapid
initial clearance half-life within minutes, while a secondary half-life persisted for greater than an
hour, which was consistent with the clearance behavior of other heparin-functionalized
nanoparticles.2 9 0 Next, we injected mice with either nanoSTATs or free heparin and tested the
plasma for heparin activity using the anti-FXa assay (Figure 3.7B). This experiment showed that
unlike the functional activity of free heparin which matched its fluorescence signal, nanoSTATs
exhibited little to no heparin activity at any of the measured time points. Together, these studies
showed that nanoSTATs veil heparin function while in circulation, leading to reduced levels of
heparin activity in the blood pool relative to free heparin.
The primary side effect of clinical anticoagulants, including heparin, is moderate to
272, 273

potentially fatal bleeding. 2

To assess whether nanoSTATs reduce bleeding side effects, we

performed tail transections on mice after they were treated intravenously with nanoSTATs (200
U/kg), free heparin (200 U/kg), or PBS (control), and measured the time elapsed until bleeding
ceased (Figure 3.7C). Free heparin increased the mean bleeding time of mice (~9.2 min.) by
greater than 280% over that of control PBS-treated mice (~3.3 min.). By contrast, the mean
bleeding time of nanoSTAT-treated mice (~4.3 min.) was significantly shorter than that of the
heparin-treated group and only 30% longer than the control bleeding time (P < 0.01 by one-way
ANOVA with Tukey post test, n = 5-7 mice). The reduction in the bleeding time of mice
administered with nanoSTATs versus free heparin suggests that the level of thrombin activity in
response to injury did not unveil sufficient heparin to significantly impact bleeding cessation.
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This finding may be due to the fact that sealing major wounds is largely dependent on platelet
activation and plug formation, a process that requires considerably lower levels of activated
thrombin than during thrombus formation.291, 292 Taken together, these data showed that
nanoSTATs circulate in an inactive form, veiling heparin activity and decreasing the risk of
bleeding.
nanoSTATs prevent thrombosis in vivo. To evaluate the ability of nanoSTATs to prevent

thrombosis

in

vivo,

we

utilized

a

thromboplastin-induced

model

of

pulmonary

thromboembolism, which we and others have shown leads to deposition of microembolisms
primarily in the lungs (Figure 3.8).241, 213 Mice were administered fibrinogen labeled with near-

infrared dyes to monitor the formation of fibrin clots in the lungs by fluorescent imaging after
thromboplastin challenge (2 tL/g b.w.). The lungs of mice treated with nanoSTATs (200 U/kg)
showed a -75% reduction (P < 0.01, one-way ANOVA with Tukey post-test, n = 5 mice) in the
burden of clots compared to the lungs of control-treated mice (Figure 3.9A & B).

This

reduction in the formation of clots caused by nanoSTATs was statistically equivalent to the
therapeutic efficacy achieved by the corresponding dosage of free heparin (200 U/kg, Figure
3.10). Moreover, histological analysis showed that microvessels in the lungs of control-treated
animals contain thrombi (arrows in Figure 3.9C, top right panel), whereas such vessels in
animals treated with either free heparin or nanoSTATs were largely patent, as evidenced by the
presence of red blood cells (arrow heads in Figure 3.9C). Combined with the data from the tail
bleeding assay, these observations suggest that nanoSTATs prevent thrombosis as effectively as
free heparin but with a significantly reduced risk of bleeding.
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3.4 Discussion
Anticoagulation is vital for the prophylaxis and treatment of life-threatening thrombosis,
yet inhibiting the body's natural ability to form blood clots predisposes patients to severe
bleeding complications; the ideal anticoagulant is a drug that prevents coagulation without
promoting bleeding.9, 273 Here, we engineered a nanocomplex that autonomously titrates the
release of anticoagulant in response to endogenous levels of activated thrombin in thrombosis,
creating a negative feedback circuit that regulates the coagulation cascade with negligible
increases to the risk of bleeding. While Maitz et. al. also recently assessed the function of a selfregulating anticoagulant material through ex vivo simulations, we tested our nanoSTATs in vivo
and demonstrated therapeutic and safety characteristics that can only be investigated in animal
models. Furthermore, our nanoformulation is designed for systemic thrombosis prevention in
contrast to their hydrogel platform that is better suited for highly localized anticoagulation
applications (e.g.

surface coating of blood contacting medical devices). 27 1 Engineering

approaches have also been used to design bioresponsive thrombolytics - antithrombotic therapy
designed to dissolve existing clots rather than prevent their formation - including recombinant
proteins292, 294 or polymeric microparticles 9 1 activated by proteolytic or biophysical triggers

associated with thrombosis that decrease bleeding and expand therapeutic windows. Looking
forward, several clinical applications warrant further investigation with our nanoSTATs. Since
the model used here mimics the development of emboli in the microvasculature, future testing
will assess nanoSTATs' ability to treat thrombosis in larger vessels, which are representative of
clinical situations such as myocardial infarction or thrombotic stroke. 295 , 296 Further studies are
also needed to understand the impact of the nanoSTAT formulation on other side effects
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associated with UFH, such as heparin-induced thrombocytopenia and platelet dysfunction.41, 297,
298

Numerous recent nanoscale drug delivery systems utilize responsiveness to biological
stimuli to control drug biodistribution in vivo. 6' 8 A majority of these systems operate without the
ability to self-regulate; such nanoparticles are adequate for site-directed delivery, but impractical
for applications requiring adjustable functionality under varying biological conditions. Only a
small number of self-regulating nanocarriers have been developed, with glucose-responsive
insulin delivery being the most well-known example. 299, 300 In contrast to the glucose-insulin
feedback loop which functions over several hours through the body's downstream response to
insulin to indirectly affect the initial glucose trigger, 3 0 1 we have designed a direct negative
feedback loop that immediately modulates its proteolytic trigger in conjunction with a single
readily available effector, an approach that is well-suited for regulating enzymatic cascades that
operate on rapid timescales. Our strategy was achieved through facile non-covalent modification
of the clinically approved anticoagulant, UFH, using biocompatible materials, which may
mitigate the translational risk of this nanotherapeutic. A more detailed examination of the
nanoSTATs' impact on hemodynamic parameters and immunological markers would help to
verify the in vivo safety of the system.2 82 The clearance kinetics of nanoSTATs suggest they may
be well-suited for administration by continuous infusion in an in-patient setting where rapid
cessation of anticoagulation is often required in order to undertake further medical procedures.
Potential improvements to our system include the use of alternative peptide substrates that are
sensitive to upstream coagulation factors like FXa,302 further functionalizing nanoSTATs with
fibrin-targeted ligands to concentrate drugs in areas of clotting, 2 7 , 37,

172

and delivering direct

coagulation inhibitors instead of UFH. 303 Furthermore, this paradigm is readily extensible to the
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regulation of additional disease-associated proteases via the modular protease-sensitive and
therapeutic-binding domains, enabling the design of next generation self-titrating medicines.

3.5 Conclusion
In conclusion, this work represents, to the best of our knowledge, the first self-titrating
anticoagulant nanoformulation that decreases the risk of bleeding while maintaining
antithrombotic efficacy. By incorporating negative feedback control, nanoSTATs further expand
the repertoire of nanomedicines available for the treatment of thrombosis and may lead to the
development of safer antithrombotics.
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3.6 Materials and Methods
Peptide

synthesis

and

functionalization.

Peptides

(LVPR.RK4

rkrkLVPRGrkrkLVPRGrkrkLVPRGrkrk, lower case = D-isomer) were synthesized by standard
FMOC solid-phase peptide synthesis (Koch Institute Biopolymers Core or Tufts University Core
Facility), lyophilized, and resuspended at 5 mg/mL in ddH 20. Peptides were PEGylated through
incubation of 5 mg/mL stock peptide solution with amine-reactive 5,000 Da poly(ethylene
glycol)-succinimidyl valerate (PEG-SVA, Laysan Bio Inc.) for 1 hour at room temperature.

Physical characterization of nanoSTATs. NanoSTATs were generated with peptide and PEG

molar ratios as reported, with a fixed heparin (sodium salt from porcine mucosa, Sigma, -18,000
Da) concentration of 20 U/mL (~0.1 mg/mL) unless reported otherwise. For measurements in
ionic solutions, lOx PBS stock was added to pre-formed nanoSTAT solutions for a final
concentration of lx PBS. For measurements in serum, bovine serum (Gibco) was added to a
concentration of 10% (v/v). Mean hydrodynamic diameter was determined via dynamic light
scattering of a 50 [tL sample at 20 U/mL heparin (ZetaSizer Nano Series, Malvern). Zeta
potential was measured via electrophoretic light scattering on a 900 pL particle sample at 20
U/mL (ZetaSizer Nano Series). The morphology of nanoSTATs were visualized via transmission
electron microscopy using a JEOL 2100FEG.

Veiling and unveiling of function in vitro. The heparin activity of intact nanoSTATs was

determined using the anti-FXa assay (Sekisui Diagnostics) according to manufacturer
instructions.

The release of heparin was determined by incubating nanoSTATs with various

concentrations of human thrombin (Haematologic Technologies) at 37'C for the reported
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amounts of time. The activity of the released heparin was then determined using the anti-FXa
assay.

Cytotoxicity assays. Human umbilical vein endothelial cells (HUVEC, Passage 9) were cultured
in EGM-2 media (Lonza) on a 96-well plate. When cells reached 70% confluency, nanoSTATs,
PEG-LVPR.RK4, free LVPR.RK4, or free heparin were added as 9x stocks in PBS, diluted in
EGM-2. After 24 hours elapsed, cells viability was quantified by MTS Assay (CellTiter
AQueous One, Promega) based on OD490 after 1 hour incubation.

FPLC analysis. NanoSTATs were formulated as described above using fluorescently-labeled
(FITC) heparin (Polysciences). A sample of nanoSTATs was incubated with thrombin (500 nM)
at 37'C for 30 minutes.

Analytical samples of nanoSTATs, nanoSTATs incubated with

thrombin, and free heparin were applied to a Superdex 200 column pre-equilibriated with PBS.
Absorbance of the column effluent was monitored at a wavelength of 488 nm by a UV flowthrough detector.

Azure II assay. A sample of nanoSTATs was incubated with thrombin at 37"C for 30 minutes.
NanoSTATs, nanoSTATs incubated with thrombin (500 nM), and free heparin were then mixed
with 0.1 mg/mL Azure II solution at a 1:10 volumetric ratio and the absorbance was read at
530nm with a SpectraMAX Plus spectrophotometer (Molecular Devices).

APTT assay. Varying concentrations of nanocSTATs or free heparin were added to 50 uL of
control normal human plasma (Thermo Scientific) and incubated with 50uL of APTT reagent
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(Thermo Scientific) at 37"C for 3 minutes. Then 50uL of 25mM CaCl 2 (Sigma) pre-incubated at
37'C were added to samples and clotting was monitored via absorbance at 605nm with a
SpectraMAX Plus spectrophotometer (Molecular Devices).

Circulation times. Healthy female Swiss Webster mice (3-4 months, n = 3 mice per condition)
were injected via tail vein with either nanoSTATs or free heparin at 100 U/kg, formulated with
lx PBS. For measurement of heparin fluorescence, blood samples collected through retro-orbital
blood draw and centrifuged at 2900g for 5 minutes to isolate plasma, which was then analyzed
by fluorimetry using the Spectramax Gemini EM Fluorescence Microplate Reader (Molecular
Devices) at excitation/emission wavelengths of 485/538 nm. For measurement of anti-FXa
activity, blood samples were collected in tubes containing 3.2% sodium citrate (Sigma) for a
final volume ratio of 9:1 (blood:citrate) through retro-orbital blood draws and centrifuged at
2900g for 5 minutes to isolate the plasma. Heparin activity in the plasma was then determined
using the anti-FXa assay.

Tail-bleeding time assay. Mice (n = 5-7 per condition) were anesthetized with isoflurane gas and
administered nanoSTATs (200 U/kg), free heparin (200 U/kg), or PBS control. After 5 minutes,
2 mm of distal mouse tail was removed by scalpel. Bleeding time was determined by lightly
dabbing the tail with kimwipe tissues (Kimtech) until bleeding fully ceased for at least 1 minute.

Pulmonary embolism assay. Bovine fibrinogen (Sigma) was reacted with near-infrared
fluorochromes (Vivotag-750-NHS, Perkin-Elmer) at a 2:1 fluorophore:protein molar ratio in
PBS for 1 hr and purified by column centrifugation (100kDa cutoff, Millipore) to remove
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unreacted fluorophores. Ampules of thromboplastin from rabbit brain (Sigma, #44213) were
reconstituted with 2 mL of PBS each. Mice (n = 5 per condition) were anesthetized with
isofluorane gas and co-administered nanoSTATs (200 U/kg), free heparin (200 U/kg), or PBS
control and Inmol of VT750-fibrinogen via tail vein injection.

After 5 minutes, mice were

injected with thromboplastin (2 uL/g b.w.). After 30 minutes, mice were euthanized with CO 2
and the lungs were harvested and imaged on the LI-COR Odyssey Infrared Imaging System.
Fibrin deposition was then quantified using ImageJ software. For histologic analysis, paraffinembedded sections of lungs were prepared (Koch Institute Histology Core). Lungs were first
fixed by

incubating

in

4%

paraformaldehyde

overnight.

Hematoxylin

and

eosin

immunochemical staining of lung sections was used to visualize clots in the lungs.

Statistical analyses. Student's t-test and ANOVA analyses were calculated with GraphPad 5.0
(Prism).

All experimental protocols involving animals were approved by the MIT Committee on Animal
Care (protocol #0411-036-14).
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Chapter 4: Drug-Induced Amplification of Nanoparticle
Targeting to Tumors
4.1 Abstract
Nanomedicines have the potential to significantly impact cancer therapy by improving
drug efficacy and decreasing off-target effects, yet our ability to efficiently home nanoparticles
to disease sites remains limited. By exploiting tumor-specific responses to drugs, we construct a
cooperative targeting system where a small molecule therapeutic modulates the disease
microenvironment to amplify nanoparticle recruitment in vivo. We first administer a vascular
disrupting agent, ombrabulin, which selectively affects tumors and leads to locally elevated
presentation of the stress-related protein, p32. This increase in p32 levels provides more binding
sites for circulating p32-targeted nanoparticles, enhancing their delivery of diagnostic or
therapeutic cargos to tumors. We show that this cooperative targeting system recruits over five
times higher doses of nanoparticles to tumors and decreases tumor burden when compared with
non-cooperative controls. These results suggest that using nanomedicine in conjunction with
drugs that enhance the presentation of target antigens in the tumor environment may be an
effective strategy for improving the diagnosis and treatment of cancer.

4.2 Introduction
Nanotechnology has enabled numerous novel and improved approaches for cancer
diagnosis and therapy. In particular, active targeting of nanoparticles, or the attachment of
affinity ligands to the surface of particles to recognize and bind pathological markers, has arisen
as an attractive strategy for precisely delivering cargos to disease sites while simultaneously
reducing side effects.' Efforts to improve the targeting of nanomaterials have largely focused on
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engineering the properties of individual nanoparticles, including geometry, surface chemistry,
ligand type, and ligand density.4,

177,284

However, one major factor that limits the effectiveness of

active targeting is the paucity of targetable antigens available for nanoparticle binding within a
tumor. 180 A promising approach for overcoming this limitation is to leverage disease responses to
therapy to greatly enhance the number of existing binding sites, or induce the presentation of
novel targets. Previously, localized treatments such as radiation 304 and hyperthermia

82, 184

have

been used to induce the expression of vascular antigens that serve as binding targets to recruit
nanoparticles to tumors. Unfortunately, application of these methods is confined to clinical
scenarios where disease sites are known and accessible, and thus preclude the treatment of
disseminated disease, which is the primary cause of mortality in cancer.305
Our strategy is to identify proteins that are selectively induced in the tumor
microenvironment following treatment with drugs and leverage them as receptors for targeted
nanoparticles. The arsenal of systemic therapies designed to treat metastatic cancer includes
traditional cytotoxic drugs, 98 molecularly targeted agents,306,307 immunotherapy, 100308 and

vascular disrupting agents (VDAs),17, 309 which operate through distinct modes of action. These
drugs are attractive inducing agents because many are clinically-approved or in trial stages and
are frequently administered in combination with other therapeutics.

307,310

Drug-induced

31
antigens have been utilized as biomarkers of therapeutic responses or as antibody targets, 1-313

but to our knowledge, these changes have never been used to target nanoparticles to tumors.
Here, we investigate the ability of systemically administered drugs to increase the prevalence of
tumor-specific antigens to amplify nanoparticle targeting to tumors. In this report, we
demonstrate that the small molecule VDA, ombrabulin, enhances the presentation of a stress
protein called p32 in human tumor xenografts implanted in mice (Figure 4.1). p3 2 is specifically
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Figure 4.1. Schematic of cooperative targeting approach. Inducing agent, ombrabulin, disrupts
the tumor vasculature, which initiates a cascade of intratumoral effects that leads to upregulated
presentation of the p32 protein. LyP-I coated nanoparticles that target the p32 protein then home
to the tumor.
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expressed in tumors and serves as the target receptor of the cyclic nonapeptide, LyP 1, which was
discovered through in vivo phage display. 8 3 , 185 We then use ombrabulin to induce greater levels
of p32 in tumors and deliver two different LyP1-decorated nanoparticles to tumors: a
prototypical imaging agent (magnetofluorescent iron oxide nanoworms) and a prototypical
therapeutic agent (doxorubicin-loaded liposomes). We show that this cooperative targeting
system amplifies the recruitment of targeted nanoparticles to tumors by three- to five-fold over
non-cooperative controls, and improves the tumor burden and survival of mice in a preclinical
therapeutic study.

4.3 Results
Characterizationof ombrabulin-inducedp32 presentation. Ombrabulin is a microtubule-

binding agent that impacts tumor vasculature by effecting a rapid sequence of events shortly after
administration, including morphological and functional changes in endothelial cells that increase
vascular permeability, and culminate in extensive hemorrhagic necrosis within the tumor (Figure
4.2A-C).

87, 314, 31

The selective vulnerability of tumor vessels to tubulin-binding compounds has

been attributed their immature development and defective pericyte coverage relative to normal
vessels.1'7,309 We hypothesized that the antitumor activity of ombrabulin might increase tumor
presentation of p32 [p33/gClq receptor/hyaluronan binding protein 1 (HABP 1)], a mitochondrial
protein that is found at elevated levels on the surface of stressed tumor and tumor-associated
cells in a wide range of tumor types, particularly in hypoxic or nutrient-deprived regions.!83 To
investigate the ability of ombrabulin to increase p32 presentation within tumors, we
intravenously injected different doses of the drug (0, 30, 60 mg/kg) into nude mice (n = 3 mice
per condition) bearing bilateral human MDA-MB-435 tumors. At 4 and 24 hrs, mice were
euthanized and p32 presentation was assessed via immunofluorescent staining of tumor sections
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Figure 4.2. Characterization of ombrabulin effect on tumor microenvironment. (A) Schematic of
ombrabulin-induced enhancement in p32 presentation. (B) Intraoperative images at 24 hr post
injection (p.i.) revealing ombrabulin mediated hemorrhaging. (C) Hematoxylin and eosin
staining of tumors harvested from mice injected with ombrabulin at different timepoints p.i.
(Con., control (0 mg/kg); scale bar = 100 pim). (D) Immunofluorescent staining of tumors
without (0 mg/kg) and with (60 mg/kg) ombrabulin (red = p32 staining, blue = nuclear stain;
scale bar = 1 mm). (E) Quantification of percentage p32 positive area of immunofluorescent
staining of tumors receiving different dosages of ombrabulin at different timepoints p.i. (n = 3
mice, s.e.). (F) Quantification of percentage p32 positive human cells from tumors receiving
different dosages of ombrabulin at different timepoints as determined by flow cytometry (*** P
< 0.005, one-way ANOVA with Tukey post test; n = 3 mice, s.e.).
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(Figure 4.2D). We observed that the percentage of p32-positive staining within the tumor
trended upward with both time and ombrabulin dose, showing nearly a four-fold increase in p32positive area at 24 hrs after a 60 mg/kg dose (Figure 4.2E). To assay for increased p32
presentation at the surface of surviving cancer cells, tumors were dissociated into single cell
suspensions for quantification of p32 surface expression by live-cell staining and flow cytometry
(Figure 4.3). Consistent with the trend observed in tumor sections, flow-based examination of
the tumor population revealed that the percentage of cancer cells positive for surface p32
increased significantly by up to four-fold at 24 hrs after ombrabulin treatment (*** P < 0.005 by
one-way ANOVA with Tukey post test; Figure 4.2F). Together, these data show that exposure
to ombrabulin modulates the tumor environment to amplify p32 presentation within the tumor,
particularly on the surface of surviving cancer cells.
Ombrabulin-inducedamplification of tumor targeting.We next investigated the ability of

magnetofluorescent iron oxide nanoworm (NW) imaging agents, a nanoparticle previously
developed by our collaborators,233,234 to target tumors following ombrabulin treatment (Figure
4.4A). The NWs were first derivatized with a near-infrared fluorophore (VT750) to enable
detection of their distribution by fluorescence imaging. Then, the NWs were further modified by
the addition of either the cyclic nonapeptide LyP- 1 (CGNKRTRGC), which binds p32 and
facilitates tissue penetration, or ARAL (ARALPSQRSR), an untargeted peptide that has the
same net charge as LyP-1, via PEG linkers.1 8 3 , 184,

316, 317

The LyP-1 (NW-LyP1) and ARAL

(NW-ARAL) conjugated NWs shared matching size distributions (hydrodynamic diameter ~50
nm by dynamic light scattering), peptide valencies (~40 peptides per NW by absorbance
spectroscopy), and in vivo circulation times (half-lives ~ 2.5 hrs; Figure 4.5). Additionally, as
expected, the NW-LyP 1 showed significantly greater binding to recombinant p32 in vitro

102

HLA-positive gate

A

M Ms IgG control
(AF488-conjugated)
M Ms anti-HLAA/B/C
(AF488-conjugated)

0
0
0-

0

102

104

103

105

FITC-A
p32-positive gate

B

Rb IgG control
+ AF594 20
Rb anti-p32
+ AF594 20

C.
0-

0

102

103

105

1

PE-Texas Red-)
p32-positive gate

C

M 0 mg/kg
ombrabulin
g/kg: 17.8%
glkg: 81.6%1 *60 mg/kg
ombrabulin

0

0
0-

0

102

103

10

105

PE-Texas Red-A
Figure 4.3. Flow cytommetry analysis of p32 expression on cells ex vivo. (A) Representative
histograms of untreated MDA-MB-435 xenograft cells stained with AF488-conjugated mouse
IgG control or AF488-conjugated mouse anti-HLA A/B/C, used to exclude non-xenograft cells
from final analysis. (B) Representative histograms of ex vivo MDA-MB-435 cells 24-hours post
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vivo MDA-MB-435 cells stained for p32 following treatment without (0 mg/kg) or with
ombrabulin (60 mg/kg).
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relative to NW-ARAL, which validated the selection of ARAL as a non-targeted control
sequence (Figure 4.6A).
To test for amplification of NW targeting to tumors, different doses of ombrabulin (0, 30,
60 mg/kg) were intravenously injected into mice (n = 3-4 mice per condition) bearing bilateral
MDA-MB-43 5 tumors, followed by either NW-LyP 1 or NW-ARAL administration after 24 hrs
(Figure 4.4B). At 24 hrs post-NW injection, ex vivo fluorescent imaging of tumors revealed a
dose-dependent increase in NW-LyP 1 accumulation of up to three-fold relative to no drug
controls and without altering the organ distribution of the nanoparticles (Figure 4.4C-D, Figure
4.7). The non-targeted NW-ARAL also exhibited a marginal dose-dependent increase in
accumulation, which is consistent with previous reports demonstrating the enhanced
extravasation of macromolecules following vascular disruption by small molecule
therapeutics. 19 1Notably, the NW-LyP1 exhibited a significantly greater increase in accumulation
of ~1.5-2 fold compared to the NW-ARAL when following ombrabulin treatment (**P < 0.01 by
Student's t-test), which suggested that induction of p32 presentation by ombrabulin leads to
amplified targeting of NWs to tumors. Histological examination of tumor sections revealed that
the presence of both NW-LyP1 (green) and p32 (red) increased, and localized within
ombrabulin-treated tumors (60 mg/kg) versus untreated tumors, while NW-ARAL (green)
staining was less intense and did not colocalize with p32 (red) in either scenario (Figure 4.4E).
We also explored an alternative dosing sequence in which ombrabulin and NWs were injected
simultaneously and found that co-administration did not lead to a pronounced difference in
accumulation between NW-LyP 1 and NW-ARAL (Figure 4.8). This result is consistent with the
previous finding that enhancement of p32 presentation takes up to 24 hrs post-ombrabulin
treatment, and supports the hypothesis that p32 binding is necessary for the enhanced targeting
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Figure 4.7. In vivo biodistribution of NWs. Near-infrared fluorescent scans of NW distribution
in organs without (0 mg/kg) or with (60 mg/kg) ombrabulin (Omb.). Organs were excised and
imaged at 24 hrs post-NW injection.
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Figure 4.8. Effect of administration schedule on NW homing. Quantification of NW homing to
tumors as a function of different times between ombrabulin (60 mg/kg) and NW administration
(** P < 0.01, Student's t-test; n = 3-4 mice, s.e.).
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of NW-LyP 1. Collectively, these data show that pre-exposure to ombrabulin mediates the
amplification of NW homing to tumors by increasing the amount of the target p32 protein
available for binding.
Ombrabulin-inducedamplification of therapeutic delivery. We next constructed model
therapeutic nanoparticles, doxorubicin-loaded liposomes (LP), to test for amplified drug delivery
to regions of ombrabulin-induced p32 presentation in tumors (Figure 4.9A). LPs were
synthesized with either the targeting peptide LyPI (LP-LyP1) or the control peptide ARAL (LPARAL) on the surface of particles and both populations were confirmed to exhibit a similar size
range (hydrodynamic diameter ~160 nm) and equivalent circulation times (half-lives ~ 1.5 hrs;
Figure 4.10).114 To test for amplification of LP targeting to tumors, mice (n = 3 mice per
condition) bearing bilateral MDA-MB-435 tumors were intravenously injected with either saline
or ombrabulin (60 mg/kg), followed by LP-LyP1 or LP-ARAL (1 mg/kg by dox) after 24 hrs. At
24 hrs post-LP injection, we found that ombrabulin treatment amplified the delivery of LP-LyP 1
and accumulation of doxorubicin in tumors by ~four-fold versus non-targeted LP-ARAL, -2.5
fold relative to LP-LyP 1 alone, and ~five-fold relative to non-cooperative and non-targeted LPARAL (***P < 0.005 by Student's (-test; Figure 4.9B). Notably, without ombrabulin, LP-LyP1
also demonstrated higher accumulation of doxorubicin in tumors than LP-ARAL, which was
consistent with previous studies using nanoparticles targeted by LyP 1.311-320 Similar to the NWs,
histological examination of tumor sections again showed increased, localized staining of both
LP-LyP 1 (green) and p32 (red) in ombrabulin-treated tumors versus untreated tumors, while LPARAL (green) staining was sparsely distributed and did not localize to areas with p32 (red) in
either scenario (Figure 4.9C). We also investigated the organ distribution of doxorubicin
following cooperative targeting and found that administration of both ombrabulin and LP-LyP 1
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or LP-ARAL did not change the biodistribution of doxorubicin, with a majority of the drug
accumulating in the spleen and liver (Figure 4.9D). This result indicated that despite being
administered systemically, ombrabulin does not lead to the increased accumulation of LPs in offtarget sites and that the majority of particles are still cleared by the organs associated with the
reticuloendothelial system, which is typical of systemically administered nanomaterials. 284
Altogether, these experiments showed that pre-treatment with ombrabulin amplified the delivery
of therapeutic nanoparticles that target the p32 protein.
Amplified tumor therapy with cooperative therapeutics. Finally, we evaluated the

therapeutic efficacy of cooperative targeting in mice (n = 7 mice per condition) bearing single
MDA-MB-435 human carcinoma tumors. Ombrabulin (60 mg/kg) or saline were injected into
mice and 24 hrs later, an intravenous dose of LP-LyP 1, LP-ARAL (2 mg/kg by dox), or saline
was given. When this treatment regimen was administered every 4-5 days, we found that
ombrabulin + LP-LyP1 was significantly more effective at slowing tumor growth (*P < 0.05 by
two-way ANOVA with Bonferroni post test) than the treatments in isolation (ombrabulin, LPLyP1, LP-ARAL) and non-cooperative controls (ombrabulin + LP-ARAL; Figure 4.11A,
Figure 4.12) without any significant changes in animal weight following the last cycle of
treatment (Figure 4.11 B). In comparing the long term survival of mice in the various treatment
groups, we found that ombrabulin + LP-LyP 1 significantly prolonged the survival time of mice
relative to all other treatments (**P < 0.01 by log rank test, n = 7 mice; Figure 4.11C).
Collectively, these therapeutic studies demonstrated that the cooperativity of ombrabulin and
targeted LPs led to decreased tumor growth and prolonged survival of mice.
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4.4 Discussion
In this study, we design a cooperative targeting system that harnesses the ombrabulininduced increase in presentation of p32 to amplify the recruitment of targeted nanoparticles to
tumors. Using small molecules or proteins to modulate the disease environment is advantageous
because they do not face the same extravasation barrier as larger vehicles, 321 and may therefore
effectively prime the tumor microenvironment for subsequent nanoparticle delivery. Numerous
related strategies have aimed to enhance nanoparticle accumulation by increasing vascular
permeability through the administration of vasoactive agents such as vascular endothelial growth
factor, bradykinin, and tumor necrosis factor alpha. 322 However, a general concern with these
approaches is that they may affect both healthy and diseased vasculature, thus escalating the risk
of off-target effects. In contrast, our method leverages the specificity of ombrabulin for tumor
vasculature, which is derived from the increased susceptibility of immature vessels to tubulinbinding agents,18 7' 309 and the tumor-specific expression of cell-surface p32 to bolster
nanoparticle accumulation while simultaneously minimizing off-target delivery.1 83 Compared to
an earlier study using gold nanorod-mediated hyperthermia, administration of ombrabulin
produced a larger increase in the magnitude of tumor p32 expression and a similar fold
enhancement in nanoparticle homing to tumors.1 84 However, unlike previous systems that utilize
localized and guided treatment modalities such as hyperthermia

82 , 184

and radiation therapy 3 04 to

induce the presentation of novel binding sites, our strategy is fully autonomous with the potential
to survey the entire body for disseminated disease without any a prioriknowledge of tumor
locations.
Vascular disrupting agents like ombrabulin are attractive inducing agents to use in this
cooperative targeting system not only because of their antivascular activity against a broad range
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of tumor types, 14, 323 but because preclinical and clinical studies suggest that VDAs have the
greatest impact when coupled with other treatments; as single agents, VDAs leave a viable tumor
rim that can obtain nutrients and oxygen from neighboring healthy tissues and rapidly regrow.

87, 309,315

Here, we demonstrated that pre-treatment of tumors with ombrabulin amplified

the delivery of both prototypical diagnostic and therapeutic nanoparticles, highlighting the
modularity of this stigmergic targeting approach. This data suggests that this system may be
applicable to any number of cargos that are deliverable by nanoparticles, including other
chemotherapies, siRNA, or diagnostic markers. 1, 4,324 Vascular disrupting agents and traditional
chemotherapy have previously been coupled together in a single nanoparticle formulation and
shown to be therapeutically effective, but these efforts did not incorporate any form of active
targeting.1 4 5 Our therapeutic study showed that cooperative targeting was not only more effective
than either agent alone, but also was advantageous compared to the combination of ombrabulin
and non-targeted doxorubicin LPs. These results also suggest that the staggered administration of
a cooperative combination of drug and targeted nanoparticle may generate positive therapeutic

indices by enhancing the delivery of cargos; previous studies have shown that up to 8 mg/kg of
free doxorubicin are needed to demonstrate a therapeutic effect in the same human xenograft

cancer model, however we observed a significant difference at just 2 mg/kg.325 Furthermore,
recent studies have highlighted the importance of optimizing the dosing schedule for

combination therapies involving VDAs given their range of temporal effects, with most recent
results supporting the pretreatment of tumors with VDA prior to chemotherapy. 206, 20 7 The
protocol and results of our cooperative strategy were consistent with these findings, showing a
greater enhancement in nanoparticle accumulation when they were administered 24 hrs after
ombrabulin versus when they were co-administered.
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4.5 Conclusion
Looking forward, several experimental avenues warrant further investigation in order to
expand the applicability of cooperative nanoparticle targeting. In this study, we used a VDA to
increase the number of nanoparticle binding sites within tumors, however the current arsenal of
cancer treatments includes numerous other candidates with the potential to serve as inducing
agents for cooperative targeting approaches. In addition to the aforementioned treatment
modalities, traditional chemotherapies and next-generation targeted therapies have also been
used to induce tumor antigens, which were identified by either gene expression profiling 3 13 , 326 or
in vivo phage display. 311,312 Future studies may focus on developing systematic screening
approaches to identify novel induced antigens in response to panels of drugs spanning multiple
classes. These antigens could then be cross-referenced to known libraries of targeting ligands
from the literature or used to develop new ligands in order to create more potential pairings of
cooperative drugs and ligand-decorated nanoparticles. In summary, this work introduces a new
approach for designing nanoparticle targeting systems that leverages drug-induced modulation of
the disease environment to improve the detection and treatment of cancer.
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4.6 Materials and Methods
Generationof MDA-MB-435 xenografts. MDA-MB-435 cancer cell lines (American Type

Culture Collection) were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10%
fetal bovine serum, penicillin, and streptomycin. To generate subcutaneous xenograft models, 46 week old female NCr nude mice (Taconic) were injected either laterally or bilaterally in the
hind flanks, according to the experimental design, with ~2 x 106 MDA-MB-435 cells suspended
in 200 uL DMEM.

Histologicalanalysis. Ombrabulin was kindly provided by Sanofi Aventis. Mice bearing
bilaterial flank MDA-MB-435 xenografts (n = 3 mice) were intravenously administered different
dosages of ombrabulin (0, 30, 60 mg/kg) in 0.9% NaCl without anesthesia. At different time
points (4, 24 hrs p.i.) the mice were euthanized and their tumors were excised. For hematoxylin
and eosin staining, tumors were fixed in 4% paraformaldehyde for 1-2 hours at RT and stored in
70% ethanol until paraffin-embedding, sectioning, and staining (Koch Institute Histology Core).
For immunofluorescent staining, representative frozen tumor sections were stained for p32
(Millipore) and Hoechst (Invitrogen) before analysis by fluorescence microscopy (Nikon Eclipse
Ti). The percentage of p32 positive staining in the tumor was quantified using MATLAB
(MathWorks).

Flow cytometry. Ombrabulin (0, 30, or 60 mg/kg) was administered intravenously to mice
bearing bilateral flank MDA-MB-435 xenografts. At different time points (4 or 24 hrs postinjection), the mice were euthanized and their tumors were excised in their entirety. The tumors
were gently dissociated into single cell suspensions using a MACS human Tumor Dissociation
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Kit (Miltenyi Biotec) according to manufacturer instructions. 2.5 x 10 cells per condition were
incubated for 1 hr on ice with both Alexa Fluor-488-conjugated mouse anti-human HLA-AB
(BD Pharmingen) and either rabbit polyclonal anti-p32 (Millipore) or rabbit IgG isotype control
(R&D Systems). Cells were then washed twice with cold PBS supplemented with 2% fetal
bovine serum (FBS), followed by incubation for 1 hr on ice with Alexa Fluor-594 goat antirabbit secondary antibody (Invitrogen). Cells were washed and then resuspended in PBS plus
2% FBS for analysis. For quantification of surface p32 levels, human tumor cells were isolated
by gating out all HLA-ABC-negative cells.

Peptide nanoworm synthesis. Aminated iron oxide NWs were synthesized according to
&

previously published protocols. 234 Peptides (LyPI = C-(K-Flsc)-C6-CGNKRTRGC, Cys2
Cys3 bridge; ARAL = C-(K-Flsc)-C6-ARALPSQRSR; Flsc = fluorescein, C6 = 6-

aminohexanoic acid linker) were synthesized by CPC Scientific and the Tufts University Core
Facility peptide synthesis service. To conjugate peptides to NWs, NWs were first reacted with
NHS-VivoTag 750 (VT750, PerkinElmer) and MAL-PEG(5k)-SVA (Laysan Bio.) to introduce
sulfhydryl-reactive handles. Cysteine terminated peptides were then mixed with NWs (95:1
molar ratio) for one hour at room temperature (RT) and purified using a Sephadex G-25 gel
filtration column (GE Healthcare). Stock solutions were stored in PBS at 4'C. The number of
fluorescein-labeled peptides per NWs was determined by absorbance spectroscopy using the
absorbance of fluorescein (490 nm) and its extinction coefficient (78,000 cm'M 1 ). The particle
size was measured by dynamic light scattering (Malverin Zetasizer Nano Series).
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Doxorubicin-loadedliposome synthesis. Hydrogenated soy sn-glycero-3-phosphocholine

(HSPC), cholesterol, and 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-polyethylene
glycol 2000 [DSPE-PEG(2k)] were purchased from Avanti Polar Lipids. DSPE[Maleimide(Polyethylene Glycol 5000)] [DSPE-PEG(5K)-MAL was purchase from Nanocs, Inc.
Doxorubicin was purchased from Sigma Chemical Co. For peptide conjugation, DSPEPEG(5K)-MAL was reacted with Cysteine-terminated peptides (LyPI or ARAL) in 50 mM
triethylamine, DMF for 24 hours and exchanged into water using gel filtration. Liposomes were
prepared from HSPC, cholesterol, and either DSPE-PEG(5K)-LyP1 or DSPE-PEG(5K)-ARAL
in the molar ratio of 75:50:3 by lipid film hydration and membrane (100 nm) extrusion
method.327 Encapsulation of doxorubicin (dox) into the liposomes was then carried out using the
pH gradient-driven loading protocol. 328 Free doxorubicin was removed by gel filtration on

Sephadex G-25. The peptide-conjugated doxorubicin liposomes were stored in PBS at 4 'C
before use. The particle size was measured by dynamic light scattering (Malverin Zetasizer Nano
Series) and the fluorescence intensity was measured by microplate reader (SpectroMax Gemini
EM, Molecular Devices).

NW circulation times. Healthy female Swiss Webster mice (3-4 months, n = 3 mice) were
injected via tail vein with either NW-LyP1 or NW-ARAL (1 nmol by VT750) formulated with
Ix PBS. For measurement of NW fluorescence, blood samples were collected through retroorbital blood draw and scanned on the LI-COR Odyssey Infrared Imaging System. Fluorescence
in each sample was quantified using ImageJ software (NIH).
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LP circulationtimes. Healthy female Swiss Webster mice (3-4 months, n = 3 mice) were
injected via tail vein with either LP-LyPl or LP-ARAL (1 mg/kg by dox) formulated with Ix
PBS. For measurement of doxorubicin fluorescence, blood samples were collected through retroorbital blood draw and centrifuged at 2900g for 5 minutes to isolate plasma. Next, 20 PL of
plasma was mixed with 80 pL of 70% EtOH, 0.3 N HCl, which was then analyzed by
fluorimetry using a fluorescence microplate reader (SpectroMax Gemini EM, Molecular
Devices) at excitation/emission wavelengths of 470/590 nm.

In vitro binding assay. The in vitro binding of nanoparticles to p32 was assessed using a
magnetic bead assay. Briefly, NWs (40 pmol by Flsc) or LPs (1.5 pmol by Flsc) were incubated
with Ni-NTA magnetic agarose beads (Qiagen) coated with His-tagged recombinant p32 protein
(kindly provided by Dr. T. Teesalu) in binding and washing buffer (BWB; PBS with 300 mM
NaCl, 5 mM imidazole, 0.05% NP-40, 0.1% bovine serum albumin) for 1 hr at room
temperature, washed four times with BWB, and eluted with 400 mM imidazole in BWB.
Samples were quantified by fluorescence microplate reader (SpectroMax Gemini EM, Molecular
Devices) at excitation/emission wavelengths of 485/538 nm and compared to standard curves.

Nanoworm homing to tumors. Mice bearing bilateral flank MDA-MB-435 xenografts (n = 3-4
mice) were intravenously administered different dosages of ombrabulin (0, 30, 60 mg/kg). NWLyPI or NW-ARAL (1 nmol by VT750) were either co-administered or injected 24 hrs
following ombrabulin administration. At 24 hrs post-NW administration, organs were removed
and scanned on the LI-COR Odyssey Infrared Imaging System. Fluorescence in each organ was
quantified using ImageJ software (NIH). To analyze tumors by immunostaining, representative
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sections were stained for NWs (anti-Flse primary, GeneTex), either p32 (Millipore) or CD31
(BD Pharmingen), and Hoechst (Invitrogen) before analysis by fluorescence microscopy (Nikon
Eclipse Ti).

Quantificationof doxorubicin in tissues. Mice bearing bilateral flank MDA-MB-435 xenografts

(n = 3 mice) were intravenously administered different dosages of ombrabulin (0, 60 mg/kg),
followed by either LP-LyP 1 or LP-ARAL (1 mg/kg by dox) 24 hours later. At 24 hrs post-LP
administration, organs were removed, weighed, incubated with 500 itl of 70% EtOH, 0.3 N HCl,
and homogenized (Tissue Tearor, Biospec Products) to release doxorubicin from tissues.
Following homogenization, another 1 ml of 70% EtOH, 0.3 N HCl, was added to samples and
they were centrifuged. Supernatants of samples were analyzed for doxorubicin fluorescence
using a fluorescence microplate reader (SpectroMax Gemini EM, Molecular Devices) at
excitation/emission wavelengths of 470/590 nm and compared to standard curves. To analyze
tumors by immunostaining, representative sections were stained for LPs (anti-Flsc primary,
GeneTex), p32 (Millipore), and Hoechst (Invitrogen) before analysis by fluorescence microscopy
(Nikon Eclipse Ti).

Therapeutic assessment of cooperative targetingsystems. Treatment of mice commenced

fourteen days after subcutaneous injection of MDA-MB-435 cancer cells. Tumor dimensions
were measured with calipers and the volume was calculated using the modified ellipsoid formula
(volume = 1/2 x length x width 2), where L and W refer to the larger and smaller perpendicular
dimensions collected at each measurement.329 Mice bearing single lateral xenografts were
randomized into groups of seven mice such that the mean tumor volumes were similar between
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groups. Mice were first administered different dosages of ombrabulin (0, 60 mg/kg). At 24 hrs
post-injection, mice were administered LP-LyP1 (2 mg/kg), LP-ARAL (2 mg/kg), or saline. This
treatment regimen was repeated every 4-5 days. At regular intervals after treatment, tumors were
measured and mice were weighed. For the survival curve study, mice were sacrificed when
tumors exceeded 500 mm3 . To compute the volumetric doubling time of tumors, each tumor
volume trace was fit to an exponential growth curve in Excel (Microsoft) and the doubling time
was calculated from the growth constant. 330

Statisticalanalyses. Student's t-test, one- and two-way ANOVA, and survival curve analyses
were calculated with GraphPad 5.0 (Prism).

All experimental protocols involving animals were approved by the MIT Committee on Animal
Care (protocol #0411-036-14).
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Chapter 5: Perspectives and Future Directions
5.1 Nanoparticles that Sense Coagulation Activity In Vivo
In Chapter 2, we extended the synthetic urinary biomarker platform elaborated by Kwong
et al to the detection of thrombin activity in vivo. 38, 293 This system exploits the anatomy of the
kidney to filter and concentrate reporters in order to generate an amplified urinary signal that can
be detected noninvasively. While the work focused on synthetic biomarkers composed of peptide
reporters conjugated to an iron oxide nanoworm, the platform is generalizable to many
nanomaterial scaffolds that exceed the renal excretion limit. Other scaffold materials may have
the potential to extend circulation half-life, improve penetration into disease sites, simplify probe
synthesis, and reduce cost. FDA-approved materials that are currently being investigated include
albumin, dextran, and PEG.
Engineering reporters with high specificity for target proteases is critical for both
research and clinical applications. The presence of a detectable urinary signal in the absence of
disease processes may be attributable to basal level thrombin activity or non-specific background
cleavage by other endogenous proteases. Regardless, the engineering of more specific substrates,
either through rational design or screening methods, will be an important focus in the future.,2 57
331, 332

Much effort has also been directed towards engineering rapid, inexpensive detection

methods that may enable new diagnostic applications, particularly in developing nations.
Towards this end, a paper-based assay, similar to a home pregnancy test, for detecting urinary
reporters was recently developed, which may enable low-cost diagnosis of diseases associated
with thrombosis at the point of care in resource-limited settings.256
The ability to non-invasively monitor protease activity in vivo has a number of research
applications in the study of coagulation. The kinetics of the coagulation cascade have been
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interrogated extensively in vitro, however the extent to which these models predict in vivo
processes that are affected by a multitude of additional factors (e.g. blood flow, vessel anatomy,
endothelium) is unclear.12,

13,333

To date, real-time monitoring of coagulation reactions in vivo

has been limited by a lack of quantitative tools and easily measurable markers.231 Our synthetic
biomarker platform can be readily extended to measure the activity of all coagulation factors that
are serine proteases (thrombin, FVII, FIX, FX, FXI, FXII) in a facile, multiplexed fashion. Such
a technology has the potential to expand our understanding of thrombosis as it occurs in vivo and
lead to new targets for antithrombotic therapy.

5.2 Nanoparticles that Regulate Biological Processes In Vivo
The work in Chapter 3 presents a self-titrating nanocomplex formulation of the clinical
anticoagulant, unfractionated heparin (UFH), which prevents thrombosis without increasing
bleeding. These nanoSTATs form a negative feedback loop with thrombin, the important
mediator of fibrin deposition, effectively restoring homeostatic regulation of the coagulation
cascade. In order to bridge the gap towards clinical translation, the current nanoSTAT
formulation must be optimized in several ways. Though the short circulation half-life is attractive
for patients at high risk for bleeding or undergoing invasive procedures, extended plasma
presence may reduce the required dosage and the need for continuous infusion in a prophylactic
setting. Potential strategies for extending the circulation time include optimization of the cationic
peptide sequence, incorporating a higher density of shielding polymer, or attachment to a longcirculating drug carrier. 334-336 In addition, alternate routes of administration, such as
subcutaneous delivery, should be investigated as it would also widen the scope of clinical
applicability for this technology.
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One of the frequently cited limitations of heparins is their propensity to cause heparininduced thrombocytopenia (HIT), an immune reaction that could actually lead to the formation
of thrombosis. 4 1 HIT occurs when the body forms antibodies against complexes of heparin and
platelet factor 4 (PF4).2 97 UFH has also long been known to bind to and induce morphological
changes in platelets, resulting in nonimmune activation.337 By sequestering UFH in a
nanocomplex, nanoSTATs have the theoretical potential to limit adverse interactions with
platelets (as well as other cells and proteins) and reduce the incidence of HIT. Further studies are
needed to probe the effects of nanoSTATs on platelet activation.
Considering the complexity of the coordinated reaction networks, biological cross-talk,
and feedback loops that govern haemostasis, it comes as little surprise that the current clinical
anticoagulants, which are designed to completely shut down one or more pathways within the
cascade, struggle to balance the risks of thrombosis and bleeding. A self-regulating system that
titrates drug release based on feedback from the external environment would appear to be an
optimal solution for the treatment and prevention of thrombosis. 91,
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Further investigations may

seek to generalize the thrombin-sensitive mechanism or analogous approaches to other
anticoagulants. The new generation of orally-available thrombin and FXa inhibitors could greatly
benefit from a self-titrating delivery since they are used long-term and do not currently have
clinical antidotes.
Designing self-regulating drug delivery systems is a challenging endeavor that requires a
well-defined understanding of the biology underlying the pathways and processes being targeted,
and a method of actuating drug release must then be engineered into a nanoscale delivery
vehicle. As such, these systems have been studied in a relatively narrow set of applications, with
338
the most prominent being glucose-sensitive insulin release for treatment of diabetes.6,
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However, there exist numerous other biological processes that are critical to life, yet lead to
pathological states when their endogenous regulatory mechanisms fail, which may benefit from
self-regulating pharmacological agents. Beyond the regulation of coagulation and glucose,
autoimmune diseases and chronic inflammation may be interesting conditions for further
exploration.

5.3 Drug-Induced Amplification of Nanoparticle Targeting In Vivo
In Chapter 4, we demonstrate how two synthetic entities, a small molecule vascular
disrupting agent (VDA) and targeted nanoparticles, can cooperate through modulation of the
tumor microenvironment to amplify delivery. Once in the bloodstream, the two components
perform their programmed tasks autonomously without the need for further external inputs,
which is a significant advancement over previous cooperative nanosystems." 2', 184 These system
shows how one might utilize external agents to manipulate and hijack internal biological
processes to perform tasks that they were not evolutionarily programmed to perform. While this
embodiment leverages VDA-induced stress to increase the presentation of a targetable receptor,
the concept of drug-induced amplification is most likely extensible to many other combinations
of drugs and targeted nanoparticles that cooperate through other biological pathways. Indeed,
several other drug-induced antigens have been identified and utilized for monitoring of
3
therapeutic response and targeted therapy. '11-313

Future studies may focus on determining new schemes for amplifying the delivery of
targeted nanoparticles to sites of disease. High-throughput screening technologies may enable
rapid analysis of cellular responses to panels of clinically-approved drugs, with a particular
emphasis on identifying inducible and targetable receptors on the surface of cancer cells (Figure
5.1). Another approach might be to rationally design a system by harnessing other endogenous
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amplification cycles other than coagulation, such as inflammation or complement activation.
These processes are well-studied with many known activators that can be programmed for use in
a bio-nanosystem (e.g. tumor necrosis factor alpha for inflammation, bacterial polysaccharides
for complement).3 39 3 4 0 Much like coagulation, activation of both these biological responses must
be tightly-regulated in vivo, as loss of control has the potential to cause catastrophic damage to
host tissues. The ability of nanomaterials to impact inflammation and complement activation is
already being studied for a number of clinical applications. 341-343

129

Inducer

Antigen
Profiles

Tumor Cells

F ,&.7
OAMW

4

*

x

Targeting
Ligands

S

Figure 5.1. Schematic of a screening approach for identifying drug-induced cell surface antigens
and matching targeting ligands.
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