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ABSTRACT 

The development of nanomaterials (NMs) for drug delivery vehicles is a rapidly growing field. 

One NM of interest is helical rosette nanotubes (RNT). Soluble, metal-free, and highly tunable 

RNTs have strong potential for targeted therapeutic applications. Recently RNTs have been 

functionalized with the RGDSK motif to target integrins — cell surface receptors with key roles 

in physiology and pathology. Integrin αvβ3, highly expressed in tumours, upon recognition of the 

RGD sequence can initiate apoptosis and attenuate angiogenesis and metastasis.  

     

This novel work presents an interconnected picture of how RGDSK-RNTs interact in three 

integrin αvβ3-expressing physiological and pathological milieus to assess their feasibility for 

therapeutic use. Specifically in regard to, RGDSK-RNT interactions in healthy, non-target tissue 

(lung), target tissue (melanoma tumour), and immune cells (dendritic cells). In an isolated 

perfused lung model, a real-time effects assessment on the non-target pulmonary vasculature was 

carried out. Results demonstrated that RGDSK-RNTs are acutely well tolerated in healthy blood 

vessels as only mild inflammation and minimal ROS production were observed. Increased 

endothelial [Ca2+]i and apoptosis were also noted and should be further investigated. Additionally, 

RGDSK-RNTs were able to translocate across both the endothelium and epithelium following 

pulmonary instillation. The direct effects of RGDSK-RNTs in a target tissue were assessed with a 

subcutaneous melanoma model to account for tumour microenvironment complexity. This 

preliminary study suggested, based on numerous endpoints, that RGDSK-RNTs could attenuate 

cell proliferation and modestly increase angiogenesis in melanoma tumours. Finally, as dendritic 

cells (DC) are found throughout the body and tumours the immunological potential of RGDSK-

RNTs needed to be determined. As a starting point, the uptake and trafficking of RGDSK-RNTs 

was characterized. RGDSK-RNTs used, in part, receptor-mediated endocytosis followed by 

transport through the endosomal-lysosomal pathway. As such they could potentially stimulate 

antigen presentation. In all three milieus there is evidence indicating RNTs act as a scaffold for 

multimeric ligation of RGDSK peptides to integrins. Collectively, the results presented in this 

dissertation support further research into the potential therapeutic application of RGDSK-RNTs.  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INTRODUCTION 

Nanotechnology is an exciting realm of scientific research. Once only true in science fiction, this 

field is rapidly becoming a dominant force in scientific research, industry, and consumer 

products. This diverse field encompasses everything from medicine to textiles, food production to 

electronics, personal care products to aeronautics. As such, this field requires an intensely 

interdisciplinary approach to research. Collaboration between engineers, scientists, and 

physicians is required to develop a complete picture of nanomaterial applications and effects. 

Working closely with a chemist, immunologist, lung/cardiovascular physiologist, toxicologist, 

and cell biologist this project unites these fields to present an interconnected picture of how 

RGDSK-functionalized helical rosette nanotubes (RNT) interact with integrins in various 

physiological and pathological milieus.      

Integrins, heterodimeric cell surface receptors, have numerous key physiological roles upon 

ligation with specific integrin-recognition motifs in ligands. These motifs can be exploited for 

therapeutic purposes. Integrin αvβ3, expressed namely on tumours, endothelium, epithelium, and 

immune cells like dendritic cells, recognizes the RGD peptide sequence. Highly expressed on the 

melanoma tumour surface and vascular endothelium, integrin αvβ3 is directly involved in 

angiogenesis, metastasis, and cellular trafficking. Melanoma is characterized by rapid cell 

proliferation, increased angiogenesis, resistance to traditional therapies, and high levels of 

metastasis to several organs, including the lungs. The melanoma microenvironment is highly 

complex involving a panoply of cells and mediators that dictate tumorigenesis. Targeting integrin 

αvβ3 with RGD peptides to inhibit pro-tumour functions is a promising area of cancer therapy 

research, especially for drug resistant tumours. Efficient targeted delivery of RGD peptides to the 

tumour is essential. As such, nano-based drug delivery is an intriguing possibility to improve 

peptide uptake and stability. This project explores the interactions of RGDSK-functionalized 

RNTs on integrin αvβ3 expressing melanoma and non-target environments (i.e. lung) to elucidate 

their feasibility as drug delivery vehicles. 
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Chapter 1: REVIEW OF THE LITERATURE 

1.1 Nanotechnology: Nano-Based Drug Delivery 

Nanotechnology is a fascinating new frontier in science. Once only thought possible in science 

fiction, nanotechnology is now rapidly becoming a reality with real possibilities and real 

consequences. Nanotechnology, defined by the National Nanotechnology Initiative (1) as “the 

understanding and control of matter 1 to 100nm in dimension”, where ‘understanding and 

control’ relates to the design, manufacturing, and use of these materials.(2) Accompanying the 

quick growth is an optimistic enthusiasm regarding potential applications, in such areas as 

electronics and medicine; tempered only by the rising safety concerns of these materials to 

humans, animals, and the environment. Questions have been raised regarding the growing 

production of engineered nanomaterials (NM), toxicity, and the lack of basic scientific 

information in such areas as biodistribution.(2) Due to their small size, NMs have been found in 

areas of the body generally inaccessible to larger materials. Deposition to the alveolar region of 

the lungs, passage through the blood brain barrier, and ease of transport into cells are just a few 

examples. In response, nanotoxicology, arising from the study of ultrafine particles and defined 

as the study of the effects and risks of both natural and engineered NMs, is growing to investigate 

the concerns.(3, 4)   

NMs are currently available in the consumer market in a dizzying array of diverse products 

ranging everywhere from sporting equipment to personal care products and textiles to electronics. 

Seemingly boundless imaginable possibilities exist with nanotechnology; customizable in regard 

to composition, structure, size, and surface coating, just to name a few. In actuality, their current 

potential is bridled due to a lack of detailed information on the interface of NMs with biological 

systems to allay toxicity concerns. More research is required to legitimize their seemingly 

unchecked use. Regardless, nanotechnology is making waves in the field of medicine. Sought 

after for use in such areas as imaging, antimicrobials, and drug delivery, the unique properties of 

NMs offer intriguing possibilities. The use of NMs for drug delivery is an area of intense 

research. NMs have numerous characteristic attributes that make them ideal for drug delivery, 
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especially to tumours. Their small size improves drug access to tumours, whether by crossing 

various biological barriers(3) to reach inoperable tumours or increased uptake by tumour cells 

leading to accumulation.(5) Tumour physiology, in particular leaky tumour blood vessels(6) and 

high expression of specific cell surface receptors(7), can be exploited by NMs to increase drug 

accumulation. NMs easily enter the tumour though leaky blood vessels and have 10-25 fold 

improved retention relative to comparable non-NM drugs. NMs can then utilize receptor-

mediated endocytosis through highly expressed cell receptors such as integrin αvβ3 to enter 

tumour cells.(7) The surface chemistry of NMs can be functionalized to alter targeting, cellular 

uptake, half-life, cytotoxicity, and cell surface interactions. For example, positively charged NMs 

stimulate more significant complement driven immune responses, while negatively charged NMs 

may interact more with phagocytes.(7)   

There are several NM-based therapies currently going through clinical trials or already approved 

to use for cancer treatment.(7, 8) While in most cases, nanotechnology has been adapted to 

deliver pre-existing melanoma therapies some researchers are creating novel treatments using 

nanotechnology.(7) In regard to RGD, several forms of nanotechnology have been used as 

transport vehicles to inhibit tumour growth, block metastasis, and induce radio-sensitization. For 

example, gold nanorods conjugated with a cyclic RGD peptide can induce radio-sensitization in 

melanoma cells.(5) The novel helical rosette nanotube (RNT), conjugated with RGDSK, is being 

investigated by this research group to determine its potential for therapeutic uses. 

1.2 Helical Rosette Nanotubes 

Biologically inspired helical rosette nanotubes were engineered in 2001 by Dr. Hicham Fenniri. 

Guanine and cytosine modules (G^C motif) self-assemble in solvent to form 6-membered 

supermacrocycles (rosettes) bound by 18 hydrogen bonds.(9-12)  Autocatalytic stacking of these 

rings is primarily driven by water, however methanol can also be used. The result is variable 

length helical tubes with a final inner diameter of approximately 4nm.(9, 12-14) Self-assembly 

has been demonstrated and characterized with various analytical techniques, including mass 

spectrometry, transmission electron microscopy, and dynamic light scattering.(11) RNT 
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properties include water solubility, high aspect ratio, stability, metal-free, strong adhesive 

properties, and ability to interact with living tissues.(12-15) Theoretically, during the assembly 

process any peptide could be attached to the G^C motif and subsequently presented on the 

nanotube. The ability to functionalize the RNT surface makes possible a broad range of intriguing 

applications in nanomedicine, drug delivery, bioengineering, electronics, and optics.(10, 11, 14, 

16)  

There are several variant RNTs, based on differing surface functionalization, currently cited in 

the literature. The RNTs have been conjugated to amino acid sequences (K, RGD, RGDSK), gold 

nanoparticles, and the fluorochrome fluorescein isothiocyanate (FITC). RNTs can be co-

assembled with multiple conjugates, such as RGDSK-FITC-RNT.(16-18) FITC is attached to 

RNTs for visualization to determine distribution, deposition, and potential translocation across 

tissue barriers. The RGDSK-RNT is a biologically active nanotube capable of interacting with 

integrins to affect cell proliferation, signalling pathways, apoptosis, and inflammation.(18) 

Details on the extensive physical characterization carried out on the RNTs (9, 11, 13) and 

specifically in regard to RGDSK-RNTs (19) and FITC-RNTs (20) are published elsewhere. 

Broad spectrum effects have been observed in in vitro experiments using RGD or RGDSK 

conjugated RNTs. They can promote adhesion when coated to a surface; RGDSK-RNT coated 

orthopaedic implants significantly increase osteoblast adhesion (and proliferation) for bone tissue 

regeneration.(19) They can block cell signalling pathways, as observed when RGD-RNTs inhibit 

activation of MAPK and ERK1/2 in neutrophils.(21) RGDSK-RNTs initiate apoptosis in Calu-3 

cells through P38 MAPK-dependent cascade activation leading to increased TNF-α and caspase-3 

activity.(17) Exposing the cells to the functional groups alone (i.e. lysine, RGD, and RGDSK) did 

not increase caspase-3 expression indicating an important role for the actual RNT itself, not just 

the peptide conjugate.(17) This could be a result of improved cellular uptake and interactions due 

to the RNT scaffold. 
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The RNT-mediated immunological effects are also of interest. Since immune cells can express 

integrin αvβ3 the possibility exists that RGDSK-RNTs can induce an αvβ3-dependent effect. 

Most published immunological data comes from K-RNTs, however it was determined that RGD-

RNTs reduce neutrophil chemotaxis(22) and K-RGDSK-RNTs can aggravate LPS-induced 

pulmonary inflammation in mice.(23) In vivo, transient lung inflammation followed intratracheal 

administration of a 50µg K-RNT/bolus in C57BL/6 mice.(24) There was no significant 

inflammatory activation or change to cell viability observed in U937 and Calu-3 cells exposed to 

1, 5, and 50 µg/mL K-RNT.(25, 26) In a rat basophilic leukaemia cell line, K-RNT elicited a dose 

and time dependent decrease in viability, however a >10% reduction in viability was not observed 

until a 100mg/L concentration. 50 and 100mg/L K-RNTs also increased the degranulatory 

response with concurrent IgE sensitization, compared to IgE exposure alone.(20) 

1.3 Integrins 

Characterized approximately 30 years ago, integrins are heterodimeric transmembrane proteins 

with critical functions in maintaining integrity between the extracellular matrix (ECM) and the 

cell’s cytoskeleton. Involved in cell adhesion, integrins help maintain cell-cell and cell-ECM 

linkages. The ECM is a structural support network that surrounds cells to not only provide 

stability, but also aid in cell growth and selectively filter soluble molecules. The ECM is largely 

comprised of high molecular weight proteins (laminins, collagens, and fibronectin) and 

polysaccharides.(27, 28) 

Composed of two non-covalently bound sub-units, the α- and the β-, there are 24 established 

integrins in humans comprised of variations of the 18 α-units and 8 β-units. Subunits do not exist 

freely in the membrane, but are present only in heterodimeric form. α-subunits determine ligand 

specificity, whereas β-subunits connect to the cytoskeleton and are involved in signalling. 

Integrins have two important domains the extracellular domain, responsible for ligand binding, 

and the cytoplasmic tail, which binds to the cytoskeleton. In the extracellular domain, α-subunits 

form seven-bladed propellers that contain the ligand binding site. Nine α-subunits contain an I 

domain (also called the von Willebrand factor A domain or A domain), which is a 200 amino acid 
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insertion between blades 2 and 3. This domain helps with ligand binding by containing a 

magnesium-dependent metal ion-dependent adhesion site (MIDAS).(27, 28) Cytoplasmic tails 

bind either directly or indirectly to the actin cytoskeleton to form signalling complexes.(29, 30) 

Recently it has been found that integrins can, to a lesser extent, link to the intermediate filaments.

(27, 28, 31) 

Although integrins are evolutionarily conserved, there exists species variations in integrin type, 

function, and expression patterns. Integrins are ubiquitous on nucleated cells, with each cell type 

having a specific integrin expression pattern. Certain cell types are more commonly associated 

with integrins, these include vascular endothelium, tumour cells, epithelium, and hematopoietic 

cells (i.e. dendritic cells). Expression patterns are dynamic; within the same organism they vary 

between cell types and organs, as well they are highly dependent on physiological conditions, the 

microenvironment, and developmental state. For example, integrin expression patterns differ 

between resting endothelium and actively angiogenic endothelium. In particular, the relative 

integrin αvβ3 expression is low, medium, and high on vascular endothelium that is resting, 

undergoing angiogenesis, and present in tumours, respectively. Integrin localization appears to 

play a role in ligand binding affinity and the subsequent cellular response.(27, 28, 32-36) 

Constitutively in an inactive state, integrins are cell surface receptors that activate upon binding 

to various external ligands and counter receptors on other cells.(27, 30) External ligands, 

endogenous or exogenous, include ECM proteins (e.g. vitronectin, fibronectin), soluble ligands 

(i.e. fibrinogen), pathogens (i.e. rotavirus), and toxins (i.e. disintegrins in snake venom). 

Exogenous ligands generally contain either an integrin-recognition motif or a consensus sequence 

found in counter-receptors to permit integrin ligation. These exogenous ligands can then utilize 

integrin signalling to initialize their effect and/or gain entry into the cell via receptor-mediated 

endocytosis (i.e. viruses).(27, 31) Integrins bind to counter receptors on other cells to promote 

cell-cell adhesion, for example cadherin family receptors (i.e. intracellular adhesion molecule 

(ICAM)).(27, 29, 32)  
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While most ligands bind on the catalytically active extracellular domain, there is a growing 

number of newly identified proteins that interact with the integrin cytoplasmic tail. These 

proteins have roles in cytoskeleton modelling (i.e talin), cell signalling, and integrin activation 

through calcium-binding.(27) Focusing on the extracellular, ligands bind to the β-blade of the α-

unit propeller and the α-I domain. In integrins lacking the α-I domain the β-I domain is used 

instead. The β-I domain in addition to the MIDAS site also contains an adjacent ADMIDAS site 

that upon ligation undergoes a conformational change to activate the integrin. Regardless, ligand 

affinity is primarily determined by the α-subunit. α-subunits recognize and bind to one of the 

three integrin-recognition motifs found in ligands: RGD, GFOGER, and LDV. RGD is found in 

proteins such as vitronectin, GFOGER is associated with collagen and must be present with a 

triple helical formation, and LDV is associated with fibronectin and adhesion molecules like 

ICAM.(27, 28, 30) Individual integrins only recognize one specific recognition motif, thus 

employ conformation-dependent recognition to identify ligands based on protein structure and 

initiate the correct response.(35) Responses are cell-, ligand-, and integrin-specific.(37)  

Integrin-ligand binding initiates a cascade of activity starting with integrin activation and focal 

adhesion (focal contact) formation. Integrin ligation promotes integrin clustering, cytoskeleton 

restructuring, and recruitment of various cytoskeletal and ECM proteins. Integrin clustering, the 

lateral mobility of integrins within the plasma membrane, forms pockets of densely packed 

integrins at focal adhesions to increase ligand binding avidity. This requires actin-integrin 

separation, especially for rapid integrin clustering. Binding to polyvalent ligands promotes 

integrin clustering to ensure complete binding to the multiple distinct binding sites presented. 

Altogether, this remodelling forms focal adhesions that physically adhere cells with cells and 

cells with the ECM and creates a crucial cellular signalling hub.(27) As signalling hubs, focal 

adhesions contain not just the integrins and ligands, but also a multitude of adaptor proteins, 

kinases, and connections to the cytoskeleton (e.g. talin, vinculin). Signal transduction from the 

hub increases intracellular calcium and induces changes in gene transcription and protein activity.

(27, 29, 37-39) Integrins are important bi-directional signal receptors. Outside-in signalling 

occurs when the integrin undergoes a conformational change following external ligand binding. 
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This results in cell-specific intracellular signals that dictate cell polarity, gene expression, 

cytoskeletal remodelling, and cell survival. For inside-out signalling an intracellular signal, such 

as vesicle trafficking or cytokines, binds to the β-subunit and activates the integrin. This agonist-

induced conformational change can alter integrin affinity for extracellular ligands. Cell migration 

and adhesion can be controlled in this manner.(27, 28, 35, 40-42)  

Signalling pathways are not linear, they contain many interconnecting branches and integrin 

signalling is no exception. There are a multitude of proteins and signalling molecules involved in 

integrin multi-step signalling, including kinases, adaptor proteins, scaffolding proteins, and links 

to the cytoskeleton. The exact proteins involved vary depending on integrin type, the ligand, the 

type of response, and whether that effect is inhibitory or stimulatory. Regardless these proteins/

molecules form signalling complexes with the intracellular component of integrins following 

integrin activation.(37) For example, upon integrin ligation and clustering, tensin, an adaptor 

protein, and tyrosine kinase FAK (focal adhesion kinase) can be recruited and FAK 

phosphorylated. In turn, other protein kinases, such as members of the SRC or ERK (extracellular 

signal-regulated kinase) families, are recruited and can activate downstream signalling molecules 

such as Rho GTPases. This newly formed signalling complex impacts intracellular and 

extracellular events.(27, 29, 37)  

As integrins are central to focal adhesion signalling they have crucial far-reaching roles in normal 

physiology and pathology. This is evidenced by integrin knockout species, which demonstrate a 

spectrum of deformities apexing at lethality. Integrins regulate proliferation, differentiation, cell 

attachment, apoptosis, cell signalling, and cell migration. Integrins are not autonomous, rather 

integrins work in conjunction with various signalling pathways to execute their functions.(27, 29) 

The same ligand can bind to numerous integrins, for example fibronectin binds to both integrin 

αvβ3 and α5β1. Originally believed to be an example of redundancy, researchers now know, 

thanks to proteonomics, that signalling and the subsequent effect are dependent on which integrin 

the ligand binds. A comprehensive proteonomics study comparing αvβ3 and α5β1 functionality 

with the ligand fibronectin revealed differences in focal adhesion formation, composition, and 
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location, and resultant signalling. The exact mechanism for this is still unknown.(36) It is 

important to note that there are examples of functional redundancy among integrins. For instance, 

pulmonary epithelial integrins have similar functions during wound repair.(37)      

One example to demonstrate the importance of integrins is cell migration. Cell migration in 

normal physiology is the tightly regulated movement of cells from their point of origin to another 

location, as seen in wound healing, angiogenesis, and leukocyte extravasation. In tumour biology, 

cell migration allows for tissue infiltration and metastasis. Migration begins with integrin-

dependent cell attachment of membrane protrusions, located along the leading edge, to the ECM 

to form new focal adhesions. Active leading-edge integrins activate ECM-degrading enzymes to 

help create a path for the cell. Integrins then signal the cell to contract, moving its mass forward. 

Subsequently, at the rear of the cell, integrins are inactivated causing focal adhesion disassembly 

and the detachment of the cell from the ECM. Originally it was hypothesized that trailing edge 

integrins are recycled via endocytosis to the leading edge to prevent integrin depletion. This idea 

of integrin en masse movement during cell migration has been rejected. While integrins are 

capable of being moved throughout the length of the cell (i.e. during mitosis in the late-

telophase), in actuality during migration integrins internalized at the leading edge are sorted in 

early endosomes then recycled via the perinuclear recycling compartment back to the cell 

surface. Those integrins internalized at the rear of the cell are returned to the trailing edge. This 

spatial restriction of integrins is purported to maintain cell polarity and signalling localization. 

Speed of cell migration is greatly dependent on the number of focal adhesions; cells such as 

fibroblasts that contain large numbers of focal adhesions move significantly slower than cells, 

like leukocytes, with minimal focal adhesions.(29, 43, 44) 

1.4 Integrin αvβ3 

The αv integrins, one of the largest subgroups of integrins, recognize and bind the RGD (Arg-

Gly-Asp) sequence present in an extensive list of ligands. In total there are 8 integrins 

(approximately 1/3 of total) that recognize the RGD sequence, these include all the αv integrins 

in addition to α5β1, α8β1, and αIIbβ3. Integrin αvβ3 (formerly CD51/CD61 or vitronectin 
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receptor) is of particular interest, because it is highly expressed and has key roles in the 

functioning of endothelial and tumour cells. As αvβ3 does not have a α-I subunit, ligand binding 

is done through the β-I domain on the β-subunit. Integrin αvβ3, a promiscuous receptor, is 

capable of binding a wide array of proteins containing RGD unlike other RGD-family integrins. 

These include ECM proteins, soluble ligands, counter receptors on other cells, pathogens, and 

toxins. The complete list is quite extensive. Table 1.1 describes some well-known integrin αvβ3 

ligands and the resultant effects following integrin ligation. Of interest, integrin αvβ3 appears to 

be able to interact with not only a diverse range of virus families, but also more types of viruses 

than any other integrin, however the reason for such wide ranging interactions is unknown. Not 

all proteins that contain the RGD sequence can interact with integrin αvβ3. Due to protein folding 

some ECM proteins, such as collagen, have cryptic RGD sequences that are unable to interact 

with integrin αvβ3. These inaccessible sites can be revealed upon denaturing or proteolytic 

cleavage, however these processes can create fragments (e.g. endostatin, tumstatin) with different 

biological function then their precursor.(6, 27, 28, 30, 31, 45) 

Integrin αvβ3 is capable of recognizing small RGD peptides, albeit at a significantly lower 

affinity than proteins containing the sequence. With careful engineering, taking into account 

peptide structure and the surrounding amino acid sequence, affinity can be increased. For integrin 

ligand recognition, the C-terminus amino acids are more critical for specificity compared to N-

terminus amino acids. While all the members of the aforementioned RGD-family of integrins 

recognize the RGD sequence, the amino acid(s) following RGD varies and determines ligand 

affinity for specific integrins. For example, integrin αvβ3 and αvβ5 shows a preference for RGDS 

sequences compared to integrin α5β1, which prefers glycine or tryptophan following RGD. This 

is in part why fibronectin, which contains a RGDS recognition sequence, preferentially binds 

integrins αvβ3 or αvβ5 compared to integrin α5β1.(45) Integrin αvβ3 is also capable of 

recognizing RGDSK functionalized RNTs.(17) RGDSK-RNTs should preferentially bind integrin 

αvβ3 or αvβ5, similarly to other RGDS-containing ligands. However, there are still many 

unanswered questions regarding integrin binding affinity and integrin αvβ3-mediated biological 

activity of RGDSK-RNTs. 

 #10



Table 1.1 Integrin αvβ3 ligands and their roles in physiology and pathology.  

Matrix metalloproteinase (MMP). (6, 27-29, 31, 39, 40, 46-53)  
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Ligand Function Reference

Extra-
cellular 
Matrix 

Proteins

vitronectin mediates endothelial cell migration; induces 
MMP-2 expression in melanoma

40, 46

fibronectin regulates cell attachment; ECM assembly; 
induces MMP-2 expression in melanoma

40, 47

osteopontin mediates endothelial cell migration; assists in 
angiogenesis and wound repair

46

von Willebrand 
factor

regulates cell/platelet attachment, platelet 
aggregation 

52

Soluble 
Ligands

angiopoietin-2 regulates endothelial cell attachment, 
migration, and survival; vasculogenesis

51

angiostatin inhibits tumour angiogenesis and growth; 
induces apoptosis

48, 50

endostatin inhibits angiogenesis; derived from collagen 
XVIII cleavage by MMP

6, 28

MMP2 promotes tumour angiogenesis 29

sphingosine-1 
phosphate (S1P)

stabilizes vascular endothelial barrier 53

tumstatin inhibits angiogenesis and proliferation; derived 
from collagen α3 (IV) cleavage by MMP

6, 27, 49

Counter 
Receptors

CD31 promotes cell survival with SK-1; present on 
endothelial cell junctions

39

Pathogens

adenovirus permits cell entry and subsequent infection; 
potential induction of pro-inflammatory 
cytokine production through FAK signalling

31

hantavirus permits cell entry via inactive β3 subunit; 
disrupts blood clotting; alters vascular 
permeability; induces acute pulmonary edema

31

Toxins disintegrins in 
snake venom

prevents platelet aggregation and subsequent 
clotting

27



1.5 Integrin-Mediated Apoptosis 

The two primary paths cells take to die are apoptosis or necrosis. Apoptosis is a systematic, 

regulated cell death characterized by various morphological and biochemical changes, whereas 

necrosis is oft considered ‘uncontrolled’ death. Cellular changes in apoptosis include cell 

shrinkage, chromatin condensation, apoptotic body formation, loss of membrane integrity, 

caspase activation, and DNA fragmentation.(32, 54) These changes can vary depending on cell 

type, stimuli type, concentration, and exposure time, and length of time following exposure.(54) 

Two apoptotic pathways, the intrinsic and the extrinsic, exist within the cell. The primary 

effectors of these pathways are caspases. Caspases (cysteinyl aspartate specific proteinases), 

stored in their inactive zymogen form, are broken down into two subunits upon activation by 

apoptotic signals.(55) The mitochondrial pathway, also the intrinsic pathway, is initiated from an 

internal signal indicating cell damage (i.e. DNA damage). Dependent on P53, the intrinsic path 

involves mitochondrial cytochrome-c release to form apoptosomes to activate effector caspases. 

Apoptosome, a large multi-protein structure, formation involves cytochrome-c binding the 

apoptotic adaptor protease activating factor-1 (APAF-1), pro-caspase 9, and dATP. Pro-caspase-9, 

an initiator caspase, is activated within the apoptosome in order to activate the effector caspase-3 

by cleaving its pro-domain.(54-57) Caspase-3, a key cytoplasmic effector caspase activated four 

hours after initial apoptotic signalling, cleaves various cellular proteins resulting in DNA 

fragmentation and subsequent apoptosis.(17, 54, 55, 57) The receptor-mediated extrinsic pathway 

is initiated by extracellular ligand binding on ‘death receptors’ leading to caspase-8 activation for 

either direct or indirect caspase-3 activation. Indirect caspase-3 activation through caspase-8 

cleavage of the Bid protein results in a convergence with the intrinsic pathway and the release of 

cytochrome-c.(54, 56)  

Apoptosis typically occurs following cell damage, contact with a noxious substance, or 

detachment from the ECM. At a focal adhesion site there are various activated signalling 

pathways that promote cell survival. When an anchorage-dependent cell detaches these pro-life 

signals are lost triggering ‘anoikis’ — a type of integrin-mediated apoptosis. Structural changes 

brought forth by cell detachment releases the pro-apoptotic molecule Bmf from the cytoskeleton 
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thereby activating caspase-8 through the extrinsic pathway.(29, 35, 58) The presence of active 

unligated integrins can initiate apoptosis by promoting caspase-8 activation in two different 

pathways. Demonstrated in endothelial and epithelial cells, the cytoplasmic domain of an 

unligated active integrin -β3 directly activates caspase-8 to induce rapid apoptosis, regardless if 

the cell is still attached or has other ligated integrins. Except when it is integrin αvβ3 that is 

ligated, then caspase-8 remains inactivate. In the second pathway, unligated integrin αvβ3 

indirectly activates caspase-8 through protein kinase A activation.(35, 37, 59) Conversely, 

integrin αvβ3 can be involved in cell survival as the receptor activates the ERK1/2 / MAPK 

pathway to prevent apoptosis. Additionally, sphingosine kinase (SK-1) forms a heterotrimeric 

complex with integrin αvβ3 and CD31 (platelet endothelial cell adhesion molecule: PECAM-1) 

in endothelial cells. Responsible for cell survival, complex formation is up-regulated in stress 

situations. Tumour blood vessels have high expression levels of both SK-1 and integrin αvβ3 to 

promote tumour survival and angiogenesis. This complex can be exploited therapeutically 

through inhibition of SK-1 ligation with integrin αvβ3 by treatment with a higher affinity ligand 

resulting in angiogenesis cessation and apoptosis initiation.(39) All together this demonstrates the 

complexity of both apoptosis and integrin signalling and the importance the cellular milieu has on 

influencing cell survival. 

Numerous studies have shown that RGD peptides are capable of inducing apoptosis in various 

cell types, including tumour cells and leukocytes.(17, 58, 60) The common theory is RGD 

peptides prevent ECM proteins from binding to specific integrins thus inhibiting cell adhesion. 

The resultant detached cell will undergo anoikis.(58, 61) Recent studies offer an additional 

alternative mechanism of action. RGD peptides can also enter cells via an integrin-independent 

pathway and directly induce conformational changes in pro-caspases-3, 8, and 9 to initiate 

apoptosis. In fibroblasts, this occurred before cell detachment.(58, 61) The ability of free RGD 

peptides to successfully initiate apoptosis via multiple pathways is key in their development for 

cancer therapy. A replete understanding of these signalling events can improve the design of 

future therapies. 
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1.6 Cellular Trafficking and Integrins 

Integrins are important cell surface receptors and signalling hubs, as such ligation with integrins 

results in a cascade of signals and cellular events. How integrins and ligands are trafficked within 

the cell can dictate functionality. For example, endocytosis of integrin α5β1 is important for 

fibronectin ECM remodelling. Also, the α-subunit cytoplasmic domain of αvβ3 interacts with 

caveolin-1, resulting in increased proliferation.(37) While signals can be perpetuated through 

ligand binding on the extracellular domain, they can also be initialized and shaped following 

ligand internalization via receptor-mediated endocytosis. Activated integrins can direct the 

trafficking of other receptors and their cargo through signalling pathways. This includes other 

integrins, lipid rafts, and receptor tyrosine kinases. For example, integrin αvβ3 can alter α5β1 

trafficking and subsequent downstream signalling. Active ligation and recycling of integrin αvβ3 

with ECM ligands limits integrin α5β1 activity until αvβ3 activity is arrested.(42, 44) Integrin 

αvβ3 also influences vascular endothelial growth factor receptor (VEGFR) recycling. Signalling 

emanating from integrin αvβ3 ligation with a low dose of RGD peptides that blocks αvβ3 

expedites VEGFR return to the plasma membrane. In turn, the cell can bind more VEGF to 

promote angiogenesis.(62) Observations in β3-/- mice also revealed increased VEGFR2 recycling 

resulting in increased tumour angiogenesis. As previous studies indicated an anti-angiogenic 

effect of RGD peptides blocking integrin αvβ3, these results came as a surprise to the scientific 

community. It is hypothesized that these conflicting results demonstrate a biphasic dose response 

to RGD peptides (specifically Cilengitide), where high micromolar doses have the desired anti-

angiogenic effect and nanomolar doses are pro-angiogenesis.(42, 44, 62) 

Endocytosis, the internalization of extracellular materials, is essential for nutrient intake, antigen 

presentation, maintaining cell polarity, and surface receptor regulation. There are three 

predominant types: phagocytosis, pinocytosis, and macropinocytosis. Phagocytosis is the 

engulfment of bulk or large material (>500nm)(63) into the cell through the extension of a 

pseudopod. Although most cells phagocytize materials specific cell types, such as macrophages, 

more readily do so.(64) Pinocytosis, ‘cell drinking’, involves the uptake of materials generally 

<500nm in a receptor-mediated fashion.(63) Macropinocytosis, the non-specific internalization of 
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extracellular liquid in macropinosomes, is functionally similar to phagocytosis but regulated 

differently. Macropinosomes are leaky vesicles shaped through the formation of membrane 

ruffles extending from the cytoplasm.(64)   

Receptor-mediated endocytosis involves the uptake of materials based on specific ligand-receptor 

interactions. There are two predominant receptor-mediated pathways. Well-characterized clathrin-

mediated endocytosis (CME) is associated with clathrin-coated membrane pits containing 

receptors for internalization of extracellular material typically 50-200nm in size.(63, 64) Clathrin 

is a coat protein that helps stabilize the vesicle during its formation and invagination.(65) The 

second, less characterized, pathway is caveolin-mediated endocytosis (CvME) typified by 

caveolin-stabilized flask-shaped indentations of the plasma membrane. Caveolin, an integral 

protein for endocytic vesicle coats, binds to cholesterol in lipid-raft rich membrane areas.(64) For 

both pathways, upon sufficient ligand binding to a cluster of receptors located in plasma 

membrane indentations the membrane will move inwards creating a vesicle. The helical 

structured dynamin, a self-assembling protein, encircles the neck of the newly formed vesicle to 

help pinch it off from the membrane. The released vesicle travels through the cytoplasm to fuse 

with an early endosome, which separates most receptor-ligand complexes then sorts and recycles 

endocytosed materials. Membrane components, like receptors, are recycled via the Golgi to the 

cell surface while other materials transfer to the late endosome for degradation.(64) Generally 

integrins are returned to the plasma membrane either directly (short loop) or indirectly via the 

perinuclear recycling compartment (long loop) comprised mostly of Golgi complexes. The 

perinuclear recycling vesicular compartment, located near the nucleus and microtubule 

organizing centre (MTOC), receives many cell surface receptors before they return to the plasma 

membrane. Various molecules regulate which pathway, either direct or indirect, each specific 

integrin will be trafficked along. For instance, following sorting integrin αvβ3 is trafficked 

through the short loop via Rab4 signalling.(37, 42, 44) The organelle acidity intensifies as the 

material travels along the endosomal-lysosomal pathway. The majority of the digestion occurs in 

the late endosome, so when the material reaches the lysosome it is essentially broken down. Few 
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integrins are sent to lysosomes for degradation. Indigestible materials (i.e. dextran) are simply 

stored in the lysosome.(66)     

In receptor-mediated endocytosis, integrin αvβ3 can act as a receptor for internalizing molecules 

containing the RGD sequence. This has been demonstrated in viruses (i.e. adenovirus)(31) and a 

monoclonal antibody 17E6 (integrin αvβ3 antagonist)(67). These ligands bind to the integrin and 

the resultant complex is internalized. As a result, until the integrins are recycled back to the 

plasma membrane, low receptor expression levels impede function. When melanoma cells were 

treated with 17E6 the ability to readhere to a surface was inhibited by diminished integrin 

expression.(67) Integrin αvβ3 can utilize both CME and CvME by interacting with the adaptor 

protein Numb and an unidentified protein, respectively. The reliance and extent of use for either 

pathway is unknown. Pathway preference could be influenced by cell type, as studies have shown 

that integrin αvβ3 only uses CME in endothelial cell and myofibroblasts.(42, 44) Studies have 

shown that NMs conjugated with RGD can interact with integrin αvβ3 and utilize either CME or 

CvME. Liposomes conjugated with RGD and PEGylated lipid preferentially use CvME, whereas 

mesoporous silica nanoparticles with RGD use both CME and CvME.(63) 

Not all ligands that bind to integrin αvβ3 will enter the cell via receptor-mediated endocytosis. 

RGD peptides in the cytosol have been found to directly activate procaspase-3 and initiate 

apoptosis. Which raised the question, ‘how did the RGD peptides get into the cytosol’? In 

receptor-mediated endocytosis, internalized products would be held in vesicles and transferred 

through the endosomal-lysosomal pathway until eventual degradation in the lysosome. Although, 

there is evidence to suggest that some endocytosed materials can escape into the cytosol during 

endocytosis(68) or be directly released in CvME(69). A postliminary study showed cyclical RGD 

peptides given to melanoma cells to inhibit function entered the cell through an integrin 

independent fluid-phase pathway. An initial inhibitory effect on adherence was negated upon 

washing the cells since integrin expression levels did not change.(67) Taken together this 

evidence suggests RGD peptides can enter cells via multiple pathways, not just integrin-

dependent receptor-mediated endocytosis. This could have important implications in the targeted 
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use of RGD peptides for therapeutic uses. In particular, this raises the question of the mechanisms 

involved in RGDSK-RNT cellular interactions. Hypothetically the RGDSK-RNT could enter any 

cell, not just targeted cells with high integrin αvβ3 expression, leading to undesired effects. This 

may require more direct delivery to the site of action, i.e. direct intratumoural injection compared 

to systemic delivery, to avoid undesirable interactions. Additionally, the final cellular destination 

of the RNT could vary between endocytic pathways resulting in different physiological effects. 

For example, RGD peptides in the cytosol can directly induce conformational changes in pro-

caspases-3, 8, and 9 to initiate apoptosis(58, 61), whereas RGD peptides in the lysosome likely 

undergo degradation.(67) 

1.7 Role of Integrins in Cancer 

Cancer, uncontrolled cell growth culminating in tumour formation, is the second leading cause of 

death in North America.(70, 71) Cancer disrupts many normal physiological processes (e.g. cell 

growth, cell differentiation, apoptosis, organ function) and organizational structures (i.e. tissue 

integrity — particularly after invasion). Numerous factors contribute to tumorigenesis including 

DNA mutation, oncogene activation, and suppressor gene inactivation.(29, 43) Collectively, these 

changes create a group of cells that are all individually capable of becoming cancerous called a 

“cancerized field”. A recent study demonstrated that cancer initiation in a zebrafish melanoma 

model involves the return to a progenitor state of one cell in a “cancerized field”.(72) In 

melanoma, a benign melanocytic nevi contains mutations that could lead to cancer, however the 

majority of these nevi do not become melanoma.(73) In this recent study, when a single 

melanocyte returned to a neural crest progenitor cell state melanoma developed within two 

weeks.(72)     

Tumours are composed of both host and cancer cells that together exploit pre-existing machinery 

and signalling pathways to produce various mediators (i.e. cytokines, chemokines, growth 

factors) that assist in tumour growth, angiogenesis, and metastasis.(29, 43) The tumour 

microenvironment is complex, with a dynamic panoply of cells and mediators working either 

together or antagonistically to influence tumorigenesis. Integrins expressed on a variety of cells 
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present within this microenvironment play key roles in cancer progression, particularly in regard 

to angiogenesis and metastasis. Integrins contribute to cancer progression through: apoptosis 

resistance, MMP induction, ECM lysis, reduced cellular adhesion, and cell differentiation. 

Overall, integrin-mediated interactions with the ECM strongly dictate tumour growth and 

metastasis (27, 29, 35, 43), whereby blocking integrin function has been demonstrated to be 

tumour suppressive.(38, 40) For tumours, integrin expression is altered, often up-regulated, to 

increase pro-tumour FAK and ERK signalling.(40) For example, normal melanocytes do not 

express integrin αvβ3, as they lack the β3 subunit, however melanoma tumours highly express 

integrin αvβ3.(40) Tumours can also mutate proteins involved in integrin signalling. For example, 

phosphatidylinositol 3-kinase (PI3-K) is activated by integrins and growth factors. PI3-K 

regulates proliferation and cell migration. In tumours, it is common for the PI3-K pathway 

proteins to be mutated to enable more sustained proliferation.(29) 

In particular, integrin αvβ3 is closely associated with cancer progression. High levels of integrin 

αvβ3 expression on tumours and their blood vessels, relative to healthy vasculature, correlates 

with increased metastasis potential and tumour growth. This divergence provides a means for 

non-invasive imaging by using a radio-labelled RGD peptide for PET (positron emission 

tomography) scans. Blocking integrin αvβ3 with either an antibody or cyclic RGD peptides 

results in tumour regression and blocked angiogenesis.(6, 32) The role of integrins in this 

complex interplay will be further explored using melanoma as a case study. 

Melanocytes, skin pigment cells derived from neural crest cells, are located near epithelial 

basement membranes. Melanocytes produce melanin in endocytic vessels called melanosomes 

then distribute it to the surrounding epithelium. Melanoma, cancer of the melanocytes, grows in 

two stages. First, melanoma expands laterally along the upper half of the dermis in a thin layer. 

Secondly, melanoma invades deeper into the dermis and into the subcutaneous tissue. Tumours in 

this vertical growth phase are associated with metastasis, whereas horizontally growing tumours 

in the first phase rarely metastasize. Vertical growth is used to determine melanoma staging. The 

five stages are explained in Table 1.2.(73) Melanoma is characterized by rapid cell proliferation, 
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dense vascularization, and high rates of metastasis.(73, 74) The highly angiogenic nature of 

melanoma is associated with increased tumour progression and metastasis.(74) 

   Table 1.2 Melanoma staging.  

In developing countries, melanoma incidence and mortality rates have risen steadily over the past 

several decades. Incidence has been linked to skin pigmentation levels, level of sun exposure, 

geographic location, and genetics, but not age. Melanoma incidence is by far the highest in New 

Zealand and Australia (~35 cases per 100,000 people), followed by Northern European countries 

such as Denmark and Norway (~18 cases per 100,000 people), then North America (United 

States with 14 cases per 100,000) (2012 values). Using the IARC database, the predicted 

incidence and mortality for melanoma in Canada for 2015 is 5727 and 1201 cases, respectively.

(75) Generally melanoma can be diagnosed early, which confers a promising 10-year survival 

rate of around 80-85%. However, melanoma is highly metastatic and cases of malignant 

melanoma are increasing. Malignancy accords a poor prognosis, with the 10-year survival rate 

decreasing to 40% when melanoma spreads into the subcutaneous fat.(32, 43, 73) 

The connection between the integrin αvβ3 and cancer was first elucidated in melanoma in the 

1990s. In melanoma, integrin αvβ3 can play a part in metastasis, tumour adhesion, angiogenesis, 

tumour growth, and prolonged survival.(32, 38, 76) Integrin αvβ3 expression increases in 

conjunction with tumour progression.(43) Melanoma cells lacking the αv-subunit are unable to 

form tumours when injected into mice. However when the αv gene is transfected back into these 

mutant cells tumour formation occurred.(32) Melanoma cells either lacking αvβ3 or where αvβ3 
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Stage Primary Tumour Depth Metastasis

0 All above basement membrane None

I ≤ 2mm None

II > 2mm None

III > 2mm Regional lymph nodes and lymph vessels

IV > 2mm Distal organs



has been blocked, with RGD for example, have decreased proliferation and inhibited metastasis.

(38, 76) 

Traditional therapy options, radiation(5) and chemotherapy(73), have limited effectiveness 

against melanoma especially once the tumour has spread and is no longer easily resected.(7) Five 

year survival rates are 20% or lower for metastatic melanoma. Even newer drugs, specifically 

targeting the B-RAF gene mutation abundant in melanoma, only work for several months before 

drug resistance occurs. Metastatic melanoma resistance to chemotherapy could be a result of 

APAF-1 inactivation inhibiting apoptosis.(73) Integrins may also be a leading contributor to 

chemotherapy resistance. For example small-cell lung cancer cells when attached to the ECM are 

more protected from apoptosis. Other studies showed that integrin α4β1 over-expression 

increases drug resistance.(29) Immunotherapy and drugs to inhibit angiogenesis are potential 

novel alternatives to effectively treat melanoma.(74) While immune-based therapies provide new 

targets and longer lasting effects, they are currently not effective enough and can cause 

significant side effects.(7) 

1.8 Angiogenesis 

Angiogenesis involves the growth of new blood vessels, remodelling of preexisting vessels, or 

the repair or replacement of damaged vessels. The four steps of angiogenesis are basement 

membrane disruption, chemotactic gradient driven endothelial migration, endothelial 

proliferation, and tube formation. Angiogenesis is common in normal physiology during 

pregnancy, development (called vasculogenesis), and wound repair. In cancer, angiogenesis 

supplies oxygen and nutrients to support tumour growth and metastasis.(6, 77) When tumours 

reach 1-2mm in diameter, their hypoxic and nutrient deprived state stimulates ongoing 

angiogenesis. The constant vasculature remodelling results in leaky vessels and the continual 

presence of poorly vascularized areas within the tumour. Tumours have been coined “wounds that 

do not heal”. Endothelial cell activation accompanied by the constant recruitment of platelets, 

fibroblasts, and immune cells that together release cytokines, chemokines, ECM proteins, and 

other mediators create a microenvironment favourable to inflammation, ECM remodelling, and 
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angiogenesis.(6) New tumour vessels originate from either preexisting blood vessel endothelium 

(sprouting), splitting of pre-existing tumour vessels (intussusception)(51), bone marrow derived-

cells (vasculogenesis)(51), or from differentiated tumour stem cells. The latter refers to vascular 

mimicry, a process in which tumour cells differentiate to become actual endothelial cells. Only 

found possible for certain types of cancer, including melanoma(78), there is debate regarding the 

importance of vascular mimicry for tumour angiogenesis. Angiogenesis is a potential therapeutic 

target, however many therapies directed against angiogenesis lack efficiency in dealing 

appropriately with the redundant pathways associated with blood vessel creation in tumours. 

Therapies often target only one source of vessel formation, which can result in the promotion of 

the other pathways.(6) 

Tumour angiogenesis is coordinated directly and indirectly by integrins. Integrins recognize both 

pro-angiogenic and inhibitory molecules, thus depending on the overall microenvironment will 

either inhibit or stimulate angiogenesis. Collagen fragments endostatin and tumstatin bind to 

integrin αvβ3 to deter angiogenesis.(6) Whereas, MMPs, specifically MMP-2, promote 

angiogenesis following ligation with integrin αvβ3. Interestingly, MMP-2 production and 

activation are also dependent on integrin αvβ3.(29) MMPs, zinc-dependent endoproteases, upon 

activation are responsible for ECM degradation to make room for blood vessel sprouting. MMP-

integrin mediated ECM remodelling make angiogenesis, tumour invasion, and metastasis 

possible.(6, 27, 29)  

Intracellular integrin trafficking and subsequent inside-out signalling can also play a role in 

angiogenesis. Angiogenesis requires activation of growth factors, the most common of these is 

vascular endothelial growth factor (VEGF). In melanoma, angiogenesis is primarily VEGF-

mediated with high levels of VEGF correlating to increased vascularization. Melanoma cells help 

initiate angiogenesis by releasing pro-angiogenic molecules such as VEGF and IL-8. Hypoxic 

conditions found in tumours activate this VEGF, which in turn recruits and activates tyrosine 

kinase receptors. This “angiogenic switch” initiates new tumour blood vessel formation and links 

tumour blood vessels with host vessels. VEGF indirectly increases cell migration by stimulating 
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integrin expression. Integrin αvβ3, activated in angiogenic blood vessels, can cross-talk with the 

VEGF receptor for maximal vessel growth. Some growth factors can pass over the VEGF 

receptor to directly bind with integrins, as is demonstrated when angiopoietins bind to integrin 

αvβ3. Interestingly, increased angiogenesis was observed in β3-/- and β3-/-/β5-/- mice, potentially 

due to VEGF receptor compensation.(6, 35, 44, 59, 74, 78) 

1.9 Metastasis 

Metastasis, a form of cell migration, involves the separation of tumour cells from the primary 

tumour and their subsequent invasion into distal tissues. Metastasis is a primary cause of a poor 

prognosis and death in cancer cases. Cancer is able to thrive outside of the restraints placed on 

typical healthy cells, resulting in the formation of metastases — secondary tumours. Tissue 

invasion is not just associated with cancer, embryogenesis and leukocyte extravasation are 

examples of healthy physiological processes that involve controlled tissue invasion. Metastasis is 

not a simple process it requires multiple steps and cross-talk between tumour and host cells to 

produce pro-invasive molecules/signals. Strong cell-cell adhesion prevents invasion, thus 

melanoma tumours down regulate the adhesion protein E-cadherin.(43) Changes in integrin 

expression patterns result in changes in cell adhesion and migration permitting cells to detach 

from the main tumour. These detached cells undergo anchorage-independent growth, which 

means they do not require signals from focal adhesions for growth and will not undergo anoikis. 

There is also evidence to suggest that increased integrin avidity can contribute to tumour 

metastasis.(27, 29, 37) 

Once the metastatic cell is separated from the tumour it must pass through physiological 

barrier(s) (i.e. basement membranes) dependent on the tumour’s original location. Cells then 

enter into blood or lymph vessels to travel to an appropriate organ, exit the vessel, invade the 

surrounding tissue, grow, and form a new tumour. There are typical organs associated with 

metastasis for each cancer with the bone, liver, and lung being the most predominant. Due to the 

highly metastatic nature of melanoma it can metastasize to essentially any distal organ, but with 

preference to the bone, brain, liver, lung, and skin/muscle. Typically before distal metastasis, 
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tumour cells spread into the draining lymph node closest to the main tumour. What factors 

determine the distal site of metastasis is unknown.(43, 79)  

As aforementioned, the lung is a common site of metastasis and of interest to this study. Lung 

anatomy and ultrastructure complexity could fill tomes. Briefly this complexity will be explored 

in relation to integrins. The lungs interface with both the outside and internal environments 

through the airway epithelium and the vascular endothelium, respectively. Inhaled foreign 

materials can translocate from the airway, across the epithelium, through the interstitial space, 

and end up in systemic circulation. Endogenous materials, such as metastatic tumour cells, can 

leave systemic circulation through pulmonary blood vessel endothelium and establish within the 

lung. These two cell barriers are critical in non-respiratory pulmonary functions(80), such as 

wound repair. Pulmonary epithelium(37) and endothelium(81) quiescently express integrins, 

however upon injury these expression patterns change, generally in favour of up-regulation. 

Integrin α5β1, not expressed in healthy lungs, is one of several integrins that are expressed only 

following injury to assist with wound repair.(37) Inflamed lungs regulate integrin αv- and β3- 

subunit expression on the pleura, endothelium, and recruited neutrophils differently compared to 

healthy lungs.(81) Lungs contain immune cells that are responsible for clearing foreign or 

damaged materials. These can be resident in the lung, such as alveolar macrophages, or recruited 

from the circulation.(80) Some immune cells, such as dendritic cells (DC)(34),(N. House, 

unpublished results) and neutrophils(22), are known to express integrin αvβ3.     

Epithelium lines the respiratory airways including the trachea, bronchi, and bronchioles. The 

cartilage containing trachea and bronchi further branch out into smooth muscle dominant 

bronchioles that terminate at alveoli. Epithelial cells are predominantly ciliated, however non-

ciliated mucous cells are present in the upper airways and Clara cells are present in smaller 

bronchioles. Clara cells are involved in surfactant secretion and detoxification. Junctions present 

in the epithelium permit passage of water and other molecules into the interstitium.(80) Epithelial 

integrins, widely expressed on airway epithelium, are involved in wound repair, inflammation, 

polarity, epithelial differentiation into secretory cells, basement membrane structure maintenance, 
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and are utilized by viruses to gain entry.(37) Integrin αvβ3 is expressed in human lungs on airway 

epithelium(81), however it is not observed in rat alveolar epithelium.(82) 

The dense vascular beds of the lung’s dual blood supply house arteries, capillaries, and veins. The 

pulmonary supply is for blood oxygenation, the systemic to nourish the lungs.(80) The arteries 

and veins are comprised of numerous cell types within their three layers, whereas capillaries are 

thin tubes of endothelial cells surrounded by alveolar epithelium.(83) The adventitia is the 

outermost layer of the vessel comprised of connective tissue (ECM proteins — e.g. elastin and 

collagen, fibroblasts, and interstitial cells) that connects the vessel to surrounding tissues, like the 

airway epithelium. The middle layer, the media, contains smooth muscle and elastic lamina, and 

is the basis for vessel thickness and elasticity. This layer is generally thicker in arteries than veins 

with similar diameters. Elastin, a highly elastic ECM protein, is found in larger vessels. In the rat, 

there is very little elastin in arteries, even in the main pulmonary artery, relative to humans. 

Arteries generally have less ECM proteins and more smooth muscle than veins(83), with 

systemic arteries containing more smooth muscle relative to similarly sized pulmonary arteries.

(80) The innermost layer, the intima, is composed of an endothelial cell monolayer that interfaces 

with the vessel lumen.(83) Airways and blood vessels meet at the alveoli. Alveoli, with an 

average diameter of approximately 200µm(84), have the densest vasculature in the human body 

with the endothelium having a substantial surface area of >140m2.(80) Integrin αvβ3 is expressed 

on quiescent and active endothelial cells, on both the luminal and abluminal surfaces, in culture 

and in the lung.(82) Within the endothelium lay Weibel-Palade bodies (WPB), 3-4mm long rod-

shaped organelles responsible for sequestering and releasing several molecules including von 

Willebrand factor (VWF) and P-selectin.(83, 85) Depending on the study, there is either no or 

only rare WPBs expression in capillaries.(80, 83) The endothelium has a broad range of roles: 

modifying molecules (i.e. conversion of angiotensin I to angiotensin II), releasing molecules, 

removing hormones, and regulating movement of molecules.(80) Endothelial tight junctions 

limit, but not prevent, trafficking of materials from circulation to the interstitium.(83) 

1.10 The Immune Response and Cancer 
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Cancer is in part a byproduct of a failed immune response to eliminate mutated cells or the initial 

tumour cells as demonstrated by increased cancer incidence in immune-deficient animals. 

‘Immunoediting’ is a theory involving the dynamic interplay between the tumour and immune 

system. There are three phases: elimination, equilibrium, and escape. Elimination is the direct 

targeting and removal of tumour cells by the immune system. Equilibrium is reached when 

tumour growth reaches a stalemate with immune system elimination to create a dormant tumour. 

Escape occurs when there is uncontrolled tumour growth as a result of reduced recognition by the 

immune system, diminished immune response effectiveness, and an immunosuppressive tumour 

microenvironment. Understanding the mechanisms involved in immunoediting is playing a major 

role in creating new immune-based therapies for cancer. In particular, these therapies are being 

aggressively researched for chemotherapy-resistant cancers, such as melanoma. As evidenced by 

the vast majority of clinical trials described in reviews on immunotherapy are for treatment of 

melanoma.(86) Additionally, the immune system recognizes melanoma cells as cancerous, 

making melanoma a good model to investigate immunity, cancer, and potential immune therapies 

to treat cancer.(73) 

While numerous immune cells have significant interactions with tumours thus can be targeted/

manipulated in some way by immunoediting for immunotherapies, this review will focus on 

dendritic cells (DC). DC are present in numerous tumours, including melanoma.(86) DC, 

hematopoietic cells located near the epithelium throughout the body, have subtype- and site-

specific immunological functions.(87, 88) They are critical, sentinel immune cells that roam the 

body engulfing foreign materials (i.e. bacteria) to initialize innate and adaptive immune 

responses. Following antigen ingestion, now activated DC first stimulate natural killer cells for 

innate, non-specific cytotoxic activity, then migrate to draining lymph nodes through the lymph 

vessels maturing along the way.(89) Meanwhile internally, the antigen can travel along the 

endosomal-lysosomal pathway to the lysosome to prepare for presentation on the cell surface 

major histocompatibility complex (MHC). DC maturation is characterized by cytokine 

production, morphological changes, and increased expression of co-stimulatory molecules and 

MHCs. All of these changes occur to convert the DC from an antigen-capturing to an antigen-
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presenting cell capable of stimulating naïve T-cells to proliferate, differentiate, and create an 

appropriate, antigen-specific adaptive immune response. Antigen presentation requires more than 

the MHC binding to the T-cell receptor. Co-stimulatory receptors present on the T-cell also bind 

to the DC and together these ligations determine what the immune system will target and whether 

the immune response will be pro-inflammatory or inhibitory.(86, 87, 89-93) 

Immune cells and mediators, associated with essentially all tumours, contribute to the tumour 

microenvironment thereby influencing tumorigenesis. For example, tumour cells release 

chemokines to recruit DC then release cytokines to prevent differentiation and maturation of 

those DC. Why would a tumour intentionally attract an immune cell? Ideally, that DC would 

activate NK cell cytotoxicity and ingest tumour cells to cross-present the tumour-specific 

antigens to both CD4+ and CD8+ T-cells to stimulate an immune response. Antigen presentation 

requires a mature DC. Maturation is based on numerous factors present in the microenvironment. 

Ergo, both the tumour and immune cells, such as macrophages, produce mediators like IL-8, 

IL-10, and VEGF that block DC maturation and recruit more DC perpetuating the cycle. This not 

only effectively blocks an adaptive immune response, but these tolerogenic DC actually promote 

tumour growth by stimulating angiogenesis via the release of pro-angiogenic mediators and 

promoting endothelial cell migration. So in reality, the tumour manipulates the microenvironment 

to its own benefit. Nevertheless, mature DCs can exist in and around tumours. Their presence has 

been linked to abated angiogenesis and metastasis with an overall improved prognosis.(86, 94)    

The presence of immune cells in the tumour microenvironment can be either beneficial or 

destructive to the tumour. These appear to be cancer specific, for example increased presence of 

immune cells in breast cancer equates a more positive prognosis. Since the early nineteenth 

century, work has been done to investigate the effectiveness of initiating ‘good’ inflammation at 

tumour sites as a form of treatment. The typical tumour microenvironment consists of Th2 

cytokines (IL-6, IL-10, TGF-β). Good inflammation would be Th1-mediated and utilize toll-like 

receptors (TLRs). This therapy has shown success in mouse experiments as well as controversial 

human experiments done by William Coley in the late 1800s. One, more recent, successful 
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experiment employed DC to present tumour antigens from dying cancer cells, treated with 

traditional therapies, using TLRs and MyD88.(86, 94)  

DC based vaccines are one avenue being explored as a potential immunotherapy for cancer. 

Vaccines are difficult to create, as the correct combination of antigen, adjuvant, delivery vehicle, 

and administration route have to be determined. However, a successful vaccine would be very 

powerful as it would deliver a targeted, long-term response to the tumour cells. These vaccines 

utilize DC as antigen delivery vehicles, rather than the typical attenuated virus seen in other 

vaccines, to ameliorate tumour recognition by the immune system for an improved immune 

response. Less than ideal clinical trial results could be due to the lack of a potent adjuvant to 

overcome the immunosuppressive microenvironment or targeting only one antigen. There 

remains the possibilities of either improving current DC based vaccines or using them in 

conjunction with other therapies.(86, 94) However a point to be considered is that while therapy 

combinations are generally more effective they are also generally more toxic.(7) 

1.11 Integrins as Therapeutic Targets: Nano-Based Drug Delivery 

Due to the significant role integrins have in tumour progression, they make attractive therapeutic 

targets. Disrupting integrin-mediated signalling with molecules containing the peptide sequence 

RGD can induce apoptosis, block metastasis, inhibit angiogenesis, and hinder T-cell-mediated 

immune responses.(18, 32, 58) A myriad of studies exist investigating efficacy and safety of a 

diverse range of RGD-containing chemicals. Originally linear RGD peptides were explored as a 

potential option. However, these peptides degraded quickly in circulation and had a lower affinity 

with integrins than endogenous proteins.(32, 35) Researchers then moved onto cyclic RGD 

peptides. Cyclic RGD peptides could be specifically constructed to have increased affinity for the 

αvβ3 integrin.(32, 35) A prototypical RGD peptide is Cilengitide, a cyclic pentapeptide created in 

the early 1990s. Cilengitide binds to integrins αvβ3, αvβ5, and α5β1, all of which are known to 

be involved in tumour angiogenesis. As of 2010, Cilengitide is undergoing multiple clinical trials 

— stage III for glioblastoma (estimated completion date June 2016) and stage I or II for other 
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cancer types. Cilengitide inhibits angiogenesis and induces apoptosis by blocking the interactions 

between integrins and ECM proteins.(5, 6, 35) 

An ideal drug would have targeted delivery, reduced circulating concentration, biocompatibility, 

accumulation at target site, target-specific effects, minimal collateral damage, and prevent drug 

resistance. To improve delivery to tumours, conjugation of RGD peptides to numerous delivery 

vectors has been attempted. However many of the particles conjugated with RGD in the past are 

not suitable vehicles due to their toxicity, presence of metal causing oxidative stress, sizeable 

dimensions, insolubility, and lack of bioavailability.(18) Better methods of targeted drug delivery 

to minimize toxicity and dose, while providing long-term effective therapy are required to treat 

melanoma successfully.(7) Nanotechnology has emerged as a novel, promising solution for 

targeted RGD peptide delivery. 

RGDSK-RNTs are desired for use as drug delivery systems as they are metal-free, soluble, 

tunable, have low cytotoxicity, and bioavailable.(18) The data from the few toxicological studies 

performed with RNT offer cautious optimism of their inherent safety. To establish the safety and 

effectiveness of using RGDSK-RNTs in nanomedicine, we need to fully elucidate their cellular 

and molecular effects through increased knowledge of their propensity, kinetics, and toxicity. 

Future comprehension can reveal potential issues associated with use, alternative applications, or 

ideas for improved functionalization. This thesis will look to answer a few of these fundamental 

questions. 

1.12 Summary 

Integrins have integral roles in both physiology and pathology. Elucidation of their dynamic and 

complex interplay as cellular signalling hubs is crucial to understanding not only their normal 

physiological roles, but also their potential as therapeutic targets. Highly expressed on tumour 

cells, integrins have extensive regulatory functions in angiogenesis and metastasis. The RGD 

peptide can alter integrin function. In particular, integrin αvβ3, well documented to have 

important roles in tumorigenesis, can ligate with RGD to inhibit metastasis, adhesion, and 
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angiogenesis and promote apoptosis. While there is conflicting data regarding their angiogenic 

effects, this just further highlights their complexity and the importance of more research. To 

improve delivery of RGD peptides to tumours, scientists are moving into the realm of 

nanotechnology. NMs, acting as delivery vehicles, improve RGD delivery, retention, and 

subsequent effects in tumours. Going a step further, RGD peptides and NMs could be combined 

with immunotherapies to create powerful long-term treatments. Hypothetically, RGDSK-RNTs 

used in conjunction with DC could act like a double edged sword against tumour cells. Activated 

DC could stimulate a tumour specific immune response, while the RGDSK-RNTs initiate 

apoptosis.        

Albeit still in its infancy, nanomedicine heralds exciting opportunities. The possibility to directly 

target cancer-specific antigens with minimal side effects is a tantalizing one. However, while 

these numerous potential applications are provocative, there are distinct gaps in 

nanotoxicological research, especially in regard to the fundamentals such as trafficking. 

Likewise, it is difficult to establish toxicity to humans based on in vitro studies or in vivo work 

done in rodent models. A quintessential putting the cart before the horse scenario; however, the 

success of nanomedicines presently FDA approved has stimulated a steady stream of research 

that is helping to increase our knowledge base and put the horse in its rightful place. 
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Chapter 2: HYPOTHESES and OBJECTIVES 

2.1 Hypotheses 

1. RGDSK-RNTs will localize along the integrin αvβ3 expressing pulmonary endothelium. 

2. RGDSK-RNT pulmonary localization will be integrin αvβ3 dependent. 

3. Instillation route will alter RGDSK-RNT pulmonary localization patterns in the lung. 

4. RGDSK-RNTs will stimulate minimal inflammation and toxicity in the lung. 

5. RGDSK-RNTs will decrease melanoma tumour growth and angiogenesis. 

6. RGDSK-RNTs will utilize receptor-mediated endocytosis in dendritic cells. 

2.1 Objectives 

1. Determine RGDSK-RNT pulmonary localization and whether it is dependent on integrin αvβ3 

and/or exposure route ex vivo.  

2. Determine the effects of RGDSK-RNT exposure ex vivo, specifically in regard to reactive 

oxygen species production, calcium signalling, inflammation, and apoptosis in the integrin αvβ3 

expressing pulmonary vasculature.  

3. Determine if RGDSK-RNTs can reduce tumour growth, metastasis, and angiogenesis in the in 

vivo murine subcutaneous melanoma model.  

4.Determine if RGDSK-RNTs undergo receptor-mediated endocytosis in dendritic cells in vitro. 

2.1 Rationale 

Integrins play critical, complex roles in both physiology and pathology. Integrin αvβ3 has ligand-

dependent functionality in areas ranging from cell migration to cell survival to angiogenesis. The 
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RGD amino acid sequence, whether present in an endogenous protein, associated with a virus, or 

as a peptide, ligates with integrin αvβ3 resulting in integrin activation and subsequent signalling 

initialization. Integrin αvβ3 is a promising therapeutic target due to its importance in 

tumorigenesis. Of particular interest is the ability of RGD peptides to stimulate integrin-

dependent apoptosis in cancer cells. To improve RGD peptide delivery, thereby increasing 

peptide effectiveness, they are conjugated with materials, coined ‘delivery vehicles’.  

Nanomedicine is a rapidly growing field with definite possibilities in regard to drug delivery. 

Nanomaterials can be used as drug delivery vehicles to improve targeted drug delivery, drug 

stability, and increase drug uptake. Helical rosette nanotubes (RNTs) are attractive delivery 

vehicles as they are stable, metal free, and can be theoretically functionalized with any peptide. 

RNTs have been successfully functionalized with the RGDSK peptide to target integrin αvβ3 and 

elicit αvβ3-mediated effects, however there are many unanswered questions regarding the 

physiological interactions of RNTs. The focus of the work herein is to determine the localization 

and interactions of RGDSK-RNTs in the integrin αvβ3-expressing biological milieus of the lung, 

melanoma tumour, and dendritic cell with the express purpose to explore the feasibility of using 

RNTs as drug delivery vehicles for the RGD peptide. 
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Chapter 3: LOCALIZATION AND EFFECTS OF RGDSK-
FUNCTIONALIZED HELICAL ROSETTE NANOTUBES IN A RAT 
ISOLATED PERFUSED LUNG 

3.1 Preface 

This chapter focuses on the pulmonary localization and subsequent effects of RGDSK-RNTs to 

determine whether they will be well tolerated in non-target integrin αvβ3 expressing tissues. The 

rat isolated perfused lung (IPL) model, an ex vivo system, permitted real-time imaging of the 

spatial and temporal localization of RNTs as well as their subsequent effects in regard to 

endothelial calcium concentration, ROS production, and apoptosis. Further histological analysis 

provided information regarding inflammation induction. Results from this chapter suggest that 

RGDSK-RNTs are well tolerated in the lung, as they only induced mild inflammation and 

minimal ROS production. However, RGDSK-RNTs were found to induce apoptosis and increase 

endothelial intracellular calcium concentration. RGDSK-RNTs were determined to localize in an 

integrin αvβ3 dependent manner in the sub-endothelial layer of blood vessels, bronchioles, 

pleura, alveoli, and immune cells. This localization was independent of exposure route, revealing 

that RGDSK-RNTs can translate across both the endothelial and epithelial cell borders.  

Author contributions: 

• J.N. House (University of Saskatchewan) managed and conducted the IPL experiments and 

subsequent tissue analysis, performed statistical analysis, and drafted the manuscript. 

• Dr. Wolfgang Kuebler (University of Toronto, Canada) provided scientific guidance and 

training for the isolated perfused lung model, manuscript review, and partial funding.  

• Dr. Bruce Wobeser (University of Saskatchewan) provided histological grading of stained 

tissues. 

• Dr. Hicham Fenniri (Northeastern University, Boston USA) created, physically characterized, 

and provided the helical rosette nanotubes. 

• Dr. Baljit Singh (University of Saskatchewan) provided overarching scientific guidance, 

manuscript review, and partial funding. 
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3.2 Introduction 

Nanotechnology is making waves in medical research from imaging to drug delivery. The unique 

properties of nanomaterials (NMs) offer intriguing possibilities in nanomedicine. NMs have 

numerous characteristic attributes that make them ideal drug delivery systems. Their small size 

improves drug access, whether by crossing various biological barriers(3) or increasing cellular 

uptake.(5) NMs have 10-25 fold improved cellular retention compared to comparable non-NM 

drugs.(7) NMs can be functionalized to alter drug targeting, cellular uptake, solubility, half-life, 

cytotoxicity, and cell surface interactions.(7) There are several NM-based therapies currently 

going through clinical trials or already approved for use for cancer treatment.(7, 8) While in most 

cases nanotechnology has been adapted to deliver pre-existing drugs(7), some researchers are 

creating novel treatments using nanotechnology. Of particular interest to this research group are 

helical rosette nanotubes (RNTs). Created in 2001 by Hicham Fenniri, RNTs are composed of 

cytosine and guanine rings that self-assemble in stacks to form stable tubes with an inner 

diameter of 4nm and of polydispersive length. RNTs can be functionalized with biologically 

relevant peptides to initiate specific, targeted effects.(9-11) For example, RNTs have been 

successfully conjugated to the RGD peptide to target integrin αvβ3-expressing neutrophils(22), 

osteoblasts(19), and Calu-3 cells(17) and initiate integrin-dependent effects such as 

proliferation(19) and apoptosis(17).  

Integrins, heterodimeric transmembrane proteins, maintain extracellular matrix (ECM)-

cytoskeleton integrity and are crucial cell signalling hubs. The 24 established human integrins are 

capable of binding to a variety of ligands from ECM proteins to counter-receptors on other cells. 

Integrin ligation initiates a signalling cascade that can modulate cellular events such as survival, 

calcium signalling, adhesion, and tumourigenesis. Ubiquitous on nucleated cells, integrin type 

and expression pattern varies depending on cell type and the cellular milieu.(27, 28) Integrin 

αvβ3, capable of recognizing the RGDS peptide sequence(45), is highly expressed on tumours 

and on actively angiogenic endothelium.(6, 27, 28, 45) Integrin αvβ3 has critical roles in 

tumorigenesis in regards to angiogenesis, proliferation, cell survival, and metastasis, as such is an 
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appealing therapeutic target.(6, 32) Studies have shown targeting αvβ3 with RGD peptides can 

induce apoptosis, block metastasis, and inhibit angiogenesis.(18, 32, 58) Therefore RNTs have 

been functionalized with the RGDSK peptide to investigate their feasibility for targeted drug 

delivery to integrin αvβ3 expressing tumours. However, as other cells can express integrin αvβ3 

an assessment of the potential toxicity to these non-target tissues is required.  

The lung was chosen as a starting point for several reasons. First, lungs express high levels of 

integrins on both the airway epithelium(37) and vascular endothelium(81). Epithelial integrins 

are involved in wound repair, inflammation, polarity, and differentiation into secretory cells. They 

help maintain basement membrane structure and are utilized by viruses to gain entry.(37) Integrin 

αvβ3 is expressed on quiescent and active endothelial cells on both the luminal and abluminal 

surfaces in vitro, large blood vessels, and airway epithelium.(81) Immunofluorescence of mouse 

lungs showed β3-integrin expression in the vascular endothelium, pulmonary artery smooth 

muscle, and airway epithelium.(95) Inflamed lungs additionally express integrin αv- and β3- 

subunits on/in the surface, cytoplasm, and nucleus of recruited neutrophils.(81) Secondly,  lungs 

are important sites of numerous pathologies: metastasis (79), infection, and inflammation.      

Thirdly, lungs are highly vascularized with a large surface area for drug absorption. Finally,  

direct pulmonary delivery of RGDSK-RNTs is particularly beneficial as it avoids first-pass 

metabolism(96) and yet to be determined interactions within the systemic circulation resulting in 

a higher delivered dose. 

Little is known regarding the effects of RGDSK-RNTs in the lungs. K90-RGDSK10-RNTs were 

recently shown to aggravate LPS-induced pulmonary inflammation in mice when given 

intravenously.(23) Another study found higher doses of intratracheally instilled K-RNTs (50µg/

bolus) can cause transient lung inflammation(24). However lysine (K) does not directly interact 

with integrins such as RGDSK can, therefore these two nanotubes are not directly comparable.  

We have yet to determine the localization, integrin interactions, and effects of RGDSK-RNTs in a 

healthy lung. We accomplished this baseline assessment by utilizing an isolated perfused lung 

model. This well characterized ex vivo model allows for real-time spatial and temporal 
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visualization in a physiologically intact system to account for the complex interplay between 

various cell types within the lung.(97) 

3.3 Materials and Methods 

3.3.1 Isolated perfused lung (IPL) surgery and perfusion 

This work was approved by the Animal Care Committee of St. Michael’s Hospital and adhered to 

the Canadian Council on Animal Care guidelines for humane animal use. Male Sprague-Dawley 

rats from Charles River Laboratories (St. Constant, QC, Canada) (480 ± 74 g) were anaesthetized 

with 4% avertin (tribromoethanol, Alfa Aesar, A18706) via intraperitoneal injection, intubated 

(Figure 3.1A), heparinized (PPC Pharmaceutical Partners of Canada, DIN 02264315), and 

exsanguinated. Catheters were inserted through the heart into the pulmonary vein and artery 

(Figure 3.1B). The trachea, lungs, and heart were removed and immediately connected to 

normoxia compressed gas (21% O2, 5% CO2, 74% N2, Praxair Canada) to keep airways inflated 

at 5cm2 H20 positive pressure. Tissue temperature was maintained at 37°C ± 1°C throughout the 

perfusion and imaging process (Figure 3.1C). The catheters were installed into the perfusion 

system to nourish the lungs with a 3% bovine serum albumin (BSA) in Hank’s Balanced salt 

solution (HBSS) perfusate at a rate of 1mL/minute (EMD Chemicals, 12659; Gibco Life 

Technologies, 14025-092). After blood was flushed from the lungs for 10 minutes, a secondary 

microcatheter system was inserted through the pulmonary vein catheter for direct localized 

instillation of the RNTs, perfusate, and fluorescent dyes. Images were taken with a Q Imaging 

camera (RETIGA-2000RV, Fast1394) attached to a Zeiss microscope with a 40X water 

immersion objective lens. This model is further described in Kuebler et al. (1999).(98) 
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Figure 3.1 The isolated perfused lung model. (A) Tracheal intubation for mechanical ventilation. 

(B) Catheters inserted through the heart into the pulmonary vasculature for perfusion. (C) 

Perfusion system set-up. Air flow is depicted in green. Perfusate flowing to the lungs is red and 

away to the reservoir is blue. 1: Clamped during normal flow. Unclamped when need perfusate to 

bypass the lungs. 2: Lung attachment site. 3: To maintain system pressure and remove air 

bubbles. 4: To monitor system pressure (5cm2 water).  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3.3.2 Chemical treatments 

Nanotubes were manufactured and characterized in the lab of Dr. Hicham Fenniri of Northeastern 

University (Boston, USA) (Figure 3.2). Functionalized RNTs, comprised of 10% TBL-FITC and 

90% TB-RGDSK, were self-assembled for 48 hours at room temperature. 22 µL of this stock was 

diluted in 1mL HEPES (1M buffer solution, Gibco Invitrogen, 15630) to make a treatment 

solution containing 5.4 µM RGDSK. For the various IPL imaging experiments, 8.8 mM H2O2 (10 

µL of 30% H2O2 in 1mL saline; Sigma Aldrich, H3410) and saline were used for positive and 

negative controls, respectively. Following fluorescent dye instillation, 500 µL of either FITC-

RGDSK-RNT treatment solution, saline, or H2O2 was directly instilled into the isolated lung 

vasculature through a double catheter system. For RNT intratracheal instillation, the lungs were 

temporarily unhooked from the compressed gas (< three minutes) for catheter insertion via the 

trachea to the bronchi. For live imaging, RNTs and dyes were only delivered through the 

vasculature. 

 
Figure 3.2 Self-assembly of TB-RGDSK modules to form RGDSK-functionalized helical rosette 

nanotubes. TB-RGDSK modules bound together with hydrogen bonds form 6-membered rings 

which stack upon each other creating a tube.    
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3.3.3 Calcium imaging 

Intracellular calcium was imaged using fura-2 AM (Invitrogen, F1221) following the 

manufacturers protocol. In brief, 50 µg fura-2 AM salt was dissolved in 15 µL Puronic acid 

(Invitrogen, P3000MP) before diluted to a working solution of 5 µL in 1mL HEPES (16.67 µg/

mL). Baseline calcium images were taken 30 minutes after fura-2 AM instillation. Intracellular 

calcium concentrations ([Ca2+]i) were determined from a computer-derived ratio of fura-2 AM 

fluorescence at 340nm and 380nm based on a Kd of 224 nmol/L. (TillvisION software; Till 

Photonics Imaging Systems Software, version 4.5.56, Germany).(98) 

3.3.4 Reactive oxygen species (ROS) and apoptosis imaging 

ROS were labeled using a Cell Rox Orange reagent (Molecular Probes, C10443, ex/em 

545/565nm) according to the manufacturers protocol. In brief, 2 µL of dye in 1mL HEPES was 

instilled into the lung for 30 minutes. Baseline ROS expression was determined before instillation 

of treatment solution. To visualize apoptosis, 50 µL annexin V conjugated with Alexa Fluor 350 

(Molecular Probes, A2302, ex/em 346/442nm) was diluted in 1mL HEPES. Lungs were instilled 

with either saline, hydrogen peroxide, or RNTs then repeatedly instilled every 20-30 minutes 

afterwards with 100 µL of annexin V probe. 

3.3.5 Integrin αvβ3 blocking 

RGD family integrins were blocked using 250 µM RGD peptide (Santa Cruz Biotechnology Inc, 

sc-201176) for 30 minutes. Peptide was given concurrently with Cell Rox or Fura 2-AM for ROS 

and calcium imaging experiments. Excess peptide was washed away with 1 mL perfusate before 

baseline images were taken and instillation of treatment solutions. Integrin αvβ3 antibody was 

also used to block specifically αvβ3 function. The αvβ3 integrin antibody (Abbiotec 251672, 

California), 1:100 dilution in 1 mL perfusate, was directly instilled into the lungs. Following a 30 

minute incubation, lungs were washed with 1 mL perfusate, then for visualization incubated with 

1:100 TRITC secondary antibody (Santa Cruz Biotechnology Inc, sc-2862) for 15 minutes and 

washed again. Three lungs were given the RGD peptide followed by the integrin αvβ3 antibody, 

in the same manner as described above. 
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3.3.6 Image analysis 

Images were analyzed using both the TillvisION and Imaris x64 (Bitplane Ag, version 7.3.1) 

softwares. Images were corrected for background autofluorescence using TillvisION. Mean 

fluorescent intensities (MFI) were determined for the same area of interest (AOI) for all images 

throughout the time course of one experiment. (See also Supplemental Data, Figure 6.1.) MFI is 

the average intensity of all pixels found in the AOI. These MFI values (MFIavg) were corrected 

for background fluorescence by subtracting the MFI at time zero (MFIbackground). To account for 

photobleaching, the MFIavg (less MFIbackground) for negative controls were plotted, with the inverse 

linear regression for each treatment used to determine the change in MFI (Δy). For each time 

point (Tx) the slope intercept equation was used to determine the photobleach effect, where b = y-

intercept and m = slope (Equation 3.1). In summary, for any given time point MFIfinal was 

determined using Equation 3.2.    

Δyx = m(Tx) + b ……………………………………………………………………………….(3.1) 

MFIfinal = MFIavg - MFIbackground + Δyphotobleach …………………………………………..…….(3.2) 

MFIfinal values for each image from each experiment were pooled in 10 or 15 minute increments 

then graphed. For example, the point on a graph at 10 minutes encompasses images taken from 1 

to 10 minutes. This is true for all time points except for time 0, where only baseline images were 

considered.     

Images taken from lungs treated with FITC-RGDSK-RNTs and either the αvβ3 antibody or Cell 

ROX dye were corrected for slight fluorescent bleed through of the TRITC and Cell Rox dye into 

the FITC spectrum. Before RNT instillation FITC baseline images were captured with the 

corresponding pixel fluorescent intensity values subtracted from the same area of interest from 

subsequent FITC channel images post-RNT addition. When the baseline image was not available 

a general conservative 30% reduction of the FITC fluorescence intensity was utilized, as 30% 
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was the mean difference in intensities between the FITC baseline intensities and post-RNT 

treated FITC images. After this correction was applied to the images, MFI values were corrected 

for photobleach and background as previously described. 

3.3.7 Antibodies for histological analysis 

Primary antibodies used were: integrin αvβ3 (1:100 confocal; 1:300 IHC; Abbiotec, 251672), 

macrophage marker ED-1 (CD68) (1:50, AbD Serotec, MCA341R), IL-1β (1:25; Santa Cruz, 

sc-1252), MCP-1 (1:25; Santa Cruz, sc-1785), P-selectin (1:100; Santa Cruz, sc-6943), smooth 

muscle actin (1:100; Abcam, ab5694), and von Willebrand factor (VWF) (1:100 confocal; 1:300 

IHC; Dako, A0082). The fluorescent secondary antibody used for both integrin αvβ3, smooth 

muscle actin, and VWF was anti-rabbit CY5 (1:50; Abcam, ab97077). IHC secondary antibodies, 

used at 1:100 concentration, were all from Dako (anti-rabbit P0448, anti-goat P0449, and anti-

mouse P0447). Isotype control antibodies, used at 1:100 concentration, were rabbit IgG (Novus 

Biologicals, NB 810-56910), goat IgG (Santa Cruz, sc-2028), and mouse IgG1 (Santa Cruz, 

sc-3877). 

3.3.8 Histological analysis using immunohistochemistry (IHC), H&E, and confocal microscopy 

Following live imaging, lungs were fixed in 4% paraformaldehyde (Sigma Aldrich, P6148) and 

paraffin-embedded. These tissues underwent H&E staining and IHC for various immunological 

and inflammatory markers. For IHC the tissues were deparaffinized, rehydrated, and endogenous 

peroxidases removed with a 0.5% H2O2 (Sigma Aldrich, H1009) in methanol (Fisher Scientific, 

A412) solution. Antigen retrieval was accomplished by exposure to a 2 mg/mL pepsin (Sigma 

Aldrich, P7012) in 0.01N HCl (Fisher Scientific, A144-212) solution at 37°C for one hour. 

Tissues were blocked with 1% BSA (Sigma Aldrich, A3294) for 30 minutes before overnight 

incubation at 4°C with primary antibodies. Following secondary antibody incubation for 30 

minutes at room temperature a Vector VIP peroxidase substrate kit (Vector, SK-4600) was used 

for colour development followed by a methyl green counter stain. Only for ED-1, IL-1β, and 

MCP-1 was a sodium citrate with 0.05% Tween 20 (Sigma Aldrich, P1379) hot water bath used 

for antigen retrieval. This was before endogenous peroxidase removal and blocking. The 
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remaining protocol is the same. H&E tissues were graded for inflammation by a pathologist, 

blinded to treatment, using a modified grading scheme described elsewhere.(99) Images were 

taken using a light microscope (BH2 Olympus) with a 10X or 40X objective lens. Images of IHC 

staining controls can be found in Supplemental Data (Figure 6.2).  

For confocal microscopy, RNTs were instilled into the vasculature or trachea and the lungs 

allowed to perfuse for one hour. The lungs were then snap frozen in O.C.T. compound (Sakura, 

Tissue-TekⓇ 4583) using liquid nitrogen then stored at -80°C. Tissues were frozen to preserve 

the FITC-RGDSK-RNTs for confocal microscopy. Frozen tissue sections were fixed with chilled 

acetone at -20°C for 20 minutes, blocked with 10% BSA for 1 hour at room temperature. Primary 

antibodies integrin αvβ3, VWF, smooth muscle actin, and appropriate isotype controls were 

incubated overnight at 4°C. After washing, the tissues were incubated with secondary antibody 

for 30 minutes at room temperature. Lastly tissues were stained with 0.33 µg/mL DAPI (Sigma 

Aldrich, D9542) for 5 minutes at room temperature then mounted using Prolong-gold antifade 

mounting media (Life Technologies, P36934). Images were taken using a Leica TCS SP5 

confocal microscope with a 63X objective lens under oil immersion. Noise was reduced using the 

Blur tool on Leica LAS X Core software. 

3.3.9 Statistical analysis 

Statistical analysis was performed using StataⓇ (Stata Corp LP, version 13.1, USA) and the 

graphing software GraphPad PrismⓇ (GraphPad Software, version 5.04, USA). MFI values were 

compared using a two-way repeated measures ANOVA with Bonferroni post-hoc tests to compare 

MFI values between treatments at the same time points. Treatments were considered statistically 

significant when there were significant differences in MFI values at a majority of time points. 

Histology grading scores and macrophage cell counts were compared using the Kruskal-Wallis 

test. Significance was classified as p < 0.05. 
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3.4 Results 

3.4.1 Real-time imaging in an isolated perfused lung 

3.4.1.1 Pulmonary localization of RGDSK functionalized helical rosette nanotubes 

The IPL was instilled with RGDSK-RNTs and imaged in real time to determine localization. 

Depending on the lung, as quickly as two minutes post-instillation the FITC-RGDSK-RNTs 

could be visualized either along or within the blood vessel endothelium and over time aggregated 

(Figure 3.3A). Diminished fluorescence along the blood vessel at 40 minutes is likely a result of a 

combination of fluorochrome photobleaching and movement of the RNT out of the endothelium, 

as MFI values (Figure 3.4) corrected for photobleaching show a gradual increase in fluorescence 

over time up to 100 minutes post RNT instillation. Additionally, the image taken at 40 minutes 

shows an increase in fluorescence intensity in two locations below the blood vessel. RNT MFI 

values were pooled from all experiments that instilled RGDSK-RNT into lungs, regardless of 

secondary dye (i.e. Cell Rox).  

To determine whether this RNT localization and aggregation was integrin dependent, lungs were 

pre-exposed to 250 µM RGD peptide to block RGD-family integrins (Figure 3.3B). RGDSK-

RNTs aggregated to a lesser extent along the pulmonary blood vessels in lungs instilled with 

RGD peptide to block integrin activity. Of interest, in Figure 3.3B there appears to be distinct 

cells that are interacting with the RGDSK-RNTs. They could be any one of several integrin αvβ3 

expressing immune cells such as alveolar macrophages or dendritic cells. To determine whether 

this RNT localization and aggregation was specifically integrin αvβ3 dependent, lungs were pre-

treated to integrin αvβ3 antibody to block αvβ3 function. Blood vessel endothelium stained 

positively for integrin αvβ3, as expected (Figure 3.5). Images also show RNTs localized in these 

same integrin αvβ3-expressing areas. Both methods decreased, but not entirely prevented, RNT 

aggregation as demonstrated both visually (Figures 3.3B and 3.5) and quantitatively (Figure 3.4). 

This suggests that the observed interactions of FITC-RGDSK-RNT and the vascular endothelium 

are mediated by integrin αvβ3, along with to some extent other RGD-family integrins.  
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It is important to note that RGD peptides generally lowered RNT MFI values, however not 

significantly at a majority of time points. Integrin αvβ3 antibody had a higher blocking 

effectiveness and was able to significantly attenuate RNT aggregation at a majority of time 

points. This is likely due to the specificity of the integrin αvβ3 antibody, compared to the RGD 

peptide, which can bind to eight different integrins(30) thus lowering its effective concentration. 

Three lungs were given both RGD peptide and integrin αvβ3 antibody before RNT treatment. 

Lungs were exposed to RGD peptides for 30 minutes then αvβ3 antibody for 10 minutes followed 

by RNTs. This significantly reduced RNT MFI compared to unblocked RGDSK-RNTs (Figure 

3.4). Although double blocking of integrin αvβ3 generally had lower MFI values than RGD 

blocked lungs, it was not statistically significant at a majority of time points. 
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Figure 3.3 Spatial and temporal localization of RGDSK-RNTs in an isolated perfused lung 

model. (A) Representative time course of RGDSK-RNT localization along blood vessel 

endothelium following vascular exposure. (B) Effect on nanotube localization following RGD 

peptide blocking (250µM) of RGD-family integrins. Blood vessels are demarcated with white 

lines. Arrows indicate potential pulmonary immune cells. Scale is fluorescent intensity (arbitrary 

units). Time 0 minutes denotes RNT instillation.  
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Figure 3.4 Blocking of integrin αvβ3 with either RGD peptide or αvβ3 antibody diminishes 

RGDSK-RNT accumulation within the lung. Mean fluorescent intensity (MFI) values were 

significantly lowered in integrin αvβ3 blocked lungs. Treatment groups RGDSK-RNT (n=11), 

RGDSK-RNT + RGD (n=7), RGDSK-RNT + αvβ3 antibody (n=4), and RGDSK-RNT + αvβ3 

antibody + RGD (n=3). Statistical significance (p<0.05) was determined using a two-way 

repeated measures ANOVA with Bonferroni post-hoc tests. Significance between treatments is 

denoted by the italicized letters in the legend. 
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Figure 3.5 RGDSK-RNTs localize on integrin αvβ3-expressing pulmonary endothelium. 
Representative time course of RGDSK-RNT (right hand side images) pulmonary localization 
following vascular exposure. Lungs were treated with an integrin αvβ3 antibody to both label and 
block integrin αvβ3 (left hand side images). Time 0 denotes RNT instillation. Scale is fluorescent 
intensity (arbitrary units). A = alveolus. 
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3.4.1.2 Real-time effects assessment of RGDSK-RNT exposure in an isolated perfused 

lung model 

As FITC-RGDSK-RNT were localizing in relation to the endothelium, we wanted to explore the 

potential effects of RNT aggregation in the vasculature. Increases in cytosolic [Ca2+] is a typical 

response of endothelial cells to chemicals.(98) Calcium concentration, determined by a fura-2 

AM dye ratio method, is shown in Figure 3.6A. These endothelial [Ca2+]i images demonstrate a 

time-dependent cytosolic [Ca2+] increase following RNT exposure. This Ca2+ response does not 

appear to be integrin αvβ3 dependent, as blocking with RGD peptide did not prevent the [Ca2+]i 

increase (Figure 3.6B). To further assess the effect of FITC-RGDSK-RNT aggregation in the lung 

vasculature, fluorescent dyes to look for ROS production and apoptosis were instilled. FITC-

RGDSK-RNTs modestly increased ROS production compared to saline negative control IPLs 

(Figure 3.7). Blocking with RGD peptide had no significant effect on ROS production. Hydrogen 

peroxide instilled lungs had significantly higher levels of ROS compared to all treatments. FITC-

RGDSK-RNTs stimulated a significant apoptotic response in rat IPLs compared to saline or 

hydrogen peroxide (Figure 3.8). The spike in annexin V MFI for RNT treated lungs at times 60 

and 75 minutes is potentially due to an artifact of image capture too soon after dye instillation. 

3.4.2 Further characterization of RGDSK-RNT pulmonary localization 

As it was difficult to exactly determine where the RNTs were localizing with the resolution 

possible with the live imaging apparatus, lungs were exposed to RNTs for 1 hour via either the 

vasculature (n = 3) or the trachea (n = 3) then snap frozen for confocal microscopy. Lung sections 

were stained to visualize either integrin αvβ3 (Figure 3.9), the endothelium (Figure 3.10), or 

vascular smooth muscle (Figure 3.11). Regardless of exposure route, RGDSK-RNTs localized in 

blood vessels, bronchioles, alveoli, the pleura, and within immune cells. However, tracheally-

exposed lungs appear to have more RNTs on the outer layers of blood vessels, external to smooth 

muscle in the intima, whereas in vascular instilled lungs more RNTs are located closer to the 

lumen relative to the smooth muscle. In fact, those RNTs appear to localize on the apical surface 

of endothelial cells, not in the smooth muscle layer of the blood vessels. Together this 

demonstrates the ability of RNTs to translocate across the airway epithelium or the vascular 
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endothelium. Integrin αvβ3 is expressed throughout the lung (Figure 3.9). While RGDSK-RNTs 

were associated with integrin αvβ3-expressing tissues, the RNTs do not actually co-localize with 

the integrin αvβ3 antibody. This could be a result of the RNTs blocking the antibody binding site 

preventing staining or that the RNTs are no longer attached to integrin αvβ3.
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Figure 3.6 Endothelial [Ca2+]i response to RGDSK-RNTs. (A) Representative images of [Ca2+]i in 
blood vessel endothelium. Scale bar is concentration gradient (nM). Images were taken at 
baseline and at several time points following RNT instillation. Blood vessel is delineated by 
white lines. Concentration images are developed using the 340/380nm ratio of fura-2 am 
fluorescence.  (B) Group data showing mean [Ca2+]i in 5 minute intervals for RGDSK-RNT (n = 
3) and RGDSK-RNT + RGD (n = 2) treated lungs. Baseline [Ca2+]i  were taken for 15 minutes 
before exposure. 
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Figure 3.7 Real-time imaging of reactive oxygen species (ROS) production in (A) 8.8mM H2O2, 
(B) RGDSK-RNT, and (C) RGDSK-RNT + RGD instilled lungs. 

Figure continues on next page. 
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Figure 3.7 (cont.) Real-time imaging of ROS production in (A) 8.8mM H2O2, (B) RGDSK-RNT, 
and (C) RGDSK-RNT + RGD instilled lungs. Lungs were instilled with Cell ROX orange 
fluorescent dye followed by either H2O2 or RGDSK-RNT. Fluorescent images for both ROS and 
RGDSK-RNTs are shown to demonstrate the presence of RNTs at the site of ROS production. 
(D) Mean fluorescent intensity (MFI) values for the presence of ROS. Treatment groups include 
saline negative control (n=2), H2O2 positive control (n=3), RNT (n=3), and RGDSK-RNT + RGD 
(n=3). Blood vessels demarcated with dashed lines. Scale is fluorescent intensity (arbitrary units). 
A = alveoli. Groups were compared using a two way ANOVA with Bonferroni post hoc tests. 
Significance (p < 0.005) between treatments is denoted by italicized letters. 
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Figure 3.8 Annexin V imaging in (A) 8.8nM H2O2  or (B) RGDSK-RNT instilled lungs. 

Figure continues on next page. 
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Figure 3.8 (cont.) Annexin V imaging in (A) 8.8nM H2O2  or (B) RGDSK-RNT instilled lungs. 

Lungs were given annexin V fluorescent dye followed by either H2O2 or RGDSK-RNT. (C) Mean 

fluorescent intensity (MFI) values for annexin V. Treatment groups include saline negative 

control (n=2), H2O2 positive control (n=3), and RGDSK-RNT (n=3). Blood vessel is demarcated 

with dashed lines. Scale is fluorescent intensity (arbitrary units). Arrow marks bifurcation point. 

Statistical analysis was performed using a two-way ANOVA with Bonferroni post hoc tests. 

Significance (p < 0.005) is denoted by italicized letters. 
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Figure 3.9 Integrin αvβ3 expression in relation to FITC-RGDSK-RNTs (green) in (A) 

intratracheally and (B) vascularly instilled lungs. Lungs were snap frozen, sectioned, and stained 

with integrin αvβ3 antibody (1:100) conjugated with CY5 (red) for confocal microscopy. DAPI 

(blue) was used to stain nuclei. br = bronchiole, A = alveolus, arrowhead = pleura, arrow = 

alveolar macrophage. B2 is a composite of a z-stack taken of the pleura. 
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Figure 3.10 von Willebrand factor (VWF) expression in relation to FITC-RGDSK-RNTs (green) 

in (A) intratracheally and (B) vascularly instilled lungs. Lung sections were stained with a VWF 

antibody (1:100) conjugated with CY5 (red) for visualization of the endothelium using confocal 

microscopy. DAPI (blue) was used to stain the nuclei. bv = blood vessel.    
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Figure 3.11 FITC-RGDSK-RNT (green) localization in relation to smooth muscle in (A) 

intratracheally and (B) vascularly instilled lungs. Lungs were snap frozen, sectioned, and stained 

with smooth muscle β-actin antibody (1:100) conjugated with CY5 (red) for confocal 

microscopy. Nuclei were stained with DAPI (blue). bv = blood vessel.    
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3.4.3 Histological analysis of isolated perfused lung tissue sections 

3.4.3.1 Hematoxylin and eosin (H&E) staining 

H&E stained tissues revealed mild septal inflammation and blood vessel endothelium activation 

following all treatments (Figure 3.12A). Signs of inflammation include cellular influx, 

particularly in the perivascular space, separation of the epithelium from the smooth muscle layer 

in bronchioles, and edema. Histological scoring confirmed only mild inflammation in all 

treatments, with the RNT treatment having only a slightly higher mean score (Figure 3.12B). As 

perfusion time varied between experiments, with some apoptosis experiments going upwards of 

200 minutes, there was concern that experiment length could be a confounding factor. However, 

there appears to be no time-dependent factor on inflammation (Figure 3.12C). Of interest H&E 

stained tissues revealed enlarged blood vessel smooth muscle in both RGDSK-RNT and 

hydrogen peroxide treated lungs compared to the negative control. 

3.4.3.2 Integrin αvβ3 expression 

Integrin αvβ3 expression on paraffin-embedded lungs stained using IHC was consistent with 

previously reported studies (37, 81, 95) and with our own confocal results. Integrin αvβ3 

expression was generally more pronounced on vascular endothelium, but was also present on 

alveolar septae, blood vessel adventitia, bronchiolar epithelium, and immune cells (Figure 3.13). 

Integrin αvβ3 is also expressed in web-like strands through the blood vessel. This is likely the 

blood vessel adventitia, which contains fibroblasts, ECM proteins, and interstitial cells (83). 

3.4.3.3 Immunohistochemistry of vascular and immunological markers 

To further assess the biological effects of RNT pulmonary instillation, fixed lungs were sectioned 

and stained for several vascular and immune markers. Within the endothelium lay Weibel-Palade 

bodies (WPB), 3-4mm long rod-shaped organelles responsible for sequestering and releasing 

several molecules including P-selectin and VWF.(83, 85, 100) Depending on the study, there is 

either no or only rare expression of WPBs in capillaries.(80, 83) P-selectin, largely expressed in 

lung microvascular bifurcations(101), is a transmembrane glycoprotein adhesion molecule. P-

selectin undergoes Ca2+ dependent exocytosis(98) from the WPB to be expressed on the cell 
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surface. Barely detectable on quiescent blood vessels, P-selectin expression on blood vessels is an 

early sign of inflammation.(98) P-selectin acts as a leukocyte receptor during the ‘rolling’ phase 

of leukocyte extravasation.(41) Regardless of treatment, lung sections stained positive for P-

selectin (Figure 3.13) along the bronchial epithelium as expected as the protein is constitutively 

expressed there. However, P-selectin was not found on the blood vessel endothelium. VWF, a 

multimeric protein, contains an RGD sequence to ligate with integrins.(100) VWF is involved in 

inflammation(85) and platelet recruitment(100). Isolated perfused lungs were strongly positive 

for VWF staining in the endothelium of blood vessels of various diameters with no apparent 

difference between treatments (Figure 3.13). VWF staining was not widespread, as would be 

expected during inflammation. 

Impacts on the inflammatory response were looked at using immune markers MCP-1, ED-1, and 

IL-1β. MCP-1 (monocyte chemotactic protein-1), a chemoattractant for leukocytes, is up-

regulated during inflammation following cell activation by TNF-α and IL-1. RGDSK-RNTs did 

not up-regulate MCP-1 expression relative to the saline negative control, whereas hydrogen 

peroxide instilled lungs showed areas of high MCP-1 expression (Figure 3.14A-C). Macrophage 

marker CD-68 (ED-1) is expressed on lysosomal membranes of monocytes and most macrophage 

populations. ED-1 positively stained cells were enumerated with the average count per field of 

view for each lung determined using ten random images taken at 10X (Figure 3.14D-F). 

Macrophage expression did not necessarily coincide with intense MCP-1 staining (Figure 3.14D, 

E). IL-1β, a pro-inflammatory cytokine that activates lymphocytes, is up-regulated during 

inflammation. There were no discernible differences in staining patterns between the different 

treatments (Figure 3.15). 
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Figure 3.12 RGDSK-RNTs induce mild inflammation in vascularly instilled rat isolated perfused 
lungs. (A) Representative images of H&E stained lung sections. I, II, and III denote ‘saline 
negative control’, ‘RGDSK-RNT’, and ‘hydrogen peroxide positive control’, respectively. A = 
alveolus, br = bronchiole, bv = blood vessel, pv = perivascular space, < = activated endothelium, 
black open arrow = epithelium, blue open arrow = endothelium, single closed arrow = smooth 
muscle, and double closed arrow = alveolar macrophage. 

Figure continues on next page. 
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Figure 3.12 (cont.) RGDSK-RNTs induce mild inflammation in vascularly instilled rat isolated 
perfused lungs. (B) Mean histological scores based on treatment. Error bars are SEM. (C) Mean 
histological scores based on experiment length. Grades were based on the following schematic 
for edema and inflammation: 0= absent, 1= mild, 2= moderate, 3= severe. There was no 
statistical significance between treatments or experiment time.  
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Figure 3.13 Histological analysis of rat isolated perfused lungs instilled with (A) saline, (B) 

RGDSK-RNT, or (C) hydrogen peroxide.  Figure continues on next page.
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Figure 3.13 (cont.) Histological analysis of rat isolated perfused lungs instilled with (A) saline, 

(B) RGDSK-RNT, or (C) hydrogen peroxide. Representative immunohistochemistry images 

stained with P-selectin (1:100), VWF (1:300), and integrin αvβ3 (1:300) antibodies. Positive 

staining is purple; nuclei are green. A = alveolus, br = bronchiole, bv = blood vessel. Arrow 

denotes immune cell.
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F Figure 3.14 Pulmonary expression of MCP-1 and 
macrophages using immunohistochemistry. Representative 
images of MCP-1 (1:25) expression in (A) saline, (B) 
RGDSK-RNT, and (C) hydrogen peroxide treated lungs. 
Macrophages were visualized using an ED-1 antibody 
(1:50) (D). MCP-1 staining for comparable region (E). 
Positive staining is purple; nuclei are green. a = alveolus, 
br = bronchiole, bv = blood vessel. (F) Average 
macrophage counts per field of view were determined 
using 10 random 10X pictures. Statistical significance 
(p<0.05) was determined using the Kruskal-Wallis rank 
test.
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Figure 3.15 Pulmonary expression of IL-1β (1:25) in (A) saline, (B) RGDSK-RNT, and (C) 

hydrogen peroxide treated lungs. Positive staining is purple; nuclei are green. a = alveolus,  

br = bronchiole, bv = blood vessel.



3.5 Discussion 

This work is the first ex vivo experimentation using RNTs in an isolated healthy lung. 

Furthermore, due to the complexity of the IPL method this study is one of only a handful of 

projects using the IPL model to assess the localization and real-time effects of nanomaterials. 

Collectively, the data demonstrates that RGDSK-RNTs accumulate in integrin αvβ3-expressing 

areas where they appear to stimulate mild inflammation, a modest increase in ROS production, 

increased [Ca2+]i, and apoptosis. Blocking of integrin αvβ3 attenuated RNT aggregation, 

suggesting a role for the integrin in the localization of RGDSK-RNTs. Attenuated aggregation, 

compared to complete inhibition, could be due to several factors. First, the effective 

concentrations of the integrin αvβ3 antibody and RGD peptides might be too low. As only one 

concentration was utilized, further blocking studies with multiple concentrations would have to 

be performed. Secondly, seven other integrins beside αvβ3 interact with the peptide sequence 

RGD (28, 30) and consequently could bind RGD-labelled RNTs. However, integrin binding 

affinity is determinate on the subsequent amino acid in the peptide sequence. For example 

integrins αvβ3 and αvβ5 prefer RGDS, while integrin α5β1 has a higher affinity for RGDG or 

RGDW.(45) Therefore some of the RGDSK-RNT aggregation present following blocking could 

be a result of integrin αvβ5 interactions. However the extent of this interaction is currently 

unknown. This could explain why RGD peptide alone showed partial blocking, whereas RGD in 

combination with integrin αvβ3 antibody was generally more effective, just not statistically 

significant, at a majority of time points at preventing RNT aggregation. Lastly, there could be 

unknown integrin-independent interaction(s) as a result of the RNT structure itself, not its 

functionalization. There is significantly less RNT accumulation following integrin αvβ3 blocking. 

This is a strong indication that the FITC-RGDSK-RNTs do not significantly directly interact with 

integrin αvβ5 via RGDSK when αvβ3 is occupied or indirectly interact with the endothelium via 

the RNT scaffold. Cellular interactions with nanomaterials are complex. Regardless of their 

apparent significance, fore knowledge of all possible interactions assists in accurate 

determination of nanomaterial  biocompatibility and mechanisms of action.  
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Integrin αvβ3 is expressed throughout the vasculature on the endothelium, platelets, smooth 

muscle cells, fibroblasts, and leukocytes.(53) IHC tissue sections stained for integrin αvβ3 

consistently show a web-like expression pattern around the blood vessels. This is likely 

fibroblasts, platelets, interstitial cells and some smooth muscle cells associated with the 

vasculature. Fluorescent images of snap-frozen lungs instilled with RGDSK-RNTS, regardless of 

exposure route, show similar web-like staining, but in regard to the presence of the RNTs. 

Together, this suggests that the RNTs are localizing in this subendothelial layer in association 

with the aforementioned cell types. 

In the rat IPL model within five minutes of RNT exposure [Ca2+]i increased to ~160nM from the 

110nM baseline, five minutes later [Ca2+]i returned approximately to baseline. [Ca2+]i then 

gradually increased to 200nM 30 minutes post-RNT exposure. This is similar to a trend described 

in Bhattacharya et al. (2000).(102) Using bovine pulmonary artery endothelial cell monolayers 

their baseline [Ca2+]i was 86±14nmol/L. Upon exposure to αvβ3 antibody or vitronectin 

endothelial [Ca2+]i levels peaked in < two minutes 100% higher than baseline, then decayed back 

to baseline in approximately five minutes. This rapid increase in [Ca2+]i follows integrin αvβ3 

clustering stimulated by multimeric ligand (i.e. vitronectin) ligation. Our initial [Ca2+]i spike was 

not as substantial as seen in Bhattacharya’s study, perhaps due to less receptor aggregation 

following RNT ligation. As the exact mechanism of RGDSK-RNT ligation with integrin αvβ3 is 

unknown, it is unclear as to whether the RNT, while containing multiple RGDSK sequences, 

initiates receptor clustering for multiple binding opportunities. Alternatively, our [Ca2+]i signal 

may be less intense due to a lower concentration of RGD. The same trend was not observed in 

RGD blocked lungs, perhaps because it was missed, as the RGD peptide was given to the lungs 

30 minutes previous to the start of baseline imaging. Or as Schwartz (103) found, integrins 

ligated with RGD peptides do not initiate the same [Ca2+]i  response compared with fibronectin or 

vitronectin ligation.  

In contrast to Bhattacharya’s findings, the maximal [Ca2+]i peak following RNT instillation 

occurred approximately 30 minutes afterwards. We observed an integrin independent gradual 
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increase in [Ca2+]i in RGDSK-RNT instilled lungs. Increases in cytosolic [Ca2+] is a typical 

response of endothelial cells to hormones, chemicals, and physical changes, like pressure.(98) 

Inflammatory and vascular events are associated with rapid endothelial Ca2+ mobilization, such 

as increased capillary permeability, cytokine secretion, increased transcription, increased VWF 

synthesis, and effects on proliferation and angiogenesis.(102, 104) Also, increased ROS 

production can increase cytosolic [Ca2+] levels.(97, 105) Increased extracellular [Ca2+] increases 

P-selectin expression on the vasculature.(97) However, we did not observe increased levels of 

VWF or P-selectin, and only modest increases in ROS in RGDSK-RNT exposed lungs. This 

could be because the [Ca2+] signal was not strong enough to induce expression changes. Or 

perhaps the experiment was not long enough to observe these changes. Alternatively, the integrin 

independent gradual increase in [Ca2+]i could be indicative of early stage apoptosis, as prolonged 

elevated [Ca2+]i can promote cell death.(106) This is supported by our evidence that demonstrates 

pulmonary blood vessels containing RGDSK-RNTs have significantly higher annexin V staining 

than the other treatments.   

Results from histological analysis of paraffin-embedded lungs suggest that regardless of 

treatment or experiment length the lungs appear have no detectable signs of injury or significant 

inflammation. This is further evidenced by no observed differences in experiment controls and 

sham controls. Sham controls were isolated lungs attached to the perfusion system, rinsed, and 

fixed without treatment. This solidifies the value of this model in obtaining accurate, 

physiologically relevant data without indirectly causing confounding damage. Several lines of 

histological evidence point to RGDSK-RNTs only causing mild inflammation in an IPL model.  

These include: no apparent areas of severe inflammation in H&E staining, no P-selectin 

expression on the endothelium, and no discernible differences in VWF, MCP-1, and IL-1β 

staining between saline and RNT treated lungs. 

Also of histological interest were the expanded areas of smooth muscle in hydrogen peroxide and 

RGDSK-RNT treated lungs visible in conjunction with endothelial cell activation. This could be 

edema as a result of endothelial barrier break down. Integrin αvβ3 aids in the stabilization of the 

 #67



endothelial barrier through interactions with sphingosine-1 phosphate (S1P). Integrin αvβ3 

blocking with either RGD peptides, αvβ3 antibody, or β3-knockouts increase vascular endothelial 

leakage during inflammation in vitro.(53) Additionally, a study has shown that multivalent 

ligation of luminal integrin αvβ3 on capillaries can increase vascular permeability. This is 

hypothesized to be a result of integrin clustering due to multimeric ligand binding.(107) 

Consequently, the RGDSK-RNTs could be acting as scaffolds for multimeric presentation to 

stimulate integrin clustering-dependent vascular permeability or are simply blocking S1P from 

binding. Further studies are required to determine the mechanism and extent of this apparent 

endothelial disruption. Increased vascular permeability due to αvβ3 ligation could be implicated 

in the observed translocation of RGDSK-RNTs out of the blood vessel lumen and into the blood 

vessel subendothelial layer, the alveoli, and the bronchioles.       

The IPL model is an excellent way to explore the various possible interactions of nanomaterials 

in the lungs. This preliminary assessment has revealed that RGDSK-RNTs appear to be acutely 

well tolerated in healthy rat lungs, their aggregation along the blood vessels is integrin αvβ3 

dependent, and they can translocate across the airway epithelium or the vascular endothelium. 

Further research to better understand the complexity of RGDSK-RNT pulmonary interactions, 

including their effects on endothelial cell calcium signalling, apoptosis, and potential endothelial 

barrier disruption, is required. 
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Chapter 4: EFFECT OF RGDSK-FUNCTIONALIZED HELICAL ROSETTE 
NANOTUBES ON MELANOMA TUMOUR GROWTH, METASTASIS, AND 
ANGIOGENESIS 

4.1 Preface 

The research described in this chapter further investigates the feasibility of using RGDSK-RNTs 

for cancer therapy, but in regard to their direct tumoural effects. Melanoma highly expresses 

integrin αvβ3, as such is a desired target for RGD-based therapies. Using a mouse subcutaneous 

melanoma model, the effects of RGDSK-RNT intratumoural injections on melanoma 

proliferation, angiogenesis, and metastasis were assessed. Results from this chapter suggest that 

RGDSK-RNTs are able to attenuate tumour cell proliferation and modestly stimulate 

angiogenesis. Improved biological activity of RGDSK-RNTs compared to RGDSK peptides is 

contributed to the multimeric RGDSK delivery by RNTs. Collectively the evidence in this 

chapter suggests that RNTs are effective delivery vehicles for RGDSK and future dosing regimen 

modifications may prove promising for increased tumoural toxicity.  

Author contributions: 

• J.N. House (University of Saskatchewan) managed and conducted the experiments, performed 

statistical analysis, and drafted the manuscript. 

• Dr. Yadu Balachandran (University of Saskatchewan) assisted with RNA isolation and RT-

qPCR analysis.  

• Dr. Wojciech Dawicki (University of Saskatchewan) taught the in vivo model to J.N. House and 

assisted with troubleshooting and data analysis. 

• Dr. John Gordon  (University of Saskatchewan) provided lab space and technical support. 

• Dr. Bruce Wobeser (University of Saskatchewan) graded histology (H&E and IHC) slides. 

• Dr. Hicham Fenniri (Northeastern University, Boston USA) created, physically characterized, 

and provided the helical rosette nanotubes.  

• Dr. Baljit Singh (University of Saskatchewan) provided scientific guidance, manuscript review, 

and funding. 
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4.2 Introduction 

Melanoma, cancer of melanocytes, incidence and mortality rates are rising steadily, particularly 

in developed countries. New Zealand and Australia by far have the highest rates of incidence, 

followed by Northern European countries such as the Netherlands, then North America (United 

States) with ~35, ~18, and 14 cases per 100,000 people, respectively (2012 values).(75) Early 

diagnosis confers a promising 80-85% 10-year survival rate, however the presence of metastasis, 

oft evident in later stages, accords a 10-year survival rate of only 40%.(32, 43, 73) 

Melanoma is characterized by rapid cell proliferation, dense vascularization, and high rates of 

metastasis.(73, 74) The melanoma tumour microenvironment is complex, with a dynamic 

panoply of cells and mediators working together to influence tumorigenesis. Integrins, 

heterodimeric cell adhesion receptors, expressed on a variety of cells present within this 

microenvironment are key players in cancer progression.(27-29, 35, 43) Upon ligand binding, 

integrins form critical cell signalling hubs involved in cell survival, adhesion, migration, and 

proliferation.(27, 29) In particular, integrin αvβ3 is closely linked with melanoma. Integrin αvβ3 

expression on tumours and their blood vessel endothelium increases in conjunction with tumour 

progression(43) and is associated with increased metastatic potential, tumour growth, and 

prolonged cell survival. Integrin αvβ3 also has microenvironment-dependent roles in 

angiogenesis.(6, 32, 38, 76) 

Traditional therapy options, radiation(5) and chemotherapy(73), have limited effectiveness 

against melanoma especially poorly resectable malignant melanoma.(7) Immunotherapy and 

drugs to inhibit angiogenesis are potential novel alternatives to effectively treat melanoma.(74) 

Immune-based therapies provide new targets and longer lasting effects, but can cause significant 

side effects and lack requisite effectiveness.(7) Integrins, like αvβ3, offer an alternative 

therapeutic target. αvβ3 is promiscuous, capable of binding a diverse array of RGD-containing 

proteins including ECM proteins, soluble ligands, and cell surface counter receptors.(6, 27, 28, 

30, 31, 45) Blocking integrin αvβ3 activity, whether it be by antibodies, RGD peptides, or 
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genetically (i.e. αv-/- mice) can decrease melanoma cell proliferation(38, 76), inhibit 

metastasis(38, 76), block angiogenesis(6), or prevent tumour formation altogether(32).  

The most clinically relevant are RGD peptides. The physiological path travelled by these peptides 

can greatly influence their effectiveness and half-life. Targeted delivery to the tumour site with 

minimal off target interactions is desired. The use of nanotechnology, specifically in the area of 

drug delivery is growing in popularity. Tumour physiology, in particular leaky tumour blood 

vessels(6) and high cell surface receptor expression(7), is exploited by nanomaterials (NMs) to 

increase drug accumulation by 10-25 fold relative to comparable non-NM drugs. NMs can utilize 

receptor-mediated endocytosis through highly expressed cell receptors such as integrin αvβ3 to 

enter tumour cells.(7) Several NM-based therapies are currently in clinical trials or already 

approved for cancer treatment.(7, 8) Generally, nanotechnology has been adapted to deliver pre-

existing melanoma therapies.(7) We propose the use of helical rosette nanotubes (RNTs) 

conjugated with RGDSK as a novel approach to initiate anti-tumoural effects in tumours 

expressing integrin αvβ3.  

Biological inspired RNTs are created through the self-assembly of six cytosine and guanine 

modules forming rings that stack to form stable tubes with an inner diameter of 4nm. These 

nanotubes are water soluble, metal-free, and have strong adhesive properties. To engage in 

specific cellular interactions RNTs can be functionalized with peptide sequences, such as 

RGDSK.(9-15) Previous research in this lab demonstrated RGDSK-RNTs initiate apoptosis in 

Calu-3 human adenocarcinoma cells(17). Therefore as melanoma tumours express high levels of 

integrin αvβ3, we hypothesize that treatment with RGDSK-RNTs will reduce tumour growth. 

This pilot study is the first in vivo experiment to investigate RGDSK-RNT interactions with 

αvβ3-expressing tumours. We used the well established subcutaneous melanoma model to 

investigate tumour growth rates, angiogenesis, and metastasis in vivo.(74, 108, 109) 

4.3 Materials and Methods 
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4.3.1 Chemical treatments 

Nanotubes were manufactured and characterized in the lab of Dr. Hicham Fenniri of Northeastern 

University (Boston, USA) (Figure 4.1). RNTs are composed of 10% TBL-FITC and 90% TB-

RGDSK that self-assemble in distilled water for 48 hours at room temperature to create 1:10 

FITC-RGDSK-RNT. This stock solution contains 246 µM RGDSK and was used undiluted for in 

vivo experiments. For in vitro experiments, 22 µL of FITC-RGDSK-RNTs were diluted into 1mL 

media resulting in 5.4 µM RGDSK in solution.   

RPMI-1640 complete media (Lonza, 09-774F) and sterile 1X PBS (Gibco, 20012-027) were used 

as negative controls for in vitro and in vivo experiments, respectively.  The apoptosis-inducing 

positive control was 1µM staurosporine (Biovision, 1745-01) in sterile PBS. To determine the 

impact of RNT delivery on RGDSK activity, an additional treatment group of 40 µM or 250 µM 

RGDSK peptide conjugated with FITC (American Peptide Co.) in sterile water was utilized.

Figure 4.1 Self-assembly of FITC-RGDSK-RNTs. (A) G^C motif; building block of the RNT 
scaffold. (B) Supermacrocycle composed of six building blocks. (C) Model of functionalized and 
stable nanotube. Figure adapted from Biomaterials (doi:10.1016/j.biomaterials.2008.11.020). 
Zhang L., et al., “Arginine-glycine-aspartic acid modified rosette nanotube–hydrogel composites 
for bone tissue engineering” 30:1309-1320. Copyright (2009), with permission from Elsevier.   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4.3.2 Antibodies 

Primary antibodies used were integrin αvβ3 (1:100; Abbiotec, 251672), von Willebrand factor 

(VWF) (1:200 IHC, 1:100 confocal microscopy; Dako, A0082), platelet/endothelial cell adhesion 

molecule (PECAM-1) (1:100; Santa Cruz, sc-1506), S-100 melanocyte marker (1:10; Abcam, 

ab4066), and Ki67 (1:200; Abcam, ab16667). Secondary antibodies, used at 1:100 dilution, were 

from Dako (anti-rabbit P0448, anti-mouse P0447, and anti-goat P0449) and Abcam (anti-rabbit 

CY5, ab97077). Isotope control antibodies, used at 1:100 concentration, were rabbit IgG (Novus 

Biologicals, NB 810-56910), mouse IgG2a (R&D Systems, MAB003) and goat IgG (Santa Cruz, 

sc-2028). All antibodies were diluted into the experimentally relevant blocking solution (i.e 5% 

BSA for ICC). 

4.3.3 Cell culture 

The murine melanoma B16-F10 (ATCC® CRL-6475™) cell line was cultured according to 

ATCC guidelines: 37°C, 5% CO2 in RPMI-1640 media with 10% fetal bovine serum (Seradigm, 

1600-500). Cells were grown to 90% confluence before they were trypsinized for collection for 

experimentation. 

4.3.4 B16-F10 cell characterization and viability, in vitro 

Cells were characterized for the integrin αvβ3 using immunocytochemistry (ICC) and fluorescent 

microscopy. For ICC, 1 x 106 cells per well were plated on round coverslips in 24-well plates. 

Following a 22 hour incubation cells were fixed for 10 minutes with 4% paraformaldehyde (PFA) 

(Sigma Aldrich, P6148) at 4°C then permeabilized with a 0.1% Triton X-100 (Sigma Aldrich, 

234729) solution for 5 minutes at room temperature. Endogenous peroxidases were blocked using 

3% H2O2 (Sigma Aldrich, H1009) in PBS for 20 minutes, followed by blocking with 1% bovine 

serum albumin (BSA) (Sigma Aldrich, A3294) for one hour. Overnight incubation at 4°C with 

integrin αvβ3 or S-100 antibodies was followed by 30 minute secondary antibody incubation. 

Colour development was done using a Vector VIP peroxidase substrate kit (Vector, SK-4600) 

then cells were counterstained with methyl green (Vector, H-3402).     
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For fluorescent microscopy, B16-F10 cells were treated identically as for ICC until the blocking 

step. Cells were blocked with 10% BSA for one hour at room temperature.  Primary antibodies 

were incubated with cells overnight at 4°C. After thorough washing, a fluorescent secondary 

antibody was incubated for 30 minutes with gentle rocking. Cells were stained for 5 minutes with 

0.33 µg/mL DAPI (Sigma Aldrich, D9542) before mounting with prolong gold antifade reagent 

(Life Technologies, P36934). Slides were imaged using a Leica TCS SP5 confocal microscope 

with a 63X objective lens under oil immersion. 

To determine cell viability, in a 96-well plate 5 x 105 B16-F10 cells per well were plated and 

allowed to adhere for one hour. Cells were treated with 200 µL media, 1µM staurosporine, diluted 

FITC-RGDSK-RNT (5.4 µM RGDSK), or 40 µM RGDSK-FITC peptide. Following either a 4 or 

18 hour incubation, cells were washed, resuspended in buffer, and 10 µL of 10 µg/mL propidium 

iodide (PI, Sigma Aldrich, P-4170) in PBS added. Samples, including controls (cells only, RNT + 

cells, PI + cells) were analyzed using flow cytometry (CyFlowⓇ Space, Partec). B16-F10 cells 

consist of two distinct morphologies epithelial and spindle, leading to their separate gating as two 

distinct clusters. Epithelioid cells are large, 15-20 µm in width. Spindle cells are elongated, 

similar to fibroblasts, and may contain granular pigment.(110) The sample was run until there 

was 10,000 counts in the epithelioid gate. For cell viability analysis, both gates were grouped 

together. 

4.3.5 Subcutaneous melanoma model 

This work was approved by the University of Saskatchewan’s Animal Research Ethics Board and 

adhered to the Canadian Council on Animal Care guidelines for humane animal use. Female 7-8 

week old C57BL/6 mice (Charles River Laboratories, St. Constant, QC, Canada), group housed 

in the Laboratory Animal Services Unit at the University of Saskatchewan, were subcutaneously 

injected in the shaved lower dorsal region with 105 B16-F10 cells in 30 µL sterile PBS. Mice 

were randomly divided into treatment groups (n = 5 per group) upon developing palpable 

tumours of approximately 5 mm in dimension. Tumour length and width were measured using 

electronic calipers every two days. 50 µL of treatment solution was injected intratumourally 
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every two days for a total of three treatments. Treatments included 1X PBS, 1µM staurosporine, 

250 µM RGDSK-peptide, and FITC-RGDSK-RNT (246 µM RGDSK). Using isoflurane, mice 

were euthanized two days after their third treatment, earlier if they showed signs of distress, lost 

weight, or their tumour ulcerated. Upon euthanasia the tumour was carefully excised, weighed, 

and measured then preserved in 4% PFA. Larger tumours (≥10 mm in at least one dimension and 

weighing approximately ≥0.8 g) were divided. Half preserved in 4% PFA, half snap frozen in 

O.C.T. compound (Sakura, Tissue-TekⓇ 4583) using either liquid nitrogen or an ethanol dry ice 

bath and stored at -80°C. The tumour’s sentinel inguinal lymph node, a control bronchial lymph 

node, and a portion of the liver and lungs were preserved in RNAlaterⓇ (Qiagen, 1018087) 

immediately upon dissection and stored at -20°C for PCR analysis after one day at 4°C as per the 

manufacturer’s protocol. Sentinel lymph nodes were determined relative to primary tumour 

position in relation to the spine. The remainder of the lung was fixed in 4% PFA for histological 

analysis. Following PFA fixation, 24 hours for lungs and 48 hours for tumours, tissues were 

processed and paraffin-embedded. This experiment was repeated thrice in its entirety. 

4.3.6 Histological analysis 

Paraffin-embedded tumours were sectioned 10µm thick for H&E staining and 

immunohistochemistry (IHC) to characterize integrin αvβ3, VWF, PECAM-1, and Ki67. In brief 

for IHC, tissues were deparaffinized, rehydrated, endogenous peroxides removed using a 0.5 % 

H2O2 (Sigma Aldrich, H1009) in methanol (Fisher Scientific, A412) solution. Tissues were then 

blocked with 1% BSA (Sigma Aldrich, A3294) for one hour. Antigen retrieval was accomplished 

using 2mg/mL pepsin (Sigma Aldrich, P7012) in 0.01N HCl (Fisher Scientific, A144-212) for 

one hour at 37°C, except for Ki67 where a 20 minute sodium citrate hot water bath was used. 

Tissues were incubated with primary antibodies overnight at 4°C, washed followed by incubation 

for 30 minutes with a secondary antibody, and colour developed as described above for ICC. 

Tissues were graded blindly by a pathologist using a modified version of a grading scheme 

described elsewhere.(99) Ki67 positive cells and blood vessels were enumerated using Image J 

(National Institutes of Health, USA). The percentage of Ki67 positively stained cells, relative to 

total cells, per field of view was determined based on cell counts of four random 10X images of 

 #75



each tumour. The mean of these four counts was used for graphical and statistical analysis. Blood 

vessels, stained positively for VWF, were enumerated in the same manner. Images of IHC 

staining controls can be found in Supplemental Data (Figure 6.3). 

Snap frozen tumours were sectioned and stained for confocal microscopy to compare the 

localization of RGDSK peptides and RGDSK-RNTs within the treated tumours. Frozen tissue 

sections were fixed with chilled acetone at -20°C for 20 minutes, blocked with 10% BSA for 1 

hour at room temperature. Primary antibodies integrin αvβ3 and VWF were incubated overnight 

at 4°C. After washing, the tissues were incubated with secondary antibody for 30 minutes at room 

temperature. Lastly tissues were stained with 0.33 µg/mL DAPI (Sigma Aldrich, D9542) for 5 

minutes at room temperature then mounted using Prolong-gold antifade mounting media (Life 

Technologies, P36934). Images were taken using a Leica TCS SP5 confocal microscope with a 

63X objective lens under oil immersion. Noise was reduced using the Blur tool on Leica LAS X 

Core software. 

4.3.7 Reverse transcription quantitative polymerase chain reaction (Rt-qPCR) 

RNA isolation occurred within 6 months of tissue storage at -20°C using the RNeasy kit (Qiagen, 

74106). Tissue samples, placed in an autoclaved FastPrepⓇ tube (MP Biomedicals, 5076-200) 

with a 5 mm stainless steel bead (Qiagen, 69989) and 600 µL buffer RLT (from RNeasy kit), 

were lysed using an oscillator (Retsch MM400) for 4 minutes at 25-30Hz. Isolation followed the 

manufacturer’s protocol with isolated RNA collected using 30 µL RNAse free water at the final 

step. RNA was quantified using Nanodrop (Thermo Scientific). Only samples with an RNA 

concentration of >90 ng/µl and with a A260/A280 ratio value between 1.8 and 2.1 were used to 

make cDNA. RNA was stored at -80°C. Using qScript™ cDNA SuperMix (Quanta Biosciences, 

95048) cDNA was produced using an RNA concentration of 94.5ng/µl for a 20µl reaction, with 

incubation of 5 minutes at 25°C, 30 minutes at 42°C, and 5 minutes at 85°C. Rt-qPCR was 

carried out using PerfeCta™ SYBRⓇ Green FastMix™, Low ROX™ (Quanta Biosciences, 

95074). A 20µl reaction volume included 10µl FastMix, 5µl cDNA template, 1µl RT-PCR grade 

water (Life Technologies™, AM9935), and 2µl each of 190nM primers. NCBI’s Primer-BLAST 
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was used to confirm the design of the reference gene mouse β-actin and gene of interest Dct 

(Table 4.1).(111) Treatments had no effect on β-actin expression, as only minimal differences in 

fold change between negative control and treatment mean 2-CT values was observed (treatment 

fold change range: 0.73-0.94). The PCR cycling protocol used is as follows: 30s at 95°C, 40 

cycles of 10s at 95°C followed by 30s at 60°C, then 1 cycle of each 5s at 65°C and 5s at 95°C. 

Clear 96-well plates (Axygen, 321-61-051), capped with strip caps (Axygen, 321-11-071), were 

run on a Stratagene MX3005P™ PCR system with MxPRo (Stratagene, v4.10, 2007) software to 

collect and analyze the data. There were 2 technical replicates per sample per gene. 

       Table 4.1 Rt-qPCR Primers 

PCR was used to quantify Dct (dopachrome tautomerase), a protein unique to melanocytes, gene 

expression in common metastasis sites as a more sensitive measure than gross examination. To 

provide relevance to Dct data collected in distal tissues, healthy lungs from untreated C57BL/6 

mice were combined with a known number of log-phased cultured B16-F10 melanoma cells 

before RNA isolation to create a calibration curve. Using the linear regression equation from this 

curve, approximate cell number in experimental tissues were determined based on Dct 

expression. Additionally, threshold cycles (Ct) (number of cycles required for fluorescence signal 

to cross a detection threshold) of tissues from PBS-treated control mice were compared to tissues 

from other treatment groups using the 2-△△Ct  method, normalized to mouse β-actin, to determine 

the relative fold change difference due to treatment.(112) All no template control (NTC) values 

had no measurable amplification. 

4.3.8 Statistical analysis 

Tumour volume (V) was calculated using equation (4.1).(113) This formula is based on the 

assumption the tumour is a hemiellipsoid and that tumour height (L) is approximately the same as 

the width (W). In this formula L represents the longest measurement. 
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Gene Forward Reverse

mouse β-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT

Dct GAGAAACAACCCTTCCACAGATG ACCAAACTGGAGCTTCTTCCTCT



  

V = 0.52 (W2 x L) ……………………………………………………………………………..(4.1) 

Statistical analysis was performed using StataⓇ (Stata Corp LP, version 13.1, USA) and the 

graphing software GraphPad PrismⓇ (GraphPad Software, version 5.04, USA). PrismⓇ was used 

to fit exponential growth curves and a line of best fit for tumour growth rate and doubling time 

determination. Nonparametric analysis was used due to non-normally distributed data and 

unequal n values between treatments. Significance (p < 0.05) between treatments was determined 

using the Kruskal-Wallis test, with subsequent Wilcoxon-Mann-Whitney tests to compare each 

treatment pairing separately. For cell viability, a 2-way anova was used to compare treatment, 

time, and percentage of dead cells. As there was an interaction effect between time and treatment, 

the matrix function in StataⓇ was used to compare all treatments, times, and interactions with 

bonferroni post-hoc tests. 

4.4 Results 

4.4.1 Integrin αvβ3 expression on B16-F10 cells 

B16-F10 cells were characterized for integrin αvβ3 expression using ICC and fluorescent 

microscopy (Figure 4.2). Integrin αvβ3 was abundantly expressed on all cells 22 hours post 

trypsinization. In particular, in some cells αvβ3 is densely localized in perinuclear compartments.  

S-100, a melanocyte marker, was used as a staining positive control (Figure 4.2C). 

4.4.2 Cell viability and FITC-RGDSK-RNT uptake in B16-F10, in vitro 

B16-F10 cells were exposed to staurosporine, RGDSK peptide, or RGDSK-RNTs for 4 or 18 

hours to determine cell viability and the cellular association of RGDSK peptide and RGDSK-

RNT. B16-F10 cells consist of two distinct morphologies epithelioid and spindle. This was 

observed using flow cytometry. Since tumours consist of both cell types(110) for the purpose of 

this experiment they were gated together (Figure 4.3A). As expected, the percentage of late 

apoptotic or necrotic cells (PI +) was often dependent on both time and treatment. RGDSK-RNTs 

at 4 and 18 hours modestly increased cell death compared to non treated cells at 4 hours (Figure 
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4.3B). Staurosporine at 18 hours dramatically increased cell death, as expected. Interestingly, 

RGDSK peptide did not induce a statistically significant rise in cell death, unlike RGDSK-RNTs. 

In fact, RNT treated cells had a significantly lower survival rate compared to RGDSK peptide 

treated cells. This suggests that the RNT scaffold itself plays either a direct or indirect role in  cell 

survival. A diluted concentration of RGDSK-RNTs was used for this in vitro experiment to mimic 

previously used concentrations in a dendritic cell trafficking study and an isolated perfused lung 

model study. At this dose B16-F10 cell death was approximately 20% after 18 hours (Figure 

4.3B). Accordingly, for the following in vivo subcutaneous melanoma experiment full 

concentration RGDSK-RNTs were used to garner a maximal integrin-mediated effect. 

Figure 4.3C clearly shows that B16-F10 cells adhere to or uptake the FITC-RGDSK peptide and 

FITC-RDGSK-RNTs. However, this appears to not be treatment or time dependent as there was 

no significant difference in cellular association between or within the treatments at either time 

point. Cellular association (i.e. internalized or membrane bound material) was consistently at 

approximately 15-20%. Looking at the percentage of PI + cells that were also FITC + also 

revealed no significant differences between the two FITC containing treatments (Figure 4.3D). 

4.4.3 Effect of RGDSK-RNTs on tumour growth and density in a subcutaneous melanoma model 

Mice were closely monitored for signs of distress, weight loss, and tumour ulceration (Figure 

4.4A). Mice were weighed weekly, then every one-two days following the formation of a 

palpable tumour (Figure 4.4B). Every second day, the same individual took consistent tumour 

measurements, parallel and perpendicular to the spine, on anesthetized mice. Although done with 

due care, measurements on the excised tumour were consistently higher than in vivo tumour 

measurements. As such to avoid error, values calculated using excised tumour measurements are 

not compared to non-excised tumour values.   

Treatment effects on mice, specifically to their tumours, were investigated using a variety of in 

vivo and histological endpoints. Treatment effect on tumour growth rate was determined using 

tumour doubling times (Figure 4.5). Tumour volume, derived from caliber measurements, was 
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plotted against time individually for each mouse (Figure 4.5A). An exponential growth curve was 

fitted and the best fit line equation was determined (Equation 4.2). Where K is the rate constant 

(days) and Y0 is tumour volume at day 0. Goodness of fit R2 values ranged from 0.7587 to 

0.9997, with a mean of 0.9467. 

  

Y = Y0 * 𝑒(K*X) …………………………………………………………………………………(4.2) 

Doubling Time = ln(2)/K ………………………………………………………………..….…(4.3) 

Tumour doubling times (in days) were calculated using equation 4.3 (Figure 4.5B). Mean 

doubling rates, in days, for the various treatments were staurosporine 1.94, negative control 2.01, 

RGDSK peptide 2.21, and RGDSK-RNT 2.58. While RGDSK-RNTs showed statistically 

significant slowed tumour growth compared to the negative control and staurosporine treatment 

groups, the actual difference is less than one day. Therefore it is premature to make 

physiologically relevant conclusions based on this piece of evidence alone. 

Ki67, a protein involved in cell proliferation, is present in the nucleus of all actively mitotic cells. 

Ki67 expression can be used to grade both benign and metastatic tumours.(78) High Ki67 

expression is related to increased proliferation and higher metastasis risk.(114) The percentage of 

positively stained cells per field of view was determined based on cell counts of four random 10X 

images of each tumour (Figure 4.5C). RNT treated tumours had a significantly lower percentage 

of Ki67 positive cells relative to RGDSK peptide and staurosporine treated tumours (Figure 

4.5D) suggesting that RGDSK-RNTs attenuate proliferation.   

Excised tumours were carefully measured with calipers (Figure 4.6A) to determine final tumour 

volume (mm3). RGDSK-RNT treated tumours had significantly lower volumes than all other 

treatments (Figure 4.6B). Tumour mass revealed that RGDSK-RNT treated tumours were 

significantly heavier than both PBS and RGDSK treated tumours (Figure 4.6C). Tumour volume 

fold change (Figure 4.6D) was calculated by dividing the final volume of the non-excised tumour 

by the tumour volume on the first day of treatment. There was no significant difference among 

 #80



the treatments. Tumour density (g/cm3) was calculated based on excised tumour mass and volume 

(Figure 4.6E). RGDSK-RNT treated tumours were significantly more dense compared to every 

other treatment. 

4.4.4 Histological characterization of B16-F10 melanoma tumours 

Melanoma tumours underwent H&E staining to view the extent of inflammation and necrosis 

(Figure 4.7). Tumours were graded blindly by a pathologist (Figure 4.7D-E). Minimal 

inflammation was observed, however central necrosis was extensive in all treatment groups. 

When inflammation was present, it was either lymphoplasmacytic, neutrophilic, or a combination 

of the two. There were no significant differences between treatments for either endpoint. 

Melanoma tumours were characterized for integrin αvβ3 expression using IHC (Figure 4.8). 

Integrin αvβ3 is abundantly expressed throughout the tumours. Similarly to in vitro, αvβ3 was 

expressed strongly on the melanoma cell surface. Additionally, αvβ3 localized to both tumour and 

skin blood vessels. There was no apparent differences in expression between treatments. 

4.4.5 Localization of RGDSK-RNTs and RGDSK peptide in melanoma tumours 

To determine where RGDSK-RNTs and peptides localized in the tumour, 12µm thick frozen 

tumour sections were stained with integrin αvβ3 (Figure 4.9) or VWF (Figure 4.10) antibodies for 

fluorescent visualization with confocal microscopy. Both RGDSK-RNTs and peptides were 

visualized throughout areas of the tumours, not the entirety. In densely populated, organized areas 

both materials were found within cells. However, RGDSK-RNTs were found to intensely localize 

along tumour blood vessels and in B16-F10 organelles, likely endosomes or lysosomes. RGDSK 

peptides in unorganized, less populated areas were consistently found to localize only within cells 

and generally closely associated with the nucleus. Both integrin αvβ3 and VWF were expressed 

abundantly throughout tumours. 
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Figure 4.2 Integrin αvβ3 expression in B16-F10 cells, in vitro. (A) Representative 

immunocytochemistry (ICC) images of integrin αvβ3 (1:100). Positive staining is purple; nuclei 

are green. (B) Representative fluorescent microscopy images of integrin αvβ3 (1:100; red, CY5) 

expression. Nuclear dye DAPI is blue. Arrows indicate integrin αvβ3 localization in perinuclear 

compartments. (C) Representative ICC images of melanocyte marker S-100 (1:10) expression.  
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Figure 4.3 B16-F10 cell viability and RGDSK-RNT association, in vitro. (A) Representative 
results and gating of flow cytometric quantification of PI and FITC staining. Blue and red gates 
are epithelioid and spindle morphologies, respectively. The two morphologies were collectively 
quantified for the % of dead cells (PI +; QC1 + QC2), % of cells associated with RNT or RGDSK 
peptide (FITC+; QC2 + QC4). (B) % of PI positive cells after a 4 hour (white bar) or 18 hour 
(grey bar) incubation. Significance of p<0.05 denoted on graph. Statistical analysis was 
performed using a 2-way ANOVA with Bonferroni post-hoc tests. (C) RGDSK-RNT and RGDSK 
peptide binding by B16-F10 cells. % of FITC positive cells after a 4 hour (white bar) or 18 hour 
(grey bar) incubation. Statistical analysis was performed using Wilcoxon-Mann-Whitney tests. 
No significance was observed between FITC-containing treatments. (D) % of PI positive cells 
containing FITC (grey bar) compared to total % of PI positive cells. Statistical analysis was 
performed using Wilcoxon-Mann-Whitney tests. No significant difference was observed between 
FITC-containing treatments. For all graphs, error bars are SEM. n = 4 for each treatment group at 
each time point. 
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Figure 4.4 Mouse monitoring. (A) Example of tumour ulceration. (B) Mean body weight (g) 

throughout experimentation. For all treatment groups n = 13. Day 0 indicates start of experiment 

with subcutaneous B16-F10 injection.  
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Figure 4.5 Treatment effect on tumour growth. (A) Representative exponential growth curve for a 
negative control group mouse. Day 0 indicates time of subcutaneous B16-F10 injection. Day 20 
was first treatment day. (B) Tumour doubling times (in days). Doubling times, (DT = ln(2)/K), 
were calculated based on K values from the individually determined lines of best fit. (C) 
Representative image of Ki67 (1:200) staining. Purple is positive staining, nuclei are green. (D) 
Percentage of Ki67-positive cells per treatment. Positively stained cells were counted on four 
random images per tumour. The mean for each tumour is graphed here. Comparison of doubling 
times and % Ki67 positive was analyzed using Wilcoxon-Mann-Whitney tests. Significance of 
p<0.05 denoted on graph. Error bars are SEM. 
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Figure 4.6 Final tumour measurements. (A) Caliper-based tumour measurements. (B) Volume of 
excised tumours (mm3). (C) Mass of excised tumours, in grams. (D) Fold change in tumour 
volume from first treatment to euthanasia. p = 0.3565. (E) Tumour density (g/cm3). For all 
graphs, lines are treatment means and error bars are SEM. Comparisons between treatments were 
assessed using Wilcoxon-Mann-Whitney tests. Significance of p<0.05 denoted on graphs by 
letters. p <0.0005 denoted by asterisk.   
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Figure 4.7 Histological characterization of B16-F10 melanoma tumours. H&E stained tissue 
sections of (A) PBS and (B) RGDSK-RNT treated tumours. (C) High magnification images of 
normal and fragmented nuclei (open arrow). H&E grading of (D) inflammation and (E) necrosis. 
Treatments were compared using the Wilcoxon-Mann-Whitney test. There were no significant 
differences between treatments. 
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Figure 4.8 Integrin αvβ3 expression in B16-F10 tumours treated with (A) PBS, (B) staurosporine, 

and (C) RGDSK-RNT. Representative immunohistochemistry images using 1:100 integrin αvβ3 

antibody. Positive staining is purple; nuclei are green. 
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Figure 4.9 RGDSK localization in relation to integrin αvβ3 in melanoma tumours following 
intratumoural injections. Representative confocal microscopy images using 1:100 integrin αvβ3 
antibody (red; CY5) in (A) FITC-RGDSK-RNT (green) and (B) FITC-RGDSK peptide (green) 
treated tumours. Blue is the nuclear stain DAPI. bv = blood vessel. Closed arrows indicate 
localization along blood vessels. 
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to von Willebrand factor (VWF) in 
melanoma tumours following intratumoural 
inject ions. Representat ive confocal 
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RNT (green) and (B) FITC-RGDSK peptide 
(green) treated tumours. Blue is the nuclear 
stain DAPI. bv = blood vessel. Closed 
arrows indicate localization along blood 
vessels. Open arrows indicate organelle 
localization.



4.4.6 Effect of RGDSK-RNTs on tumour vascularization 

Angiogenesis, the formation of new blood vessels, is important for tumour growth and 

metastasis. Increased blood vessel density, associated with angiogenesis, correlates with 

increased risk of metastasis.(74, 78, 108) PECAM-1 (CD31), a cell adhesion molecule involved 

in leukocyte migration, is highly expressed at junctions between endothelial cells as well as 

platelets and most leukocytes.(41) Although commonly used for blood vessel enumeration, our 

PECAM-1 antibody poorly stained the tumour blood vessels making it difficult to clearly define 

blood vessels. Therefore another endothelial marker, VWF, was utilized. Within the endothelium 

lay Weibel-Palade bodies (WPB), organelles responsible for sequestering and releasing VWF.(83, 

85) VWF, a multimeric protein, contains the RGD sequence in one of it's binding domains thus 

can ligate with integrins.(100) VWF is involved in inflammation(85), platelet recruitment(100), 

and promotes platelet adhesion to the endothelium.(52) VWF was expressed along the blood 

vessel endothelium as well as diffusely throughout the tumour (Figure 4.11A). Six randomly 

captured 10X images of VWF stained tumour sections were enumerated for positively stained 

blood vessels (Figure 4.11B). RGDSK-RNT treated tumours had a statistically significant higher 

blood vessel density than tumours in the negative control group. Blood vessels were often 

localized in high density areas with some tumour sections having nary a visible blood vessel. 

This is consistent with other reports.(115) 

4.4.7 Effect of RGDSK-RNTs on distal metastasis 

Metastasis is a complex, multi-step process that involves the spread of tumour cells to a distal 

site. Common sites of metastasis with melanoma include lymph nodes, brain, bone, lung, and 

liver.(43, 79) To assess metastasis qualitative assessment of gross tissue was carried out upon 

experiment completion. Little distal metastasis was observed in the lungs or inguinal lymph 

nodes for any treatment (Figure 4.12A). For a more refined quantitative approach, Rt-qPCR was 

employed to determine the extent of metastasis. The melanoma marker, dopachrome tautomerase 

(Dct), also called tyrosine-related protein 2, is involved in melanin synthesis regulation in 

melanocytes. Dct expression is up-regulated in malignant melanocytes relative to normal 

melanocytes.(116) PCR analysis was performed on the sentinel inguinal lymph node, control 
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bronchial lymph node, and lung tissue. Healthy lungs were dosed with 500 to 1 x 108 B16-F10 

cells to create a standard curve (R2 =0.998) to approximate cell number in distal organs based on 

Dct expression (Figure 4.12B). In the lungs, the only statistically significant difference in cell 

number was between staurosporine and RGDSK-peptide treated mice (Figure 4.12C). However, 

the RGDSK-RNT treated mice tended to have lower pulmonary cell counts than the PBS treated 

control group mice. In the lymph nodes (LN), there was no statistical significance observed 

between treatments, but higher cell counts were observed in staurosporine and RGDSK-RNT 

treated mice (Figure 4.12D). This is indicative of increased risk for future distal metastasis. As 

expected, there were dramatically lower cell numbers in control bronchial LNs compared to 

draining inguinal LNs. Tissues with visible signs of metastasis had cell counts ranging from 8.96 

x 104 - 6.68 x 106. The mean relative fold change in Dct expression, normalized to mouse β-actin, 

between the PBS negative control and the other various treatments was determined using the 2-

△△Ct method. In the lungs, RGDSK-RNT treated mice had slight up-regulation of Dct expression 

compared to the control group (Figure 4.12E). RGDSK-RNT treated mice had greatly up-

regulated Dct expression in the inguinal draining LN compared to the control treatment group 

(Figure 4.12F). The large standard deviations for staurosporine and RGDSK-RNT treated mice, 

in the lungs and LNs respectively, were due to the presence of visible metastases in one or more 

mice. Additionally not all tissue samples met our criteria for PCR analysis (e.g. RNA purity and 

adequate concentration), thus some samples could not be included in our quantitative assessment 

of metastasis, decreasing statistical power. Therefore we were unable to definitively identify 

whether RNTs inhibited or induced metastasis. 

 #92



 

Figure 4.11 Tumour blood vessel density. Representative immunohistochemistry images of von 

Willebrand factor staining in (A) RGDSK-RNT treated tumours. Positive staining is purple, 

nuclei are green. (B) Blood vessel quantification per field of view. Statistical analysis was 

performed using Wilcoxon-Mann-Whitney tests. Error bars are SEM, lines are treatment means. 
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Figure 4.12 Quantification of metastasis in lymph nodes (LN) and lungs using Rt-qPCR.  
Continued on next page. 
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Figure 4.12 (cont.) Quantification of metastasis in lymph nodes (LN) and lungs using Rt-qPCR. 
(A) Percentage of mice with visible metastases in the lung or draining inguinal lymph node for 
each treatment group (n = 13). (B) Standard curve of dopachrome tautomerase (Dct) expression 
correlated with B16-F10 dosed lungs. Threshold cycle (Ct) is corrected to an internal control, the 
reference gene β-actin. (C) Quantification of melanoma cell number based on Dct expression in 
the lung. * p = 0.0157. (D) Quantification of cell number based on Dct expression in the lymph 
nodes. Statistical significance (p<0.05) was determined using Kruskall-Wallis and Wilcoxon-
Mann-Whitney tests. Treatment n values: negative control (n = 8,7,6), staurosporine (n = 8,7,7), 
RGDSK peptide (n = 8,8,5), and 1:10 RGDSK-RNT (n = 8,10,7), lungs, inguinal LN, and 
bronchial LN, respectively. Error bars are SD.  

The mean relative fold change in Dct expression due to treatment determined using the 2-△△Ct  

method, normalized to mouse β-actin. For (E) lungs, and (F) inguinal lymph nodes (p = 0.3270). 
Fold change is based on the mean of individually calculated 2-△△Ct values, where △△Ct  = 

‘treatment’ △Ct – control mean △Ct. Statistical significance (p<0.05) between treatments was 

determined using Kruskall-Wallis and Wilcoxon-Mann-Whitney tests. PBS control (n = 8, 7), 
staurosporine (n = 8, 6), RGDSK peptide (n = 8, 8), and 1:10 RGDSK-RNT (n = 8, 10), for lungs 
and inguinal LNs, respectively. SD error bars.  
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4.5 Discussion 

This is the first in vivo study to investigate the anti-tumour potential of RGDSK-RNTs. The 

effects of RGDSK-RNT intratumoural injections on melanoma is summarized in Table 4.2. The 

body of evidence collectively suggests that RGDSK-RNTs can slow tumour growth by 

attenuating proliferation and possibly inducing apoptosis, and mildly stimulate angiogenesis. 

Their effect on metastasis is indeterminate. RGDSK-RNTs were well tolerated by the mice, as 

weight gain and general appearance was consistent with the negative control and RGDSK peptide 

treatment groups (N. House, experimental observations). RNT delivery within the tumour was 

widespread, demonstrating their potential for inducing whole tumour effects. 

There is an interesting dichotomy between the observed effects of RGDSK-RNT and RGDSK 

peptide injected tumours. These effects, relative to the PBS control group and the other RGD-

containing treatment, are summarized in Table 4.3. An asterisk indicates statistically significant 

effect relative to the other RGD-containing treatment. For example, for cell viability in vitro 

RGDSK-RNTs induce significantly more cell death compared to untreated and RGDSK peptide 

treated cells. There is quite a dramatic difference between the two groups in regard to their 

biological activity. RGDSK-RNTs are far more active than the peptide alone, even though in the 

in vivo experiment both treatment groups had the same relative RGDSK concentrations ~250µM. 

This indicates that either the RNT scaffold itself is contributing to this observed biological 

activity or the presence of multiple RGDSK peptides on one nanotube is amplifying RGDSK 

driven biological activity. Previously published work compares the differential effects between 

the peptide functional groups (i.e RGDSK peptide) and functionalized RNTs (i.e. RGDSK-RNT).

(17, 21, 24-26) However, there is no study comparing biological effects using unconjugated 

RNTs as an additional control group. The most probable explanation for the increased biological 

effectiveness of RGDSK-RNTs summarized in Table 4.3 is the presence of a multitude of 

RGDSK peptides on one nanotube. The multimeric RGD-presenting RNTs should have increased 

integrin affinity and clustering as has been shown with other multimeric RGD scaffolds.(117) As 

a result, the RGDSK-RNTs would initiate increased integrin signalling and co-internalization 

with integrin αvβ3. Multimeric RGD structures are preferentially internalized via clathrin-
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mediated endocytosis using integrin αvβ3, similar to viruses.(117) Conversely, monomeric RGD 

peptides are internalized in integrin-independent fluid-phase endocytosis. Variation in 

internalization routes could explain differences in the localization of the two materials (Figures 

4.9, 4.10). RGDSK peptides were found perinuclear, however RGDSK-RNTs were found in 

distinct organelles as a result of receptor-mediated endocytosis. 

       

Table 4.2 Effects of RGDSK-RNT intratumoural injection 
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Endpoint Effect Basis

tumour 
growth

attenuated ⬆ tumour mass ≈ ⬆ proliferation / ⬇ cell death 

~⬆ doubling time ≈ slower growth ≈ ⬇proliferation/⬆ apoptosis 

⬇ tumour volume ≈ ⬆ cell death / ⬇proliferation 

⬇ Ki67 expression ≈ ⬇proliferation

angiogenesis stimulated ⬆ blood vessel (BV) density 

⬆tumour mass ≈ ⬆ nutrients ≈ ⬆BV density 

⬆tumour density ≈ ⬆ BV density

metastasis indeterminate ~ ⬇ cell count in lungs 

~ ⬆ cell count/Dct expression in inguinal LN 

⬇ Ki67 expression ≈ low risk of metastasis



Table 4.3 Comparison of RGDSK peptide and RGDSK-RNT induced effects in an in vivo 

melanoma model.  An asterisk indicates statistically significant effect relative to the other RGD-

containing treatment. Control refers to tumours injected with PBS.  

      

There was a dramatic three-fold increase in tumour density in RGDSK-RNT treated mice, 

compared to all other treatments. The greater mass and smaller volume contributed to the high 

density of RGDSK-RNT injected tumours. Changes in tumour density are often due to 

angiogenesis.(118) Due to the high metabolic demands of tumours, they are often hypoxic.(6) 

This hypoxic state triggers angiogenesis to increase blood vessel density(6), subsequently tumour 

cells receive more oxygen and nutrients to fuel proliferation.(119) RGDSK-RNT treated tumours 

only had higher blood vessel density compared to negative control tumours. Mean blood vessel 

density per field of view for PBS and RGDSK-RNT treated tumours were 11.8 and 17.3, 

respectively. It is uncertain how relevant this increase in blood vessel density is, as increased 

blood vessel density permits increased proliferation leading to increased tumour mass and 

volume. While RGDSK-RNT treated tumours did have increased mass, they also had 
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Endpoint RGDSK Peptide RGDSK-RNT Reference Figure

Compared to: control RGDSK-RNT control RGDSK peptide Reference Figure

cell viability, in 
vitro

no effect ⬆* ⬇  ⬇* 4.3B

doubling time no effect no effect ⬆  no effect 4.5B

Ki67 expression no effect ⬆* no effect ⬇* 4.5D

tumour volume no effect ⬆* ⬇  ⬇* 4.6B

tumour mass no effect ⬇* ⬆  ⬆* 4.6C

tumour density no effect ⬇* ⬆ ⬆* 4.6E

blood vessel 
density

no effect no effect ⬆ no effect 4.11B

lung metastasis no effect no effect no effect no effect 4.12C, E

lymph node 
metastasis

no effect ~⬇ ~⬆  ~⬆ 4.12D, F



significantly lower tumour volume compared to all other treatments, decreased Ki67 expression, 

and longer doubling times. This suggests that the RGDSK-RNTs are inducing a cytostatic 

response in the tumour. This is further supported by studies that demonstrate RGD peptides 

induce apoptosis in tumour cells and attenuate proliferation.(32, 38, 58, 76) As well our own in 

vitro work demonstrated the RGDSK-RNTs can induce cell death in B16-F10 cells.  

Density changes can indicate tumour necrosis.(120) Central necrosis can lower density without 

changing tumour volume and this can be indicative of a successful treatment. (121) It is a useful 

prognostic tool to determine treatment effectiveness in conjunction with a decrease in overall 

tumour size. However necrosis levels were consistently high between all groups, so this was 

ruled out as a potential causative factor. Taking all of these factors into consideration it is 

hypothesized that RGDSK-RNTs concurrently initiated both a cytostatic and mildly 

proangiogenic response in the murine subcutaneous melanoma model. Further work is required to 

better elucidate the impact of RNTs on the tumour vasculature.        

  

RGD peptides are desired for therapeutic use as they have multiple integrin αvβ3 mediated anti-

tumour effects. These include decreased proliferation, inhibited metastasis, attenuated 

angiogenesis, and stimulated apoptosis.(32, 38, 58, 76) This is the first study to explore the 

tumoural effects of RGDSK-functionalized RNTs in vivo. Our results confirm the importance of 

multimeric RGD delivery for more efficient integrin targeting and signalling and validates the use 

of RNTs as such a scaffold. In the subcutaneous melanoma model, RNTs significantly increased 

RGDSK activity across the majority of endpoints. RNTs are a capable delivery vehicle for 

RGDSK peptides as they are stable, metal free, small in size, and highly tailorable. Numerous 

RGDSK peptides can be conjugated to one scaffold to permit efficient, multimeric delivery. This 

work has illuminated areas for further study, particularly in regard to an appropriate RNT dosage 

regimen, including frequency, route, and dose, to determine if the anti-tumoural effects can be 

amplified. Future work should also include the investigation of RGDSK-RNT effects on tumour 

vasculature, principally in regards to angiogenic effects, and on melanoma metastasis.  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Chapter 5: RECEPTOR-MEDIATED ENDOCYTOSIS OF RGDSK-RNTS IN 
DENDRITIC CELLS 

5.1 Preface 

As the previous two chapters demonstrated the burgeoning potential of RGDSK-RNTs as 

therapeutic agents further investigation into their behaviour with other integrin αvβ3-expressing 

cells is prudent. Dendritic cells (DC) express integrin αvβ3 and have key roles in both the 

immune response and the tumour microenvironment. This chapter focuses on the trafficking of 

RGDSK-RNTs in DC, specifically in regard to receptor-mediated endocytosis. The uptake 

pathway and resultant localization of internalized materials can influence the subsequent immune 

response put forth by the DC. Results from this chapter demonstrate that RGDSK-RNTs utilize 

receptor-mediated endocytosis as evidenced by their rapid, temperature dependent uptake. 

RGDSK-RNTs were able to utilize both the caveolin- and clathrin-dependent pathways and 

subsequently travelled through the endosomal-lysosomal pathway. RGDSK-RNTs localized in 

vesicles, organelles, and freely in the cytosol. Determining how DC traffic RGDSK-RNTs is the 

first step in investigating the immunological potential of RNTs for the express purpose of 

utilizing DC in conjunction with RGDSK-RNTs for immunotherapy. 

Author contributions: 

• J.N. House (University of Saskatchewan) managed and conducted the dendritic cell 

experiments, statistical analysis and drafted the manuscript. 

• Dr. Hicham Fenniri (Northeastern University, Boston USA) created, physically characterized, 

and provided the helical rosette nanotubes. 

• Dr. Baljit Singh (University of Saskatchewan) provided scientific guidance, manuscript review, 

and funding. 

5.2 Introduction 

The use of nanomaterials (NM) in the field of medicine, in particular drug delivery, is garnering 

increased attention. Knowledge of trafficking patterns of NM is crucial in determining drug 
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effectiveness, cellular access, and potential toxicity. NM typically use multiple pathways to gain 

cellular entry, with potential variances possible between cell types.(63) The mode of endocytic 

uptake is heavily reliant on NM properties, such as size, shape, surface properties, composition, 

and functionalization.(63) Receptor-mediated endocytosis involves cellular uptake based on 

specific ligand-receptor interactions. Upon sufficient ligand binding to a cluster of receptors 

located in plasma membrane indentations, the membrane will move inwards creating a vesicular 

structure.(64) Also referred to as pinocytosis, ‘cell drinking’, molecules <500nm are commonly 

internalized in this manner. The two most common pathways are clathrin-mediated endocytosis 

(CME) and caveolin-mediated endocytosis (CvME).(63)  

The plasma membrane contains many different receptors that can be targeted by NM functional 

groups to increase uptake and direct trafficking.(63) For example, integrins are heterodimeric 

transmembrane proteins that act as receptors for a multitude of ligands that range from 

endogenous proteins to toxins.(27) In particular, integrin αvβ3 recognizes the RGDS motif(45) 

and upon ligation can internalize the ligand in a receptor-mediated fashion. This has been 

demonstrated in RGD expressing viruses (i.e. adenovirus)(31) and the monoclonal antibody 17E6 

(integrin αvβ3 antagonist)(67). Integrin αvβ3 can utilize both CME and CvME pathways by 

interacting with the adaptor protein Numb and an unidentified protein, respectively. The reliance 

and extent of use for either pathway is unknown. Pathway preference could be influenced by cell 

type, as studies have shown that integrin αvβ3 only uses CME in endothelial cell and 

myofibroblasts.(42, 44) Targeting integrin αvβ3 with RGD peptides to stimulate apoptosis in 

tumour cells has been heavily explored in recent years. NM can target integrin αvβ3 through the 

surface addition of RGD.(23, 63)   

Helical rosette nanotubes (RNTs), self-assembling structures composed of stacked cytosine and 

guanine rings, are desired for use as drug delivery vehicles because they are water soluble, stable, 

and metal-free.(9, 12-15) These nanotubes can be functionalized with peptide sequences for 

targeted delivery and effect. RNTs have been successfully conjugated with the RGDSK peptide 

sequence to target integrins, specifically αvβ3. With numerous potential applications, such as 
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orthopaedic implants for improved bone regeneration(19), we set to explore the trafficking 

patterns of RGDSK-RNTs to determine their viability for targeted, integrin mediated action. 

While FITC-RNTs have been observed to localize heavily along the cell membrane and to be 

internalized by the rat basophilic leukaemia cell line after 2 hours of exposure(20), nothing is 

known regarding the trafficking of RGDSK-RNTs. It is hypothesized that they will utilize 

integrin αvβ3 for receptor-mediated endocytosis. As integrins are ubiquitous on nucleated cells 

(28), RGDSK-RNTs could potentially interact with numerous cell types, including the first 

responders of the body. Dendritic cells (DC), integrin αvβ3-expressing (34) sentinel immune 

cells, travel the periphery sampling their microenvironment and engulfing foreign materials and 

infected cells for eventual antigen presentation to T-cells.(122) DC are present throughout the 

body near epithelium(87, 88) and in tumours (86). 

5.3 Materials and Methods 

5.3.1 Splenic dendritic cell isolation 

This work was approved by the University of Saskatchewan’s Animal Research Ethics Board and 

adhered to the Canadian Council on Animal Care guidelines for humane animal use. Female 6-8 

week old C57BL/6 mice (Animal Resource Centre, University of Saskatchewan), group housed 

in the Animal Care Unit at the University of Saskatchewan, were euthanized using isoflurane 

(IsoFlo, 5260-15-05). Spleens were removed in a sterile manner. Dendritic cells were isolated 

using magnetic-activated cell sorting with the Pan DC Microbeads kit (Miltenyi Biotec, 

130-092-465) following the manufacturer’s protocol to isolate a pure culture of both classical and 

plasmacytoid DC by the use of the markers CD11c and anti-mPDCA-1, respectively. The spleen 

was placed on ice in 5mL of sterile 2mg/mL Collagenase D (Roche Applied Sciences, 

11088866001) in 10mM HEPES NaOH pH 7.4 (Gibco, 15630). Each spleen was injected with 

500 µL of Collagenase D solution, cut into smaller pieces, and incubated for 30 minutes at 37°C. 

This material was passed through a 70µm cell strainer (BD Falcon, 352350) with a pestle to 

gently separate tissue pieces. After several washings the strained cells were run through a 30 µm 

pre-separation filter (Miltenyi Biotec, 130-041-407) with MACS buffer (Miltenyi Biotec, 

130-091-221), containing BSA (Miltenyi Biotec, 130-091-376), then counted using trypan blue 

 #102



(Sigma Aldrich, T8154) and a hemocytometer. The cell suspension was centrifuged at 300g for 

10mins at 4°C with the pellet resuspended in 400 µL of MACS buffer per 108 total cells. To 

prevent unspecific binding cells were incubated with FCR blocker reagent (Miltenyi Biotec, 

130-092-575), 100 µL per 108 cells, for 10 minutes at 4°C. 70 µL of Pan DC Microbeads 

(Miltenyi Biotec, 130-092-465) per 108 total cells were added and incubated for 15 minutes at 

4°C. Cells were washed by centrifugation with 1-2 mL of MACS buffer per 108 total cells and the 

pellet resuspended in 500 µL buffer for 108 cells. LS columns (Miltenyi Biotec, 130-042-401) 

were pre-rinsed with 3mL buffer after placing in the MACS separator. The cell suspension was 

run through a 30 µm pre-separation filter placed in the column. Washing the column 3 times with 

3 mL MACS buffer, each time, removed the unlabelled cell fraction. To elute the positive 

fraction, magnetically tagged DC, 5mL MACS buffer was added and the column plunged. 

Isolated DC, 106 cells/100 µL RPMI-1640 complete media (Lonza, 09-774F), were incubated at 

37°C for 1-2 hours before treatment. Isolated DC from 2-3 mice were pooled for each 

experiment. 

5.3.2 Chemical treatments 

Nanotubes were manufactured and physically characterized in the lab of Dr. Hicham Fenniri of 

Northeastern University (Boston, USA) (Figure 5.1). A 1:10 ratio of TBL-FITC and TB-RGDSK 

was used to create functionalized RNTs. RNTs self-assemble for 48 hours at room temperature. 

22 µL RNT stock was diluted in 1 mL RPMI-1640 complete media. Isolated cells were exposed 

to 10 µL of this RNT treatment solution in 100 µL media/106 cells for 10-12 minutes at 37°C, for 

a final RGDSK concentration of 541nM. 

A 5 µg/mL Brefeldin-A (BFA) (Sigma Aldrich, B6542) solution in RPMI-1640 complete media 

was used to disrupt DC protein trafficking. Cells were pre-treated for 30 minutes at 37°C with 

BFA before RNTs were added additionally. 
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Figure 5.1 Helical Rosette Nanotubes. (A) Scanning electron microscopy and (B) atomic force 

microscopy (AFM) images of TB-KSDGR in water. (C) Scanning electron microscopy image of 

TBL-FITC in water. 

5.3.3 Antibodies 

Primary antibodies used were: caveolin-1 (1:100; Santa Cruz, sc-7875), clathrin HC (1:100; 

Santa Cruz, sc-9069), EEA1 (1:100; Santa Cruz, sc-33585), integrin αvβ3 (1:250; Abbiotec, 

251672), golgin 97 (1:100; Santa Cruz, sc-74632), and LAMP-2 conjugated with Alexa Fluor 647 

(1:100; Santa Cruz, sc-81729). Secondary antibodies used at 1:100 dilution include: rat IgG-

PerCP/CY5.5 (Santa Cruz, sc-45100), goat IgG-PerCP/CY5.5 (Santa Cruz, 45102), rabbit IgG 

Cy5 (Abcam, ab97077). Isotype controls, 1:100 dilution, were from Santa Cruz: goat IgG 

(sc-45133), rat IgG2a (sc-45129), rabbit IgG (sc-45134). Isotype controls were negative (data not 

shown). 

5.3.4 Real-time imaging of helical rosette nanotube uptake 

For this experiment, DC were resuspended in RPMI-1640 complete media without phenol red 

(Gibco, 11835-030), 106 cells/100 µL, and placed in a glass-bottom culture dish (MatTek, 

P35G-0-10C) designed for imaging. Following the 1-2 hour resting incubation cells were imaged, 

while maintained at 37 ± 1°C, using brightfield and fluorescence while 10 µL of 1:10 FITC-

RGDSK-RNTs were gently added. 
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5.3.5 Confocal microscopy of endocytic markers 

For confocal microscopy, isolated DC were plated in sterile chamber slides (Lab-Tek, 154917) 

106 cells per well. Cells were then either pre-treated with BFA or exposed to RNTs directly. 

Following exposure, cells were washed throughly with 1x PBS to remove any unbound RNTs 

that could cause background fluorescence. Cells were fixed with 4% PFA pH 7 (Sigma Aldrich, 

P6148) for 10 minutes on ice then permeabilized with 0.1% Triton-X 100 (Sigma Aldrich, 

234729) in 1X PBS for 5 minutes at room temperature. Cells were blocked with 10% BSA 

(Sigma Aldrich, A3294) in PBS for 1 hour at room temperature. Primary antibodies incubated 

overnight at 4°C followed by secondary fluorescent antibody incubation in a dark room for 1 

hour with gentle rocking. Cells were stained with 0.33 µg/mL DAPI (Sigma Aldrich, D9542) for 

5 minutes at room temperature then mounted with prolong gold antifade reagent (Life 

Technologies, P36934). Slides cured for 48 hours at room temperature before imaging with a 

Leica TCS SP5 confocal microscope with a 63X objective lens under oil immersion. This 

protocol was used to collect all images. 

5.3.6 Bone marrow-derived dendritic cells 

Bone marrow-derived DC were given by Dr. John Gordon’s lab (University of Saskatchewan). 

Their isolation process is described elsewhere.(122) Briefly, bone marrow cells were seeded and 

on day 10 nonadherent cells were given 20 ng/mL granulocyte media colony stimulating factor 

(GM-CSF) to generate immature DC. These DC were exposed to RGDSK-RNT and imaged 

using confocal microscopy following the same aforementioned methods. 

5.3.7 Image and statistical analysis 

Images were captured using LAS X Core software (Leica Microsystems) and analyzed using 

Imaris x64 (Bitplane Ag, version 7.3.1). Noise in 2D images was reduced using the Blur tool on 

Leica LAS X Core. Deconvolution was performed on 3D images using AutoQuant X3 (Media 

Cybernetics). Using Imaris, 3D models were rendered using the Surface Object function and 

vesicles counted using the Spot Object tool (Supplemental Data, Figure 6.4). For quantification 

of the colocalization of FITC-RGDSK-RNT with vesicle coat proteins several images from each 
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experiment were analyzed using Imaris with individual experimental means compared. n values 

are based on experiment number, not image number.     

Statistical analysis was performed using StataⓇ (Stata Corp LP, version 13.1, USA) and the 

graphing software GraphPad PrismⓇ (GraphPad Software, version 5.04, USA). The Kruskall-

Wallis rank test was used to determine statistical significance. If p was < 0.05 treatments were 

individually compared using Wilcoxon Mann-Whitney test. 

5.4 Results 

5.4.1 Uptake of helical rosette nanotubes by dendritic cells 

Uptake of RGDSK-RNTs by isolated splenic DC was determined using real-time imaging. Live 

imaging revealed rapid uptake, as quickly as 1 minute (Figure 5.2). The RGDSK-RNTs appear to 

accumulate intracellularly over time. To confirm RNT uptake bone marrow-derived immature DC 

were exposed to RGDSK-RNTs for 10 minutes, fixed, and stained before imaging. Images 

revealed bone marrow-derived DC also internalized RGDSK-RNTs (Figure 5.3). Together this 

demonstrates that both bone-marrow derived and splenic DC interact with and take up RGDSK-

RNTs. 

5.4.2 Integrin αvβ3 expression and interaction with RGDSK-RNT 

Rapid cellular uptake is characteristic of receptor-mediated endocytosis(64), suggesting that 

RGDSK-RNT uptake could be receptor-mediated. Receptor-mediated endocytosis is also energy 

dependent(63), therefore RNT uptake should be minimized when incubation occurs at 4°C. DC 

were incubated with RNTs for 10 minutes at either 37°C or 4°C and their relative uptake was 

compared (Figure 5.4). RGDSK-RNT internalization appears to be energy dependent as 

qualitatively there are fewer cells positive for FITC at 4°C than 37°C. Together this strongly 

indicates that RGDSK-RNTs undergo primarily receptor-mediated endocytosis.    

To investigate whether the transmembrane receptor integrin αvβ3 was utilized, the presence of 

colocalization between RGDSK-RNTs and integrin αvβ3 was used to confirm involvement. 
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Integrin αvβ3 expression was characterized in untreated DC (Figure 5.5A) and DC exposed to 

RGDSK-RNTs at 37°C (Figure 5.5B). Isolated DC express integrin αvβ3 as distinct clusters and 

diffusely. Diffuse regions, particularly along the plasma membrane, suggest that integrin αvβ3 is 

not aggregated, whereas distinct intensely stained clusters along the cell periphery imply receptor 

aggregation common upon ligation before receptor-ligand complex internalization.(102) 

Generally experiments saw a combination of both expression patterns. It appears however, that 

colocalization of RGDSK-RNTs with integrin αvβ3 occurs primarily at sites of aggregated αvβ3. 

This suggests RGDSK-RNT ligation with αvβ3 initializes receptor clustering. This is not 

surprising, as RNTs are capable of multimeric presentation of the RGDSK peptides, which has 

been demonstrated to increase integrin binding affinity and clustering.(117) To better visualize 

the interaction between integrin αvβ3 and RGDSK-RNT a z-stack image was rendered into a 3D 

model using Imaris (Figure 5.6). Integrin αvβ3 is colocalized with RGDSK-RNTs at points along 

the plasma membrane and internally. This suggests concomitant internalization of RGDSK-RNT 

and integrin αvβ3, providing further evidence of multimeric interactions. Studies have shown that 

monomeric RGD ligands undergo integrin independent endocytosis, whereas multimeric ligands 

cointernalize with their integrin receptor.(117) 

5.4.3 RGDSK-RNT vesicular interactions: caveolin and clathrin 

As the results suggested RGDSK-RNTs are taken up via receptor-mediated endocytosis, key 

vesicle coat proteins clathrin and caveolin were visualized in relation to RGDSK-RNT. The 

caveolin-1 and clathrin heavy chain antibodies were used to visualize vesicles following a 10 

minute FITC-RGDSK-RNT exposure. RGDSK-RNTs were found to colocalize with both clathrin 

(Figure 5.7A) and caveolin (Figure 5.7B) in discrete points at the cell periphery and 

intracellularly. Images were analyzed for the percentage of RGDSK-RNT fluorescence associated 

with either caveolin or clathrin (Figure 5.7C). RGDSK-RNT associated with clathrin 18.80 - 

46.80% and caveolin 8.80 - 18.20%, however this difference was not statistically significant. 

These results indicate that while RGDSK-RNTs utilized both CME and CvME, CME appears to 

be the more dominant. 
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Figure 5.2 Real-time imaging of RGDSK-RNT uptake by splenic dendritic cells. Live cells were 
imaged at 37°C on Leica confocal microscope in RPMI-1640 media, without phenol. Uptake was 
observed within two minutes of FITC-RGDSK-RNT (green) exposure. 

Figure 5.3 RGDSK-RNT (green) uptake by bone marrow derived immature dendritic cells 
stimulated with 20ng/mL GM-CSF. Nuclear dye DAPI (blue) was used. 
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Figure 5.4 Temperature dependent uptake of FITC-RGDSK-RNTs (green). (A) FITC-RGDSK-
RNTs incubated at 37°C and (B) at 4°C. An integrin αvβ3 antibody (1:250) conjugated with CY5 
(red) and nuclear dye DAPI (blue) were used. 

Figure 5.5 Integrin αvβ3 expression and colocalization with FITC-RGDSK-RNT (green). (A) 
Untreated dendritic cells (DC). (B) DC treated with FITC-RGDSK-RNTs at 37°C. An integrin 
αvβ3 antibody (1:250) conjugated with CY5 (red) and nuclear dye DAPI (blue) were used. 
Arrows indicate possible integrin clustering sites. 
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Figure 5.6 Integrin αvβ3 (red) expression and colocalization with FITC-RGDSK-RNT (green) 

depicted using a 3D model. (A) intracellular, (B) side, (C) bottom, and (D) top views. Nucleus is 

blue. Arrows indicate points of colocalization. 
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Figure 5.7 Vesicle coat protein expression in relation to FITC-RGDSK-RNT (green). (A) Clathrin 

and (B) caveolin. (C) Percentage of FITC-RGDSK-RNT associated with caveolin (n = 4) and 

clathrin (n = 3); p = 0.1573. Error bars are SEM. Arrows indicate examples of vesicles. Nuclear 

dye DAPI (blue) was used. The clathrin HC or caveolin-1 antibody (1:100) conjugated with CY5 

(red) and nuclear dye DAPI (blue) were used.   
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5.4.4 RDGSK-RNT intracellular interactions 

The vesicles from both CME and CvME pathways fuse with early endosomes, which sort and 

recycle endocytosed materials.(64) Early endosomes fuse with lysosomes, the highly acidic final 

destination of many endocytosed materials.(64) To continue tracking RGDSK-RNT movement 

within the DC, cells were stained with EEA1 (early endosome antigen 1) or LAMP-2 (lysosome-

associated membrane protein 2). DC were also stained with Golgin 97, a membrane protein 

exclusively expressed on the cytoplasmic face of the Golgi, to determine if RGDSK-RNTs 

interact with the secretory transport system. The morphology, function, and organization of 

endosomes, lysosomes, and the trans-Golgi network was disrupted using 5µg/mL BFA for 30 

minutes before exposure to RGDSK-RNTs to determine if there was an impact to trafficking or 

localization. BFA, a fungal metabolite, reversibly disrupts the Golgi apparatus structure and 

interferes with anterograde transport from the ER to the Golgi.(123) BFA stimulates the 

formation of distinct tubular networks associated with each the Golgi, endosome, and lysosome. 

BFA can interrupt the intracellular transport between the endosomes and lysosomes, however 

does not impact membrane transport and receptor mediated endosomal recycling.(123) 

5.4.4.1 Early endosomes 

Early endosome expression became more dense and less spherically defined following BFA 

exposure (Figure 5.8). RGDSK-RNTs were found colocalized with EEA1 in both normal and 

BFA treated DC signifying the presence of RGDSK-RNTs in early endosomes (Figure 5.8). For 

improved visualization of RGDSK-RNTs in endosomes a 3D model was created from a z-stack 

(Figure 5.9). This depiction clearly shows the presence of RGDSK-RNT in close association with 

EEA1. 

5.4.4.2 Lysosomes 

Similar to endosomes, lysosome expression is less distinct in BFA treated DC than untreated DC 

(Figure 5.10). Colocalization of RGDSK-RNTs with LAMP-2 confirm the presence of these 

nanotubes in lysosomes. Surprisingly, BFA had no significant impact of FITC-RGDSK-RNT 

colocalization with LAMP-2 (Figure 5.10C). While BFA does disrupt trafficking from endosomes 
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to lysosomes it can also create a combined endosomal-lysosomal compartment. This would 

explain the presence of RGDSK-RNTs in LAMP-2 expressing organelles even after BFA 

treatment. 

5.4.4.3 Golgi 

Golgin-97 was expressed near the nuclei in untreated cells (Figure 5.11A-B). However, in BFA 

treated DC Golgin-97 expression was peripheral along the membrane, potentially due to tubule 

formation (Figure 5.11C). RGDSK-RNTs were not observed to colocalize with the Golgi 

apparatus. 

5.4.5 Vesicle/organelle analysis 

Images were analyzed to enumerate the total number of distinct vesicles/organelles visible at that 

particular cross section of the cell (Figure 5.12A). Interestingly, although there was a 

significantly higher (p = 0.0253) number of clathrin coated vesicles compared to caveolin coated 

ones there was no significant difference in their use by RGDSK-RNTs. Generally though, clathrin 

did have a higher percentage of colocalization with the RNTs. Also enumerated were the number 

of FITC-RGDSK-RNT containing compartments in relation to the marker of interest. For 

example, the percentage of total RNT containing vesicles that were also positive for clathrin. 

Vesicles and organelles were counted using the Spot function in Imaris. The percentage of RNT 

associated with any given vesicle or organelle of interest was determined by the number of 

colocalized ‘spots’ divided by the total number of FITC positive ‘spots’ multiplied by 100. There 

was no significant difference between either the various compartments or experimental 

conditions in the percentage of RGDSK-RNT association (p = 0.2115) (Figure 5.12B). 
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Figure 5.8 Dendritic cell early endosome expression in relation to (A) FITC-RGDSK-RNT 

(green) and (B) brefeldin-A + FITC-RGDSK-RNT treated at 37°C. Arrows indicate examples of 

vesicles. The early endosome antibody EEA1 (1:100) conjugated with CY5 (red) and nuclear dye 

DAPI (blue) were used. 
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Figure 5.9 Dendritic cell early endosome expression in relation to FITC-RGDSK-RNT (green). 

(A) Slice image of z-stack for EEA1 stained dendritic cell treated with FITC-RGDSK-RNT at 

37°C. Surface rendering and 3D reconstruction of the z-stack was done using Imaris. (B) Bottom 

view (C) Lateral view. The EEA1 antibody (1:100) conjugated with CY5 (red) was used. 
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Figure 5.10 Lysosome expression in relation to FITC-RGDSK-RNT (green). (A) Untreated 

dendritic cell. (B) Dendritic cell treated with FITC-RGDSK-RNTs at 37°C. (C) Brefeldin-A + 

FITC-RGDSK-RNT treated dendritic cell at 37°C. The lysosomal marker LAMP-2 (1:100) 

directly conjugated with Alexa Fluor 647 (red) and the nuclear dye DAPI (blue) were used. 
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Figure 5.11 Golgi expression in relation to FITC-RGDSK-RNT (green). (A) Untreated dendritic 

cell. (B) Dendritic cell exposed to FITC-RGDSK-RNTs at 37°C. (C) Brefeldin-A + FITC-

RGDSK-RNT treated dendritic cell. The Golgi marker golgin-97 (1:100) conjugated with PerCP-

CY5.5 (red) and the nuclear dye DAPI (blue) were used. 
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Figure 5.12 RGDSK-RNT trafficking summary. (A) Number of vesicles/organelles positively 
stained per image. * p = 0.0253. ** p = 0.0143. (B) % of compartments of interest positive for 
RGDSK-RNTs. Error bars are SEM. (C) Proposed mechanism of receptor-mediated uptake of 
RGDSK-RNTs by dendritic cells. 1. RGDSK-RNTs ligate with a cell surface receptor, potentially 
integrin αvβ3, associated with either clathrin or caveolin proteins resulting in vesicle formation. 
2.These vesicles travel to the early endosome where the receptor is likely returned directly to the 
plasma membrane while the RGDSK-RNTs carry on through the pathway to the lysosome. 3. In 
the lysosome RGDSK-RNTs likely disassemble.   
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5.5 Discussion 

RNTs are desired for use as drug delivery vehicles, in particular RGDSK functionalized RNTs, 

for their ability to interact with integrins.(17) Nanomaterial uptake and trafficking is a complex, 

multi-faceted process in that the same NM can utilize multiple cellular pathways.(63) Here we 

provide the first evidence that RGDSK-RNTs can be rapidly taken up by splenic DC in vitro 

through a receptor-mediated endocytic pathway in either clathrin or caveolin coated vesicles. 

Subsequently, RGDSK-RNTs travel through the endosomal-lysosomal pathway to the exclusion 

of the Golgi. While BFA visibly altered the morphology of the endosomes, lysosomes, and Golgi 

it did not appear to affect RGDSK-RNT trafficking. Our proposed mechanism of this route of 

uptake is visualized in Figure 5.12C. This study also provides evidence to confirm the hypothesis 

that RNTs can act as a scaffold for multimeric presentation of RGD peptides to integrins, as there 

is evidence of integrin clustering and concomitant internalization of integrin αvβ3 at sites of 

RGDSK-RNTs. This demonstrates that RGDSK-RNTs could interact with integrin αvβ3 as a 

receptor for endocytosis. This is further supported by previous work done in an isolated perfused 

lung model, where pulmonary localization of RGDSK-RNTs was integrin αvβ3-dependent.  

RGDSK-RNTs were found to associate with both clathrin and caveolin coated vesicles. Integrin 

αvβ3 can utilize both CME and CvME by interacting with the adaptor protein Numb and an 

unidentified protein, respectively. The reliance on either pathway is unknown, but could be cell 

type-dependent as endothelial cells and myofibroblasts only use CvME.(42, 44) This makes it 

imprudent to directly correlate trafficking data determined in one cell type with another as 

trafficking patterns vary between cells.(68) NM, typically 50-200nm in size, can bind to 

membrane receptors and utilize CME. This interaction is cell type and surface charge dependent. 

Positively charged NM, such as FITC-RNT(20), are more likely to associate strongly with the 

negatively charged plasma membrane, and show higher rates of internalization.(63) NM 

internalized through CME can travel to the lysosome for degradation, the Golgi for sorting, 

exocytosed, or released into the cytoplasm.(68) Less is known regarding NM trafficking with the 

generally slower CvME. Materials endocytosed through this path often end up in lysosomes, the 

Golgi, or the endoplasmic reticulum.(68) There is evidence that NM conjugated with RGD can 
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interact with integrin αvβ3 and utilize either CME or CvME. Liposomes conjugated with RGD 

and PEGylated lipid preferentially use CvME, whereas mesoporous silica nanoparticles with 

RGD use both CME and CvME.(63) Together with our results, this suggests that in splenic DC 

RGDSK-RNT had no observed preference between CME and CvME for internalization. The 

slightly higher association of RGDSK-RNT observed with clathrin is likely consequential to the 

significantly higher number of clathrin coated vesicles present in DC.    

As antigen presenting cells, DC are able to utilize various endocytic pathway to internalize 

potential antigens including, phagocytosis, receptor-mediated endocytosis, and macropinocytosis.

(124) Our evidence confirms that while RGDSK-RNTs are taken up, at least in part, by receptor-

mediated endocytosis the intracellular RNT expression patterns and uptake at 4°C (although 

minimal) suggests there could be additional endocytic pathway(s) involved. There are two unique 

FITC-RGDSK-RNT expression patterns visible. First, the RNTs appear in distinct, intensely 

stained spheres likely due to the presence of the RNTs in vesicles, early endosomes, and 

lysosomes. Secondly, RNTs appear as a diffuse cloud (i.e. Figure 5.11C) indicating that the RNT 

are not confined within vesicles or organelles. This could be a result of endosomal escape into the 

cytosol(68), direct release into the cytosol by CvME(69), or an alternative mode of uptake, such 

as macropinocytosis. Phagocytosis, a common endocytic pathway for DC(63), could be a 

significant source of uptake, but is unlikely to be the cause of diffusely localized RNTs. 

Phagocytosed materials are encapsulated into a phagosome that fuses with lysosomes for material 

degradation(63), therefore the NM is not free within the cytosol. Two, phagocytosis is the 

engulfment of material >500nm in diameter.(63) In order for the RGDSK-RNTs to reach that 

magnitude they would have to be highly aggregated. We observed evidence of RGDSK-RNT 

aggregation along the vasculature in an IPL model, however aggregation suggests a more 

intensely stained localization pattern, not a diffuse one. Together this suggests it is unlikely that 

the diffuse intracellular expression of RGDSK-RNTs is a result of phagocytosis. 

Macropinocytosis, the non-specific internalization of extracellular fluid and materials in 

macropinosomes, is functionally similar to phagocytosis but regulated differently. 

 #120



Macropinosomes are vesicles shaped through the actin-dependent re-fusion of membrane ruffles 

to the plasma membrane.(63, 64, 124) Macropinosomes generally transfer captured materials to 

lysosomes or recycle them to the cell surface, however their tendency to leak permits NMs to 

escape into the cytosol free of vesicular confines.(63) While this method is typically associated 

with cells unable to practice phagocytosis(63), immature DC utilize macropinocytosis to a great 

extent for nonspecific uptake to sample their microenvironment.(125) This along with the diffuse 

FITC-RGDSK-RNT fluorescent pattern suggests that, at least in part, RDSK-RNTs could be 

escaping from macropinosomes. It is difficult to determine the importance of this individual 

pathway as many chemical inhibitors of macropinocytosis can also impact other endocytic 

pathways.(124)   

Alternatively, as aforementioned the diffuse RGDSK-RNT expression pattern may not be due to 

an alternative endocytic pathway, but rather a result of endosomal escape. While there a few 

documented mechanisms of endosomal escape, the hypothesized ‘proton sponge effect’ could be 

at play here. At physiological pH the FITC-RGDSK-RNTs have a negative zeta potential 

(approximately -20mV) due to the FITC and aspartate. However, as FITC-RGDSK-RNTs leave 

physiological pH and enter into the increasingly acidified intracellular compartments protonation 

occurs resulting in an increasingly positive zeta potential. Protonation within organelles can result 

in water and ion influx, increased osmotic pressure, and subsequent membrane rupture.(125) 

Alternately, arginine and lysine have been demonstrated to penetrate lipid membranes(125), thus 

the FITC-RGDSK-RNTs could be forming pores in the endosomal membrane for escape into the 

cytosol. More research is required to better elucidate these more intricate details of FITC-

RGDSK-RNT trafficking.     

There are important physiological implications associated with the use of multiple endocytic 

pathways, especially if RGDSK-RNTs are to be used for therapeutic purposes. Theoretically the 

RGDSK-RNTs could enter any cell through integrin-independent endocytosis, not just the 

targeted αvβ3-expressing cells, and cause undesired toxicity. If RGDSK-RNTs intended for 

therapeutic use are taken up by non-target cells this would lower the effective dose available to 
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the target cells and could cause toxicity. RGD peptides in the cytosol can directly interact with 

pro-caspases-3, 8, and 9 and initiate apoptosis.(58, 61) While it is beneficial in target cells for 

RGD peptides to initiate apoptosis in both integrin dependent and independent fashion, this could 

be detrimental in non-target healthy cells. Thus mitigation may be required to minimize undesired 

interactions, for example direct delivery to the site of action, i.e. intratumoural injection 

compared to intravenous injection. Additionally, while more research is required, it is highly 

probable that the biological activity of RGDSK-RNTs may be minimized if ligation of integrin 

αvβ3 and the subsequent signalling does not occur. Depending on the desired biological outcome, 

this could be either beneficial or detrimental. A study in melanoma cells determined that cyclic 

RGD peptides, although targeted for integrin αvβ3-mediated endocytosis, in actuality were 

internalized using an integrin independent fluid-phase pathway. Whereas, a monoclonal integrin 

αvβ3 antibody utilized integrin-dependent endocytosis.(67) The differences in uptake pathways 

resulted in dramatically different responses in regard to cell re-adherence and integrin surface 

expression levels, with RGD peptide treated cells able to readhere more quickly.    

Taken together the data show that DC engage and take up RGDSK-RNTs and traffic them along 

the endosomal-lysosomal route. The data further suggests a potential role for integrin αvβ3 in the 

receptor-mediated uptake of RGDSK-RNTs, but also that RNTs may enter via a non-receptor 

mediated pathway. The colocalization of MHC II with the RNT (data not shown) may indicate 

their impact on the immunological function of DC. There are many unanswered questions 

regarding the possible impacts of RGDSK-RNTs on the immune system that warrant further 

investigation. 
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Chapter 6: SUPPLEMENTAL DATA 

6.1 In Depth Data Analysis  

6.1.1 Mean fluorescent intensity determination 

Figure 6.1 Image analysis for real-time images taken during an isolated perfused lung 
experiment. Representative images of a RGDSK-RNT treated lung. (A) Raw image. (B) Image 
adjusted for background fluorescence. Using the TillVision software the image thresholds were 
reset to account for background fluorescence at time 0. All images in the time course were 
analyzed and an appropriate area of interest (AOI) was determined. AOIs had to be present in all 
images and located along the vasculature. Identical AOIs, of the same size and at the same 
location, were demarcated on all images in that time course. TillVision software provided the 
fluorescent intensities for each pixel in the AOI. The mean fluorescent intensity (MFI) was based 
on the mean of all the fluorescent intensities in the AOI. Blood vessel indicated with white lines.  
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6.1.2 Immunohistochemistry staining controls: Isolated perfused lung model project 

Figure 6.2 Isolated perfused lung immunohistochemistry staining controls. Representative images 
of isotype controls (A) mouse, (B) rabbit, and (C) goat. Representative images of ‘just primary 
antibody’ controls (D) von Willebrand factor, (E) ED-1, and (F) αvβ3. Representative images of 
‘just secondary antibody’ controls (G) goat and (H) rabbit. All were negative. Positive staining is 
purple; nuclei are green. 
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6.1.3 Immunohistochemistry staining controls: Melanoma project 
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Figure 6.3 Melanoma tumour immunohistochemistry staining controls. Representative images of 

‘just primary antibody’ controls (A) Ki67, (B) αvβ3, and (C) von Willebrand factor. Representative 

images of ‘just secondary antibody’ controls (D) rabbit. All were negative. Positive staining is 

purple; nuclei are green.
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6.1.4 Dendritic cell vesicle enumeration 

Figure 6.4 Dendritic cell vesicle/organelle determination using Imaris. Representative images of 
RGDSK-RNT (green) treated dendritic cells stained with LAMP-2 (1:100) conjugated with Alexa 
Fluor 647 (red). (A) Confocal microscopy images were analyzed for the particular compartment 
of interest, in this case lysosomes. Areas of high fluorescent (set by threshold limits) for each 
colour channel are recognized by the Imaris program and marked with dots (B); red for the 
marker of interest, green for FITC-RGDSK-RNT, and white for colocalization. (C) Dots were 
then manually counted using Image J as occasionally incomplete colocalization (arrow) resulted 
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manually counted using Image J as occasionally incomplete colocalization (arrow) resulted in 
multiple dots at the site of one vesicle/organelle. These sites were considered equivalent to a 
single white (colocalization) dot.  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Chapter 7: DISCUSSION AND FUTURE DIRECTIONS 

7.1 General Discussion 

Hallmarks of an effective therapy are: low systemic toxicity, targeted delivery, reduced 

circulating concentration, biocompatibility, increased half-life, accumulation at target site, target-

specific effects, and drug resistance prevention.(7) Effective RGD-based therapies require 

multimeric peptide presentation to improve biological activity.(117) This can take the form of a 

cyclic peptide, like the pentapeptide Cilengitide(35), or the multimeric attachment of RGD to a 

scaffold, like RGDSK-RNTs. Multimeric presentation improves integrin affinity, clustering, 

signalling, and subsequent effects. We observed increased biological activity in RGDSK-RNT 

treatment groups compared to RGDSK peptide groups in a subcutaneous melanoma model. We 

observed possible clustering of integrin αvβ3 in dendritic cells at sites of colocalization with 

RGDSK-RNTs. Additionally, we observed signs of increased pulmonary vascular permeability, as 

evidenced by smooth muscle edema, in RGDSK-RNT instilled lungs which is typical of 

multivalent ligation of integrin αvβ3. Collectively, this is strong evidence indicating RNTs act as 

a scaffold for multimeric ligation of RGDSK peptides to integrins.   

There is a prolific amount of research investigating potential vehicles for targeted RGD peptide 

delivery. Most recently, focus has been shifting into the realm of nanotechnology. NMs often 

make effective drug delivery vehicles because they can exploit tumour physiology, in particular 

leaky tumour blood vessels(6) and high expression of specific cell surface receptors(7), to 

increase drug accumulation. Additionally recent studies demonstrated that multiple types of NMs 

mitigated drug resistance in tumours.(7) Several NM-based therapies are currently in clinical 

trials (i.e. Cilengitide) or already approved for cancer treatment.(7, 8) However, many of the 

NMs conjugated with RGD are currently not ideal vehicles due to their toxicity, presence of 

metal causing oxidative stress, sizeable dimensions, insolubility, and lack of bioavailability.(18) 

RNTs are desired for use as drug delivery systems as they are metal-free, soluble, tunable, have 

low cytotoxicity, have multimeric presentation potential, and bioavailable.(18) Specifically, 

RGDSK-RNTs are being investigated for use in targeted therapy against tumours that highly 
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express integrin αvβ3 and are resistant to traditional therapies, such as melanoma(5, 7, 43, 73). A 

look at their tolerance in αvβ3-expressing non-target tissues, direct anti-tumoural effects, and 

potential for combination with immunotherapy were broadly explored in this project with the 

express purpose to determine whether further research into this potential application is warranted.  

Results from the IPL model demonstrate that RGDSK-RNTs are acutely well tolerated in healthy 

non-target integrin αvβ3 expressing pulmonary vasculature. Mild inflammation and minimal 

ROS production were observed. Increased endothelial [Ca2+]i and apoptosis were also noted and 

should be further investigated in a risk-benefit analysis. These results are important in regard to 

the therapeutic use of RGDSK-RNTs, as the lungs are a common site of metastasis for 

melanoma(43, 79) and express integrin αvβ3 on non-target cells.(81, 82) Imaging of RGDSK-

RNT instilled lungs provided important information regarding organ-level trafficking for two 

individual exposure routes. Both intratracheally and vascularly instilled RGDSK-RNTs were 

imaged in similar αvβ3-expressing pulmonary locations (i.e. blood vessels), demonstrating the 

RNTs could cross both the endothelial and epithelial cell borders. In conjunction with evidence 

suggesting that RGDSK-RNT aggregation in the pulmonary vasculature is integrin αvβ3 

dependent, hypothetically RGDSK-RNTs may preferentially localize to areas of higher αvβ3 

expression such as tumour cells. Investigating the trafficking of RGDSK-RNTs in an IPL with 

secondary tumours would be intriguing. The results of such a study could powerfully demonstrate 

the targeting potential of RGDSK-RNTs.        

The direct effects of RGDSK-RNTs were assessed with a multitude of endpoints in a mouse 

subcutaneous melanoma model. This preliminary study demonstrated that RGDSK-RNTs could 

attenuate cell proliferation in melanoma tumours. Fluorescent imaging of tumours following 

RGDSK-RNT intratumoural injections demonstrated the desired widespread localization and 

accumulation of RNTs throughout the tumour. This is important as effective treatment requires all 

cells to be exposed to the therapeutic agent. The anti-tumoural effects were perhaps not as 

definitive as we would have hoped, however considering only one dosing regimen was used 

further work is merited to optimize RGDSK-RNT effectiveness. There are numerous dosing 
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permutations to consider including changes to dose, frequency, route, and duration of treatment. 

Additionally, there are other factors at play that have not yet been fully investigated in particular 

the immune response.      

Dendritic cells are key immune regulators both systemically and tumourally.(86, 87, 89) Their 

interactions with RGDSK-RNTs in both target and non-target tissues are critical. Ideally, 

intratumourally injected RGDSK-RNTs would stimulate DC maturation to promote an immune 

response against the tumour. However, as DC are located throughout the body and can express 

integrin αvβ3 their interactions with RGDSK-RNTs could have systemic implications. The first 

step in investigating interactions between DC and RGDSK-RNTs was to determine RNT 

trafficking by DC. Intracellular trafficking patterns can dictate antigen presentation by DC. As 

RGDSK-RNTs were observed to use receptor-mediated endocytosis followed by transport 

through the endosomal-lysosomal pathway they could potentially stimulate antigen presentation. 

Preliminary immunological work revealed that RGDSK-RNTs colocalized with MHC II in DC 

further supporting the hypothesis that RGDSK-RNTs will stimulate an immune response.        

The work presented in this thesis is novel. The biological interactions of the uniquely designed 

RNTs have not been widely studied. While it was hypothesized that RGDSK-RNTs would 

interact with tumours, to date there had only been one in vitro study characterizing their apoptotic 

potential.(17) Never before had the interactions of RGDSK-RNTs been assessed in an in vivo 

tumour model to account for the heterogeneity of the tumour microenvironment. Additionally, an 

isolated organ model for a real-time effects assessment had also not been done before. Very few 

studies have investigated the trafficking and effects of NMs in an IPL model. In fact, few labs 

have the IPL model in conjunction with real-time imaging established for use in their research 

programs due to its complexity. Furthermore, collectively the mechanistic and observational data 

presented here brings together the chemistry of the RNTs with cell culture, an isolated organ 

model, and a whole animal study. This integrative approach has provided great insight into the 

behaviour of RGDSK-RNTs in integrin αvβ3 expressing cells and tissues.   
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The design and characterization of nanomaterials is involved. Throw in highly intricate biological 

systems and the resultant study of their labyrinthine interactions is equal parts fascinating and 

discombobulating. As such, a team approach, bringing together many labs in a variety of 

disciplines, is required to better address the complexity. The chemistry lab of Dr. Fenniri 

produces and characterizes the nanotubes. Dr. Kuebler and his lab provided technical expertise 

for the IPL model. Dr. Mutwiri’s lab provided expertise in DC isolation. Dr. Gordon’s lab 

provided expertise and guidance for the subcutaneous melanoma model. Dr. Lessard provided 

confocal microscopy expertise. N. House brings forth a background in toxicology. And finally, 

Dr. Singh provided expertise in integrin biology. Collectively, an interdisciplinary look at the 

interactions of RGDSK-RNTs with various integrin αvβ3-expressing milieus was made possible. 

7.2 Future Directions 

Assessment of different dosing regimens is an important next step in determining the optimal 

conditions for RGDSK-RNT delivery and maximal tumoural effects. Manipulation of dosing 

regimens can involve experimenting with RGDSK dose, exposure route (i.e. intratumoural versus 

intravenous), and frequency of instillation. Also a comparative assessment of RGDSK-RNT, a 

different RGD-based therapy, such as the well-documented Cilengitide, and a traditional 

chemotherapy agent would be beneficial in validating the effectiveness of RGDSK-RNT. 

Additionally, investigating RGDSK-RNT effects in a mixed physiological/pathological model 

such as using a metastatic isolated perfused lung could answer important questions regarding the 

targeting potential of RGDSK-RNTs. Will RGDSK-RNTs preferentially target tissues that more 

strongly express αvβ3 (i.e. the tumour cells)? How do RGDSK-RNTs interact with tumour cells 

and the surrounding tissue? What potential collateral damage will there be to healthy tissues? 

Performing a risk-benefit analysis, particularly in comparison to traditional therapies, will weigh 

efficiency of targeted effects against potential localized/systemic damage due to treatment. 

Little is currently known regarding the behaviour of RGDSK-RNTs in an in vivo system, 

particularly in regard to their interactions with various biological interfaces and how that may 

change the physical properties and subsequent biological effects of the nanotubes. For example 
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there could be disassembly of the functional groups from the RNT scaffold, promotion of 

aggregation, or undesired binding with circulating plasma proteins creating a protein corona. The 

principles of NM-biological interface interactions is well reviewed elsewhere.(126, 127)  

Investigation into these extensive potential interactions is important in moving forward with 

future RNT applications.   

Investigation of the endocytic uptake of RGDSK-RNTs by DC was the first step in determining 

their potential immunological effects. RGDSK-RNT - DC interactions are important on two 

fronts. First, whether RGDSK-RNTs stimulate DC maturation and antigen presentation, and if so 

which type of immune response is triggered. This is especially important in regard to DC present 

within the tumour microenvironment and whether the subsequent immune response is targeted 

towards that tumour. The presence of mature DC in the tumour microenvironment is linked to 

attenuated angiogenesis and metastasis, as well as a prognosis-improving Th1-mediated immune 

response directed at the tumour.(86, 94) Second, whether the RGDSK-RNTs will stimulate a 

systemic immune response and if so, what kind. An appropriate systemic immune response 

initiated by therapy can prevent metastasis(128), however a hypersensitivity reaction or 

widespread inflammation would be inappropriate.   

  

If RGDSK-RNTs are found to stimulate at Th-1 mediated immune response this would further 

add to their repertoire of anti-tumoural effects. Additionally this can open up an avenue for 

potential immunotherapy, as RGDSK-RNTs could be used in conjunction with DC to create a 

multi-pronged attack that is both integrin and immune mediated. Activated DC, loaded with 

RGDSK-RNTs could stimulate a tumour specific immune response, while the RGDSK-RNTs by 

themselves could limit cell proliferation. Immune-based therapies provide new targets and longer 

lasting effects, but can cause significant side effects.(7) Therefore careful characterization of the 

localized and systemic immune response following NM exposure is prudent. Inflammation, a 

non-specific highly regulated immune response to tissue damage and foreign materials(129), has 

commonly been associated with NM exposure.(130, 131) NM interactions with phagocytic 

immune cells are dependent on the physical properties of the NM and can promote inflammation. 
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This becomes problematic if it leads to chronic inflammation due to continual NM exposure, 

whether it be due to inadequate removal of the NM via excretion, degradation, or by host 

defences, or repeated exposure (intentional or otherwise). As our knowledge grows in the area of 

nanotechnology, strides have been made to design NMs that can either modulate or evade the 

immune response (131) for immunotherapy applications or prevention of unintentional immune 

stimulation, respectively. Depending upon the desired application, RGDSK-RNTs could be 

further modified to either evade the immune system or stimulate a desired immune response. 

Preliminary immunological studies involving RGDSK-RNTs and DC are near completion.   

Finally, characterization of RGDSK-RNT ligation with integrin αvβ3 and other RGD-family 

integrins, particularly αvβ5, will be important for drug optimization. For example, determining 

integrin binding affinity can identify potential areas of non-αvβ3 binding which can diminish the 

effective concentration. For example, RGDS peptides can also bind integrin αvβ5(45), decreasing 

the relative amount of RNT available for integrin αvβ3. Ligation of RGDSK-RNTs with other 

integrins can also initiate unanticipated non-αvβ3 mediated effects, as previous studies 

demonstrated that the same ligand can bind to multiple integrins and initiate distinct biological 

outcomes.(36) Lastly, characterization of RGDSK-RNT ligation with integrin αvβ3 could 

illuminate areas in which to improve biological effectiveness by specifically engineering the 

functionalization of RGDSK peptides to RNTs to improve binding affinity, αvβ3 specificity, and 

integrin signalling. 

7.3 Study Limitations 

A more in depth look at the RGDSK-RNT mediated effects on melanoma would add further 

weight to our study. As the effect on metastasis was indeterminate, an additional experiment  to 

better elucidate any potential effects would be helpful. Additionally repeating the in vitro cell 

viability B16-F10 experiment, but using the same undiluted RGDSK-RNT concentration that was 

used in vivo could determine if there is a dose-dependent effect on cell death. This would provide 

information for future dosing regimens. However due to time and material constraints it was not 

possible to complete these experiments for this thesis.  
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Due to time constraints, the immunological assessment of RGDSK-RNT treated DC was not 

completed to a point for inclusion in this thesis. The completion and inclusion of this data would 

have provided further information pertinent for this preliminary feasibility assessment.    

Finally, the intracellular fate of the FITC-RGDSK-RNT is unknown. We are unaware of what 

happens to the RNT scaffold, FITC, or the RGDSK peptide during cellular interactions. We work 

on the assumption that all three components remain stably joined until the degradative conditions 

in the late endosomes and lysosomes. However we cannot definitively claim that at some point 

one or both functional groups do not become cleaved from the RNT. 

7.4 Concluding Remarks 

This thesis broadly explores the interactions of RGDSK functionalized RNTs in three distinct, yet 

interconnected, integrin αvβ3-expressing biological milieus. The express purpose of this research 

was to determine the feasibility of using RGDSK-RNTs as therapeutic agents. Based on  

integrative studies, preliminary results indicate a closer look at the tumoural and immunological 

effects of RGDSK-RNTs is warranted. 
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